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ABSTRACT

Toxic ity  of Cu '̂*’ and became apparent at 10 and 40 mH 

respectively, as determined by viable plate counts and respirometry.

in i t ia l  energy-independent binding to external c e llu la r  surfaces 

followed by metabolism-dependent influx which was blocked by low 

temperature, the absence of an energy source and by a number o f 

metabolic inh ib ito rs.

Competition studies revealed the presence of three separate transport 

mechanisms; a non-specific d ivalent cation uptake system (putative

2+ 2+
Cu -sp ec ific  transporter. Hn uptake via the non-specific uptake 

system was a saturable process giv ing a of 65.3 pM. Uptake was 

competitively inhibited by Hg^*, Co '̂*' and Zn^* g iv in g  values of 64 

pH, 100 pH and 184 pM respectively.

Hn̂ *̂  uptake from nanomolar Hn^* concentrations was via the 

Mn^^-specific carr ie r  and was unaffected by 100-fold molar excess of 

Zn^*, Câ "*̂ , Co^*, Ni and Cû " .̂ A nalysis o f the uptake kinetics

revealed a of 16.4 nM. Zn '̂*' competitively inhibited Mn^'*'-specific

2+
uptake, the being 500-fold greater than the for Hn . 

Cu^*-specific  uptake was unaffected by le ve ls of Hg '̂*', Hn^‘*‘, Co^* and 

Zn^* 10-fold that of Cu^* and gave a of 3.1 pH.

2+ 2+
Efflux studies indicated a small metabolic exchange of Hn Hn 

In flu x  was balanced by a stoichiometric lo s s of protons from the

ce ll.  A ll three transport systems were h igh ly  pH-dependent. Cu'

2+ + 
and Hn uptake was reduced by high external K . Phosphate

2+
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1. GENERAL INTRODUCTION

Microbes play an In t r in s ic  role  In the biogeochenlcal cycling of 

elements In the biosphere. Interactions between organisms and 

mineral elements In the environment occur at a number of levels. 

Metabolic processes may resu lt In the accumulation of essential 

metals o r  may effect biochemical transformations, bringing about 

changes In the valence of the metal or resu lt ing  In phenomena such as 

biomethylatlon or a lky la tion  {Jernelov & Martin, 1975). In addition, 

m obilisation  of metal Ions In the ecosystem may occur follow ing 

m icrobial metabolism and growth and subsequent a lterations In 

environmental pH, redox potential and organic content. Of these, the 

a b i l it y  o f microorganisms to accumulate certain Inorganic Ions I s  of 

Importance when considering the elementary composition of c e l ls  and 

In determining which elements are essential to c e lls .

The major covalently-bound elements, C, 0, N, H, S and P, 

c o lle c t iv e ly  constitute about 99 % of c e llu la r  dry weight and the ir 

e ssen tia l functions In  liv in g  c e lls  are well understood (Alking, 

1977). However the trace elements are of particu lar Interest as, 

despite much work In th is  fie ld, comparatively l i t t l e  i s  known of 

th e ir  ro le , ce llu la r  concentration and mode of entry Into ce lls .  The 

primary objective of th is  study was to examine the uptake of 

e ssen tia l d ivalent cations, normally present In the external milieu 

at trace  concentrations. In the yeast Ctndidi utllis.

In te ractions between microorganisms and metals have been widely

2+
studied In the past. Some early studies, in particu lar o f Cu and 

Hg^^, were In it ia ted  as a resu lt of the value of these metals as 

fungicides and the inh ib it ion  of fungal spore germination by heavy 
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meUl Ions has received much attention (Somers, 1963). The 

development o f st ra in s  of fungi resistant to heavy metals stimulated 

an interest into  the mechanisms o f adaptation and several useful 

reviews have appeared (Ashida, 1965, Ross, 1975). Consequently, the 

need to develop soim understanding of the basis for metal resistance 

led to studies o f  accumulation and metabolism of these metals being 

undertaken, and these have contributed considerably to our current 

knowledge of m icrobial metal transport.

According to Wood & Wang (1983), huge changes In the d istribu t ion  and 

so lub ilisa tion  o f  metal Ions In  the environment have occurred over 

the past two centuries, re su lt in g  from Industria l a c t iv it ie s  such as 

mining, metal-working and chemical production. The release of metal 

pollutants, many of which are toxic, and the ir subsequent effect on 

microbial ecology has been cause for concern. Metal uptake by 

microorganisms may lead to the ir Incorporation Into the food chain 

and ultimately the elements may be absorbed by higher animals or man

(Broda, 1972). The a b ility  o f yeasts to accumulate metal Ions Is

2+
c learly  demonstrated In a recent report of Cu accumulation by yeast 

biomass during s in g le  cell protein production (Quinn et a7, 1981).

The feedstock fo r  th is  process was d is t i l le r y  spent wash, which 

contains re la t iv e ly  high le ve ls of Cu^'*', and i t  was observed that 

growth of a mixed culture of Geotrichum candidua, Candida kruzei and 

Hansenula anomala led to the accumulation of In  the biomass to

le ve ls generally In excess of those recommended for most animal 

d iets, other than pigs. As s t i l la g e  from various sources used In 

biomass production may commonly contain elevated metal concentrations 

(Sheehan & Greenfield, 1980), the accumulation of heavy metals by 

fodder yeasts may be of considerable Importance.



Recently, due to the growing scarc ity and Increasing value of some 

metals, and to a greater awareness of the ecological effects of toxic 

metals, the p o s s ib il ity  o f u sing microorganisms for the removal or 

recovery o f metals from d ilu te  solutions has been considered. Over 

the la s t  decade a number o f International conventions have agreed on 

le g is la t io n  to lim it the d ischarge of metals Into the aquatic 

environment. One outcome o f  these d ire ctive s I s  that st r ic te r  

statutory lim its  are l ik e ly  to be Imposed In the near future, 

rendering many conventional metal recovery techniques Inadequate 

(Townsley et a/, 1986). Hence, I t  now appears that microbes may have 

some potential for commercial and Industria l metal removal whereas a 

system of th is  nature was previously considered to be uneconomic.

The a v a ila b ility  of yeasts a s by-products from large-scale commercial 

processes, together with t h e ir  use In numerous reports o f metal 

uptake, make them suitable organisms with which to study the 

a p p lica b il ity  of microorganisms as metal removal agents (N orris & 

Ke lly, 1979).

Improvements In the development and se n s it iv it y  of analytical 

techniques, such as atomic absorption spectroscopy, anodic stripp ing 

voltammetry and X-ray microprobe ana lysis, coupled with the wider 

a v a ila b ility  and use of rad ioactive  nuclides has greatly fac ilita ted  

the recent surge of Inte rest In  microbial metal uptake. This has led 

to some Important advances In  our understanding of metal transport 

systems In bacteria, yeasts and fungi which have been of considerable 

academic Interest.

A number o f metal Ions are essential fo r optimal growth of yeasts and 

fungi and these Include Hg^"*", Ca^*, Cu^*, Zn^* and Hn '̂*' Ions. The 

ro le  played by these Inorganic  Ions I s  twofold: enzymatically, where 
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the metals appear to be ch ie fly  associated with enzymes e ither as 

2+
activators, such as Hg , or t ig h t ly  bound as ca ta ly t ic  centres In 

metalloenzymes, such as Cu '̂*', Zn '̂*’ o r Fe^*; or structura lly, where 

Inorganic species have a role  In n eu tra lisin g  e lectrosta tic  forces 

a ris in g  from the presence of c e l lu la r  anionic groups (Jones & 

Greenfield, 1984). An example of th is  I s  the action of and Ca^^ 

which sh ie ld  membrane phospholipids and nucleic acids. Any lack or 

Imbalance of trace metal nutrit ion  may be reflected In sub-optimal 

growth characte ristics or changes In  metabolic patterns.

A feature of heavy metal physiology I s  that even though many metals 

are essential for growth, they are a lso  reported to have

comprehensive toxic effects on c e l ls ,  mainly due to the ir a b ility  to

2+ 2+
denature protein molecules. Hetals such as Cu and Hg , being more 

electronegative, have re la t ive ly  h igh a f f in it ie s  fo r sulphydryl,

Imino and amino groups which often form the reactive s ite s  of enzymes 

(Sadler & Trudinger, 1967) and changes in membrane permeability have 

been reported (Passow & Rothstein, 1960). In general however, the 

processes of tox ic ity  are not well understood as the observed 

responses to excess metal Ions In  the environment often appear to 

a rise  from a complex series of c e l lu la r  Interactions affecting 

growth, metabolism and v ia b il it y  (Jones & Greenfield, 1984).

When considering metal accumulation I t  I s  necessary to know whether 

transport of a metal Ion occurs across the plasma membrane. Clearly, 

essential divalent metals must c ro ss th is  c e llu la r  barrier In order 

to be u tilise d  by the microorganism and I t  I s  a lso  o f Interest to 

know whether non-essential d iva lent cations can also be taken up Into 

the cytoplasm of c e lls .  Ion uptake In c e lls  I s  generally thought to 

be fa c ilita te d  by metabolism-dependent molecular transport mechanisms



u t i l i s in g  c e llu la r  energy and Involving translocation  of the Ion In 

question from the outer surface of the membrane to the cytoso lic  

surface. Thus, i t  I s  necessary to know whether there e x is ts  a 

general transport mechanism for a ll d ivalent cations and whether 

non-essential metal ions can also be transported by such a mechanism 

(Ross. 1975).

Rothstein (1958) has described the d is tr ib u t io n  pattern of Ions 

between the c e l ls  and the environment as being dependent upon the 

follow ing factors: (1) binding to anionic groups at the ce ll surface; 

(11) the permeability of the membrane; (111) the presence of 

energy-dependent transport mechanisms; (1v) the Oonnan potential due 

to non -d iffusib le  anions In the cytoplasm; (v) reve rsib le  Ion binding 

and (v1) binding of Ions in  a non-exchangeable form. In addition, 

the movement of spec ific  Ions Into the ce ll w ill  be linked to the 

outward movement o f other ions In order to maintain c e llu la r  

e lectroneutrality. In an excellent review o f yeast Ion uptake, 

Borst-Pauwels (1981) has considered these and other factors In  some 

detail and summarised the ir effects on membrane transport of mono- 

and divalent cations.

Despite recent advances In our understanding o f some of the 

theoretical aspects of Ion uptake, In  practice, Information on 

transport and physiolog ical effects o f metals on yeast and fungal 

c e l ls  I s  s t i l l  fragmented. The majority of cation uptake studies In 

yeasts have concentrated on a lka li metal cations. However, as early 

as 1949, the a b i l ity  of the yeast, Sacchiromycts cerev/s/ae, to 

accumulate Cô *̂  to a concentration approximately 670-fold o f that 

present In the medium was described (Nickerson & Zerahn, 1949).

Other early reports from Rothstein’s laboratory (Rothstein, 1958,



Rothstein et i l ,  1958) have described the uptake of d ivalent cations 

in S.cerevislae. The studies focussed mainly on the transport of 

and Hn̂ *̂  ions and were designed to determine the involvement of 

metabolism in transport and the effect of certain inh ib ito rs. Data 

from a number of subsequent studies indicated that metal accumulation 

in 5.cerev/s/a generally comprised two phases: a rapid and reversible  

non-specific binding to negatively-charged species present at the 

ce ll surface, and a slower, metabolism-dependent in tra ce llu la r  uptake 

of cations (Fuhrmann & Rothstein, 1968, Ponta & Broda, 1970, Norris & 

Ke lly, 1977). These studies demonstrated a transporter o f broad 

sp e c ific ity  fo r which Mg^* was a primary substrate w h ilst  other 

divalent cations, exhib iting lower a f f in it ie s ,  were also 

translocated. The a f f in it ie s  of the metals were only roughly 

determined.

Our current knowledge of bacterial metal uptake i s  much clearer. A 

se rie s of m icronutrient transport systems which were h igh ly specific  

for the ir respective solutes have been described in  a review by 

S ilv e r  (1978). Indeed, S ilv e r  (1978) has proposed a unifying 

hypothesis for ion transport in a ll microbial ce ll types. This is  

that each and every essential metal w ill have a separate and specific  

membrane transport system for i t s  ce llu la r  uptake. More recently, a 

specific  Zn^^ transport system was detected in  the yeast, dndida 

u tllls  (F a il la  et a l, 1976). Excepting F a i l la ’s study, the majority 

of yeast metal uptake experiments were carried out using high metal 

concentrations (around 300 or greater), i t  I s  c lear that under 

such conditions any specific  h igh -a ffin ity  micronutrient systems 

would be saturated and thus remain undetected. S i lv e r  and Jasper

(1977) have reinterpreted Rothstein’s re su lts with the conclusion 

2+
that he was observing the Hg uptake system analogous to that seen



In bacteria, where Co^^, and are alternative  lo w -a ffin ity  

substrates at high concentrations. Consequently, at sub-ulcromolar

leve ls of essential petals, these specific  n1cronutr1ent transport

2+
systems would be revealed, although, apart from the study of Zn 

uptake In C.utllls, there was no documented evidence of th is  

available In yeasts or fungi p r io r  to th is study.

There are several other drawbacks to the data obtained on yeast 

d ivalent cation uptake. The m ajority of Information 1s based on work 

carried out using 5.cerev/$/ae. In C.utfl/s there I s  fa r le ss data 

available, the one report o f Zn̂ "*̂  uptake providing contradictory 

evidence to that obtained u sing  5.cerev/sfae. A study of Cu^^ uptake 

In C.utilis  (Khovrychev, 1973) involved re la t ive ly  high 

concentrations of Cu^*, around 1 mM. No information regarding ce ll 

v ia b il it y  or toxic  e ffects o f was given and l i t t l e  useful 

interpretation of these re su lt s  I s  possible. Caution should a lso  be 

exercised when comparing data from the two yeast species.

5.cerev^s/ae I s  a g luco se -sen sit ive  yeast ( I.e .  aerobic resp iration  

I s  Inhibited by high glucose concentrations coupled with the onset of 

fermentative resp iration) whereas C.utilis i s  a resp irato ry yeast 

with the major factor c o n tro ll in g  respiration being the available  

oxygen concentration. C le a r ly , the two species d if fe r  somewhat 1n 

the ir metabolic patterns. Furthermore, a number o f the early reports 

of uptake In S.cerev/sfae u t i l i s e d  commercial samples of baker’s 

yeast. These samples would ra re ly  be pure, with bacteria! 

contaminants often present and would be dubious with respect to the 

physiological state of the c e l ls .

Some researchers have used m etal-resistant mutants, defective 1n 

transport properties, fo r metal uptake studies, although these 
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present the additional drawback of being atypical organisms. It  Is  

well recognised that microorganisms possess the capacity to adapt to 

increasing concentrations of metals, however genetically  stable 

stra ins o f m etal-resistant mutants have also been described (Ross & 

Walsh, 1981). A wide variety o f mechanisms of metal resistance have

been documented. Production of melanin In chlamydospores of

2+
Aureobasidiuu pullulans has been shown to bind Cu Ions and have 

also been Implicated In  Cd^* resistance  (How1l & Gadd, 1984). 

Decreased Cu^^ uptake has been proposed as a mechanism of resistance 

in a tolerant stra in  of S.cerevislae (Gadd et a7, 1984a) and 

production of hydrogen sulphide re su lt in g  In p rec ip itation  of 

Insoluble metal sulphlue s«1ts has a lso  been reported (Wood, 1984b). 

Two separate plasmid-borne genes have been shown to be responsible

One gene codes for a chemiosmotic Cd^^ e fflux  system w h ilst  the 

second I s  responsible for the syn thesis of a Cd^'^-blndlng protein, 

sim ilar to metallothlonein (Wood, 1984b). There I s  no evidence for

plasmid-mediated metal resistance In  yeasts or fungi, although the

2+
presence of electron-dense pa rt ic le s w ithin the Cu -resistant 

fungus, PenicilliUBi ochro- cAIoron, Indicated In tra ce llu la r  

precipitation of Cu '̂*’ as a tolerance mechanism (Fukami et a), 1983).

A number o f factors Influenced the choice of organism fo r th is  study 

and the metals used. Whilst there e x is t s  a wealth o f Information on 

prokaryotic metal transport (S ilv e r ,  1978) there i s  much le ss data 

for eukaryotic systems. Yeasts provide useful models as they are 

readily available, simple to cultu re, they grow rap id ly  and much I s  

already known of the ir genetics, biochemistry and physiology. 

C.utllls, an asporogenous yeast o f the family Crytococcacua was the 

organ' ' 'n  th is  study. Th is yeast i s  a lso  known at Toruhpsis 
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u tllis  or Ton/?« utilis  and has been recently re c la ss if ied  as 

HinsenuU jid in ii, o f which I t  I s  the asexual state (Barnett et «?, 

1983). This yeast, which has been grown In  continuous culture In  the 

laboratory to produce high-quality edible s in g le  ce ll protein, has 

several advantages over other yeast species. I t  I s  not fa stid iou s In 

U s  growth requirements and can u t i l i s e  carbon from a variety of 

d ifferent sources. It  grows well In  a synthetic  aerobic mineral 

sa lt s  medium without the addition of complex organic substances such 

as l ip id s  or vitamins. It s  aerobic metabolism and active 

pentose-phosphate pathway predisposes th is  yeast to a carbon balance 

1n favour of high biomass y ie ld s. In addition, as previously 

detailed, this species has already been subject to some In it ia l 

studies of metal uptake.

The majority of experiments within th is  study involved the use of two 

period 4 transition  metals, Hn̂ "̂  and Cû "*̂ . I t  i s  only very recently 

that the ce llu la r ro les and e sse n tia lity  of these two elements have 

become dearer and there Is  s t i l l  much to be learned. Jones and 

Greenfield (1984) have suggested that the reason for th is  poor 

understanding l ie s  In the two-tiered effects o f these metals on 

structural and enzymatic functions coupled with the occurrence of 

complex synerg istic  and antagonistic reactions at both these leve ls. 

The requirement fo r Hn^^ In  almost a ll ce ll types studied so fa r has 

been Illustrated  In a review by Archibald (1986). More sp e c ifica lly , 

the enzymes: Iso c ltra te  dehydrogenase, orotate phosphororlbosyl 

transferase, phosphoprotein phosphatase and pyruvate decarboxylase 

have a ll been Iso lated 1n yeasts and found to be Mn^^-requlrlng. 2 

to 4 uM Hn^^ I s  required In growth media fo r optimal growth of 

S.certvlsiit, w h ilst below 0.02 jiM Hn "̂ ,̂ growth Is  prevented and the 

fermentation rate rapidly decreases (Jones & Greenfield, 1984).
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Omission of from the nutrient nedlum o f the fungus, Aspergillus

niger, resu lts In abnormal hyphal morphology (K isse r et el, 1980).

2+
S im ila r ly ,  Cu also appears to be an essential metal Ion. Shatzman

2+
and Kosman (1978) demonstrated a re lationsh ip  between the ce ll Cu 

sta tu s of the fungus, Dact/7>um dendroides, and the a c t iv it ie s  of

three Cu^'^-contalnlng enzymes, galactose oxidase (an extrace llu lar 

2+ 2
enzyme) and the cytosolic  Cu /Zn superoxide dlsmutase and 

cytochrome oxidase. The requirement for Cu '̂*' In C .utilis  has been 

conclusive ly  shown by Light (1972) and Downie and Garland (1973). In 

these studies, by chemically-extracting trace Cu '̂*' Im purities from

the growth medium, Cu^'^-llmlted growth was achieved In  continuous

2+ 2+
cultu re. Thus, the essential nature of Hn and Cu makes their 

study o f entry Into c e l ls  one of particu lar Interest.

