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3.4 Discussion

Characterization of the V., cholerae Hppd, namely PpdA, revealed that, although it is very similar
in amino acid composition to legiolysin of L. pneumophila, the proteins differed in two respects.
Firstly, PpdA was unable to confer fluorescence to the culture media as is the case with
legiolysin. Secondly, PpdA displayed a-haemolytic activity which is characterized by greenish
zones due to partial haemolysis of erythrocytes, compared to B-haemolysis characterized by a
clear zone or complete lysis on the blood agar plate. The observation that the E. coli clones
harbouring pCM302 and PCM302-16 displayed significantly different amounts of haemolytic
activity is interesting. One reason could be due to the presence of additional DNA upstream of
ppdA on pCM302. Thus, pCM302 may harbour a transcriptional enhancer sequence upstream
_from ppdA which can be recognized by the E. coli transcriptional machinery and therefore results
in elevated ppdA expression in these clones compared to those harbouring pCM302-16.
Alternatively, since pCM302 also harbours a gene with significant homology to peptidases, it is
possible that this putative peptidase could affect the activity of PpdA in trans. Numerous
peptidases have been implicated as activators of enzyme activity by cleavage of precursor
molecules (Julius et al., 1984; Francetic et al., 1998). However, we do not yet know whether this
is the case with PpdA, since no obvious signal sequence was observed at the N-terminal domain
of the predicted protein sequence of PpdA that could serve as a cleavage site for this peptidase.
Furthermore, E.coli clones harbouring pCM302-16 still produced haemolytically active PpdA
even in the absence of the peptidase, suggesting an alternative reason for the observed difference

in expression.

The significance of the haemolytic properties of PpdA is still unclear. Between 1989 and 1991,
31 patients infected with V. cholerae O1 strains that lacked the genes encoding enterotoxin, but
still retained their haemolytic activity, were identified (Zitzer et al., 1997). Furthermore, non-O1
strains that do not produce enterotoxin are haemolytic and have been recognized .as important
causes of diarrhoeal diseases world-wide (Blake et al., 1980). Thus, the haemolytic phenotype is

indeed an indicator of virulence in non-cholera toxin producing V. cholerae.

In both O1- and non-O1 strains of V. cholerae, the gene responsible for haemolysin production
was identified as AlyA (Brown and Manning, 1985). In contrast to the watery fluid produced in
response to the cholera toxin, the fluid produced in response to the HlyA haemolysin was

invariably bloody (Ichinose et al., 1987). HlyA is initially synthesized as an inactive 82 kDa
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protein that is subsequently processed to a 65 kDa active cytolysin (Yamamoto et al., 1990). The
haemolysin binds to intestinal cells as monomers which assemble into detergent-stable tetra-"or
pentamers (Zitzer et al., 1997; Ikigai et al., 1997). Oligomer formation is accompanied by the
generation of small pores in the membrane of the intestinal cell which allow rapid flux of K* but
not an influx of Ca**. Pore formation results in irreversible ATP depletion and consequently |
death of the cell (Zitzer et al., 1997). Although it has been proposed that the death of the

intestinal cell could be the possible cause of the diarrhoea, a pathogenic role for HlyA has not yet

been clearly established.

In the classical strain V. cholerae strain 569B, an 11 bp deletion has been identified in the hlyA
gene that results in the synthesis of a truncated HlyA protein of 27 kDa (Alm et al., 1988). This
protein lacked the ability to lyse erythrocytes and therefore Jacked haemolytic activity. The
protein, however, retained enterotoxic activity which meant that it retained-the ability to induce
fluid accumulation in ileal loops. This then lead to the proposal that HlyA may be a bifunctional
protein with the N-terminus carrying the enterotoxic activity and the C-terminus being the
haemolysin (Alm et al., 1991). PpdA could therefore constitute an additional haemolysin which

could possibly complement the defect in HlyA in V. cholerae 569B.

In vitro transcription analysis confirmed the size of the PpdA protein as 41 kDa, which is in
agreement with the DNA sequence data and falls into the molecular mass range reported for the
Hppd enzymes that have been characterized to date. Whether PpdA exists in a dimeric or
tetrameric state remains to be determined. A tetrameric configuration would strengthen the role
of PpdA as a haemolysin, as haemolysins exhibit their effects on erythrocytes through their

ability to form pores within the membrane of the cells (Sugawara et al., 1997; Zitzer et al., 1997).

Pigmentation in V. cholerae has been associated with certain culture conditions (Coyne and Al-
Harthi, 1991). These conditions include elevated temperature of 30°C and above, in conjunction
with increased salainity. Pigmentation occurs at lower salinities when the bacterium is subjected
to additional stress factors such as low organic nutrients or low pH. Elisa assays confirmed that
PpdA production directly correlated with the appearance of brown pigment in the culture media.
PpdA protein synthesis increased to a maximal level around 50 hrs of growth. No protein could
be detected before 43 hrs and when V. cholerae was grown to mid-exponential phase in either

TB at 30°C or TB containing 4% NaCl at 37°C. This confirmed that PpdA production occurs
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very late in stationary phase and that no protein is produced during the earlier stages of bacterial
growth. The importance of PpdA in terms of its function in V. cholerae is thereforé most
probably linked to environmental conditions associated with late stationary phase. The putative
promoter region identified for ppdA, however, displayed no homology to the tentative -35 and
-10 consensus sequences identified for ¢® -regulated promoters (Lange and Hengge-Aronis,

1991).

Contrary to the Elisa assays, RT-PCR identified the presence of ppdA transcripts in all V.
cholerae samples, even those grown under culture conditions where no PpdA protein could be
detected, suggesting that ppdA is constitutively expressed. Since we were unable to detect any
PpdA protein earlier than 45 hrs, our results suggest that the ppdA mRNA might be extremely
unstable and is therefore degraded before it can be translated into functional PpdA protein.
Alternatively, control of PpdA synthesis could occur at the posttranslational level, whereby PpdA
synthesized during the earlier stages of growth is degraded rapidly and only once a certain set of
conditions are met does effective stabilization of the protein occur in order for the protein to
fulfil its function. This type of posttranslational control has been propésed to occur in E. coli in
response to heat shock (Kanemori ef al., 1997). Under normal physiological conditions, ATP
dependent proteases are responsible for the rapid degradation of both abnormal proteins as well
as protein encoded for by the rpoH gene, namely 6% (Chapter 4 section 4.1.1.2). Upon heat
shock, the amount of misfolded proteins within the cell rapidly increases. This results in the
indirect stabilization of the o°- protein due to the fact that the proteases that are normally
produced to degrade the sigma factor are diluted by an excess of misfolded proteins. The ¢°° then
becomes available to RNA polymerase for the transcription of the heat shock genes and thus
allows induction of the heat shock response. Alternatively, unlike promoters which are uniformly
accessible to RNA polymerase because they exist in the regular structure of duplex DNA,
ribosomal binding sites may be trapped in the secondary structure into which most single
stranded RNA molecules fall (Watson et al., 1987). Thus, ribosomes will be unable to initiate
protein synthesis from a ppdA transcript where the ribosomal binding site is inaccessible due to
RNA folding. Only once the RNA structure is altered will translation be allowed to proceed.
Such alteration could possibly occur once V. cholerae enters the late stationary phase of growth

" in order to allow synthesis of PpdA to occur. Indeed, the ppdA Shine Dalgarno sequence only
weakly resemble the conventional AGGAGG Shine Dalgarno sequence, but it is difficult to

conclude at this stage whether the folding of the RNA trémscript is masking the sequence and
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thus preventing access to ribosomes. Alternatively, increased ribosome stalling on the ppdA RNA
could result in a decrease in translation from the downstream initiation codon and thus account
for the absence of PpdA protein observed prior to 45 hr of growth. This type of translational
attenuation has been demonstrated in several organisms including Neurospora crassa (Wang and
Sachs, 1997) and Bacillus subtilis (Lee et al., 1996), where the availability of tRNA molecules

regulate translation of the mRNA by the ribosomes.

Finally, the fact that our results indicate similar levels of amplified product in cells grown under
a variety of conditions, could be directly due to the sensitivity of the RT-PCR technique. In S.
colwelliana, melA was indeed shown to be expressed constitutively even though melanin
synthesis was dependent on the oxidation state of the culture medium (Fuqua and Weiner, 1992).

Future work will therefore have to include quantitative RT-PCR to exclude the possibility of

basal levels of ppdA transcription.

Whatever the role of PpdA is in V. cholerae S69B, its synthesis seems to be stationary phase
specific under the culture conditions tested, and its appearance seems to be tightly linked to

secretion of brown pigment into the culture media.
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In vitro mutagenesis of V. cholerae 569B and RM7 suggested that PpdA mediated melanogefiesis

Summary

in both these strains, since the resulting mutants were incapable of synthesizing pigment. Despite
the lack of pigmentation, Mut2 and HX1 displayed no defect in their growth abilities compared
to their parental strains. Analyzing the sensitivity of V. cholerae and Mut2 celis to 5 mM H,0,
-showed that only after 2 days of growth under conditions of high salinity and temperature the
wild-type strain was significantly more vresistant to H,O, compared to the mutant. This increased
resistance correlated directly to the presence of copious amounts of pigment within the wild-type
culture media, suggesting that the pigment was responsible for the difference in survival. In
addition, we showed that prior exposure to heat did not make V. cholerae more resistant to
subsequent oxidative stress, and that high salinity plays an important role in inducing cross

protection mechanisms against various other stresses in V. cholerae 569B.
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4.1 Introduction

Microorganisms have a limited capacity to control their environment, and consequently, respond
to environmental changes by adjusting themselves both structurally and functionally. The ability
to respond to changes in the environment is determined by the genome of the organism.
Generally, microbes only express part of their genome to adjust to a certain set of conditions. The
mechanisms whereby these responses enable the microorganism to cope with increased

temperature, oxidative stress and salinity will be addressed.
4.1.1 The effect of elevated temperature on cells

Although bacteria can grow at a broader temperature range than most higher organisms, they
remain sensitive to elevated temperature mainly due to the following reasons: During growth at
elevated temperature, single and double stranded breaks occur in DNA (Pellon, 1983). The
equivalent degree of DNA damage has not been observed at the same elevated temperatures in
vitro (Woodcock and Grigg, 1972). This suggests that the in vivo process possibly leads to the
activation of endonucleolytic activity which may be responsible for the damage. Furthermore,
evidence also exists that DNA strand breakage occurs at growth permissive temperatures but that
efficient repair processes possibly mask any outward signs of this damage (Woodcock and Grigg,

1972).

In addition to DNA damage, proteins and lipids are also affected by an increase in temperature
(Neidhardt et al., 1984). Denaturation of cellular proteins is induced, and the number of
misfolded and unfolded proteins rapidly increases within the cell. The degree of saturation of the
lipids that are incorporated into the outer and inner membranes of the cell envelope changes, with
the result that membranes undergo a physical transition from a flexible fluidlike state to a more

solid gel-like structure.

Thus, elevated temperature can be extremely harmful to bacterial cells and it is therefore not
surprising that E. coli rapidly induces the expression of more than 20 genes upon exposure to
elevated temperature to aid the cell in its survival (Bukau, 1993). This response is better known

as the heat shock response.
4.1.1.1 Heat shock response

The induction of the E. coli heat shock response is mediated by the protein encoded by rpoH,

namely o°% (Bukau, 1993). Under normal physiological conditions, proteases such as HsIVU
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rapidly degrade any abnormal proteins within the cell as soon as they are synthesized (Kanemori
et al., 1997). In addition, HsIVU is also responsible for the rapid turnover of the 6> protein
which results in extremely low (10-30 copies per cell) levels of 6% (Kanemori et al., 1997). N
However, when E. coli cells are exposed to high temperature (42°C), the amount of abnormal and
misfolded protein rapidly increases within the cell (Bukau, 1993). The result is that the misfolded
proteins rapidly bind and titrate HsIVU and other proteases away from 6%, resulting in its
indirect stabilization (Kanemori er al., 1997). Stabilized 0°2 can then bind RNA polymerase and

confers to the core RNA polymerase the specificity to transcribe the heat shock genes (Fig. 1).

Heat shock proteins (Hsps) fall into two main categories. The first class, which includes HtpG,
Dnak, GroEL and GroES, are known as molecular chaperones (Hartl, 1996) (Fig. 1). These
chaperones play a crucial role in protein folding and assembly during periods of elevated
temperature. In the case of DnaK, two additional Hsps, DnaJ and GrpE are required to form
functionally active chaperone machinery (Georgopoulos, 1992). Apart from having o'’
dependent promoters, groEL, groES and grpE have additional G7O—dependent promoters that

ensure a &~ independent basal level expression (Zhou et al., 1988).

The second class of heat shock proteins are the ATP-dependent proteases (Gottesman and
Maurizi, 1992) (Fig. 1). Examples are Lon and ClpAP proteases which play major roles in
proteolysis of any misfolded proteins that are synthesized during elevated temperature. Thus, by
specifically inducing the genes involved in the heat shock response, the cell is able to survive by

alleviating some of the harmful effects induced by elevated temperature.
4.1.2 The effect of oxidative stress on cells

Due to cellular respiration, active oxygen species occur naturally in aerobic cells. These radicals
can cause a great deal of damage to macromolecules such as DNA, membranes, RNA and
proteins (Farr and Kogoma, 1991). If this damage does not lead to radical induced death, at the
very least, it wastes cell energy and resources since damaged molecules have to be repaired,

degraded or replaced. It is therefore important that cells maintain a strong defence system against

oxidative stress.
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sequence which upon integration into the ppdA locus should result in the cleavage of the ppdA
locus into several BamHI fragments (Fig. 9). Indeed, in the wild-type strain, a single 20 kb
BamHI fragment is detected by the probe, whereas the integration of pPCM704 into ppdA resulted
in the detection of two restriction enzyme fragments of 13.2 kb and 7.2 kb. These are the only
two fragments that contain ppdA sequence and therefore recognized by the probe. Since the
larger 13.2 kb BamHI fragment contains more of the probe sequence, this band appears much
darker compared to the 7.2 kb fragment (Figs. 8 and 9). Furthermore, Figure 8B illustrates that
despite the phenotypic dissimilarity with respect to pigmentation in V. cholerae 569B and RM7,
there is no difference in the banding patterns that the probe generates upon hybridization to
genomic DNA that had been isolated from these two strains and digested with the restriction

enzymes Clal, Stul and BamHI (Fig. 8).
4.3.3 The ppdA mutants, Mut2 and HX1, had no growth abnormalities

V. cholerae 569B cells grown at 30°C in TB containing 1% NaCl, displayed a generation time of
53 min (Table 3). In comparison, V. cholerae 569B-Rif and Mut2 had generation times of 49 and
52 min, respectively (Table 3). Increasing the temperature from 30 to 37°C resulted in a decrease
in the generation time of all three strains with no significant difference in the resulting growth
rate between the mutant (Mut2) and its parental strains. Under conditions of elevated salinity (TB
containihg 4% NaCl at 30°C), all three strains grew much slower with generation times of 72, 72
and 63 min, respectively. This indicated that the cells were severely affected by the increased
salinity. Nevertheless, Mut2 displayed the fastest growth rate with a generation time of 63 min.
Elevated salinity in conjunction with increased temperature dramatically lowered the generation
time for all three strains, suggesting that the increased temperature allowed the cells to overcome
the adverse effects induced by the presence of a high concentration of NaCl. No significant

difference between the resulting growth rates existed between any of the strains.

