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ABSTRACT

The aim of this thesis was to determine factors affecting the large-scale production and 

recovery of cadmium sulphide crystallites from the fission yeast Schizosaccharomyces 

pombe.

Most microbial work to date on crystallite formation has concentrated on the small 

chelating peptides induced on contact with cadmium ions. However, the complete 

mechanism of cadmium sulphide crystallite production needs to be understood before this 

novel bio-mineralisation can be optimised and exploited.

Uptake of cadmium ions by Spombe during different growth phases was studied by fully 

instrumented batch fermentation and the effect of the fermentation conditions on crystallite 

production was determined. It was concluded that under the conditions studied, the 

addition of cadmium ions to a batch culture of S.pombe during the mid-exponential 

growth phase best facilitated production of cadmium sulphide crystallites.

Production of crystallites within Spombe cells was found to be at a limited level, 

irrespective of culture conditions. This means that an increased yield per fermentation 

must be achieved by a greater Spombe biomass per fermentation. Chemostat 

fermentations were therefore set-up and indicated an optimum specific growth rate of

O.lh'^ for Spombe which was then used in fed-batch fermentations to maximise biomass.

The release of intracellular cadmium sulphide crystallites from Spombe by high pressure 

homogenisation has been characterised and indicated complete release after two passes at 

1300 bar. Intracellular crystallites were also released from Spombe cells by the effects of 

freeze-thaw, thus avoiding the need for cell breakage. Because only 8% of the total 

intracellular protein content was also released as a result of freeze-thaw, this has major 

implications for the ease of large-scale production and purification of cadmium sulphide 

crystallites from the microbial source. Intracellular cadmium sulphide crystallites



(a minimum of lOOpg/g.DCW) have been purified from S.pombe cells by chromatographic 

methods.
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1 INTRODUCTION

1.1 MICROBIAL PRODUCTION OF CADMIUM SULPHIDE QUANTUM 

SEMICONDUCTOR CRYSTALLITES - AN OVERVIEW

The microbial production of quantum semiconductor crystallites was first reported by 

Dameron and co-workers (1989a). It was found that two yeast strains, namely Candida 

glabrata and the fission yeast Schizosaccharomyces pombCy synthesised cadmium sulphide 

(CdS) quantum semiconductor crystallites when cultured in the presence of cadmium salts. 

S.pombe resists the intracellular, cytotoxic effects of the heavy metal by sequestering it 

with short chelating peptides, cadmium being bound to the chelating peptides through 

cysteinyl thiolate groups. This process is simultaneous with an increased intracellular 

inorganic sulphide content which becomes incorporated into metal-peptide complexes to 

form crystalline lattices each containing approximately 85 cadmium sulphide units 1.8 nm 

in diameter. Each crystalline lattice is surrounded by approximately 30 chelating peptides 

and acts as a CdS quantum semiconductor crystallite with an ultraviolet-visible absorption 

peak between 300 and 310 nm. Crystallites behave differently to bulk CdS semiconductors 

in that their electro-optical properties vary, depending upon the diameter of the crystallite.

The nucléation and size of CdS quantum semiconductor crystallites are thought to be 

controlled by the short chelating peptides. However, overall electro-optical characteristics 

are determined by both the number and length of the chelating peptides and the total 

intracellular inorganic sulphide content.

C.glabrata reacts similarly to S.pombe in the presence of cadmium salts, but tends to 

sequester the heavy metal with shorter chelating peptides. This results in larger, less stable 

CdS quantum semiconductor crystallites 2 nm in diameter and with an ultraviolet-visible 

absorption peak at approximately 320 nm. The increased instability of larger crystallites 

may be due to the fact that they are more solvent exposed.

Transmission electron microscopy (used by Dameron etal., (1989a) to determine the size

19



of the quantum semiconductor crystallites) along with powder X-ray patterns indicates that 

microbially produced CdS quantum semiconductor crystallites are highly monodisperse, 

spherical particles.

Bragg diffraction patterns of the CdS quantum semiconductor crystallites show them to 

have a Cd-S lattice bond length 3-6% shorter than that found in bulk CdS semiconductors. 

Crystallites produced by S.pombe are best described by a six-coordinate rock-salt 

structure, whereas those produced by C.glabrata are an intermediate between a rock-salt 

and four-coordinate zinc-blende structure.

Both yeasts also produce larger, extracellular CdS particles with a four coordinate zinc- 

blende structure, 2.9 +/- 0.5 nm in diameter. Their coating is as yet uncharacterised.

1.2 QUANTUM SEMICONDUCTOR CRYSTALLITES

1.2.1 Introduction

Although colloid science developed many decades ago, little was known about extremely 

small colloidal particles. By "small-particles" are meant clusters of atoms or molecules 

of metals and semiconductors, ranging from <1 nm to almost 10 nm or having 

agglomeration numbers from < 10  nm up to a few hundred, i.e., species representing the 

dimension between single atoms or molecules and bulk materials.

During the last decade, "small-particle" research became popular in various fields of 

chemistry and physics. One area of interest was the production of colloidal metal and 

semiconductor particles for investigation in solution or in the solid state. The idea was to 

use these materials as catalysts of reactions initiated by light or ionizing radiation 

(Borgarello et al., 1982; Bühler et al., 1984; Draper et al., 1984; Meyer et al., 1984) the 

cleavage of water into hydrogen and oxygen (Henglein, 1988; Chatteijee et a i,  1993) and, 

at a later date, for the destruction of organic and inorganic pollutants (Frank et a i, 1985).
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In these reactions, electrons are transferred across the particle-solution interface in a 

similar way to electrode reactions in electrochemistry (Henglein, 1988; Gerischer, 1991).

1.2.2 Preparation

Synthetic quantum semiconductor crystallites have been prepared chemically in a number 

of media. The technique involves controlling crystallite size by restraining the reaction 

environment. This has been achieved by various methods in aqueous and/or organic 

solutions, using reversed micelles (Inouye et a i, 1982; Steigerwald et a i,  1988; Kortan 

et al.j 1990; Petit et a l, 1990), porous glasses (Borrelli et a i,  1987; Minti et a i,  1991), 

zeolites (Wang and Herron, 1987a; Herron et al., 1989), polymers (Wang et a i, 1989; 

Sankaran et al., 1993; Choi and Shea, 1993) and various thiols (Nosaka et.al. 1993, 

Mahamuni et al., 1993). There is also the possibility for self assembled quantum 

semiconductors (Colvin et al., 1992; Ulman, 1993) and coating with other semiconductors 

(Haus et al., 1993).

During photocatalytic studies it became apparent that some of the very small colloidal 

semiconductor crystallites showed quantum size effects, having different electro-optical 

properties to their respective bulk semiconductors.

1.2.3 Quantum size effects

The band structure in metals and semiconductors is not an atomic or molecular property 

but is brought about through the periodic arrangement of a large number of atoms in a 

crystalline lattice. This is shown by the fact that there is a gradual transition from 

semiconducting or metal properties to molecular properties as the size of a crystal is 

successively decreased (Figure 1.2.3.a). In the transition region between semiconductors 

and isolated atoms, the optical and photocatalytic properties of semiconductors drastically 

change. The optical absorption edge of the semiconductor shifts to the blue (Brus, 1984) 

and is sometimes accompanied by the appearance of discrete absorption bands. This 

change in optical properties at the crystallite size range is usually attributed to the
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Figure 1.2.3.b Absorption spectra of CdS in aqueous solution: 
different mean particle s izes (Henglein, 1989).
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The quantum size effect can be understood by the simple "electron-hole in a box" model 

which identifies the blue shift as mainly being due to the increasing kinetic energy of the 

electron-hole pair as a result of their spatial confinement as the semiconductor decreases 

in size, balanced by the screened Coulomb interaction (Fendler, 1987; Wang and Herron, 

1991; Hill and Whaley, 1993).

It was these quantum semiconductor crystallite properties which became of great interest 

because it was visualised that size tuned quantum semiconductor crystallites with specific 

electro-optical properties would have many varied applications. However, one major pre

requisite for their use is that they be as monodisperse as possible so that their specific 

electro-optical properties are optimal for a given application.

1.2.4 Problems

To chemically synthesise monodisperse quantum semiconductor crystallites of particular 

size is difficult because chemical reactions are hard to accurately control and repeat. The 

quantum semiconductors formed, are prone to Ostwald ripening, a process of natural 

aggregation which if not controlled by a "protective cage" (whereby the crystallites are 

prevented from growing unchecked) will cause an eventual loss of their quantum 

semiconductor crystallite properties (Kolthoff et al., 1969; Rossetti et at., 1983), thereby 

reverting back to those of the bulk solid (Rossetti et a i, 1984). Ostwald ripening is 

present, to a lesser degree in microbially produced quantum semiconductor crystallites, 

they are more stable (Dameron et at., 1989a, 1990a) and thus, a possible alternative route 

to the production of quantum semiconductor crystallites. However, the varieties able to 

be produced chemically have not yet been superceeded microbially. Only CdS quantum 

semiconductor crystallites have so far been produced microbially.

The use of chemically synthesised quantum semiconductor crystallites for electro-optical 

applications do not only have problems associated with their production methods, there 

are also problems with the quantum semiconductor crystallites themselves. The optical 

properties of a quantum semiconductor crystallite can, for example, be modified by 

mechanisms other than that of crystallite aggregation. If the lattice structure of the
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crystallite changes slightly from the bulk or is incomplete, it may be useless. Also, 

quantum semiconductor crystallites can interact with surrounding molecules to alter their 

own optical properties. This effect can be large on small crystallites due to their large 

surface area. Here, interactions between semiconductor particles and media may invoke 

decomposition or the release of species with UV-vis absorption which will interfere with 

a quantum semiconductor crystallites’ optical spectrum. Such is the case when making 

CdSe crystallites, where facile oxidation of HgSe precipitates bulk Se (Wang and Herron, 

1987b).

1.2.5 Applications

Research into nanotechnology is advancing because commercial applications of materials 

in molecular electronics are developing and because instrumentation now allows the study 

of structure and properties of individual molecules (Lomas et al., 1993).

Quantum well semiconductors first developed by AT&T Bell Laboratories and IBM in the 

1970’s have now become common place. They form the basis of todays laser diodes 

found in compact disc players and microwave receivers of satellite information. It is now 

possible, not only to confine electrons in two and one dimensional planes (quantum 

wires), but also as zero dimensional quantum dots (Reed, 1993). Nanometer scale, 

cadmium sulphide quantum semiconductor crystallites can act as quantum dots. It is 

envisaged that arrays of densely packed quantum dots could form a substrate for 

computers of unprecedented power (Heitmann and Kotthaus, 1993). Also, the capability 

of size tuned quantum dots to absorb and emit light at predetermined wavelengths are 

characteristics which could mean their involvement as the basis for semiconductor lasers 

more efficient and precisely tuned than any now in existence (Reed, 1993).
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1.3 SCHIZOSACCHAROMYCES POMBE FERMENTATION

The control of fermentation and respiration in aerobically grown yeasts has been 

extensively studied. It is generally accepted that there is a control over the extent of 

respiration under fully aerobic conditions but that the controlling factors are not 

completely understood.

The overall rate of respiration is calculated using the specific oxygen uptake rate (Barford, 

1985a), but the maximum uptake rate can only be found by using a chemostat culture. 

This is an important measurement because it indicates if the culture is undergoing 

respiratory repression i.e. its specific uptake rate will be below the maximum. In this 

instance the yeast is likely to be undergoing fermentative metabolism instead of 

respiratory metabolism. This will lead to a low biomass yield.

1.3.1 Glucose repression

1.3.1.1 Batch fermentation

S.pombe is a yeast which gives rise to "petite" mutants upon treatment with euflavine. 

That is, they show cytoplasmic respiratory-deficiency (De Deken, 1966b). However, yeast 

such as S.pombe, in which respiratory-deficient mutants are hard to isolate are called 

"petite negative" (Bulder, 1964a). These are characterised by the absence of anaerobic 

growth (Bulder, 1964b) and by the absence of glucose repression (De Deken, 1966b; 

Heslot et al., 1970a; Barford, 1985a). However it has been found that S.pombe can also 

show high respiratory quotient (RQ) values, and so behave like typical "petite positive" 

yeast. Here, mitochondrial respiration and development are glucose repressed (Heslot 

et at., 1970b). iHeslot et al. (1970b) showed respiration to be higher in cells grown 

on glycerol than in cells grown on high concentrations of glucose. Here, the steady state 

increase of respiration during growth on glucose was not symmetrical to the glucose 

disappearance. It began before the glucose concentration decreased significantly and 

continued for several hours after glucose exhaustion. In this respect one could say that the 

glucose repression was atypical in S.pombe.

25



D-Qlncoee 
ATPs

ADP
hâxokbtasê (EC 2.7.1.1)

D^fhicose 6-phoqdiate
i \

D-glucosê phosphau isom êntse^C  5.3.1S )

D-Fnictose 6-pfao^hate
*ATPv

6-phosphofnicU>ktncae (EC 2.7.1.11) 
(*or otber phMpNua donor)

"ATT.

ADP

D-Itectose 1, 6-dqdioqdia*e

fructose diphosphate aldolase 
(EC 4.1.2.13)

1, 3-Dihydraxy-2-propanone phoqihate
triosephosphate isomerase 
(EC 5.3.1.1)

D-Olycenlddiyde 3i*oq)bm*o
NAm

+
orthopho^hate

The major route of D-glucose catabolism 

in yeasts is the glycolytic pathway leading 

to the formation of pyruvate (Barnett,

1976) (Figure 1.3.1.1). Facultative yeasts 

such as S.pombe and S.cerevisiae are 

capable of aerobically metabolising

pyruvate via alcohol fermentation and

respiration (Fiechter et al., 1981).

Pyruvate is decarboxylated to form

acetaldehyde and carbon dioxide, after 

which, the acetaldehyde is converted to 

ethanol by alcohol dehydrogenase

. Pyruvate

also enters the Tricarboxylic acid cycle 

where it is converted to carbon dioxide 

and water.

Both S.cerevisiae and S.pombe show 

repression of respiration when grown in 

the presence of high glucose concentration 

(De Deken, 1966a) leading to aerobic 

alcoholic fermentation. However, whereas 

S.cerevisiae undergoes diauxic growth 

(Coppella and Dhurjati, 1989), utilising 

ethanol and acetate after an adaptation 

period (Gosling and Duggan, 1971);

S.pombe is reported to be monoauxic 

(Fiechter et al., 1981) incapable of 

utilizing ethanol and acetate (Mitchison,

1970; Barnett et al., 1983). However, S.pombe has been found to show diauxic growth, 

when D-glucose was the sole carbon source at 2g/L starting concentration. Here ethanol 

production was concurrent with glucose utilization, and upon glucose exhaustion ethanol
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was utilised with the subsequent accumulation of acetate. However, diauxic growth was 

only apparent in 7 out of 12 repetitions and the fermentations required 5 days for diauxic 

growth to be identified. S.pombe does not grow in cultures where ethanol (Barford, 1985b) 

or acetate are the sole carbon sources. This only occurs if glucose is present as well to 

initiate the anabolic systems of ethanol or acetate (Tsai et a/., 1987). McDonald et al. 

(1987) has also shown S.pombe to be capable of metabolising ethanol or acetate in the 

presence of low concentrations of D-glucose.

Addition of high concentrations of ethanol to batch culture can be inhibitory, whilst 

addition of sub-inhibitory concentrations of acetate stimulates increased biomass (Tsai et 

a L  1987).

1.3.1.2 Chemostat fermentation

When the specific respiration rate has been studied in conjunction with the aerobic growth 

of yeasts such as S.pombe (Barford, 1985b) and S.cerevisiae (Barford and Hall, 1979) in 

glucose-limited chemostat cultures, it was found that under these conditions respiratory 

repression did not occur after sufficient adaptation of the culture to the steady state.

Dilution rates are very important in chemostat culture experiments on yeasts with a low 

respiratory capacity such as S.pombe as they can dictate the whole state of the 

fermentation (Barford, 1985b). The specific oxygen uptake rate increases with decreasing 

dilution rate until a critical specific growth rate is reached and then it is constant. It 

indicates a saturated respiratory system and the absence of any respiratory repression 

(Barford and Hall, 1979; Barford, 1981). This may suggest that transport of respiratory 

intermediates into the mitochondrion reaches a maximum rate at this critical dilution 

(Barford, 1985b). In S.pombe^ a dilution rate below that of the critical rate leads to a high 

biomass yield, negligible concentrations of glucose remaining in the medium and little 

production of endogenous ethanol. This is consistent with full respiration of the glucose. 

However, at dilution rates greater than the critical rate the transport of glucose might 

exceed the maximum rate of transport of respiratory intermediates into the mitochondrion 

and leads to a low biomass yield, ethanol production and a build up of residual glucose.
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This is consistent with a predominantly fermentative metabolism (Barford, 1985b).

The dilution rate does not seem to affect the fermentations of yeasts with a high 

respiratory capacity such as Candida utilis (Schwartzkoff et al.y 1982) as this yeast only 

exhibited complete respiratory growth.

1.3.2 Carbon source

Another aspect in the control of respiration and fermentation in yeasts to produce a high 

biomass yield is the specific effects of individual carbon sources. It is often claimed that 

aerobically grown yeast cultures exhibit a "glucose effect". The repression of respiration 

in the presence of glucose. This effect was not seen in the continuous culture experiments 

using S.pombe (Barford, 1985b) or S.cerevisiae (Barford and Hall, 1979) but this may 

have been because the residual glucose levels were too low. To test for this "glucose 

effect" one would have to compare data fi'om maximum respiratory capacities of yeasts 

obtained from chemostat cultures with those obtained from batch cultures with both 

glucose and other substrates. Then the optimum carbon source and its concentration can 

be found which are best for highest biomass yield.

The appropriate system for determining the specific effects of different substrates on the 

growth of organisms is the batch culture system. Here, the initial sugar and its 

concentration may be selected. However, it is important for the batch culture inoculum 

to have a maximum degree of respiratory adaptation. This is achieved by repeated sub- 

culturing of the relevant culture before final inoculation. Only this will validate 

comparisons with chemostat culture data and provide evidence for the absence or 

existence of a "glucose effect" (Barford, 1985a).

Aerobic batch cultures have been carried out with S.pombe (Barford, 1985a) using a 

number of limiting substrates. The specific rate of oxygen uptake (specific respiration rate) 

was compared with the maximum rate obtained from chemostat culture data for each 

particular substrate and also among the different substrates. This was to evaluate the 

effects of glucose as a limiting substrate. A "glucose effect" would be indicated by a
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lower maximum specific oxygen uptake rate for glucose in batch culture than in chemostat 

culture, and a lower maximum specific oxygen uptake rate for glucose compared with that 

for other substrates. In these experiments however, no evidence of glucose repression was 

found.

1.3.3 Medium components

1.3.3.1 Medium used

Growth studies of S.pombe are usually carried out using synthetic defined medium 

(Fiechter et al., 1981; Barford, 1985b). These media are suitable for metabolic studies as 

all the components are known. However, this media is not used for commercial production 

of biomass because of the cost.

Perez et at. (1992) have shown that S.pombe, grown on complex and defined medium 

could attain the same final biomass. Interestingly, yeast grown on defined medium were 

in the exponential phase of growth for longer. This could have important implications for 

the production of quantum semiconductors by this yeast.

1.3.3.2 Yeast extract/sugar ratio

As most S.pombe fermentations seek an optimal production of biomass, it is important to 

define growing conditions for the yeast. Sychrova et at. (1989) found in aerobic batch 

culture that a yeast extract/sugar ratio (g/g) between 1:3 and 1 gave high yields of 

biomass where the yeast extract concentration was lOg/L and that of glucose was 30 and 

lOg/L. However, the final yield of biomass (g/g) was double that when using a yeast 

extract/sugar ratio (g/g) of 1 instead of a 1/3 ratio where the final biomass yield was only

0.15g/g. Glucose concentrations of lOOg/L used by De Queiros and Pareilleux (1990) lead 

to ten-fold reductions in final yield (g/g). This may have been due to ethanol inhibition 

as detected by Tsai et at. (1987).
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Perez et al. (1992) investigating the effects of yeast extract on the biomass production of

S.pombe in anaerobic batch culture found that with a glucose concentration of 12g/L, a 

yeast extract concentration below 2g/L may lead to yeast extract limitation. However, 

above this value, and up to 8g/L, the yeast extract concentration did not effect the 

fermentation.

1.4 METAL ION UPTAKE IN YEAST

The processes of essential and non-essential metal ion uptake and their transport kinetics 

in yeast are extremely complex. They are determined by a number of factors including the 

surface potential of the cell, its intracellular pH and ultimately its membrane potential. 

These in turn are affected by the metabolic state of the cell, the medium pH and the 

particular metal ion itself (Borst-Pauwels 1981).

1.4.1 Active uptake of metal ions

The yeast cell needs Mĝ "̂  and various other divalent cations like Zn^ ,̂ Fe^ ,̂ Cu^  ̂ (Olsen 

and Johnson, 1949; Lomanda, 1965a; PeCulius et at., 1969; Lawford, 1980a) and Ca^  ̂

(Carafoli et al., 1970) for optimal growth. Mg^  ̂and Ca^  ̂may have a role in cell division 

(Duffus and Patterson, 1974). However, metals may be toxic under certain conditions as 

is Nî "*", where it may interfere with cell metabolism (Fuhrmann and Rothstein, 1968a).

Intracellular uptake of divalent cations by yeast is thought of as a metabolically dependent 

process (Rothstein et al., 1958; Fuhrmann and Rothstein, 1968b; Ponta and Broda, 1970; 

Boutry et al., 1977; Norris and Kelly, 1977; Roomans et al., 1979a; Lawford et al., 

1980b). At low concentrations, cadmium uptake by S.cerevisiae may be glucose 

dependent. However, at high concentrations cadmium uptake appears glucose independent 

(Gadd and Mowll, 1983). Thorium uptake by S.cerevisiae is also thought of as glucose 

independent (Gadd and White, 1989). Pre-incubating cells with glucose, potassium and
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phosphate prior to metal addition increases the metal uptake rate, this correlating directly 

with an increase in cell ATP (Fuhrmann, 1973). Similarly, a decrease in cell ATP is 

accompanied by a decrease in the rate of metal influx. Thus, the effects of added 

phosphate on metal uptake rates appear to be indirect, by increasing the total cell ATP 

level. Membrane bound ATPase also appears to have divalent metal uptake activity 

(Rothstein et a/., 1958; Fuhrmann et al., 1974).

There are indications that the sites located outside of the cell membrane (Itoh et at., 1975) 

to which divalent cations are bound are not directly involved in the translocation process: 

Mn^  ̂uptake is strongly inhibited by Mg^ ,̂ whereas binding of Mn^  ̂outside of the yeast 

cell membrane is not much affected by Mg^  ̂ (Rothstein et al., 1958). There is however 

some evidence that yeast membrane ATPase is directly involved in divalent cation uptake 

(Fuhrmann, 1973). However, this is dismissed by Neiuwenhuis et at. (1981).

There is often a time lag associated with metal uptake in the presence of glucose, when 

it is thought that the cell undergoes protein synthesis to produce proteins involved in the 

transport or the sequestering of the metal inside the cell (Failla et at., 1976).

If divalent cation uptake can be driven by the membrane potential, the uptake of divalent 

cations should be reversible (Borst-Pauwels, 1981). The release of divalent cations is very 

slow or even absent under conditions in which cell membrane depolarisation is expected 

to occur. However, there are also indications that divalent cations can pass the cell 

membrane from cell to medium (Borst-Pauwels, 1981).

1.4.2 Effects of pH on metal ion uptake

Both monovalent and divalent cation uptake is facilitated by a decreased cell pH. At the

onset of metabolism the cell pH can decrease after the addition of glucose (Theuvenet et

al., 1977; Navon et at., 1979; Theuvenet and Bindels, 1980) if the medium pH of the

fermentation is not controlled (Navon et at., 1979; Sigler et at., 1981a; Haworth and

Fliegel, 1993). However, if the medium pH is controlled, the intracellular pH increases

again after the initial decrease resulting in a higher cell pH (Theuvenet et at., 1977).
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Haworth et al. (1991) also found an alkalinisation of the intracellular pH after glucose 

addition. However, this can be followed by a slow re-acidification (Haworth and Fliegel, 

1993). The uptake of glucose is due to rapid phosphorylation of the glucose at the 

membrane by appropriate kinases (Bisson and Fraenkel, 1984) with the acidification of 

medium (and extrusion of organic acids and CO2) a result of glucose metabolism (Sigler 

et a/., 1981a, 1981b; Sigler and Hofer, 1991; Haworth et at., 1993).

Increasing the medium pH increases the intracellular pH of metabolising cells (Ryan and 

Ryan, 1972; Borst-Pauwels and Peters, 1977). S.pombe retains a more acidic intracellular 

pH than S.cerevisiae with increasing medium pH from pH 6.0 to pH 7.5. Above this 

value, both yeasts show similar buffering capacities (Haworth and Fliegel, 1993). Even 

though an increased cell pH as a result of increased medium pH lowers the rate of metal 

ion uptake, correcting for these indirect effects, the relative increase in the rate of uptake 

found with increasing medium pH is still greater (Borst-Pauwels, 1981).

Decreasing the medium pH to a great extent is actually not beneficial to metal uptake. 

However, if this is the case the yeast cell is still able to maintain a higher internal pH. 

This partly due to the great buffering capacity of the yeast (Navon et at., 1979; Sigler et 

at., 1981, 1981a).

The relation of cell pH and medium pH depends upon the experimental conditions, the 

buffer used, medium composition and the substrate added (Borst-Pauwels and Peters, 

1977) will all effect metal uptake.

1.4.3 Metal ion uptake selectivity

The uptake of Cd^  ̂(Norris and Kelly, 1977) and Zn^  ̂(Ponta and Broda, 1970; Failla and 

Weinberg, 1977; Lawford et at., 1980b) across the yeast membrane is described by 

Michaelis-Menten kinetics and may involve saturable sites. This may also be true for Co^  ̂

and N P  (Fuhrmann and Rothstein, 1968b). However, in contradiction to this (Fuhrmann 

and Rothstein, 1968b), Co^  ̂ uptake has been shown to give rise to deviations from 

Michaelis-Menten kinetics (Norris and Kelly, 1977). The concentration dependence of
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uptake also shows deviations from Michaelis-Menten kinetics (Roomans et al., 

1979a; Borbolla and Pena, 1980), concave curves in Hofstee plots thought to indicate the 

involvement of two independent transport processes, one with a high affinity for the 

divalent cations, and one with a low affinity (Boutry et a/., 1977). High dissociation 

constants reported by Ponta and Broda (1970) also suggest that uptake may involve 

two transport sites. However, one must also not rule out the possibility that deviations 

from Michaelis-Menten kinetics with concentration are brought about thorough a decrease 

in the surface potential of the cell (Borst-Pauwels, 1981).

The values of divalent cation dissociation constants at transport sites described in the 

literature, vary greatly. This may be attributed to several causes. As shown by Norris and 

Kelly (1979), the selectivity of the yeast cell for divalent cations depends upon the type 

of yeast. In addition, the affinity constants are computed from the concentration 

dependence of either initial uptake rates or amounts of divalent cations accumulated after 

several minutes. This may have a tremendous effect on the results obtained when efflux 

is not accounted for (Nieuwenhuis et al., 1981). Complex formation of the buffer anion 

with the divalent cations may also lead to an increase in apparent dissociation constant 

(Fuhrmann and Rothstein, 1968b) as will adsorption of divalent cation to the cell wall or 

cell membrane (Borbolla and Pena, 1980). Also, differences in the value of the surface 

potential may contribute to the variation in the value of the dissociation constants (Borst- 

Pauwels, 1981)

Deviations from Michaelis-Menten kinetics can come to the fore when the substrate cation 

decreases the negative surface potential. Apparent dissociation constants derived from the 

uptake isotherms at low substrate cation concentrations may reflect, the interaction of the 

divalent cation with the negative groups on the cell membrane rather than the affinity of 

the divalent cation for the transport sites. The actual affinities may be much lower than 

those derived from the uptake isotherms.

On decreasing the ionic strength of the medium, the divalent cation concentration near the 

cell membrane will increase greatly. This may explain why, in the absence of added 

buffer, a much higher apparent affinity is found for Mn̂ "̂  than in the presence of buffer 

(Fuhrmann and Rothstein, 1968b). Also, the increase in Ca^  ̂ uptake found with increasing
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pH (Boutry et al., 1977; Roomans et al., 1979a) may be partly due to an increase in the 

divalent cation concentration near the cell membrane, since the negative surface potential 

becomes more negative

1.4.4 Metal inhibition of metal uptake

The uptake of Zr?* by Candida utilis is highly specific, not being inhibited by the metals 

Ca^ ,̂Mn^ ,̂Co^  ̂ and Cu^ ,̂ except Cd^  ̂ (Failla et al., 1976). The uptake of Co^  ̂and Cd^  ̂

are also inhibited to different degrees by different metal ions (Norris and Kelly, 1977; 

Kessels et al., 1985). Inhibitory effects for the most part being greatest when inhibitory 

metal ion radii are similar to those of the ion of interest.

Distinguishing the absolute sequence of inhibitory cations on Cd^  ̂ uptake is made more 

difficult because Cd^  ̂ions disrupt the cell membrane, leaking from the cell (Norris and 

Kelly, 1977). This is also the case with other heavy metals such as Hg^  ̂ (Kuypers and 

Roomans, 1979).

If two different cell populations exist in the culture as was found by Kuypers and 

Roomans (1979) working with Hg^ ,̂ a leakage one and a non-leakage one, then the effects 

of inhibitory divalent cations upon Cd^  ̂ uptake may be different for the two cell types. 

Thus, the degree of inhibition from any competing cation is more difficult to determine. 

In addition, inhibitory divalent cations may also effect Cd^  ̂uptake by protecting the cell 

membrane from disruption by Cd^ ,̂ or even enhancing it.

1.4.5 Metal uptake and potassium release

The cell can maintain electroneutrality when metals are taken up, by the efflux of K^, as 

is observed for Mg^  ̂ (Pena and Ramirez, 1991), Co^  ̂ (Fuhrmann and Rothstein, 1968b; 

Norris and Kelly, 1977), Mn^  ̂(Okorokov etal., 1979), and Cd^  ̂(Norris and Kelly, 1977). 