I t  was attempted, at the onset, to avoid being drawn into a largely 

comparative study, screening a number of yeasts fo r th e ir  re lative  

a b i l i t y  to accumulate a wide range of metals. Instead, focussing 

In te re st  on an appreciation of the fundamental basis, sp e c if ic it ie s  

and k inetic  parameters of any transport mechanisms observed. I t  was

2+ 2+
decided to concentrate la rge ly on the uptake of Hn and Cu In the 

yeast, C.utilis. In th is  manner, an In-depth understanding could be 

made o f the transport of these essential d ivalent cations under 

w idely varying environmental conditions and during conditions of 

metal stre ss and excess. Existing data on metal uptake In  yeasts, 

which I s  often contradictory could then be evaluated In  the ligh t  of 

t h is  study and the re lative  Importance of the non-specific  divalent 

cation  transport system In trace metal uptake assessed.

In  developing an experimental protocol fo r monitoring metal uptake It  

was f i r s t  necessary to ascertain the toxic action o f metals and the 
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degree o f non-specific  surface binding as d istin ct  from netabollsm 

dependent transport. This has been covered in Chapter 4 and 5» 

preceded by an outline of the practical procedures adopted. Th is is 

followed by a comprehensive ana lysis o f the sp e c if ic it ie s  and 

a f f in it ie s  o f the transport systems observed and an investigation  

Into the e ffe c ts of factors such as pH, external ions and the balance 

between cation in flux  and efflux. F inally, consideration i s  given to 

the regulation  o f metal uptake systems and it s  implications fo r 

c e llu la r  metal homeostasis.

To conclude, i t  i s  important to keep in sight the physio log ical 

advantages that micronutrient uptake systems would confer on an 

organism in a natural ecosystem. This situation  i s  fa r  removed from 

microbial growth in the laboratory and i t  should be appreciated that 

"nutrient in su ffic iency  is  the most common environmental extreme to 

which microorganisms are commonly exposed" (Tempest & N e ijsse l,

1981). Thus, to  summarise the objectives of the study, the work was 

undertaken with the purpose of: ( i)  systematically inve stigatin g  

d ivalent cation  transport in C.utilis  and those factors which 

influence uptake. This included defining the k inetic  parameters of 

transport; ( i1 )  examining for the existence of a genera! d iva lent 

cation transporter in C.utilise as in S.cerevislie, which fa c ilita te s  

trace metal uptake; ( i i i )  investigating whether h igh ly sp e c if ic  metal 

uptake mechanisms operate for the purpose of scavenging e ssentia l 

trace metals, as seen in bacterial systems; ( iv ) obtaining 

information about the mode of regulation of these systems and the ir 

ro le  in  c e l lu la r  metal homeostasis.



2. GROWTH OF CANDIDA UTILIS IN BATCH CULTURE

2.1. Introduction

Chemoorganotrophs, such as yeasts, have a chemical requirement for 

growth and syn th e s is  of ce llu la r constituents and an 

energy-generating system dependent upon oxidation o f organic 

compounds. U nlike  glucose-sensitive yeasts, such as Saccharonyces 

spp.i Candida spp., with an extensive oxygen supply, show no glucose 

repression of re sp ira tion  and have high growth kinetics and high 

y ie ld s (Flechter, 1975). C.utf/fs I s  not fa stid ious in  U s  

nutritional requirements and I s  capable of ox id ising  a wide range of 

carbon catabo llte s. A carbon and nitrogen source i s  required 

together with macronutrients (or major elements) such as phosphorus, 

sulphur, magnesium, calcium, potassium and sodium, and m icronutrients 

(or trace-elements) such as manganese, copper, cobalt and zinc 

(Soumalainen & Oura, 1971). The more complex requirements can be 

sa t is f ie d  by the addition of yeast autolysate to the medium.

Growth of yeasts in  batch culture proceeds through a se rie s of 

a rb itra r ily  defined phases involving: a) lag phase, when Inoculated 

c e lls  equ ilib ra te  to  the ir new environment during which only lim ited 

growth occurs; b) exponential phase, when growth I s  uniform and 

balanced; c) deceleration  phase, when the specific  growth I s  reduced 

and nutrients in  the medium become depleted; d) stationary phase, 

when nutrients are exhausted, toxic  metabolites accumulate, c e lls  

begin to lose v ia b i l i t y  and the growth is  so low I t  only just equals 

the rate at which c e l ls  die.
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Most biochenlcal and physio log ical studies of yeasts require 

monitoring the growth of yeast cultures. The absolute measure of 

growth I s  dry weight Increase, however, by re lating  Increase 1n 

optical density to dry weight Increase, a close estimation of growth 

can be made. Growth curves obtained using such a calibration 

parallel those obtained by d irect measurement of dry weight although 

minor deviations may occur as the physiological status of the c e lls  

changes la ter In the growth curve (Pringle & Mor, 1975). In th is  

section, the batch growth o f C.utills I s  described and the growth 

parameters determined by an Indirect method of estimating dry weight.

2.2. Culturing techniques

2.2.1, OrginiSM

The organism used throughout th is  study was a stra in  of the yeast, 

Cindida u tn is ,  obtained from the National Collection of Yeast 

Cultures, Norwich, U.K., catalogue no. NCYC 708.

2.2.2. Media and growth conditions

The so lid  media used In  t h is  study were malt extract agar (HEA) 

(0xo1d) and HYGP agar o f composition (g 1*^): malt extract (Oxold),

3; yeast extract (0xo1d), 3; glucose, 10; nurcologlcal peptone 

(Oxold), 5; agar (Oxold, No. 3), 12. Plates and slope cultures were 

Incubated at 30 ^C for 2 days. Unless otherwise stated, the liqu id  

growth medium was of composition (g 1*^): glucose, 20; c it r ic  acid, 

2.8; K2HP0^. 5.5; MgS0^.7H20, 1; CaCl^-OH^O, 0.25; (NH^)2S0^, 2; 

FeS0^.7H20, 0.005; ZnS0^.7H20, 0.00175; MnS0^.4H20, 0.0001; 

CuS0^.5H20, O.pOOl: yeast extract (Oxold), 0.1. The pH of the medium 

was adjusted to 5.5 using saturated KOH. Liquid cultures were grown 
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at 30 C on an o rb ita l shaker at 200 cycles min .

2.2.3. JnoculuKi prepintion

Cultures were maintained at 4 on HYGP slopes and subcuUured onto 

fresh slopes each month. 100 ml starter culture In a 250 m1 

Erlenmeyer fla sk  was grown fo r  24 h. The culture was then 

aseptically diluted with s t e r ile  d is t i l le d  water until the resultant 

cell suspension produced a reading of 0.2 absorbance units (a.u.) (1 

cm light-path) at 660 nm on a spectrophotometer (Pye Unlearn SP6-400). 

400 ml medium 1n a 1 1 shake-flask was Inoculated with 0.1 ml of th is 

standard ce ll suspension and c e lls  were grown overnight until 

required for harvesting.

As yeasts are prone to ce ll clumping, p r io r  to a ll optical density 

measurements, c e l ls  suspensions were exposed to ultrasound In order 

to disperse the clumps (P rin g le  & Mor, 1975). By subjecting c e lls  to 

various periods o f son icatlon  and coupled with microscopic assessment 

of the success of the sonicatlon procedure, an optimal sonicatlon 

time o f 10 sec at a power setting of 3 using a Soniprobe 1130A 

u ltrasonic generator (Oawe Instruments, London, U.K.) was achieved.

2.3. Determination o f growth parameters

2.3.1. Opticil density / dry weight curve 

Trip licate  400 ml cu ltu res were grown overnight until the optical 

density had attained a value of 0.55 a.u. 100 ml samples were vacuum 

filtered  through dried and pre-welghed cellu lose  n itrate  membrane 

f i l t e r s  (pore ;1ze 0.45 )iH, 47 mm diameter, Whatman) and dried at 

105 ®C for 16 h p r io r  to rewelghlng. Thus the dry weight of ce lls  on 
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a per hi1 basis of culture medium could be calculated, which 

correlated to an optical density o f 0.55 a.u. A series of d ilutions 

to 10*^ was made from further samples o f culture suspension and the 

optical density measured. I f  the calculated dry weight fo r a 

particular d ilu t ion  I s  plotted against the optical density of that 

d ilution , an optical density / dry weight curve can be generated 

(Fig. 2.3.1.).

At higher ce ll concentrations having optica l densities greater than 

0.6 a.u., the absorbance f a l l s  to Increase In  proportion to 

Increments In  dry weight. Consequently, c e ll suspensions which had 

an optical density greater than 0.55 a.u. were diluted to give an 

optical density value which could be correlated to dry weight 

d ire ct ly  from the obtained curve.

2.3.2. Growth curves

400 ml cultures In 1 1 Erlenmeyer f la sk s  were inoculated and 

Incubated overnight at 30 ^C. Following 10 h Incubation growth was 

barely discernable and a 3 ml sample was removed In order to measure 

the optical density. Subsequent growth was monitored by regular 

sampling of the culture medium u n t il a fte r 24 h growth no further 

Increase In  optical density could be detected. These optical density 

values were converted to dry weight measurements by correlation  to 

Fig. 2.3.1. By p lotting logjQ dry weight as a function o f growth 

time (Fig. 2.3 .2 .), a growth curve can be constructed which Is  

characteristic  of the organism and growth conditions.



Figure 2.3.1. Optical density / dry weight curve
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Figure 2.3.Z. Growth time / dry weight curve



2.4. pH changes during growth

The pH of the medlutn at time o f Inoculation was 5.5. Following 17 h 

growth, at approximately mid-exponential phase of growth, the pH was 

s l ig h t ly  reduced to 5.3. However, as the culture age increased 

further, the pH decreased rap id ly  until a fina l value of 3.2 was 

attained during early stationary phase, follow ing 26 h growth.

2.5. Discussion

C.utilis proved to be a convenient organism for use in th is  study as 

i t s  re la t ive ly  rapid rate of growth, coupled with careful aseptic  

manipulations, was su ffic ien t to prevent problems of contamination. 

However, regular microscopic examination of cultures and assessments 

of culture characte ristics such as odour and colour were also carried  

out in  order to reduce the r is k  o f contamination by other yeast 

species (Pringle  S Mor, 1975).

The growth curve generated i s  typ ical of growth o f c e l ls  in batch 

culture, having a lag phase, an exponential phase and a sta tiona ry  

phase of growth. Numerous repeat cultures demonstrated a high degree 

of reproduc ib ility of the growth curve, hence the usefulness o f  the 

curve in predicting factors such as the state o f the culture age and 

dry weight c e l ls  ml*^ can be appreciated.

Pringle and Hor (1975) have lis t e d  a number of reservations when 

converting absorbance data to biomass data includ ing the fo llow ing 

factors: absorbance i s  proportional to ce11 concentration only at low 

ce ll densitie s; a sin g le  cell suspension gives d iffe rent absorbance 
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3. METAL UPTAKE AND QUANTITATIVE ION ANALYSIS

3.1. Introduction

When undertaking any experiment involving the use o f low 

concentrations of metal ions, there are a number o f practical aspects 

to be considered. Contamination by metal ions adsorbed on to 

surfaces of experimental glassware and in so lutions must be avoided 

and the incubation medium constituents must be ca re fu lly  chosen to 

minimise complexation of the metal. In addition, the experimental pH 

must be su ff ic ie n t ly  low to prevent formation of insoluble 

precipitates of metal hydroxides.

Im plicit in  the design of c e llu la r  uptake experiments is  the 

requirement for several c r ite r ia  to be met. The incubation 

conditions should be such that, on addition of the solute under 

investigation, mixing is  quick and e ffic ien t  to g ive  an even 

d ispersal throughout the cell suspension. Procedures used to sample 

ce lls and terminate uptake should be as rapid as p rac tica lly  

possible, and f in a lly ,  ease of operation, p a rt icu la r ly  during 

experiments of short duration and rapid sampling time, is  important. 

Whichever experimental design i s  selected, there i s  a need for 

consistency of incubation conditions, p articu larly  when kinetic 

measurements of transport are required, and throughout th is  study the 

protocol outlined in th is  chapter has been care fu lly  adhered to.

A number of methods are available for the rapid separation of c e lls  

from the incubation medium (Kotyk & Janacek, 1975). The technique 

most frequently employed in m icrobiological uptake studies i s  vacuum 

f ilt ra t io n  through cellu lose  n itrate  f i l t e r s ,  followed by washing the 
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ce lls  on the f i l t e r s  with water or buffer in order to remove the 

incubation so lution . M icrocentrifugation has also been used (Kotyk & 

Janacek, 1975, Mowll & Gadd, 1984). In  th is  method, an aqueous 

suspension o f c e l ls  i s  layered on top o f a silic on e  o il or other 

high-density medium. The density of the o il can be varied such that 

during centrifugation  the ceM s pass through the o il layer and pellet 

in the bottom of the centrifuge tube, leaving the aqueous supernatant 

layered on top. Thus, the technique serves to terminate uptake and 

wash the c e l ls  in one step. F ina lly , chemical termination, though 

less commonly used, i s  worthy of mention. Known transport inh ib ito rs 

are added to the incubation medium to block uptake. An example of 

th is  i s  the use of uranyl ions to block transport of some 

monosaccharides in baker’s yeast (Kotyk & Janacek, 1975).

A number of analytical techniques have been used in  th is  study to 

quantify the metal present, according to se n s it iv it y  and ease of 

operation. Atomic absorption spectroscopy (AAS) i s  the fa ste st and 

most convenient method fo r most routine metal determinations and 

consequently i s  the main method used.

Where more sen sitive  Cu '̂*’ determinations have been required, anodic 

stripp ing voltammetry (ASV) has been employed. Experiments requiring 

detection o f nanomolar concentrations of Hn '̂*' have necessitated the 

use of the radionuclide, ®^Mn, as the detection of radionuclides is 

probably amongst the most sensitive  of analytical methods available.
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3.2. Pr«11i1nary proc«dur«s 

3.2.1. Glassware preparation

Boroslllcate  g la s s  can act as an Ion exchanger, removing metal ions 

from test so lutions via wall adsorption (Princeton Applied Research, 

Technical Note 109A). In order to minimise th is  source of 

contamination, a11 glassware used in  sampling and analytical 

procedures was soaked fo r 24 h in 4% reagent grade HCl and rinsed in 

e ither deionised or d is t i l le d  water.

3.2.2. Preparation of cell suspension

In general, c e l ls  were harvested during nid-exponential phase after 

approximately 17 h growth when the culture had reached a ce11 density 

of 0.3 mg m l'^ as determined from the previously described

O.D. 660

.

/ dry weight curve (see Fig. 2.3.1.}. C e lls  were collected 

by centrifugation (4,000 g for 5 min) and washed twice in buffer 

containing 50 mH glucose and 50 mM 2(N-morpho1ino)ethanesu1phonic 

acid (HES), adjusted to pH 5.5 with saturated KOH, at 30 °C. HES 

buffer was selected as i t  has a neg lig ib le  metal-complexing capacity 

(Good et al, 1966) and has been previously used in  metal uptake 

experiments (Baldry & Dean, 1980b, Borbolla & Pena, 1980). Ce lls 

were then resuspended in HES buffer and allowed to equilibrate for 

30 min p rio r to experimentation at 30 °C on an orbita l incubator (200 

cycles min*^). The ce ll density was adjusted, as stated for each 

experiment, such that only a small proportion of the total added 

metal was taken up during an assay. This proportion varied between 

assays depending on uptake conditions, however was generally le ss 

than 5% and in almost a ll cases below 10% of the total metal added at 

the sta rt  o f the incubation.



3.3. Heta1 uptake experiments

3.3.1. Expérimental procedures

Unless otherwise stated, a11 uptake assays were carried out in  MES 

buffer and 50 rnH glucose at 30 Uptake experiments were carried

out in shake-flasks on an o rb ita l shaker (200 cycles min'^) except 

those involving the addition o f  the radionuclide ^ S n ,  when ce ll 

suspensions were Incubated In  100 m1 fla sk s on a shaking water bath. 

A ll additions to the uptake medium were made to give a f ina l volume 

of 400 ml in 1 1 shake-flasks fo r most experimental conditions, or 

20 ml in the case of radioactive uptake experiments. Following a 

30 min equ ilib ration  period, a small volume o f a metal chloride 

solution was added. For competition experiments, so lutions of metal 

chlorides were added 1 min before the addition of the metal to be 

measured. Inh ib ito rs were added 15 min p r io r  to the addition of 

metals. At time interva ls, samples of ce ll suspension, u sually  30 ml 

were rap idly removed and f ilte re d  through pre-weighed membrane 

f ilt e r s  (47 mm, pore size 0.45 fiH, Whatman, U.K.) and washed as 

described in section 3.3.2. F ilte rs  were then dried at 104 for 

16 h and reweighed to determine the dry weight o f c e lls  in  the 

sample. For experiments invo lv ing  ®^Mn, 1 ml samples were removed, 

filtered  through 0.45 |im f i l t e r s  (15 mm, Whatman, U.K.) and washed as 

described in section 3.3.2. The f il t e r s  were then placed in Luckhams 

tubes p rio r to counting o f rad ioactivity.

3.3.2. Cell washing

Once c e lls  have been separated from the Incubation medium, washing of 

ce lls  on the f i l t e r  is  important to remove ions adsorbed in the cell 

wall. A number of washing procedures have been applied in yeast and 

bacterial uptake experiments: washes with d is t i l le d  water (Patón &



Budd, 1972. Fend et el, 1974) or buffer so lution  (Lusk & Kennedy, 

1969, Norris i  Kelly, 1977) have been used, as has the use o f a 

washing solution containing EOTA to complex metal Ions (Nieuwenhuls 

et el, 1981). An effective  technique to remove externally adsorbed 

Ions I s  by exchanging them with a metal cation not under 

Investigation  such as the use of a concentrated wash so lution  of 

MgCl^ for Ca^“*" uptake (Boutry e i el, 1976) or, In  the case of 

rad io isotop ic  uptake, washing c e lls  with the non-rad1oact1ve form of 

the metal (Fuhrmann & Rothstein, 1968, Nelson & Kennedy, 1971, F a llía  

et el, 1976, Borbolla & Pena, 1980).

The effect of washing ce lls ,  preincubated for 10 min In HES bufrer 

amended with 10 |iM Cu^* (Ross, 1977), with e ither 50 ml d is t i l le d  

water or 50 ml of 2 inN CaCl, solution was Investigated. The total

2.99 + 0.08 |jniol(g dry w t)'^  and 2.12 + 0.06 pmol(g dry w t) '^  

respectively (values are the mean ± $.£. o f 3 separate experiments).

The difference between these two values [0.87 pmol(g dry w t) '^ ]

2+
represents the amount of Cu bound to the ce ll surfaces which is  

2+
displaced by the addition o f Ca ions. In a ll subsequent 

experiments involving the uptake of non-radioactive metals, filtered

In ^^Mn uptake studies, c e l ls  were rap id ly  washed with 10 ml of a 

ch illed  solution o f 100 |iH non-radloactive NnCl^ In order to remove 

^*Mn ions adsorbed on to the cell walls.

Neither washing procedure removed a ll surface-bound metal, although 

I t  was s ig n if ic a n t ly  reduced. The re la t ive  efficacy of both washing 

solutions w ill be discussed in Chapter 5. I t  should be noted that no
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detectable metal was retained by the f i l t e r s  alone follow ing e ither 

of the washing procedures.