The growth rate of RM7 under all four of the conditions tested, was always slower compared to
V. cholerae 569B (Table 3). A temperature increase from 30°C to 37°C lowered the generation
time in the RM7 strains grown in TB containing 1% NaCl. An increase in the salinity to 4%
NaCl at both 30 and 37°C adversely affected the growth of these strains as could be seen from
their increased generation times. The ppdA mutant HX 1, like Mut2, did not display any disability
with respect to its growth as can be seen from its generation times compared to its parental RM7

strains. In fact, the mutant grew better under certain conditions than its parental strains,
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confirming that inactivation of ppdA did not alter the growth of the respective mutants during the

exponential growth phase.
4.3.4 Stationary phase survival of wild-type and mutant strains

To investigate the survival of stationary phase bultures of both mutant and wild-type cells when
exposed to various culture conditions, we determined the number of colony forming units (cfu)
remaining in the culture following 24 hrs (1 day), 48 hrs (2 days) and 72 hrs (3 days) of
incubation. Figure 10A represents the number of culturable wild-type and the mutant cells
remaining after 1, 2 and 3 days of incubation in TB containing 1% NaCl at 30°C. Despite both
strains having approximately the same generation time during exponential phase (Table 3), the
wild-type survived much better than the mutant under these culture conditions. For example,
after one day of incubation in TB containing 1% NaCl at 30°C, the number of culturable wild-
type cells amounted to 5 x 10° cfu ml”, whereas the number of culturable mutant cells were
approximately 9 x 108 cfu mI™. After three days of incubation, the number of culturable wild-
type cells decreased to 5 x 10° cfu ml"! compared to the 1.5 x 10* cfu m1™* culturable mutants.
Nevertheless, the rate at which the two strains lost their culturability over the three day period

was similar (Fig. 10A).

Wild-type cells grown at 37°C in TB containing 1% NaCl experienced a rapid decline in
culturability over the three day period (Fig. 10B). For example, after one day 6f incubation at
37°C in TB containing 1% NaCl, the number of culturable wild-type cells was 5 x 107 cfu ml™.
However, after three days of incubation this number declined to less than 1 x 10* cfu mlI™". This
indicated that elevated temperature had an adverse effect on the culturability of the wild-type V.
cholerae cells. The culturability of the mutant was less affected by the increased temperature
compared to the wild-type strain. The number of culturable mutant cells was 3 x 107 cfu m1*
after one day of incubation at 37°C in TB containing 1% NaCl. Of this, 1 x 10° cfu ml" mutant
cells remained culturable after three days of incubation. This was considerablyAmore than the 1 x
10* cfu ml"" wild-type cells that remained culturable after three days of incubation. Thus, the rate

at which the wild-type cells lost culturability was more rapid than the mutant strain (Fig. 10B).

Increasing the salinity of the growth media to 4% NaCl, in conjunction with an incubation
temperature of 30°C, increased the cu]thrability of both the mutant and wild-type strains
dramatically (Fig. 11A). For example, after one day of incubation at 30°C in TB containing 4%
NaCl, the number of culturable cells were 4 x 10° and 6 x 10° cfu ml™! for the wild-type and
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Increasing the salinity of the growth media to 4% NaCl, in conjunction with an incubation
temperature of 30°C, increased the culturability of both the mutant and wild-type strains
dramatically (Fig. 11A). For example, after one day of incubation at 30°C in TB containing 4%

NaCl, the number of culturable cells were 4 x 10° and 6 x 10° cfu ml™" for the wild-type and
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Figure 10. A represents the number of culturable cells remaining after 1, 2 and 3 days of growth in
TB containing 1% NaCl at 30°C. B represents the number of culturable cells remaining
after 1, 2 and 3 days of growth in TB containing 1% NaCl at 37°C. The black bars
represent V. cholerae 569B, whereas the grey bars represent Mut2. Error bars represent
the standard error calculated from three independent experiments.
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Figure 12. Survival of V. cholerae 569B and Mut2 after exposure to 5 mM H,0,.
Both strains were first grown for 24 hrs under specific culture conditions before
the addition of H,0O, to the culture media. Culture conditions were as follows:
V. cholerae grown at 30°C in Tryptone broth ( @ ), Mut2 grown at 30°C in Tryptone
broth (¢ ), V. cholerae grown at 37°C in Tryptone broth ( &), Mut2 grown at 37°C in
Tryptone broth ( A), V. cholerae grown at 30°C in Tryptone broth supplemented with
4% NaCl (@ ), Mut2 grown at 30°C in Tryptone broth supplemented with 4% NaCl (O ),
V. cholerae grown at 37°C in Tryptone broth supplemented with 4% NaCl (& ),
Mut2 grown at 37°C in Tryptone broth supplemented with 4% NaCl (01). Error bars
represent the standard error calculated from the results of three independent experiments.
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Figure 11. A represents the number of culturable cells remaining after 1, 2 and 3 days of growth
in TB containing 4% NaCl at 30°C. B represents the number of culturable cells remaining
after 1, 2 and 3 days of growth in TB containing 4% NaCl at 37°C. The black bars represent
V. cholerae 569B, whereas the grey bars represent Mut2. Error bars represent the standard
error calculated from three independent experiments.
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mutant strains, respectively. After three days of incubation at the same culture conditions, the
number of culturable cells was 5 x 10° cfu ml™' for the wild-type and 5 x 10* cfu ml™ for the =
mutant (Fig. 11A). Thus, although growth at 30°C in TB containing 4% NaCl lowered the
generation times of the both the wild-type and mutant strains during exponential phase (Table 3),
these cells retained their culturability over the three day period tested. Furthermoré, although the
difference between the rate at which the two strains lost their culturability was small, the mutant

cells did lose culturable cells slightly faster than the wild-type strain (Fig. 11A).

An increase in both the salinity and temperature of the growth media affected the culturability of
both the wild-type and the mutant cells (Fig. 11B). After one day of incubation at 37°C in TB
containing 4% NaCl, 2.5 x 10° cfu ml™ and 1.5 x 10° cfu ml"' of wild-type and mutant cells
remained culturable, respectively. After two and three days of incubation, the culturability of
wild-type cells decreased to 1 x 107 cfu mI™ and then to 6 x 10° cfu ml™. The decrease in
culturable mutant cells over the same period decreased to 1 x 10°® cfu ml™ and subsequently to 8
x 10° cfu mI"". Thus, the wild-type strain only lost 40% of its culturable cells between day two
and day three, whereas 92% of the culturable mutant cells were lost over the same period.
Therefore, the rate at which the mutant lost culturability after two days of incubation at 37°C in
TB containing 4% NaCl was much faster than the wild-type strain (Fig. 11B). However, both
strains had approximately 1 x 107 cfu ml™ culturable cells remaining in the culture media after
day three (Fig. 11B). Thus, although the number of wild-type cells drop by two logs between
dayl and day2, the number of mutant cells dropped by only one log. However, wild-type cell
numbers are stabilized between day2 and day3 compared to the amount of culturable mutant
cells. This difference might be directly due to the accumulation of copious amounts of pigment

which only accumulate after 2 days in the wild-type cultures and is absent in the mutant cultures.

4.3.5 Mut2 is more sensitive than the wild-type to oxidative stress when subjected to

increased salinity and temperature

To assess whether pigmentation could in fact protect V. cholerae cells from the adverse effects of
oxidative stress, we challenged both mutant and wild-type cells with 5 mM H,0, and
subsequently determined the total number of survivors. After 1 day of incubation at either 30 or
37°C in TB supplemented with 4% NaCl, both the mutant and the wild-type strains were resistant
to exposure to 5 mM H,0; (Fig. 12). Wild-type and mutant cells incubated at 30°C in TB

containing 1% NaCl, however, were more sensitive to oxidative stress (Fig. 12). For example,
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the number of wild-type cells decreased from 6 x 10° cfu mi” to 4 x 10" cfu mI™" within only one
hour of exposure to H,O,. A similar decrease in culturability was displayed by the mutant cells_.
where the number of culturable cells decreased from 9 x 10°® cfu m!™ to 1 x 10° cfu mi™! after éhe
hour of H,0O; exposure. The decrease in the number of culturable cells was, however, much rﬂore
rapid in mutant cells suggesting that these cells were more senéitive to the effects of H,O,. Both
wild-type and mutant strains were extremely sensitive to oxidative stress after the cells were
inc;lbated at 37°C in TB containing 1% NaCl. This suggested that an increase in temperature was
detrimental to‘the cells with respect to their long term survival (Fig. 10B) and when challenged

with oxidative stress (Fig. 12).

Figure 13 shows the survival of 48 hr old mutant and wild-type cells following incubation under
various culture conditions and subsequent exposure to H,O,. Wild-type and mutant cells
incubated at 30°C in TB supplemented with 4% NaCl remained resistant to exposure to H,0,.
Wild-type cells incubated at 37°C in TB containing 4% NaCl experienced a rapid decrease in the
amount of culturable cells from I x 107 cfu mi™ to 2 x 10* cfu mlI™" within one hr of exposure to
H,0,. Mutant cells incubated at 37°C in TB containing 4% NaCl, however, did not show any
capability to withstand oxidative stress, as no survivors remained after only one hour of exposure
to H,O, (Fig. 13). It should be pointed out that pigmentation occurred at this time in the culture
media of the wild-type strain, and that the difference observed between the survival of the wild-
type and mutant strains in this particular case could be the direct result of the lack of
pigmentation in the mutant strain. Both strains were extremely sensitive to oxidative stress after
incubation in TB containing 1% NaCl at both 30 and 37°C, with no survivors after only one hour
exposure to 5 mM H,0,. After 3 days of incubation, none of the cells grown under any of the

culture conditions tested could survive exposure to 5 mM H,0, (Fig. 14).
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Figure 13. Survival of V. cholerae 569B and Mut2 after exposure to 5 mM H,0,,.
Both strains were first grown for 48 hrs under specific culture conditions before
the addition of H,O, to the culture media. Culture conditions were as follows:
V. cholerae grown at 30°C in Tryptone broth ( ), Mut2 grown at 30°C in Tryptone
broth ( ©), V. cholerae grown at 37°C in Tryptone broth (# ), Mut2 grown at 37°C in
Tryptone broth (4 ), V. cholerae grown at 30°C in Tryptone broth supplemented with
4% NaCl (@ ), Mut2 grown at 30°C in Tryptone broth supplemented with 4% NaCl (O ),
V. cholerae grown at 37°C in Tryptone broth supplemented with 4% NaCl (# ), Mut2
grown at 37°C in Tryptone broth supplemented with 4% NaCl (O ). Error bars represent
the standard error calculated from the results of three independent experiments.
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Figure 14. Survival of V. cholerae 569B and Mut2 after exposure to 5 mM H,0,.
Both strains were first grown for 72 hrs under specific culture conditions before
the addition of H,0, to the culture media. Culture conditions were as follows:
V. cholerae grown at 30°C in Tryptone broth ( ), Mut2 grown at 30°C in Tryptone
broth (¢ ), V. cholerae grown at 37°C in Tryptone broth (4 ), Mut2 grown at 37°C in
Tryptone broth ( &), V. cholerae grown at 30°C in Tryptone broth supplemented with
4% NaCl (@), Mut2 grown at 30°C in Tryptone broth supplemented with 4% NaCl (O ),
V. cholerae grown at 37°C in Tryptone broth supplemented with 4% NaCl (# ), Mut2
grown at 37°C in Tryptone broth supplemented with 4% NaCl (&). Error bars represent
the standard error calculated from the results of three independent experiments.
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4.4 Discussion

Homologous recombination between pCM704 and ppdA in V. cholerae 569B and RM7 led to the
inability of the resulting strains (Mut2 and HX1) to synthesize pigment. The reason for the lack
of pigmentation in these mutants is still unclear. In addition to a truncated ppdA the mutants
harbour an intact copy of the ppdA gene. Theoretically, this ppdA gene should remain functional
regardless of the presence of the upstream integration event. One possible explanation for the
pigment-minus phenotype in the mutant strains could be that the integration of pCM704
upstream from the ppdA gene, separated the intact copy of ppdA from either upstream activation
sequences or additional promoter sequences that are required for transcriptional activation ppdA

in V. cholerae. This, however, needs further investigation.

Southern hybridization confirmed the integration of pCM704 upstream from the ppdA locus of
strains 569B and RM7. Furthermore, the ppdA locus in RM7 seemed unaltered compared to V.
cholerae 569B, suggesting that the mutation in RM7 responsible for the constitutive production
of pigment was most probably located in a regulatory region distinct from the ppdA structural
gene. This result, however, does not exclude the possibility of a point mutation in the RM7 ppdA
gene that could also result in the same phenotype.

Growth analysis of the ppdA mutant strains showed that the generation times of the mutants
during the exponential growth phase, and their culturability over three days in stationary phase,
compared well with their parental strains. Thus, disruption of the ppdA gene in 569B and RM7

did not alter their ability to grow and remain culturable.

Although there was no significant difference between the wild-type and mutant strains during
these growth studies, the effect of the different culture conditions on V. cholerae was clear.
Elevated temperature caused dramatic decreases in the generation times of all the strains. A
similar increase in growth rate has been observed in E. coli cells during heat shock (Muffler et
al., 1997). Later it became evident that both V. cholerae wild-type and mutant cells that had been
exposed to elevated temperature (37°C) in the presence of 1% NaCl, also displayed decreased
culturability over a three day post-inoculation period. The rate at which the wild-type lost
culturability, however, waé significantly greater than for the mutant. The reason for this result is
unclear, since pigmentation is not induced by 1% NaCl and an incubation temperature of 37°C.

Nevertheless, cells exposed to 37°C and 1% NaCl were also very sensitive to the effects of
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oxidative stress, with zero survival after only 1 hour of exposure to 5 mM H,0,. This implies
that pre-exposing V. cholerae cells to elevated temperature did not confer resistance to
subsequent exposure to oxidative stress. In E. coli, a deletion in rpoH, which prevented the
induction of the heat shock response, resulted in sensitisation to both peroxide- and superoxid;:-
mediated oxidative stress, suggesting that the heat shock proteins play some role in protection
against oxidative stress (Kogoma and Yura, 1992). Since the V. cholerae rpoH gene has been
shown to be 80% homologous to the E. coli 6> (Sahu et al., 1997), one could speculate that the
heat shock response in V. cholerae is most probably mediated in a similar fashion to that of E.

coli. The apparent lack of overlap between the heat and oxidative stress responses, however,

suggests some difference in these two systems.

Increasing the salt concentration of the growth media to 4% adversely affected the exponential
growth rate of all V. cholerae strains, as seen from the large increase in the generation times of
these cultures. A similar decrease in the growth rate was also observed in E. coli cells that had
been exposed to elevated salinity (Muffler et al., 1997). Despite their long generation time, V.
cholerae cells were better equipped to survive long term and to deal with oxidative stress. For
example, wild-type and mutant cells incubated at 30°C in the presence of 4% NaCl maintained
their culturability over all three days tested. These cells were also extremely resistant to
subsequent exposure to H,0; , indicating that exposure to salt stress could confer resistance to
oxidative stress. Similarly, wild-type and mutant cells incubated at 37°C in TB containing 4%
NaCl retained large numbers of culturable cells after one day of incubation. These cells also
exhibited extreme resistance to subsequent H,O, exposure. This confirms that increased salinity
physiologically alters V. cholerae cells and allows them to overcome the detrimental effects

associated with subsequent exposure to H;O,.

A likely explanation for the protective effect of elevated salinity on V. cholerae survival, could

be that high osmolarity stabilizes the V. cholerae RpoS which then mediates resistance to various

other stresses, including oxidative stress, by inducing catalase production which mediates the
breakdown of H,0,. Indeed, the V. cholerae RpoS has been isolated and shown to play a crucial

role in the survival of cells undergoing carbon starvation, hyperosmolarity and oxidative stress

(Yildiz and Schoolnik, 1998). Furthermore, V. fisheri has been shown to contain a single catalase

whose activity rapidly increases upon entering into stationary phase (Visick and Ruby, 1998).

Although the V. cholerae catalase gene has not been cloned, catalase activity has been detected in
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V. cholerae 5698 during late exponential phase (Daily et al., 1978) and it could play an

important role in protecting V. cholerae cells from oxidative stress.