Previous studies have indicated that K  ̂release is an integral part of metal uptake systems 

(Fuhrmann and Rothstein, 1968b; Norris and Kelly, 1977; Gadd and Mowll, 1983) with
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release being higher than the 2:1 exchange expected when is involved (Norris and 

Kelly, 1977; Kessels et al., 1985). Uptake of Cd^  ̂and subsequent K  ̂release may not be 

definable because K  ̂release is affected by the disruption of the cell membrane caused by 

Cd^  ̂binding to organic ligands such as sulphydryl groups (Passow and Rothstein, 1960; 

VaUee and Ulmer, 1972; Norris and Kelly, 1977). However, Macara (1978) indicated that 

Cd^  ̂uptake did not effect K  ̂release when the external Cd^  ̂concentration was 5-75 mM.

The stirhulation of K  ̂ efflux from metabolising cells is much greater than from non

metabolising cells (Norris and Kelly, 1977; Gadd and Mowll, 1983) indicating that metals 

enter the cell before exerting toxicity.

1.4.6 Effect of yeast growth phase on metal uptake

There is no clearly identified pattern to the uptake of metals because all work carried out 

uses different metals, organisms, metal concentration and times of addition and sampling. 

Mn^  ̂ uptake was found to be maximal during the mid-exponential growth phase in 

S.cerevisiae, decreasing as the cells entered stationary phase (Okorokov et al., 1979). 

However, Zn^ ,̂ uptake in C.utilis was found to occur during the lag phase and again in 

the late exponential phase, finally decreasing in the stationary phase (Failla et al., 1976; 

Failla and Weinberg, 1977). Thorium uptake on the otherhand occurred in S.cerevisiae 

either during the exponential growth phase or during the stationary phase (Gadd and 

White, 1989).

It is thought that the cyclic uptake of Zn^  ̂ is related to the synthesis of a specific 

cytoplasmic Zn^  ̂ binding protein (Failla et al., 1976). Macara (1978) found no 

metallothioneins in S.cerevisiae exposed to Cd^ ,̂ but Joho et al. (1986) did.

Minney and Quirk (1985) found three distinct phases of cadmium uptake in S.cerevisiae. 

Absorption upon initial contact, adsorption during lag phase and adsorption during the 

exponential growth phase when insoluble cadmium sulphide is formed. However, since 

more cadmium was taken up/mole of sulphide produced, a further detoxification 

mechanism was indicated.
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1.4.7 Resistance mechanisms to heavy metal cytotoxicity

The toxic effects of heavy metals such as when present intracellularly, are 

characterised by the inhibition of many enzyme systems (Vallee and Ulmer, 1972) and 

subcellular organelle formation (Lindegren and Lindegren, 1973). Not only can enzyme 

systems be inhibited, but their function changed by ion substitution (Dedyukhina and 

Eroshin, 1991). Cadmium substitution for zinc in carboxypeptidase has been shown to 

inhibit peptidase and enhance the esterase activity of the enzyme (Perry et aL, 1955). 

Ultimately, toxic metal addition to cultures leads to an inhibition of growth in some 

sensitive strains (Joho et al., 1983). However, micro-organisms are still capable of 

sustaining growth by utilising a number of resistance mechanisms. These include 

extracellular binding or chelation of the toxic metal, regulation of influx or efflux systems 

as well as intracellular sequestration, chelation or compartmentalisation (Gadd, 1992).

1.4.7.1 Increased lag phase

Yeast such as Candida utilis and Saccharomyces cerevisiae show an increased lag phase 

in the presence of heavy metals, the length of which is dependent upon culture conditions 

(Ross and Walsh, 1981; Minney and Quirk, 1985; Joho et al., 1986). It is believed that 

the cells undergo slow repair of damaged cell sites during this time.

1.4.7.2 Adaptation

An organism’s resistance to heavy metals can be increased through "adaptation" as a result 

of continued exposure. This, acquired resistance, is well established and may be retained 

when intermittently cultured on metal free media (Ashida, 1965; Tohoyama and 

Murayama, 1977; Ross and Walsh, 1981) indicating genetic adaptation, or lost, (Ashida, 

1965; Macara, 1978; Joho et al., 1986) indicating physiological adaptation.
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1.4.7.3 Extracellular binding

The presence of negative groups on microbial cell membranes or in the cell wall vicinity 

of binding sites involved in metal ion transport may affect the kinetics of ion uptake. 

Negative groups such as lipids give rise to a negative potential (McLaughlin, 1977) in the 

region near the binding sites. This leads to an accumulation of cations in that region and 

so, an exclusion of anions.

The amount taken up intracellularly is often in excess of amounts bound to surfaces 

(Fuhrmann and Rothstein, 1968b; Norris and Kelly, 1977, Pingale et a/., 1993). Increased 

resistance to heavy metal toxicity may thus be achieved by a reduction of metal uptake 

(impermeability) (Ross and Walsh, 1981; Joho et al., 1983; Gadd et at., 1984; Belde et 

at., 1988). Reduced metal uptake has been seen in various metal tolerant yeast and also 

found to vary within particular Saccharomyces varieties (Norris and Kelly, 1979), possibly 

indicating varied transport systems. However, reduced uptake is not a universal feature 

(Tohoyama and Murayama, 1977; Bianchi et al., 1981).

1.4.7.4 Sequestration

Sequestration of metals can occur as binding to extracellular organic acids (Gadd, 1986) 

or intracellular metallothioneins (Failla and Weinberg 1977; Inouhe et al., 1989, 1991; 

Mehra et al., 1988, 1989; Mehra and Winge, 1991), and polyphosphates (Gadd, 1986). 

S.cerevisiae mediating metal resistance by metallothionein can also buffer initial metal 

toxicity by an over-expression of the gene for alcohol dehydrogenase (ADH) which 

chelates Cd^  ̂ to produce Cd-ADH (Yu et al., 1991). Sequestration of Hg^  ̂in to the cell 

wall has also been implicated (Murray and Kidby, 1975) and the vacuole regarded as a 

compartment for storage of potentially harmful metals (Okorokov et al., 1977). However, 

copper sulphide precipitated on the cell wall of S.cerevisiae as a result of exposure to 

elevated concentrations of copper may be gratuitous, not representing a sulphide based 

mechanism for copper resistance (Lin et al., 1993)
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1.4.7.5 Compartmentalisation

Free metal ions such as (Okorokov et al., 1975), (Okorokov et at., 1977; 

Nieuwenhuis et at., 1981), (Nieuwenhuis et at., 1981) and Cs^ (Perkins and Gadd, 

1993) can accumulate in cell vacuoles. Cd^  ̂has also been found in cell vacuoles (but not 

in the free state), it occurred as CdS crystallites surrounded by small chelating peptides 

(Mehra et al., 1994).

It is thought that the tonoplast contains a transport system mediating divalent cation 

translocation from cytoplasm to vacuoles (Okorokov et al., 1975) creating a concentration 

gradient between vacuoles and cytoplasm (Okorokov etal., 1980). The specific transporter 

for CdS has been designated HMTl in S.pombe cells (Oritz et al., 1992). Sr̂ "̂  and Ca^  ̂

found in cytoplasmic granules (Roomans, 1980) may precede vacuolar uptake (Borst- 

Pauwels, 1981).

Mn^  ̂ accumulation into cell vacuoles is accompanied by a decrease in vacuolar 

concentration (Lichko et al., 1980), possibly as a response to maintaining electroneutrality.

1.4.7.6 Quantum semiconductor crystallites

The fission yeast Schizosaccharomyces 

pombe detoxifies cadmium in the 

environment by sequestration with small iso

peptides whose general structure is (Glu- 

Cys)„-Gly where usually n = 3 or 4 (Figure

1.4.7.6). Each peptide is thought to be 

enzymatically synthesised from glutathione 

by transpeptidase. The small chelating 

peptides are induced concomitant with an 

enhanced intracellular inorganic sulphide 

level. This inorganic sulphide is 

incorporated in to the metal-peptide complex

?  n

H—

COjH H O
n

Figure 1.4.7.6 Chelating peptide structure 
produced by S.pombe and C.glabrata as a 
response to cadmium metal toxicity. It 
consists of a y-glutamate and cysteine di
peptide repeat unit with a carboxy terminal 
glycine.
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forming cadmium sulphide quantum semiconductor crystallites, approximately 1.8 nm in 

diameter (Mehra and Winge, 1991).

1.5 SULPHATE UPTAKE

1.5.1 Concentration dependence

Sulphate uptake is part of the methionine biosynthetic pathway (Breton and Surdin-Kerjan, 

1977) and is an active transport process (McReady and Din, 1974; Roomans et al., 

1979b). At low sulphate concentrations, uptake can be described by simple saturation 

kinetics (Roomans et at., 1979b). However, deviations from Michaelis-Menten kinetics 

have also been reported (Breton and Surdin-Kerjan, 1977), indicating the presence of two 

single-site transport mechanisms with different affinities for the substrate (though the two 

systems may not be totally independent).

The mobile carrier system thought to be involved in sulphate uptake can be induced by 

pre-incubation with glucose, which also has a high affinity for protons (Borst-Pauwels, 

1981). Three hydrogen ions being co-transported with sulphate into the cell, with the 

release of only one potassium ion (Roomans et at., 1979b). However, sulphate uptake is 

ultimately dependent not only upon the metabolic state of the cell but also upon the cell 

pH (Roomans et at., 1979b) and medium pH (Borst-Pauwels, 1981). An increase in Km 

with increased medium pH may be due to the removal of a hydrogen ion, lowering the 

affinity of the carrier for sulphate or, hydroxyl groups competing for transport sites with 

sulphate (Borst-Pauwels, 1981). With medium at pH 4.5, the rate of sulphate uptake 

increases with increasing cation concentration until an optimum cation concentration is 

reached. Above this, the rate of sulphate uptake decreases. Also, the optimum cation 

concentration decreased with increasing cation valency: K^>Mg^"^>Cr^ (Roomans et at., 

1979b).
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1.5J2 Inhibition of sulphate uptake

Sulphate, like cadmium uptake, is inhibited by related ions (McReady and Din, 1974; 

Breton and Surdin-Keijan, 1977). The affinity sequence according to (Breton and Surdin- 

Keijan, 1977) is: C rO / >SeO/ >S20/ >S0 3  ̂>TeOj^ > M oO /. Theoretically, the effect of 

the surface potential upon co-transport of cations and anions is very complex. Both 

stimulation and inhibition of uptake can come to the fore when the surface potential 

becomes less negative (Lomander 1965).

1.6 METALLOTHIONEINS - PERSPECTIVES AND SUMMARY

Copper and zinc are essential trace elements for all organisms, acting as co-factors in a 

variety of enzymic reactions. However, they are toxic at inappropriately high 

concentrations. Other heavy metal ions such as lead, mercury and cadmium have no 

known essential function and are generally more toxic than copper and zinc even at lower 

concentrations. For these reasons it is important for an organism to be able to regulate the 

internal concentrations of such heavy metals (Hamer, 1986).

When organisms come in to contact with heavy metals, various cellular mechanisms are 

initiated to control the toxic effects. Little is known about the molecules involved in 

membrane transport of metal ions, initial ion liganding, control of the valence state of the 

metal ion or activation of metalloenzymes. However, it is known that the intracellular 

mechanisms for controlling metal ion concentrations involve a family of proteins called 

metallothioneins. These act by binding metal ions through closely spaced cysteine thiolate 

groups. The strength of the metal/cysteine thiolate bond depends upon the metal ion 

involved (Hamer, 1986).

Metallothioneins were first discovered as cadmium and zinc proteins in horse kidney by 

Margoshes & Vallee in 1957. Subsequently, similar molecules have been identified in 

different tissues and cell types of a broad range of eukaryotic species and also in a
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number of prokaryotic species.

1.6.1 Metallothionein nomenclature

Because of a lack of known enzymatic function, metallothioneins have traditionally been 

classified according to their structural features. However, a revised nomenclature of 

metallothioneins has been detailed (Fowler, et al., 1987). Polypeptides can also be 

designated "metallothioneins" when they share several of the following features 

characteristic of equine renal metallothionein: low molecular weight, high metal content, 

characteristic amino acid composition (high cysteine (Cys) content with the absence of 

aromatic amino acids and histidine), unique amino acid sequence (Cys-X-Cys sequences 

where X is an amino acid other than Cys), spectroscopic features characteristic of metal 

thiolates (mercaptides) and metal thiolate clusters. However, because of the presence of 

a number of diverse phenotypically related metal thiolate polypeptides, metallothioneins 

have been subdivided in to three classes, based on their structure:

Class I: polypeptides with locations of cysteine closely related to those in equine renal 

metallothionein;

Class II: polypeptides with locations of cysteine only distantly related to those in equine 

renal metallothionein, such as yeast metallothionein (Winge et al., 1985)

Class ni: atypical, nontranslationally synthesised metal thiolate polypeptides such as 

cadystin (Hayashi et al., 1986, 1991) and phytochelatin (Grill et al., 1986, 1987; Rauser, 

1990; Robinson et a i, 1993)

1.6.2 Class I metallothionein structure

Mammalian metallothionein is a 61 or 62 amino acid peptide containing 20 cysteines, 6-8 

lysines, 7-10 serines, a single acetylated methionine at the amino tenninus, and no 

aromatics or histidines (Figure 1.6.2). The metal content of metallothionein varies,
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Beta domain
Alpha domain

Figure 1.6.2 Rat cadmium, zinc metallothionein determined 
by X-ray crystallography (Furey et al., 1987).

depending on organism, tissue, and history of heavy metal exposure (Hamer, 1986).

Metals are contained in two distinct, polynuclear clusters (Otvos and Armitage, 1980; 

Boulanger et at., 1983). The A cluster contains 11 cysteines, binds four atoms of zinc or 

cadmium or five to six atoms of copper, and is contained within the carboxy-terminal a  

domain extending hnom amino acid 31 to 61. The B cluster contains nine cysteines, binds 

four atoms of zinc or cadmium or six atoms of copper, and is contained in the amino- 

terminal p cluster extending from amino acid 1 to 30 (Winge and Miklossy, 1982).

1.6 J  Class m  metallothionein structure

Premakumar and co-workers (1975) found similar, low molecular weight Cu-chelatin 

protein was induced in both mammalian liver and kidney as well as in yeast It later 

became apparent that equivalent plant complexes were unlike "normal" class I 

metallothionein, yet had features required of these metallothioneins. One different feature 

is that it is the various sized, small chelating peptides of plants and yeast which form the 

metallothioneins, whereas a single polypeptide chain forms the metal binding complex in 

mammalian class I metallothioneins with the metal being bound in two distinct clusters
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(Hamer, 1986). It was however, the discovery of y-carboxyamide linkages in the cadmium 

binding peptides of Rauvolfia serpentina metallothionein (Grill et al., 1985) that required 

the classification of these plant peptides as class III metallothioneins termed 

phytochelatins.

Two, class n i  metallothioneins induced by the addition of CdClj to a culture of the 

fission yeast Schizosaccharomyces pombe were first resolved in 1981 (Murasugi et al., 

1981a) and termed cadystin (Kondo et al., 1983). They were composed of three amino 

acids: Glutamate, Cysteine, and Glycine in a molar ratio of 2:2:1 and 3:3:1 . All amino 

acids (except glycine) were in the L configuration (Kondo et al., 1984). However, the 

molar ratios of these three amino acids in class III metallothioneins vary with source. A 

molar ratio of 5:5:1 was found in Chlorella fusca (Gekeler et al., 1988) whilst an 8:8:1 

ratio was found (but in much smaller quantities) in S.pombe (Grill et al., 1986a).

Glutamic acid has been established as the amino-terminal residue and glycine as the 

carboxy-terminal residue of class HI metallothioneins (Kondo et al., 1984; Grill et al., 

1985; Steffens et al., 1986). Kondo and coworkers (1984) also established that the 

Glycine was linked to a dipeptide containing equimolar amounts of Glutamate and 

Cysteine. Here, two moles of dipeptide were formed with the pentapeptide as starting 

material and three moles with the heptapeptide. The dipeptide was deduced to be H-y-Glu- 

Cys-OH. The primary structure of the native penta and heptapeptides are therefore (L-y- 

Glu-L-Cys)2-Gly and (L-y-Glu-L-Cys)3~Gly. These structures were confirmed by chemical 

synthesis (Kondo et al., 1984, 1985). The above primary structures were also confirmed 

by other workers in the field (Grill et al., 1985; Steffens et al., 1986: Jackson et al., 1987; 

Gekler et al., 1988).

The primary structure of class III metallothioneins are related to glutathione. However, 

in a small number of cases they are related to homo-glutathione (y-Glu-Cys-^-Ala). 

Homo-glutathione was identified and characterised in Phaseolus aureus by Carnegie 

(1963a, 1963b). Higher plant species can produce either glutathione related 

metallothioneins {Rauvolfia serpentina), homo-glutathione related metallothioneins 

{Phaseolus vulgaris) or both {Lathyrus ochrus). The type of class III metallothionein 

found depended on whether the plant produced only glutathione, only homo-glutathione,
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or both tripeptides (Grill et al., 1986b). S.pombe usually produces glutathione related class 

III metallothioneins (Grill et al., 1986a) though this may be able to be altered slightly. 

Barbas et al., (1992) altered the peptide coating of cadmium-binding complexes in 

C.glabrata to consist of glutathione (y-Glu-Cys-Gly) or (y-Glu-Cys)„-Gly and (y-Glu-Cys)n 

variants using different culture conditions. Peptides with the terminal Glycine amino acid 

missing are termed Des-Gly peptides. These have also been found in S.pombe (Mehra and 

Winge, 1988). A new homologue of glutathione (y-Glutamylcysteinylglutamic acid) has 

recently been found in maize seedlings exposed to Cd^  ̂ (Meuwly et al., 1993).

Metal binding by class XU metallothioneins is the fundamental feature of greatest 

similarity to that of class I metallothionein. Available evidence for metal coordination is 

for Cadmium and Copper, to the virtual exclusion of all other metals that induce class III 

metallothionein synthesis. Class HI metallothioneins have been found to exhibit a Cd:Cys 

ratio of 1:2 - 1:3 (Murasugi et al., 1981; Rauser, 1984; Grill et al., 1985; Lue-Kim and 

Rauser, 1986; Bernhard and Kâgi, 1987). Though higher ratios of 1:4 (Strasdeit et al., 

1991) and 1:6 (Rauser and Glover, 1984) have been also been found. For Copper 

complexes Cu:Cys ratios range from 1:2 to 1:6 variations systematic of the difficulty in 

keeping the oxidation state of the Copper unchanged during purification (Rauser, 1990).

1.6.4 Class I metallothionein induction

The synthesis of metallothionein is homeostatically regulated in cells and organisms when 

exposed to heavy metals. This is now known to result from increases in the rate of 

metallothionein gene transcription mediated through interactions between upstream 

regulatory DNA sequences and unidentified cellular factors. Metallothionein gene 

transcription is also induced, in some mammalian cells, by glucocorticoids, interferon, and 

stress conditions. At more complex levels, metallothionein expression can be altered by 

changes in gene structure, such as amplification and méthylation, and by cellular 

differentiation and development (Hamer, 1986).
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1.6.5 Class n i  metallothionein induction

Metal-binding complexes in significant amounts have not been found in cells or tissues 

before exposure to excess metal. Though a small amount does exist possibly due to the 

presence of heavy metals in the nutrient taken in.

Exposure of cells, plant cell suspension cultures, or roots of intact plants to excess Cd^  ̂

causes the appearance of Cd-binding complexes discussed earlier. In S. pombe, excess 

Cu^  ̂ generates Cu-binding complexes (Hayashi et al., 1986; Mehra and Winge, 1988; 

Reese et at., 1988; ) as can Zn^ ,̂ Pb^  ̂ and Ag^ (Grill et at., 1986a). However, the view 

that Cd^  ̂ is the most potent inducer of class III metallothioneins in S.pombe deserves 

caution because of the various concentrations of metals used (Grill et al., 1986a). The 

same can be said for plants (Grill et al., 1987; Tukendorf and Rauser, 1990). However, 

it is not only metals that are able to induce cadystins, tetramethylthiuram has also been 

found to be an inducer in S.pombe (Mutoh et al., 1991a).

The y-carboxyamide bonds in class III metallothioneins are not known to be synthesised 

by ribosomes (Robinson et al., 1988) and there is no known direct structural gene for the 

translation of p-Ala present in homo-glutathione complexes (Grill etal., 1986b). Also, the 

addition of cycloheximide inhibited overall protein synthesis but still allowed class III 

metallothionein production (Scheller et al., 1987, Robinson et a i, 1988). Because of this, 

the biosynthesis of glutathione and/or homo-glutathione related class in metallothionein 

is thought to involve glutathione and/or homo-glutathione. This assumption has been 

supported by various experiments (Grill et al., 1986b).

1) Glutathione is synthesised enzymatically in two steps. The y-carboxyl group of 

glutamic acid is linked to the amine group of cysteine by y-glutamylcysteine synthetase 

(EC 6.3.2.2) to form y-glutamylcysteine. The amine group of Glycine is then added to the 

carboxyl group of the cysteine by glutathione synthetase (EC 6.S.2.3) to form glutathione 

(Mutoh and Hayashi, 1988). Mutants of S. pombe showed a lack of activity for either y- 

glutamylcysteine synthetase (EC 6.3.2.2) or glutathione synthetase (EC 6.3.2.3) or normal 

activity. However, non were able to synthesise Cd-binding class III metallothioneins. This 

indicated that only some steps in cadystin production involved glutathione in the
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biosynthetic pathway (Mutoh and Hayashi, 1988). The strains with high activities of both 

enzymes but unable to produce cadystin were assumed to lack the putative 

(y-Glu-Cys)n-Gly synthetase(s).

2) Buthione sulfoximine (BSO), is an inhibitor of y-glutamylcysteine synthetase 

(Griffiths and Meister, 1979; Howden and Cobbett, 1992), it reduces the synthesis of class 

III metallothioneins (Grill et al., 1986a, 1987; Steffens et al., 1986; Reese and Wagner, 

1987a; Scheller et al., 1987; Mendum et a i, 1990; Rüegsegger et a i, 1990; De Knecht 

et a i, 1992; Howden and Cobbett, 1992). However, the effects of BSO can be overcome 

by further addition of exogenous glutathione which restores Cd-binding class in 
metallothionein synthesis, so that biosynthesis is now independent of y-glutamylcysteine 

synthetase (Scheller et a i, 1987; Mendum et a i, 1990). This further identifies glutathione 

as being part of the biosynthetic pathway of class in metallothioneins.

3) Glutathione levels in cells, fall upon exposure to heavy metals, possibly causing 

oxidative stress (Ric De Vos et a i, 1992). This initial fall in glutathione levels has been 

found to be equal to the level of class ni metallothioneins formed (Berger et a i, 1989). 

However, the addition of cysteine was found to maintain cellular glutathione levels against 

depletion upon exposure to cadmium. Thus it seems that upon exposure to heavy metals 

a limiting amino acid substrate pool will cause the subsequent use of the glutathione 

molecule in the biosynthesis of class in metallothioneins.

We know that glutathione is the starting point for the production of class Ifi 

metallothioneins (Mendum et a i, 1990). However, knowledge of the kinetics of chain 

extension starting with glutathione would be a step toward describing the putative 

(y-Glu-Cys)n-Gly synthetase(s) used in the final production of class HI metallothioneins. 

The gene encoding the large subunit of glutathione synthetase for S.pombe has already 

been cloned and sequenced (Mutoh et a i, 1991b).

A transpeptidase isolated from Silene cucubalus has been found to transfer the y-Glu-Cys 

dipeptide of glutathione or (y-Glu-Cys)g-Gly peptides to acceptor glutathiones or other 

(y-Glu-Cys)n-Gly peptides (Grill et a i. 1989). A similar enzyme may also have this 

function in S.pombe and C.glabrata. The specificity of metal tolerance for the enzyme
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may be the reason why some metals are less effective than others in inducing class HI 

metallothioneins. However, once induced, the synthesis of (y-Glu-Cys)n-Gly peptides as 

a response to Cd^  ̂ occurs almost without lag, producing (y-Glu-Cys)2-Gly then (y-Glu- 

Cys)3-Gly (Grill et a/., 1986a, 1987; Hayashi et o/., 1988; Robinson et.al., 1988). Further 

class III metallothionein production where the y-Glu-Cys dipeptide repeat n = 4 and so 

on can take several hours depending on the organism. The reason for this is thought to 

be a time consuming sequential addition of y-Glu-Cys to glutathione to produce the larger 

peptides (Grill et o/., 1986a, 1987). The levels of desglycyl peptides also increase with 

time, being formed by the transfer of the y-Glu-Cys dipeptide of glutathione to the y-Glu- 

Cys dipeptide that is the precursor to glutathione. A second reasoning could be that 

glycine is removed from (y-Glu-Cys)„-Gly peptides by carboxypeptidase hydrolysis to 

form the y-Glu-Cys dipeptide (Kon-ya et al., 1990).

Attempts to study the sequential growth in chain length of class III metallothioneins have 

been carried out in cell free systems and it is suggested that there are two routes. One 

route involves y-Glu-Cys dipeptidyl transfer and the other, y-Glu-Cys polymerisation 

followed by glycine addition with glutathione synthetase (Hayashi et al., 1991).

1.6.6) Class 1 metallothionein function

The function of metallothionein has been debated ever since its discovery. A role in metal 

metabolism or detoxification is strongly suggested because of the ability of 

metallothionein to both bind to, and to be induced by, heavy metal ions. A large body of 

corroborative evidence for such roles has been gathered, and recently it has been possible 

to directly test their validity through gene transfer and replacement experiments. Other 

possible functions suggested for metallothionein, but still untested, include control of the 

intracellular redox potential, activated oxygen detoxification, or sulphur metabolism.
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1.6.7 Class n i metallothionein function

1.6.7.1 Homeostasis

The functional aspects of class III metallothioneins in metal ion detoxification are thought 

to be similar to those of class I metallothioneins. However, the field is in the early stages 

of development, particularly for the essential micronutrients copper and zinc.

Heavy metals can interfere with the sulphydryl groups of proteins. However, temporary 

sequestration of these ions by metallothioneins could lower the free metal ion 

concentration, thus allowing undisturbed metabolism. Also, as new apoenzymes are 

formed, metallothioneins may be able to supply the required metal ion co-factor if the 

stability constants are sufficiently low (Hamer, 1986). However, this can not always be 

the case if the metal ion is bound too tightly (Reese et al., 1988).

Oligosaccharides are also capable of inducing the production of class III metallothioneins. 

It is thought that chemical signals caused by oligosaccharides increase the influx of zinc 

ions into the cell. The zinc is then stored as a complex with the class III metallothioneins 

and again may be used for the activation of apo-enzymes synthesised as a result of the 

defence reaction. The peptides themselves may also act as cofactors (Steffens et at., 

1986).

Free radicals may also be detoxified by class III metallothioneins, like the biological 

function of class I metallothioneins. Here, class HI metallothioneins may have a role in 

the elimination of harmful oxygen or hydroxy radicals because of their strong reducing 

capacity. Grill et al. (1987) claim class HI metallothioneins may be a degradable storage 

product and so play a role in the provision of essential heavy metals (Howden and 

Cobbett, 1992). However, Schat and Kalff (1992) tentatively ask the question for the 

degree of phytochelatin involvement in metal homeostasis.
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1.6.7.2 Influencing sulphur metabolism

Steffens et al. (1986) have proposed that class III metallothioneins are the acceptors of 

the products of sulphate reduction, namely sulphide. This is backed up by the fact that 

sulphide is released as H2S upon acidification of the metallothioneins induced in both 

plant and microorganism by the addition of Cd^  ̂ (Murasugi et at., 1983; Weber et a i, 

1987; Reese and Winge, 1988; Dameron and Winge, 1990; Reese e ta i ,  1992; Rüegsegger 

and Brunold, 1992). Cadmium stimulated sulphate reduction probably occurred in 

C.glabrata, S.pombe and tomato plants with the production of class XU, metallothionein 

coated intracellular CdS quantum semiconductor crystallites (Dameron et al., 1989).

Acid-labile sulphide has to date only been found in cadmium induced class HI 

metallothioneins. This may be a highly specific metabolic pathway to deal with the non- 

essential cadmium or a highly accentuated normal general function yet to be discovered 

for the essential elements (Rauser, 1990). Two, purine biosynthetic enzymes are thought 

to be part of the metabolic pathway for CdS crystallite formation in S.pombe by providing 

sulphur intermediates which eventually form the inorganic sulphide of the CdS lattice 

(Juang et al., 1993).

1.6.7.2.1 Inorganic Sulphide Content

Class n i  metallothioneins where the y-Glu-Cys dipeptide repeat n = predominantly 3 or 

4 can be induced in S.pombe by the presence of cadmium salts. There are two forms 

induced, cadmium binding peptide 1 (Cd-BPl) and cadmium binding peptide 2 (Cd-BP2). 

The two differ to each other in molecular size, charge properties and cadmium content 

(Murasugi et al., 1981a). Cd-BPl consists of the polypeptide chain, cadmium and acid 

labile inorganic sulphur, whilst Cd-BP2 consists only of the polypeptide chain and 

cadmium (Murasugi et al., 1981a; Hayashi et al., 1988).

Cd-BPl exists as a heterogenous population of complexes, each complex having a specific

UV spectral property depending upon its molar ratio of cadmium to polypeptide and acid

labile inorganic sulphur (Reese and Winge, 1988; Reese et al., 1992). Thus, specific
49



electronic transitions seen in ultraviolet (UV) spectra depend on the size of the Cd-S core 

of the complex (Dameron et al., 1989a) and the peptide coating. Typical isolates of Cd- 

BPl from S.pombe show a shoulder of electronic absorption at 260-280 nm and an 

absorption peak between approximately 310-320 nm. The peak is due to CdS crystal 

lattice bonds. However, this peak becomes a shoulder that is blue shifted as the S/Cd ratio 

is decreased (Dameron et al., 1989a). That is, as the size of the crystal lattice decreases. 