3.3.3. Sample digestion

Prior to metal ana lysis by e ither AAS or ASV techniques, ce11 samples 

on f i l t e r s  were digested to destroy organic matter. The digestion 

method used was the H2S0^ / technique as described in  Procedure 

B of the Analytical Methods Committee (1967). Following weighing, 

the dried membrane f i l t e r s  were placed in  separate bo ilin g  tubes and 

O.S m1 cone. H2$0^ (AnalaR) added to each tube. The tubes were 

placed on a heating block at 350 until the f i l t e r s  and samples 

charred. 3.0 ml of 60% H2O2 were added dropwise a fte r removal from 

the heating block. The samples were then reheated u ntil the H2 O2 had 

boiled o f f  and white fumes appeared from the cone. H2S0^. Further 

additions o f H2O2 were made i f  there was any evidence of a residua! 

yellow colouration due to organics present. D igestion  was complete 

when the acid remained colourle ss after heating. After cooling, the 

boiling tubes were washed down with d is t i l le d  water and the contents 

transferred to 5 ml volumetric fla sk s and made up to volume with 

d is t i l le d  water. This technique enabled the to ta l metal content 

present in  the sample to be determined.

By analysing digests of the f i l t e r s  alone, th e ir  basal metal content 

could be established. The Whatman f i l t e r s  contained no detectable 

copper o r manganese, however, a small quantity o f zinc 

(< 0.1 pg Zn '̂*’ g ’  ̂ f i l t e r )  was found to be present.



3.3.4. Chemictls

Throughout th is  study, the chemicals used were of AnalaR o r best 

available  grade. Growth media, where stated, were purchased from 

Oxold Ltd., Wade Rd., Basingstoke, Hampshire, U.K. and a ll other 

chemicals were obtained e ither from BDH Chemicals Ltd., Poole,

U.K. or from the Sigma Chemical Company Ltd., Poole, Dorset, U.K.

Hetal chloride sa lts  were used In a ll uptake experiments. 1 H stock 

so lutions of metal sa lt s  were made up in 1 N HCl and stored at 4 *̂ C. 

Fresh working so lutions of metals were prepared fo r each experiment 

and made up e ither with d is t ille d  water or 1 H HCl.

J.3.5. ExperiaentaJ pH

The experimental pH fo r  a ll work was 5.5 unless otherwise stated.

3.4. Quantitative Ion analysis

3.4.1. Atomic absorption spectroscopy

Assays for total metal content were routine ly carried out using AAS 

on a Perkin-Elmer Atomic Absorption Spectrophotometer model 280 with 

an air-acetylene flame. lOX H2S0^ was used as a blanking solution  

and standard metal so lu tion s were prepared In  10% H2S0 ^ In  a l l  cases. 

Copper, manganese, cobalt and potassium were determined In  the range, 

0 • 2.0 ^g m l'*,  and zinc In the range, 0 - 1.0 pg ml*^, since  in 

these ranges the re lationsh ip  between metal concentration and 

absorbance Is  linear.
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3.4.2. Anodic stripping voltametry

Voltammetry I s  a technique which allows determination of species in  a 

solution that can be electrochemically oxidised or reduced. A 

potential i s  applied to the sample via a conductive, working 

electrode and a linea r voltage ramp scans the potential over a region 

of interest. If ,  at a p a rt icu la r potential, a metal is  reduced, a 

current w ill flow at the working electrode. The potential at which 

th is  occurs i s  cha racte ristic  of the redox potential o f the metal ion 

and the amount of current produced i s  proportional to the free ion 

concentration in solution.

Anodic stripp ing voltammetry has been previously used in a number of 

studies o f c e llu la r  metal uptake in microorganisms (Khovrychev, 1973, 

Aickin & Dean, 1978). The technique involves two steps (Matson &

Roe, 1967): a deposition (reduction) step during which the metal ion 

is  concentrated from the bulk solution by e lectrodeposition on to the 

electrode, forming an amalgam in a thin mercury layer on the 

electrode surface; th is  i s  followed by a stripp ing (oxidation) step, 

when a linea r anodic voltage scan I s  applied, during which the metal 

is  removed and the amount deposited on the electrode 1$ measured from 

the recorded current curve (F ig. 3.4.2.). A quantitative measurement 

of the free electroactive metal ion can be determined from the 

current peak height re lative  to peak heights produced by standard 

additions, such that a standard curve can be constructed by p lotting  

peak height against added metal concentration. An advantage of using 

voltammetric techniques i s  the linea r response to metal Ion 

concentration, often over three or four orders of magnitude. Hence, 

sample d ilu tion , often necessary when using other detection 

techniques and creating a further source of error, i s  avoided.



FlQure 3.4.2. A typical anodic stripp ing  voltamnogram obtained fo r 

Cu '̂*' determinations

Current

- 0.1 0  + 0.1 

Potential ve. Ag/AgCI

4 0.2

a -  C u^-free  buffer 

b -5 0 n M  

c -lOOnM  

d -150nM

2 8



ASV measurements were performed on a Hetrohm 663 VA stand with a 

hanging drop mercury electrode (HMOE) coupled to Hetrohm 626 

Polarecord analyser. Deoxygenation was carried  out with 

oxygen-free-nitrogen for 5 m1n. ASV was carried  out using a linear 

sweep on d iffe ren tia l pulse mode 50. The scan rate was 10 mV sec'^ 

and the current se n sit iv ity  range generally set at 5 nA. Copper 

determinations were carried In lOX H2 SO^. The In i t ia l  potential was 

set at ■ 0.50 V and scanning was carried out In  the positive  

direction, the redox potential fo r copper occurring at 0 V.

3.4.3. Ridionuclide aeasurement

^Sn , purchased from Amersham Internationa! Ltd. (Amersham, Bucks.,

U.K.), was 1n the form HnCl2 . having an in i t i a l  a ct iv ity  of

509 mCl mg’  ̂ Mn^*. ^ Sn  stock solutions were prepared with d is t ille d

-1
water, each having an a c t iv ity  of 11 }jC1 ml . As Hn I s  a hard 

gamma emitter having an emission energy of 0.835 HeV, no sc in t il la n t  

f lu id  was required and rad iation measured d ire ct ly . Radiation counts 

from samples In  Luckhams tubes were measured In  a Packard Auto-Gamma 

S c in t illa t io n  Spectrometer (Packard Instrument Co., U.S.A.). The 

counting time was adjusted such that over 5,000 counts were detected 

and, In  general, was for 5 min. The normal background count was 

automatically subtracted from a ll experimental counts. The 

rado loactiv lty of known concentrations o f ^^Mn was measured In  order 

to produce a conversion factor to determine Hn^* concentrations from 

experimental counts.

54«.
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3.4.4. Tract aetal ia^uritiis

One problem encountered in  experimentel work Invo lv ing nenomoUr 

concentretions of ■ etel ions can be the effect of trace metals, 

present in  media constituents as im purities. In  t h is  study, the 

majority of uptake experiments used a simple MES buffer, generally 

containing analytical grade glucose and pH-adjusted using ultra-pure 

A r is ta r  grade KOH. Th is buffer contained no detectable Cu^* or Mn * 

contaminants, even when concentrated 100-fold by rotary evaporation, 

as ascertained by both AAS and ASV techniques.

In addition, i t  i s  worthy of mention here that unava ilab ility  of 

metal to the ce lls ,  through adsorption to g la s s reaction-vessel 

surfaces or by complexation to buffer constituents, was minimal. 

Prolonged ^*Mn uptake experiments, using a high ce ll density 

suspension, recovered almost 100 % of added rad ioactiv ity, 

demonstrating that v ir t u a l ly  a ll the was in  an available form.
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4. ASSESSMENT OF METAL TOXICITY

4.1. Introduction

In that they belong to a group o f  substances capable o f exerting a 

biphasic effect on c e l ls  (Albert, 1979). In th e ir  absence, or In 

netal-defic ient conditions Imposed by the environment, the ir lack of 

a va ila b ility  to  the ce ll causes impairment of c e l lu la r  functions. 

S im ilarly, at h igh concentrations, once the c e l l’s buffering capacity 

for essential metal Ions Is  exceeded, tox ic ity  becomes evident. In 

most environments, due to the minute ce llu la r  requirements for a 

number of metals, deficiency of a certain  trace element 1s unlikely 

to be the major growth-lim iting factor, however growth Inh ib it ion  due 

to high concentrations of metals I s  more common. Indeed the

oligodynamic p roperties of heavy metals have long been exploited;

2+ 2+
Cu - and Hg -conta in ing fungicides have been In  use fo r a number o f

Essential metals. In  e lic it in g  a b iphasic  response In  c e lls ,  are 

capable of growth stimulation at concentrations greater than those 

normally present In  growth media. Enhanced growth o f Aspergillus 

niger and Aspergillus conoides on agar plates containing up to 10 mM 

and 1.8 mM Mn '̂*’ respectively has been observed (Babich & Stotsky, 

1981, Townsley, 1985). Co^*, Cu^*, Zn^* and Mn^* a ll have 

Stimulatory e ffe c ts on growth and fermentation In  SacchtroMyces spp., 

the optimum concentrations for growth being 1n the range 0.1 |iH to 

10 (Jones & G reenfield, 1984). I t  I s  possib le that the 

stimulation of growth may be due to  a requirement fo r  more metal than 

I s  available from the normal m icronutrient concentrations In  the 
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medium or that the metal Induces an Increase In  the membrane 

permeability which allows fo r  a freer flow o f nutrients into the ce11 

with a concomitant Increase in  metabolism.

In addition to the e ssentia l metals, there e x is t  a number of cations

fo r which the ce ll has no requirement, such as Cd '̂*', and

2+
Os (Jones & Greenfield, 1984), and which have no reported 

stimulatory effects but which act as in h ib ito rs  o f growth and 

metabolism at varied concentrations. In general, toxic effects 

become evident at much lower concentrations fo r  non-essential metals, 

which in the natural environment seldom reach concentrations in 

excess of 1 pg g*^ (Wood & Wang, 1963). One explanation fo r th is  is  

that non-essential, tox ic  ions may physica lly  and chemically resemble 

essential Ions and be recognised as such by the ce ll,  binding to 

those ce llu la r s ite s  normally occupied by the la tte r type of cation 

where they interfere with normal cell processes (Sadler & Trudinger, 

1967, Wood & Wang, 1983).

At a molecular level, the tox ic ity  of metals such as copper, mercury 

and s ilve r  has been attributed to binding to sulphydryl, amino and 

Imino groups, often present at the catalytic  s ite s  of enzymes (Ross, 

1975). Sulphydryl groups are essential fo r the maintenance o f the 

tertia ry  and quaternary structure  of many proteins, consequently 

binding of metals may d isrup t  the configuration of metabolically 

Important protein moieties. Heavy metals produce a wide range of 

biochemical and morphological effects on c e l l s  when present at 

sub-lethal concentrations. Copper ions can convert bacterial rods 

into spherical forms (Sad ler & Trudinger, 1967) and the effects of 

continuously culturing C .u W ls  In 1.2 - 1.6 tnM Cu^* Include; greatly 

Increased cell size, ce ll wall thickening, the disappearance of 
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nitochondrlal c ristae  and the In c lu s io n  of dense copper-containing 

partic les in the vacuole and cytoplasm (Khovrychev et </, 1977). 

Inh ibition  of respiration and fermentation a c t iv it ie s  in  S.certvisiie 

was caused by Cd^^ and Hg '̂*' concentrations in excess o f  1 pH and 

50 pH respectively (Grafl & Schwantes, 1983a) w h ilst  Gadd et t1 

(1984a) reported a decrease in  re sp ira tion  rate in c e l ls  of 

S.cerevisiae follow ing Z h incubation in  5 pH CuSO^. Inactivation  of 

yeast enzymes by metal ions has been widely reported, in  particular,

2+
Cu inh ib it  synthesis of RNA, ribosomes and ce ll p rotein (Khovrychev 

et al, 1974, Berthe-Corti et a/, 1984) and Cu '̂*' reduces the amount of

cytochrome a, b and c in yeast c e l l s  (Khovrychev et al, 1974).

2+
Khovrychev and Rabotnova (1972) concluded that Cu ion s inh ib it  one 

'bottleneck* enzyme reaction in  C .u t llis  on the bas is  that growth 

inh ib ition  by obeys the equation of non-competitive inh ib ition  

of enzyme reactions. However i t  seems unlikely that the action of 

Cu^* i s  so precise; indeed, Cu^”*", Cd^*, Zn '̂*’ and Ag'*’ ions a ll cause 

membrane d isruption, as detected by the loss of K , Hg and 

u.v.-absorbing substances, such as nucleotides, from yeast c e lls  

(Golubovich êt al, 1976, Hacara, 1978, Gadd & Howll, 1983, Howll & 

Gadd, 1983), whilst Hn '̂*‘, Ni^'*' and appear to have le s s  effect 

(Joho et al, 1984). There i s  l i t t l e  information a va ilab le  on the 

tox ic ity  of manganese to yeasts and fungi although one study deta ils

the inh ib ition  of protein syn thesis and nuclear DNA rep lication  in 

2+
5.cerevfs/ae by the action of 10 irH Hn . In addition, a number of 

mutagenic effects have been described (Putrament et al, 1977).

The effect of metal ions i s  often prim arily observed by the ir effect 

, on growth, e ither on agar plates o r in  liqu id  culture. In liqu id  
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culture, e ffects are u sually  Manifested by an extended lag phase 

prior to the onset of growth (Ross & Walsh, 1981), In a decrease In 

growth rate or mean generation time or In  a reduced growth y ie ld  

(Jones & Greenfield, 1984). Table 4.1. summarises the range o f  metal 

Ion concentrations which become inh ib ito ry  to the growth of yeasts 

and fungi In  liq u id  culture. The response to metals varies w idely 

over a range of concentrations although the data does give an

Indication o f the re lative  magnitude of the effects of various 

2+ 2+
cationic species. Hn and Zn seem to be f a ir ly  innocuous In  the ir 

2+ 2+
tox ic ity  to c e l ls  whereas Cu and Cd exert the ir effects at much 

lower concentrations. Considerable caution should be exercised when 

comparing the toxic  effects o f various metals, as they are g re a t ly  

Influenced by a number of factors Inc lud ing pH, the a b ility  to 

Inte rna lise  a metal and the presence of other related Ion ic  species 

or complexlng agents. Thus, i t  I s  Impossible to predict with any 

accuracy the concentration at which a given metal Ion w111 become 

toxic (Ross, 1975).

I t  I s  c lear that penetration of the ce ll by a metal ion, whether by 

transport across the ce ll membrane or simply passive d iffu sion , is  

l ik e ly  to enhance I t s  tox ic  action. An Ind ica tion  of th is  I s  the

dramatic decrease In v ia b il it y  of S.cerevisiie  observed when glucose

2+
I s  added to a ce ll suspension containing 16 |iH Cu (Ross, 1977). 

Hence an Intimate re lationsh ip  e x ists between tox ic ity  and c e l lu la r  

uptake of many metals although there are exceptions; the In h ib it io n  

of yeast metabolism by uranyl Ions 1s due to  reduced hexose uptake, 

l i t t le  or no uranium I s  taken up by the c e l l (Jennings, 1963).

Whilst I t  I s  Important to appreciate th is  re lationsh ip, both to x ic ity  

and uptake w111 be discussed separately, as a major part of th is  

study I s  devoted to the ce llu la r  uptake o f  metal species.
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Table 4.1. The effect of divalent cations on the growth In  liqu id  

culture of a maber of yeasts and fungi

Organism Cation Minimal concentration Reference 

at which Inh ibition  

observed (mN)

Càndidi sp. Ni^* 0.085 - 0.17 Babich & Stotzky 1983

Saccharomyces sp. >0.1 Jones & Greenfield 1984

Saccharomyces sp. Hn2* >10.0 Jones & Greenfield 1984

Aspergillus sp. Zn^+ 0.1 - 1.0 Townsley 1985

Pénicillium sp. 1.0 Townsley 1985

Trichoderma sp. 1.0 Townsley 1985

Candida sp. 3.8 - 4.6 Andreeva et al 1980

Saccharomyces sp. Cu2* >0.01 Jones & Greenfield 1984

Pénicillium sp. 0.01 - 0.1 Townsley 1985

Saccharomyces sp. 0.03 Ross & Walsh 1981

Candida sp. 0.05 Ross (unpublished data)

Saccharomyces sp. 0.08 - 0.31 Sahinkaya 1960

Aspergillus sp. 0.1 • 1.0 Townsley 1985

Candida sp. 0.16 • 0.39 Babich & Stotzky 1983

Candida sp. 0.3 - 0.4 Khovrychev 1972

Saccharomyces sp. 0.09 Jones & Greenfield 1984

Saccharomyces sp. >0.1 Heldwein ef al 1977

Rhodotorula sp. 1.0 Joho 1975

Pénicillium sp. Cd2* 0.001 • 0.01 Townsley 1985

Saccharomyces sp. 0.009 Berthe-Corti 1984

Aspergillus sp. 0.01 Townsley 1985

Rhodotorula sp. 0.09 Berthe-Corti 1984

Trichoderma sp. 0.1 - 1.0 Townsley 1985
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pH p U ys a c r it ic a l role In metal tox ic ity. At high pH values, 

formation o f  metal hydroxide and oxide precip itates reduce metal 

a v a i la b i l ity  to the ce ll.  At acidic pH, free metal Ions e x ist  In 

solution  although Increased competition fo r metal binding s ite s  by H'*’ 

ions, coupled with a decrease In  the d ivalent cation concentration 

near the ce ll membrane due to the decreased negative surface 

potential (Borst-Pauwels, 1981} may lead to decreased binding and 

uptake. Consequently, there appears to be a c r it ic a l pH range for 

tox ic ity . Starkey (1973) demonstrated maximum growth Inh ib it io n  by 

copper at pH 4.2 to pH 5.0 and suggested that th is  range re flec ts 

maximal copper uptake under these conditions. Amelioration o f copper 

tox ic ity  In  conjunction with decreasing pH has also been observed In 

Pénicillium ochro-chloron (Gadd & White, 1980) w hilst reduction of

the In i t ia l  pH from 4.5 to 3.2 greatly enhanced growth of

2+
Aureobesidium pulluUns In the presence o f 4 mH Cu (Gadd & 

G rif f ith s ,  1980).

The b lo a va lla b lllty  of metal species can a lso  be affected by complex 

formation with medium constituents and when metal-binding compounds 

such as EDTA, oxine and a number of amino acids are present, tox ic ity  

to yeasts and fungi is  usually markedly reduced (Avakyan, 1971, 

Starkey, 1973, Imahara et i l,  1978) and the sign ificance  of th is  

metal chelation In the natural environment has been discussed In a 

useful review by Sadler and Trudinger (1967). One further factor Is  

the se r ie s  o f Interactions between related metal cations which serves 

to promote synergism or antagonism of tox ic ity . For example, low 

Zn^* concentrations reduce Cd^* tox ic ity  In  S.cerevisiee w h ilst  high 

Zn^* concentrations Intensify  the effects o f Cd^* (Grafl & Schwantes, 

1983c). Cu^'*’ Ions have been reported to enhance the toxic  e ffects of 

both Cd^'*' and Nl^'*' Ions whereas Hn̂ "̂  reduces the effects of Cd^* and 
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Cu^'*' (Sahinkaya, 1960, Babich & Stotzky, 1963). The nechanlsn of 

these Interactions I s  s t i l l  unclear, although i t  may be p rim arily due 

to an increase or decrease of metal uptake (Webb, 1968, Joho, 1975, 

Kesse ls et «1, 1985) and th is  aspect M ill be discussed in a la te r 

chapter. A lte rna tive ly, i t  has been postulated that they represent 

d irect competition between essential and toxic ions fo r  enzyme 

activation s ite s w ithin  the cell (Sadler & Trudinger, 1967).