V. cholerae cells grown in 4% NaCl at 37°C displayed a generation time similar to that of V.
cholerae cells grown at 37°C in 1% NaCl. This suggests that elevated temperature allowed the
cells to overcome the adverse affects associated with high salt during exponential growth. This
could be directly due to the induction of both 6°2 and o°. Together, these sigma factors can
induce a large set of genes that would allow the cells to cope with the stress associated with
elevated temperature and salinity. Thus, both elevated temperature and increased salinity can ]

play important roles in the induction of cross protective mechanisms that enhance the survival of

V. cholerae in both its host and the natural environment.

A comparison of the differences in the culturability of the mutant and wild-type strains, and their
sensitivity to oxidative stress, revealed interesting results. Firstly, the wild-type strain exhibited
increased resistance relative to the mutant to oxidative stress after one day incubation at 30°C in
TB containing 1% NaCl. The reason for this increased resistance is presently unclear. Secondly,
wild-type cells incubated for two days at 37°C in TB containing 4% NaCl were much more
resistant to oxidative stress compared to the mutant cells. The reason for this could be the
presence of copious amounts of brown pigment that was synthesized by the active PpdA enzyme
of V. cholerae 569B during this period. Thus, the presence of the pigment could be responsible
for the difference in survival of the wild-type and mutant strains following exposure to H,O,.
This result, together with the observation that wild-type cells grown at 37°C in TB containing 4%
NaCl lost less culturable cells after two days of growth compared to the mutant, suggests that
pigmentation plays a protective role in V. cholerae. Since melanin has excellent radical
scavenging properties (Sarna et al., 1986), this result would not be surprising. If this is the case,
the role of ppdA would be to produce pyomelanin, which might to a certain extent can protect V.
cholerae cells from oxidative stress, and therefore greatly enhance the chances of survival of the

bacterium in both its host and the natural environment.

Both RpoH and RpoS can play key roles in protecting V. cholerae upon exposure to elevated
temperature and salinity, by activating large numbers of genes that would assist the organism to
not only cope with the harmful effects of these two stresses, but also with oxidative stress. In

fact, resistance to H,O, may be particularly important for aquatic organisms such as V. cholerae
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because OH' is generated by the action of UV radiation on water and is therefore expected to be
produced within sun-illuminated aquatic habitats (Yildiz and Schoolnik, 1998). In addition, '
pathogens such as V. cholerae have to evade the human host defence system where macrophages
produce active oxygen species that can severely limit the survival of the organism. However,
induction of these protective mechanisms could prove energetically expensive and may only be
effective for a short period of time. This would force the bacterium to employ some alternative
protective mechanism. Since pigmentation occurs directly in response to elevated salinity and
temperature, and considering the ability of pigmentation to increase the culturability of wild-type
cells by directly protecting the cells from oxidative stress, this would indeed seem a likely
possibility. Given the properties of melanin, protection against oxidative stress might only be one

of the advantages conferred to pigmenting V. cholerae cells.
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CHAPTER 5
GENERAL DISCUSSION

Melanins are not considered essential for the development and growth of cells, nevertheless, they
possess important properties which may be crucial for the survival of organisms under adverse
environmental conditions (Chapter 1). Although melanogenesis has been extensively
characterized in many organisms, little was known about this process in V. cholerae. In this
study, we investigated the significance of pigmentation in V. cholerae in order to generate new

knowledge regarding this process.

Our first aim in understanding melanogenesis in V. cholerae was to identify the genes involved
in pigmentation. Our study revealed that V. cholerae 569B harboured two distinct genes, ppdA
and tyrM, both capable of synthesizing melanin in E. coli clones grown on LB supplemented
with L-tyrosine. Further investigation revealed that ppdA displayed extensive homology to 4-
hydroxyphenyl pyruvate dioxygenase (Hppd) enzymes from several organisms. Although the
function of these Hppd enzymes has been well established in eukaryotic organisms, namely that
of a mediator of tyrosine catabolism, their role in bacteria is still obscure. In fact, synthesis of
Hppd in other bacteria can be directly correlated with pigment secretion into the culture media,
whereas pigment accumulation in humans, as a result of Hppd synthesis, has only been
associated with alkaptonuria, a rare hereditary disorder (Chapter 2 section 2.1.4). Since V.
cholerae has been previously shown incapable of metabolizing tyrosine (Ruzafa et al., 1995), the

role of PpdA in V. cholerae may differ from the role Hppd enzymes play in humans.

Our second aim involved the basic characterization of the V. cholerae PpdA enzyme in terms of
its haemolytic properties and the time at which protein synthesis and gene expression occurred in
V. cholerae. We found that PpdA, although unable to confer fluorescence to the culture media,
displayed o-haemolytic activity. This directly implicated PpdA as a virulence factor, since many
pathogens employ haemolysis as a general strategy to weaken their host defence systems and to
scavenge valuable iron for their growth (Sugawara et al., 1997). Contrary to most haemolysins
which have been shown to be exported extracellularly to mediate pore formation in the
membranes of erythrocytes and consequently haemolysis (Sugawara et al., 1997; Zitzer et al.,
1997), the V. vulnificus haemolysin has been localized to the periplasm (Chang et al., 1997).
Since the V. cholerae PpdA displays 78% sequence identity to that of the V. vulnificus

haemolysin, and considering that the two proteins display identical haemolysin and pigmenting

126



properties, one could speculate that PpdA is probably also confined to the periplasm. This is
strengthened by the fact that PpdA, similar to the V. vulnificus haemolysin, lacks a N-terminal
signal sequence required for protein export. Certainly this then questions the role of these
proteins as virulence factors in both V. vulnificus and V. cholerae, since their location would

render the proteins inaccessible to host targets.

Furthermore, PpdA synthesis only occurs 45 hrs post-inoculation where V. cholerae cells had
already been experiencing starvation for more than 24 hrs. Protein synthesis directly coincided
with the appearance of brown-black pigment in the culture media, confirming the role of PpdA
in V. cholerae melanogenesis. As was demonstrated by Elisa assays, PpdA synthesis was
terminated around 60 hrs of growth which suggests that protein synthesis occurs only for a
limited time in V. cholerae cultures. Contrary to the Elisa results, RT-PCR analysis clearly
showed the presence of ppdA transcripts throughout the growth cycle of V. cholerae, regardless
of the culture conditions. This result implies that V. cholerae either employs posttranscriptional
or posttranslational control to regulate the synthesis of PpdA in the cell. At present we do not

know which of the two mechanisms is of greater importance.

PpdA synthesis is thus closely associated with late stationary phase, and may therefore be of
importance in viable but non-culturable V. cholerae cells whose physiological state most closely
resembles that of stationary phase. Thus, the cells could be producing melanin when ingested by
drinking contaminated water or eating contaminated shellfish. Furthermore, depending on the
inoculum size and the susceptibility of the person who has been expc;sed, the incubation period
for V. cholerae O1 varies from between 12 hr and 72 hr (Cash et al., 1974). Since PpdA
synthesis falls within this time period, the PpdA protein could play an important role in V.
cholerae virulence by neutralizing oxidants and promoting invasive disease. In addition, the
NaCl concentration in an adult cholera stool ranges from 90 - 130 mmol/L (Griffith er al., 1967).
Alternatively, PpdA might be important for preventing cellular dehydration of V. cholerae in

cholera stools.

Our final objective was to determine whether pigmentation could render V. cholerae more

resistant to oxidative stress. Our results suggested that pigmentation conferred protection against
_the adverse effects of oxidative stress and that this protection coincided directly with PpdA

synthesis and secretion of pigment into the media. We therefore speculate that PpdA synthesis

only continues until enough pigment has been accumulated within the culture media after which

sy .
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it is terminated. Thus, we propose that the function of PpdA may be to specifically synthesize
HGA for pyomelanin synthesis. Since HGA is a small, hydrophobic molecule, it can easily move
across the outer membrane into the extracellular media. Spontaneous polymerization of
homogentisic acid in the presence of oxygen then results in the formation of pyomelanin which
surrounds the V. cholerae cells. The pyomelanin can then act as a free radical trap to alleviate
some of the oxidative stress associated with stationary phase growth. Thus, melanin can clearly
promote the survival of V. cholerae in the estuarine environment by scavenging free radicals that

would otherwise damage and/or kill cells.

Although melanogenesis in V. cholerae thus appears to function to alleviate oxidative stress, this
process is only confined to late stationary phase. This suggests that during exponential and early
stationary phase, V. cholerae employs other mechanisms to cope with increased oxidative stress.
Our results indicate that elevated salinity plays an important role in inducing these protection
mechanisms as the cells were significantly resistant to subsequent oxidative stress and

maintained culturability after growth in the presence of elevated salinity.

Finally, although this study has contributed to our understanding of melanogenesis in V.
cholerae, many questions remain. Future work will include quantitative RT-PCR to determine
the exact amount of ppdA transcripts present in the cell under non-pigment inducing conditions.
This will confirm whether the data obtained with RT-PCR is due to basal levels of ppdA
expression, which due to the sensitivity of the RT-PCR technique, results in the detection of
similar levels of amplified product in cells grown under a variety of conditions. Furthermore,
fusion of the ppdA promoter region td a reporter gene in E. coli and transforming this strain with
a V. cholerae gene bank could allow us to isolate the regulatory genes involved in the melanin
biosynthetic pathway. In addition, we can study the effects of global regulators such as RpoS and
RpoH, in conjunction with various environmental signals, on reporter gene expression. These
experiments would provide valuable insight into the regulation of melanogenesis in V. cholerae

and whether this regulation occurs at a posttranscriptional or posttranslational level.

Although PpdA might be localized to the periplasm, as is the case with the V. vulnificus
haemolysin, this does not exclude the possibility that the haemolytic capabilities of PpdA might
contribute to V. cholerae virulence. Clearly the haemolytic characteristic of PpdA needs to be
investigated further in order to explain why the V. cholerae PpdA protein and the legiolysin from

L. pneumophila displayed different haemolysin and fluorescent activities. Furthermore,
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understanding why E. coli clones harbouring pCM302 displayed increased haemolytic activity

compared to clones harbouring pCM302-16 could only increase our understanding of PpdA ~~-

In addition, we need to know what role tyrM plays in V. cholerae melanogenesis. Purification of
the TyrM protein will allow us to obtain antibodies for use in ir situ hybridization studies. This
could determine whether ryrM is possibly associated with the flagella components of V.
cholerae. Alternatively, these antibodies could be employed in Elisa assays in order to determine
the culture conditions responsible for tyrM expression in wild-type V. cholerae 569B. Clearly

much work remains to be done before we can fully understand the significance of pigmentation

in V. cholerae 569B.

V. cholerae occupies two main niches, namely that of its human host and estuarine
environments. The organism is therefore constantly challenged with changing conditions that
threaten its survival. This danger can only be overcome if the organism can rapidly respond and
adapt to these changing conditions. In order to do this, the organism employs regulatory proteins
such as ToxR and many sigma factors to convey crucial signals to intracellular proteins as to the
state of the environment and, in this manner, the bacterium is able to respond rapidly to
particular environmental conditions. It is therefore also not surprising that V. cholerae can
exploit the beneficial properties of melanin to aid it in its continuous battle for survival. Indeed,
the fact that we were able to isolate two V. cholerae genes that allowed E. coli transformants to

pigment, suggests that melanogenesis is an important trait in V. cholerae 569B.

Pigmentation is a trait found in most organisms. In mammals, birds and plants pigments play an
important role in sexual reproduction and can even serve as warning signals to other organisms.
In bacteria and fungi, however, the function of pigmentation is directly related to the chemical
properties of the pigment rather than its visual properties. This is most probably due to the fact
that these organisms employ pigments as direct armour against various stresses, especially that
of oxidative stress (Shivprésad and Page, 1989). These pigments can also play an important role
in virulence and ion scavenging processes (White, 1958; Kubo et al., 1985). Whatever the role,
pigmentation is an important component of the survival strategies employed by most organisms,

and its ubiquity throughout the biological kingdom illustrates its importance.
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A.1 Media

A.1.1 Luria broth

Tryptone 10g
Yeast extract 5g
NaCl S5g
H,O to 1L
Autoclave

A.1.2 Luria agar
Tryptone 10g
Yeast extract 5g
Na(l Sg
Agar 15g
H,O to 1L
Autoclave

- A.1.3 Luria broth supplemented with tyrosine and CuSOy

Tryptone 10g
Yeast extract 5g
NaCl 5g
L-tyrosine (Sigma) 5g
CuSQOy Smg
H,O to 1L

Autoclave

For Luria agar supplemented with tyrosine and CuSOy add 15 g agar before autoclaving

A.1.4 Blood agar

Bacto blood base agar (Difco) 40 g
H,Oto 1L

Autoclave :
Aseptically add 5% sterile defibrinated human erythrocytes

A.1.5 Tryptone broth supplemented with 1% NaCl

Tryptone 10g

NaCl 5g

L-tyrosine (Sigma) Sg

CuSQOy4 5 mg -
H,O to 1L

Autoclave

For Tryptone agar add 15 g of agar before autoclaving
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A.1.6 Tryptone agar supplemented with 4% NaCl

Tryptone 10g
NaCl ‘ S5g
L-tyrosine (Sigma) 5g
CuSOy Smg
H,Oto IL
Autoclave

For Tryptone agar add 15 g of agar before autoclaving

A.2 Solutions

A.2.1 Antibiotic solutions

Ampicillin (100 mg/ml) ‘
Dissolve 2 g in 20 ml water. Filter sterilize and store aliquotes at 4°C
Dilute 1:1000 into media for final concentration of 100 ug/ml

Kanamycin (30 mg/ml)
Dissolve 0.6 g in 20 m] water. Filter sterilize and store aliquotes at —20°C
Dilute 1:1000 into media for final concentration of 30 ug/ml

Rifampicin (50 mg/ml)
Dissolve 1 g in 20 ml methanol. Store aliquotes at —20°C
Dilute 1:1000 into media for final concentration of 50 ug/ml

Streptomycin (100 mg/ml)
Dissolve 2 g in 20 ml water. Filter sterilize and store aliquotes at 4°C
Dilute 1:1000 into media for final concentration of 100 ug/ml

A.2.2.General stock solutions

EDTA (0.5 M)
Dissolve 93.05 g EDTA in 400 ml dH,O while adding 10 g NaOH pellets.