Typical C.glabrata crystallites do not exhibit the electronic shoulder of absorption, only 

an absorption peak at approximately 320 nm. No electronic shoulder of absorption exists 

because the crystallites are more homogenous with respect to their sulphide content and 

thus crystal lattice size, Cd-BPl, only being produced. Cd-BPl complexes are nanometer- 

scale quantum semiconductor crystallites whose exact structure are not yet known 

(Dameron et al., 1989a, 1989b; Dameron and Winge, 1990a, 1990b; Reese et al., 1992; 

Mehra et al., 1994). Inorganic sulphur stabilizes the Cd-BPl crystallites. Those containing 

more of the inorganic sulphide are the most stable (Reese and Winge, 1988).

The cadmium-to-polypeptide molar ratio of CD-BP2 complexes is lower than that of any 

species of Cd-BPl and because they lack inorganic sulphide will not act as a quantum 

semiconductor crystallite.

Larger, extracellular CdS crystallites from S.pombe and C.glabrata have a 365 nm 

absorption peak. The spectral shifts in absorption peak of crystallites from both yeasts 

reflect the size differences of the CdS core.

CD spectra obtained for Cd-BPl (CdS crystallites) are unlike any CD spectra reported so 

far for other classes of metallothionein, having a single negative band at 273 nm and a 

positive band at 254 nm. UV spectra do not reflect the differences evident from CD 

measurements (Plocke and Kâgi, 1992).
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1.7 CdS QUANTUM SEMICONDUCTOR CRYSTALLITE PRODUCTION

I.7.I Fermentation media

S.pombe is usually grown on a complex medium containing 20 g/L D-glucose, 20 g/L 

tryptone and lOg/L yeast extract. However, tryptone has sometimes been replaced by 

polypeptone. Defined media has also been used but this required the use of larger volumes 

of media than would be required if using a complex medium thus increasing cost (see 

APPENDIX A).

Fermentations of yeast cultures carried out to produce quantum semiconductors have, to 

date, mostly been carried out in shake flasks. These are vigorously shaken to ensure 

adequate aeration. The initial pH of media is not mentioned, but according to De Queiroz 

and Pareilleux (1990) the specific growth rate of S.pombe is the same between the pH 

range 3-6. The temperature for growth of the yeast is usually 30°C though a temperature 

of 37°C is said to still induce the production of class HI metallothioneins. However, it is 

not known whether quantum semiconductors are formed. At this temperature the yeast is 

more sensitive to cadmium salts, though class III metallothionein production may be a 

response to temperature stress (Mutoh and Hayashi, 1991).

1.7.2 Induction

Various cadmium salts have been added to S.pombe cultures to induce the production of 

quantum semiconductors, though CdCli is frequently used. The salt, usually added to give 

a final concentration of 1 mM is usually added to an exponentially growing culture in 

complex media. However, CdSO  ̂ has been added to defined media at the start of culture 

growth (See APPENDIX A for production method Tables). Yeast plasma membrane 

ATPase is indicated in direct metal uptake (Fuhrmann, 1973; Fuhrmann et a i, 1974). 

Thus, to maximise metal uptake for the production of quantum semiconductor crystallites 

it would appear beneficial to add the metal in the presence of the carbon source used for 

growth as yeast plasma membrane ATPase can be inactivated by up to 80% in the absence 

of a carbon source (Amigo et a i, 1993).
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Harvesting of cultures has taken place between 2 hours and 6 days after induction, though 

this has depended on the experiment being carried out. Researchers may be trying to 

determine the biosynthetic pathway of class in metallothioneins whereby frequent samples 

must be taken, or trying to produce as much quantum semiconductor material as possible 

when there would be a complete harvest after a suitable time period.

The salt added, its final concentration, the time of addition to the cultures and the 

optimum time for harvesting has not been optimised. One reason for this is that only 

recently has the potential of using the crystallites been shown.

1.7.3 Properties

Nanometer sized semiconductor-type crystallites do not exhibit respective bulk electronic 

properties due to the confinement of electrons and holes in a small volume. This results 

in the crystallites showing size dependent optical properties and an enhanced redox 

potential for excited electrons due to an increased band gap energy and surface effects. 

These properties begin in CdS crystallites when their diameter is less than 10 nm. Here, 

the surface related effects such as luminescence will be more apparent in the crystallites 

than the respective bulk semiconductor because of the larger surface area/volume ratio.

The process of quantum semiconductor formation can be mimicked in vitro with y-Glu- 

Cys peptide complexes or other cysteine thiolate containing peptides such as acysteine 

containing peptides. Peptides of a-Glu-Cys stabilise crystallites with higher energy band 

gap transitions than those coated by y-Glu-Cys peptides. This could be due to the 

stabilisation of smaller crystallites or to the presence of a different crystal lattice structure. 

Cadmium sulphide is known to form three different crystal lattice structures which form 

three different minerals. These are wurtzite, zinc blende and, under high pressure, rock 

salt (Dameron and Winge, 1990b).
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1.7.3.1 Photoexcitation spectra

The 2 nm CdS crystallites produced by C.glabrata luminesce in the visible spectral region 

when subjected to ultraviolet irradiation. One sample (S:Cd ratio 0.6) exhibiting a near

ultraviolet transition at 313 nm showed an emission peak (luminescence) between 450-460 

nm when irradiated at 350 nm. Of course, it must be remembered that this emission peak 

is only characteristic of this sample. Other samples containing a slightly different S:Cd 

ratio and different diameter will show a slightly different near-ultraviolet transition and 

emission peak wavelengths (Dameron and Winge, 1990b).

1.7.3.2 Addition of sulphide

Luminescence is accentuated by adding substoichiometric amounts of sodium sulphide 

(which is known to facilitate crystallite aggregation) and also with the addition of 

substoichiometric amounts of Zn^  ̂and Cd^ .̂ However, similar quantities of Ni^  ̂and Cû + 

quench luminescence. Luminescence of low sulphide forms is not effected by these metal 

ions.

Addition of sulphide to S.pombe CdS crystallites selectively enriched the peptide coating 

to contain longer peptides (Dameron and Winge, 1990b)

A dilute sample of C.glabrata crystallites not showing any definite emission, when 

titrated with increasing substoichiometric amounts of sodium sulphide showed an increase 

in emission intensity (Dameron and Winge, 1990b). This is thought to be due to sulphide 

ions becoming part of the lattice and thus increasing the S/Cd ratio. What is also 

interesting is that although the relative emission intensity at 470 nm increased, the 

emission wavelength apparently did not. However, other experiments have shown that 

increasing the S/Cd ratio by addition of increasing amounts of sodium sulphide shifts the 

excitation maximum and emission peak wavelengths to the red by increasing the diameter 

of the crystallite. This increased crystallite diameter explanation is backed up by the 

ultraviolet-visible absorption transition also being red shifted.
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1.7.3.3 Reduction of methyl viologen

C.glabrata CdS crystallites are able to reduce colourless methyl viologen (under anaerobic 

conditions) to give the reduced form which has a blue coloration. This exhibits 

characteristic absorption near 600 nm. However, this will only work if the sample shows 

luminescence to some degree. Obviously the more the better (Dameron and Winge, 

1990b).

1.7.3.4 Stability

1.7.3.4.1 pH effects

Crystallites from S.pombe and C.glabrata are stable at neutral pH in buffers containing 

0-1 M KCl, and at low temperatures. However, acidification of C.glabrata crystallites 

below pH 5.0 leads to crystallite aggregation which is shown by a red shift in the near

ultraviolet transition, whilst acidification of S.pombe crystallites sharpens the near

ultraviolet electronic transition (absorption peak) at ~310 nm; presumably due to 

labilisation of low sulphide forms of the crystallite. This is concomitant with only a 

minimal red shift in the near-ultraviolet electronic transition. Thus, S.pombe crystallites 

are more stable than C.glabrata crystallites to aggregation under acidic conditions 

(Dameron and Winge, 1990b).

Not only does the source of the class III metallothioneins and the associated metal dictate 

the pH of half dissociation of the metal-thiol bonds (the metal binding capability) but so 

does the length of the peptide chain (Hayashi et al., 1988). Hayashi et al. (1988) 

compared glutathione (y-Glu-Cys-Gly) with (y-Glu-Cys)n-Gly where n = 2 and 3 for their 

ability to bind Cd. It was found that the longer the polypeptide chain length the more 

acidic the pH of half dissociation. Thus, crystallites coated by longer peptide chains have 

a higher affinity for Cd and are thus more stable to acidification (Dameron and Winge, 

1990b).

S.pombe is known to exhibit two forms of class HI metallothioneins which either have an
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associated acid-labile sulphide content (Cd-BPl) or not (Cd-BP2). Cadmium is bound 

more strongly in complexes which have this associated acid-labile sulphide and so are the 

more stable with respect to acidification (Reese et al., 1988).

Emission spectra of C.glabrata crystallites can be abolished by acidification because the 

crystal lattice structure is broken. Sulphide is released as hydrogen sulphide. A relatively 

high pH of half dissociation of the metal-thiol bonds is apparent.

1.7.3.4.2 Temperature effects

Exposure of CdS crystallites to elevated temperatures led to a time dependent red shifting 

of the absorption peak to lower energies in C.glabrata crystallites (Dameron and Winge, 

1990b). This is indicative of crystallite aggregation. However, the same elevated 

temperature only sharpened the transition of S.pombe crystallites. This is thought to be 

due to labilisation of low sulphide forms of the crystallite. Red shifting of the transition 

was not apparent.

The fact that S.pombe crystallite transitions can be sharpened by elevated temperatures and 

that C.glabrata crystallite transitions are not is indicative of the S.pombe crystallites being 

more heterogenous than the C.glabrata crystallites. Also, the fact that S.pombe crystallites 

were less susceptible to red shifting indicates that crystallites coated with n = 3 and 4 

dipeptide repeats, ie. longer peptides, are more stable to crystallite aggregation than those 

coated with n = 2 dipeptides, ie shorter peptides. Thus, S.pombe crystallites are more 

stable than C.glabrata crystallites with respect to temperature.

1.7.3.4.3 Sulphide mediated aggregation

Addition of 1 molar equivalent sodium sulphide to C.glabrata crystallites ~2 nm in 

diameter, red shifted the near-ultraviolet transition from ~320 nm to over 360 nm. This 

is indicative of crystallite aggregation. Crystallites having an edge transition near 365 nm 

are known to have a diameter of 2.8 nm. On addition of the same quantity of sodium
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sulphide to S.pombe crystallites, the red shift was from ~310 nm to only 320 nm. Thus 

S.pombe crystallites are more stable to sulphide induced crystallite aggregation than 

C.glabrata crystallites (Dameron and Winge, 1990b).

1.7.3.4.4 Metal chelators

EDTA is able to destroy C.glabrata crystallites by chelating the metal. However, 

equivalent amounts of EDTA are unable to effect the S.pombe crystallites. Thus the 

peptides where n = 3 and 4 dipeptide repeats must chelate the Cd^  ̂ more strongly than 

do the n = 2 peptides (Dameron and Winge, 1990b).

1.8 BASIC SEMICONDUCTOR PRINCIPLES

1.8.1 Band energy

The electronic properties of solids are usually described by the molecular orbital theory 

in terms of the ‘band model’. The band model describes energy bands encompassing a 

range of energies that electrons can have in a solid. In a single atom, electrons exist in 

discrete energy levels, but in a crystalline 

solid because the atoms are close together 

the orbitals of their electrons overlap so 

that they now form continuous energy 

bands (Figure 1.8.1). Each band represents 

a large number of allowed quantum states 

(Smith, 1990).

Energy

Vacant conduction band
Anti - bondUvi

Padnddcmi%ion

Filled valence band
Bonding

Figure 1.8.1 The semiconductor band model.
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1.8.2 Metals

In a metal the bonding and anti-bonding molecular orbitals (valence and conduction 

bands) overlap so that the conduction band is also partially filled. The loosely bound 

electrons form a mobile ’electron gas’ where an electron can move easily between the 

filled and vacant electronic energy levels of the valence and conduction band at virtually 

the same energy (Figure 1.2.3.a). The number of readily available electrons able to impart 

electrical conductivity (when an electric field is applied) is high in metal lattices. This 

number of available electrons is not increased significantly with increased temperatures. 

In fact, electrical conductivity in metals decreases with increased temperature as the 

mobility of the electrons in the conduction band falls. Because of this, high conductivity 

in metals is best achieved at normal temperatures.

1.8.3 Semiconductors

The bonding energy levels of atoms in a semiconductor are almost filled by electrons and 

form the valence band, whilst the anti-bonding energy levels are almost empty and form 

the conduction band. These two bands are separated by a forbidden region, a region where 

no allowed energy levels exists for electrons (Figure 1.2.3.a). This forbidden region gives 

rise to a band gap energy Eg, an energy which an electron must surpass to be able to 

move from the valence band to the conductance band to impart semiconducting capability 

(Figure 1.8.1). Electrons under thermal or photo excitation, traverse the band gap and so 

move from the valence band to the conduction band. Under an applied electric field the 

material will now conduct. Electrical conductivity of semiconductors, unlike metals, 

rapidly increases with increasing temperature. The reason for this is that more electrons 

leave the valence band and enter the conduction band than would occur at normal 

temperatures. Because of this, the slight fall in electron mobility with increased 

temperature can be neglected when considering semiconductors as conducting materials.

Electrical conduction occurs as a result of a net movement (under the influence of 

temperature and an applied electric field) of electrons from the filled valence band into 

the empty conduction band where the electrons are now able to move freely, leaving
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behind holes in the nearly full valence band, which also now move freely. A hole behaves 

as if it were an electron with a positive charge.

1.8.3.1 Intrinsic semiconductors

Semiconducting materials which produce equal numbers of electrons and positive holes 

in conduction and valence bands by thermal excitation are called intrinsic semiconductors

i.e. Silicon. Pure silicon has a band gap, = 1.1 eV and is an insulator at room 

temperature (Figure 1.8.3. La), only acting as a semiconductor at higher temperatures 

(Figure 1.8.3. l.b). Silicon is an insulator at room temperature because the band gap energy 

is too large for electrons to attain and cross at room temperature, higher temperatures 

being required to excite electrons from the valence band into the conduction band to 

impart semiconducting capability. Materials with band gap energies Eg> 1.5 eV are 

insulators because few if any electrons can be excited to jump from the valence band to 

the conduction band simply by thermal excitation (Guinier and Jullien, 1989).

Valence baad

Figure 1.8.3.1.a shows the intrinsic semiconductor silicon has a perfect crystal lattice 
where all electrons are confined to the valence band and no positive holes exist. Figure 
1.8.3.l.b shows that at higher temperature, electrons are promoted to the conduction 
band,leaving positive holes in the valence band and broken lattice bonds.
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1.8.3.2 Extrinsic semiconductors

Semiconductors also exist in which the number of electrons and positive holes produced 

after thermal excitation are not equal. These are called extrinsic semiconductors and have 

been doped with impurity atoms. The type of conduction that predominates here depends 

on the number and valence of the impurity atoms present.

Silicon atoms have a valence of four. If impurity atoms of valence five, such as arsenic, 

antimony, or phosphorus, are added to the lattice a further energy level E^, very close to 

the bottom of the conduction band of pure silicon will be introduced. At room temperature 

most of the dopant will be ionized, and free electrons will be introduced into the 

conduction band. Therefore, the electron density (n) in the conduction band does not 

reflect the hole density (p) in the valence band, since the remaining dopant are fixed in 

the energy level Ep and not the valence band. Thus, extrinsic semiconductors of this type 

give rise to crystals with electrons as major cause of conductivity, the so-called n-type 

semiconductors (Figure 1.8.3.2.a).

Ga

Valance bole

Onw&Klknhmnd # *__ *
 (?)(?)—

Valenoe band

Figure 1.8.3.2.a shows the energy bands and representation of the extrinsic semiconductor 
crystal lattice for doped n-type semiconductor and Figure 1.8.3.2.b for doped p-type 
semiconductor.
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Similarly, if the impurity atoms have a valence of three, such as boron, aluminium, or 

gallium, an energy level is created close to the top of the valence band, thus allowing 

electrons to be thermally excited from the valence band of silicon into this new lower 

energy level Eŷ , leaving positive holes in the valence band. Conductivity in this instance 

can be attributed to the positive hole density in the valence band, the so called p-type 

semiconductors (Figure 1.8.3.2.b) (Guinier and Jullien, 1989).

1.8.4 Fermi level

The Fermi level is the energy in a solid at which the average number of particles per 

quantum state is 0.5; i.e. one half of the quantum states are occupied. The Fermi level of 

conductors such as metals lies in the conduction band, in insulators such as diamond it 

lies in the valence band, and in semiconductors it lies in the gap between the valence band 

and the conductance band (Figure 1.8.3.l.b). It will be closer to the conductance band 

than the valence band in n-type semiconductors (Figure 1.8.3.2.a) and visa versa for p- 

type semiconductors (Figure 1.8.3.2.b). At absolute zero all the electrons would occupy 

energy levels up to the Fermi level and no higher levels would be occupied (Solymar and 

Walsh, 1993).

1.9 OPTICAL SENSING TECHNIQUES

Internal reflectance spectroscopy (1RS) is a technique for measuring reaction systems 

within the order a wavelength of light at a continuous surface (Harrick and Loeb, 1973). 

It is based on the optical reflection characteristics between two transparent media of 

different optical densities (refractive indices). When a light beam is totally internally 

reflected within the optically denser medium, an electromagnetic wave form (evanescent 

wave) is generated which penetrates a fraction of a light wavelength into the optically 

rarer medium. This evanescent wave is part of the internally reflected light beam and is 

the ‘sensing’ component which can optically interact with compounds close to or at the 

surface. The optical interaction can be followed as a change in the intensity of light which
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exits from the optically denser medium. This is commonly called the internal reflection 

element (IRE), and can be designed as a single (Figure 1.9.a) or multiple (Figure 1.9.b) 

reflection element. Other common names for multiple reflectance elements are 

waveguides. Waveguides allow continuous monitoring of reactions at the interface with 

minimal interference from compounds not in the vicinity of the waveguide surface.

Biological applications of 1RS devices 

have been to determine specific protein 

’concentrations in samples by monitoring 

the interaction of proteins at or with 

surfaces, the latter pretreated to make 

them either hydrophobic or hydrophillic. 

An optical technique used to do this is 

attenuated total reflection (ATR). Here, an 

optically absorbing film on the waveguide 

interface absorbs light energy from the 

evanescent wave which can be monitored 

as an attenuation of the internally reflected 

light beam (Canh, 1993).

SAMPLE
 JgL,__

Prism

light source Detector

igure 1.9.a Schematic representation of a 
single reflection prism.

The key advantages of using 1RS devices 

in immunoassays lie in their ability to 

monitor surface reactions with high 

sensitivity and without major interferences 

from the bulk of the solution. One of the 

immunological binding pair is fixed to the 

waveguide surface, and the reaction of the 

complement monitored without the need Figure 1.9.b Schematic representation of a
r . .  ̂ multiple-internal reflection prism,for a washing stage. This is because Tn ^ ^

situ’ separation occurs at the waveguide surface within the optically sensitive region of

the evanescent wave thus excluding the need for a ‘physical’ separation step .

61



1.9.1 Theoretical aspects

When a light beam irradiates the interface between two transparent media (Figure 1.9.1), 

striking the interface from the optically denser medium (ni>n2), total internal reflection 

occurs when the angle of reflection 0 is larger than the critical angle 0̂ . The critical angle 

is the angle at which refraction occurs.

8c = sinXn/nJ

The evanescent wave produced at the interface where n^>n2 penetrates a distance dp, in 

to the less optical dense medium U2. However, the evanescent wave amplitude (E) decays 

exponentially with distance from the waveguide interface. Other factors affecting the 

penetration distance of the evanescent wave are the angle of reflection, the difference in 

refractive indices of the optical media and the wavelength of light beam used. The 

penetration distance decreases with increasing 0  and increases with closer index matching 

(as n /n 2 >1). Also because dp is proportional to wavelength, it is greater at longer 

wavelengths. It is the appropriate choice of these factors to determine dp which will 

promote optical interaction mainly with compounds close to or affixed at the interface and 

minimally with the bulk solution.

The depth of penetration is one of four 

factors which determine the attenuation 

caused by absorbing films in internal 

reflection. The other factors being the 

plasmon energy, the sampling area which 

increases with increasing 0  and matching 

of the refractive index of the optically 

denser medium to that of the optically less 

dense medium which in turn controls the 

strength of the optical coupling.

E

The evanescent wave can be used to 

monitor surface reactions by a number of

Figure 1.9.1 Schematic representation for the 
generation of an evanescent wave between 
two optical media.
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optical techniques such as that of surface plasmon resonance.

1.9.2 Surface plasmon resonance

The technique and theory of surface plasmon resonance (SPR) has been studied for a 

number of years (Raether, 1977). However, as a technique, it has only recently been used 

as a chemical and biological measuring device. The technique is based on being able to 

monitor a change in thickness/refractive index of a waveguide surface as immunological 

material is bound to the complement which has been fixed to the waveguide surface in 

immunoassays.

Surface plasmons exist in material where the electrons can move freely such as in metals 

and in semiconductors. The plasmons represent charge energies which are produced by 

surrounding electrical fields which can couple with high frequency electromagnetic fields 

extending in to space. Surface plasmons can be excited by light or electron beams. Two 

types of plasmon can be distinguished: radiative and non radiative. For sensing 

applications, non-radiative plasmons produced by light are of most interest. This plasmon 

is characterised by an exponential decrease of the electric field with distance from the 

boundary. The non-radiative plasmons are generated by a light beam producing an 

evanescent wave at the internal reflection element/metal layer interface, the evanescent 

wave then exciting the plasmons. The optical configuration is the attenuated total 

reflection, or prism arrangement called the

Kretschmann configuration (Figure 1.9.2). 

The glass prism with refractive index n̂  is 

irradiated with incident light at the prism 

base at an angle 0. The probed region 

below the prism base has a refractive 

index %, where ni>ng. The characteristic 

of SPR is the metal layer between the 

prism and the sample which could be 

made of gold, silver, aluminium or copper. 

When the incident field is p-polarised and

/ I l
i t f

Sample 
Metal layer

Prism

Light source Detector

Figure 1.9.2 Method of exciting 
non-radiative plasmons.0  is the incident 
angle of the light; n ,̂ nj and n̂  are the 
refractive indices of the glass prism, metal 
layer and sample respectively.
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the angle of incidence 0  is such that the photon momentum along the surface matches that 

of the plasmon, light can couple to the electron plasma in the metal. This is the surface 

plasmon resonance. It can be seen in the intensity of the totally reflected light as a sharp 

drop in transmission as a function of the angle of incidence. The surface plasmon 

resonance creates an evanescent wave in the sample of refractive index n̂  of amplified 

sensitivity than would exist without the metal layer. The angular position of incident light 

required to produce the surface plasmon resonance and ultimately the highly sensitive 

evanescent wave is extremely sensitive to the refractive index of the % medium, the 

sample. For example changing % from air (n3= 1.0 ) to water (03=1.33) shifts the angle of 

incident light required to produce the surface plasmon resonance from 43° to 8°, using a 

silver film and HeNe light source (Leidberg et al., 1983). Since the electric field probes 

the 03 medium only a few hundred nm from the metal surface, the resonance is very 

sensitive to thin films at that surface. Measuring the attenuated reflection as a function of 

incident angle at fixed wavelength, angular shifts of the order 0.0005° have been measured 

(Eagen and Weber, 1979).

1.9.3 Practical considerations

The simplest internal reflection element is the single reflection prism which is generally 

used at a fixed angle 0  with sample liquids held at the reflecting surface by a flow cell 

arrangement (Van Wagenen et a i, 1982). However, this system is not generally sensitive 

enough for immunoassay monitoring. Instead, multiple internal reflection elements (Figure 

1.9.b) are used which increase the sensitivity of the system. The number of internal 

reflections is increased by increasing the length of the waveguide and/or making it thinner. 

However, a compromise has to be reached depending upon the speed of reaction at the 

waveguide surface. The waveguide has to be long enough for enhanced sensitivity, but 

short enough to avoid filling delays. Also, an extremely thin waveguide makes it more 

difficult for light to enter and so there may be problems with light loss through 

absorption, refraction and scattering.
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1.9.4 Material requirements

When choosing an optical material for IREs, consideration should be given to optical 

characteristics (refractive index, wavelength transmission limits, surface quality), 

mechanical characteristics (hardness, brittleness) and chemical characteristics (inertness, 

adsorption efficiency of proteins, availability of chemical groups for covalent attachment).

1.9.5 Immunoassays

The intrinsic sensitivity of direct SPR immunosensors is rather poor as large 

antigen/antibody reactions are required to be able to produce a monitorable change in 

surface refractive index i.e. human serum albumin (HSA - and HSA) (Flanagan and 

Pantell, 1984). A test for small molecules such as haptens requires careful choice of assay 

format and/or the use of a refractive index label. Also the measurement of refractive index 

change makes these sensors susceptible to interferences from nonspecific binding, 

temperature fluctuations and sample absorbance (Cullen and Lowe, 1990). One method 

of increasing sensitivity for monitoring small antigen/antibody reactions is to use indirect 

SPR. The immunosensor employs a label such as an enzyme or fluorophore to provide the 

detected signal. Mouse monoclonal antibodies raised against hCG have been used as an 

antibody/antigen reaction, employing rhodamine fluorophores to label the antibodies. This 

technique is more sensitive but requires more sophisticated equipment (Attridge et al., 

1991).

Optical sensing techniques are developing at a fast rate, not only in their sensitivity but 

also in the varied systems used. Along with this, different systems are compared to 

determine their limitations (Flanagan, et at., 1988) and for their applicability as 

multipurpose sensors of varied reactions (Lukosz, 1991). All this leads to the development 

of rapid optical immunosensing techniques for the waiting market (Robinson, 1991).

AIMS

The aim of this thesis was to determine factors involved in optimising the production and 

purification of cadmium sulphide (CdS) quantum semiconductor crystallites from the fission 

yeast Schizosaccharomyces pombe. Once this had been addressed, the possibility of using the 

CdS crystallites as part of a surface plasmon resonance based biosensor were to be 

investigated. 165



2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Microorganism

All work was carried out using the fission yeast Schizosaccharomyces pombe L972h'^ 

which was obtained from the American Type Culture Collection (Rockville, M.D. U.S.A.).

2.1.2 Chemicals

All chemicals were Analar grade unless specified.

Chemical Supplier

Ammonium hydroxide Sigma Chemical Company, Poole, U.K.

Ammonium sulphate Sigma Chemical Company, Poole, U.K.

Boric acid Sigma Chemical Company, Poole, U.K.

Bovine serum albumin Sigma Chemical Company, Poole, U.K.

Cadmium chloride Sigma Chemical Company, Poole, U.K.

Cadmium sulphate Sigma Chemical Company, Poole, U.K.

Calcium pantothenate BDH Ltd., Poole, U.K.

Cobalt chloride BDH Ltd., Poole, U.K.

Copper sulphate BDH Ltd., Poole, U.K.

D-biotin BDH Ltd., Poole, U.K.

D-[+]-Glucose BDH Ltd., Poole, U.K.

(anhydrous)

D-[+]-Glucose Sigma Chemical Company, Poole, U.K.
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Chemical Supplier

N,N-Dimethyl-p- 

phenylenediamine mono 

hydrochloride

Sigma Chemical Company, Poole, U.K.

Di-potassium

orthophosphate

BDH Ltd., Poole, U.K.

EDTA.di-Sodium BDH Ltd., Poole, U.K.

Ferrie chloride Sigma Chemical Company, Poole, U.K.

Ferrous sulphate Sigma Chemical Company, Poole, U.K.

Hydrochloric acid BDH Ltd., Poole, U.K.

Iodine solution BDH Ltd., Poole, U.K.

Manganese sulphate Sigma Chemical Company, Poole, U.K.

Magnesium sulphate Sigma Chemical Company, Poole, U.K.

Meso inositol Sigma Chemical Company, Poole, U.K.

Nicotinic acid Sigma Chemical Company, Poole, U.K.

Polyethylene

glycol
BDH Ltd., Poole, U.K.

Potassium di

orthophosphate

BDH Ltd., Poole, U.K.

Potassium chloride BDH Ltd., Poole, U.K.

Potassium iodide BDH Ltd., Poole, U.K.

Pyridoxine

hydrochloride

BDH Ltd., Poole, U.K.

Sodium azide (GPR) BDH Ltd., Poole, U.K.

Sodium chloride BDH Ltd., Poole, U.K.

Sodium hydroxide 

pellets (GPR)

BDH Ltd., Poole, U.K.
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Chemical Supplier

Sodium molybd ate BDH Ltd., Poole, U.K.

Sodium sulphide Sigma Chemical Company, Poole, U.K.

Sodium thiosulphate BDH Ltd., Poole, U.K.

Starch BDH Ltd., Poole, U.K.

Thiamine hydrochloride BDH Ltd., Poole, U.K.

Tris/mes buffer Sigma Chemical Company, Poole, U.K.

Trizma base buffer Sigma Chemical Company, Poole, U.K.

Tryptone Oxoid Ltd., Basingstoke, U.K.

Yeast extract agar Oxoid Ltd., Basingstoke, U.K.

Yeast extract Oxoid Ltd., Basingstoke, U.K.

Zinc acetate BDH Ltd., Poole, U.K.

Zinc sulphate BDH Ltd., Poole, U.K.

2.1.3 Media

All media were sterilised by autoclaving for 20 minutes, 12TC and 15 psig.

2.1.3.1 Solidified growth media

Agar medium was used as a source for single, pure colonies of S.pombe. YET agar 

medium (400 ml) was made up in a 1 L conical flask. Yeast extract (YE) agar 1% (w/v) 

and tryptone (T) 2% (w/v) final concentration, were dissolved in 380 ml deionised water. 

The medium was adjusted to pH 5.3 with HCl and sterilised. A concentrated glucose 

solution was made up by dissolving 8 g glucose in 2 0  ml deionised water and sterilised 

separately from the above. After autoclaving, and when cooled enough to be handled, the 

sterile glucose solution was added to the medium and mixed to give a final glucose 

concentration 2% (w/v). Plates were immediately poured in sterile petri dishes.
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2.1.3.2 Liquid fermentation media

2.1.3.2.1 Yeast extract-tryptone (YET)

Yeast extract-tryptone medium is a complex medium containing Yeast extract (YE), 

tryptone (T) and glucose to final concentrations of 1%, 2% and 2% (w/v) respectively. 