In conclusion, the importance of understanding metal tox ic ity  should 

be underlined here; in  any study of metal uptake, the toxic  e ffects 

on the cell must be ascertained and minimised in order that c e l lu la r  

metal transport systems are observed without hindrance. In th is

section, the e ffe c ts of several d ivalent cations on c e l ls  of C .utilis  

?+ 2+
are investigated. In  particular, Cu and Hn , two metals with 

widely d iffe rin g  to x ic  actions, are studied as a prelim inary step 

towards appreciating the ir mode of internalisation .

4.2. Materials and methods

4.2.1. Assessment of viib ility  

In order to a sse ss the effects o1 

plate count method was used. C e lls, harvested at mid-exponential 

growth phase and washed with d is t i l le d  water, were resuspended in  NES 

buffer and 50 mM glucose, pH 5.5, to a cell density o f 1 mg m l'^ . 

Metal so lutions were added to the ce ll suspension to give a f ina l 

volume of 100 ml in  250 ml Erlenmeyer flasks. Following 30 min 

incubation at 30 on an orbital shaker (200 cycles min*^, a 5 ml 

sample was removed and sonicated in  the manner previously described 

to disperse clumps o f ce lls .  I t  was previously established that the 
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sonicatlon procedure d id  not effect ce ll v ia b il it y  or the 

su sce p t ib ility  of c e l ls  to metal poisoning. The sample was diluted 

by se ria l d ilu t ion  In s t e r ile  d is t ille d  water to 10'^. A 1 ml sample 

from each d ilu t ion  to 20 ml ste rile  molten malt extract agar at 

45 mixed in a p e tr l-d lsh  and allowed to set. A ll pour-plates 

were Incubated at 30 fo r 2 days and the number of resultant colony 

forming un its counted.

4.2.2. RtspIroiKtry

Following 30 min Incubation In the presence of a metal or a mixture 

of metals 1n MES buffer and 50 mH glucose, pH 5.5, as previously 

described, 5 ml cell samples were removed and the oxygen uptake rate 

measured using an oxygen electrode. A Rank oxygen electrode was 

connected to an HSE Spectroplus oxygen meter with a recorder 

attachment. To ca lib rate  the Instrument, 5 ml MES buffer was added 

to the reaction vessel and stirred  with a magnetically coupled 

st ir re r  bar. After several minutes equ ilibration  period, the 

se n s it iv ity  of the Spectroplus was adjusted to give a fu ll scale 

deflection at 100% saturation  and the zero oxygen content of the 

buffer set by adding sodium dithlonite c ry sta ls  to the reaction 

vessel. A rapid response time of 15 sec was attained fo r the 

Instrument to measure a difference In oxygen content from 100% to 

0 - 5%. Water, at 30 ^C, was passed through the water-jacket to 

maintain the temperature of the cell sample. Following each sample 

addition, the ca lib ra tion  of the Instrument was checked and the 

reaction vessl rinsed with d is t ille d  water. The cell density of the 

suspension was adjusted such that oxygen uptake could be measured 

over a period of 5 to 10 min. The absolute rate of oxygen uptake was 

determined from the known oxygen content o f air-saturated d is t ille d  

water [7.63 mg O2 at 30 °C (HTW Instruction  Manual, 1979)1.
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4.3 .  R e su lt s

4.3.1. Effect of copper and manganese on cell viability 

Figures 4.3.1. and 4.3.2. show the effect of varying the Cu^* or Mn^* 

concentration on the v ia b il it y  o f C.utllls. Copper became lethal at 

20 where 10% lo s s of v ia b i l it y  was recorded. Cell death 

increased rap idly up to 50 pM Cu^*  ̂ when only 26% of the population 

remained viable. Manganese, on the other hand, did not affect 

v ia b il it y  until I t  reached a concentration of 50 mH which reduced 

v ia b il it y  by 39.2%, 85% lo s s o f v ia b il it y  occurring at 100 mH Hn '̂*'. 

Co^* exerted a sim ila r  effect to Mn '̂*’ with 32% and 88% lo ss of 

v ia b il it y  at 30 mH and 100 mH respectively.

4.3.2. Effect of divalent cations on oxygen uptake
?♦ Ox

The inh ib ition  of resp iration  by Cu and Hn i s  shown in  Figures

4.3.1. and 4.3.2. In  10 pM Cu^*, there Is  a s l ig h t  decrease in 

resp iration  rate of 12%, s im ila rly ,  at 14 pH Cu^*, resp iration is
Ox

Inh ibited  16%. However between 14 pH and 20 pH Cu , oxygen uptake 

1$ considerably reduced with only 21.8% of resp iration  In the absence 

of Cû "*̂  occurring. At 50 pH Cu^”*̂ no oxygen uptake occurred. 

Inh ib it ion  of resp iration  by Mn '̂*’ becomes evident at 50 mH whilst 

Z*

2*

100 mH Hn^* almost completely in h ib its  oxygen uptake. Table 4.3.2. 

summarises the effect of low concentrations o f Mn^*, Zn^‘*‘, Co' 

and N1^^ on resp iration . Cu '̂*’ was also added to the Incubation 

medium to investigate any syne rg ist ic  or antagonistic effects of a 

mixture of metals on oxygen uptake. None of the metals examined were 

inh ib ito ry  at the concentrations studied, with the possib le exception 

o f Ni^'*’ where a small reduction in  respiratory a ct iv ity  was observed 

at 100 pH.
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Figures 4.3.1. and 4.3.2. The effect of {Fig. 4.3 .1 .) and Mn^

(Fig. 4.3.2.) on resp iration  ( • , • )  and v ia b il it y  ( O i ° ) .  Values 

represent the means of duplicate experiments.

[Cu] (pM )

20 ^



Table 4 .3 .2 .  E f fe c t  o f  d iv a le n t  c a t io n s  on oxygen uptake

Heta1 ion (pH) Oxygen uptake (% control)

Cu2+ 5 99.3

50 97.1

100 95.9

50 t  Cu^* 5 98.6

Zn2+ so 99.3

Zn^+ 100 91.9

Zn^+ 50 t  Cu^* 5 100.7

Co2+ 50 102.2

Co2+ 100 99.3

Co^+ 50 + Cu^+ 5 99.3

50 105.1

100 101.4

M g '* 50 + C u '* 5 103.4

ni2* 50 89.7

100 79.7

Values shown (mean o f duplicate experiments) are expressed 

re lative  to controls. The control value fo r the respiration 

rate In  the absence o f any metals was 76.3 f  0.5 nmol O2 min'^ 

(mg dry wt)'^ (mean i  S.E. of 5 determ inations).



Yeast c e l ls  provide simple eukaryotic models in  Mhich to Investigate 

metal tox ic ity. Indeed, the ir se n s it iv it y  to metals forms the basis 

of an assay to quantify the to x ic ity  of heavy metals (Bitton et »1, 

1964) and In th is  study the parameters used to examine tox icity were 

ce ll v ia b il it y  and respiration. The main advantage o f  the 

methodology used was that I t  enabled Incubation o f  the c e lls  with 

metals to be carried out in a non*complex1ng medium which allowed for 

quantitative and comparable re su lts.  Toxic ity te s t s  on so lid  media 

have met with some success (Gadd, 1983) although re su lt s  obtained are 

usually qua litative  (Somashekar et i l ,  1983). In  t h is  study,

C.utilis was h igh ly susceptible to copper poisoning w h ilst manganese 

had l i t t l e  effect. These re su lts compare favourably with the general 

trend of metal tox ic ity  observed in  other species (see Table 4.1 .). 

The C.utilis  stra in  used was le s s  sensitive  to Cu^* than a wild-type 

stra in  of S.cerevisiie  In which oxygen uptake was Inh ibited  43.5% by 

5 CuSO^ (Gadd <t a l, 19S4a). In  the same study, a Cu^'^-reststa.it 

mutant of S-Ctreflslie  was Iso lated, however I t s  resp ira to ry  ra‘ a was 

Inhibited some 40* by 10 pH CuSO, although v ia b i l it y  o f the mutant 

stra in  In 5 pH and 10 pM CuSO^ was far greater than the wild-type 

stra in . Growth Inh ib it ion  of C.utiU s  In batch cu ltu re  by Cu^^, as 

demonstrated by an Increase In generation time, became evident at a 

concentration of SO jiH (Ross, unpublished observations) and th is  1s 

In agreement with th is  study.

It  I s  Important to understand the effect of combinations of metals on 

c e lls  I f  the action of competing cations on metal uptake is  to be 

subsequently investigated. In t h is  case, no in h ib it io n  of oxygen 

uptake was observed with any metal in combination with copper.
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2+
and competition experiments w hilst the use of Hi ions at 

concentrations of 50 or greater was ruled out by t h is  study.

Hence, the se  metal c on ce n tra tion s cou ld  be used In  uptake s p e c i f ic i t y

2+  2+
The difference in tox ic ity  between Cu and Mn i s  most probably 

attributed to the ir chemical properties. More electronegative 

elements such as Cu '̂*’ and Hg '̂*' have high a f f in it ie s  fo r active  sites 

on enzymes and are l ik e ly  to be more toxic  (Ross, 1975). The order 

of e lectronegativ ities of divalent metals is :

Hg > Cu > Sn > Pb > Ni > Co > Cd > Fe > Zn > Hn > Hg > Ca > S r  > Ba 

(Bowen, 1966) w hilst Somers (1959) reported an order o f to x ic it y  for 

Botrytis fabae spores of:

Hg > Cu > Pb > Ni > Co > Zn > Hn > Sr > Hg, Ca > Ba.

Clearly there i s  some correlation  between these two se r ie s, however 

instances o f exceptions to th is  rule have been reported (Townsley, 

1985) and other factors such as so lu b i l ity  products and chelate 

s t a b i l it ie s  of metals (Bowen, 1966) or species more to lerant to a 

specific  metal (Trevors e i al, 1985) may well a ffect the re lative  

tox ic ity.

It  should be remembered that experimental design may affect the 

detection threshold of inh ib ito ry  action of a metal. In t h is  study, 

quantitation of the tox ic  effects on c e l ls  was preceded by a 30 min 

period of incubation with the metal. I f  a longer contact time had 

been used, i t  i s  possib le  that subsequent resp irato ry in h ib it io n  nay 

have been greater for a given metal concentration. A 30 min 

incubation was considered a su itable period fo r the purposes of this 

study as th is  was the maximum time over which metal uptake was to be 

measured. Thus, comparisons with studies using sim ila r  techniques 

but d iffe r in g  in incubation times are often inva lid . I f  to x ic ity  
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tests are to be accurately Interpreted they must be carried out under 

conditions Identical to those In which uptake studies w ill be carried  

out.

It  i s  c lear that studies of th is  nature are an essential p rerequ isite

to metal uptake studies. One study of Cu^* uptake in  C.utilis
2+

(Khovrychev, 1973), used concentrations of Cu in excess of 1 mM. 

Although the ce ll density used was 3 mg m l '^  th is  concentration does 

seem rather high and no d e ta ils  of ce ll v ia b il it y  were given. Oxygen 

uptake and v ia b il it y  te sts in  th is  present study demonstrate total 

inh ib it ion  of resp iration  and 74% lo ss o f v ia b il it y  at a Cu^^ 

concentration of 50 )jH, hence subsequent experiments were carried out 

at lower concentrations in  order to minimise ce ll damage. V ia b il it y  

can give  a gross indication of the magnitude of tox ic ity  yet 

inh ib it ion  of growth and metabolism can occur at concentrations well

below the lethal threshold. For example, with reference to Figure

2+ 2+ 
4.3.1.; i f  a study of Cu uptake was to be carried out at a Cu

concentration of 20 pH, where 10% lo ss of v ia b il it y  was to be

considered acceptable, then any Cû *** uptake under these conditions

might be se riously  affected as oxygen uptake i s  reduced by nearly

80%. Once deta ils  were avaMable of non-toxic metal concentrations

under the experimental conditions imposed, the next section of t h is

study was an investigation  o f the ce llu la r  uptake and accumulation of

these metals.



5. SURFACE BINDING AND ENERGY-DEPENDENT UPTAKE OF 

MANGANESE AND COPPER

S . l.  Introduction

In it ia l ly ,  cell-metal ion interactions occur at the c e l l ’s periphery, 

that i s ,  the cell wall and plasma membrane, in most instances leading 

to ultimate internalisation  of the metal. In th is  chapter, the

surface binding and ce llu la r uptake of metals by yeasts i s  discussed 

?+ 2+
and the energy-dependence of Hn and Cu uptake in C.utllis 

demonstrated. In view of the numerous terms that have been applied 

in studies of interactions of metals with ce lls ,  the meaning of 

several terms used in th is  text w ill be defined as suggested by 

F a illa  (1977). The term, "accumulation", i s  applied to the total 

amount o f metal associated with the ce lls .  No d ist in c t io n  i s  made 

here whether the metal i s  surface-bound or internalised. The term, 

"uptake", i s  synonymous with in flux , 1e. the process of 

Inte rna lisation  o f the metal w ithin the ce lls .

Binding of cations to anionic groups at the ce ll surface has been of 

increasing intere st in  recent years as a resu lt o f the possib le  

application o f m icrobial biomass for the removal o f toxic  heavy 

metals or the recovery of valuable metals from aqueous effluents 

(Brierley  & B rie rley , 1983). A number of chemical groups act as 

potential cation binding s ite s and these include phosphoryl, 

carboxyl, imidazole, sulphydryl, phenolic hydroxy, and amino groups 

(Rothstein & Hayes, 1956). The relative  a f f in it ie s  o f cations for 

yeast binding s it e s  most probably reflects the re lative  s ta b i l it y  

constant fo r an interaction between a specific  metal ion and a 

particular group. Rothstein and Hayes (1956) have shown the re lative  
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binding a f f in it ie s  of cations for baker’s yeast to be

IK)2^+ »  B a "  > Z n " \  C o"" > Mg"". C a"", S r " "  > Hn"". C u"".

Hn^^, Ni^^, Zn̂ "*" and Co '̂*' ions appear to bind to ce ll wall 

polyphosphates and carboxyl groups on w alls and ce ll surface proteins 

[Rothstein & Hayes, 1956, Van Steveninck & Boolj, 1964, Patón & Budd, 

197Z) w h ilst thorium binds not only to polyphosphates, but a lso  to 

phosphatides In  the cell membrane (Van Steveninck & BooiJ, 1964). 

Uranium can a lso  coordinate with the amine nitrogen of the ch it in

component o f the fungal ce ll wall (Tsezos & Volesky, 1981). In 

2+ 2+
addition, Zn and Hg would be expected to exhib it special 

a f f in it ie s  for Imidazole and sulphydryl groups respectively 

(Rothstein & Hayes, 1956).

Using electron spin resonance (ESR) techniques, Tsezos (1983) 

reported that at least two oxygen atoms and one nitrogen was involved 

In a chitin-copper coordination complex w h ilst  ESR spectra o f Raynor 

and Townsley (personal communication) Indicated that copper Ions 

coordinated to e ither 4 nitrogens or 2 n itrogens and 2 oxygens In the 

cell wall o f Pénicillium spinulosum, with no observable sulphur 

Involvement. By se lective  chemical modification of the ce ll wall of 

the bacterium Bacillus subtilis, Doyle et al (1960) suggested that 

carboxyl and amino groups were Important In  regulating Interaction 

between cation and ce ll walls, whilst the se lective  removal o f 

phoshate from telcholc acids d ra stica lly  reduces the a b i l ity  of 

bacterial w alls to bind d ivalent cations (Heptinsta ll et al, 1970). 

The only corresponding study using fungal ce ll walls proved 

Inconclusive (Townsley, 1985).

pH may s ig n if ic a n t ly  affect binding to various groups. At pH 4, 

primary amines would be p o s it ive ly  charged and would not be expected 
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to interact with cations and nany o f the carboxylate groups would be 

neutral. However above pH 3, most o f the phosphate groups present as 

mono* or d ie sters would have a negative charge and be capable of 

forming bonds with metal ions (Tobin et aJ, 1984). These primary 

bonds may be augmented by weaker associations with hydroxyl and other 

groups.

Several other physical and physiolog ical factors can affect the 

amount of metal which binds to the ce ll surface. The ce ll wall 

composition can be changed by a lte ring  the environmental growth 

conditions (Ellwood, 1970) and by growing Bacillus subtilis  and 

Pseudoaonas fluorescens in a variety o f lim iting  nutrients, the 

binding of copper could be increased as the lim iting  nutrient was 

changed in the order, carbon < magnesium < nitrogen < potassium 

(Baldry & Dean, 1981). Clearly, d iffe rent ce ll types can bind 

d iffe r in g  amounts o f metals. This i s  seen in the g re a t ly  elevated 

Cd *̂  ̂ binding which occurs in thick, melanised w alls o f chlamydospores 

of Aureobasidiun pullulans, as compared to the Cd̂ *̂  binding capacity 

of yeast-like  c e l l s  and mycelium (Howll & Gadd, 1984). In addition, 

copper binding i s  reduced by the presence of complexing amino acids, 

especia lly h is t id in e  and cysteine (Wakatsuki at al, 1985), and also 

by the concentration of yeast c e l ls  in  aqueous suspension. The 

la tte r  effect i s  thought to be due to increased e lectrosta tic  

interaction between c e l ls  at high ce ll densities (Itoh  et al, 1975).

Surface binding o f metals, which i s  both rapid and reversib le  

(Rothstein & Hayes, 1956), can be analysed using Scatchard mass/law 

p lo ts (Scatchard, 1949), by f it t in g  the data to the Langmuir 

adsorption model (Langmuir, 1918) or by applying Freund lich 's 

adsorption isotherm '(Freundlich, 1926). In view o f the fact that 
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Langmuir's model was derived to relate the adsorption of gas 

molecules to so lid  surfaces and that Freundllch’s Isotherm I s  a 

purely empirical formula, extrapolation of these methods to analyse 

adsorption o f metals In m icrobial systems should be viewed with some 

circumspection. However, using these techniques, two types of

binding s ite s ,  one of high a f f in it y  and one of low a f f in it y  for the 

2+
metal, have been demonstrated fo r  Cu In the yeasts, C.utills 

(Khovrychev, 1973) and Debiryottyces hinsenii (Wakatsukl et a l, 1979) 

and In  the bacterium Escherichia coll (Baldry & Dean, 1980b), and for 

Nn '̂  ̂ In baker’s yeast (Rothstein & Hayes, 1956). I t  I s  possib le  that 

the high a f f in it y  s ite  represents the s ite  of transport for the

metal. Indeed, In metabolising c e l ls  of the alga Chlorella fusca,

2+
the high a f f in it y  component o f  Zn accumulation I s  thought to be due 

2+
to the energy-dependent entry o f Zn Into c e l ls  (Broda, 1972).