Adjust the pH to 8 and make up to a final volume of 500 ml
Autoclave

Tris base (1M)

Dissolve 12.1 g Tris in 100 ml dH,O
Autoclave

Tris-HCI1 (1M)
Dissolve 12.1 g Tris in 80 ml dH,O.
Adjust pH to required level with concentrated HCI.
Finally make up to a final volume of 100 ml

TE (Tris-EDTA)
Use Tris and EDTA stock solutions

Tris 10 mM, pH 8
EDTA 1 mM
Sterile dH,0
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MgCl,; (1 M)
Dissolve 20.3 g MgCl,.6H,0 in 100 ml H,O.
Autoclave

CaCl, (1 M) \
Dissolve 14.7 g (CaCl;.2H,0) in 100 ml H,O
Autoclave

NaCl (5 M) :
Dissolve 29.22 g in 100 ml dH,0
Autoclave

EtOH (absolute)
Supplied by Merck
Store at —20°C

EtOH (70%)

Dissolve 70 ml of absolute EtOH in 100 ml H,O
Store at —20°C

Isopropanol
Supplied by Merck
Store at room temperature

RNase (10 mg/ml)
Dissolve 0.1 g RNase A in 10 mM Tris-HC], 15mM NaCl (pH 7.5)
Heat for 15 min at 100°C and allow to cool slowly to room temperature
Aliquot into eppendorf tubes and store at —20°C

Ammonium persulfate (10%)
Dissolve 1 g in 10 ml of dH,0
Aliquot into eppendorf tubes and store at —20°C

TEMED (N, N, N’, N’-Tetramethylethylenediamine)
Supplied by Sigma

DEPC (Diethylpyrocarbonate)
Supplied by Sigma

DEPC treated dH,0
Add 1 ml of DEPC to 1L of dH;0
Autoclave
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A.2.3 Solutions for Large scale preparation of plasmid DNA

Solution 1
0.25 M Tris-Cl pH 8
20% (wiv) glucose
0.1 MEDTA
Autoclave components separately, then mix

Solution 2
0.2 M NaOH
1% (w/v) SDS
Make fresh solution before use

Solution 3
3 M KOA (pH 4.8)
pH using glacial acetic acid
Autoclave

Salt saturated isopropanol
Add 300 ml 5 M NaCl in TE buffer to 600 ml isopropanol
Shake up and stand overnight

A.2.4 Solutions for Chromosomal DNA extractions

SDS 10% (Sodium dodecyl sulphate)
Dissolve 10 g in 100 ml dH,0
Stir on warm plate and do not overheat

Proteinase K (20 mg/ml)
Dissolve 20 mg in 1 ml stenle dH,O
Store at —20°C

CTAB/Na(Cl
Dissolve 4.1 g NaCl in 80 ml dH,0O
Slowly add 10 g CTAB (hexadecyltrimethyl ammonium bromlde)
Heat while stirring slowly
If necessary, heat to 65°C to dissolve
Adjust to a final volume of 100 ml with dH,O

Chloroformv/isoamyl alcohol
Mix at ratio 24:1

A.2.5 Solutions for Southern hybridization analysis

0.25 M HCl
Dissolve 21.35 ml in 1L dH,O

0.4 M NaOH
Dissolve 16 g in 1L. dH,O
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0.4 M NaOH/1 M Na(Cl
NaOH 16 gin
NaCl 5844 ¢
Dissolve and adjust the volume to 1L dH,0

SSC 20x (Sodium chloride trisodium citrate)

NaCl 175¢
Tri-NaCitrate 8.82¢g
dH,0 80 ml
Adjust pH to 7.4 with NaOH
Make up to 100 ml with dH,0
Autoclave

Reaction mixture
100 ul hexanucleotide mixture in 10x reaction buffer

STE (Sodium chloride-Tris EDTA)
TE buffer (pH 8) containing 0.1 M NaCl

Sephadex G-50

Slowly add 30 g Sephadex G-50 (medium) to 250 ml STE buffer
Autoclave

Store at 4°C
Tracking dye
Dissolve Blue dextran in 50 mM NaCl to a final concentration of 3%

Dissolve Orange G in the above solution to a final concentration of 1%

PB stock solution (1 M Na,HPOq, pH 7.2)

Na, HPO4. TH,0 134 ¢
H3POy4 (85%) , 4 ml
Make up to 1L with dH,0
Autoclave

SDS 25% (Sodium dodecyl sulphate)
Dissolve 250 g in 1L. dH,0
Stir on warm plate and do not overheat

Church pre-hybridization buffer (pre CHB)

Non-fat dry milk 05¢g

PB stock solution 50 ml
EDTA (0.5 M) 0.2 ml
SDS (25%) 28 ml

Make up to 100 ml with dH,O

Church hybridization buffer (CHB)

PB stock solution 50 ml
EDTA (0.5 M) 0.2 ml
SDS (25%) 28 ml

Make up to 100 ml with dH,0
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Wash buffer A (WBA)

PB stock solution 20 ml
EDTA (0.5 M) A 1 ml
SDS (25%) 100 ml
Make up to 500 ml with dH,0
Wash buffer B (WBB)

PB stock solution 40 ml
EDTA(0.5M) 2 ml
SDS (25%) 40 ml

Make up to 1L with dH,0

A.2.6 Solution for Restriction enzyme digestions

Gel tracking dye
Bromophenol blue 625¢g
Sucrose 10g
EDTA (0.5 M) 1 ml
Make up to a final volume 25 mi in dH,0
Autoclave

A.2.7 Solutions for Agarose gel electrophoresis
TAE 50x (Tris-acetate buffer)

Tris 242 ¢
Glacial acetic acid 57.1 ml
EDTA (0.5 M) 100 ml
Make up to 1L with dH,O

Autoclave

EtBr 10 mg/ml (Ethidium Bromide)
Dissolve 0.1 g in 10 ml dH,O
Shake well to dissolve

Powerful mutagen-wear gloves and clean spills with isopropanol

A.2.8 Solution for Ligation reactions

Ligation buffer (10x)
Tris, pH 7.6 150mM
MgCl, 50 mM
ATP 2.5mM
BSA 0.5 mg/ml

Make up to appropriate volume using sterile dH,O.

A.2.9 Solution for Ammonium acetate precipitation

Ammonium acetate (7.5 M)
Dissolve 262.84 g in 400ml of dH,0
pH to 7.5 using glacial acetic acid.
Make up to 500 ml with dH,0
Autoclave
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A.2.10 Solutions for Exonuclease III shortening

Exonuclease I buffer -
Tris-HCI (pH 7.6) 66 mM ,
MgCl, 660 uM
Autoclave

S1 nuclease buffer (10x)
KOA (pH4.6) 300 mM

NaCl 2M
Glycerol 50%
ZnSQOy4 9 mM
Autoclave

S1 nuclease mix (enough for 15 tubes)

10x S1 nuclease buffer 24.6 ul
sterile dH,O 1554 ul
S1 nuclease 36 U
Autoclave

S1 nuclease stop

Tris base 300 mM

EDTA (pH 8) 50 mM

Autoclave ‘
Klenow mix

Tris-HCl (pH7.6) 20 mM

MgCl, 7 mM

Autoclave

Ligase mix (enough for 25 tubes)
10x Ligation buffer ~ 50 ul
T4 ligase (1 Ulul) 250 ul
sterile dH,0 150 ul
use 18 ul per tube

A.2.11 Solutions for Sequencing

Silane
Silane 50 ul
Acetic acid 30 ul
dH,0O 300 ul
EtOH 9.62 ml

Gel mix for 6% PAGE/7 M Urea sequencing gel
Acrylamide (40%) 7.4 ml

Urea (Merck) 257 g
TTE (10x) 5ml
Make up to 50 ml with dH,0
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Taurine Tris buffer (10x) (TTE)

Tris 108 g
Taurine : 36g
Na;EDTA 372¢g
Make up to 1L with dH,0
Annealing buffer (5x)
Tris-HCI, pH 7.5 200 mM
MgCl, 100 mM
NaCl 250 mM
Labeling mix (Lab mix) (5x)
dGTP 7.5 uM
dCTP 7.5uM
dTTP 7.5uM

Enzyme dilution buffer
Tris-HCI, pH 7.5 10 mM
DTT (Dithiothreitol) 5 mM

BSA 0.5 mg/ml
Stop buffer

Formamide 95%

EDTA 20 mM

Bromophenol blue  0.05%
Xylene cyanol FF 0.05%

A.2.12 Solutions for RNA extractions

All solutions were either DEPC treated or made up in baked glass bottles using sterile DEPC
treated dH,0

Protoplast buffer
Tris-Cl, pH 8.0 15 mM
Sucrose - 045M
EDTA 8§ mM
Made up to appropriate volume with DEPC treated dH,0
Store at 4°C
Lysozyme (80 mg/ml)

Dissolve 0.8 g in 10 ml sterile dH,O
Aliquot into eppendorf tubes
Store at -20°C
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Lysis buffer

Tris-Cl, pH 8 10 mM
NaCl 10 mM
sodium citrate 1 mM
SDS 1.5%

Make up with DEPC treated dH,0O
Store at room temperature

Saturated NaCl
Dissolve 40 g NaCl in 100 ml in DEPC treated H,0O
Stir until solution reaches saturation
Autoclave

Phenol/chloroform/isoamylalcohol (25:24:1)
Mix at ratio 25:24:1
Store at 4°C

A.2.13 Solutions for Labelling oligonucleotide for primer extension

T, polynucleotide kinase buffer (10x)

1 M Tris, pH 7.6 Iml
I M MgCl, 200 ul
500 mM DTT 200 ul
10 mM spermidine 200 ul
500mM EDTA 4 ul
dH,0 396 ul

DTT (1 M) (Dithiothreitol)
Dissolve 0.3 g in 20 ml 10 mM sodium acetate (pH 5.2)
Filter sterilize and store aliquots at —20°C

Spermidine (1 M)
Dissolve 2.9 g in 20 ml dH,0
Filter sterilize
Store aliquots at -20°C

Ammonium acetate (4 M)
Dissolve 30.8 g in 100 ml dH,0
Autoclave '

TEN 600
Na(Cl 600 mM
Make up in TE buffer, pH 7.5

Gel mix for 9% PAGE/7 M Urea sequencing gel
Acrylamide (40%) 11.25ml

Urea (Merck) 257 g
TTE (10x) 5ml
Make up to 50 ml with dH,0
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A.2.14 Solutions for SDS-PAGE gels

30% Acrylamide solution
Acrylamide 30g
Bisacrylamide 08¢g
Add dH,0 to a final volume of 100 ml
Store at 4°C

Separating gel buffer (4x)
Tris base 18.17 g
SDS (10%) 4 ml
Adjust pH to 8.8 with HCl and add dH,O to a final volume of 100 ml
Store at room temperature

Stacking gel buffer (4x)
Tris base 6.06 g
SDS (10%) 4 ml
Adjust pH to 6.8 with HCI and add dH,0 to a final volume of 100 ml
Store at room temperature

SDS-PAGE Running buffer (10x)

Tris base 30¢g
Glycine 144 g
SDS (10%) 100 ml
SDS-PAGE sample buffer (2x)
- Glycerol 2 ml
SDS (10%) 2 ml

Bromophenol blue  0.25 mg

Stacking gel buffer (4x) 2.5 ml
B-mercaptoethanol 0.5 ml

Bring to a final volume of 10 ml with dH,O
Store at room temperature

Coomassie blue dye staining solution
Isopropanol 250 ml
Glacial aceticacid 100 ml
Make up to 1L with dH,O
Add 2.5 g Coomassie ® brilliant blue R250
Store at room temperature

Destaining solution
Glacial aceticacid 70 ml
Bring final volume to 1L with dH,O
Store at room temperature
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A.2.15 Solution for Electroblotting proteins onto nitrocellulose

Blotting buffer -
Tris 6g
Glycine 288 ¢
Methanol - 200 ml
Dissolve in 2L dH,O

A.2.16 Solution for Determining protein concentration using Bradford assays

Bovine serum albumin (BSA) (1 mg/ml)
Dissolve 0.01 g in 10 ml sterile dH,0
Aliquot and store at —20°C

NaCl (0.15 M)

Dissolve 0.88 g in 100 ml dH,O
Autoclave

Coomassie brilliant blue solution

In a 1L volumetric flask dissolve 100 mg Coomassie brilliant blue G250 in 50 ml
95% EtOH.

Add 100 ml 85% phosphoric acid

Bring volume to 1L with dH,0

Filter through Whatman no 1 filter paper
Store at 4°C

A.2.17 Solution for Western blot analysis

Phosphate buffered saline 10x (PBS)
NaCl 87¢g
Na,PO4 225¢g
KH,PO4 2g
Dissolve in 800 ml with dH,0
Adjust pH to 7.4
Autoclave

A.2.18 Solution for pMal protein purification system

Column buffer

Tris 20 mM
NaCl 0.2M
EDTA 0.5M
Adjust the pH to 7.4

Bring to appropriate volume with dH,0
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B.1 Large scale preparation of plasmid DNA
(Taken from Ish-Horowicz and Burk, 1981)

1.

A U

10.
11
12.
13.
14.

15

16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.

Inoculate S ml Luria broth (LB) containing appropriate antibiotic selection (Appendix
A.2.1) with a single colony of E. coli containing the desired plasmid.

Grow at 37°C with vigorous shaking overnight.

Inoculate 200 ml LB containing selection agent with 1 ml of overnight culture.

Grow at for 8-12 hrs at 37°C or until the culture is saturated.

Collect cells by centrifuging 10 min at 6 000 rpm, 4°C.

Resuspend the cells in 4 ml solution 1 (Appendix A.2.3) and leave at room temperature
for 10 min.

Add 8 ml solution 2 (Appendix A.2.3) and mix well by shaking. Leave on ice for 10 min.
Add 6 ml solution 3 (Appendix A.2.3), shake well and leave on ice for 10 min.
Centrifuge at 10 000 rpm for 10 min and transfer the supernatant to a clean S534
centrifuge tube.

Add 1 volume of isopropanol and incubate at room temperature for 10 min.

Pellet the DNA by centrifugation at 15 000 rpm for 15 min.

Wash the pellet with 10 ml 70% EtOH (Appendix A.2.2).

Resuspend DNA in 4.2 ml TE buffer (Appendix A.2.2).

Add 4.62 g CsCl and mix to dissolve.

Centrifuge for 10 min at 10 000 rpm.

Transfer the supernatant to a clean SS34 tube.

Add 200 ul of 10 mg/ml EtBr (Appendix A.2.7) and adjust the refractive index to 1.396.
Fill two Vti65 tubes and centrifuge at 55 000 rpm overnight at 20°C.

Visualize DNA bands under UV (310 nm) and remove the plasmid band using a 2 ml
syringe to a clean eppendorf tube.

Add an equal volume of salt saturated isopropanol (Appendix A.2.3).

Discard the top phase.

Add two volumes of sterile dH,O and one volume isopropanol.

Incubate on ice for 10 min.

Precipitate DNA by centrifuging at 14 000 rpm for 15 min.

Wash pellet with 500 ul 70% EtOH.

Resuspend pellet in 100 ul TE buffer and store at 4°C.
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B.2 Preparation of competent E. coli cells

(Taken from Dagert and Ehrlich, 1979)

1.

6.
7.

Inoculate a single colony of freshly streaked E. coli into a 5 ml LB and shake at 37°C for

2.5 hrs.

Inoculate this starter culture into 100 ml prewarmed LB and grow at 37°C until the ODggg
reaches 0.35 (approximately 3.5-4.0 x 107 cells/ml).

Transfer the culture to a GSA tube and centrifuge for 5 min at 5 000 rpm, 4°C.

Decant the supernatant and resuspend the cells in 100 ml ice cold 0.1 M MgCl,. Leave on
ice for 1 min.

Collect the cells as before and resuspend in 50 ml 0.1 M CaCl,. Incubate on ice for 2 hrs.

Collect the cells as before and resuspend them in 10 ml 0.1 M CaCl..

Aliquot 100 ul into 1.5 ml eppendorf tubes and store at ~70°C.

B.3 Transformation of competent cells

(Taken from Dagert and Ehrlich, 1979)

1.

A O i

Add 1 to 50 ng of plasmid DNA to 100 ul of competent cells.
Leave on ice for 10 min.

Heat shock cells at 42°C for 2 min or 37°C for 5 min.

Add 0.9 ml LB and allow expression at 37°C for 30-60 min.
Plate 100 ul of cells on LA containing antibiotic selection.

Incubate plates at 37°C overnight.

B.4 Large scale preparation of bacterial genomic DNA
(Ausubel et al., 1989 unit 2.4)

1.
2.

Grow 100 ml culture of bacterial strain overnight.

Pellet the cells for 10 min at 4 000 rpm and discard the supernatant.

Resuspend the cells in 9.5 ml TE buffer (Appendix A.2.2).

Add 0.5 ml 10% SDS and 50 ul of 20 mg/ml proteinase K (Appendix A.2.4), mix and
incubate 1 hr at 37°C. ‘

Add 1.8 ml of 5 M NaCl (Appendix A.2.2) and mix thoroughly.

Add 1.5 ml CTAB/NaCl (Appendix A.2.4) solution and mix thoroughly.

Incubate for 20 min at 65°C. '

Extract with an equal volume of chloroform/isoamyl alcohol (Appendix A.2.4).
Centrifuge at 6 000 rpm for 10 min, room temperature.

Transfer aqueous phase to a clean tube.
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11.
12.
13.
14.

15

Precipitate DNA by adding 0.6 volumes isopropanol.

Centrifuge at 10 000 rpm for 10 min. e
Wash pellet with 1 ml 70% EtOH (Appendix A.2.2).

Resuspend DNA in 1 ml TE buffer (Appendix A.2.2).

Measure the DNA concentration on a spectrophotometer.