One litre of this medium was made up by dissolving Yeast extract (10 g) and tryptone (20 

g) in 960 ml deionised water, adjusted to pH 5.3 with HCl and sterilised. A separate 

glucose solution was made up by dissolving glucose (20 g) in 40 ml deionised water and 

sterilised separately, being aseptically added to the above medium when required.

2.1.3.2.2 Modified defined minimal medium

See Table for contents of defined minimal medium.

Fiechter Medium (from Fiechter 1966)

Part A gA.

Salt (see part B)

Glucose (anhydrous) 100

Magnesium sulphate 7H2O 1.2

Meso inositol 0.16

EDTA.di-Sodium 0.243

ml of X 200 Vitamin Stock 

(See part C)

5 ml/L

ml of X 500 Trace Element Stock 

(See part D)

2 ml/L
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Fiechter Medium (from Fiechter 1966)

Part B

Ammonium sulphate 17.8

KH2PO4 5.7

NaCl 0.1

Part C (Made as x 200 Stock)

D-biotin 0 .0001

Calcium pantothenate 0 .0 2

Nicotinic acid 0.015

Thiamine.HCl 0.004

Pyridoxine.HCl 0.01

Part D (Made as x 500 Stock)

Fe.SO4.7 H2O 0.1

ZnSO4.7H20 0.03

MnS0 4 .2H2 0 0.032

H3BO4 0.015

C0 CI2.6H2O 0.0056

NaMoO4.2H20 0.005

Kl 0 .0 0 2

CUSO4.5H2O 0.0008

70



Medium for fed-batch fermentations requires that the starting volume contains adequate 

nutrients to support growth for the final volume reached. Thus, it takes into account the 

effect of increased volume due to glucose addition, and remains glucose limiting. In all 

fed-batch fermentations carried out, a starting volume of 4 L contained the nutrients 

required for a final volume of 7 L. The fed-batch defined minimal medium was made up 

as follows: Part A (g/L x 7) except glucose (anhydrous), salt, trace elements and vitamins 

were made up in 3.2 L deionised water and sterilised in situ by an LH fermenter 7 L 

capacity described in section 2.2.2. Part B (g/L x 7) was made up in 350 ml deionised 

water and sterilised separately. When part B had cooled to room temperature, 35 ml of 

part C and 14 ml part D was added to part B. Both part C and D were filter sterilised on 

addition using a sterile syringe (Becton Dickinson, Dublin, Ireland) and sterile 0.2 pm 

aero disc filter (Millipore (U.K.) Ltd., Chester, U.K.). Finally, part B was added to part 

A in the fermenter. Thus, the minimal medium contained all nutrients except glucose for 

7 L of minimal medium within 3.6 L. A 400 ml inoculum prepared as a shake flask 

culture (see section 2.3.2.1) was added to the medium to give an initial starting volume 

of 4 L, to which a concentrated glucose solution (100 g/L) was automatically added 

according to the Lab View computer control algorithm to carry out the fed-batch 

fermentation. See section 2.3.3.3 for a description of the fermentation set up.

2.1.4 Buffers

2.1.4.1 Homogenisation extraction buffer

Potassium phosphate (25 mM), pH 7.4 was used as a buffer for CdS crystallite extraction 

from homogenised cells. This buffer (100 ml) was prepared by adding 81 ml of 25 mM 

di-potassium orthophosphate stock solution to 19 ml of 25 mM potassium di-hydrogen 

phosphate stock solution. Both stock solutions had been made up in deionised water, 

filtered through a 0.2 pm cellulose nitrate filter (Whatman International Ltd., Maidstone, 

Kent, U.K.) and kept at 4®C prior to use.
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2.1.4.2. Chromatographic buffers

2.1.4.2.1 Anion exchange chromatography

Buffer A: 50 mM Trizma base, pH 7.6, 125 mM KCl 

Buffer B: 50 mM Trizma base, pH 7.6, 500 mM KCl

Buffers A and B (1 L) were prepared by dissolving Trizma base (6.055 g) and KCl 

(9.3125 and 37.28 g respectively) in deionised water, adjusting the pH with HCl, and 

bringing to final volume. Buffers were filtered through 0.2 pm nitro cellulose filters and 

cooled to 4°C prior to use.

2.1.4.2.2 Gel filtration chromatography

Buffer A (1 L) was prepared as in section 2.1.4.2.1.

2.1.4.2.3 De-salting gel filtration

Deionised water at pH 7.0 which had been filtered through 0.2 pm nitro cellulose filters 

and cooled to 4°C prior to use was used as the mobile phase.

2.2 EQUIPMENT

2.2.1 Incubator

A New Brunswick Scientific (New Brunswick Scientific Ltd., New Jersey, U.S.A.) orbital 

shaking incubator was used when growing shake flask cultures. It was set at 30°C and 200 

rpm, shaking with a 2 inch throw.

72



2.2.2 Fermentation vessel

Batch and fed-batch stirred vessel fermentations were conducted in a 7 L capacity LH 

2000 series fermenter with LH 3000i series instrumentation (LH Fermentation Ltd., 

Reading, Berkshire, U.K.). All chemostat stirred vessel fermentations were conducted in 

a 2 L capacity LH 2000 series fermenter with LH 3000i series instrumentation.

2.2.3 Data analysis

The pH and dissolved oxygen tension during all stirred vessel fermentations were 

measured with a steam sterilizable Ingold combined electrode and polarographic probe 

respectively (Ingold, Urdorf, Switzerland). Data logging of these, for all fermentations, 

was carried out using BlOi software package (Biotechnology Computer Systems Ltd., 

U.K.), run on a microvax computer (Digital Equipment Corporation, Maynard, M.A., 

U.S.A.).

All stirred vessel fermenter inlet and outlet gases were analysed by a VG MM8 - 80 

scanning magnet mass spectrometer (VG Gas Analysis Systems Ltd., U.K.) for O2, CO2, 

N2 and Ar concentrations. Oxygen uptake rates, carbon dioxide evolution rates and 

respiratory quotients were automatically derived from gas analysis during fermentation by 

the BlOi software package, run on a microvax computer. All fed-batch fermentation gas 

analysis was additionally logged and the glucose feed rate controlled by an automatic 

control system programmed by Malcolm Gregory at UCI^. The control system was based 

on Lab View graphical programming software, installed on an Apple Macintosh Hi 

personal computer. Further details can be found in Gregory et al. (1994).

2.2.4 Ultraviolet-visible spectrophotometry

A Beckman DU-64 series spectrophotometer (Beckman Instruments Ltd., High Wycombe, 

Buckinghamshire, U.K.) was used for automatic alcohol dehydrogenase enzyme assays. 

A Beckman DU-65 series spectrophotometer was used for all optical density
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measurements, protein, glucose, ethanol and inorganic sulphide assays. A Beckman DU-65 

series spectrophotometer and Beckman DU640 series spectrophotometer were used for all 

UV-visible absorption scans of fractions eluted from chromatographic columns.

2.2.5 Centrifugation

All cells from stirred vessel fermentations were recovered by centrifugation at 25,000 x 

g (30,000 ipm) using a IP Alfa-Laval-Sharples tubular centrifuge (Pennwalt Ltd., 

Camberley, Surrey, U.K.). Ethylene glycol was used to cool the centrifuge throughout the 

procedure. Shake flask cultures were recovered by centrifugation (Europa 24 MSE 

Scientific Instruments Ltd., Crawley, West Sussex, U.K.) at 4°C and 13,000 x g for 20 

minutes using a 6 x 300 ml (MSE Europa 24) rotor pre-cooled to 4®C. Cell pastes were 

either used immediately or stored frozen at -70°C. All assays requiring centrifugation were 

carried out using a Microcentaur MSE centrifuge (Microcentaur MSE Scientific 

Instruments Ltd., Crawley, West Sussex, U.K.).

2.2.6 Homogenisation

An APV Manton Gaulin Lab 40 high pressure homogeniser (APY Ltd., Lubeck, Germany) 

with ethylene glycol cooling was used to disrupt the fission yeast cells at high pressures.

2.2.7 Chromatography

All chromatographic separations were carried out using a Pharmacia FPLC system 

(Pharmacia Biotech Ltd., Milton Keynes, U.K.) either at room temperature or at 4°C in 

a refrigerator (Lab Cold Refrigerator System, Boro labs Ltd., Aldermaston, Berkshire, 

U.K.). The FPLC chromatography system composed of a liquid chromatography controller 

LCC-500, two pumps (500 series), two single path UV-1 control units for monitoring at 

280 nm and 254 nm and an automatic fraction collector (Frac-100). Sarstedt 13 ml 

disposable collecting tubes (Sarstedt Ltd., Beaumont Leys, Leicester, U.K.) were used for
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collecting fractions.

All chromatographic columns were from Pharmacia (Pharmacia Biotech Ltd., Milton 

Keynes, U.K.). An XK 26/40 column was used for anion exchange chromatography and 

contained DE52 anion exchanger (Diethylaminoethyl cellulose, Whatman International 

Ltd., Maidstone, Kent, U.K.). The salt (KCl) gradient used in anion exchange 

chromatography was monitored using a Bio-rad conductivity meter. An HR 16/50 column 

was used for gel filtration chromatography and contained G-50 Sephadex (Pharmacia 

Biotech Ltd., Milton Keynes, U.K.). An HR 16/50 and HR 16/10 column were used for 

de-salting gel filtration chromatography and contained G-10 Sephadex (Pharmacia Biotech 

Ltd., Milton Keynes, U.K.).

All chromatographic elution data were collected using a Perkin-Elmer series 970 interface 

down loading to PE Nelson turbochrome software version 2.1 running on IBM PS/2 

personal computer.

2.2.8 Spectrophotometric

All analysis was carried out on a flame atomic absorption spectrometer (Phillips SPG Pye 

Unichem, Cambridge, U.K.) or 3100 Series (Perkin-Elmer Ltd., Beaconsfield, 

Buckinghamshire, U.K.). Absorption was measured at 229.8 nm using an acetylene-air 

flame, lamp current fixed at 5 mA and band width 0.2 nm.

2.2.9 Desiccation

All concentration and freeze drying of material was carried out by speed vacuum 

desiccation (SClOO Savant Instruments Inc., Farmingdale, N.Y., U.S.A.).
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2.2.10 Transmission electron microscope

All photographs were taken using a JeollOlO transmission electron microscope (Agar 

scientific Ltd., Essex, U.K.).

2.2.11 Fluorimetry

All luminescence determinations were carried out using a MPF44A fluorimeter which was 

temperature controlled at 25®C (Perkin-Elmer Ltd., Beaconsfield, Buckinghamshire, U.K.).

2.3 METHODS

2.3.1 Glycerol stock culture

Stock cultures were prepared by first transferring single yeast colonies from YET agar 

plates (prepared as in section 2.1.3.1) to 10 ml of fermentation medium (prepared as in 

section 2.1.3.2.1) using a flame-sterilised nichrome loop. The inoculated medium was then 

incubated in an orbital shaker (New Brunswick, Scientific Ltd.) at 30°C, 200 rpm, for 24 

hours. Culture medium (1 ml) was then, aseptically transferred to 7 ml bijou bottles 

containing 1 ml of sterile glycerol (80% v/v). The bijou bottle containing glycerol was 

pre-sterilised by autoclaving for 20 minutes at 121°C, 15 psi and then cooled before being 

inoculated. Stock cultures of S.pombe were stored -70°C.

2.3.2 Inoculum/seed strategies

Two types of inoculum/seed strategy were used. They were:

1). Shake flask inoculation (2 L)

2). Batch and fed-batch fermenter inoculation
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2.3.2.1 Flask inoculation (2 L)

A single, pure colony of S.pombe was picked off a YET agar plate and used to inoculate 

10 ml of fermentation medium (prepared as in section 2.1.3.2.1) in a sterile universal 

bottle. This was incubated at 30®C in an orbital shaker at 200 rpm. When the culture was 

in exponential growth 1 ml of the culture was transferred to a 250 ml sterile conical flask 

containing 24 ml fermentation medium (prepared as in section 2.1.3.2.1) and incubated 

as before. The 250 ml shake flask fermentation procedure was repeated 3-4 times. The 

final inoculation for the 2 L flask which contained 390 ml fermentation medium (prepared 

as in section 2.1.3.2.1) was with 10 ml of culture in exponential growth. The shake flask 

culture was then incubated as above.

2.3.2.2 Fermenter inoculation

The procedure for batch fermentation inoculation was the same as that for a 2 L flask 

inoculation (section 2.3.2.1) up to the point where 25 ml of shake flask culture was 

achieved. However, here, the complete 25 ml of culture in mid-exponential growth was 

used to inoculate 3.975 L of fermentation medium prepared in section 2.1.3.2.1. In 

chemostat fermentations the final inoculum volume to 1.490 L of fermentation medium 

was 10 ml of the shake flask culture in exponential growth. For fed-batch fermentations, 

a 400 ml inoculum was added to the 3.6 L of fermentation medium obtained as a 2 L 

shake flask fermentation as in section 2.3.2.1.

2.3.3 Fermentation

In all batch and fed-batch fermentations where cadmium sulphate was added to induce the 

production of CdS crystallites, it was added as a presterilised concentrated 3 ml solution. 

The final concentration of cadmium sulphate in the fermentation medium was 1 mM.
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2.3.3.1 Batch fermentation

Fermentations were performed at a working volume of 4 L using the 7 L capacity 

fermenter described in section 2.2.2. The sterilization of fermentation medium (prepared 

as in section 2.1.3.2.1) containing 0.1 mL.L * polyethylene glycol was carried out in situ 

at 12 rC  for 20 minutes with a steamline pressure of 2 bar. Glucose was sterilised 

separately and added aseptically to the fermenter when cool. Shake flask cultures (25 ml), 

prepared as in section 2.3.2.2 were used to inoculate the 7 L fermenter, this corresponded 

to an inoculum size of 0.625% v/v.

All ancillaries of the 7 L fermenter, including air inlet filter line, alkali and antifoam 

reservoirs and sampling line were separately sterilised in an autoclave at 121°C for 20 

minutes. Inlet air was filtered through a 0.2 pm Pall depth - filter and outlet gas filtered 

through a 0.2 pm Pall cartridge filter (Pall Process Filtration Ltd., U.K.), which was 

sterilised as part of the fermenter sterilisation.

Fermentation data analysis was carried out as in section 2.2.3, with medium pH being 

automatically maintained at pH 5.6 with 2 M ammonium hydroxide (NH/OH ). Sterile 

polypropylene glycol (sterilised at 12rC  for 20 minutes) was manually added as an 

antifoaming agent if required during fermentation.

Samples of culture broth were aseptically removed from the fermenter through a sample 

line to determine cell biomass by dry weight and optical density and glucose, ethanol, and 

cadmium concentration of the medium. Intracellular inorganic sulphide concentrations 

were also determined for the cell content of the sample (see section 2.3.6)

2.3.3.2 Chemostat fermentation

Fermentations were performed at a working volume of 1.5 L using the 2 L capacity 

fermenter described in section 2.2.2. The sterilization of fermentation medium (prepared 

as in section 2.1.3.2.1) containing 0.1 mL.L ‘ polyethylene glycol was carried out in situ 

at 121°C for 20 minutes with a steamline pressure of 2 bar. Glucose was sterilised
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separately and added aseptically to the fermenter when cool. Shake flask cultures (10 ml) 

prepared as in section 23.2.2 were used to inoculate the 2 L fermenter, this corresponded 

to an inoculum size of 1.49% v/v. All ancillaries of the 2 L fermenter, including air inlet 

filter line, alkali and antifoam reservoirs and sampling line were separately sterilised in 

an autoclave at 12rC  for 20 minutes. Inlet air was filtered through a 0.2 pm Pall depth - 

filter and outlet gas filtered through a 0.2 pm Pall cartridge filter (Pall Process Filtration 

Ltd., U.K.), which was sterilised as part of the fermenter sterilisation.

Fermentation data analysis was carried out as in section 2.2.3, with medium pH being 

automatically maintained at pH 5.6 with 2 M ammonium hydroxide (NH/OH ). Sterile 

polypropylene glycol (sterilised at 12TC for 20 minutes) was manually added as an 

antifoaming agent if required during fermentation.

Samples of culture broth were aseptically removed from the fermenter through a sample 

line to determine cell biomass by dry weight and optical density, and glucose, and ethanol 

concentrations in the medium (see section 2.3.6).

The chemostat fermentations were initially grown as batch fermentations to produce 

biomass and then the chemostat system started. Sterile fermentation medium from a 20 

L bell jar was pumped into the chemostat to give the desired dilution rate using a Watson- 

Marlow pump (Watson-Marlow, Falmouth, U.K.). But this time the fermentation medium 

(section 2.1.3.2.1) contained 1% (v/v) glucose.

In a chemostat system the value of F/V=D is known as the dilution rate, where:

F = Medium flow rate (L.h^)

V = Culture volume (L)

At a steady state, i.e. when there is no change in biomass over time, D = p where: 

p = Specific growth rate (h^)
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2.3.3.3 Fed batch fermentation

A fed-batch fermentation vessel 7 L capacity was used (see section 2.2.2). The 

sterilization of fermentation medium (prepared as in section 2.1.3.2.2) containing 0.1 

mL.L'* polyethylene glycol was carried out. Shake flask cultures (400 ml) obtained as a 

2 L shake flask fermentation from section 2.3.2.1 were used to inoculate the 7 L 

fermenter, this corresponded to an inoculum size of 10% v/v.

All ancillaries of the 7 L fermenter, including air inlet filter line, alkali and antifoam 

reservoirs and sampling line were separately sterilised in an autoclave at 12rC  for 20 

minutes. Inlet air was filtered through a 0.2 pm Pall depth-filter and outlet gas filtered 

through a 0. 2pm Pall cartridge filter (Pall Process Filtration Ltd., U.K.), which was 

sterilised as part of the fermenter sterilisation.

Fermentation data analysis was carried out as in section 2.2.3, with medium pH being 

automatically maintained at pH 5.6 with 2 M ammonium hydroxide (NH/OH ). Sterile 

polypropylene glycol (sterilised at 12 TC for 20 minutes) was manually added as an 

antifoaming agent if required during fermentation.

Samples of culture broth were aseptically removed from the fermenter through a sample 

line to determine cell biomass by dry weight and optical density, glucose, ethanol, and 

cadmium concentration of the medium. Intracellular inorganic sulphide concentrations 

were also determined for the cell content of the sample (see section 2.3.6.)

The Lab View graphical programming software provided the control algorithm which 

calculated the exponential glucose feed rate required for a predetermined growth protocol. 

For the algorithm to control a specified growth protocol, numerical inputs were required:

a) Initial biomass estimation (g/L)

b) Culture volume (L)

c) Feed concentration (g/L)

d) Pump calibration data

e) Growth yield on substrate

f) Correction for volume changes caused by base addition, feeding and sampling
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Growth of an organism at a constant specific growth rate using a fed-batch system 

requires that nutrient feed rate be pumped into the fed-batch fermenter at an exponential 

rate. Open loop control when the substrate feed rate is exponential may still allow 

substrate build up, especially if the original biomass estimate is incorrect. In the case of 

S.pombe this would lead to glucose repression and ethanol production. However, the 

incorporation of closed loop control (an RQ feedback mechanism) helps to combat this 

by leading to reduction of feed rates etc. The RQ feedback mechanism is discussed in 

section 3.5.3.1.4.

For a computer controlled (closed loop) system the following equations are required in 

the operation of the control algorithm:

F = p/Y,.x(t).V(t)

x(t) = x(t-At).e^‘

V(t) = V(t-At)+F/Sf.At

F = substrate feed rate (g.h ‘)

p = specific growth rate required (h ‘)

x(t) = dry biomass concentration (g.L'^) at time t

V = culture volume (L). Here only the addition of substrate was used to modify the 

calculated volume

Sf = concentration of fed substrate (g.L'^)

Yj = growth yield on substrate (g biomass.g substrate'^)

R = scaling factor (used to adjust substrate feed rates to achieve a desired RQ)

Using the above equations, the substrate solution was fed under the control of the Lab 

View algorithms by one of two Watson and Marlow peristaltic pumps (Watson-Marlow, 

Falmouth, U.K.) calibrated for 0-2 rpm and 2-32 rpm. Using either of the pumps, all 

required feed rates were possible. The required feed rate is sent from Lab View at pre-set 

time intervals to the pump controller (determines which pump is to be used) as ASCII 

commands which then controls pump rate by analogue voltage signal.
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The fermenter was inoculated and the feed pump rate started for a specific growth rate 

of O.lh \  The pump feed rate would increase exponentially to maintain this specific 

growth rate.

2.3.4 Cell disruption

All fresh and frozen cells (thawed to room temperature) harvested from fermentations 

which were to be homogenised were resuspended to 40 ml with homogenisation extraction 

buffer (prepared as in section 2.1.4.1) to be later divided into fractions for 

homogenisation.

a) For release measurements of section 3.6 i.e. batch fermentations E l, E2 and E3 (5 x 

8 ml) fractions were taken and each of these made up to 40 ml with extraction buffer. 

This was 4 x 10 ml fractions in the case of batch fermentations C3 and E4. Each fraction 

then underwent high pressure homogenisation (see section 2.2.6) at a selected pressure 

with 5 passes. After each pass, a sample of the homogenate was taken (0.5 ml) and 

assayed for release of protein and/or alcohol dehydrogenase and/or cadmium (section 

2.3.6).

b) For CdS crystallite purification of section 3.7 the final cell pellet was resuspended to 

40 ml with extraction buffer and then underwent high pressure homogenisation (see 

section 2.2.6) at a selected pressure. The homogenate was centrifuged at 20,000 x g 

(13,000 rpm) for 30 minutes using an MSE Europa 24 centrifuge. Supernatant was 

decanted off and filtered through a 0.2 pm cellulose nitrate filter (Whatman International 

Ltd., Maidstone, Kent, U.K.) and the cleaned supernatant kept in the fridge at 0-4°C for 

immediate purification.
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2.3.5 Chromatographic purification of CdS crystallites.

2.3.5.1 Anion exchange

A 2.6 X 40 cm chromatography column (see section 2.2.7) was prepared in buffer A (see 

section 2.1.4.2.1) and equilibrated in this buffer until the eluent had a pH of 7.6.

Cleaned supernatant was pumped on to the column at a flow rate of 2 ml/min. When the 

supernatant had been applied, the column was washed with buffer A at a flow rate of 2 

ml/min for 15 minutes, before a linear gradient was started from 125 mM to 500 mM KCl 

using buffers A and B (prepared as in section 2.1.4.2.1) at a flow rate of 2 ml/min for 60 

minutes. Fractions (8 ml) were collected.

2.3.5.2 Gel filtration

A 1.6 X 50 cm chromatography column (see section 2.2.7) was prepared in buffer A (see 

section 2.1.4.2.2) and equilibrated in this buffer until the eluent has a pH of 7.6.

Fractions chosen for further purification from the anion exchange column were pumped 

on to the gel filtration column at a flow rate of 1 ml/min. When the sample fraction had 

been applied, the column was washed with buffer A at a flow rate of 1 ml/min. Fractions 

(3 ml) were collected.

2.3.5.3 Desalting gel filtration

A 1.6 X 10 cm and 1.6 x 50 chromatography column (see section 2.2.7) were prepared in 

deionised water pH 7.0 (see section 2.1.4.2.3) and equilibrated until the eluent had a pH 

of 7.0. The fraction chosen from the gel filtration column was pumped on to the gel 

filtration column at a flow rate of 1 ml/min. When the sample fraction had been applied, 

the column was washed with deionised water at a flow rate of 1 ml/min. Fractions (3 ml) 

were collected.
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2.3.6 Assays

2.3.6.1 Biomass measurements

2.3.6.1.1 Optical density measurements

The assays were carried out using the equipment of section 2.2.4. Cell growth during 

shake flask and stirred vessel fermentations were determined by measuring the optical 

density of the culture at 660 nm against a water blank through a Perspex cuvette (1 cm 

path length) in a UV/visible spectrophotometer (see section 2.2.4). Culture broth was 

diluted with deionised water to keep the ^  value below 0.4 CD. All measurements 

were triplicated.

2.3.6.1.2 Dry weight measurements

Eppendorf tubes (1.5 ml) were placed in an oven at 105°C for at least 24 hours before 

being transferred to a desiccator to cool and then weighed. Samples (1 ml) from shake 

flask culture and fermentations were placed in pre-weighed tubes and centrifuged at 

14,000 X g (13,000 rpm) for 20 minutes at room temperature in a Microcentaur centrifuge 

(MSE Scientific Instruments Ltd., Crawley, West Sussex, U.K.) using a 16 x 1.5 ml rotor. 

The tube was then withdrawn and the supernatant taken off using a plastic Pasteur pipette. 

The cells were then resuspended in deionised water (1 ml) and centrifuged as before. This 

was repeated three times and the water decanted off. The eppendorf tube was now placed 

in a drying oven until a constant weight was attained. All cell dry weights were carried 

out in triplicate.

2.3.6 2 Protein concentration measurement

Protein concentration was found using the Bio-Rad protein assay kit (Bio-Rad 

Laboratories Ltd., Hemel Hempstead, Hertfordshire, U.K.). The assay is based on the
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findings of Bradford (1976). The absorbance maximum for an acidic solution of 

coomassie brilliant blue G-250 shifts from 465 nm to 595 nm when binding to protein. 

The assays were carried out using the equipment of section 2.2.4. A typical standard curve 

can be found in APPENDIX B. I  All assays were carried out in triplicate.

2.3.6.2.1 Homogenised samples

Samples (0.5 ml) were placed in 1.5 ml Eppendorf tubes and centrifuged at 14,000 x g 

(13,000 rpm) for 30 minutes at room temperature in a Microcentaur centrifuge (MSE 

Scientific Instruments Ltd.) using a 16 x 1.5 ml rotor. The Eppendorf tube was then 

withdrawn and the clarified supernatant taken off using a plastic Pasteur pipette. The 

supernatant (20 pi) was added to a 1.5 ml plastic cuvette and 1 ml Bradford assay mix 

added. After 5 minutes the absorbance value was read at 595 nm. Supernatant was diluted 

with homogenisation extraction buffer to keep the absorbance value below 0.4.

2.3 6.2.2 Chromatographic samples

Samples (20 pi) were taken directly from the fractions collected from the chromatography 

column and placed in a 1.5 ml plastic cuvette. Bradford assay mix (1 ml) was added as 

above and the reading taken. Supernatant was diluted with elution buffer to keep the 

absorbance value below 0.5.

2.3.6 3 Intracellular ADH concentration

The activity of ADH in samples was determined as activity units/ml according to 

Bergmeyer (1983) and converted to activity units/gDCW. Assays were carried out using 

the equipment of section 2.2.4. All assays were carried out in duplicate.
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2.3.6.3.1 Homogenised samples

The same preparation procedure as in section (2.3.6.2.1) was carried out to obtain a 

clarified supernatant. The supernatant (50 pi) was added to a 4.0 ml quartz cuvette and 

3 ml of alcohol dehydrogenase (ADH) assay mix was added. The rate of reaction was 

monitored at 340 nm. Supernatant was diluted with extraction buffer to keep the rate value 

below 0.4.

2.3.6.4 Inorganic sulphide determination

Assays were carried out using the equipment of section 2.2.4. The standard curves for 

inorganic sulphide and inorganic sulphide in the presence of Cd^  ̂ can be found in

APPENDIX B. The presence of 5 mM CdCli did not effect the assay.
All assays were carried out in triplicate.

2.3.6.4.1 Intracellular

Acid labile sulphide (inorganic sulphide) analysis was performed by using the methylene 

blue assay described by King and Morris (1967).

Reagents: Zinc acetate, 2.6% in deionised water 

Sodium hydroxide, 6% in deionised water

N,N-Dimethyl-p-phenylenediamine mono hydrochloride,0.1 % in 5 N HCl 

Ferric chloride, 0.0115 M in 0.6 N HCl

Fermentation media (1 ml) was placed in 2 ml screw capped Sarstedt centrifuge tube 

(Sarstedt Ltd., Beaumont Leys, Leicester, U.K.) and centrifuged at 13,000 x g for 10 

minutes in a Microcentaur centrifuge. The supernatant was decanted off and the cell pellet 

resuspended in 1 ml of deionised water. The suspension was again centrifuged for 10 

minutes. This procedure was repeated a further two times. After the final washing, the 

deionised water was decanted off and 0.4 ml of the sodium hydroxide solution added. The 

centrifuge tube was placed in a boiling water bath for 15 minutes (according to Minney
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and Quirk, 1985) to lyse the cells. In a second centrifuge tube was placed 0.5 ml zinc 

acetate solution. To this, 0.1 ml of the cell homogenate was quickly added and 

immediately shaken for 1 minute on a vortex shaker. After mixing, 0.25 ml of the diamine 

reagent was added quickly to the sample and shaken followed by 0.1 ml of the ferric 

chloride solution. The sample was now left at room temperature for 30 minutes for colour 

development.

After incubation, 0.85 ml of deionised water was added to the sample and again shaken 

for 1 minute. Precipitate was removed by centrifugation at 13000 g for 20 minutes and 

absorbance read at 670 nm against a blank. For absorbance values above 0.4, the sample 

was diluted with reagent.

2.3 6.4.2 Chromatographic fractions

The chromatographic fraction (0.1 ml) was placed in a capped Sarstedt centrifuge tube 

containing 0.5 ml of the zinc acetate solution and mixed. To this. Sodium hydroxide 

solution (0.1 ml) was quickly added and immediately shaken for 1 minute on a vortex 

shaker. After mixing, 0.25 ml of the diamine reagent was added quickly to the sample and 

shaken followed by 0.1 ml of the ferric chloride solution. The sample was now left at 

room temperature for 30 minutes for colour development.

After incubation, 0.85 ml of deionised water was added to the sample and again shaken 

for 1 minute and absorbance read at 670 nm against a blank. For absorbance values above 

0.4, the sample was diluted with reagent.

2.3 6.5 Cadmium determination

Assays were carried out using the equipment of section (2.2.8). A typical standard curve 

can be found in APPENDIX B.
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2.3.6.5.1 Homogenised samples

The same sample preparation procedure as in section (2.3.6.2.1) was carried out to obtain 

a clarified supernatant. The supernatant was assayed directly.

2.3.6.S.2 Chromatographic fractions

All fractions are directly assayed from collecting tubes.