Several ro le s for metal wall binding have been suggested. Spec ific  

d ivalent cations present In  ce ll walls may have essential ro le s in 

maintaining the Integrity  o f the surface structure. Hetal ions may 

s ta b ilise  the ce ll w all-inner membrane attachment s ite s  and are 

required by extrace llu lar enzymes for structural and catalytic  

purposes (F a ll ía ,  1977). Another possible ro le  for metals In  the 

cell wall Involves s t a b ilis in g  ce ll attachment-separation forces 

between ce ll surfaces and other objects or c e l ls  by e ither reducing 

the negative potential or a lte r in g  the conformation of surface 

macromolecules (Fa llía , 1977). Copper tolerance In  the atypical 

fungus Peniciniua ochro-chloron has been attributed to the massive 

binding and deposition of copper In  the surface system (Fukami et al, 

1983).



In addition to ce ll wall binding, the m ajority of metal ions are 

Internalised. The processes of movement o f  Ions or molecules into 

ce lls has been widely studied and the general transport paradigm 

which w ill be described encompasses several modes of entry. These 

can be termed, passive d iffu sion , fa c ilita te d  d iffu sion  and transport 

coupled to e ithe r electrochemical ion gradients or chemical 

transformations (Scarborough, 1985).

Passive transport can be rigorously  defined as transport in  which the 

system lo ses free energy (Lehninger, 1975) and the simplest case of 

th is is  free d iffu sion , namely the movement o f a solute down a 

concentration gradient whereby the rate o f movement i s  determined by, 

and proportional to, the difference in concentration (Jennings,

1963). As t h is  i s  a physico-chemical process, temperature would be 

expected to influence the rate of d iffu sion  as would the permeability 

of the membrane to the solute (Robertson, 1983). A more complex 

situation e x is ts  in fa c ilita te d  d iffu sion . Scarborough (1985) 

defines fa c ilita te d  d iffu sion  systems as non-accumulative 

transporters that require only thermal energy for the ir operation. 

These transporters Involve translocation down a concentration 

gradient mediated by a mobile membrane component, called a carrier. 

The ca rrie rs exhib it substrate sp e c if ic ity  and the rate of solute 

transport I s  many times greater than by passive  d iffu sion  alone, 

exhibiting saturation kinetics at high so lute  concentrations 

(Robertson, 1983). When charged species are translocated by 

diffusion the movement i s  dependent not only on the concentration 

gradient, but a lso  on the e le ctric  potentia l difference which a rises 

when positive  and negative charges across the membrane are Imbalanced 

or are not moving at the same rate (Robertson, 1983).

4 9



A number o f reports have detailed the passive transport o f metals In 

microbes. Broda (1972) reported energy-independent untake of lead In 

Sacchiroayces ctrevislae and lead and cerium In  the alga Chlorelli 

fusca. Copper uptake In  the fungus Dactyllum dendroides appears to 

be a d iffu sion -lim ited  process, the concentration gradient being 

maintained by rapid sequestering to In tra ce llu la r  components 

(Shatzman & Kosman, 1978) w h ilst Puckett et 1 / (1973) proposed that 

passive absorption of d ivalent cations In a va riety  of lichen species 

occurred by way of a modified Ion-exchange process involving the 

release of protons. Copper uptake by conidia of Nturospora crassa 

(Somers, 1963) and PenlcHliUM spinulosun (Townsley & Ross, 1985) was 

unaffected by a number o f metabolic Inh ib ito rs and determinations of 

values and the activation  energy Indicated passive uptake.

However I t  has been argued that the In a b ility  to demonstrate 

energy-dependent transport In  these studies may be due to the high 

wall binding of filamentous fungi masking low rates o f In tra ce llu la r

In flu x  (Gadd & White, 1985). In addition. I t  has been suggested that 

?+
Co uptake by N.crassa I s  a fa c ilita te d  d iffu sion  process

(Venkateswerlu & Sastry, 1970) although Jasper and S i lv e r  (1977) have

2+
reinterpreted the ir f in d in gs as being the active transport of Co by 

a system which I s  p rim arily responsible  for Hg *̂  ̂ uptake. I t  seems 

most un like ly  that examples of t ru ly  passive d iffu s ion  In microbial 

Inorganic Ion systems e x is t  (S ilv e r ,  1978). The microbial 

environment, unlike that of animal c e lls ,  I s  often h igh ly  dynamic and 

given widely fluctuating growth conditions I t  I s  un like ly  that 

passive d iffu sion  systems would place a microorganism at a 

competitive advantage. Indeed I t  I s  more 11ke1y that a ce ll with a 

high a f f in it y  system would have a se lective growth advantage under 

lim itin g  nutrient conditions (S ilve r ,  1978). Netal retention by 

c e l ls  would also be complicated by d iffu sion  back Into a very d ilu te  
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aqueous environment.

A great eany transport systems require a coupled Input o f free 

energy. Such systems often have to translocate a va riety  o f small 

molecules and Ion s against a concentration gradient. To accomplish 

th is, energy derived from metabolic a c t iv ity  must be applied to 

transport work. The mechanisms o f energy coupling to membrane 

transport have s t i l l  not been fu l ly  elucidated, although M itche ll’s 

chemlosmotic hypothesis, It s  main tenets now generally accepted, has 

done much to c la r i f y  current th ink ing [for an excellent review of the 

role of chemlosmotic coupling In microbial transport, see Rosen and 

Kashket, (1978)]. By th is hypothesis, the d riv ing  force o f substrate 

uptake Is  provided by a transmembrane electrochemical 1on gradient, 

which In turn. I s  established by systems which have been termed, 

primary active transport systems (Christensen, 1975, Rosen & Kashket, 

1978). These are mechanisms for the conversion of chemical energy 

Into electro-osmotic energy and examples of these are the H*-ATPase 

of mitochondria and bacteria, the Ca^^ translocating ATPases of 

eukaryotic and prokaryotic systems, the K*-ATPase of Escherichia coli 

and the NaVK‘*’-ATPase of animal ce ll plasma membranes (Scarborough, 

1985). A ll these primary pumps depend upon the metabolism o f the 

cell and generate transmembrane gradients of Na*, K'*' and Ca '̂*’ In 

a variety of c e l l types. Whilst primary pumps are examples of 

transporters coupled to chemical transformations (that i s  as a d irect 

result of energy provided by a chemical reaction); secondary active 

transport systems are transporters coupled to electrochemical Ion 

gradients (Rosen & Kashket, 1978). Thus, the Ion gradients generated 

by primary systems are In turn used by specific  1on-grad1ent-coupled 

transporters to  drive nutrient accumulation (see Fig. 5 .1 .).  When 

two substrates are transported simultaneously in one d ire ction  by one 
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carrier, driven by the electrochenlcal gradient of one o f the 

substrates, the process I s  known as symport. Conversely, when 

accumulation occurs on the side  o f  the high electropotential of the 

driving ion, the process 1s known as antiport (Scarborough, 1985).

In bacteria, a gradient usually provides the d riv ing  force whilst 

a Na^ gradient generally d rive s secondary transport In animal c e lls  

(Stryer, 1981). A11 current find ings suggest that the fungal plasma 

membrane ATPase I s  a primary H'*’ pump, supplying energy for 

H'^-dependent nutrient cotransport (Goffeau & Slayman, 1981).

In yeasts and fungi a se rie s of secondary transport systems have been 

Identified. Uptake o f n itrate  in C.utiUs  (Eddy & Hopkins, 1985), 

glucose in N .cn ssi  (Slayman & Slayman, 1974), amino acids In 

S.cerevisfae (Eddy et i l ,  1970a, Eddy et »1, 1970b) and amino acids 

and nucleosides in Schiiosacchtronycos pombe (Foury & Goffeau, 1975) 

a ll occur v/a proton symport systems. Yeast phosphate and sulphate 

transport i s  also thought to be driven by a proton gradient 

(Borst-Pauwels, 1981).

For the purposes of studying energy coupling to meta! ion transport, 

the transmembrane electrochemical ion gradient, or proton motive 

force (pmf) as I t  I s  known when the primary electrogenic transporter 

translocates Ions from the c e l ls  such as in  fungi and bacteria, 

can be divided Into two components; the e le ctrica l membrane potential 

difference across the lip id  membrane and the difference In  pH values 

on e ither side of the membrane (Goffeau & Slayman, 1981). In  turn, 

the membrane potential may have several components; a) the Donnan 

potential resu lting from Ind iffu s ib le  anions; b) the ion asymmetry 

created by ion pumps and the consequent potential re su lt in g  from 

different rates of d iffu sion  out of the c e l ls ;  c) the separation of 
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harge caused by primary electrogenic Ion pumps (Clarkson, 1974).

I
 Each o f  these three components i s  dependent on ce l)  metabolism.

J n t ll recently i t  Mas thought that monovalent cation uptake in yeasts 

a s  driven by the membrane potential (Riemersma & Alsbach, 1974), 

however Borst-Pauwels (1981) has suggested that influx occurs 

e ith e r by a primary plasma membrane ATPase system which pumps into 

the ce ll and out of the cell at the expense o f ATP hydrolysis, or 

by using the pmf as the d riving force.

A number of studies of divalent cation accumulation in bacteria, 

algae and plants have described an energy-dependent component of 

uptake (Broda, 1972, Ramani & Kannan, 1975, S ilv e r,  1976).

S im ila r ly , the majority of yeast studies have reported the 

requirement for c e llu la r  energy in  metal uptake (Borst-Pauwels,

1981). One of the earlie st reports o f cation absorption by Rothstein 

ét a7 (1958) outlined the active transport o f  Ng^^ and Mn^* in 

baker’s yeast. A su itable energy source such as glucose i s  a 

p rerequisite  to uptake of d ivalent cations (Rothstein, 1958, Fuhrmann

& Rothstein, 1986, Ross, 1977). Energy from e ither g lyco lysis  or 

2+
oxidative phosphorylation can d rive  Hn transport in Sicch»romyc6s 

species (Okorokov e i al, 1977). Uptake of Ca^*, Ni^*, Co^'*' or Zn^* 

can use either fermentative or respiratory energy (Fuhrmann & 

Rothstein, 1968, Boutry e i j 7, 1977) whilst Lichko e i e7 (1980) 

reported that an ATPase is  in some way involved in  Mn^* transport.

The exact mechanism of energy coupling to d ivalent cation transport 

i s  s t i l l  unclear although several authors have reported a second type 

o f  transport linked to a chemical transformation. Patón and Budd 

(1972) proposed that Zn '̂  ̂ i n i t i a l l y  bound to polyphosphate in the 

surface membrane and then was released during transport by enzymic 

breakdown o f th is  compound, which provided the energy for 
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translocation. A sim ila r  mechanism has been proposed fo r glucose 

uptake in  yeast (Van Steveninck & Boolj, 1964) w h ilst Jennings et al 

(1958) and Rothstein et a1 (1958) have postulated that a 

phosphorylated product I s  involved In  the transport o f d ivalent 

cations through the ce ll membrane. W hilst these mechanisms are not 

precluded, I t  seems l ik e ly  that, In the lig h t  of H itch e ll’s 

chemiosmotlc model, the electrochemical gradient, which effects 

transport of many other Ions and small molecules, may play a major 

role and th is  subject w ill  be discussed later.

In th is  section the surface binding and the energy requirement for 

2+ 2+
transport of the metals, Mn and Cu , I s  Investigated. Uptake of

2+ 2+
Hn from both high and trace concentrations o f Mn I s  examined In

view o f  the p o ss ib il ity  that more than one transport system i s  being

studied, as w ill become c lear in the follow ing chapter.

5.2. M ate ria ls  and Methods

Exponentially growing c e l ls  were harvested and resuspended in HES 

buffer e ithe r with or without 20 mM glucose as stated. Metal uptake 

experiments and metal analyses were carried out as described in 

Chapter 3, with the inh ib ito rs, carbonyl cyanide 

m-chlorophenylhydrazone (CCCP), sodium arsenate and 2,4-dinitrophenol 

(DNP), the  ionophore, valinomycin, and the glucose analogue, 

2-deoxyg1ucose, being added as required 15 min p rio r to the addition

4 ®C. CCCP, valinomycin and 2-deoxyglucose were obtained from the 

Sigma Chemical Co.



As previously mentioned, the c e ll density was adjusted such that only

a small proportion of the total metal added was taken up by c e l ls

2+
during an assay. In the case o f accumulation from SO fiH Hn or from 

10 fiH Cu '̂*', the ce ll density was approximately 0.5 mg m1*  ̂ and the 

proportion taken up after 20 min remained low, being 4 % and 6 % of 

the total metal added respectively. However, as the total metal Is  

reduced, the proportion of metal accumulated fo r  a given ce ll density 

increases considerably. Hence when uptake from a metal concentration 

as low as 10 nH i s  studied, the ce ll density o f the incubation 

suspension becomes an Important factor. When uptake conditions are 

optimised, there w ill be no s ig n if ica n t  change in the free metal 

concentration during the period o f measured accumulation. 

Consequently, fo r  experiments invo lv ing ^^Hn uptake, a preliminary 

study of the effect of cell density on the ^^Mn accumulated as a 

proportion o f the total ^^Nn added i s  necessary. The re su lts o f such 

a study are shown in  Table 5.2. I t  can be seen that the percentage 

of ^^Hn accumulation increased d isproportionately to the increase in 

cell density and that at ce ll concentrations greater than 

0.16 mg m1'^ the proportion bound was unacceptably large. Using th is  

data, a f in a l ce ll density of approximately 0.1 mg m l'^  was used in 

studies of ^^Mn accumulation.

5.3. Results

2+ 2+
The effects o f  glucose and temperature on Hn uptake from 50 pM Hn

are shown in  Figure 5.3.1. I t  can be seen that in the presence of 

2+
glucose, c e l lu la r  Hn increased in  a f a ir ly  lin e a r  fashion over a 

period of 20 min. In the absence of glucose, in  the presence of 

2-deoxyglucose and at 4 ^C, Hn^^ uptake was coa^)letely depressed with 
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S4
Table 5.2. Effect o f  ce ll density on the accuaulatlon of Nn, as 

a pro]>ort1on of total M ta l added

Cell den sity

(mg m l"^)

^^Nn acciaulatlon 

(X o f  total added)

0.03 0.6

0.08 1.0

0.16 7.5

0.30 31.5

0.55 50.0

Values given are fo r  accumulation follow ing 20 min Incubation In 

54
10 nH Mn and represent the means o f three experiments.
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H t t ïe  or no d iffu sion  In to  the ce lls  occurring. To further te st  the

2+
involvement of glucose catabolism  in providing energy for Mn 

uptake, the metabolic poisons, CCCP, DNP and sodium arsenate were 

added to the incubation medium (Fig. 5.3 .2 .). Uptake of the metal 

was seen only in the absence of these inh ib ito rs. The low level of 

Nn^ '̂ associated with the c e l l s  in the absence of glucose i s  most 

lik e ly  to be due to non -spec ific  and reversib le  binding to anionic 

groups on the cell wall. The s lig h t ly  reduced binding seen at 4 

would be as expected from t h i s  physical process.

^*Mn uptake from 10 nH Mn '̂*’ proceeded almost lin e a r ly  at 30 ®C In  the 

presence of glucose (Fig. 5 .3 .3 .).  However, at 4 or in the 

absence of glucose, uptake was not observed. S im ilarly, In the 

presence of CCCP and DNP no uptake occurred. Thus i t  appears that 

Mn‘ transport from either 50 fiM or 10 nM Mn i s  an energy-requiring 

process. Vallnomycin, at concentrations up to 100 |iH and at external 

ranging from zero to 500 mH, exerted no demonstrable effect 

whatsoever on ^*Hn uptake. Figure 5.3.4. describes the uptake the 

uptake of Cu^^ from a 10 Cu^^ solution under conditions identical 

to those previously mentioned for Mn uptake. Cu uptake In  the 

presence of glucose occurred rapidly over the f i r s t  5 min followed by

...2+ .



Figure 5.3.1. accumulation from 50 uM in  the presence ( • )  

or absence ( ■ }  of glucose; in the absence of glucose and the presence 

of 2-deoxyglucose ( O ) ;  at 4 ®C in  the presence of glucose { □ ) .  Values 

represent the mean ± SE of 3 experiments.
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Figure 5.3.2. accumulation from 50 yM in the absence of

inhibitor ( • )  and in the presence of 100 uM CCCP ( ■ ) ;  10 mM sodium 

arsenate ( □ ) ;  2 mM DNP ( O ) .  Values represent the mean t SE of 

3 experiments.
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Time min

Flnure 5.3.3. ” Hn accumulation from 10 nM in  the presence ( • }  

and absence ( a ) of glucose; at 4 °C ( * )  and in  the presence of 100 pM 

CCCP ( ■ )  and 2 mM DNP (o). Values shown are the mean ± SE of 3 

experiments {for c la r it y ,  only the maximum standard error bars have been 

included for uptake in  the absence of glucose; at 4 ®C and in the presence 

of CCCP and DNP).





Figure 5.3.5. accumulation from 10 uM Cu^* In the absence o f 

inh ib itor { • )  and in  the presence of 100 uM CCCP ( O ) ;  10 mM sodium 

arsenate ( ■ ) ;  2 mM ONP ( □ ) .  Values represent the mean ± SE o f  3 

experiments.
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Non-specific binding o f the neta1 to anionic species on the ce11 

surfaces occurred aintost instantaneously. On a molar basis, 

comparatively more was bound to the ce ll surfaces; after 20 min 

in the presence of glucose, 39 % o f the total taken up by c e lls  

was surface bound, as opposed to 19.1 X in the case of Hn^* following 

incubation in 50 pM Only 7.2 X of the total cell was

associated with the surfaces of c e l ls  incubated for 20 min in 10 nH 

^^Hn and th is  may well re flect the efficacy o f the cell washing 

procedure used. C e lls  incubated in 10 nH ^^Hn were washed with 

100 pH non-radioactive Hn '̂  ̂ whilst c e lls  incubated in 50 pM Hn^^ and 

10 pH Cu '̂*‘ were washed with 2 mM CaCl^. I t  seems lik e ly  that washing 

ce lls  using the non-radioactive form of the metal under investigation 

i s  a much more e ffic ie n t  technique than the use of a second cation, 

such as Ca '̂*’ or Hg '̂*’, given that 100 pH non-radioactive HnCl^ proved 

much more e ffective  at exchanging surface bound ^ S n  than did the use 

of 2 mH CaCl2 . C learly, fo r the purposes o f examining metal 

transport, th is  externa lly bound metal must be minimised, although 

obviously the use of 100 pH HnCl^ wash solution was restricted in 

th is  present investigation  to studies of ^^Hn uptake.

5.4. D iscussion

Accumulation of Mn^^ and Cu '̂*’ in c e lls  of C.utills  appears to consist 

of two components; an in i t ia l  rapid and reversible  binding which is  

energy-independent and most probably represents binding to the cell 

surface, followed by a slower uptake into the cell which is  

metabolism-dependent. This finding i s  consistent with a number of 

other studies which have sim ila rly  demonstrated two phases of 

accumulation in  yeast, a surface binding phase followed by an 

64



energy-dependent In flu x  (Fe llla  et a/, 1976, N orris & Kelly, 1977, 

Borst-Pauwels, 1981).

Although the surface binding i s  reduced in th is  study by the use of

cation-exchange wash so lutions, nevertheless, the a v id ity  of surface 

?+  2+
site s for Mn and, in  particular, fo r  Cu ions I s  evident. The 

precise nature of the wall binding s ite s  in C.utlHs  i s  unclear. 

Egorenkova and Belov (1964) have shown the walls o f several stra in s 

of Cindidi species grown on a glucose carbon source to be composed of 

31.4 mg g*^ biomass glucan and mannan and 3.0 mg g*^ biomass protein. 