B.5 Restriction endonuclease digestions

(Ausubel et al., 1989 unit 3.1)

L.
2.

® =N ok

Pipette 0.1 to 4 ug of either plasmid or chromosomal DNA into a clean eppendorf tube.
Add 2 ul restriction enzyme buffer (The restriction enzyme buffers are supplied with their
respective enzymes if obtained from Boehringer Manheim and Amersham).

Add 18 ul dH,0.

Add restriction enzyme nuclease (1 to 5 U/ug DNA) to a final volume of 20 ul.
Incubate the reaction mixture for 1 to 2 hr at 37°C.

Stop the reaction by adding 5 ul gel tracking dye (Appendix A.2.6).

In order to perform multiple restriction enzyme digestions, first cleave with one of the
restriction enzymes, precipitate the products using ammonium acetate precipitation
(Appendix B.10) and finally cleave with the second restriction enzyme.

In order to perform partial restriction enzyme digestions, use 20 ug of DNA and only 10

U of restriction enzyme. Incubate for 1 hr at 37°C before stopping the reaction.

B.6 Agarose gel electrophoresis
(Ausubel ef al., 1989 unit 2.5)

1.

Melt agarose in TAE (Appendix A.2.7) by heating in microwave and swirling to ensure
even mixing.

Agarose concentrations can vary from 1% for separating plasmid DNA fragments to 0.8%
for separating larger chromosomally restriction enzyme digested DNA fragments.

Add Ethidium bromide solution (10 mg/ml) (Appendix A.2.7) to a final concentration of
0.5 ug/ml.

Cool the melted agarose to 55°C before pouring onto the gel platform.

Seal the gel casting platform with masking tape if it is open at the ends.

Pour in the melted agarose and insert the gel comb, ensuring that no bubbles are trappéd
underneath the comb.

After the gel has hardened, remove the tape from the casting platform and withdraw the

gel comb.

BTN
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8.
9.

10.
11.
12.

Place the gel casting platform containing the set gel in an electrophoresis tank.
Add sufficient TAE (Appendix A.2.7) to cover the gel. [
Load DNA samples into the wells of the gel.

Attach leads so that DNA migrate into the gel toward the anode.

Run the gel at | to 10 V/cm until the dye in the loading buffer reach the end of the gel.

B.7 Electroelution of DNA restriction fragments from agarose gels
(Ausubel ef al., 1989 unit 2.6)

1.
2.
3.

9.

10.

Digest sufficient DNA with the appropriate enzymes.

Separate the fragments on a TAE agarose gel (Appendix B.6).

Carefully cut out the target band under long UV light (310 nm) using a scalpel.

Rinse dialysis tubing (Spectra/por dialysis membrane tubing #4) with TAE buffer for 5
min.

Tie off the one end of the tubing using a dialysis clip and slide the gel into the tube.
Add 500 ul of TAE buffer (Af)pcndix A.2.7) and seal the other end of the tube.

Place the sealed tube into a gel tank and fill the tank with TAE until the bag is covered by
the solution.

Ensure that the bag is parallel to the electrodes, and that the gel slice is against the side
of the tubing closest to the negative electrode.

Electroelute at a constant voltage of 2 V/cm between the two electrodes overnight.

Recover the DNA fragment using ammonium acetate precipitation (Appendix B.10).

B.8 Quantitation of DNA and RNA samples
(Coyne et al., 1996)
B.8.1 Spectrophotometric quantitation of DNA and RNA

1.

Perform a DNA or RNA scan of the DNA/RNA solution between 310-220 nm to
determine the UV light absorbance of the sample.

The absorbance peak at 260 nm allows the calculation of the concentration of the DNA
since 1 OD unit at 260 nm is equivalent to 50 ug/ml for double stranded DNA and 40
ug/ml for single stranded DNA or RNA.

B.8.2 Ethidium bromide fluorescent quantitation of DNA

1.

2.

Prepare three A DNA standards with known concentrations: 5 ng/10ul, 10 ng/10ul and 20
ng/10ul.

Load 10 ul from each standard with 2.5 ul gel tracking dye (Appendix A.2.6) into the
wells of a 1% TAE agarose gel (Appendix B.6).
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Prepare several dilutions of DNA sample of unknown concentration in 10 ul.

4. Add 2.5 ul gel tracking dye (Appendix A.2.6) and load next to the standards on the
agarose gel.

5. Electrophorese the samples at 100 V for 5 min.

6. Visualize the DNA bands using a 254 nm UV transilluminator.

7. Determine the concentration of the DNA sample by comparing the intensity of the DNA
band to that of the standards. If you load 10 ul of a 1/10 dilution of the DNA sample,
which corresponds to an intensity equivalent to that of the 10 ng standard, the DNA
sample will have a concentration of 10 ng/ul.

B.9 Ligations

(Coyne et al., 1996)

B.9.1 Intramolecular ligations

1.

2
3.
4

To recircularize plasmid DNA, use approximately 1 pmol of DNA.
Add 2 ul 10x ligation buffer (Appendix A.2.8).
Add 18 ul dH,0.

Add 2 U of T, ligase to a final volume of 20 ul and incubate reaction mix at 15°C

overnight.

B.9.2 Intermolecular ligations

L.

AR o

In order to polymerize two distinct DNA fragments the total DNA concentration (vector
plus insert) should not exceed 10 pmol.

Use ratios of vector to insert in the order of 1:1 to 1:4 pmol.

To an eppendorf add the vector and insert DNA.

Add 2 ul of 10x ligation buffer (Appendix A.2.8).

Add 2 U of T, ligase to a final volume of 20 ul.

When ligating DNA fragments with cohesive ends incubate reaction mixes at 15°C.

When joining blunt-ended DNA, use 10x more enzyme and incubate the reaction mixes at

room temperature.

B.10 Ammonium acetate precipitation of DNA
(Coyne et al., 1996)

1.

Precipitation of DNA is carried out by adding half the volume of 7.5 M ammonium
acetate, pH 7.5 (Appendix A.2.9) to the DNA suspension.
Incubate at room temperature for 15 min.

Centrifuge at 14 000 rpm for 15 min.
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Transfer the supernatant to a clean eppendorf tube.

Add 2.5x volumes 100% EtOH and incubate at —20°C for 30 min.

Centrifuge at 14 000 rpm for 30 min at room temperature.

Wash the DNA pellet with 70% EtOH (Appendix A.2.2).

Resuspend DNA in 10 ul of TE (Appendix A.2.2).

Determine the DNA concentration via the Ethidium bromide fluorescent quantitation

method (Appendix B.8.2).

B.11 Southern hybridization procedure
(Reed and Mann, 1985)

B.11.1 Southern transfer of DNA from agararose gel onto nitrocellulose membrane

l.

10..

11

12.

13.

14.

Soak the agarose gel in 2x volumes 0.25 M HCI (Appendix A.2.5) for 5 min at room
temperature. |
Rinse the gel in 2x volumes of dH,0.

Saturate 10 sheets (25 x 20 cm) Whatman 3MM paper with 0.4 M NaOH (Appendix
A2S5).

Place sheets on top of an inverted gel casting tray which has been placed in a tray covered
with Saran wrap.

Add 0.4 M NaOH/1 M NaCl (Appendix A.2.5) to the tray so that the ends of the
Whatman paper are submerged.

Invert the gel and place on top of the saturated Whatman paper. Ensure that no air
bubbles remain trapped.

Cut Hybond N+ nylon membrane (15 x 20 cm). _

Wet membrane in deO and place on gel, ensuring that all air bubbles are removed.
Cover the edges with Saran wrap.

Place 3x sheets (20 x 15 cm) Whatman 3MM paper over the membrane, followed by a 10
cm stack of dry absorbant paper towel.

Place a glass plate on top of the towels, followed by a 0.2 to 0.4 kg weight.

Blot overnight.

Mark wells of the gel on the membrane with a pencil and rinse the membrane 2x SSC
(Appendix A.2.5) for 5 min at room temperature.

Air dry the membrane on dry Whatman paper and store between 2 sheets of Whatman
3MM sheets at 4°C.
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B 11.2 Labelling of DNA by nick translation

(Protocol used with Amersham labelling kit) -

1. Place a 1.5 ml eppendorf on ice containing 10 ug of plasmid DNA and add the following
reagents supplied as part of the Amersham Nick translation kit.

2. Add 10 ul of Nucleotide/buffer solution, 3 000 Ci/mmol [a—SzP] dCTP, and make up the
reaction to 45 ul with sterile dH,0.

3. Add 5 ul of DNA polymerase I/Dnase I solution.

4. Mix and incubate for 2 hr at 15°C.

5. Separate the labelled DNA from the unincorporated nucleotides using a spin column

(Appendix B.11.4).

B.11.3 Labelling DNA by random prime labelling

(Protocol used with Boehringer Manheim labelling kit) ,

1. Denature 25 ng of DNA fragménts by heating for 10 min at 95°C and subsequent cooling
on ice.’

2. Add 3 ul of dATP, dGTP, dTTP mixture supplied in the kit, and 2 ul of reaction mixture
(Appendix A.2.5). '

3. Add 5 ul 3000 Ci/mmol [¢-**P] dCTP and make up the reaction volume to 19 ul with

sterile dH,0.
4. Add 1 ul of Klenow enzyme and incubate the reaction mixture at 37°C for 30 min.
5. Stop the reaction by heating to 65°C for 10 min.
6. Separate the labelled DNA from the unincorporated nucleotides using a spin column

(Appendix B.11.4).
B.11.4 Separation of radioisotope labelled DNA from unincorporated nucleotides using the
spin column procedure
(Ausubel et al., 1989 unit 3.4)
1. Plug the bottom of a 1 ml disposable syringe with a small amount of sterile glass wool.
2. Prepare a Sephadex G-50 (Appendix A.2.5) column with bed volume of 0.9 ml in the
syringe.
3. Wash the column with 0.1 ml STE (Appendix A.2.5).

4. To the labelled DNA sample add 10 ul of tracking dye (Appendix A.2.5) and 40 ul STE
buffer (Appendix A.2.5). ‘
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5. Place an eppendorf at the bottom of a bench top centrifuge and place the syringe

containing the Sephadex column inside the eppendorf, so that the syringe will empty

inside the tube.

6. Load the DNA onto the column and centrifuge for 4 min at 14 000 rpm.

7. The Blue dextran in the tracking dye will move with the labelled probe and will empty
into the eppendorf tube, whereas the Orange G will remain with the unincorporated |
nucleotides on the column.

8. Determine the specific activity of the labelled DNA by counting 1 ul of probe in 2 ml

scintillation fluid. Specific activity = counts per minute (cpm)/ug DNA.

B.11.5 Prehybridization, hybridization and washing of Southern blots

(Church and Gilbert, 1984)

1. Seal the Hybond N+ membrane containing transferred DNA in a plastic bag along with
0.2 ml of Church pre-hybridization buffer (pre CHB) (Appendix A.2.5) per cm® of

membrane.
2. Incubate the sealed bag at 65°C for 1 hr with agitation.
3. Denature the labelled probe by heating at 100°C for 10 min and place on ice.

4, Remove pre CHB from the plastic bag and add fresh Church hybridization buffer (CHB)
(Appendix A.2.5) (50 ul/cm® membrane) to the bag along with 1 x 10 cpm/ml of ]abelled:

probe.
5. Remove any bubbles and heat seal the bag.
6. Hybridize overnight at 65°C with agitation.

7. Wash membranes with Wash buffer A (WBA) and Wash buffer B (WBB) (Appendix
A.2.5) at 65°C for 10 min and monitor the radioactivity between each wash on the
membrane using a Geiger counter.

8. Once the radiation reach 260-500 cpm the membrane is sealed in a new plastic bag and
placed in an X-ray cassette containing enhancer screens.

9. Expose the membrane to X-ray film and develop in an automatic X-ray film processor.

B.12 Sequencing

(Coyne et al., 1996)

B.12.1 Preparing the sequencing gel

1. Mark the outer surface of two sequencing glass plates using tape, and wash the inner

surfaces of both plates with detergent.
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Add 1 ml silane (Appendix A.2.11) to the front plate and spread evenly over the entire
inner surface. e
Allow to dry for 5 min and wash gently with EtOH.

Arrange spacers on bottom plate and position the silanized top plate over the bottom
plate.

Clamp the two plates together and place on gel pouring apparatus.

Prepare 50 ml gel mix (Appendix A.2.11) and filter through a 0.8 um Millipore filter.

Add 200 ul 10% ammoniumpersulphate (Appendix A.2.2) and 45 ul TEMED (Appendix
A2.2).

Pour mix between glass plates.

Insert flat edge of spacer into the top of the gel at the top of the plate and leave the gel to

polymerize.

B.12.2 Running of sequencing gels .

1.

10.

11.
12.

Warm 2 liters of Tris Taurine buffer (TTE) (Appendix A.2.11) in microwave on high for
6 min. '
Remove all clamps from glass plates as well as the bottom spacer.

Fill the bottom space of the gel with TTE (Appendix A.2.11).

Clamp the plates onto a sequencing gel tank and fill the bottom and top tanks with

prewarmed TTE buffer.

Place shark tooth comb (points facing down) between the tanks until the tips of the teeth

pierce the gel.

Load 4 ul of sequencing samples and run for 30 min to 6 hr at 42 mA.

On completion of the run, remove the buffer from the bottom tank.

Remove plates from gel tank and use a spatula to separate the two plates to expose the

gel.
Place precut Whatman 3MM filter paper on gel.

Check that gel is adhering to filter paper before removing paper and gel from the

sequencing plate.
Dry the gel at 75°C for 1 hr on dryer.

Expose to X-ray film to view sequences.

B.13 Labelling of oligonucleotide primer for primer extension
(Ausubel et al., 1989 unit 4.8)

1.

To an eppendorf tube, add the following reagents:

151



e | ul of dH,0O
e ulof T4 10x polynucleotide kinase buffer (Appendix A.2.13)
® lulof0.1 M DTT (Appendix A.2.13)
e 1ulof 1 mM spermidine (Appendix A.2.13)
o 100 ng/ul oligonucleotide primer
e 100uCi of [y-*P] ATP
o 20-30 Ulul T, polynucleotide kinase
Final volume 15 ul.
2. In order to avoid possible precipitation of the oligonucleotide primer, the spermidine and
oligonucleotide should not be pre-mixed.
Incubate the reaction mix at 37°C for | hr.
Stop the reaction by adding 2 ul 0.5 M EDTA and TE buffer to a final volume of 25 ul.

Incubate for 5 min at 65°C to inactivate the kinase.

S koW

Precipitated the labelled oligonucleotide by adding 25 ul 4 M ammonium acetate
(Appendix A.2.13) and 250 ul ice cold 100% ethanol. Leave overnight at -20°C.
7. Centrifuge at 14 000 rpm for 15 min and resuspended the pellet in 25 ul of DEPC treated

dH,0.

8. Repeat Steps 6 and 7 and resuspend the pellet in 100 ul of TEN 600 buffer (Appendix
A2.13).

9. Determine the specific activity of the labelled oligonucleotide by counting 1 ul in 2 ml

scintillation fluid in a Beckman scintillation counter.

B.14 Preparing and running denaturing SDS-PAGE gels
(Ausubel ez al., 1989 unit 10.2)
1. Combine the following reagents for a 12% separating gel mix in a glass beaker.
2. The reagents are as follows:
e 30% acrylamide solution (Appendix A.2.14) 4 ml
e separating gel 4x buffer (Appendix A.2.14) 2.5 ml

e dHO 6.6 ml
e 10% ammonium persulfate (Appendix A.2.2) 50 ul
e TEMED (Appendix A.2.2) | 15 ul
3. Pour the separating gel mix into the assembled gel plates, leaving sufficient space at the

top for the stacking gel.
4. Gently overlay the gel mix with 0.1% SDS.
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10.

11.
12.

13.

14.
15.