2.3.6.S.3 Fermentation broth

Samples (1 ml) were placed in Microcentaur centrifuge tubes and centrifuged at 13000 

X g for 10 minutes. The supernatant was decanted off from the cell pellet, diluted 1:100 

with deionised water and assayed directly. The sample was further diluted if the 

absorbance value of the sample was above 0.4.

2.3.6 6 Glucose

Assays based on D-glucose phosphorylation to glucose-6-phosphate were carried out 

according to the hexokinase diagnostic kit using the equipment of section 2.2.4.

Catalogue number 716-251 (Boehringer Mannheim GmbH, Lewes, E.Sussex, U.K.).
All assays were carried out in duplicate.

2.3.6 7 Ethanol

Assays based on the conversion of ethanol to acetaldehyde by the enzyme alcohol 

dehydrogenase were carried out according to the test kit using the equipment of section

2.2.4. Catalogue number 176-290 (Boehringer Mannheim GmbH, Lewes, E.Sussex, U.K.).
All assays were carried out in duplicate.
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2.3.6.S Fluorimetry

Scan mode: emission, Fixed excitation wavelength: 350 nm, Excitation slitwidth: 10 nm 

Initial emission wavelength: 380 nm. Emission slitwidth: 4 nm. Measurement mode: 

energy, Dynode voltage: 700.

2.3.7 Freeze-thaw of cell material

Eppendorf tubes containing the cell pellets were kept at -70°C until required for analysis. 

At daily intervals, 10 Eppendorf tubes were taken from the freezer and the cell pellets 

resuspended in 1 ml distilled water at 4°C. The samples were centrifuged for 15 minutes 

(section 2.2.5) and the supernatant decanted for analysis of cadmium, sulphide and protein 

release (section 2.3.6). The cell pellets were then discarded. This process was repeated 

over 1 month.

Repeated freeze-thaw of cell pellets and cadmium release: Cell pellets contained in 

Eppendorf tubes were removed from the -70®C freezer and resuspended in 1 ml water. The 

cell suspensions were centrifuged as before in a Microcentaur centrifuge and the 

supernatant decanted for analysis of cadmium release. The cell pellets were returned to 

the freezer at -70°C. At daily intervals the same Eppendorf tubes were removed and the 

cell pellets again resuspended in 1 ml water. The samples were centrifuged as before, the 

supernatant decanted for cadmium analysis and the cell pellet returned to the freezer. This 

process was repeated over 1 month.

2.3.8 Electron microscopy

The sample (60 pi) obtained from de-salted fractions containing purified CdS crystallites 

was dried at room temperature on to a carbon coated copper grids. Surfactant and staining 

procedures were not used.
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3 RESULTS

3.1 SCHIZOSACCHAROMYCES POMBE GROWTH PROFILE

3.1.1 Flask culture 

3.1.11. Introduction

The aim of this preliminary experiment was to determine the growth cycle of S.pombe in 

a shake flask culture by measuring the increase in optical density (OD) at 660 nm 

throughout growth. Determination of the culture OD value during mid-exponential growth 

would be used as a marker, making sure that subsequent shake flask cultures used as 

batch fermentation inocula were all at similar states i.e. mid-exponential. Reproducible, 

mid-exponential shake flask culture inoculum states should result in similar batch 

fermentation timescales for separate batch fermentations.

3.1.1.2 Protocol

Shake flask cultures (400 ml in 2 L flasks) were set up as in section 2.3.2.1 and growth 

monitored by OD measurements as in section 2.3.6.1.1.

3.1.1.3 Results and Discussion

The growth profile (Figure 3.1.1.3) plotted from optical density (OD) values, shows the 

typical growth curve for S.pombe in a shake flask culture. From this, the typical optical 

density to identify the mid-exponential growth phase was an OD of 7-8.
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Figure 3 .1 .1 .3  show s the optical density m easurem ents during 
growth of a shake fiask culture of Schizosaccharomyces pombe. 
Optical density at 660 nm (—■ —).
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Figure 3.1.1.3.1 show s the optical density m easurem ents during 
growth of a shake flask culture of Schizosaccharomyces pombe. 
Optical density at 660 nm (—■ —).
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3.2 REPRODUCIBILITY OF CONTROL BATCH FERMENTATIONS 

3.2.1. Introduction

Before the optimisation of cadmium sulphide crystallite production was attempted under 

batch fermentation conditions, a thorough knowledge of the "normal" growth 

characteristics of S.pombe in batch fermentation was obtained. Control batch fermentations 

did not have 1 mM cadmium sulphate added to induce the production of CdS crystallites. 

Reproducible, control, batch fermentation data would be used in the future optimisation 

strategy of CdS crystallite production in batch culture.

Variables thought likely to affect batch fermentation reproducibility included the inoculum 

and the growth medium components. Different inoculum viability may lead to varied 

lengths of lag phase and efficiency of growth. Complex nutrients such as yeast extract and 

tryptone which were used in the medium of all batch fermentations may not contain 

similar constituents when ordered from the manufacturer at different times i.e. batch to 

batch variation. This may affect the efficiency of growth. There are contradicting reports 

that S.pombe under batch fermentation conditions, sometimes undergoes diauxic growth. 

Therefore, it was important that this likelihood was determined for the strain of S.pombe 

used. Otherwise, experimental batch fermentations carried out in section 3.3 may not be 

able to be compared with control batch fermentations as an aid to optimising cadmium 

sulphide quantum semiconductor crystallite production.

3.2.2 Protocol

Three control batch fermentations of S.pombe designated C l, C2 and C3 were set up and 

monitored as in section 2.3.3.1. For statistical purposes in the discussion of results the 

data from experimental batch fermentation E l has also been included as a "control" batch 

fermentation. Fermentation data from experimental batch fermentation E l  is only included 

as a "control" up to the point when 1 mM cadmium sulphate was added to the 

fermentation. After cadmium sulphate addition, no further data from this fermentation has 

been discussed. However, most of the fermentation data of E l  could be used as a
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"control" because the cadmium salt was added to the batch culture of S.pombe at a late 

stage of the fermentation, during the stationary phase.

3.2.3 Results

3.2.3.1 Inoculum

Table 3.2.3.1 shows a summary of the batch fermentations carried out.

Batch fermentation

C l. Control, no cadmium added

C2. Control, no cadmium added

C3. Control, no cadmium added

E l. Experimental, cadmium added during the stationary phase.

E2. Experimental, cadmium added during the mid-exponential growth phase

E3. Experimental, cadmium added during the early exponential growth phase

E4. Experimental, cadmium added during the late exponential growth phase

Table 3.2.3.1 shows which batch fermentations were used as controls and which batch 

fermentations were experimental. Each experimental batch fermentation had cadmium 

sulphate added the Schizosaccharomyces pombe culture at different phases of the growth 

cycle.

APPENDIX C shows original exit gas data plots for all control (C) and experimental (E) 

batch fermentations carried out using the standardised inoculum procedure (section 

2.3.2.1). It can be seen from carbon dioxide evolution rate (CER) and oxygen uptake rate 

(OUR) data, that control (Cl, C2 and C3) and experimental (E l, E2 and E3) batch 

fermentations could be predicted to be undergoing a similar stage of the growth cycle, 

approximately 10 hours after inoculation. Cadmium sulphate (1 mM) had not yet been
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added to any of the experimental batch fermentations. Only experimental batch 

fermentation E4 showed an extended lag phase. Each fermentation exit gas plot begins 

at the time of inoculation of the batch fermentation i.e. E2 ( time 0 hours = 20 hours on 

the plot) except for C l where the time of inoculation is not shown on the exit-gas plot.

3.2.B.2 Exit-gas data

The carbon dioxide emission rate (CER) profiles of control batch fermentations C l, C2,

C3 and E l, showed similar trends (APPENDIX C). This indicated that control batch 

fermentations would be reproducible and that exit-gas profiles could be compared at a 

later time with experimental batch fermentation exit-gas profiles. Any effects incurred, 

through the addition of 1 mM cadmium sulphate to induce CdS crystallite production 

(section 3.3) in experimental batch fermentations would be seen as a deviation from the 

control. This would be used later to devise an optimisation strategy.

The variation in levels of CER peak production after 18 hours between control 

fermentation profiles C l, C2, C3 and experimental fermentation E l  was'42+/-6;mmol.L'^h'^ 

shown by overlaying the exit-gas data at the start of CER production for each 

fermentation (Figure 3.2.3.2.a). Table 3.2.3.2 shows the maximum CER for each fermentation.

Maximum CER (mmol.L'\h'^)

Control 1 |38.

Control 2 j48.

Control 3 36

Experiment 1 48

iTable 3.2.3.2 Maximum CER for control batch fermentations C l, C2, C3 

and experimental batch fermentation E l, calculated from CER data of Figure 3.2.3.2.a
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Figure 3.2.3.2.a shows the carbon dioxide emission rate (CER) profiles of control 
batch fermentations (—X—C l), (—♦ —C2), (—• —C3) and experimental batch 
fermentation (—■ —El) for Schizosaccharomyces pombe. The profiles have 
been overlaid.
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Figure 3.2.3.2.b shows the oxygen uptake rate (OUR) profiles of control batch 
fermentations (—X—C l), ( ♦  C2), (—# —C3) and experimental batch 
fermentation (—■ —El) ior Schizosaccharomyces pombe. The profiles have 
been overlaid.
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Figure 3.2.3.2.b shows that the oxygen uptake rate (OUR) profiles (overlaid) of control 

batch fermentations showed similar trends to each other except C3. Here, the OUR of C3 

did not reach . Î levels of 12 mmol.L'\h'^ after -20 hours as did C l, C2 and E l. It 

only reached 6 mmol.L'\h'^ and remained so for the rest of the fermentation, not falling to 

lower levels during the stationary phase as occurred with control C2 OUR profile. The 

explanation for the low OUR values in C3 is unclear because the peak

of CER from C3 and C l are very similar (Table 3.2.3.2 and Figure 3.2.3.2.a) however the 

OUR profiles of C3 and C l are different (Figure 3.2.3.2.b).

3 2.3.3 Dry cell weight

The increase in dry cell weight (g/L) during batch fermentations is shown in Figure 

3.2.3.3. All fermentations showed similar trends, reaching stationary phase after 

approximately 20 hours. However, there was variation in the specific growth rates 

determined for each culture (Table 3.2.3.3).

Specific growth rate.h^

Control 1 ND

Control 2 ND

Control 3 0.33

Experiment 1 0.26

Table 3.2.3.3. Specific growth rates calculated from DCW data for control batch 

fermentation C3 and experimental batch fermentation E l. ND denotes no data obtained.
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Figure S.2.3.3 shows the increase in dry cell weight of control batch fermentations 
(—♦ •  C2), (—• —C3) and experimental batch fermentation (—■ —E l) for 
Schizosaccharomyces pombe. The profiles have been overlaid.
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Figure 3 .2 .3 .4  shows the increase in optical density of control batch 
fermentations (—♦ —C2), (—• —0 3 )  and experimental batch 
fermentation (—■ —El) for Schizosaccharomyces pombe. The 
profiles have been overlaid.
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The specific growth rates were calculated for the fermentation cultures during exponential 

growth. Not only is the specific growth rate of C3 the lowest, but the final dry cell weight 

of biomass achieved for C3 is also the lowest, at 3.7 g/L (Figure 3.2.3.3). Fermentations 

C2 and E l reached ~5.0 g/L. The low specific growth rate and final biomass achieved by 

C3 was reflected in the lower levels of total carbon dioxide produced (Figure 3.2.3.2.a) 

and oxygen consumed (Figure 3.2.3.2.b) during this fermentation, compared to other 

fermentations. When fermentations C2, C3 and E l were compared for the final biomass 

produced at stationary phase from the initial glucose concentrations of the individual 

fermentations the variance of biomass formed per weight of carbon was small, being 

0.19+/- 0.03 gDCW/g.glucose. This indicates that the variance of fermentation profile data 

of C3 compared to C l, C2 and E l is largely due to the fact that the initial glucose 

concentration was appreciably lower (Figure 3.2.3.5).

3.2.3 4 Optical density

The increase in optical density of cultures for fermentations C2, C3 and E l is shown in 

Figure 3.2.3.4. The increase in optical densities of the fermentations all showed similar 

trends, reaching maximum values after approximately 20 hours. However, the final optical 

density achieved for C3 was 8.0 absorbance units, slightly less than other fermentations 

C2 and E l which reached -10.0 absorbance units. This again is matched by the lower 

levels of total carbon dioxide produced (Figure 3.2.3.2.a) oxygen consumed (Figure

3.2.3.2.b) and biomass produced (Figure 3.2.3.3) during fermentation C3 compared to 

other controls.

3.2.3.S Glucose uptake

The glucose uptake profiles for batch fermentations C2, C3 and E l  showed similar trends, 

with glucose depletion for all control fermentations occurring after approximately 18 hours 

(Figure 3.2.3.5). The specific rates of glucose consumption (q̂ ,„ g.gDCW.h'^) for control 

fermentations were determined and are shown in Table 3.2.3.5.
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Figure 3.2.3.S shows the utilization of glucose by Schizosaccharomyces pombe 
during control batch fermentations ( ♦  C2), (—• —C3) and experimental 
batch fermentation (—■ —E1). The profiles have been overlaid.
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Figure 3.2.3.6 shows the production of ethanol by Schizosaccharomyces pombe 
during control batch fermentation (—• —C3), and experimental batch 
fermentation (—■ —E1 ). The profiles have been overlaid. 99



Specific glucose 

consumption rate 

(gg,..gDCW\h')

Control 1 ND

Control 2 ND

Control 3 1.98

Experiment 1 0.99

Table 3.2.3.5 Specific glucose consumption rates calculated for batch fermentations C3 

and E l. ND denotes no data obtained.

The specific rate of glucose consumption (ggiu gDCW .h ) verses time for the control 

batch fermentations was calculated between 15 and 18.5 hours. These results are 

calculated by deducing the glucose consumption between two samples and dividing that 

by the average dry cell weight of the two samples. The resultant DCW value is then 

adjusted to the value for 1 g of glucose. Using this method. Table 3.2.3.5 shows the 

average specific glucose consumption rates for the control fermentations during the 

fermentation. The rate of glucose consumption by control batch fermentation C3 is almost 

twice that of E l.

3.2.3 6 Ethanol production

Ethanol production profiles were obtained only for batch fermentations C3 and E l. The

ethanol production profiles showed similar trends, with peak ethanol production for both

fermentations occurring after approximately 18 hours (Figure 3.2.3.6). This was seen to

be concomitant with depletion of glucose in the medium in both fermentations (Figure

3.2.3.5). The final, total concentration of ethanol produced in each fermentation varied,

most probably because of the difference in starting concentrations of glucose in each

fermentation. However, when compared for total concentration of ethanol produced from

the initial glucose concentration for each fermentation the variance was small, being
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0.39 +/- 0.01 g.ETH/g.glucose. The specific rates of ethanol production (q̂ Q, g.gDCW.h*^) 

for control fermentations were determined and are shown in Table S.2.3.6.

Specific ethanol 

production rate 

(ge^.gDCW-\h-‘)

Control 1 ND

Control 2 ND

Control 3 0.35

Experiment 1 0.20

Table 3.2.3.6 Specific ethanol production rates calculated for batch fermentations C3 and 

E l. ND denotes no data obtained.

The specific rate of ethanol production (geq .̂gDCW \h'^) verses time for the control batch 

fermentations was calculated between 15 and 18.5 hours. These results are calculated by 

deducing the concentration of ethanol produced between two samples and dividing that 

by the average dry cell weight of the two samples. The resultant concentration of ethanol 

produced is then adjusted to the value for 1 g DCW. Using this method. Table 3.2.3.6 

shows the average specific ethanol production rates for the control fermentations during 

the fermentation. The specific rate of ethanol production for fermentations C3 and E l 

differ, with C3 being almost twice that of E l.

3.2.3.7 Dissolved oxygen tension and medium pH

Unfortunately, dissolved oxygen tension (DOT) data in control experiments yielded

limited information due to a probe fault after sterilisation. The only control DOT profiles

obtained were for batch fermentations C2 and E l (APPENDDC C). It must be remembered

as mentioned in section 3.2.2 that E l is only considered a "control" until cadmium

sulphate addition. Thus, the DOT profile was only considered until 22 hours. It can be
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seen that the batch fermentation conditions used do not cause oxygen limitation of the 

cultures during growth and that at peak CER production the DOT level increases slightly 

before decreasing again. Peak CER production for E l  (Figure 3.2.3.2.a) occurs at glucose 

depletion from the medium (Figure 3.2.3.5).

Typical, fermenter-controlled pH values of the medium are shown for batch fermentations 

in control batch fermentation C2 (APPENDIX C). The automatic pH controller was not 

switched on until after approximately 10 hours, when there was reasonable culture growth. 

This prevented over addition of alkali which was important as no acid addition was used 

in the control of medium pH. The switching on of the automatic pH controller can be seen 

with the instant return of the pH to the pre-set value of pH 5.3 (control batch fermentation 

C2, APPENDIX C). The pH for batch fermentations was held at pH 5.3. Medium pH for 

C3 was not as accurately controlled as in C2 (APPENDIX C). However, this only varied 

+/- pH 0.1 from the set value of pH 5.3 and was not thought to have affected the 

fermentation over the study period. The gradual fall in pH values in C3 from pH 5.3 +/- 

0.1 after the culture reached stationary phase (30 hours) to a final value of pH 4.7 was 

due to a failure by which alkali not being pumped in to the fermenter. But, as before, was 

thought not to have affected the fermentation (APPENDIX C).

3.2.4 Discussion

The exit gas data for batch fermentations (Figures 3.2.3.2.a and 3.2.3.2.b) showed a 

predominantly fermentative metabolism (low biomass yields and ethanol excretion) which 

is characteristic of yeasts with a low respiratory capacity (Barford, 1985a). S.pombe grown 

on glucose, initially underwent fermentative metabolism for 17 hours to produce ethanol 

(Figure 3.2.3.6) and carbon dioxide as the cells switched from the oxidative enzyme pools 

last used in the inoculum to the fermentative pools required for the initial batch 

conditions. The ethanol produced during this fermentation accumulated and remained 

unoxidised (whilst glucose was still present), readily diffusing across the plasma 

membrane into the growth medium.
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The oxygen uptake rate (OUR) remained low and dissolved oxygen tension (DOT) high 

for the first 17 hours of the fermentation, another characteristic of yeasts with a low 

respiratory capacity. However, because a small degree of respiratory metabolism of 

glucose (required for growth) was also being carried out, requiring oxygen, increasing 

biomass eventually caused the DOT level to fall and the OUR to begin to increase. 

Cultures growing predominantly by fermentative metabolism on high levels of glucose use 

only small amounts of oxygen in limited respirative metabolism and in biosynthetic 

reactions (Barford, 1979) such as sterol and unsaturated fatty acid biosynthesis. This 

consumption increases with respiratory adaptation.

Concomitant with glucose exhaustion, the carbon dioxide emission rate (CER) and ethanol 

production reached a peak. Peak CER production was followed by a dramatic decrease 

over the next 2 to 3 hours, falling to a low level from which it continued to fall 

throughout the remainder of the fermentation. Ethanol levels in the medium also fell, but 

it was not clear from biomass data whether ethanol was being used as a secondary carbon 

source. Data from the OUR profile does not indicate diauxic growth. However, the 

fermentation time-sc ale may not have been long enough for this to occur (Tsai et 

a/.,1987).

At the point of glucose exhaustion, the OUR had attained approximately half its 

maximum, with maximum uptake being reached 2 to 3 hours later. The DOT also 

increased slightly during this period (as the cells underwent respiratory adaptation, in 

preference to growth) and then began to fall again. Certain changes in gene expression 

occur during respiratory adaptation to gain respiratory competence, enabling the synthesis 

of TCA cycle enzymes and mitochondrial electron transport chain components. This 

adaptation allows the ethanol made in the earlier fermentative phase to be used as a 

carbon source for further slower growth (in diauxic yeast), growth that ceases with ethanol 

exhaustion. However, as soon as the maximum OUR was attained it began to fall as the 

cells entered the stationary phase, continuing so over the next 20 hours. This was not 

indicative of diauxic growth.

During respiratory adaptation and the stationary phase, cell metabolism did not increase 

the medium pH as with other diauxic yeast fermentations (Coppella and Dhurjati, 1989).
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This is further evidence for the strain to have undergone monoauxie.

There was some variation in the specific rate values obtained for the control batch 

fermentations. However these were thought to be acceptable with respect to experimental 

error. It was concluded that C l, C2, C3 and E l fermentations are comparable but that C3 

showed a slightly dissimilar growth profile because the initial concentration of glucose in 

the fermenter was the lowest of all control fermentations. This showed itself mainly as 

low total CER and OUR production and a lower total concentration of ethanol produced 

and stationary biomass value. S.pombe, under the culture conditions used was concluded 

not to show signs of diauxic growth. The basis of a characterised growth profile has been 

achieved from which to begin optimisation of CdS crystallite production.

3.3 OPTIMISING CADMIUM SULPHIDE CRYSTALLITE PRODUCTION IN 

BATCH FERMENTATION

3.3.1 Introduction

The purification of cadmium sulphide (CdS) quantum semiconductor crystallites from 

flask fermentations of S.pombe has previously been achieved (Dameron et al. 1989a). 

However, for optimising microbial production of CdS crystallites, it is necessary to define 

the culture conditions more precisely, relating them to standard variables such as carbon 

dioxide emission rate (CER) which can be easily monitored and compared for batch to 

batch reproducibility. Once this has been evaluated, optimising CdS crystallite production 

can begin. A factor to be determined in the following work was the effect of inducing 

CdS crystallite production with the same concentration of cadmium sulphate at different 

stages in the growth cycle of S.pombe. The harvested cells from the experimental 

fermentations carried out in this section were used in section 3.6 to determine cell 

breakage characteristics. Further downstream processing of the cells was not carried out 

to purify CdS crystallites.
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3.3.2 Protocol

Batch fermentations were set up and monitored as in section 2.3.3.1. Cadmium sulphate 

was added as in section 2.3.3 to experimental fermentations designated E l, E2 and E3 

when culture conditions were:

E l. Stationary phase (22.58 hours)

E2. Mid-exponential phase (16.83 hours)

E3. Early-exponential phase (10.25 hours)

3.3.3 Results

3.3.3.1 Exit-gas data

Using CER profile data from previous control batch fermentations (section 3.2.3.2) it was 

possible to add cadmium sulphate to a final concentration of 1 mM to experimental batch 

fermentations at pre-determined points in the growth phase of S.pombe. The time of 

addition was also related to the concentration of glucose remaining in the culture medium.

Figure 3.3.3.1.a shows the overlaid CER exit-gas profiles of control C3 and experimental 

batch fermentations E l, E2 and E3 of S.pombe. The addition of cadmium sulphate did not 

affect the exit gas profile with respect to that of the control C3 when cadmium was added 

during the stationary phase (El). This was also the case when cadmium was added during 

mid-exponential growth (E2). However, addition during the early exponential growth 

phase (E3)]lead to a different CER profile to that of the control (C3). Table 3.3.3.1 

shows the maximum CER values of control fermentation C3 and experimental fermentations

El, E2i and E3 ,
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Figure 3 .3 .3 .1 .a shows the carbon dioxide emission rate (CER) profiles of 
experimental batch fermentations (—□ —E l), (—A —E2), (—v —E3) and 
control batch fermentation (—0 —0 3 )  for Schizosaccharomyces pombe. 
The profiles have been overlaid.
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Figure3 .3 .3 .1.b shows the oxygen uptake rate (OUR) 
experimental batch fermentations (—□ —El), (—A —E2), (—

profiles of 
—E3) and

control batch fermentation (—0 —03) for Schizosaccharomyces pombe. 
The profiles have been overlaid.
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j Maximum CER (mmol.L'\h'^)

Control 3 36

Experiment 1 48

Experiment 2 47

Experiment 3 129

Table 3.3.3.1 Maximum CER for control C3 and experimental batch fermentations E l, 

E2, and E3.

The effect on OUR profiles of adding 1 mM cadmium sulphate to cultures of S.pombe at 

different growth stages is shown in Figure 3.3.3.l.b. There is no apparent effect when 

cadmium is added during the stationary (El) and mid-exponential (E2) growth phase 

compared to the control (C3). However, the effect of cadmium addition during early 

exponential growth (E3) was seen immediately in the OUR profile as extreme oscillations. 

The cells became highly stressed after the addition of cadmium. This stress was present 

throughout the remainder of the fermentation, indicating that addition too early in the 

growth phase of S.pombe causes irreversible damage to cell metabolism.

3.3.3.2 Dry weight

The increase in dry cell weight (g/L) during experimental batch fermentations E l, E2 and

E3 compared to the control C3 is shown in Figure 3.3.3.2. The final biomass (dry cell

weight g/L) obtained in all fermentations slightly varied due to the different starting

concentrations of glucose. But when compared for the final biomass produced at stationary

phase from the initial glucose concentration for all fermentations, the variance was small,

being, 0.18+/- 0.03 gDCW/g.glucose. Maximum biomass was achieved after -20 hours

for fermentations C3, E l and E2 except E3, when cadmium was added to a culture

during the early-exponential growth phase. Here, maximum biomass (at stationary phase)

was reached after 35 hours. Table 3.3.3.2 shows the specific growth rates of control batch
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Figure 3 .3 .3 .2  show s the increase in dry cell weight of experimental batch 
fermentations (—□ —E1), (—A —E2) (—v —E3) and control batch 
fermentation (—O—C3) for Schizosaccharomyces pombe. The profiles 
have been overlaid.
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Figure 3 .3 .3 .3  show s the utilization of g lucose by Schizosaccharomyces pomb^çyj 
during experimental batch fermentations (—□ —E1), (—A —E2), (—v —E3) and 
control batch fermentation (—0 —0 3 ) . The profiles have been  overlaid.



fermentation C3 and experiment batch fermentations E l, E2 and E3.

Specific growth rate.h^

Control 3 0.33

Experiment 1 0.26

Experiment 2 0.29

Experiment 3 0.09

Table 3.3.3.2. Specific growth rates calculated from DCW data for control C3 and 

experimental batch fermentations E l, E2, and E3

The specific growth rate was calculated for control fermentation C3 and experiment E l 

during exponential growth. The specific growth rate of E2 was calculated using 

exponential dry cell weight values, before and after, cadmium addition i.e. between 14.5 

and 18 hours. The specific growth rate for E3 was calculated using exponential dry cell 

weight values after cadmium addition i.e. between 14.5 and 20.5 hours.

Compared to the control C3 there was no cadmium effect on the specific growth rate of 

E l  as it had not yet been added and no indication of having affected the specific growth 

rate of E2 when added during mid-exponential growth. However, the addition of cadmium 

during the early-exponential growth phase of E3 drastically reduced the specific growth 

rate of the culture, which obviously lead to the increased time before stationary phase was 

reached. Thus, the metabolism of the cell had been greatly affected.

3.3.3.3 Glucose uptake

The glucose consumption profiles for control batch fermentation C3 and experiment batch 

fermentations E l, E2 and E3 are shown in Figure 3.3.3.3. The profiles for experiment 

batch fermentations E l and E2 are similar to that of the control C3. However, the profile
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of E3 can be seen to be affected when cadmium was added to the culture during the early 

exponential growth phase. Here, immediately after cadmium addition the rate of glucose 

uptake by the cells increased for 2-3 hours before reaching a point at which there was no 

more glucose taken up for a further 2 hours. After this, glucose uptake was resumed, but 

at a slightly slower rate than that of other fermentations at a similar stage. Table 3.33.3 

shows the specific glucose uptake rates for control C3 and experimental fermentations E l, 

E2 and E3 over the periods of exponential growth used in section 3.3.3.2. It can be seen 

that the specific glucose uptake rate for E3 was lower than other values. This again 

reflected the effect of a lowering of growth rate of the culture when cadmium is added 

during the early exponential phase.

Specific glucose 

consumption rate 

(g,,,gDCW-\h-^)

Control 3 1.98

Experiment 1 0.99

Experiment 2 1.45

Experiment 3 0.70

Table 3.3.3.3 Specific glucose consumption rates calculated for control C3 and 

experimental batch fermentations E l, E2, and E3. See section 3.2.3.5 for calculation 

method.

3.3 3.4 Ethanol production

In all fermentations, the profile of ethanol production was the same (Figure 3.3.3.4). Peak

ethanol production after approximately 17 hours was seen to be concomitant with

depletion of glucose in the medium in all fermentations. The final concentration of ethanol

produced in each fermentation would vary because of the difference in starting
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Figure 3 .3 .S .4  show s the production of ethanol by Schizosaccharomyces pombe 
during experimental batch fermentations (—Ü—E1), (—A —E2), (—v —E3) and 
control batch fermentation (—O—C3). The profiles have been  overlaid.
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concentrations of glucose in each fermentation. However, when compared for total 

concentration of ethanol produced from the initial glucose concentration for each 

fermentation the variance was small, being 0.35 +/- 0.06 g.ETH/g.glucose. The specific 

ethanol production rates for control batch fermentation C3 and experiment batch 

fermentations E l, E2 and E3 over the periods of exponential growth used in section 

B.3.3.2 are shown in Table 3.3.B.4. An effect on the rate of ethanol production by the 

addition of cadmium is hard to deduce due to the variation in the calculated values.

Specific ethanol 

production rate 

(gea..gDCW-‘.h ‘)

Control 3 0.35

Experiment 1 0.20

Experiment 2 0.06

Experiment 3 0.21

Table 3.3.B.4 Specific ethanol production rates calculated for control C3 and experimental 

batch fermentations E l, E2, and E3 See section 3.2.3.6 for calculation method.

Utilisation of ethanol for growth (diauxie) was not apparent in any fermentation.

3.3.3.S Cadmium uptake and intracellular inorganic sulphide production

Figure 3.3.3.5.a shows the intracellular inorganic sulphide levels present throughout 

control batch fermentation C3 and experimental fermentations E l, E2 and E3.

The control shows the intracellular inorganic sulphide levels of S.pombe cells throughout

the different growth phases of a normal batch fermentation. A peak of intracellular

inorganic sulphide content was seen in the control fermentation (C3) after 14 hours and

also in the experimental fermentation (El) where cadmium was added at a later time, to
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stationary phase cells. An initial peak of intracellular inorganic sulphide was not seen in 

fermentations where cadmium was added to cultures during the early (E3) or mid

exponential (E2) growth phases because the resultant enhanced intracellular inorganic 

sulphide levels induced by the addition of cadmium masked this. Apart from the isolated 

intracellular inorganic sulphide peak, the intracellular inorganic sulphide levels remained 

relatively constant at approximately 10 pmoles/gDCW throughout the control fermentation 

C3 and experimental fermentation E l.