In addition to mannan-protein and glucan-protein complexes, 

glucosamine and several enzymic proteins, such as invertase, are 

present in w alls o f C.utilis  and S.cerevisiie  (Rose, 1965). Hence, a

variety of anionic binding s ite s  w i l l  be available to Cu^^ and

2 +
present at the ce ll surface. Surface binding of Co from 3.4 mM

2+ 2+
Co solution  accounts for 30 % o f total Co accumulation in

2+
N.crassi (Venkateswerlu & Sastry, 1970) and 25 % o f Hn accumulation 

in baker’s yeast was due to binding to the ce ll surface following 

incubation in 0.3 mH Hn *̂̂  (Rothstein, 1958). C learly, these values 

are only of lim ited use in comparing binding as the use of different 

experimental treatments w ill considerably affect the ratio  of 

wall-bound metal to internalised  metal. However in  the present 

study, the greater a f f in it y  of Cu^* fo r binding s ite s  can be seen and 

th is  i s  supported by the data of Gadd and Howll (1985) which showed

that, o f the seven other divalent cations studied, none were found to 

2+
greatly affect surface binding of Cu in A.pulluUns when added in 

equimolar amounts to the copper. For a comparative ana lysis of 

binding in  d ifferent yeast species, adsorption isotherms of the type 

mentioned in Section 5.1. can be constructed using the binding data 

although, in th is 'c a se , as the work mainly concerns in trace llu la r 
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Influx, Isothem s have not been applied.

The relationship  between surface binding and uptake Is  not d e a r.  

Townsley and Ross (1985) have suggested that the In it ia l binding may 

serve as a scavenging mechanism whereby a high localised 

concentration of metal resu lts In the v ic in i t y  of the ce ll wall or 

membrane. Release o f these Ions from th e ir  bound lo ca lity , probably 

by Ions, may resu lt In subsequent In te rna lisa tion . This postulate 

I s  supported by the data of Patón and Budd (1972), who proposed that

surface binding I s  a prerequisite for transport Into the ce ll.

2+
However, evidence from Gadd and Howll (1985) that Ca .reduced 

surface Cu^“̂ binding but did not affect rate s of Cu^* Influx,

Indicate that complete surface binding I s  not necessarily a 

prerequisite for In tra ce llu la r  Cu^^ transport In A.pulluUns.

The d iffe rin g  shape of the uptake p ro f ile s  o f Hn^* and Cû "*̂  I s  of 

interest. Hn^* uptake follows a marked lin e a r  pattern w h ilst the 

Cu^* uptake rate was consistently greater during the in it ia l 

5 - 10 min o f exposure to the metal. Th is reduction In the transport 

rate during la te r stages of uptake I s  d if f i c u lt  to explain although 

th is  phenomenon has been reported by several other authors (Norris & 

Kelly, 1977, Gadd et al, 1984a, Uakatsuki et tl, 1985). I t  Is  

conceivable that when the In tra ce llu la r  Cu^*  ̂ concentration reaches a

certain threshold, s l ig h t  tox ic  effects re su lt,  manifested by a

2 +
reduction In  uptake rate. This may be due to Cu Ions binding to 

structural or enzymic proteins involved In  transport or metabolism. 

The like lihood of th is  appears greater when I t  i s  noted that a small 

reduction In  resp iration  was observed fo llow ing Incubation In 10 |iH 

Cu^* (see Section 4.3.2.).
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In the syste« used for uptake, at a ce ll density of 10^ 

ce lls n l*^ , occupying a packed ce ll volume of approximately 0.1 % 

(v/v) o f the medium [assuming In te rce llu lar spaces to occupy around 

22 % of the total volume of the packed ce lls ,  as determined by Conway 

and Downey (1950)], 10^ c e l ls  took up 1.53 x 10 '^ nmol during 20 min 

Incubation In  10 nH Hn. Assuming a ll c e llu la r  Hn to be In an 

unbound, Ion ic  form, th is  represents an uph ill transport

concentration gradient of approximately 180:1 (1ns1de:outs1de). The 

2+
concentration gradient fo r c e llu la r  Cu follow ing 20 min uptake from 

10 Cu '̂*’ was approximately 90:1 (1ns1de:outs1de) w hilst a value of

approximately 15:1 (1ns1de:outs1de) was observed In  c e lls  following 

20 min incubation In 50 pM Hn '̂*’. These values have been corrected to 

take account of surface binding and so give a more accurate 

Indication of the ^^Mn, Hn '̂*’ and Cu^* actually Internalised. 

Micro-organisms are known to be capable of concentrating metal Ions 

present In low concentrations In  the external m ilieu  and enrichment 

factors (ra t io  of concentration In  cell and medium) as high as 10^ 

have been reported (Broda, 1972, A ickin & Dean, 1978). In a study of 

several yeast and fungal species, Okorokov et i1 (1975) reported that 

was taken up against concentration gradients o f 25:1 to 1300:1 

and suggested that I t  may be assumed that an active  transport system 

was In  operation. Zn̂ *̂  uptake In C.utills  I s  against a concentration 

factor o f approximately 125 (P a llia  ei i1, 1976) w h ilst In H.crassa, 

i s  concentrated only to a small extent w ithin  the nycella (an 

In tra ce llu la r concentration o f 11 - 13 mH Co^^ at 10.2 mM external 

Co^*) (Venkateswerlu & Sastry, 1970). Jasper and S ilv e r  (1977) have 

subsequently proposed that Co^* uptake In  H.cnssa  I s  v/a a Ng '̂*' 

transport system and that th is  la tte r low value would be due to the

I t  I s  now thoughtlow a f f in it y  of the Hg^*-transporter for Co '̂*’

that a sim ila r  situation e x is ts  In  C.utiUs with Mn^* transport 
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occurring by way of a specific  Hn uptake sy s tM  at low Hn 

concentrations and v li  the Hg^^-transporter at high Mn '̂  ̂

concentrations (see Chapters 6 & 7) and th is  may, in part, explain 

the rather low concentration factor observed follow ing Incubation In 

50 pH as compared to the value obtained using 10 nH ^^Mn. This

difference may a lso  be due to the non-phys1olog1ca1 high external 

Hn '̂*’ concentration tested. Indeed the total ce llu la r  metal content 

of micro-organisms appears to remain re la t ive ly  constant even as the 

external concentration Increases greatly (Okorokov et e7, 1975, 

Alking et a l, 1985) and In  the bacterium, E.coll, c e l lu la r  Mĝ "̂  Is  

generally In the narrow range of 15 - 35 mmol Kg*^ wet c e l ls ,  even 

when the growth medium range varies by a factor of 100,000 (Jasper & 

S ilve r, 1977).

The use of concentration factors makes the assumption that a ll the 

c e llu la r  metal I s  present In an osm otically free form. Th is Is

unlikely to be the case, Okorokov et a) (1977) estimated that 78 % of 

2+
the total Hn was bound to c e llu la r  components of SiccharoMyces 

carlsbergensis w h ilst other estimations of bound metal vary widely, 

depending on the species and growth conditions, from ZS % to 98 % of 

the total c e llu la r  metal (Rothstein & Hayes, 1956, Venkateswerlu & 

Sastry, 1970, Okorokov et a1, 1975). Owing to red istribu tion  

problems and a rt ifa c ts occurring during ce ll fractionation, the 

nature of the binding s ite s  I s  d if f ic u lt  to determine. 55 X of 

In trace llu lar Zn^* was released follow ing exposure o f c e l ls  of 

C.utfJis to organic solvents or nystatin. Indicating that some of the 

Zn '̂*' I s  free or may be bound to low molecular weight substances such 

as amino acids or nucleotides (F a ll ía  et aJ, 1976). A further 30 % 

of the Zn̂ *̂  I s  released on heating c e l ls  to 100 °C, suggesting that 

some Zn^^ I s  also bound to macromolecules that are denatured by heat.
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up to 50 % o f c e l lu U r  bivalent cations are bound to non-d1ffus1b1e 

anions such as proteins and nucle ic  acids (Rothstein & Hayes, 1956). 

Other authors report that b ivalent cations may be compartmentalised 

within ce ll vacuoles and sequestered to ribosomal material, polymeric 

orthophosphate compounds or a se rie s of soluble, su lphur-rich  metal 

binding proteins, c o lle c t ive ly  referred to as m etallothloneins 

(Fa illa , 1977, Jasper & S ilve r, 1977, Borst-Pauwels, 1981).

Dependence upon a c e llu la r  energy source i s  a f a ir ly  well documented

feature o f metal cation transport systems in micro-organisms (S ilve r,

2+
1978, Borst-Pauwels, 1981). Energy-dependent uptake o f Hn 

(Rothstein et a l ,  1958, Okorokov et a?,  1977, Bianchi et a l ,  1981) 

and Cû *̂  (Ross, 1977, Gadd et aJ, 1984a) has been observed in the 

yeast, S.cerevisite. The re su lts c learly  demonstrate the transport 

of both metals in C.utills  to be metabolism-dependent. The absence 

of any uptake of metal ions when 2-deoxyglucose i s  substituted in 

place of glucose implies no interaction with the glucose transport 

system, since  2-deoxyglucose i s  transported and phosphorylated by 

yeast but not further metabolised (Van Steveninck, 1968). The lack 

of d iffu sion  into the c e l ls  in  the absence of glucose ind icates 

l i t t le  permeability of the ce ll membrane for the two cations. Hn '̂*’ 

and Cu^* transport was completely dependent on the presence of 

glucose, Bianchi et e l (1981) suggest that th is  re su lt  ind icates a 

relation between transport and the a ct iv ity  of energy-dependent 

electrogenic pumps. This re su lt  i s  in accordance with a number of 

other reports, Zn '̂*’ uptake in C.utills  shows a lag time o f 16 min 

after the addition of glucose (F a illa  et il,  1976) and the 

stimulatory effect of glucose on metal transport has been widely 

documented (Borst-Pauwels, 1981). The lack of Hn '̂*’ in flux  in the 

presence o f the uncoupling agents, DNP and CCCP (Heytler & Pritchard, 
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1962, Harold et tl, 1974) and the Inh ib ito r  of substrate level 

phosphorylation, sodium arsenate (Stryer, 1961, Archibald & Duong, 

1984) 1$ Indicative o f a metabollcally dependent process. The 

apparent reduced se n s it iv it y  of copper uptake, as compared to 

manganese, to CCCP and arsenate Inh ib it ion  I s  somewhat d if f ic u lt  to 

Interpret. Earlie r reports of cation transport Inh ib ition  using CCCP 

( S ilv e r  et il,  1970, F a llía  & Weinberg, 1977) have demonstrated

2+
complete suppression of metal uptake. However, the effect on Cu 

uptake was not previously studied. A recent study by Laddaga et a1 

(1985) demonstrated a Cd '̂*’-res1stant mutant of Btcillus subtills  In 

which Mn̂ *̂  transport, but not Cd̂ *** transport, was sensitive  to CCCP. 

In w11d-type ce lls ,  transport of both metals was sensitive  to CCCP.

No explanation for th is  effect was given.

The concentration of Inh ib itors used In  the present study I s  as used 

In a number of previous studies of metal uptake. CCCP at 100 }jH has 

been used to e ffective ly  Inh ib it  Zn '̂*' uptake In C.utilis (F a ll la  & 

Weinberg, 1977, Lawford e i aJ, 1980), uptake of Hn^*, Ca '̂*’, Cd^^ and 

Co^^ In  S.cersvisiae and S.carlsbergensis (Carafoll et a1, 1970, 

Norris & Kelly, 1977, Lichko et al, 1980) and Mn '̂*' In bacterial 

species (Elsenstadt et aJ, 1973, Archibald & Duong, 1984). Sodium 

arsenate and DNP have a lso  been used at Identical concentrations to 

those used In th is  study to Inh ib it  Mn uptake In yeast and bacteria 

(Lichko et a1, 1980, Archibald & Duong, 1984). In view o f the fact 

that, at 2 nH, the DNP concentration I s  somewhat higher than the 

optimum required to cause maximum proton In flu x  Into yeast c e l ls  

[0.5 mM DNP (Gadd & Howll, 1965)], the p o s s ib il it y  that other 

Inh ib itory  effects are exerted I s  not precluded. ONP I s  taken up by 

yeast ce lls  (Klesow, 1959) and also In h ib it s  glucose uptake (Kotyk & 

Janacek, 1975) and may exert a number o f other d isruptive  e ffe cts on 
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c e llu la r  ne tabo llsi, therefore conclusions on the basis o f the 

re su lts of DNP alone acting as an uncoupler should be viewed with 

care. This cautionary note, regarding the Interpretation of DNP 

se n s it iv it y  at ONP concentrations greater than those necessary to

uncouple phosphorylation has been emphasised by Jennings (1963).

2+ 2+
Despite these reservations, th is  study shows that both Nn and Cu 

uptake are energy-requiring. Proton conductors do not Inh ib it  

transport processes d ire ct ly  but d issociate  then from the metabolic 

machinery by allow ing the free entry of H^, thus collapsing the pmf 

(Harold et a l, 1974), depolarising the plasma membrane and abolish ing 

the membrane potential (Gadd & Mowll, 1985). As metal In flu x  I s  

Inhibited by CCCP and ONP, th is  Indicates that Mn^* and

transport may be driven by the membrane potential. I t  I s  possib le

2+ 2+
that the d iffe rent response to CCCP seen In Hn and Cu uptake

Indicates that Cu '̂^ transport I s  coupled to an energy Input In a

2+
s l ig h t ly  d iffe rent manner to that o f the Nn transport system. One 

2+
possible  explanation I s  that Cu transport I s  not as greatly 

dependent upon a plasma-membrane proton gradient.

The Involvement of a plasma-membrane ATPase In  yeast d ivalent cation 

transport has been suggested (Fuhrmann & Rothstein, 1968). The 

In it ia l rate o f d ivalent cation uptake Is  d ire c t ly  proportional to 

the ATP content at the beginning o f  the uptake experiment and during 

uptake, ATP 1$ p a rt ia lly  used up (Fuhrmann, 1974a). In addition, the 

same sequence I s  found for the stimulation of membrane ATPase by 

divalent cations as the order o f a f f in it y  fo r the uptake of the 

divalent cations, and membrane ATPase Inh ib ito rs completely Inh ib it  

cation uptake (Fuhrmann, 1973, 1974b). These re su lts Indicate that a 

membrane-bound transport ATPase may be d ire c t ly  Involved In divalent 

cation In flu x . Subsequent studies In S.cerevisiie  have shown that 
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there I s  no detectable se le c tiv ity  In  the In i t ia l  uptake of Hn and 

w hilst the plasma-membrane ATPase I s  specific  fo r yet not 

for Sr^* (Peters & Borst-Pauwels, 1979, Nleuwenhuls et a l, 1981). 

Hence a d irect ro le  of the yeast membrane ATPase In d ivalent cation 

uptake can be ruled out although I t  i s  l ik e ly  that the membrane 

ATPase I s  Involved In  the generation of an electrogenic potential. 

Roomans et a l (1979) and Bianchi et a l (1981) have shown that Ca^^,

2+

depend on the membrane potential generated by a proton pump.

H'^-ATPase systems are responsible fo r the transmembrane proton

?+ I
gradient which d rive s Ca / H antiport In  S.cerevisite (Ellam et 

al, 1985a), H.crassi (Stroobant & Scarborough, 1979) and In

B.subtills (de V r IJ  et a l, 1965), and In yeast membrane vesicles,

2+
Hn uptake was driven by a proton gradient (Borst-Pauwels, 1981).

As an additional d r iv in g  source fo r  d ivalent cation transport, a 

gradient has been proposed (Lichko et a l, 1980). Th is idea Is  

supported by stud ie s using ethidlum bromide which promotes an

electrogenic K'*' e fflu x  which, In turn, generates an increased

2+ 2+
negative potential w ithin the c e l l,  stimulating Ca and Mn Influx 

(Pena, 1978). Thus, there are ind ications that d ivalent cation 

uptake in  yeasts i s  driven by the membrane potential (Borst-Pauwels, 

1981, Gadd & Mown, 1985) and th is  may be the case in  th is  study for 

Hn̂ "̂  and Cû "  ̂ uptake in C.utilis. Indeed, further evidence fo r th is 

Is  the Inh ib ito ry  effect of high external concentrations which may 

resu lt In membrane depolarisation due to high In tra ce llu la r  K'*’

accumulation and a lso  the involvement of an outward movement of 

2+
protons concomitant with Mn in flu x  and these effects are 

demonstrated and discussed in a la te r  chapter.
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The primary purpose of the experiments outlined In th is  chapter was 

2* 2+
to e stab lish  energy dependence of Hn and Cu uptake. C learly, 

th is has been seen, however there I s  great scope for further studies 

employing more specific  In h ib ito rs  (such as lonophores, to depress 

the membrane potential, or ATPase Inh ib ito rs),  and the use of yeast 

plasma-membrane vesicles In  transport studies In  order to fu11y 

Investigate the energy coupling to divalent cation Influx. Indeed, 

the application of these techniques holds some promise, although In 

practise they may be fraught with d if f ic u lt ie s .  Of the ATPase 

Inh ib itors known to be e ffective  In yeasts and fungi, only two, 

orthovanadate and d ie th y lst llb e stro l,  are spec ific  Inh ib itors o f the 

plasma-membrane ATPase. The others are e ither specific  for the 

mitochondrial ATPase or are non-specific (Goffeau & Slayman, 1981). 

Both compounds are useful fo r  studies on purified  plasma-membrane 

ATPase and In ce ll fractionation  experiments yet are of lim ited use 

In whole-cell studies, as vanadate can Inh ib it  or Inactivate a wide 

range of other ce llu la r  enzyme systems (Hacara, 1980) whilst 

d ie thylst llbestro l I s  known to block at least five  other d is t in c t  

transport systems in fib ro b la sts (Goffeau & Slayman, 1981) and can 

also disrupt I1p1d b llayers (Welssmann et eJ, 1976).

lonophores have been used with great effect to determine the energy 

coupling for various transport systems In bacterial c e lls  and 

vesicles (Harold et el, 1974, Posen I  Kashket, 1978) however the ir 

efficacy seems greatly reduced In whole-cell yeast studies and th is  

may. In  part, be due to lim ita tions on d iffu sion  exerted by the r ig id  

cell wall structure (Theuvenet & Bindels, 1980). Vallnomycln, a K* 

specific  lonophore which allows K*** to d iffu se  through the membrane 

down a concentration gradient thus affecting the membrane potential 

(Harold et el, 1974), has l i t t l e  effect on yeasts when compared with 
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b K tc r l«  (6add & Howll, 1985) and, at a concentration o f 100 fiM, 

promotes only a s l ig h t  noveient o f in  A.pu11ul*ns c e l ls  (Ho«l1 & 

Gadd, 1984). In th is  study of C.utilise  va1ino«ycin appeared to have 

no effect on aetal uptake. One answer to th is  problem may be the use 

of yeast protoplasts, in  which some transport properties are more 

sensitive  to ionophore antib io tic s [ fo r  example, the effectiveness of 

the antib iotic , Oio-9, in causing net proton in flux  i s  at least f i f t y  

times higher after enzymic removal of the yeast ce ll wall (Theuvenet 

& Bindels, 1980)], or plasma-membrane ve sic le s (Fuhrmann et »1, 1974) 

where d iffu sion  of the ionophore into  the plasma-membrane can occur 

uninhibited.