After polymerization, remove the overlay and rinse the surface of the separating gel to
remove unpolymerized acrylamide.
Prepare the 5% stacking gel mix as follows:

° 30% acrylamide solution (Appendix A.2.14) 625 ul

e stacking gel 4x buffer (Appendix A.2;1 4) 1.25 ml

¢ dH,O 3.09 ml

e 10% ammoniumpersulfate (Appendix A.2.2) 25 ul

e TEMED (Appendix A.2.2) . 15ul
Pour the stacking gel mix and insert the comb immediately.
After the stacking gel has polymerized, remove the comb and rinse the wells to remove
any unpolymerized acrylamide.
Place the assembled gel into the electrophoresis apparatus and fill the tank with SDS-
PAGE running buffer (Appendix A.2.14).
Prepare protein samples by adding 5 ul of SDS-PAGE sample buffer (Appendix A.2.14)
to 10 ul of protein sample. Denature protein samples by boiling for 3 min at 96°C.
Load samples into the bottom of the wells.
Run the gel at constant current of 15 mA in the stacking gel and 30 mA in the separating
gel.
After electrophoresis, visualize the protein bands in the gel by staining with Coorﬁassie
blue dye (Appendix A.2.14) for 15 min at 37°C.
Destain the gel in destaining solution (Appendix A.2.14).
Dry the gel for 45 min at 70°C using a gel dryer.

B.15 Electroblotting of proteins 6nto a nitrocellulose membrane
(Towbin et al., 1979)

1.

Remove the SDS-PAGE gel from glass plate and soak the gel in blotting buffer
(Appendix A.2.15) for 1 hr.

Pre-wet the nitrocellulase membrane in blotting buffer (Appendix A.2.15) and place gel

on membrane.
Ensure that no air bubbles remain trapped.

Cut four sheets of Whatman 3MM filter paper (10 x 5 cm) and soak in blotting buffer
(Appendix A.2.15).

Sandwhich the membrane and gel between the filter paper.

Clamp the entire sandwhich between two perforated sheets of perspex.
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7. Load assembly into the transblot chamber filled with blotting buffer (Appendix A.2.15).
8. Ensure that the nitrocellulose is towards the anode (+).

9. Transfer at 15 V for 4 hrs.
B.16 Bradford protein assay for protein quantitation
(Ausubel et al., 1989 unit 10.1)

1. Aliquot (in duplicate) the following amounts of 1 mg/ml BSA (Appendix A.2.16) and
0.15 M NaCl (Appendix A.2.16) into eppendorf tubes.

BSA NaCl
2.5 ul (2.5 ug/ml) 97.5 ul
Sul (Sug/ml) 95 ul
10 ul (10 ug/ml) 90 ul
15 ul (15 ug/ml) 85 ul
20 ul (20 ug/ml) 80 ul
2. Add 100 ul of protein sample with unknown concentration (in duplicate) to an eppendorf

tube.

3. Add 1 ml of Coomassie Brilliant Blue (Appendix A.2.16) to the standard and sample

tubes.
4. Vortex for 5 seconds.
5. Allow the tubes to stand at room temperature for 5 min.
6. Determine the Asqs of all the samples and plat a standard curve of Asgs versus protein

concentration, using the standards.

7. Use the curve to determine the protein concentration of the sample.

B.17 Repairing 3’ or 5’ overhanging ends to generate blunt ends

(Ausubel et al., 1989 unit 3.5)

1. In a 20 ul reaction, digest 0.1 to 4 ug of DNA with restriction endonuclease (Appendix
B.5).

2. Add 1ul of 0.5 mM dNTPs.
Add 1 ul of Klenow and incubate at 30°C.

4. Stop the reaction by heating to 75°C for 10 min of by adding 1 ul of 0.5 M EDTA
(Appendix A.2.2).

154






LITERATURE CITED

Ahern, H. (1991) Cellular response to oxidative stress. ASM News 57: 627-629.

Aiba, H., Mizuno, T. and Mizushima, S. (1989) Transfer of phosphoryl group between two
regulatory proteins involved in osmoregulatory expression of the ompF and ompC genes in

Escherichia coli. Journal of Biological Chemistry 264: 8563-8567.

Allport, D. and Bu’lock, J. (1958) The pigmentation and cell wall material of Daldivia
sp. Journal of the Chemical Society 9: 4090-4094.

Altschul, S., Gish, W., Miller, W., Meyers, E. and Lipman, D. (1990) Basic local alignment
search tool. Journal of Molecular Biology 215: 403-410.

Alm, R., Stroeker, U. and Manning, P. (1988) Extracellular proteins of V. cholerae: Nucleotide
sequence of the structural gene hlyA for the hemolysin of the hemolytic El Tor strain 017 and the
characterization of the hlyA mutation in the non-hemolytic classical strain 569B. Molecular

Microbiology 2: 481-488.

Alm, R., Mayrhofer, G., Kotlarski, I. and Manning, P. (1991) The amino terminal domain of
the El Tor haemolysin of Vibrio cholerae 01 is expressed in classical strains and is cytotoxic.

Vaccine 9: 588-59%4.

Ausubel, F., Brent, R., Kingston, R., Moore, E., Seidman, J., Smith, J. and Struhl, K. (1989)
Current protocols in Molecular Microbiology. Green Publishing associates and Wiley-

Interscience, Harvard Medical School, USA.
Aroca, P., Urabe, K., Kobayashi, T., Tsukamoto, K. and Hearing, V. (1993) Melanin
biosynthetic patterns following hormonal stimulation. Journal of Biological Chemistry 268:

25650-25655.

Baker, R., Singleton, F. and Hood, M. (1983) Effects of nutrient deprivation on Vibrio
cholerae. Applied and Environmental Microbiology 46: 930-940.

155



Bell, A., Puhalla, J., Tolmsoff, W. and Stipanovic, R. (1976) Use of mutants to establish (+)
scytalone as an intermediate in melanin biosynthesis by Verticillium dahline. Canadian Journal

of Microbiology 22: 787-799.

Bell, A. and Wheeler, M. (1986) Biosynthesis and function of fungal melanins. Annual Reviews
in Phytopathology 24: 411-451.

Blake, P., Weaver, R. and Hollis, D. (1980) Diseases of humans (other than cholera) caused by
vibrios. Annual Reviews in Microbiology 34: 341-367.

Blakley, E. (1972) Microbial convertion of p-hydroxyphenylacetic acid to homogentisic acid.
Canadian Journal of Microbiology 18: 1247-1255.

Bloomfield, B. and Alexander, M. (1967) Melanins and resistance to fungi to lysis. Journal of
Bacteriology 93: 1276-1280.

Bradley, F., Lindstedt, S., Lipscomb, J., Que, L., Roe, A. and Rundgren, M. (1986) 4-

Hydroxyphenylpyruvate dioxygenase is a iron-tyrosinate protein. Journal of Biological

Chemistry 261: 1 1§93—1 1696.

Brown, M. and Manning, P. (1985) Haemolysin gene of V. cholerae: presence of homologous

DNA in non-haemolytic 01 and haemolytic non-01 strains. FEMS Microbiology Letters 30: 197-
201.

Brown, R. and Taylor, R. (1995) Organization of tcp, acf, and toxT genes within a ToxT-
dependent operon. Molecular Microbiology 16: 425-439.

Buckthal, D., Roch, P., Moorehead, T., Forbes, B. and Hamilton, G, (1987) 4-

Hydroxyphenylpyruvate dioxygenase from pig liver. Methods in Enzymology 142:
132-138.

Bukau, B. (1993) Regulation of the Escherichia coli heat shock response. Molecular
Microbiology 9: 671-680.

156



Bull, A. (1970) Inhibition of polysaccharases by melanin: Enzyme inhibition in relation to

mycolysis. Archives of Biochemistry and Biophysics 137: 345-356.

Carlioz, A. and Touati, D. (1986) Isolation of superoxide dismutase mutants in Escherichia coli

is superoxide dismutase necessary for aerobic life?. EMBO Journal 5: 623-630.

Cash, R., Music, S., Libonati, J., Snyder, M., Wenzel, R. and Hornick, R. (1974) Response
of man to infection with Vibrio cholerae. 1. Clinical, serological, and bacteriologic responses to a

known inoculum. Journal of Infectious Diseases 129: 45-52.

Champion, G., Neely, M., Brennan, M. and DiRita, V. (1997) A branch in the ToxR
regulatory cacade of Vibrio cholerae revealed by characterization of roxT mutant strains.

Molecular Microbiology 23:323-331.

Chang, T., Chuang, Y., Su, J. and Chang, M. (1997) Cloning and sequencing analysis of a
novel hemolysin gene (vIIY) from Vibrio vulnificus. Applied and Environmental Microbiology

63: 3851-3857.

Chen, L., Chen, M., Len, W, Tsai, T. and Lee, Y. (1993) Mutational study of Streptomyces
tyrosinase transactivator MelC1. Journal of Biological Chemistry 268: 18710-18716.

Christman, M., Morgan, R., Jacobson, F. and Ames, B. (1985) Positive control of a regulon
for defenses against oxidative stress and some heat shock proteins in Salmonella typhimurium.

Cell 41:753-762.

Church, G. and Gilbert, W. (1984) Genomic sequencing. Proceedings of the National Academy
of Sciences, U.S.A. 81: 1991-1995.

Coon, S., Kotob, S., Jarvis, B., Wang, S., Fuqua, W. and Weiner, R. (1994) Homogentisic

acid is the product of melA, which mediates melanogenesis in the marine bacterium Shewanella

colwelliana D. Applied and Environmental Microbiology 60: 3006-3010.

157



Cooper, R. and Skinner, M. (1980) Catabolism of 3-and 4- hydroxyphenylacetate by the 34-
dihydroxyphenylacetate pathway in Escherichia coli. Journal of Bacteriology 143: 302-306. *

Coyne, V. and Al-Harthi, L. (1992) Induction of melanin biosynthesis in Vibrio cholerae.
Applied and Environmental Microbiology 58: 2861-28635.

Coyne, V., James, M., Reid, S. and Rybicki, E. (1996) Molecular biology techniques manual
(4ed), University of Cape Town, Cape Town.

Crippa, P., Mazzini, A. and Salmelli, D. (1979) Oxidation of NADH by melanin: Effect by UV
light and copper ions. Physiological Chemistry and Physics 11: 491-499.

Csonga, L. (1989) Physiological and genetic responses of bacteria to osmotic stress.

Microbiological Reviews 53: 121-147.

Culham, D., Lasby, B., Marangoni, A., Milner, J., Steer, B., Van Nues, R. and Wood, J.
(1993) Isolation and sequencing of Escherichia coli proP reveals unusual structural features of

the osmoregulatory proline/betaine transporter, ProP. Journal of Molecular Biology 229: 268-
276.

Dagert, M. and Ehrlich S. (1979) Prolonged incubation in calcium chloride improves the

competence of Escherichia coli cells. Géne 6: 23-28.

Daily, O., Debell, R. and Joseph, S. (1978) Superoxide dismutase and catalase levels in
halophilic vibrios. Journal of Bacteriology 134: 375-380.

Demple, B., Johnson, A. and Fung, D. (1986) Exonuclease 1l and endonuclease IV remove
3’blocks from DNA synthesis primers in HyO,-damaged Escherichia coli. Proceedings of the
National Academy of Sciences, U.S.A. 83: T731-7735.

Denoya, C., Skinner, D. and Morgenstein, M. (1994) A Streptomyces avermitilis gené
encoding a 4-Hydroxyphenylpyruvate dioxygenase-like protein that directs the production of

homogentisic acid and an ocronotic pigment in Escherichia coli. Journal of Bacteriology 176:
5312-5319.

158



DiRita, V. and Mekalanos, J. (1991) Periplasmic interaction between two membrane regulatory

proteins, ToxR and ToxS, results in signal transduction and transcriptional activation. Cell 64:
29-37.

DiRita, V., Parsot, C., Jander, G. and Mekalanos, J. (1991) Regulatory cascade controls
virulence in Vibrio cholerae. Proceedings of the National Academy of Sciences, U.S.A. 88: 5403-
5407. ”

Drasar, B. and Forrest, B. (1996) Cholera and the ecology of Vibrio cholerae. Capman and
Hall, Academic Press, London.

Endo, F., Awata, H., Tanoue, A., Ishiguro, M., Eda, Y., Titani, K. and Matsuda, 1. (1992)
Primary structure deduced from complementary DNA sequences and expression in cultured cells
of mammalian 4-hydroxyphenylpyruvic acid dioxygenase. Evidence that the enzyme is a
homodimer of identical subunits homologous to rat liver-specific alloantigen F. Journal of

-Biological Chemistry 267: 24235-24240.
~ Endo, F., Awata, H., Kalott, H. and Matsuda, L. (1995) A nonsense mutation in the 4-
hydroxyphenylpyruvic acid dioxygenase gene (hpd) causes skipping of the constitutive exon and

hypertyrosinemia in mouse strain IIl. Genomics 25: 164-169.

Farr, S. and Kogoma, T. (1991) Oxidative stress response in Escherichia coli and Salmonella

typhimurium. Microbiological Reviews 55: 561-585.

Fasano, A. (1998) Cellular microbiology: How enteric pathogens socialize with their intestinal

host. Journal of Pediatric "Gastroenterology and Nutrition 26: 520-535.
Fellman, J. (1987) Alanine sulfodisulfane. Methods in Enzymology 142: 148-154.

Felsenfield, O. (1974) The survival of cholera vibrios. In Cholera (Barua, D. and Burrows, W.,
ed.), pp- 359-366, W.B. Saunders, Philadelphia.

159



Finkelstein, R., Atthasampunna, M. and Holmes, R. (1974) Studies on toxindgenesis in
Vibrio cholerae. Isolation of mutants with altered toxinogenicity. Journal of Infectious Disease

129: 117-123.

Forst, S., Delgado, J. and Inouya, M. (1989) Phosphorylation of OmpR by the osmosensor
EnvZ modulate expression of the ompF and ompC genes in Escherichia coli. Proceedings of the

National Academy of Science, U.S.A. 86: 6052-6056.

Francetic, D., Lory, S. and Pugsley, A. (1998) A second prepilin peptidase gene in E. coli K-
12. Molecular Microbiology 27: 763-775.

Fuqua, W., Coyne, V., Stein, D., Lin, C. and Wiener, R. (1991) Characterization of the melA:

a gene encoding melanin biosynthesis from the marine bacterium Shewanella colwelliana. Gene

109: 131-136.

Fuqua, W. and Weiner, R. (1993) The melA gene is essential for melanin biosynthesis in the

marine bacterium Shewanella colwelliana. Journal of General Microbiology 139: 1105-1114.

Gardel, C. and Mekalanos, J. (1994) Regulation of cholera toxin by temperature, pH and
osmolarity. Methods in Enzymology 235: 517-526.

Gardel, C. and Mekalanos, J. (1996) Alterations in Vibrio cholerae motility phenotypes

correlate with changes in virulence factor expression. Infection and Immunity 64: 2246-2255.

Georgopoulos, C. (1992) The emergence of the chaperone machines. Trends in Biochemical

Sciences 17: 295-299.

Gershwin, M., Coppel, R., Bearer, E., Peterson, M., Sturges, A. and Mackay, L. (1987)
Molecular cloning of the liver-specific rat F-antigen. Journal of Immunology 139: 3828-3833.

Gill, D. (1976) The arrangement of subunits in cholera toxin. Biochemistry 15: 1242-1248.

160



Gottesman, S. and Maurizi, M. (1992) Regulation by proteolysis: energy dependent proteases
and their targets. Microbiological Reviews 56: 595-621.

Gowrishanker, J. (1989) Nucleotide sequence of the osmoregulatory prol operon of

Escherichia coli. Journal of Bacteriology 171: 1923-1931.

Griffith, L., Fresh, J., Watten, R. and Villaroman, M. (1967) Electrolyte replacement in
paediatric cholera. Lancer iz 1197-1199.

Hamilton, G. (1974) Chemical models and mechanisms for oxygenases. In Molecular

mechanisms of oxygen activation (Hayaishi, O., ed.), pp.405-451, Academic Press, New York.

| Hammel, R., Ncrgaai'd, P., Andreasen, P., Neves, S., Skjodt, K., Tornehave, D. and
Kristiansen, K. (1992) Tetrahymena gene encodes a protein that is homologous with the liver-
specific F-antigen and associated with membranes of the Golgi apparatus and transport vehicles.