Figure 3.3.3.5.b shows the concentration of cadmium associated with cells of S.pombe 

after its addition to experimental fermentations E l, E2 and E3. The addition of cadmium 

to a culture during the stationary phase (El) did not lead to enhanced intracellular 

inorganic sulphide levels, even though a small concentration of cadmium was associated 

with the cells. It was not determined at this stage what concentration of cadmium was 

associated due only to biosorption and what concentration to intracellular uptake. At the 

time of cadmium addition, the glucose content of the medium had been depleted for 

approximately 4 hours.

Cadmium addition during mid-exponential growth (E2) (when the remaining glucose 

concentration was 7.6 g/L), facilitated active, intracellular uptake from the medium (Figure 

3.3.3.5.b). This was concomitant with an enhanced intracellular inorganic sulphide content 

of the cells (Figure 3.3.3.5.a). Both sulphide and cadmium levels continued to increase 

throughout further cell growth (even after the depletion of glucose), eventually reaching 

saturating levels after 7-8 hours of approximately 70 and 80 pmoles/gDCW respectively. 

After saturation levels were reached,the cadmium and sulphide cell content remained fairly 

constant throughout the rest of the fermentation. There was some indication that cadmium 

was being lost to the medium, a possible result of CdS efflux or through cell lysis.

Adding cadmium 6 hours earlier, to a culture (E3) during early-exponential growth (when 

the remaining glucose concentration was 19.8 g/L) had a complex effect. An enhanced 

intracellular inorganic sulphide content was induced which continued to increase for a 

further 10 hours before again reaching a saturating level. However, this value of 

approximately 40 pmoles/gDCW was nearly half the level observed for when cadmium 

was added during mid-exponential growth (Figure 3.3.3.5.a). Cadmium was also taken up
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Figure 3 .3 .3 .5 .a  show s the production of intracellular inorganic sulphide for 
Schizosaccharomyces pombe during experimental batch fermentations 
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Figure 3 .3 .3 .5 .b  show s the uptake of cadmium by Schizosaccharomyces pombe 
during experimental batch fermentations (—□ —E l), (—A —E2), and (—V —E:̂ )̂  ̂
The profiles have been overlaid.



immediately after addition during early-exponential growth, reaching a peak, then 

beginning to fall throughout the remainder of the fermentation (Figure 3.3.3.5.b), even 

though the biomass was still increasing (Figure 3.3.3.2). This was indicative of cadmium 

being lost to the medium after initial uptake.

3.3.4 Discussion

The addition of 1 mM cadmium sulphate to batch fermentations of S.pombe cultures 

affected the growth of the organism. This was more severe the earlier in the growth cycle 

the cadmium was added, causing a decrease in the specific growth rate of the culture. 

Possible factors contributing to the slower growth rate of E3 may be an impact on the cell 

membrane and the presence of glucose. Cell membranes may be more susceptible to metal 

ion toxicity when cadmium is added during early stages of growth, needing constant repair 

against the effects of membrane damage. This effect may also be enhanced by the 

presence of high concentrations of glucose which will allow for continued active metal 

uptake during all subsequent growth stages. Although the growth rate of E3 was decreased 

after the addition of cadmium, the total biomass and ethanol produced in the control and 

experimental fermentations C3, E l, E2 and E3/ g.glucose was similar for each 

fermentation. This indicated that overall glucose uptake was not affected by the addition 

of cadmium.

Addition of cadmium to later stages of the growth cycle did not appear to effect the 

growth rate because at mid-exponential addition (E2) the cells were rapidly approaching 

stationary phase along with glucose depletion. Thus, the degree of active metal uptake was 

decreased. Cell growth would not have been effected after addition of cadmium during 

the stationary phase for obvious reasons. However, there was still some degree of passive 

metal uptake. The degree of initial metal biosorption to the negative groups of the cell 

membrane was not determined due to the rapidity of the reaction and the time delay after 

cadmium addition before sampling took place.

The presence of a peak of intracellular inorganic sulphide during early exponential growth 

must be a "normal," metabolic process prior to respiratory adaptation on glucose depletion
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as no cadmium was present. This may be an indication as to why this organism has the 

ability to produce CdS crystallites whilst other yeast do not (Joho et al., 1986).

It was assumed there was no production of cadmium sulphide crystallites when cadmium 

was added to the stationary phase culture (El) because there was no enhanced intracellular 

inorganic sulphide produced. However, a small amount of cadmium was associated with 

the cells in the absence of glucose which may have induced the longer y-(Glu-Cys)n-Gly 

chelating peptides where n = 2-8 (Grill et at., 1986a) resulting in the production of metal- 

peptide complexes devoid of acid labile inorganic sulphide. These complexes will not act 

as quantum semiconductor crystallites. Biosorption of cadmium to yeast cell membranes 

should be taken into account as a part cause of the metal uptake (Minney and Quirk, 

1985).

The time taken for saturating levels of cadmium uptake and intracellular inorganic 

sulphide production to be reached in E2 are consistent with the time S.pombe cells require 

to synthesise saturating quantities of CdS chelating peptides for the cell (Murasugi et at., 

1981). Therefore, because the induction of CdS crystallites has previously been achieved 

through the addition of cadmium to S.pombe cultures during mid-exponential growth 

(Dameron et a i, 1989, Williams et al., 1994), it follows that CdS crystallites were formed 

here when cadmium was added to the culture during mid-exponential growth (E2). After 

saturation levels were reached, the levels of cadmium and intracellular inorganic sulphide 

remained fairly constant throughout the rest of the fermentation. However, this does not 

mean that all CdS crystallites have now been produced. Cadmium sulphide crystallite 

production can still occur through the incorporation of acid labile sulphide into previously 

formed metal peptide complexes (Hayashi et a i, 1988).

The results indicate the addition of cadmium to cultures during early exponential growth 

(E3) may not be beneficial to CdS crystallite production because the cytotoxicity of the 

cadmium appears to be enhanced, facilitating its efflux. However, it was still possible that 

some CdS crystallite production was induced, but that they were part of the cadmium 

being effluxed throughout the fermentation. Grill et al. (1986a) found the chelating 

peptides produced in S.pombe as a result of Cd^  ̂ addition during the early stages of 

growth tended to be mostly y-(Glu-Cys)2-Gly. CdS crystallites chelated with shorter,
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n = 2 chelating peptides are less stable than those with di-peptide repeats where n = 3 and 

4 (Dameron and Winge, 1990b).

Even though crystallites may have been formed in E3, unless the crystal structure is 

perfect and protected against accretion by chelating peptides, they will have limited use. 

The important factor here is time. The longer the crystallites are associated with the cell, 

the longer are the chelating peptides which surround the crystalline lattice (Hayashi et a i, 

1988) and the more stable are the crystallites (Dameron and Winge 1990). Thus, any CdS 

crystallites formed in E3 may not be of use because of they are "immature". Because of 

this, it is envisaged that CdS crystallite production is more favourable from cadmium 

addition to S.pombe cultures during mid-exponential growth. They are associated with the 

cell for longer.

3.4 DETERMINING GLUCOSE REPRESSION CHARACTERISTICS USING 

CHEMOSTAT

3.4.1 Introduction

It appeared from fermentation studies (section 3.3) that the production of cadmium 

sulphide crystallites by batch fermentation would only produce a certain yield per 

fermentation. A limiting factor appeared to be that cells have a saturation point above 

which no more intracellular inorganic sulphide is produced or cadmium taken up. One 

way to increase CdS crystallite yield per fermentation is to increase the biomass yield per 

fermentation by growing the organism under conditions where glucose repression and 

thus, ethanol production are absent. The effect of the presence of high levels of ethanol 

in the batch fermentation medium on crystallite production is unknown. However, it is 

unlikely to have a beneficial effect as its presence is known to effect cell physiology. 

Eliminating ethanol production would mean more of the glucose would be used for 

biomass production.
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The method favoured to increase cell biomass yield per fermentation is fed-batch 

fermentation. However, before this is used the cell physiology of the organism has to be 

investigated in a chemostat system. Here, specific growth rates (dilution rates of a 

chemostat culture) are investigated to determine an optimum growth rate (substrate feed 

rate) for S.pombe which would allow unrepressed growth. This would be indicated by 

achieving exit gas respiratory quotient (RQ) values of 1 and thus, no glucose and ethanol 

present in the fermentation medium. Accurately controlling the feed rate of glucose, 

controls the growth rate of the organism. This is important because ethanol is produced 

even under aerobic conditions (Crabtree effect) if the glucose level is too high. This will 

not of course prove that this is the best condition for CdS crystallite formation.

3.4.2 Protocol

The chemostat system was set up and monitored as in section 2.3.S.2.

3.4.3 Results

3.4.3.1 Specific growth rate 0.2h'^

3.4.3.1.1 Exit-gas data

Figure 3.4.3.1.1 shows the exit-gas data from a chemostat system where the specific 

growth rate was set at 0.2h \  The chemostat culture achieved a steady state, indicated by 

the steady CER values over time. The OUR values also indicated that the culture was at 

steady state but the values were not as static as the CER and may reflect instrument 

sensitivity. Consequently, the calculated values of RQ (RQ = CER/OUR) were somewhat 

variable. Table 3.4.3.1.1 shows the average exit gas values obtained from the chemostat 

system during steady state at a specific growth rate of 0.2h \
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CER (mmol.L-'.h ') 18.21

OUR (mmol.L-\h ') 2.78

RQ 7.29

Table 3.4.3.1.1 Average CER and OUR exit gas and calculated RQ values at steady state 

for an S.pombe culture grown in a glucose limited chemostat at a specific growth rate of 

0.2h-'

From the exit-gas data it was concluded that under the conditions used, a specific growth 

rate of 0.2h^ lead to glucose repression because the average RQ value was high, at 7.29 

rather than being unity. Therefore, glucose was being fed to the culture at too high a rate.

3.4.3.1.2 Culture analysis

Table 3.4.3.1.2 shows the average values obtained for culture variables during steady state 

of S.pombe at a specific growth rate of 0.2h^

DCW g/L 2.1

CD (660 nm) 6.0

Remaining 

glucose g/L

0.09

Ethanol 

produced g/L

3.74

Table 3.4.3.1.2 Average dry cell weight, optical density, glucose and ethanol values at 

steady state for an S.pombe culture grown in a glucose limited chemostat at a specific 

growth rate of 0.2h^
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Figure 3.4.3.1.2 shows the DCW g/L, OD values, glucose and ethanol concentrations of 

the medium when the culture is at steady state and growing at a specific growth rate of 

0.2h \  At a dilution rate of 0.2h'^ the dry cell weight is only 0.21 g/g.glucose and the 

ethanol concentration 0.37 g/g.glucose. These chemostat culture conditions produce similar 

DCW and ethanol values to those of the control batch fermentation C3 in section 3.2. 

Namely, a final dry cell weight at stationary phase of 0.19 +/-0.03 g/g.glucose and 0.39 

+/- 0.01 g/g.glucose of ethanol. The low biomass yield and high concentration of ethanol 

produced (reflected by the exit gas (RQ) data of Table 3.4.3.1.1) also indicates that the 

culture is undergoing glucose repression to produce ethanol.

3 4.3.2 Specific growth rate O.lh ^

3.4.3.2.1 Exit-gas data

Figure 3.4.3.2.1 shows the exit-gas data from a chemostat system where the specific 

growth rate was set at O.lh \  The chemostat culture is at steady state, indicated by the 

steady CER values over time. The OUR values also indicated that the culture was at 

steady state, again the values were not as static as the CER. However, the similarity of 

the CER and OUR values give an RQ close to unity (RQ = CER/OUR). Table 3.4.3.2.1 

shows the average exit gas values obtained from the chemostat system during steady state 

at a specific growth rate of O.lh \

CER (mmol.L'\h'^) 16.84

OUR (mmol.L-^h ') 14.92

RQ 1.14

Table 3.4.3.2.1 Average CER and OUR exit gas and calculated RQ values at steady state 

for an S.pombe culture grown in a glucose limited chemostat at a specific growth rate of 

O .lh '
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From the exit-gas data it was concluded that under the conditions used, a specific growth 

rate of O.lh * was very close to those required for S.pombe to be able to grow without 

glucose repression because the RQ value was very close to 1, being 1.14. Therefore, 

glucose was being fed to the culture at a flow rate very close to that for optimum growth 

conditions.

3.4.3 2.2 Culture analysis

Table B.4.3.2.2 shows the average values obtained for culture variables during steady state 

growth of S.pombe.

DCW g/L 6.0

OD (660 nm) 15.53

Remaining 

glucose g/L

0.04

Ethanol 

produced g/L

1.28

Table 3.4.B.2.2 Average dry cell weight, optical density, glucose and ethanol values at 

steady state for an S.pombe culture grown in a glucose limited chemostat at a specific 

growth rate of O.lh^

Figure 3.4.B.2.2 shows the DCW g/L, OD values, glucose and ethanol concentrations of 

the medium when the culture is at steady state and growing at a specific growth rate of 

O.lh \  At a dilution rate of O.lh^ the dry cell weight is 0.6 g/g.glucose and the ethanol 

concentration 0.13 g/g.glucose. These chemostat culture conditions produce a higher 

biomass and lower production of ethanol per gram of glucose used than the control batch 

fermentation C3 in section 3.2. This only produced a final dry cell weight of 0.19+/-0.03 

g/g.glucose but 0.39+/- 0.01 g/g.glucose of ethanol. Under the chemostat conditions used 

the final biomass achieved at a specific growth rate of O.lh * was 3 fold higher than that
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produced under batch conditions, whilst the concentration of ethanol produced was halved.

At a dilution rate of 0.1 h ‘ the dry cell weight of 0.6 g/g.glucose is higher than the 

theoretical yield for 10 g/L substrate (glucose) that is 0.5 gDCW/g.glucose. The reason 

for a higher biomass yield than the theoretical may be because a complex medium instead 

of a defined medium was used. Other, undefined carbon sources may have been used in 

growth.

3.4.4 Discussion

A dilution rate of O.lh^ produces an RQ value close to 1 and a biomass yield/g.glucose 

closer to the theoretical yield than that produced by the previous chemostat dilution rate 

of 0.2h^ or batch fermentation. This indicates that to increase the biomass yield per 

fermentation in a fed batch culture the specific growth rate of S.pombe should be 

controlled at O.lh \

Although an RQ of 1.14 at a specific growth rate of O.lh^ indicated the culture to be 

almost free of glucose repression, a small concentration of ethanol (1.28 g/L) was still 

produced. The fact that the RQ value was so close to 1 but that the culture still produced 

ethanol shows that the organism is extremely sensitive to glucose. This should not exceed 

0.04 g.glucose/L in the medium otherwise glucose repression will result. Because of this, 

extreme care should be taken when taking samples from fed batch culture so as not to 

disturb the specific growth rate. Here, slight movement of the feed lines could add an 

excess of glucose to the medium and cause repression which will affect the specific 

growth rate of S.pombe, making fed batch control more difficult.
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3.5 FED-BATCH FERMENTATION

3.5.1 Introduction

It appeared from batch fermentation studies (section 3.3) that CdS crystallite production 

in cells was limited, giving rise to a certain yield per fermentation. Increased yields would 

be obtained by increasing the cell biomass per fermentation. One way of achieving this 

was to determine conditions in which glucose repression and thus ethanol production were 

minimal. The data from the chemostat fermentation (section 3.4) when S.pombe was 

grown at a specific growth rate of O.lh * showed the steady state culture to achieve an RQ 

value of 1.14 and the biomass production per g.glucose to be double that found in batch 

fermentations. Thus, S.pombe grew on glucose whilst undergoing minimal glucose 

repression and ethanol production. This specific growth rate can be used in fed-batch 

fermentations to produce higher biomass yields of Spombe per fermentation than achieved 

in previous sections.

To grow Spombe as a fed-batch fermentation at a specific growth rate of O.lh \  the 

substrate (glucose) feed rate has to be exponentially added to the culture. This can be 

carried out automatically using the Lab View computer control system (section 2.3.3.3). 

The pre-set control algorithm of the computer system automatically controls the 

exponential addition of substrate, requiring an initial estimation of culture biomass to be 

manually selected. It is better to underestimate the culture biomass value to be put into 

the control algorithm or too much glucose will continually be added which would lead to 

ethanol production and continued glucose repression. Underestimation of actual culture 

biomass would not cause glucose repression initially because all of the added glucose 

would be utilised. However, as the glucose feed rate increases exponentially, the culture 

growth rate must match this, otherwise, glucose repression will occur. Under conditions 

where extreme glucose repression occurs (due to gross overestimation of the actual culture 

biomass), the glucose feed must be manually switched off to allow for the utilisation of 

the excess glucose. The glucose feed is then re-started with a new, lower, estimation of 

actual culture biomass being put into the computer control algorithm.

124



When the computer algorithm is controlling the substrate feed rate to allow the fed-batch 

culture to grow exponentially at the pre-set specific growth rate, with little or no glucose 

repression (seen as an RQ close to unity), the RQ feedback mechanism (closed loop) 

programme of the algorithm is used to control the fermentation. Here, the maximum and 

minimum RQ set points put into the computer algorithm are the overriding control factors 

for continual automatic control of the specific growth rate. Any subsequent glucose 

repression is relieved (not by manually switching off the substrate feed), but by the 

computer algorithm RQ feedback mechanism. If the RQ value (automatically calculated 

from the exit-gas data of the culture) goes above the pre-determined maximum set point 

for the RQ feedback mechanism (a result of too much glucose, causing glucose repression 

and ethanol production) the feed rate is automatically cut by a pre-determined percentage 

of the feed rate. This will allow, over time, the excess glucose to be utilised without 

leading to continued repression. Eventually, the RQ will fall to a value below that of the 

pre determined minimum RQ set point for the RQ feedback mechanism (a result of 

glucose limitation) when the feed rate is now increased by a pre-determined percentage 

of the feed rate to increase the RQ again, and so on. This results in an oscillating RQ 

about the maximum and minimum RQ set point values of the feedback mechanism.

The computer algorithm conditions are determined for S.pombe so that the organism can 

be grown as an automatically controlled fed-batch fermentation to produce a high biomass 

yield per fermentation. Once this was achieved, cadmium sulphate was added to a fed- 

batch fermentation to induce the production of CdS crystallites and to determine whether 

the computer algorithm could still automatically control the growth of S.pombe as a fed- 

batch fermentation.

3.5.2 Protocol

Fed batch fermentations were set up and monitored as in section 2.S.3.3 and the Lab View 

computer control algorithm programmed to control the growth of S.pombe at a specific 

growth rate of 0.1 h *. However, for experimental fed-batch fermentation the glucose feed 

concentration was 200 g/L.
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3.5.3 Results

3.5.3.1 Control fed-batch fermentation

3.5.3.1.1 Exit-gas data

Figure 3.5.3.1.1 shows the CER, OUR and calculated RQ values for exponential growth 

of S.pombe in a fed-batch fermentation controlled by Lab View to grow at a specific 

growth rate of O.lh \  This control fed-batch fermentation was designated FBCl.

An over estimation of biomass in the computer control algorithm from 0 - 1 . 5  hours 

caused too much glucose to be fed to the culture. The effect of this, was diverging CER 

and OUR values which could not be automatically corrected for by the RQ feed back 

mechanism of the control algorithm. The maximum and minimum RQ control window set 

point values used between 0 - 1 . 5  hours are shown in Table 3.5.3.1.1.i, an explanation of 

which appears in section 3.5.3.1.4.

(i) High RQ 0.5 (ii) Low RQ 0.5

(iii) Critical response 0.95 (iv) Critical response 1.05

Table 3.5.3.1.1.i The RQ control window parameters used from 0-1.5 hours during the 

control fed-batch fermentation

Thus, at 1.5 hours the substrate feed was stopped (to allow excess glucose to be utilised 

which resulted in a concomitant drop in the CER value). When the CER value fell below 

that of the OUR, the substrate feed was started again with a different estimation of culture 

biomass and RQ control window set point values being entered into the computer 

algorithm. The new RQ control window set point values are shown in Table 3.5.3.l.l.ii.
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(i) High RQ 0.8 (ii) Low RQ 1.2

(iii) Critical response 0.95 (iv) Critical response 1.05

Table 3.5.3.l.l.ii The RQ control window parameters used from 1.5 - 11 hours during 

the control fed-batch fermentation.

After 1.5 hours, the substrate feed pump was not switched off again during the remainder 

of the fed-batch fermentation. Thus, the fed-batch culture grew exponentially, 

automatically controlled by the RQ feedback mechanism of the computer control 

algorithm. The CER and OUR data between 1.5 - 7.5 hours can be seen to be adjusting 

to the new RQ control window parameters, eventually settling at 7.5 hours as automatic 

control of growth is achieved.

Computer algorithm control of the fed-batch fermentation prior to 0 hours in Figure

3.5.3.1.1 was found to be inaccurate due to the low biomass of the culture. Also, the RQ 

feedback mechanism reacted too slowly for the low biomass of the culture (self 

readjustment every 5 minutes). This consistently lead to over addition of glucose, ethanol 

production and thus repression. Because of the low biomass, even the drastic reduction 

of glucose feed rate (resulting from RQ feed back control) never allowed excess glucose 

to be used up. Under these conditions, substrate addition would be stopped manually and 

only re-started with new control algorithm values when the CER value had fallen below 

that of the OUR.

Deviations of the RQ value from unity can result from inaccurate pump rates (especially 

at low pump rates), inaccurate user estimations of biomass (particularly at low biomass 

concentrations) and changes in growth yield due to production of ethanol as a result of 

excess glucose.

After 23 hours the CER and OUR fell because the glucose feed was used up.
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Figure 3.5.3.1.1 show s the carbon dioxide em ission rate ( CER), oxygen
uptake rate ( OUR) and the calculated respiratory quotient ( RQ) for
control fed-batch fermentation F B C l. The computer control algorithm (preset to 

grow the Schizosaccharomyces pombe culture at a  specific growth rate of 0.1 h' )̂ 
is controlled overall, by an RQ feedback m echanism which alters the substrate 
feed  rate to maintain the RQ about unity.
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OUR), increase in the dry cell weight (—■ —DOW) and

optical density (—• —OD) for control fed-batch fermentation F B C l.



3.5.3.1.2 Dry cell weight and optical density

Figure 3.5.3.1.2 shows the increase in dry ceil weight and optical density of the culture 

during the control fed-batch fermentation, pre-set to grow at a specific growth rate of

0 .1h \

Table 3.5.3.1.2 shows the specific growth rate for the control fed-batch culture

Specific growth rate.h^

DWT g/L 0.066

OD (660 nm) 0.068

Table 3.5.3.1.2 Specific growth rates calculated from dry cell weight and optical density 

data for an S.pombe culture grown in a fed-batch fermentation at a specific growth rate 

of 0.1h \
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The specific growth rates were calculated during automatically

controlled growth. It can be seen that the specific growth rate of the culture, calculated 

from dry cell weight and optical density measurements is slightly lower than that of the 

set specific growth rate of O.lh \  Under perfect conditions the control algorithm, set at 

a specific growth rate of O.lh * would exponentially add the substrate to allow the 

organism to grow at this specific growth rate. However, because the substrate feed rate 

oscillates as a response to the RQ feedback mechanism of the control algorithm, the 

optical density and dry cell weight measurements must reflect the overall oscillating 

deviation from the set specific growth rate of O.lh \  However, this is still acceptable 

because the aim was to produce optimum biomass yield from substrate.

3.5.3.1.3 Glucose and ethanol

The concentration of glucose and ethanol in the fed-batch fermentation medium 

throughout culture growth are shown in Figure 3.5.3.1.3. Early problems with controlling 

the specific growth rate of the culture at 0.1h ‘ and to an RQ value of unity are shown 

with the CER and OUR exit-gas data diverging from 0 - 1 . 5  hours. This resulted from 

excess levels of glucose in the medium which lead to increased ethanol levels. However, 

completely automatic, algorithm control of the RQ (Figure 3.5.3.1.1) is shown by the 

similar CER and OUR data values after 7.5 hours and also by the relatively constant 

levels of excess glucose remaining and ethanol produced in the medium (Figure 3.5.3.1.3), 

namely 0.13 g/L and 0.22 g/L respectively.

After the depletion of glucose at 23 hours the ethanol concentration in the medium 

immediately fell but the glucose level remained the same. The ethanol may be being 

consumed instead of the glucose. At this point S.pombe also began to produce alkali, 

increasing the medium pH (Figure 3.5.3.1.5.c) and the dissolved oxygen tension at 50%, 

began to increase as a result of cessation of respiration (Figure 3.5.3.1.5.a).
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Figure 3.5.3.1.3 shows the carbon dioxide emission rate ( CER), oxygen
uptake rate ( OUR), excess glucose concentration (—A — glucose) and
the level of ethanol (—▼—ethanol) produced during control fed-batch 
fermentation FBCl.
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Figure 3 .5 .3 .1 .4.a shows the variation in dry cell weight increase between that 
estimated by the computer control algorithm (—a —) and the actual dry cell 
weight increase (—■ —) of the Schizosaccharomyces pombe culture durin^^l 
control fed-batch fermentation FBCl.



3.5.3.1.4 Sensitivity of the algorithm controller

During the early stages of growth between 0 - 1 0  hours. Figure 3.5.3.1.4.a shows that the 

dry cell weight of the fed-batch culture, estimated by the control algorithm, was close to 

the actual values determined for the culture. However, after 10 hours, the estimation of 

biomass by the control algorithm began to deviate from the actual values. The reason for 

this was that the RQ feedback mechanism of the control algorithm continually altered the 

glucose feed rate to maintain an RQ value about unity. Because of this, the culture did 

not grow with a specific growth rate of O.lh^ whilst the algorithm estimation of biomass 

still increased exponentially as if the glucose feed rate was always O.lh *. This is a 

computer software problem.

Once it was observed that the RQ was being controlled about unity by the computer 

algorithm (between 7.5 - 11 hours), the RQ feedback mechanism window was 

manipulated to try to "fine tune" the RQ control. The window contains the maximum and 

minimum deviation values allowed from that of the desired RQ value of unity and also 

the appropriate response of the substrate feed pump. This will either be affected to 

decrease or increase the substrate feed rate, depending upon the actual RQ value obtained 

from the culture exit-gas data. Figure 3.5.3.1.4.b shows the effects of "fine tuning" the RQ 

feedback mechanism window. The parameters used between 7.5 - 11 hours are:

(i) High RQ 0.8 (ii) Low RQ 1.2

(iii) Critical response 0.95 (iv) Critical response 1.05

The window is read thus: when the last calculated RQ value for the culture is below (ii),

i.e. 1.2, the glucose feed rate is increased by (iv), i.e. 95 % and when the last calculated 

RQ value is above (i) i.e, 0.8, the glucose feed rate is decreased by (iii), i.e. 95 %. There 

was a 5 minute gap between each RQ reading by the computer algorithm.
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Figure 3 .5 .3 .1.4.b show s the effects of "fine tuning" the respiratory (RQ) feedback  
m echanism  window parameters during automatically controlled fed-batch growth 
of Schizosaccharomyces pombe (FBCl). This w as carried out to try to reduce
the carbon dioxide em ission rate ( CER) and oxygen uptake rate ( OUR)
oscillations resulting from RQ control. The actual RQ feedback m echanism  
window parameters used during controlled growth are designated A, B, C and D. 
T hese are d iscu ssed  in section 3.5.3.1.4.
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Parameters used between 11 - 12.25 hours:

B

(a) High RQ 0.9 (b) Low RQ 1.1

(c) Critical response 0.95 (d) Critical response 1.05

Parameters used between 12.25 - 13.75 hours:

c

(a) High RQ 0.7 (b) Low RQ 1.3

(c) Critical response 0.95 (d) Critical response 1.05

Parameters used between 13.75 - 25 hours:

D

(a) High RQ 0.8 (b) Low RQ 1.2

(c) Critical response 0.99 (d) Critical response 1.01

The different RQ control window parameters used throughout the fed-batch fermentation, 

designated A,B,C, and D, show their different effects on the CER and OUR exit-gas 

profiles as they are controlled to retain an RQ value about unity. All maximum and 

minimum values used could control the CER and OUR values to give an RQ value about 

unity. Changes in glucose feed rates were found to be necessary to control the RQ value 

about unity. Smaller changes to the glucose pump rate were found not to hold the RQ as 

accurately.
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Figure 3 .5 .3 .1 .5 .a shows the carbon dioxide emission rate ( CER), oxygen
uptake rate ( OUR) and the % dissolved oxygen in the medium (—+ —DOT)
for control fed-batch fermentation FB C l.
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Figure 3 .5 .3 .1.5.b shows the carbon dioxide emission rate ( CER), oxygen
uptake rate ( OUR) and the agitation speed used to maintain an aeroüë^
medium (—X—) for control fed-batch fermentation FBCl.
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Figure 3.5.3.1.5.C show s the carbon dioxide em ission rate ( CER), oxygen
uptake rate ( OUR) and the control of the medium pH (—X —pH) for control 
fed-batch fermentation FBCl.
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3.5.3.1.5 Fermentation variables

Figure 3.5.3.1.5.a shows that as the biomass of the fed-batch fermentation increased it was 

necessary to maintain aerobic conditions. The DOT of the fermentation medium was 

maintained above 50% by increasing the rotor speed of the fermenter from 1000 rpm to 

1200 rpm and from 1200 rpm to 1400 rpm after 7 hours (Figure 3.5.3.1.5.b), at which it 

remained over the duration of the, algorithm controlled fed-batch fermentation. The air 

flow rate being pumped in to the fermenter also had to be increased from 2.5 to 3.5 L/min 

after 7 hours at which it remained throughout the remainder of the fermentation. From 

0 - 2 3  hours the medium pH was accurately controlled at pH 5.3 as seen in Figure 

3.5.3.1.5.C. At 23 hours the glucose feed ran out, this resulted in a dramatic and 

immediate increase in medium pH to pH 6.2. This may be due to organic acids in the 

medium being transported back into the yeast cells (Sigler and Hofer, 1991). In the 

following 3 hours, the concentration of glucose in the medium remained at 0.13 g/L, but, 

the excess ethanol in the medium fell to zero (Figure 3.5.3.1.3).