In conclusion, Hn^* and Cu^* accumulation in  C.utills  has been shown 

to comprise an in i t ia l  energy-independent binding to the external 

ce llu la r  surfaces followed by an In t ra ce llu la r  in flux  which requires 

energy derived from metabolic processes and which i s  blocked by low 

temperature, the absence of a catabo lite  source and by a n u ^ r  of 

metabolic inh ib ito rs. In the next chapter, the effect o f other 

d ivalent cations on the uptake o f Mn^* and Cu^* w ill be examined in 

order to investigate the sp e c if ic ity  o f th e ir  transport systems.
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6. UPTAKE SPECIFICITY: THE EFFECT OF DIVALENT CATIONS ON 

MANGANESE AND COPPER TRANSPORT

6.1. Introduction

Of the 92 elements of the period ic table, around 30 have been found 

to be required for microbial growth, the requirement varying from 

species to species. Non-essential elements are generally of low 

abundance and should provide l i t t l e  competition with essential 

elements fo r ce ll s ite s (Wood, 1964a) nevertheless, c e l ls  are capable 

of exhib iting  a high discrim ination  for a number o f essential metal 

Ions. The effects of competing cations on m icrobial metal uptake 

have attracted a great deal o f attention and much of the recent work 

has been reviewed by Gadd and G rif f ith s  (1978), w hilst Borst-Pauwels 

(1981) has reviewed cation se le c t iv ity  in  yeasts. However, as w ill 

become c lear in  the succeeding text, there are a number of 

sign if ican t  omissions and th is  i s  partly due to a lack o f available 

data on uptake from low, physio log ical concentrations o f metals. 

Indeed, in  a d iscussion  of the evolutionary aspects of metal Ion 

transport. Wood (1984b) has noted the great lack of understanding of 

the se le c t iv ity  p rinciples involved In trace metal transport. S ilve r 

(1983) suggested that metals fa l l  Into three categories: a) essential

24 4
nutrient ions comprising macronutrient m inerals, such as Hg and K ,

24  24  24
and trace or micronutrient minerals. Includ ing Hn , Fe and Zn 

plus Ions o f possib ly 20 other elements, fo r which the microbial cell 

has evolved transport systems to ensure an adequate supply fo r growth 

and d iv is io n ;  b) unessential, but common or abundant cations, such as 

Na''', the In tra ce llu la r  le ve ls o f which are a lso  regulated by 

transport systems of the c e l lu la r  membrane often v li  outwardly 

orientated transporters that maintain the in t ra c e llu la r  concentration 
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we11 below that o f the external M ilieu ; c) toxic Ions of no known use 

for which the ce ll has not evolved transporters but which often exert 

the ir toxic  action by way of fortu itous In trace llu lar accumulation 

via the ex isting  transport systems of other cations. The majority of 

reports and experimental data mentioned In th is  chapter w ill be 

pertinent to metal Ions of the f i r s t  category as I t  I s  these metals 

which are of physiolog ical and evolutionary Importance In terms of 

the ir transport systems.

Some of the f ir s t  reports deta iling  divalent cation uptake In yeasts 

demonstrated that Hg *̂  ̂ could be transported by a monovalent cation 

carrie r which was prim arily responsible for the physiological 

transport of K* ions (Conway & Beary, 1958). Mg^* competed with a 

number of monovalent cations fo r binding to the same transport s ite s 

with the relative  a f f in it ie s  fo r the cation carrie r being:

> Rb* »  Cs"  ̂ > Na* »  L1*, Hg "̂  ̂ (Conway & Duggan, 1958,

Armstrong & Rothstein, 1964). Hence transport by th is  route 

2+
occurred only when the Hg Ion was the only Inorganic cation present

In the external f lu id  In  appreciable concentration. This system was 

2+
also pH sensitive; below pH 5.5 Hg Influx was via a separate 

mechanism. Subsequent studies have shown that, at re la t ive ly  low 

concentrations, Câ "*" and Hg^* behave as non-competitive Inh ib ito rs of 

transport and t h is  led to the proposal that two s ite s  were 

Involved In the uptake process, a transport or carrie r s ite  with a 

high a ffin ity  for K'*’, and a modifier s ite  which was thought to 

Influence the maximal transport rate o f the carrie r system (Armstrong 

& Rothstein, 1967). In the ir review of microbial magnesium 

transport, Jasper and S ilve r  (1977) preferred to attribute  the 

effects of d ivalent cations on K* transport to more general and 

non-specific e ffects on the yeast ce ll surface. The fact that 
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non-competitive effect (Fuhrmann & Rothstein, 1968, Boutry et i1,

1977) confirms that d ivalent cations are not transported vii  the

2+ 2+
monovalent cation carrier. Indeed, the inh ib ition  of Ca and Sr 

uptake in  S.cerev/s/ae by monovalent cations has been described as 

being due to a depolarising effect on the membrane potential rather 

than a tru ly  non-competitive inh ib ition  (Roomans et «7, 1979). 

Borst-Pauwels (1981) concludes that the monovalent cation carr ie r  is  

probably of minor sign ificance  fo r the provision of yeasts with 

necessary amounts of d ivalent cations.

Several early reports of d ivalent cation uptake from Rothstein’ s 

laboratory outlined a system in 5.cerevisi»e which p refe rentia lly  

translocated Hg^* and Hn^* as compared to Ca^^, S r^ * and 

(Rothstein, 19S8, Rothstein et a l, 1958). I t  now appears from the 

available lite ra tu re  that in probably most, i f  not a ll ,  yeast species 

there e x ists a c arrie r of broad spec ific ty  for which magnesium i s  a 

primary substrate whilst other d ivalent cations, exhib iting lower 

a ffin it ie s  for the carrie r, are a lso  transported. There e x ists a 

wealth of evidence for th is  which i s  summarised here.

Fuhrmann and Rothstein (1968) produced an a f f in it y  se rie s fo r the 

carrie r of S.cerevisiae as follows:

Hg^*, Co^*, Zn^* > Hn^* > N i^* > Ca^^. This was based on direct 

comparisons of Co "̂^, Zn^* and N i^* transport, on competition 

experiments between pairs o f cations, on a common energy source from 

fermentation and the dependence on a phosphate pretreatment period. 

Hg^* ions markedly Inhibited the rate of Mn '̂*’ uptake in both 

Hn^*-sens1tive and Mn^*-resistant stra in s of 5.cerev/s/ae (Blanchi et 

al, 1981). In the same species, Putrament et i7 (1977) showed 
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Although reports o f metal uptake In filamentous fungi are more 

fragmented, a sim ilar common divalent cation ca rr ie r  I s  also thought 

to be present. Patón and Budd (1972) showed that Mn^* behaved as a 

competitive Inh ib itor of Zn^* translocation w h ilst the effects of 

Ng^^ were of the ‘mixed* type, increasing the apparent and 

decreasing the rate o f uptake. Cu^*, and Co^'*', when 

present at the same molarity as Zn '̂*', were a lso  shown to have some

inh ib ito ry effect on Zn^^ uptake. Hg^^, Ni^^, Zn^^ and competed 

?+
for Co transport s ite s  In Heurospon c n s s i,  the effect being 

stra in spec ific  (Hohan & Sastry, 1984, Hohan et iJ, 1984) and I t  was 

suggested that the system that transports Mg I s  also involved in 

Co '̂  ̂ uptake In //.crtssi (Venkateswerlu & Sastry, 1970). In addition,

ce lls o f Pénicillium ochro-chloron, grown In  media containing 1 g 1

2+
NgSO^, were found to have a decreased Mg c e llu la r  content when in

2+
the presence of various concentrations of Cd , 

et i7, 1977).

■ 1

I f  other bivalent trace elements are exc lu s ive ly  taken Into c e lls  

simply as a lternative low a ffin ity  substrates of the Mg^* 

transporter, the problem a rise s as to how a ce ll might obtain 

essential elements such as Mn "̂̂ , Zn^* or Cu^* when, as In normal 

growth medium, there I s  a great excess o f Mĝ *̂  (often up to 

10,000-fold). Obviously, the ce llu la r requirements for trace 

elements are much lower than for Mg^* but nevertheless, the a b ility  

of the microbial c e l ls  to scavenge for these elements would be

severely compromised under such conditions. The f i r s t  report of a

2+
transport system which was specific  for Mn In the bacterium, 

Escherichie coli, appeared In 1969 ( S ilv e r  & Kralovic, 1969). Since 

then, a number of studies of E.coll have unequivocally demonstrated, 

In addition to a non-specific Nĝ *̂  transporter analogous to those 
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observed In yeasts (Webb, 1970, Nelson & Kennedy, 1971, S i lv e r  & 

d a rk ,  1971, Park et i7 , 1976), the presence of two separate 

transport systems fo r (Nelson & Kennedy, 1972, Park et »1, 1976) 

and Mn^* (S ilv e r  ef aJ, 1970). These energy-linked transporters 

exhibited both high sp e c ific ity  and high a ffin ity  and were generally 

detected only In c e l ls  grown with very low netal concentrations,

which presumably Induce such pathways. S im ilarly, h igh ly specific  

2+
active transport systems for Hn , which were unaffected by 

concentrations of other divalent cations several orders o f magnitude 

greater than that of the Hn '̂*', have been observed In  Bacillus 

spp. ( S ilv e r  It Jasper, 1977), Rhodopseudoiaonas capsulata (Jasper & 

S ilve r, 1978), Staphylococcus auraus (Perry & S ilv e r,  1982) and 

Lactobacillus plantanm (Archibald & Duong, 1984).

As a re su lt  of h is  bacterial metal uptake studies. S ilv e r  formulated 

a unifying hypothesis for Ion transport: for each and every Inorganic 

mineral cation or anion that a cell requires for growth, separate 

h igh ly specific  transport systems ex ist (S ilve r, 1976, 1983). The 

re lative  physiological concentrations of metals and the ir 

a v a ila b ility  In the external media w ill be reflected In  the presence 

and sp e c if ic ity  of the metal transport systems. The c e l l 's  

macro-requirements, such as are generally present at higher 

concentrations and are more read ily available to c e lls ,  and thus a 

transporter of only low sp e c ific ity  but having a high rate o f Hg^* 

translocation I s  required. Minerals o f low a va ila b ility ,  such as

presence of transporters of high sp e c ific ity  fo r each Ion would allow 

the ce ll to scavenge these metals. In  preference to Hg "̂^, from an 

environment containing only very d ilu te  concentrations o f these Ions. 

It  I s  worthy of mention that, in bacterial c e lls ,  In addition to the



general Mg '̂*' transporter, there a lso  e x ists a h ighly se lective 

scavenging system which I s  repressed during growth in  10 «M Hg '̂*' 

(Park et i7 , 1976) and only operates under conditions of Mg^* stre ss 

to ensure that, whatever the external Hg^^ concentration, the ce ll 

s t i l l  receives a su ffic ien t supply of th is  Important metal.

It  can be predicted that energy-dependent transport systems sp e c ific  

for Hn̂ "̂  w ill be found In e sse n tia lly  a ll liv in g  c e l ls  ( S ilv e r  & 

Jasper, 1977). Certain ly, i f  other cell types are examined, there 

does seem some basis to th is .  S ilve r  and Jasper (1977) reported 

specific Mn^* transporters In  Euglen» g n c i l i s  and In  human KB ce lls .  

Mn^* transport In  r ice  seedlings has been described (Ramani & Kannan, 

1975) and Clarkson (1974) reported that the rate of In flu x  In

2+
sugar-cane le a f  t issue  was unaffected by the presence of 0.1 mH Zn 

or Cu^*. S im ila r ly , neither Cu^“*" nor Zn '̂*’ transport was affected by 

Hn̂ '*’ and a l l  three uptake systems had s im ila r and values.

The question I s  therefore: why have there been no reports of spec ific  

Hn^^ transport In  yeasts, despite the large number of uptake studies 

using Hn^*? The answer may l i e  In the fact that previous studies of 

Hn^* uptake In  Siccharoayces spp. (Norris & Kelly, 1977, Okorokov et 

al, 1979, Nieuwenhuls et a l, 1981) have generally used media 

containing re la t ive ly  high Hn^* concentrations (In  the range 0.2 mM 

to 3 mH). Under these conditions saturation of spec ific  high 

a ffin ity  transport systems may occur thus masking the ir detection. 

Hence previous authors. In studying the uptake of Hn^* In yeasts, may 

well have observed Hn^* transport v ii  the low a f f in it y  Mg "̂̂  transport 

system. I t  would not seem unreasonable to suppose that, at 

submicromolar concentrations of metals, these spec ific  systems might 

be detected.





d iffe re n t  systees. In addition, Wakatsukl et a) (1979) shoeed that 

0.1 mM o f sa lts o f N i^*, Co** and Hn** had no effect on the 

uptake o f Cu** follow ing 60 nln incubation in  0.1 idi Cu**. Zn** and 

Ca** o n ly  exerted 13 % reduction of Cu** uptake when present at

0.1 mM. A ll th is data i s  consistent with the presence of f a ir ly

2+ 2+
sp e c if ic  transport sy steas In  these yeast species for Ca and Cu , 

with Cd^'*' acting as a fo rtu itous inh ib ito r  of the Ca '̂*' carrie r. 

F in a l ly ,  on a note of caution, Norris and K e lly  (1979) have shown 

that the se lectiv ity  o f the yeast c e ll fo r divalent cations depends 

upon the species of yeast and Borst-Pauwels (1961) has pointed out 

that due to the complexities of metal-yeast ce ll Interactions, care 

should taken In concluding that there e x is ts  more than one 

translocation  mechanism with different cation se le c tiv lt le s.

Th is section of the study I s  aimed at assessing two main tenets: 

whether or not there e x is t s  In C.utills  a common divalent cation 

c a r r ie r  o f broad sp e c if ic ity ,  and. I f  th is  I s  so, whether there also 

e x is t  any highly sp e c ific  systems fo r transport of the 

m icronutrients, Hn^* and Cu^*, which would nom ally be saturated (and 

thus undetected) under conditions of high Hn^* or Cu^* 

concentrations. To determine the la t te r  p o s s ib il ity ,  transport of 

the metal would have to be from media containing p articu larly  low 

metal concentrations and fo r th is purpose, the radionuclide ^^Mn was 

employed as was the use o f the sensitive  detection technique of 

anodic stripping voltammetry for Cu^‘*‘ determinations.
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6.2. N a te rla ls  and Methods

The p relim inary procedures and metal uptake experiments are as 

p reviously described In Chapter 3. A11 competing metals were added 

as ch lo ride  sa lts  at 1 min before the addition o f the metal under 

Investigation . ONP was added 15 min prior to metal additions.

Oxygen uptake experiments were carried  out as described In Section

4.2.2. except that oxygen uptake was monitored from 6 min follow ing 

the add ition  of metal sa lts .  Where the mean and estimates of the 

variance o f  the mean of a set o f data I s  obtained from percentages or 

proportions then I t  i s  s t a t i s t ic a l ly  improper to determine these 

values d ire c t ly .  In these Instances, the arcsine transformation of 

the data must be carried out and the mean and standard errors 

determined from the transformed data then back-transformed to give 

the fa m ilia r  scale (Sokal & Rohlf, 1969). Hence, in a ll cases where 

data has been transformed in  t h is  manner In the present study, the 

mean and standard error range are given In the back-transformed 

scale. However, as transformed standard error values are 

asymmetrical, the range of the standard error I s  given as the upper 

and lower lim its Instead of the more fam iliar p lu s or minus S.E. 

notation.

6.3. Resu lts

6.3.1. Effect of divelent cations on copper uptake

2+ 2+
Figure 6.3.1. shows the time-course of Cu uptake from 5 pM Cu 

so lution  in  the presence of 10-fold additions o f various other 

d ivalent cations. Neither surface binding of Cu^*, nor in trace llu la r 

uptake was s ign if ica n tly  affected, at the various time interva ls



Fiflure 6.3.1. The uptake of from 5 uM so lution  in the absence ( • )
.............  ........................ ,  o_2+ U.2+ /* .̂ 7-2+

and in the presence of 50 uH additions of Hg^ ( 0 ) l  Mn ( * ) l  2n ( ■ )  

and Co^* ( o ) .  Values represent the means ± SE of 3 experiments {fo r  c la rity  

only the maximum standard error bars have been included).
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up to 20 atn, by Mg^*, Hn^*, Zn^* or Co**. The resu lts ere i ls o

2+
given In tabulated fona, fo r  ease of conparison with Nn uptake, In 

Table 6.3.1. The tabulated values have been corrected to account for 

surface-bound eetal and so give  a tore accurate Ind ication o f the 

amount of metal which 1$ a ctua lly  Internalised.

6.3.2. Efftct of divilent cotions on uptiko froa high and low 

menganese concontrations

Table 6.3.1. also su M M rIse s the effect o f several b iva lent cations 

on Hn^* uptake from 50 This data has also been corrected to

account fo r surface-bound metal. The data fo r  Mn^* and Cu^* may not 

be d ire ctly  comparable» since  the uptake was from d iffe r in g  

concentrations due to the tox ic  nature of Cu^'*’ at higher leve ls. 

Nevertheless, a general e ffect can be seen; concentrations of other 

cations, twice that o f Hn^'*', caused considerable inh ib it ion  of Hn '̂*' 

uptake in the decreasing order, Hg^*, Co^* and Zn^*. However, 

uptake, in the presence o f le ve ls of Hg^*, Co^* and 

10-fold that of Cu^^, was not s ign if ica n tly  affected.

Table 6.3.2. shows the e ffe ct of bivalent cation competition on ®*Mn 

uptake from 10 nM ®*Hn. Due to the s lig h t  decrease in resp iration  

which was previously observed following 30 min Incubation in  10 [iH 

Cu^* solution (see Section  4.3 .2 .), the effect of 10 [iM Cu^^ on ^^Hn 

uptake was not examined. Uptake was unaffected by 100-fold  molar 

excess o f other b ivalent cations. In the presence of 1000-fold molar 

excess of Hg^*, Zn^^, Co^^ and N1^*, uptake was s t i l l  57 to 78 % of 

the o rig ina l value, w h ils t  1000-fold excess Câ *̂  exerted a somewhat 

less Inh ib itory  effect, reducing uptake by only 2.3 %.
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Table 6.3.2. Effect of d ivalent cation  conpetltlon on ^N n  uptake

uptake (% contro l) In  the presence of;

Conpetlng cation 1 ^  Coapetlng cation  10 p  CoMpetIng cation 

(100-fold excess) (1000-fold excess)

91.5 (87.9 - 94.5) 77.9 (60.9 - 92.6}

102.0 (87.4 ■■ 112.0) 57.4 (51.8 - 63.0)

Co^* 113.4 (89.5 -• 126.1) 72.4 (61.1 - 82.4)

109.6 (94.5 -- 121.1) 61.9 (58.4 - 65.5)

102.6 (91.2 ■■ 111.3) 97.7 (85.4 - 106.4)

103.2 (99.3 •- 106.2) N.D

Values shown represent the mean o f 3 experiments (lower and upper 

lim its o f S.E. range In parentheses) and are for uptake after 20 min 

from 10 nH ^^Hn In the presence o f 1 pH (100-fold molar excess) and 

10 pH (1000-fold molar excess) competing cations. Control values for 

uptake in the absence of any competing cation i s  5.16 t  0.38 nmol 

^*Hn (g dry w t ) '^  (N.D. ■  not determined)



6.3.3. iff ict  of copper on divelent cttion upteke 

During a p rt lli ln a ry  Investigation Into the e ffe c t  o f other divalent 

cations on Mn^* uptake froe 50 fiH Hn^*, I t  was observed that 

appeared to exert a strong stimulatory effect on Mn^* uptake whereas 

th is  effect was not seen during uptake from 10 nM ®^Mn (Table 

6 .3 .2 .). Figure 6.3.2. shows the effect of 1 /jM on uptake 

from 10 pH Mn^* in the presence and absence o f  DNP. In the presence 

of DNP, no Hn^* uptake occurred, however In the absence of DNP, Cu^* 

stimulated the rate o f Mn^* In flu x  by a factor o f  2.25. Cu^* d id not 

appear to affect In i t ia l  surface binding.