Journal of Molecular Biology 228: 850-861.

Hacker, J., Ott, M., Ludwig, B. and Rdest, U. (1991) Intracellular survival and expression of

virulence determinants of Legionella pneumophila. Infection 19: 198-201.

Hareland, W., Crawford, R., Chapman, P. and Dagley, S. (1975) Metabolic function and
properties of 4-hydroxyphenylacetic acid in hydroxylase from Pseodomonas acidovorans.
Journal of Bacteriology 121: 272-285.

Hartl, F. (1996) Molecular chaperones in cellular protein folding. Nature 381: 571-580.

Hase, C. and Mekalanos, J. (1998) TcpP protein is a positive regulator of virulence expression

in Vibrio cholerae. Proceedings of the National Academy of Sciences, U.S.A. 95: 730-734.
Herrero, M., De Lorenzo, V. and Timmis, K. (1990) Transposon vectors containing non-

antibiotic resistance selection markers for cloning and stable chromosomal insertion of foreign

genes in Gram-negative bacteria. Journal of Bacteriology 172: 6557-6567.

161



‘Higgins, D., Nazaveno, E. and DiRita, V. (1992) The virulence gene activator ToxT from
Vibrio cholerae is a member of the AraC family of transcriptional activators. Journal of

Bacteriology 174:6973-6980.

Higgins, D. and DiRita, V. (1996) Genetic analysis of the interaction between Vibrio cholerae
transcription activator ToxR and ToxT promoter DNA. Journal of Bacteriology 178: 1080-1087.

Hill, H. and Setlow, R. (1982) Comparative action spectra for pyrimidine dimer formation in
cloudman S91 mouse melanoma and EMT6 mouse mammary carcinoma cells. Photochemistry

and Photobiology 35: 681-684.

Hill, H. (1992) The function of melanin or six blind people examine an elephant. Bioessays 14:
49-56.

Home, E. (1820) On the vete muvosum of the negro, being a defence against the scorching effect

of the sun’s rays. Philosophical Transactions of the Royal Society London Biology 110: 1-7.

Hoti, S. and Balaraman, K. (1993) Formation of melanin pigment by a mutant of Bacillus

thurengiensis H-14. Journal of General Microbiology 139: 2365-2369.

Hug, A., Colwell, R., Rahman, R., Ali, A., Chowdhury, M., Parveen, S., Sack, D. and
Russek-Cohen, R. (1990) Detection of Vibrio cholerae 01 in the aquatic environment by

fluorescent-monoclonal antibody and culture methods. Applied and Environmental Microbiology
56: 2370-2373.

Ichinose, Y., Yamamoto, K., Nakasone, N., Tanabe, M., Takeda, T., Miwatani, T. and

Iwanaga, M. (1987) Enterotoxicity of El Tor- like hemolysin of non-01 V. cholerae. Infection
and Immuniry 55: 1090-1093.

Igo, M. and Silhavy; T. (1988) EnvZ, a transmembrane environmental sensor of Escherichia

coli K-12, is phosphorylated in vitro. Journal of Bacteriology 170: 5971-5973.

162



Ikigai, H., Ono, T., Iwata, M., Nakae, T. and Shimamura, T. (1997) El Tor hemolysin of V.

cholerae 01 forms channels in planar lipid bilayer membranes. FEMS Microbiology Letters 150:
249-254.

Imlay, J. and Linn, S. (1988) DNA damage and oxygen radical toxicity. Science 240: 1302-
1309.

Ish-Horowicz, D. and Burke, J. (1981) Rapid and efficient cosmid cloning. Nucleic Acids
Research 9: 2989-2998.

Ivins, B. and Holmes, R. (1980) Isolation and characterization of melanin-producing (mel)

mutants of Vibrio cholerae. Infection and Immunity 27: 721-729.

Jackson, I., Chambers, D., Tsukamoto, K., Copeland, N., Gilbert, D., Jenkins, N. and
Hearing, V. (1992) A second tyrosinase-related protein, TRP-2, maps to and is mutated at the
mouse slaty locus. EMBO Journal 11: 527-535.

Jacobson, E., Hove, H. and Emery, H. (1995) Antioxidative function of melanin in black fungi.
Infection and Immunity 63: 4944-4945.

Jacobson, E. and Tinnell, S. (1993) Antioxidative function of fungal melanin. Journal of

Bacteriology 175: 7102-7104.

Jenkins, D., Auger, E. and Matin, A. (1991) Role of RpoH, a heat shock regulatory protein, in
Escherichia coli carbon starvation protein synthesis and survival. Journal of Bacteriology 172:

4197-4205.

Johnston, T., Thompson, R. and Baldwin, T. (1986) Nucleotide sequence of the [uxB gene of
Vibrio harveyi and the complete amino acid sequence of the beta subunit of bacterial luciferase.

Journal of Biological Chemistry 261: 4805-4811.

163



Julius, D., Brake, A., Blair, L., Kanisawa, R. and Thorner, J. (1984) Isolation of the putative
structural gene for the lysine-arginine-cleaving endopeptidase required for processing of yeast=

prepro-oi-factor. Cell 37: 1075-1089.

Kanemori, M., Nishihara, K., Yanagi, H. and Yura, T. (1997) Synergistic roles of HsIVU and
other ATP-dependent proteases in controlling in vitro turnover of &% and abnormal proteins in E.

coli. Journal of Bacteriology 179: 7219-7225.

Katz, E., Thompson, C. and Hopwood, D. (1983) Cloning and expression of the tyrosinase

from Streptomyces antibioticus in Streptomyces lividans. Journal of General Microbiology 129:

2703-2714.

Kelly, S., Coyne, V., Sledjeski, D., Fuqua, W. and Weiner, R. (1990) Identification of a
tyrosinase from a periphytic marine bacterium. FEMS M‘icrobiology Letters 67: 275-280.

Kimura, N. and Tsuge, T. (1993) Gene cluster involved in melanin biosynthesis of filamentous

Sfungus Alternaria alternate. Journal of Bacteriology 175: 4427-4435.

Kjelleberg, S. and Hermansson, H. (1984) Starvation-induced effects on bacterial surface

characteristics. Applied and Environmental Microbiology 48: 497-503.

Kobayashi, T., Urabe, K., Winder, A., Cerrantes, C., Imokawa, G., Brewington, T., Solano,
F., Borron, J. and Hearing, V. (1994) Tyrosinase related protein L (TRP1) functions as a
DHICA oxidase in melanin biosynthesis. EMBO Journal 13: 5818-5825.

Kogoma, T. and Yura, T. (1992) Sensitization of E. coli cells to oxidative stress by deletion of

the rpoH gene, which encodes the heat shock sigma factor. Journal of Bacteriology 174: 630-
632.

Kolb, A., Busby, S., Buc, H., Garges. S. and Adhya, S. (1993) Transciptional regulation by
cAMP and its receptor protein. Annual Review in Biochemistry 62: 749-795.

164



Kovach, M., Shaffer, M. and Peterson, K. (1996) A putative integrase gene defines the distal

end of a large cluster of ToxR-regulated colonization genes in Vibrio cholerae. Microbiology

142: 2165-2174.

Krasilnikof, O., Muratkhodjaev, J. and Zitzer, A. (1992) The mode of action of V. cholerae
cytolysin. The influences on both the erythrocyte and planar lipid bilayers. Biochimica

Biophysica Acta 1111: 7-16.

Kubo, Y., Suzuki, K., Furusawa, I. and Yamameoto, M. (1985) Melanin biosynthesis as a
prerequisite for penetration by appressoria of Colletorrichum lagenarium: site of inhibition by
melanin inhibitory fungicides and their action on appressoria. Pesticide Biochemistry and

Physiology 23: 47-55.

Kubo, Y., Takano, Y., Endo, N., Yasuda, N., Tajima, S. and Furusawa, I. (1996) Cloning
and structural analysis of the melanin biosynthesis gene scdl encoding Scytalone dehydrase in
Colletotrichum lagenarium. Applied and Environmental Microbiology 62: 4340-4344.

Kuo, M. and Alexander, M. (1967) Inhibition of the lysis of fungi by melanins. Journal of
Bacteriology 94: 624-629.

Kwon-Chung, K., Polacheck, I. and Popkin, T. (1982) Melanin-lacking mutants of

Cryptococcus neoformans and their virulence for mice. Journal of Bacteriology 150: 1414-1421.

Lange, R. and Hengge-Aronis, R. (1991) Growth phase-regulated expression of bolA and
morphology of stationary-phase Escherichia coli cells are controlled by the novel sigma factor ¢°

(RpoS). Journal of Bacteriology 173: 4474-4481.

Lange, R., FiSher, D. and Hengge-Aronis, R. (1995) Identification of transcriptional start sites
and the role of ppGpp in the expression of rpoS, the structural gene for the ¢° subunit of RNA
polymerase in Escherichia coli. Journal of Bacteriology 177: 4676-4680.

Lee, A., Sarsero, J. and Yanofsky, C. (1996) A temparature-sensitive frpS mutation interferes

with trp RNA-binding attenuation protein (TRAP) regulation of zrp gene expression in Bacillus
subtilis. Journal of Bacteriology 178: 6518-6524.

165



Adletiey A ey W BAN-E39 AFep TV URg MIeg AJNARe VT ey RARXEg o869 NwrdBBREs Rrs BRI B9 WJe R LSV 4R LARLIG TR LIS Wil A

required for the phenotype expression of a tyrosinase gene in Streptomyces. Gene 65: 71-81. ...

Lee, M., Zhang, Z., Mackinnon, C., Baldwin, J. and Crouch, N. (1996) The C-terminal of rat-

4-hydroxyphenylpyruvate dioxygenase is indispensable for enzyme activity. FEBS Letters 393:
269-272.

Lehninger, A. (1975) Oxidative degradation of amino acids. In Biochemistry, (Lehninger, A,
ed.), pp.559-586, Worths Publishers, New York.

Lewin, B. (1990) Genes IV. Oxford University Press, Cambridge.
Lindstedt, S. and Rundgren, M. (1982) Blue color, metal content, and substrate binding in 4-

hydroxyphenylpyruvate dioxygenase from Pseudomonas sp. Strain 874. Journal of Bialbgical
Chemistry 257: 11922-11931.

Lindstedt, S. and Odelhog, B. (1987a) 4-Hydroxyphenyl pyruvate dioxygenase from human
liver. Methods in Enzymology 142: 139-142,

Lindstedt, S. and Odelhog, B. (1987b) 4-Hydroxyphenylpyruvate from Pseudomonas. Methods
in Enzymology 142: 143-148.

Liu, Y., Sui, M., Ji, D., Wu, L., Chou, C. and Chen, C. (1993) Protection from ultraviolet
irradiation by melanin of mosquitocidal activity of Bacillus thurengiensis var. israelensis.

Journal of Invertebrate Pathology 62: 131-136.

Loewen, P. and Triggs-Raine, B. (1984) Genetic mapping of katF, a locus that with katE

effects the synthesis of a 2™ catalase species in Escherichia coli. Journal of Bacteriology 160:
668-675.

Loewen, P., Switala, J. and Triggs-Raine, B. (1985) Catalases HP1 and HPII in Escherichia
coli are induced independently. Archives of Biochemistry and Biophysics 243: 144-149.

166



Loewen, P., von Ossowski, I., Switala, J. and Mulvey, M. (1993) KatF (c%) synthesis in E. coli

is subject to posttranscriptional regulation. Journal of Bacteriology 175: 2150-2153.

Lucht, J. and Bremer, E. (1994) Adaptation of Escherichia coli to high osmolarity
environments: osmoregulation of the high-affinity glycine betaine transport system ProU. FEMS

Microbiology Reviews 14: 3-20.

Maina, C., Riggs, P., Grandea, A., Slatko, B., Moran, L., Tagliamonte, J., McReynolds, L.
and Guan, C. (1988) An Escherichia coli vector to express and purify foreign proteins by fusion

to and separation from maltose-binding protein. Gene 74: 365-373.

Maseon, H. (1948) The chemistry of melanin. Il Mechanism of the oxidation of

dihydroxyphenylalanine by tyrosinase. Journal of Biological Chemistry 172: 83-99.

Menon, I., Persad, S., Hagerman, H., Basu, P., Norfray, V., Felix, C. and Kalyanaraman, B.
(1991) Characterization of the pigment from homogentisic acid and urine and tissue from

alkaptonuria patients. Biochemistry and Cell Biology 69: 269-273.

McCann, M., Fraley, C. and Matin, A. (1993) The putative ¢ factor KatF is regulated

posttranscriptionally during carbon starvation. Journal of Bacteriology 175: 2143-2149.

McGinness, J. and Proctor, P. (1973) The importance of the fact that melanin is black. Journal
of Theoretical Biology 39: 677-678.

McNicol, L. and Deetsch, R. (1983) A hypothesis accounting for the origin of pandemic

cholera: a retrograde analysis. Perspectives in Biology and Medicine 26: 547-552.
Mekalanos, J., Collier, R. and Romig, W. (1978) Affinity filters, a new approach to the
isolation of tox mutants of Vibrio cholerae. Proceedings of the National Academy of Sciences,

U.S.A. 75: 941-945.

Mekalanos, J., Sublett, R. and Romig, W. (1979) Genetics mapping of toxin regulatory

mutations in Vibrio cholerae. Journal of Bacteriology 139: 859-865.

167



ATRWARA 3 U L AL ASE WAEAA AR 2R WAL R AR AR WL WRISAIRAM IR e AR A A 1A A A At At

cellular division in Escherichia coli. Archives in Microbiology 149: 232-239. e

Miller, V. and Mekalanos, J. (1984) Synthesis of cholera toxin is positively regulated at the
transcriptional level by toxR. Proceedings of the National Academy of Sciences, U.S.A. 81: 3471-
3475, ' |

Miller, V. and Mekalanos, J. (1988a) Cholera toxin transcriptional activator ToxR is a

transmembrane DNA binding protein. Cell 48: 271-279.

Miller, V. and Mekalanos, J. (1988b) A novel suicide vector and its use in construction of
insertion mutations: osmoregulation of outer membrane proteins and virulence determinants in V.

cholerae requires ToxR. Journal of Bacteriology 170: 2575-2583.

Miller, V., DiRita, V. and Mekalanos, J. (1989) Identification of 70xS, a regulatory gene whose
product enhances ToxR-mediated activation of the cholera toxin promoter. Journal of

Bacteriology 171: 1288-1293.

Mizuno, T., Chou, M. and Inouye, M. (1983) A comparative study on the genes for three
porins of the Escherichia coli outer membrane. Journal of Biological Chemistry 258: 6932-6940.

Mizuno, T. and Mizushima, S. (1990) Signal transduction and gene regulation through the
phosphorylation of two regulatory components: the molecular basis for the osmotic regulation of

the porin genes. Molecular Microbiology 4: 1077-1082.

Mopper, K. and Zhou, X. (1990) Hydroxy! radical photoproduction in the sea and its potential

impact on marine processes. Science 250: 661-664.

Morgan, R., Christman, M., Jacebson, F., Storz, G. and Ames, B. (1986) Hydrogen peroxide-
inducible proteins in Salmonella typhimurium overlap with heat shock and other stress proteins.

Proceedings of the National Academy of Sciences, U.S.A. 83: 8059-8063.

168



SIARRAEEEY SRey R RO ANy Mey Aillipty Lhe QllUl ARG TLAL UG, ARe L1 F U FUSUIAISUIIDIIONAY
osmotic regulation of the ¢* subunit of RNA polymerase in Escherichia coli. Journal of

Bacteriology 178: 1607-1613.

Muffler, A., Barth, M., Marschall, C. and Hengge-Aronis, R. (1997) Heat shock reghlation of
¢ turnover: a role for DnaK and relationship between stress responses mediated by o°and 6*%in

Escherichia coli. Journal of Bacteriology 179: 445-452.