3 5.3.2 Experimental fed-batch fermentation

3.5.3.2.1 Exit-gas data

The CER, OUR and RQ values for exponential growth of S.pombe, controlled by the Lab 

View computer control algorithm to grow at a specific growth rate of 0.1 throughout 

the fed-batch fermentation are shown in Figure 3.5.3.2.I. This experimental fed-batch 

fermentation was designated FBEl. At no time during the fermentation was the substrate 

feed stopped. The feed rate was controlled by the computer algorithm to increase and 

decrease as required to maintain the RQ about unity. From 0 - 5  hours (Cadmium sulphate 

had not yet been added) the control algorithm allowed the RQ value to increase to unity. 

After 5 hours and for the remainder of the fed-batch fermentation, the control algorithm 

controlled the RQ value about unity, resulting in oscillating RQ values. The ability of the 

control algorithm to maintain the RQ about unity after the addition of cadmium sulphate 

at 11 hours does not appear to be affected. However, any slight affect would be masked 

by the already existent large RQ oscillations. The RQ feedback mechanism window used
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throughout the fermentation is shown in Table 3.5.3.2.I. These parameters allowed 

accurate control of the RQ during the control fed-batch fermentation FB C l of section 

3.5.3.I.I.

(a) High RQ 0.8 (b) Low RQ 1.2

(c) Critical response 0.95 (d) Critical response 1.05

Table 3.5.3.2.1 shows the RQ window parameters used throughout the experimental fed- 

batch fermentation.

However, in the experimental fed-batch fermentation, the RQ control algorithm for 

substrate addition (to maintain an RQ value about unity) was not as accurate. The reason 

for this is thought to be that the increased glucose feed concentration of 200 g/L used for 

this experimental fed-batch fermentation compared to 100 g/L for the control fed-batch 

fermentation FBCl (section 3.5.3.1), did not allow accurate addition of the desired 

substrate concentration. Accurate addition of a particular glucose concentration by the 

algorithm controlled substrate feed pump is more difficult the higher the concentration of 

the substrate feed. This is especially true at low biomass values when even the smallest 

addition of glucose caused glucose repression. Only after biomass values of 10 g/L 

(DWT) for the culture was adequate RQ control possible. However, Figure 3.5.3.2.1 

shows that the RQ was still controlled about unity (+/-0.1) throughout the fermentation.

The oscillations stopped after 23 hours possibly as a result of 

removing 1.8 L of medium from the fermentation at 20 hours. This must have affected 

the control algorithm when the new culture volume was entered.

3.5.3.2.2 Dry cell weight and optical density

Figure 3.5.3.2.2 shows the increase in dry cell weight and optical density of the culture 

during the fed batch fermentation, pre-set to grow at a specific growth rate of 0.1h'\ Table

3.5.3.2.2 shows the specific growth rate of the culture calculated from DWT g/L and OD
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data before and after cadmium sulphate was added to the culture.

Specific 

growth rate

Specific 

growth rate

Before

cadmium

After

cadmium

DWT 0.043 0.008

OD 0.034 0.011

Table 3.5.3.2.2 Specific growth rates calculated from dry cell weight and optical density 

data for an S.pombe culture pre-set to grow in a fed-batch fermentation at a specific 

growth rate of O.lh'^ before and after cadmium sulphate was added to the culture.

The specific growth rates were calculated during controlled growth

between 0 - 1 0  hours (before cadmium sulphate addition) and between 10-32 hours (after 

cadmium sulphate addition). It can be seen that the specific growth rates of the culture, 

calculated from dry cell weight and optical density measurements (before cadmium was 

added to the culture) were slightly lower than that of the control fed-batch fermentation 

set at a growth rate of O.lh^ (section 3.5.3.1.2). This may be due to the algorithm control 

not being able to control glucose addition as accurately and thus the effects of glucose 

repression on growth yield being enhanced, leading to a lowered specific growth rate. 

Under perfect conditions the specific growth rate set at O.lh'* would control the 

exponential addition of substrate to allow the organism to grow at this required specific 

growth rate. However, because the substrate feed rate was continually changing (in 

response to the RQ values) the optical density and dry cell weight measurements must 

reflect the deviation from the set specific growth rate. This result is still acceptable 

however, because the RQ value is still being controlled about the set value of 1 although 

not as well as in the control fed-batch fermentation (section 3.5.3.1.).

The addition of cadmium sulphate to the experimental fed-batch fermentation can be seen 

in Table 3.5.3.2.2 to greatly reduce the specific growth rate calculated from the DCW and
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OD data. This is due to the toxic effects on cell metabolism caused by cadmium uptake 

by the cells.

3.S.3.2.3 Glucose and ethanol

The concentration of glucose and ethanol throughout automatically controlled growth of 

the experimental fed-batch fermentation by the control algorithm are shown in Figure 

3.5.S.2.3. The excess glucose concentration of the fermentation medium before cadmium 

was added to the culture was approximately 2.5 g/L between 0 - 1 0  hours. This was much 

more than that present during the control fed-batch fermentation where it averaged 0.13 

g/L during automatically controlled growth (section 3.5.3.1.3). This again showed that the 

control algorithm of this experimental fed-batch fermentation was not as accurate. After 

cadmium sulphate addition at 11 hours the excess glucose concentration in the 

fermentation medium immediately fell to 1.2 g/L (possibly being used as an energy 

source for resistance mechanisms) at which it remained for the duration of the 

fermentation except for an increase at 20 hours to 3 g/L possibly as a result of the 1.8 L 

medium removal. However, the excess glucose concentration immediately returned to 1.2 

g/L.

The high concentration of ethanol produced in the fermentation medium, 7 g/L, before 

cadmium sulphate was added after 11 hours is a result of the excess glucose concentration 

in the medium causing glucose repression and the production of ethanol. However, 

immediately after cadmium sulphate addition at 11 hours the excess ethanol concentration 

fell to almost 0 g/L. This may be a result of cadmium addition causing ethanol utilisation. 

After 11 hours, the ethanol concentration remained negligible for the remainder of the 

fermentation. After cadmium sulphate addition, there is still excess glucose present in the 

medium and because ethanol is not being produced suggests that the glucose being taken 

up is not being converted to ethanol but is being used in other parts of cell metabolism, 

possibly as an energy source for the production of chelating peptides, a resistance 

mechanism to the addition of the heavy metal. As well as possible use in resistance 

mechanisms, glucose uptake (after cadmium sulphate addition at 11 hours), is being used 

for minimal growth of the organism as shown by the decreased specific growth rate.
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3.S.3.2.4 Cadmium uptake and inorganic sulphide production

Figure B.5.3.2.4 shows that after the addition of cadmium sulphate to the experimental 

fed-batch fermentation medium at 11 hours, cadmium was immediately taken up into the 

cell and reached 40 pmoles/gDCW. However, this may have increased further, not being 

seen due to the fermenter being left overnight. During over-night growth, the control 

algorithm was able to automatically maintain the RQ about unity (+/- 0.1). At 20 hours, 

10 hours after the maximum cell content of cadmium was observed, the level had fallen 

from 40 pmoles/gDCW to 20 pmoles/gDCW and continued to fall throughout the 

remainder of the fermentation. This indicated that, after an initial phase of cadmium 

uptake by the cells, cadmium was being continually, actively effluxed from the cells 

during further growth.

From 0 - 1 1  hours, before cadmium sulphate was added to the fermentation medium, the 

intracellular inorganic sulphide content of the cells was 10 pmoles/gDCW. This compared 

well with the values obtained for cells during batch fermentation in the absence of added 

cadmium sulphate (section 3.3.3.5). However, immediately after cadmium sulphate 

addition, the inorganic sulphide content rose to 30 pmoles/gDCW. These levels continued 

to increase for a further 10 hours (after cadmium sulphate addition), reaching a saturation 

value of approximately 50 pmoles/gDCW, at which it remained throughout the duration 

of the fermentation.

3.5.4 Discussion

Fed-batch fermentation RQ control parameters have been deduced which allow S.pombe 

to grow in the absence of extreme glucose repression (and thus be utilising glucose for 

growth) when the pre-set specific growth rate of the computer control algorithm is O.lh \  

The addition of cadmium sulphate to a fed-batch fermentation (being controlled 

completely automatically) decreased the growth rate of the organism. However, the 

decreased growth rate was automatically adjusted for, by the RQ feedback mechanism of 

the control algorithm, to prevent extreme glucose repression. This was achieved by the 

control algorithm automatically decreasing or increasing the substrate feed rate
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Figure 3 .5 .3 .2 .4  show s the carbon dioxide em ission rate ( CER), oxygen
uptake rate ( OUR), uptake of cadmium ( - ♦ —cadmium) and the level of 
intracellular inorganic sulphide (—0 —sulphide) produced during experimental 
fed-batch fermentation FBEl.
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accordingly so that there was no build up of excess glucose at the new, lower specific 

growth rate of the culture.

Fed-batch fermentations may not be useful as a tool for continuous CdS crystallite 

production throughout growth because cadmium can be seen to be actively effluxed from 

the cells back into the fermentation medium, most likely in the form of CdS crystallites. 

However, the system could be used initially to grow up a high cell density to which 

cadmium sulphide could then be added to induce CdS crystallite production. The glucose 

feed could then be switched off so that the system mimicked a batch fermentation system.

3.6 OPTIMISING CdS CRYSTALLITE RELEASE

3.6.1 Introduction

The need for this work in the context of releasing CdS crystallites from S.pombe cells by 

mechanical disruption lead to this process requirement being superceeded by the findings 

of section 3.9. However, at the time the work was carried out, intracellular CdS 

crystallites were thought by all previous workers to remain within the cell upon freezing 

and were only released upon mechanical disruption. Also, there had been no previously 

published research, optimising mechanical disruption to release the maximum yield of 

intracellular CdS crystallites from S.pombe cells.

Initial work centred upon optimising disruption of cells which had been previously frozen 

and then allowed to thaw before being disrupted. The reasoning for this was that the CdS 

crystallite production and purification process is time consuming. A convenient break in 

the process was required such as the freezing of cells after harvesting from the 

fermentation for storage, and later use.

It was envisaged that the optimum conditions for maximum, mechanical release of CdS 

crystallites would be achieved using high pressures. Here, a limited number of passes
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would be required to achieve total cell disruption.

3.6.2 Protocol

Stationary phase cells (40 g) harvested from each of the batch fermentations E l, E2 and 

E3 (section 2.2.5) were defrosted (after being kept frozen at -70°C for approximately 1 

month) and the cells dismpted and assayed for protein and alcohol dehydrogenase release 

(see section 2.3.4.).

Fresh, stationary phase cells (40 g) harvested from each of the batch fermentations C3 and 

E4 (section 2.2.5) were each divided into two 20 g batches. From each fermentation, one 

20 g batch of cells were to be disrupted fresh and one after being stored frozen at -70°C. 

This would allow the effects of freezing, on cell disruption, to be determined for 

originally identical cells.

Fresh cells (20 g) from each of the batch fermentations C3 and E4 were disrupted and 

assayed for protein release. Cadmium release from cells of E4 was also assayed for (see 

section 2.3.4.). Frozen cells (20 g) from each of the batch fermentations C3 and E4 were 

defrosted (after being kept frozen at -70°C for approximately 1 month) and the cells 

disrupted and assayed for protein release (see section 2.3.4.). Cadmium release from cells 

of E4 was also assayed for (see section 2.3.4.).

3.6.3 Results

3.6.3.1 Preliminary work

Figure 3.6.3.1.a shows the release of protein from previously frozen cells (harvested 

during stationary phase of experimental batch fermentation E3), after repeated cycles of 

cell disruption at various pressures. It can be seen that the higher the pressure used for 

dismption, the higher was the release of intracellular protein. At each selected pressure 

below 1300 bar, as the number of cycles of disruption increased from 0 - 5, so did the 

total release of intracellular protein. However, total intracellular protein release was never 

achieved. At 1300 bar, as the number of cycles of disruption increased from 0 - 4, so did 

the total release of intracellular protein. At 1300 bar, total release was achieved after 4
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Figure 3 .6 .3 .1 .a show s the release of intracellular protein from previously frozen 
Schizosaccharomyces pombe cells (harvested during stationary phase of 
experimental batch fermentation E3) where cadmium sulphate had 
been added to the culture during the early exponential p hase of growth. The 
cells  were hom ogenised at each particular pressure (five tim es in total) with 
sam p les being taken for analysis after each pass.(—♦ —400 bar),(—t —600 bar), 
(—A —800 bar), (—# —1000 bar) and (—" —1300 bar).
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Figure 3 .6 .3 .1.b show s the increase in reiease of the intraceiiular enzym e aicohol 
dehydrogenase a s  detected from an increased activity in the hom ogenate from 
previously frozen Schizosaccharomyces pombe ceils (harvested during stationary 
phase of expérimentai batch fermentation E3) where cadmium suiphate had been  
added to the culture during the early exponential phase of growth. The cells were  
hom ogenised at each particular pressure (five times in totai) with sam p ies being 
taken for anaiysis after each pass.(—0 —400 bar),(—v —600  bar), (—A —800 bar), 
(—0 —1000 bar) and (—0 —1300 bar).
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Figure 3 .6 .3 .1.c com pares the total release of intracellular protein from previously 
frozen Schizosaccharomyces pombe ceWs (harvested during stationary phase) from 
experimental batch fermentations (—□ —E l), (—A—E2) and (— v —E3). Cadmium  
sulphate had been added to the cultures during the stationary, mid-exponential and 
early exponential p h ases of growth respectively. The cells were hom ogenised at 
1300 bar (five tim es in total) with sam ples being taken for analysis after each  p ass.
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passes where all cells had now been disrupted and no more intracellular protein was 

released. Similar dismption profiles were found when determining intracellular alcohol 

dehydrogenase enzyme (ADH) release (Figure 3.6.3.l.b.).

Figure 3.6.3.l.c shows the total intracellular protein content for previously frozen cells 

(harvested during stationary phase of experimental batch fermentations E l, E2 and E3) 

after repeated cycles of cell disruption at high pressures (13(X) bar). The total intracellular 

protein content of the cells from the different experimental batch fermentations can be 

seen to vary. Cells from experimental batch fermentation E l  show the highest total 

intracellular protein content (350 mg/gDCW) whilst cells from batch fermentation E3 have 

the lowest intracellular protein content (100 mg/gDCW). An explanation for this may be 

that the time of cadmium sulphate addition to the culture is responsible. It is known that 

adding cadmium to cell cultures stresses the cells, affecting their metabolism. Because 

cadmium was added to the cells of experimental batch fermentation E l during the 

stationary phase these cells would have undergone normal growth. This would explain 

why these cells have the highest intracellular protein content. Whereas, cadmium added 

to experimental batch fermentation E3 (at the beginning of the growth cycle) would have 

continually stressed the growth of these cells and affected their metabolism. That is, cell 

metabolism changes from one of growth to one of survival. This may be the reason why 

the total intracellular protein content was lowest in this fermentation.

3.6.3 2 Impact on disruption of freshly harvested cells by intracellular CdS 

crystallites

Almost complete breakage (80%) of freshly harvested, stationary phase S.pombe cells 

from control batch fermentation C3 (no cadmium added) is achieved after 1 pass at 1000 

bar (Figure 3.6.3.2.a). However, for freshly harvested stationary phase cells from 

experimental batch fermentation E4 (cadmium added during late exponential growth to 

induce CdS crystallite production), a similar degree of breakage can be achieved at a 

much lower pressure with 2 passes at 600 bar (Figure 3.6.3.2.b). The lowering of the 

pressure and number of passes required at that pressure for maximum breakage of freshly 

harvested cells containing CdS crystallites is thought to be due to the presence of the
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Figure 3 .6 .3 .2 .a  show s the release of intracellular protein from freshly 
harvested Schizosaccharomyces pombe cells (at stationary phase) from 
control batch fermentation C3. No cadmium sulphate had been  added to 
this culture. The ceils were hom ogenised at each particular pressure  
(five tim es in total) with sam ples being taken for analysis after each  p ass. 
(—♦ —600 bar), (—A —800 bar), (—# —1000 bar) and (—■ —1300 bar).

151



100

80

<D
CO
CO
0)
CD

60

.5  40
CD4—*o&_
CL

20

0 #
0 1 2 3 4 5

Number of passes

Figure 3.6 .3 .2 .b  show s the release of intracellular protein from freshly 
harvested Schizosaccharomyces pombe cells (at stationary phase) from 
experimental batch fermentation E4. Cadmium sulphate had been  added  
to this culture during the late exponential phase of growth.The cells  were  
hom ogenised at each particular pressure (five tim es in total) with sam ples  
being taken for analysis after each pass. ( -♦ -  GOO bar), (—A —800 bar), 
(—• —1000 bar) and (—« —1300 bar).
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Figure 3 .6 .3 .3 .a  show s the release of intracellular protein from previously 
frozen Schizosaccharomyces pombe cells (harvested during the stationary 
phase of growth) from control batch fermentation C3. No cadmium sulphate 
had been  added to this culture. The cells were hom ogenised at each  
particular pressure (five times in total) with sam ples being taken for analysis 
after each  p ass. (—♦ —600 bar), (—A —800 bar), (—# —1000 bar) 
and (—■ —1300 bar).
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Figure 3 .6 .3 .3 .b  show s the release of intracellular protein from previously 
frozen Schizosaccharomyces pombe cells (harvested during the stationary 
phase of growth) from experimental batch fermentation E4. Cadmium  
sulphate had been  added to this culture during the late exponential ph ase  
of growth. The cells were hom ogenised at each particular pressure (five 
tim es in total) with sam ples being taken for analysis after each  p ass. 
( ♦ - 600  bar), (—A —800 bar), (—# —1000 bar) and (—■ —1300 bar).
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added cadmium, weakening the cell wall and also that the presence of intracellular CdS 

crystallites may be acting as high pressure "missiles" to break open the cell.

3.6.3 3 Impact on disruption of frozen ceils by intracellular CdS crystallites

Almost complete breakage (80%) of previously frozen, stationary phase S.pombe cells 

from control batch fermentation C3 (no cadmium added) is achieved after 2 passes at 

1000 bar (Figure 3.6.3.3.a). However, the effect of freezing stationary phase cells from 

experimental batch fermentation E4 (cadmium added during late exponential growth), has 

increased the pressure required to achieve 80% breakage from 2 passes at 600 bar (Figure 

3.6.3.2.b) to 2 passes at 1000 bar (Figure 3.6.3.3.b). One of the reasons for an increased 

pressure being required to achieve 80% breakage of frozen cells from experimental batch 

fermentation E4 (compared to that required for freshly harvested cells from the same 

fermentation) may be that the intracellular CdS crystallite "missiles" are no longer inside 

the cell. It could also be due to the cell becoming more flaccid as a result of undergoing 

freeze-thaw.

3.6 3.4 Effect of freezing cells

3.6.3.4.1 Cadmium release

S.pombe cells exposed to cadmium sulphate during experimental batch fermentation E4 

released intracellular cadmium into the extracellular space after undergoing a cycle of 

freeze-thaw, as shown in Figure 3.6.3.4.I. After the freeze-thaw cycle, background 

cadmium concentration had increased,55pmol/gDCW, this was before the cells had been 

homogenised. After complete cell disruption and cadmium release (on the 5^ pass at 1300 

bar) the total cadmium content for the fresh and frozen cells was seen to be approximately 

115 pmol/gDCW. Thus, approximately 48% of the cadmium taken up by the culture of 

batch fermentation E4 had been effluxed into the extracellular space.
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Figure 3.6.3.4.1 show s the release of Intracellular cadmium from fresh and 
previously frozen Schizosaccharomyces pombe cells (harvested during the 
stationary phase of growth) from experimental batch fermentation E4. 
Cadmium sulphate had been added to this culture during the late exponential 
phase of growth. The cells were hom ogenised at 1300 bar (five tim es In total) 
with sam ples being taken for analysis after each pass. It can be se e n  that 
46% of the Intracellular cadmium w as released from frozen cells a s  a result 
of the freeze-thaw process, without hom ogenisation. (—Q ^ r e s h  cells) and 
(" O'” frozen cells).
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3 6.3.4.2 Cell flacddity

The effect of increased flacddity of the yeast cell as a result of freezing, compared to 

fresh cells, on their disruption characteristics, is more noticeable at low disruption 

pressures (Milbum, 1992). Figure 3.6.3.2.a shows 45% release of intracellular protein 

from fresh cells of control batch fermentation C3 (no cadmium added) after 1 pass at 600 

bar. However, under the same disruption conditions, this is decreased to only 20% after 

the same cells have been frozen (Figure 3.6.3.3.a). To fully appreciate this effect however, 

the pressures used would have to be much lower and in the range 200 - 400 bar.

3.6.4 Discussion

Hetherington et al. (1971) derived a mathematical equation to determine the relationship 

between % cell breakage and disruption pressure (and the number of passes at that 

pressure). However, this information was determined from data where the highest pressure 

used for disruption was 500 bar. Subsequent studies at higher pressures showed some 

deviation from the relationship (Dunnill and Lilly, 1975). Because most of the cell 

disruptions in this thesis were carried out above 500 bar, further disruption analysis was 

not thought appropriate.

The effect of increased disruption pressures and number of passes at that pressure required 

to achieve total cell dismption when comparing freshly harvested cells with thawed cells 

(which were previously frozen prior to dismption) are only tentatively indicated. The 

pressures used in this work are extremely high causing a high degree of dismption even 

at the lowest of pressures used.

As indicated in section 3.6.3.4.1 it appears that homogenisation of cells to release CdS 

crystallites may not be necessary. A simple cycle of freeze-thaw may be all that is 

required.

In the light of these findings and those in section 3.9 it is likely that future work will 

concentrate on the purification of CdS crystallites from frozen cells without the use of
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mechanical disruption. However, if CdS crystallites are to be purified from freshly 

harvested S.pombe cells, a minimum disruption pressure of 600 bar with 3 passes is 

advised.

3.7 CADMIUM SULPHIDE CRYSTALLITE PURIFICATION FROM FRESH 

S.POMBE CELLS BY CHROMATOGRAPHIC TECHNIQUES

3.7.1 Introduction

Initial purification studies were only carried out using freshly harvested S.pombe cells 

from shake flask cultures.

3.7.2 Protocol

Four shake flasks (2L) each containing 400 ml yeast extract-tryptone fermentation medium 

were prepared and inoculated as in section 2.3.2.1. Cadmium sulphate to a final 

concentration of 1 mM was added to the shake flask cultures during the mid-exponential 

phase of growth and incubated (section 2.2.1) for 24 hours. The cells were harvested 

(section 2.2.5) and disrupted (section 2.3.4) with two passes at 1400 bar.

All chromatography was carried out using the system of section 2.2.7. Anion exchange 

chromatography was the first purification stage for the cleaned supernatant then gel 

filtration chromatography and finally the purified crystallites were de-sal ted (see section 

2.3.5). All respective assays were carried out as in section 2.3.6.
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3.7.3 Results

3.7.3.1 Anion exchange chromatography

3.7.3.1.1 Cadmium and luminescence

Fractions eluted from the anion exchange column (Figure 3.7.3.1.1.a) showed the 

absorbance profile at 280 nm and 254 nm for cell free supernatant obtained from 

homogenised fresh cells which had been exposed to 1 mM cadmium sulphate during mid

exponential growth. The supernatant contained two distinct types of cadmium. Cadmium 

eluted as one peak at 15 minutes and as a second at 90 minutes. Both eluted with a high 

254 and 280 nm background absorbance.

The degree of luminescence of successive fractions eluted from the anion exchange 

column reached a maximum at 90 minutes with the co-elution of the second cadmium 

peak. Figure 3.7.3.1. l.b shows the luminescence (emission spectrum) of the fraction eluted 

at 90 minutes (which contained the maximum concentration of cadmium). The emission 

spectrum showed this fraction to have maximum luminescence at a wavelength of 455 nm.

3.7.3.1.2 Inorganic sulphide

A second anion exchange elution profile for cell free supernatant (obtained from 

homogenised fresh cells exposed to 1 mM cadmium sulphate during mid-exponential 

growth) is shown in Figure 3.7.3.1.2. Cadmium peaks co-eluted at 0.125 M KCL (between 

20 - 40 minutes) and 0.2 M KCL (between 55 - 65 minutes) with protein and low levels 

of inorganic sulphide. However, between 0.3 - 0.4 M KCL, the major cadmium peak was 

eluted (80 - 110 minutes).

At 96 minutes, the fraction containing the highest concentration of cadmium, co-eluted 

from the anion exchange column with an associated peak of inorganic sulphide. This 

fraction had been separated from 94% of the supernatant protein. The cadmium peak 

eluted at 96 minutes in Figure 3.7.3.1.2 was assumed to be comparable to the cadmium
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Figure 3.7.3.1.1 .a shows the anion exchange elution profile for the separation 
of cadmium sulphide crystallites from Schizosaccharomyces pombe. 
The elution profile is that for supernatant material obtained after the 
homogenisation of freshly harvested cells from shake flask culture. 
(--------254 nm), (...........280 nm), (—■ —cadmium) and (—▼—luminescence).
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Figure 3 .7 .3 .1 .l.b  shows the emission spectrum of the fraction eluted at 
96 minutes from the anion exchange column (figure 3 .7 .3 .1 .1 .a). Excitation 160 
was carried out at 350 nm. (—▼—luminescence).
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Figure 3.7.3.1.2 shows the anion exchange elution profile for the separation 
of cadmium sulphide crystallites from Schizosaccharomyces pombe. 
The elution profile is that for supernatant material obtained after the 
homogenisation of freshly harvested cells from shake flask culture, 
(—■ —cadmium), (—• —sulphide), (—A —protein) and ( KCI gradient).
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Figure 3 .7 .3 .1.3.a show s the UV-visible absorption spectra of su ccessiv e  
fractions eluted between 8 4 -  108 minutes from the anion exchange column
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eluted at 90 minutes in Figure 3.7.3.1.1a. The slight increase in time of elution was 

thought to be due to having used an increased loading concentration of the supernatant.

3.7.3.1.3 UV-visible absorption spectrum

The UV-visible absorption spectra shown in Figure 3.7.3.1.3.a are those for the collected 

fractions which eluted between 84 - 108 minutes from the anion exchange column of 

Figure 3.7.3.1.2. The UV-visible absorption spectra showed a shoulder at -310 nm which 

increased in successive fractions eluting between 84 - 92 minutes, reached a maximum 

at 96 minutes, after which, the absorption value decreased again.

3.7.3.1.4 Discussion

Cadmium eluting at 15 minutes in Figure 3.7.3.1.1.a and between 20 - 40 minutes in 

Figure 3.7.3.1.2 is believed to be "free" cadmium remaining from the fermentation 

medium. The cadmium is probably bound non-specifically to the protein as shown by its 

co-elution. The cadmium eluting between 55 - 65 minutes in Figure 3.7.3.1.2 was not 

seen in Figure 3.7.3.1.1.a probably because the supernatant loading concentration was 20 

X less.

Reese et al. (1988) have shown that class HI metallothioneins elute from the DE52 anion 

exchange column with a salt concentration 0.25 - 0.30 M KCI. Because of this, it was 

thought that the major cadmium and inorganic sulphide peak eluting between 80 - 110 

minutes (-0.3 - 0.4 M KCI) of Figure 3.7.3.1.2. is most likely to contain any CdS 

crystallites that have been produced during fermentation.

Murasugi et al. (1984) have shown that cadmium binding peptides (Cd-BPS) produced by 

S.pombe differ in their content of acid labile sulphide. To date, two different forms have 

been isolated. Cd-BP2 has no acid labile sulphide whilst Cd-BPl has a high content of 

acid labile sulphide. Because of the inorganic sulphide content, Cd-BPl has an absorption 

peak near 310 nm that correlates with the cadmiumiinorganic sulphide core of the CdS
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crystallite. However, because Cd-BP2 has no acid labile sulphide, it has no 

cadmium:inorganic sulphide core, and thus, no absorbance peak at -310 nm. Only Cd-BPl 

will exhibit quantum size effects.

During anion exchange chromatography Cd-BPl is known to elute after Cd-BP2 probably 

to a higher overall negativity caused by a higher sulphide content (Reese and Winge, 

1988). Thus, cadmium eluting between 55 - 65 minutes (Figure 3.7.3.1.2) is believed to 

be composed of CdBP2 as it does not co elute with a sulphide peak, whilst the cadmium 

and inorganic sulphide peak eluting between 80 - 110 minutes is thought to contain the 

CdS crystallites (Cd-BPl). This is further supported by the UV-visible absorption 

spectrum (Figure 3.7.3.1.3.a) of the fraction eluted at 96 minutes (from this anion 

exchange column) having an absorption shoulder at -310 nm. Cadmium sulphide 

crystallites in the region of 1.8 nm in diameter absorb energy at a wavelength of -310 nm 

which corresponds to electronic transitions (Dameron et a i, 1989a). Also, the emission 

spectrum of a fraction collected under similar conditions from the anion exchange column 

of Figure 3.7.3.l.l.a  was comparable to that obtained by Dameron and Winge (1990b) 

who were using positively identified cadmium sulphide quantum semiconducting 

crystallites (Cd-BPl).

Using the anion exchange conditions stated, fractions eluting between 90 - 96 minutes 

contain cadmium, inorganic sulphide, show a luminescence maxima at 455 nm, and an 

absorption shoulder at 310 nm. Because of this they are believed to contain CdS 

crystallites.

The marked broadness in absorption shoulder and emission peak at the wavelengths -310 

nm and 455 nm of the UV-visible absorption spectrum and emission spectrum, 

respectively, can be accounted for by population heterogeneity. The cadmium sulphide 

crystallites produced by S.pombe are present as an average population of a range of 

sulphide contents (Reese and Winge, 1988). And thus, an average population of CdS 

crystallite core sizes.
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3.T.3.2 Gel filtration chromatography

3.7.3.2.1 Cadmium and inorganic sulphide

Figure 3.7.3.2.1.a shows the gel filtration elution profile of the fraction eluted at 96 

minutes from the anion exchange column shown in Figure 3.7.3.1.2. It can be seen that 

the cadmium and inorganic sulphide content of the loaded sample co-eluted as a single 

peak after 63 minutes. The protein concentration associated with these fractions was very 

low and may indicate the existence of the chelating peptides.