Mukherjee, S. (1978) Principles and practice of typing V. cholerae. Methods in Microbiology
12: 74-115.

Nair, S., Chandramohan, D. and Loka Bharathi, P. (1992) Differential sensitivity of
pigmented and non-pigmented marine bacteria to metals and antibiotics. Water Research 26:

431-434.

Neidhardt, F., VanBogelen, R. and Vaughn, V. (1984) The genetics and regulation of heat-

shock proteins. Annual Review in Genetics 18: 295-329.

Nicholas, K. and Nicholas, H. (1997) Genedoc: a tool for editing and annotating multiple

sequence alignment. www.cris.com/ ketchup/genedoc.html.

Niggli, H. (1990) Comparative studies on the correlation between pyrimidine dimer formation
and tyrosinase activity in cloudman S91melanoma cells after ultraviolet-irradiation.

Photochemistry and Photobiology 52: 519-524.

Nikaido, H. and Vaara, M. (1987) Outer membrane. In Escherichia and Salmonella
typhimurium: Cellular and Molecular Biology (Neidhardt, F., ed.) pp. 7-22, American Society
for Microbiology, Washington, D.C.

Ogierman, M., Voss, E., Meaney, C., Faast, R., Attridge, S. and Manning, P. (1996)

Comparison of the promoter proximal regions of the toxin-coregulated rcp gene cluster in

classical and El Tor strains of Vibrio cholerae 01. Gene 170: 4-16.

169



[ Ehily £8eg £30Ug Loy TV AHUEINAGAULIUN S0 QARLE 280 WE Wy B0 A\ 270 0 ) A in ittt i iy e i e e
phaeomelano genesis starting from dihydroxyphenylalanine or tyrosine and cysteine. Effects of
tyrosinase and cysteine concentrations and reaction time. Biochimica et Biophysica Acta 1336:

539-549.

Page, R. (1996) Treeview: an application to display phylogenetic trees on personal computers.

Computer Applications in the Biosciences 12: 357-358.

Parachuri, D. and Harshey, R. (1987) Flagellar variation in Serratia marcescens is associated

with color variation. Journal of Bacteriology 169: 61-65.

Pellon, J. (1983) A note on the repair of the Escherichia coli nucleoid structure after heat shock.

Journal of Applied Bacteriology 54: 437-439.

Perpetua, N., Kubo, Y., Yasuda, N., Takano, Y. and Furusawa, I. (1996) Cloning and
characterization of a melanin biosynthetic THR1 reductase gene essential for appresorial

penetration of Colletotrichum lagenarium. Molecular Plant Microbe Interactions 9: 323-329.

Peterson, K. and Mekalanos, J. (1988) Characterization of the Vibrio cholerae ToxR regulon:

identification of novel genes involved in intestinal colonization. Infection and Immunity 56:
2822-2829.

Polacheck, 1., Hearing, V. and Kwon-Chung, K. (1982) Biochemical studies of phenoloxidase

and utilization of catecholamines in Cryptococcus neoformans. Journal of Bacteriology 150:
1212-1220.

Pomerantz, S. and Murthy, U. (1974) Purification and properties of tyrosinases from Vibrio

tyrosinaticus. Archives Biochimica Biophysica 160: 73-82.

Pratt, L. and Silhavy, T. (1995) Porin regulon of Escherichia coli. In Two component Signal
Transduction (Hoch, J. and Silhavy, T., ed.), pp. 105-127, ASM Press, Washington, D.C.

170



Prescott, L.; Harley, J. and Klein, D. (1996) Human disease caused primarily by Gram-positive
and Gram-negative bacteria. In Microbiology (3ed), pp. 769, WC Brown publishers, U.S.A.

Proctor, P. and McGinness, J. (1986) The function of melanin. Archives in Dermatology 122:
507-508.

Raper, H. (1928) The aerobic oxidases. Physiological Reviews 8: 245-282.

Reed, K. and Mann, D. (1985) Rapid transfer of DNA from agarose gels to nylon membranes.
Nucleic Acids Research 13: 7207-7221.

Rockabrand, D., Livers, K., Austin, T., Kaiser, R., Jensen, D., Burgess, R. and Blum, P.
(1998) Roles of DnaK and RpoS in starvation-induced thermotolerance in Escherichia coli.

Journal of Bacteriology 180: 846-854.

Ruetschi, U., Odelhog, B., Lindstedt, S., Barros-Soderling, J., Persson, B. and Jornvall, H.
(1992) Characterization of 4-hydroxyphenylpyruvate dioxygenase. Primary structure of the

Pseudomonas enzyme. European Journal of Biochemistry 205: 459-466.
Ruetschi, U., Dellsen, A., Sahlin, P., Stenman, G., Rymo, L. and Lindstedt, S. (1993) Human
4-hydroxyphenylpyruvate dioxygenase. Primary structure and chromosomal localization of the

gene. European Journal of Biochemistry 213: 1081-1089.

Ruzafa, C., Sanchez-Amat, A. and Solano, F. (1995) Characterization of the melanogenic

system in Vibrio cholerae, ATCC 14035. Pigment Cell Research 8: 147-152.

Sahu, G., Chowdhury, R. and Das, J. (1997) The rpoH gene encoding sigma 32 homdlog of
Vibrio cholerae. Gene 189: 203-207.

Sambrook, J., Fritsch, E. and Miniatis, T. (1989) Molecular cloning: a laboratory manual, 2ed.
Cold Spring Harbor Laboratory press, Cold Spring Harbor. New York.

171



Sanger, F., Nicklen, S. and Carlson, A. (1977) DNA sequencing with chain terminating
inhibitors. Proceedings of the National Academy of Sciences, U.S.A .74: 5463-5467. it

Sarna, T., Pilas, B., Land, E. and Truscott, T. (1986) Interaction of radicals from water

radiolysis with melanin. Biochimica et Biophysica Acta 883: 162-167.

Scott, H. (1939) A history of tropical medicine based on the Fitzpatrick lectures delivered before
the Royal College of Physicians of London. (1937-1938) Amold, London 2: 649-701.

Schofield, J., Vijayakumar, R. and Oliveira, D. (1991) Sequences of the mouse F protein

alleles and identification of a T-cell epitope. Europedn Journal of Immunology 21: 1235-1240.

Schroeder, 1. (1993) Construction of a Vibrio cholerae library and screening for genes

responsible for melanogenesis. Thesis for Bachelor of Science (Honours). University of Cape

Town, Cape Town.

Shibahara, S., Tomita, Y., Sakakura, T., Nager, C., Chaudhuri, B. and Muller, R. (1986)

Cloning and expression of cDNA encoding mouse tyrosinase. Nucleic Acids Research 14: 2413-
2427.

Shivprasad, S. and Page, W. (1989) Catechol formation and melanization by Na*- dependent
Azotobacter chroococcum: a Protective mechanism for aeroadaption?. Applied and

Environmental Microbiology 55: 1811-1817.

Short, J., Fernandez, J., Sorge, J. and Huse, W. (1988) A ZAP: A bacteriophage A expression

vector with in vivo excision properties. Nucleic Acids Research 16: 7583-7600.

Skorupski, K. and Taylor, R. (1997a) Control of the ToxR virulence regulon in Vibrio
cholerae by environmental stimuli. Molecular Microbiology 25: 1003-1009.

Skorupski, K. and Tayler, R. (1997b) Cyclic AMP and its receptor protein negatively regulates

the coordinate expression of cholera toxin and toxin-coregulated pilus in Vibrio cholerae.

Proceedings of the National Academy of Sciences, U.S.A. 94: 265-270.

172




Singleton, F., Atwell, R., Jangi, S. and Colwell, R. (1982) Effects of temperature and salinity
on Vibrio cholerae growth. Applied and Environmental Microbiology 44: 1047-1058.

Sixma, T., Pronk, S., Kalk, K., Wartna, B., van Zanten, M., Wilholt, B. and Hol, W. (1991)

Crystal structure of a cholera-toxin related heat-labile enterotoxin from E. coli. Nature 351: 371-

377.

Sperandio, V., Giron, J., Silveira, W. and Kaper, K. (1995) The OmpU outer membrane

protein, a potential adherence factor of V. cholerae. Infection and Immunity 63: 4433-4438.

Steinert, M., Engelhard, H., Flugel, M., Wintermeyer, E. and Hacker, J. (1995) The Lly
protein protects Legionella pneumophila from light but does not directly influence its

intracellular survival in Hartmanella vermiformis. Applied and Environmental Microbiology 61:

2428-2430.

Stock, J., Rauch, B. and Roseman, S. (1977) Periplasmic space in Salmonella typhimurium and

Escherichia coli. Journal of Biological Chemistry 252: 7850-7861.

Storz, G., Tartaglia, L. and Ames, B. (1990a) Transcriptional regulation of oxidative stress-

inducible genes: direct activation of oxidation. Science 248: 189-194.

Storz, G., Tartaglia, L., Farr, S. and Ames, B. (1990b) Bacterial defenses agaist oxidative

stress. Trends in Biochemical Science 6: 363-368.

Sugawara, N., Tomita, T. and Kamio, Y. (1997) Assembly of Staphylococcus aureus *y-
hemolysin into a pore-forming ring-shaped complex on the surface of human erythrocytes. FEBS

Microbiology Letters 410: 333-337.
Takano, Y., Kubo, Y., Shimiza, K., Misi, K., Okuno, T. and Furosawa, 1. (1995) Structural

analysis of pksl, a polyketide synthase gene involved in melanin biosynthesis in Colletrichum

lagenarium. Molecular General Genetics 249: 162-167.

173



Tamplin, M. and Colwell, R. (1986) Effects of microcosm salinity and organic substrate
concentration on production of Vibrio cholerae enterotoxin. Applied and Environmental

Microbiology 52: 297-301.

Taylor, R., Miller, V., Furlong, D. and Mekalanos, J. (1987) Use of phoA gene fusions to
identify a pilus colonization factor coordinately regulated with cholera toxin. Proceedings of the

National Academy of Science, U.S.A. 84: 2833-2837.
Tauxe, R. and Blake, P. (1992) Epidemic cholera in Latin America. Jama 267: 1388-1390.

Thomas, C. (1983) Medical Microbiology (Sed), pp. 65, Bailliere’s concise medical

Textbooks, Academic Press, London.

Thomas, S., Williams, S. and Manning, P. (1995) Regulation of tcp genes in classical and El
Tor strains of Vibrio cholerae. Gene 166: 43-48.

Thompson, J., Higgins, D. and Gibson, T. (1994) Clustal W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap

penalties and weight matric choice. Nucleic Acid Research 22: 4673-4680.

Touati, E. and Danchin, A. (1987) The structure of the promoter and amino terminal region of
the pH 2.5 acid phosphatase structural gene appA of Escherichia coli: a negative control of

transcription mediated by cAMP. Biochimie 69: 215-221.

Towbin, K., Staehelin, T. and Gordon, J. (1979) Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proceedings of

the National Academy of Sciences, U.S.A. 76: 4350-4354.

Trias, J., Vinas, M., Guinea, J. and Loren, J. (1989) Brown pigmentation in Serratia

marcescens cultures associated with tyrosine metabolism. Caradian Journal of Microbiology 35:
1037-1042.

174



Tsavena, L. and Weiss, B. (1990) soxR, a locus governing a superoxide response regulon in

Escherichia coli K-12. Journal of Bacteriology 172: 4197-4205.

Van Heyningen, W. and Seal, J. (1983) Cholera: the American Scientific Experience, pp.1947-
1980. Westview Press, Boulder, Colorado.

Vidal-Cross, A., Viviani, F., Labesse, G., Boccara, M. and Gaudry, M. (1994)
Polyhydroxynaphtalene reductase involved in melanin biosynthesis in Magnaporthe grisea.

European Journal of Biochemistry 219: 985-992.

Visick, K. and Ruby, E. (1998) The periplasmic group III catalase of Vibrio fischeri is required
for normal symbiotic competence and is induced both by oxidative stress and by approach to

stationary phase. Journal of Bacteriology 180: 2087-2092.

Wachsmuth, 1., Blake, P. and Olsvik, O. (1994) Vibrio cholerae and cholera. Molecular to
global perspectives, ASM press, Washington D.C.

Waldor, M. and Mekalanos, J. (1996) Lysogenic conversion by a filamentous phage encoding

cholera toxin. Science 272: 1910-1914.

Walkup, L. and Kogoma, T. (1989) Escherichia coli proteins inducible by oxidative stress
mediated by the superoxide radical. Journal of Bacteriology 171: 1476-1484.

Wang, Z. and Sachs, M. (1997) Ribosome stalling is responsible for arginine-specific

translation attenuation in Neurospora crassa. Molecular Cell Biology 17: 4904-4913.

Watson, J., Hopkins, N., Roberts, J., Steitz, J. and Weiner, A. (1987) Molecular biology of

the gene, (4ed), Benjamin/Cummings publishing company, California.
Welch, T. and Bartlett, D. (1998) Identification of a regulatory protein required for pressure-

responsive gene expression in the deep sea bacterium Photobacterium species strain SS9.

Molecular Microbiology 27: 977-985.

175



Wheeler, M. (1983) Comparison of fungal melanin biosynthesis in ascomycetes, imperfect and

basidiomicetous fungi. Transactions of the British Mycology Society 81: 29-36.

Wintermeyer, E., Flugel, M., Ott, M., Rdest, V., Mann, K. and Hacker, J. (1994) Sequence
determination of mutational analysis of the Lly locus of Legionella pneumophila. Infection and

Immunity 62:1109-1117.

White, L. (1958) A naturally occurring cation-exchange material. Nature 182:1427-
1428.

World Health Organization. (1994a) Cholera in 1993: partl. Weekly Epidemiology Record 69:
205-212.

World Health Organization. (1994b) Cholera -update, end 1993. Weekly Epidemiology Record
69: 13-17.

Woodcock, E. and Grigg, G. (1972) Repair of thermally induced DNA breakage in Escherichia
coli. Nature New Biology 237: 76-79.

Wyckoff, E., Pishko, E., Kirkland, T. and Cole, G. (1995) Cloning and expression of a gene
encoding T-cell reactive protein from Coccidioides immitis: homology to 4-

hydroxyphenylpyruvate dioxygenase and the mammalian F-antigen. Genetics 161: 107-111.

Yabuuchi, E. and Ohyama, A. (1972) Characterization of pyomelanin producing strains of

Pseudomonas aeroginosa. International Journal of Systematic Bacteriology 22: 53-64.

Yamamoto, K., Ichinose, Y., Shinagawa, H., Makino, K., Nakata, A., Iwanaga, M., Honda,
T. and Miwatani, T. (1990) Two step processing for activation of the cytolysin/ hemolysin of
Vibrio cholerae 01 biotype El Tor: nucleotide sequence of the structural gene (hlyA) and

characterization of the processed products. Infection and Immunology 58: 4106-4116.

Yildiz, F. and Schoolnik, G. (1998) Role of rpoS in stress survival and virulence of Vibrio
cholerae. Journal of Bacteriology 180: 773-784.

176



Zabeau, M. and Stanley, K. (1982) Enhanced expression of the cro-B-balactosidase fusion
under the control of the PR promoter of bacteriophage lambda. EMBO Journal 1: 12 17-1224.

Zang, A., Altivia, S., Tiwara, A., Argaman, L., Hengge-Aronis, R. and Storz, G. (1998) The
OxyS regulatory RNA represses rpoS translation and binds the Hfq (HF-I) protein. EMBO
Journal 17: 6061-6068.

Zhou, Y., Kusukawa, N., Erickson, J., Gross, C. and Yura, T. (1988) Isolation and
characterization of Escherichia coli mutants that lack the heat shock sigma factor sigma 32.

Journal of Bacteriology 170: 3640-3649.

Zitzer, A., Wassenaar, T., Walev, I. and Bhakdi, S. (1997) Potent membrane permeabilizing
and cytocidal action of V. cholerae cytolysin on human intestinal cells. Infection and Immunity

65: 1293-1298.

177