Figure 3.7.3.2.l.b shows the UV-visible absorption spectra of successive fractions eluted 

from the gel filtration column between 54 - 69 minutes. The absorption peak at -315 nm 

(of the fraction eluted at 54 minutes) became blue shifted to 305 nm after successive 

fractions had eluted from the column. Also, the degree of absorbance of the peak 

increased in successive fractions after 54 minutes, reaching a maximum at 63 minutes, 

after which, it decreased. This increasing and then decreasing absorbance value of the 

peak corresponded to the cadmium and inorganic sulphide content of successive fractions 

eluted from the gel filtration column between 54 - 69 minutes.

3.7.3.2.2 Discussion

CdS crystallites (Cd-BPl) elute before Cd-BP2 on the gel filtration column due to acid- 

labile sulphide incorporation increasing the Stokes radius (Murasugi et a i, 1981a; Reese 

and Winge, 1988). Thus, any Cd-BP2 present (carried over from anion exchange) in a 

sample loaded on to the gel filtration should be separated from the CdS crystallites (Cd- 

BPl).

The fraction obtained by anion exchange chromatography and further purified by gel 

filtration chromatography contained CdS crystallites (Cd-BPl) of different size. This was 

proved by the fact that fractions isolated between 54 - 69 minutes from the gel filtration 

column contained cadmium and inorganic sulphide which had absorption spectra showing 

a blue shifted absorption peak (from 315 - 305 nm) in fractions containing successively
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Figure 3 .7 .3 .2 .I.a  shows the gel filtration elution profile of the fraction 
eluted at 96 minutes from the anion exchange column of figure 3.7.3.1.2. 
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(-------- 254 nm), {.......... 280 nm), (—■ —cadmium), (—• —sulphide)
and (—A —protein).

E
c
o
CO
C\J

co
*-«-»Ü
03

O)
E

c .=
CO ®

E 2
C CL

S  f  
2L a
U 2  
C ^

- e  ^
O  0

<  f
3

(/)

166



0.8

0.6

<D
ü
C
03

O(/)
_Q
<

0.2

0.0
250 300 350

Wavelength (nm)

Figure 3.7.3.2.1.b shows the UV-visible absorption spectra of su ccessive fractions 
eluted from the gel filtration column of figure 3 .7 .3 .2 .1 .a. The spectra show an 
absorption peak which blue shifts in successively eluted fractions between 54 
and 69 minutes. Maximum peak absorbance occurred at 63 minutes. This fraction 
contained the highest concentration of cadmium and sulphide. ( 54 minutes),
(-------- 57 minutes), (-------- 60 minutes), (--------63 minutes), (--------66 minutes),
and (-------- 69 minutes).
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smaller material.

Fractions eluting from the gel filtration column contained similar mixtures of different 

sized cadmium sulphide quantum semiconductor crystallites as indicated by the broadness 

of the absorbance peaks over the wavelengths 300 - 330 nm. However, the average size 

of the population of quantum semiconductor crystallites in successive fractions is smaller, 

as indicated by the fact that the discrete absorbance peak became blue shifted, in 

agreement with quantum theory (Brus, 1984).

3.7.3.3 De salting gel filtration chromatography

3.7.3.3.1 Cadmium

Cadmium sulphide crystallites eluted between 57 - 63 minutes from the gel filtration 

column were combined and separated from their salt environment by the de-salting 

column so that they could be dried for storage. Figure 3.7.3.3.1.a shows the 

chromatographic elution profile of the loaded CdS crystallites eluted from the de-salting 

column. It can be seen that the cadmium eluted as a single peak after 15 minutes. The 

inorganic sulphide content was not tested for and any protein concentration associated 

with these collected fractions was too low to be detected.

Figure 3.7.3.3.l.b  shows the UV-visible absorption spectra of successive fractions eluted 

from the de-salting gel filtration column between 9 - 2 1  minutes. An absorption peak is 

clearly visible at -310 nm in the fractions eluting between 12 - 18 minutes, with the 

highest absorbance value of the peak corresponding to the highest cadmium content of the 

fraction eluted after 15 minutes.

The de-salting column did not allow complete separation from the salt content of the 

loading, as shown by the increased conductance of the fractions eluted after 18 minutes 

(Figure 3.7.3.3.1.a). Thus, future de-salting gel filtrations were carried out using a longer 

column (section 2.3.5.3). However, the two "cleaned" fractions which eluted at 12 and 15 

minutes were concentrated to dryness and used later for characterisation work. At least
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Figure 3.7.3.3.1.b shows the UV-visible absorption spectra of su ccessive fractions 
eluted from the de-salting gel filtration column of figure 3.7.3.3.1 .a. The highest 
absorbance at 310 nm occurred in the fraction eluted after 15 minutes. This
fraction also contained the highest cadmium concentration.(...........9 minutes),
(-------- 12 minutes), (-------- 15 minutes), (-------- 18 minutes) and (-------- 21 minutes).
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100 jig/gDCW of CdS crystallites have been purified using chromatographic methods.

3.T.3.3.2 Discussion

If CdS crystallites are to used as part of a biosensing system which incorporates surface 

plasmon resonance as the detector, KCI must be completely removed from the crystallite 

surroundings. The reason for this is that the efficiency of coupling chemistry (required as 

part of the technique), is reduced in the presence of salts.

3.8 EFFECT OF FREEZING CELLS ON CdS CRYSTALLITE PURIFICATION

3.8.1 Introduction

Intracellular proteins are released from yeast cells as a result of freezing the cells to -70®C 

and then thawing (Milbum, 1992).

3.8.2 Protocol

Cells from 4 x 2 L shake flask cultures (prepared as in section 2.3.2.1) to which 1 mM 

cadmium sulphate had been added during the mid-exponential phase and incubated for 24 

hours (section 2.2.1) were harvested (section 2.2.5) and washed with distilled water at 4°C 

to remove any extraneous cadmium. The washed cell paste was resuspended in distilled 

water at 4°C to form a homogenous cell suspension and 1 ml aliquots taken and the cells 

pelleted by centrifugation using the Microcentaur centrifuge (section 2.2.5). The 

supernatants were analysed to provide a background concentration against that for released 

cadmium, sulphide and protein. The cell pellets then underwent a freeze-thaw process 

(section 2.3.7).
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3.8.3 Results

3.8.3.1 Selective release

Figure 3.8.3.1 shows that maximum cadmium, sulphide and protein release was achieved 

with cells which remained frozen for a minimum of two weeks at -70°C and were then 

thawed.

The total release of protein after a single freeze-thaw cycle of 12 mg/gDCW was 

approximately 8 % of that expected for the total intracellular protein content of frozen 

cells which had undergone similar CdS induction by adding cadmium sulphide during the 

mid-exponential phase of growth (see Figure 3.6.3.l.c, experimental batch fermentation 

E2).

It was also found that repeated freeze-thawing of cells and removal each time of effluxed 

cadmium did not affect the rate of cadmium release with respect to cells which had 

undergone a single freeze-thaw cycle, nor did it increase the total concentration released. 

This showed that release was not an equilibrium phenomenon.

3.8.4 Discussion

Selective release of cadmium sulphide (as quantum semiconductor crystallites) from cells 

which have undergone a freeze-thaw cycle has not previously been identified because all 

purification methods assumed that the intracellular cadmium sulphide crystallites remain 

within the cell (Dameron et al., 1989b; Mehra et at., 1989; Kon-ya et a i, 1990; Mutoh 

et al., 1991a; Barbas et al., 1992; Plocke and Kagi, 1992). However, the fact that 

cadmium and sulphide were released at similar rates and that both reached a maximum 

concentration after the same storage period suggest that cadmium and sulphide are being 

released from frozen cells together, as cadmium sulphide crystallites. This was confirmed 

by results reported in section 3.9.
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Figure 3.8.3.1 shows the release of cadmium, sulphide and protein from cell 
pellets of Schizosaccharomyces which have been exposed to cadmium
sulphate before being kept at -70°C. Cadmium sulphide (—# —) and
protein (--A --) release from cell pellets after a single cycle of freeze-thaw. 
Cadmium (—□ —) release (cumulative) from cell pellets after repeated cycles 
of freeze-thaw.

173



3.9. CHARACTERISATION OF MATERIAL RELEASED BY THE 

FREEZE-THAW PROCESS 

3.9.1 Introduction

It was important to confirm that intracellular cadmium and sulphide, released from 

S.pombe cells by the effects of the freeze-thaw cycle, were released simultaneously as 

intracellular cadmium sulphide quantum semiconductor crystallites, and to establish 

whether any, remained within the cell. This was achieved by comparing anion exchange 

elution profiles of cadmium sulphide material released from freeze-thawed cells with the 

supernatant obtained from subsequently homogenizing the same cells.

3.9.2 Protocol

Cells from 4 x 2 L shake flask cultures (prepared as in section 2.3.2.1) to which 1 mM 

cadmium sulphate had been added during the mid-exponential phase and incubated for 24 

hours (section 2.2.1) were harvested (section 2.2.5) and washed with distilled water at 4°C 

to remove any extraneous cadmium. The washed cell paste was resuspended in distilled 

water at 4°C to form a homogenous cell suspension and 1 ml aliquots taken and the cells 

pelleted by centrifugation using the Microcentaur centrifuge (section 2.2.5). The cell 

pellets were frozen at -70°C two weeks. Twenty frozen cell pellets were thawed by 

resuspending them in 1 ml of distilled water and centrifuged in a microcentrifuge for 10 

minutes to pellet the cells. Supernatants filtered through a 0.2 pm filter were decanted off, 

loaded on to the anion exchange column and eluted with a salt gradient (section 2.3.5.1). 

Fractions of 4 ml were collected.

The remaining cell pellets were resuspended in Tris/Mes buffer (10 mM) pH 7.6, 

homogenised at 1200 bar for complete disruption and centrifuged to obtain a clarified 

supernatant (section 2.3.4). The cleaned supernatant was loaded on to the anion exchange 

column and eluted as before (section 2.3.5.1). Fractions of 4 ml were collected.
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3.9.3 Results

Figure 3.9.3.1.a shows that cadmium, released from cells as a result of freeze-thawing 

eluted from the anion exchange column as a single peak after 100 minutes. The fractions 

eluted between 98 - 102 minutes showed the typical UV-visible absorption spectra 

expected with CdS crystallite content in fractions obtained from anion exchange 

chromatography (Figure 3.9.3. l.b). Further purification of these fractions using the gel 

filtration column eluted the cadmium as a peak at 70 minutes. The fraction eluted at 70 

minutes showed a UV-visible absorbance spectrum similar to published spectra for 

positively identified cadmium sulphide quantum semiconductor crystallites of 

approximately 1.8 nm in diameter (Figure 3.9.3.l.c) (Dameron et al., 1989a; Dameron and 

Winge, 1990b).

Cadmium contained within the supernatant obtained following homogenisation of the 

previously freeze-thawed cells eluted from the anion exchange column as three unresolved 

peaks after 45, 70 and 95 minutes (Figure 3.9.3.l.d). The presence of cadmium sulphide 

quantum semiconductor crystallites was not indicated in any of the cadmium peaks, in 

particular that of 95 minutes, when the absorbance spectra of fractions obtained from the 

anion exchange column were subsequently studied.

With the selective recovery method described, the background absorbance from 

contaminants eluted (from the anion exchange column) in the same fractions as the 

cadmium sulphide quantum semiconductor crystallites was very low at 254 and especially 

at 280 nm, (Figure 3.9.3.1.a). Because of this, spectroscopic identification of the cadmium 

sulphide quantum semiconductor crystallites at an early stage in the purification process 

was made much easier. This absorbance profile of eluted material (at 254 and 280 nm) 

may be compared with that remaining within the cell after freeze-thaw and released by 

homogenisation. The fractions eluted from the anion exchange column which would 

normally contain cadmium sulphide quantum semiconductor crystallites, i.e. after 100 

minutes, had an extremely high background 254 and 280 nm absorbance, (Figure

3.9.3.l.d). Thus, homogenisation of cells released material which would interfere with 

early spectroscopic identification of cadmium sulphide quantum semiconductor crystallites 

in fractions eluted from the anion exchange column. It is thought that most of the
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Figure 3 .9 .3 .l.b  shows the UV-visible absorption spectra of successive  
fractions eluted between 98 - 102 minutes from the anion exchange column 
of figure 3 .9.3.1.a. ( 98 minutes), (-------- 100 minutes ) and
(- 102 minutes ).
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Figure 3 .9 .3 .l .c  show s the UV-visible absorption spectrum of the fraction 
eluted at 70 minutes (containing the highest concentration of cadmium)
from the gel filtration column. (-------- 70 minutes). The loading sam ple for
the gel filtration column w as the combined fractions that eluted betw een  
9 8 -  102 minutes from the anion exchange column of figure 3 .9 .3 .1 .a.
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of cadmium sulphide crystallites from Schizosaccharomyces pombe. 
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absorbance at 254 and 280 nm of fractions eluted at 100 minutes from the anion exchange 

column (Figure 3.9.3.l.d) is due to the presence of contaminating nucleic acids. These 

would be released from cells during homogenisation but to a much lesser degree (if any) 

as a result of freeze-thaw.

3.9.4 Discussion

The percentage of selectively released cadmium in the form of cadmium sulphide quantum 

semiconductor crystallites is important. It was found that the selectively released material 

(41% of the cadmium associated with freeze-thawed cells) was in the form of quantum 

semiconductor crystallites. The 54% remaining intracellular was not in this form and 

neither was 5% associated with cellular debris.

3.10 CdS CRYSTALLITE CHARACTERISATION

3.10.1 Introduction

It important to characterise novel materials with a varied range of possible applications 

such as is the case with CdS crystallites. Their stability is of extreme importance on a 

commercial basis. It is no good being able to produce CdS crystallites in bulk for 

applications of sustained use such as in computers if they have a limited life-span. 

Therefore, the more one knows about novel materials the greater the possibility of being 

able to overcome application problems.

3.10.2 Protocol

Two identical samples containing cadmium sulphide quantum semiconductor crystallites 

(obtained by anion exchange chromatography), one fresh, and the other after being aged 

for two weeks at 4°C, were applied to a gel filtration column and eluted (section 2.3.5.2).
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3.10.3 Results

3.10.3.1 Stability to aging

The stability of capped cadmium sulphide crystallites to Ostwald ripening and crystallite 

breakdown can be exploited so that only peptide capped cadmium sulphide quantum 

semiconductor crystallites are purified.

Cadmium sulphide crystallites eluted from both samples between 60 and 70 minutes. This 

was best indicated by the 280 nm absorbance peak over this time period, which coincided 

with leading edges of cadmium and 254 nm absorbance profiles, (Figures 3.10.3.1.a and

3.10.3.1.b). Compared to the fresh, loading sample, over these elution times (Figure

3.10.3.1.a), aging caused no reduction in cadmium concentration or the 254 and 280 nm 

absorbance profiles (Figure 3.10.3.l.b). This indicated that there had been little or no loss 

of cadmium sulphide quantum semiconductor crystallites. However, in later fractions 

(deemed not to contain quantum semiconductors), eluting between 70 and 90 minutes, the 

aging period lead to 25% loss in 254 nm absorbance and 25% loss of cadmium. Because 

of the aging process, the cross contamination of cadmium and material absorbing at 254 

nm (occurring between 70 and 90 minutes), is significantly reduced. It is likely that some 

of the cadmium is eluting between 60 and 70 minutes because the total cadmium 

concentration eluting after this time has increased after the aging period. This may 

indicate in-vitro formation of cadmium sulphide quantum semiconductor crystallites 

(Dameron and Winge, 1990a, 1990b).

Absorption spectra of cadmium sulphide quantum semiconductor crystallites after aging 

showed a loss of absorbance at 290 nm which made the discrete absorption peak at 310 

nm more prominent. Thus, spectroscopic identification of cadmium sulphide quantum 

semiconductor crystallites was made easier (Figure 3.10.3. l.c). Absorbance loss at 290 nm 

as a result of elevated temperatures was thought, by Dameron and Winge (1990b) to be 

due to the labialisation of unstable low sulphide forms of cadmium sulphide crystallites. 

Absorbance at 310 nm after aging is unchanged which is an indication of quantum 

semiconductor crystallite stability.
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Figure 3.10.3.1.C shows the effect of aging at 4°C on the UV-visible absorption 
spectrum of a fraction eluted from the gel filtration column (after 65 minutes 
from figure 3.10.3.1.a) known to contain cadmium sulphide crystallites. 
( fresh), ( day 1 ), and ( d a y /) .
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3.10.3.2 Effect of elevated temperature

Figure 3.10.3.2 shows the effect of heating a purified CdS crystallite solution to 65°C. The 

UV-visible absorption spectra of the sample after 20 minutes at 65®C showed a loss of 

absorption over the wavelengths 290 - 310 nm. However, there was no further change to 

the UV-visible absorption spectrum of the sample after a further 15 minutes at 65®C (35 

minutes in total). Thus, the elevated temperature led to a time dependent labilisation of 

the low sulphide containing and unstable CdS crystallites (Dameron and Winge, 1990b).

3.10.3.3 Effect of acidification

Figure 3.10.3.3 shows the effect of acidification of a purified CdS crystallite solution. 

Acidification of the solution caused a total loss of the absorption peak at 310 nm. This 

was not regained when the solution was returned to the original pH. Acidification caused 

dissolution of the CdS crystallite with the concomitant release of H2S (Dameron and 

Winge, 1990b). On re-neutralisation, the CdS crystallite was not reformed in-vitro due to 

the absence of inorganic sulphide, it now closely resembles Cd-BP2 (Murasugi et al., 

1983; Reese et al., 1992) discussed in section (1.6.7.2.1).

3.10.3.4 Transmission electron microscopy

Figure 3.10.3.4 shows an electron micrograph of purified CdS crystallites prepared as in 

section 2.3.8. The electron microscope was unable to identify individual CdS crystallites 

though the three large clusters can be seen to be made up of electron dense spherical 

particles, approximately 2 nm in diameter.
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Figure 3.10.3.2 shows the effect of temperature on the UV-visible 
absorption spectrum of a fraction known to contain cadmium sulphide
crystallites. ( room temperature), (--------65°C for 20 minutes)
and (-------- 65°C for 35 minutes).
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Figure 3.10.3.3 shows the effect of acidification on the UV-visible 
absorption spectrum of a fraction known to contain cadmium sulphide 
crystallites.( pH 7.6), ( pH 1.7) and ( returned to pH 7.6).
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Figure 3.10.3.4 Transmission electron micrograph of 
purified CdS crystallites.
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3.11 CdS CRYSTALLITES AS PART OF A BIOSENSING SYSTEM - 

PRELIMINARY WORK

3.11.1 Introduction

Cadmium sulphide quantum semiconductors have a high refractive index and are coated 

with short chelating peptides. These characteristics make them a candidate for use in a 

biosensor system based on surface plasmon resonance (SPR). For this to be a viable 

proposition it is important to show that coupling chemistry is capable of binding, peptide- 

capped, cadmium sulphide crystallites to other surfaces. On binding the CdS crystallites 

to a silver coated (SPR) grating the refractive index of the surface should alter and so, 

evoke a response. If this can be achieved it would then appear possible to bind the CdS 

crystallites to antibodies/antigens as labels for immunoassays based on this type of 

detector.

3.112  Protocol

The surface plasmon resonance system was set up by researchers at the Institute of 

Biotechnology, Cambridge, under the direction of Dr Chris Lowe.

3.11.3 Results

Figure 3.11.3 shows the refractive index of the activated mercaptoproprionic acid (MPA) 

monolayer of the silver coated (SPR) grating gives a stable baseline resonance angle for 

the system. The addition of cadmium sulphide quantum semiconductor crystallites changed 

the resonance angle 0.07® after 2 hours. The resonance angle remained unchanged after 

eight washes with buffer, proving that the immobilisation chemistry binding the CdS 

crystallites to the sensing surface had worked. The addition of 1% Tween stripped the 

cadmium sulphide crystallites from the monolayer, returning the response (resonance 

angle) to the baseline, re-confirming that immobilisation chemistry had worked.
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Figure 3 .11 .3  show s the surface plasmon resonance (SPR) responce  
to cadmium sulphide crystallites.(—B —resonance angle).

Key to stages:
1 )Activated mercaptoproprionic acid monolayer (pH 6.5)
2)Addition of cadmium sulphide crystallites (time = 0 hours)
3)Cadmium sulphide crystallites (time = 1.5 hours)
4)W ash with phosphate buffer (pH 6.5) X 2
5)W ash with phosphate buffer (pH 6.5) X 2
6)W ash with phosphate buffer (pH 6.5) X 2
7)W ash with phosphate buffer (pH 6.5) X 2
8)1% Sodium dodecyl sulphate tween added and sonicated  

for 30  minutes (pH 3.1)
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3.11.4 Discussion

Cadmium sulphide quantum semiconductor crystallites have been coupled via amine 

groups (of the chelating peptides) to activated carboxyl groups on the silver grating of the 

SPR system. This changed the refractive index of the surface, giving a response, which 

can be calibrated for the amount of crystallite present.

CONCLUSIONS
It is concluded that the addition of cadmium ions to batch fermentations of 

Schizosaccharomyces pombe during the mid-exponential growth phase best facilitates the 

production of cadmium sulphide crystallites. However, this is found to be at a limited cellular 

level. Thus, increased cadmium sulphide crystallite yield per fermentation must be achieved 

by a greater S.pombe biomass per fermentation.

Fed-batch fermentations of S.pombe at a specific growth rate of O.lh'^ reduces the effects of 

glucose repression and leads to a greater biomass per fermentation. However, the induction 

of cadmium sulphide crystallites during fed-batch fermentations of S.pombe also accentuates 

their efflux from the cell to the fermentation medium, making recovery more difficult.

It is suggested, that to obtain a high yield of cadmium sulphide crystallites per fermentation, 

S.pombe should be grown as a fed-batch fermentation. However, after crystallite induction, 

the substrate feed should be switched off so that the fermentation proceeds as a batch 

fermentation. This will provide a high biomass fermentation where the majority of the 

crystallites remain intracellular.

Cells containing cadmium sulphide crystallites should be harvested from fermentations and 

kept at -70°C for a minimum of two weeks before the crystallites are purified. Cells 

undergoing a single freeze-thaw cycle after this time period selectively release almost all 

cadmium sulphide crystallites contained within the cell into the extracellular space. This 

method of production does not require cells to be broken as do all previously reported 

methods and so the starting material for subsequent downstream processing is significantly 

cleaner and much simpler to purify.

Thus, this thesis provides a methodology for large-scale production and purification of 

cadmium sulphide crystallites. Preliminary studies also indicate that cadmium sulphide 

crystallites may have applications for use as part of a biosensing system.



4. FUTURE WORK

This work has opened up the way for further studies into the area of biological quantum 

semiconductor production. Not only should studies be continued in the area of microbial 

production of quantum semiconductor crystallites but this should also stretch to other plant 

species as well.

Optimal cadmium concentrations for crystallite production have not been addressed and 

should be. This would allow the "producer", whether plant or animal to grow with as 

minimal interference from metal toxicity as possible. Thus, hopefully prolonging 

productivity, and thus increasing yield.

So far, only cadmium has been shown to induce crystallite formation in yeast. Other 

metals capable of acting as quantum semiconductors such as Hg^  ̂ should be introduced 

to determine its effects.

It appears that yeast cells have a saturation level for CdS crystallite formation within the 

cell. This may be due to the depletion of cellular glutathione or inorganic sulphide. One 

method for relieving this could possibly be to add glutathione and/or cysteine to the 

growth medium. One could also try to change the properties of crystallites by culturing 

the crystallite "producer" with other carbon sources.

Mixed metal cultures would be interesting and could be used to try to produce mixed 

metal crystallites with different properties to those crystallites of the individual metals.
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APPENDIX A

The Tables show the conditions used by other workers to induce class in 
metallothioniens. It is apparent that few workers have attempted to further purify any CdS 

crystallites that may be present. Of the research papers which do deal with CdS crystallite 

production, most have been review type articles with little information on their production 

and purification.

Key:

Media A: 0.125% yeast nitrogen base, 0.02% glucose, uracil and amino acids.

Media B: 1% yeast extract, 2% tryptone and 2% glucose.

Media C: 1% yeast extract, 2% polypeptone and 2% glucose.

Media D: 1% yeast extract, 2% bactopeptone and 2% glucose.

M: Paper describes class HI metallothionein induction.

M*: Paper describes class III metallothionein induction and identifies labile 

sulphide.

C: Paper describes class in metallothionein induction, identifies labile sulphide and 

the presence of CdS crystallites.

N/A: The definitions were not applicable.

Not found: The definitions were either not discussed or not accurately 

enough to determine.

Reference: Number in bracket identifies the cited reference found in the

bibliography.i.e. Grill (1) 1986 = Grill, E., Winnacker, E.L. and Zenk, 

M.H. 1986a. Synthesis of seven different homologous phytochelatins 

in metal - exposed Schizosaccharomyces pombe cells. FEBS Lett. 

197:115-120. (1).
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Schizosaccharomyces pombe

Reference Grill (1) 
1986

Hayashi (2) 
1988

Mehra (3) 
1988

Y-(GIu-Cys)n-Gly n = 2-8 n = 2-3 n = 2-6

y-(Glu-Cys)n Not Found Not Found n = 3-4

Métal concentration 1 mM 
Cd(N03)2

0.5 mM 
CdClj

1 mM 
CdS0 4

Time added Mid-Log Mid-Log Mid-Log

Culture harvest 
time

24 hours 22  hours 24 hours

Media used Media B Media C Media B

Crystallite (C) or 
Metallothionein (M)

M M M

Growing vessel 20 L
Fermenter

Not found Not found

Schizosaccharomyces pombe

Reference Reese (4) 
1988

Reese (4) 
1988

Reese (5) 
1988

y-(Glu-Cys)n-Gly n = 2-4 n = 3-4 n = 2-6

y-(Glu-Cys)n Not Found Not Found Some

Metal concentration 1 mM 1 mM 1 mM
CUSO4 CdS04 CdS0 4

Time added Mid-Log Mid-Log Mid-Log

Culture harvest 
time

Not Found Not Found Not Found

Media used Media B Media B Media B

Crystallite (C) or 
Metallothionein (M)

M M* M'

Growing vessel 2L Flask 2L Flask Not Found
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Schizosaccharomyces pombe

Reference Dameron (6) 
1990

Dameron (7) 
1990

Kon-ya (8) 
1990

Y-(Glu-Cys)n-Gly Not Found n = 3-4 n = 2-3

Y-(Glu-Cys)n Not Found Not Found n = 2-3

Métal concentration Not Found Not Found 1 mM 
CdClz

Time added Not Found Not Found Not found

Culture harvest 
time

Not Found Not Found 6 days

Media used Not Found Not Found Media B

Crystallite (C) or 
Metallothionein (M)

C C M

Growing vessel Not Found Not Found Not found

Schizosaccharomyces pombe

Reference Yoshimura (9) 
1990

Mutoh (10) 
1991

Mutoh (10) 
1991

y-(Glu-Cys)n-Gly n = 2-3 n = 2-3 n = 2-3

y-(Glu-Cys)n n = 3 Not Found Not found

Metal concentration 0.1 mM CdCl2 20 pg/ml 
TMTD or 
DMTC

0.5 mM 
CdClz or 2 
mM ZnClj

Time added N/A Mid-Log Mid-Log

Culture harvest 
time

N/A 7 hours 7 hours

Media used Media B Media C Media C

Crystallite (C) or 
Metallothionein (M)

M M M

Growing vessel Not found Not found Not found
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Schizosaccharomyces pombe

Reference Plocke (11) 
1992

y-(Glu-Cys)n-Gly n = 2-4

y-(Glu-Cys)n Not Found

Métal concentration 1 mM 
CdCl2

Time added Late-Log

Culture harvest 
time

48 hours

Media used Media D

Crystallite (C) or 
Metallothionein (M)

M*

Growing vessel 2L Flask

Candida glabrata

Reference Mehra (12) 
1988

Dameron (13) 
1989

Dameron (13) 
1989

y-(Glu-Cys)n-Gly n = 2 n = 1 n = 2

y-(Glu-Cys)n n = 2 n = 1 n = 2

Metal concentration 1 mM 
CdS04

0.5 mM 
CdCl2

0.5 mM CdCF

Time added Not known 0 hours 0 hours

Culture harvest 
time

Not known 16 hours 16 hours

Media used Media A Media B Media A

Crystallite (C) or 
Metallothionein (M)

M* C C

Growing vessel Not known 1 L Flask 1 L Flask
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Candida glabrata

Reference Dameron (14) 
1989

Dameron (6) 
1990

Dameron (7) 
1990

y-(Glu-Cys)n-Gly n = 2 Not Found n = 2

y-(Glu-Cys)n n= 2 n = 2 n = 2

Metal concentration Not Found Not Found Not Found

Time added Not Found Not Found Not Found

Culture harvest 
time

Not found Not Found Not Found

Media used Not Found Not Found Not Found

Crystallite (C) or 
Metallothionein (M)

C C C

Growing vessel Not Found Not Found Not Found

Candida glabrata

Reference Barbas (15) 
1992

y-(Glu-Cys)n-Gly n = 2

y-(Glu-Cys)n n = 2

Metal concentration 0.5 mM 
CdCl2

Time added Early-Log

Culture harvest 
time

4-24 hours

Media used A

Crystallite (C) or 
Metallothionein (M)

C

Growing vessel 100 ml flask
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Figure B2 show s a typical standard curve for sodium sulphide.
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APPENDIX C

Original control and experimental batch fermentation data print outs from the Bio i 

control system are shown here.

Inoculation time Data shown

Control 1 (C l) 34 hours 

(not shown)

CER, OUR, 

RQ and DOT

Control 2 (C2) 38 hours CER, OUR, 

DOT and RQ

Control 3 (C3) 0 hours CER, OUR 

and pH

Experiment 1 (El) 0 hours CER, OUR 

and DOT

Experiment 2 (E2) 20 hours CER, OUR 

and DOT

Experiment 3 (E3) 0 hours CER, OUR 

and DOT

Experiment 4 (E4) 0 hours CER, OUR 

DOT and pH
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Experimental batch fermentation El
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Experimental batch fermentation E2
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Experimental batch fermentation E3
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