To Investigate whether th is effect was lim ited to  Nn^* uptake, uptake 

of Zn^* and Co^* from 10 pH was a lso  examined In  the presence o f 1 pH 

Cu^*. Figures 6.3.3. and 6.3.4. describe the re su lt s.  Cu^*

Increased Zn^* infux le ss dramatically than Hn^^ Influx, stimulating 

the Zn *̂  ̂ uptake rate by a factor of 1.32. Again, surface binding was 

not affected (Fig. 6.3 .3 .). The effect of Cu^^ on Co^* uptake was 

somewhat different; the rate of uptake was unchanged yet the In i t ia l  

surface binding of Co^^ appeared to be halved and th is  In it ia l 

decrease remained constant throughout the uptake period 

(Fig. 6.3.4.).

2+
In order to further Investigate the stim ulatory effect of Cu on 

uptake, the effect of both m ta U  together on oxygen uptake «as 

tested. Oxygen uptake rates were monitored a fte r  6 min of Incubation 

and remained linear fo r the following 10 min o f  measurement. Taking 

the uptake rate In the absence of any metal to  be 100 X, the rate In 

the presence of 1 pH Cu^* alone was 101.IX  (range 99.3 - 102.7 X) 

w hilst the rate In the presence o f both 1 pH Cu^* and 10 pH Hn^'*' was 

105.6 X  (range 101.5 - 108.7 X) (values quoted are for the mean and



Figure 6 .3 .?.  Hn^* uptake from 10 uH Mn^* In  the absence ( * . * )  

and presence ( « , 0 )  of 1 uM Cu**, and the absence ( » . a ) and presence 

( 0 , A )  o f 2 mH DNP. Values represent the mean t SE o f 3 experiments.
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5 10

Time (min)

20

Figure 6.3.3. Zn^* uptake from 10 uM in the absence ( O )  and 

presence { • )  o f 1 uM Cu^*. Values represent the mean l  SE o f  3 

experiments.

Time (min)

Figure 6.3.4 

presence ( • )  o f 1 uM Cu 

experiments.

Co^* uptake from 10 uM Co^* 1n the absence ( O )  and

Values represent the mean t SE o f  3 
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S.E. range of 4 deteneinattons). Thui, no s ign ifican t increase In 

respiration was observed e ither In the presence of Cu alone or Cu 

and Mn^* acting together.

e.4. Discussion

At high external concentrations of Mn^* (50 pM), Hn^* uptake was 

clearly Inh ibited  very strongly by a 2-fo ld  concentration of Mg** 

and, to a le s se r  extent, by Co** and Zn**, the Inh ib ition  se rie s by 

these cations being. Mg** > Co** > Zn**. At the Mn** concentrations 

used. I t  appears that uptake does not occur via a specific  systeai, 

and that Mn** I s  probably entering the ce ll through a general Mg** 

transporter, s le illa r  to that observed In  S .c tn v is iu  (Borst-Pauwels, 

1981). The fact that Mg** caused the greatest Inh ib ition  further 

strengthens the argunent that Mg** I s  the primary substrate for th is  

transporter and the le sse r Inhibitory cations (and Mn It s e lf )  act 

as alternative substrates, although I t  cannot be determined from th is  

limited study whether the metals a ll bind to the same transport site . 

Those re su lts are consistent with the a f f in it y  se rie s seen In 

5.cerev1s/ae by several other authors (Rothstein, 1958, Putrament et 

al, 1977). Fuhrmann and Rothstein (1968) reported a greater a f f in it y  

for Zn** than fo r Mn** whilst the data presented here c learly  shows a 

re latively high Mn** uptake. This may simply be due to a yeast 

species difference, however to obtain an accurate picture of the 

actual a f f in it ie s  and the nature of transport Inh ib ition, a k inetic  

analysis o f th is  transport system Is  required. It  I s  worthy of 

mention here o f the reasons why Mg** was not used as the metal Ion 

under Investigation  when the putative primary Mg** transporter was 

being studied. Th is was the result of two factors; yeast c e lls
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suggests that transport I s  v ii  a separate and more specific 

system. The range of competing cations used In  t h is  study was not 

comprehensive, yet the primary substrates of the demonstrated and 

putative d iva lent cation transport systems In  C.utllls  were a11 

tested to no effect on Cû **̂  uptake. Whilst the p o s s ib il ity  of other 

cations In h ib it in g  th is  system cannot be precluded, In view of the 

demonstrated e sse n tia lity  of Cu '̂*' In C .u W ls  (L igh t, 1972, Downie & 

Garland, 1973) and on the basis o f the present re su lts,  I t  1$ 

possib le that a specific  transport system might exist to provide 

the cell with su ffic ien t Cû "̂ . As there are no d ire ct ly  comparable 

Cu '̂*’ uptake studies, either In fungal or bacte ria l species. I t  Is  

d if f ic u lt  to assess the Importance of such a system and whether I t  Is  

peculiar to C.utllls. It  would be Interesting to  apply a sim ilar 

study to the glucose-sensitive yeast, S.cerevislae.

In view o f the high degree of sp e c if ic ity  exhibited by uptake systems 

for metal Ions, the question a rise s: now do c e l l s  discriminate so 

e ffic ie n t ly  fo r  a particular cation? C learly, the uptake of these 

elements and th e ir  use In the ce ll depends upon the chemical and 

physical properties of each element. In two useful reviews on the 

physico-chemical aspects of ion se le c tiv ity  and transfer through 

b io logical membranes, Diamond and White (1969) and Williams (1981) 

determined a number of parameters which govern the uptake of metal 

ions In l iv in g  c e l ls  and these have been summarised by Wood (1984a) 

as follows:

1. Charge

2. Ionic rad ius

3. Preference fo r the coordination of metals to  certain organic 

ligands
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4. Coordination geometry and coordination nunbers for retention

5. Spin pairing between metal ions for more s ta b i l it y  and the degree 

o f covalence o f metal-ligand Interactions

6. Available concentrations of metal Ions In  the aqueous environment

7. K inetic controls which are pertinent to metal Ion transport and 

binding

6. The chemical re a c t iv it ie s  o f metal Ions In  solution

Thus, I t  can be seen that the se lec tiv ity  o f a membrane s i t e  for a

metal Ion I s  not straightforward and that complex Inte raction s may

give r ise  to a transport system which I s  sp e c if ic  for a particu lar

Ion.

A number of authors have, not unreasonably, placed the emphasis on 

crystal Ionic rad ii of metals as a basis o f the ir se lection . In 

order of decreasing size , the Ionic rad ii o f d ivalent cation s Is  

(values, In  nm, given In  parentheses): Pb^* (0.120), Sr^"^ (0.112), 

C l**  (0.099), Cd** (0.097), Mn** (0.080), Zn** (0.074), Fe ** (0.074), 

Co** (0.072), Cu** (0.072), N l* *  (0.069) ind Mg** (0.066) (CRC 

Hindbook of Chenistry t  Physics, 1974). So m  corre lation  o f th is 

series with the degree o f Inh ibition  of uptake of Ca**, Cd** and Co** 

In yeasts has been noted (Borst-Pauwels, 1981) and I t  was observed 

that the Inh ib it ion  was approximately maximal when the d ifference In 

Ionic radius between the substrate cation and Inh ib ito ry  cation was 

minimal. In addition, cations require a sim ila r  charge, o r  valency 

state, before the c rite r io n  of Ionic rad ius can determine competition 

for uptake (N orris & K e lly, 1977). The s im ila r ity  In  Io n ic  rad ii may 

well explain the strong 1nh1b1t<on of Cd^* uptake by Ca^* (Mowll & 

Gadd, 1984) as the Ion ic  radius d iffe rs by only 0.002 nm. It  Is  

possible that, as Ca '̂*' has a larger Ion ic  radius than the other 

cations tested fo r Inh ib it io n  of specific  uptake at 1000-fold 
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molar excess, I t  had the smallest Inh ib itory  effect.

Whilst there are several c lear examples of cne re lation sh ip  between 

Inh ib ition  and Ion ic  radius, there are an equal number of stud ie s In 

which the degree o f inh ib ition  bears no resemblance to Ionic s ize .  

This i s  also the case for the h igh ly  specific  systems which have been 

observed. In th is  study, d iva lent cation Inh ib it io n  of Mn '̂*’ uptake 

v/a both the high and low sp e c if ic it y  systems could not be correlated 

to c rystal ion ic  rad ii of the cation s used. Indeed, the In h ib it io n  

of Nn '̂  ̂ uptake by certain metals may be d if f ic u lt  to explain. The 

preference of the Hn "̂  ̂ c arrie r fo r  Cd^* in L.pUnUru»  was unusual in 

that Hn '̂*' shows greater s im ila r it y  to transition  metals, such as Co '̂*' 

or Fe '̂*’, in  terms of magnetic properties, mass, c ry sta l and hydrated 

rad ii and electron shell configuration  (Archibald & Duong, 1984).

The authors suggested that, as they could demonstrate that hexaquo 

Nn^* Ions did not appear to be as available to c e l ls  as Hn^^ which

was complexed or d istorted by any of a number o f anions, then the

2 +
degree of hydration and electron cloud shape of the Hn recognised 

by the Mn̂ *̂  uptake system may be very different to those of free  

Hn^*. The order o f sta b ility  o f  complexes formed with organic 

ligands viz.:

Cu > N1 > Pb > Co > Zn > Cd > Mn > Mg > Ca (Bowen, 1966) may p la y  a 

role In determining the se le c t iv it y  of a transport system as might 

the sim ila r order of so lu b ility  products of the metal sa lts ,  although 

again there i s  no one series o f cation a f f in it ie s  fo r  a transporter 

which can be exactly related to t h is  data. It  seems that I t  i s  

probably a combination of physico-chemical parameters which 

ultimately determines cation se le c tiv ity .



The a va ila b ility  of different netal Ions to C.utills  ce lls In th is  

study would nost l ik e ly  be l i t t l e  affected by the HES buffer used. 

Heta1-b1nd1ng constants of HES are not available  for a11 the metals 

studied, however the values for Mn '̂' ,̂ and Ca^'*' are a ll l is te d  as 

sim ilar (Good et a / ,  1966), thus the apparent sp e c ific it ie s o f c e l ls  

for metal Ions being due to the d iffe ren tia l a v a ila b ility  o f the 

metal In  solution I s  most unlikely. Furthermore, at the large molar 

excess at which the competing cations were added, the sp e c if ic it ie s

It  I s  probable that the metal binds to a complex transport s ite  to 

achieve th is  level o f se lec tiv ity  and there ex ist a number of 

possib le binding molecules. Pyridoxial, polyphosphates and 

phosphoryl choline have been suggested by several authors as possib le  

cation transport carrie r molecules (Jennings et a1, 1958) and the 

Cu^^ transport process In Debaryonyces hansenil Involves the 

participation of a carrie r and a th iol compound (Uakatsuki et al, 

1985). Non-protelnaceous lonophores can discrim inate greatly between 

ions. The lonophore, A23167, acts as a sp e c if ic  porter of d ivalent 

cations, having a greater a ffin ity  for Hg '̂*’ than for Ca^* (Jasper & 

S ilve r, 1977) and has been previously applied to yeast studies 

(Duffus & Patterson, 1974). P a llia  et al (1976) suggested that ‘de 

novo* protein synthesis was required for Zn transport In C.utllls.

Foradorl et al (1967) c learly  demonstrated the a b ility  of proteins to 

2+ 2+
markedly discrim inate between Ng and Hn and I t  seems quite 

possible that some protein Involvement may contribute to the 

sp e c ific ity  observed In th is  study. I t  I s  predicted that bacterial 

cation transport systems w ill consist o f membrane embedded c a rr ie rs,  

undoubtedly proteins, determined by genes on the bacterial chromosome 

and with expected recognition s ite s hypothetically determined by 
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amino acid sequences within the carr ie r  membrane p roteins (S ilver, 

1978, 1983). Using agents such as formaldehyde to ‘ sea l* the cell, 

Archibald and Duong (1984) suggested that Hn^^ enters L.pUnUrua via 

proteins and not v/a the lip id  bHayer of the membrane while 

Rothstein (1958) Indicated that the sp e c ific ity  pattern o f Hn^* 

transport In $.ctrevis1»e strongly Implied a close association  with a 

protein, In a sim ila r manner to phosphorylation enzymes with Hg^* 

requirements, rather than binding to fixed Ionic groups, such as 

phosphoryl or carboxyl (Rothstein et aJ, 1958). I t  was suggested 

that the carr ie r  system Involved a phosphorylated substance and a 

protein constituent, both acting together to confer the observed 

sp ec ific ity . Taking known Ca^* translocating ATPases, a molecular 

model for the mechanism of transport has been postulated Involving a 

conformational change In a membrane-spanning molecule (Scarborough, 

1985) and Kotyk and Janacek (1975) deduced that, as no other type of 

substance was known to possess such selective q u a lit ie s,  the binding 

s ite s o f transport systems must be of protein character. However, 

they a lso  pointed out that sp e c ific ity  may be determined, not by the 

mobile membrane component ( I f  the carrie r e x ists In  t h is  form), but 

by an enzyme catalysing substrate binding to the ca rr ie r  and 

containing binding loc i for both. They reported that some evidence 

for th is  has been seen In erythrocyte sugar transport.

There I s  l i t t l e  data available on the mechanism whereby one metal 

Increases the uptake of a second metal. In th is  study, the rate of 

uptake and, to a le sse r extent, Zn^* uptake was Increased by low 

concentrations of Cu '̂*’. Several previous reports (see, fo r example, 

Gadd & Howll, 1985) have shown that metals which are known to have a 

d isruptive action on ce ll membranes can Increase In tra ce llu la r  

absorption In yeasts through passive Influx due to the Increased 
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perw ab lllty  of the loeiiibran«. This could be ruled out In  th is  case, 

as the Increased Hn '̂*' In flu x  In the presence of Cu^^ was also 

dependent on c e llu la r  netabollsa, being coeipletely suppressed In  the 

presence of the metabolic poison. DNP. In  S.ctrtvlsiae, Increased 

medium Cu^* led to Increased uptake of Zn^* though not Hn^*, w h ilst  

at optimal Cu^* le ve ls Hn^^ uptake I s  elevated 2-fold above that for 

suboptimal Cû *̂  (Gesswagner I  Altmann, 1976). This effect was 

attributed to an Increase in -SH and amino groups formed In  the yeast 

cell for which Cu^* and Zn^*, but not hn^*. have an a ffin ity .  This 

explanation does not su ffic ien tly  account fo r the present re su lt s,  as 

the stimulatory effect was observed Ineedlately In c e l ls  which had 

been grown and preincubated under Identical conditions. Increased 

accumulation of both and 2n^* In the presence of Cu^^ has also 

been observed In growing cultures of C.utllis  (Ross, unpublished 

observations).

The activation o f resp iration  by metal Ions (Carafoll et i l,  1970) 

and the stimulation o f g lyco lytic  flux  In  S.certvisiit  by 1 jiM Cu^* 

(Jones & Greenfield. 1984) has been observed, however no s ig n if ica n t  

Increase In oxygen uptake could be detected here when Cu was added 

either alone or in combination with Hn^*. As C.utilis  I s  a h igh ly 

respiratory yeast, I t  seems unlikely that any major stim ulation of 

metabolism occurred leading to accentuated Nn^^ uptake, p a rt icu la rly  

as the Nn̂ *̂  uptake rate was Increased by well over 2-fold.

In the few reports mentioning synergism o f metal uptake by other 

cations, l i t t l e  attention has been paid to th is  phenomenon. In i t ia l  

uptake of Mn^* and Nl^"^ in 5.cerev/s/ae was Increased 7-fold  and 

2-fold respectively by Cu** (Horris t  Ke lly, 1979) w h ilst Zn ** upteke 

1r C .uW ls  wes doubled by K1** end Fe** (Fe llle  et e l, 1976), end 
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Zn^* uptake In 5.cerev/s/<e was Increased by Co^* and Co^* uptake 

Increased by Zn *̂  ̂ (Fuhmann & Rothstein, 1968). In bacterial 

studies, Hn^* could act In a synerg ist ic  or antagonistic manner on 

uptake according to U s  In it ia l concentration (Webb, 1969), 

S ilve r et »1 (1970) observed the stimulation of transport by 

In  E.coll, and Ca^* transport In B.subtills membrane vesicles 

was strongly increased by Hg^* (de V r ij  et i7 , 1985). A number of 

these above reports have attempted to explain th is  effect by 

proposing that the stimulatory cation may d isplace surface-bound

metal from s ite s  on the ce ll wall, thus Increasing the effective

2+
concentration of the metal available fo r uptake. Certainly, Cu Is  

known to have a high a f f in it y  for wall s ite s; In  A.pulluUns It s  

binding I s  unaffected by other metals (Gadd & Mowll, 1985), however, 

in a ll the experiments used In  th is  study the total metal 

concentration of the buffer, before and after the uptake period, 

changed very l i t t l e  and the amount o f metal which might be displaced 

from non-specific binding s ite s  would be very low compared with the 

effective external metal leve l. Indeed, in  the case of Co^* uptake, 

Cû *̂  may have displaced the surface-bound Co^'*' In i t ia l l y  but had no 

effect on the subsequent Co^^ internalisation  rate. By examining the 

altered uptake p rofile s. I t  can be concluded that Cu^^ did not affect 

surface-bound Hn^* or Zn^‘*‘ as only the prolonged uptake rate and not 

the in it ia l binding was Increased. I t  I s  d if f ic u lt  to explain why 

th is selective stimulation occurs. I t  Is  not compatible with a 

single  s ite  uptake mechanism (Borst-Pauwels, 1981) and Indicates that 

the stimulatory cation I s  not a substrate fo r the trviisport system 

investigated (de V r ij  et a l,  1985). Neither I s  I t  known whether th is 

is  due to a d irect effect or an ind irect effect v/a the membrane 

components on the carrie r (de V rij  et a l, 1985). I t  I s  possib le that 

Cu^* acts at the level o f the uptake system and Interferes with the 
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control of Hn** ond Zn** tronsport In s o m  m y or lU e m n tlve ly  

«ffects the cell UMibrone potentlol «Ithough these effects ere not 

obvious. I t  should be noted th it  no stlm ulitory ic tlon  of Cu** wis 

observed during Mn** uptike from 1o» hn^* le ve ls by the putetive 

hn^*-speclflc uptake syste«, further evidence that two systeas do 

exist which are capable of transporting Nn^*. C learly, Interactions 

between trace elesKnts with respect to le ta l uptake In  yeasts require 

further Investigation.

In conclusion, th is  section of the study was hampered by the lack of 

available data on specific  metal transporters In  yeast and fungal 

cells, with the only corresponding studies o f th is  type being In 

bacterial species. However, I t  has been c le a rly  demonstrated that 

all b ivalent metal Ions do not share one transport mechanism.

Indeed, the data Indicates that at least three separate transporters: 

a non-specific system (possib ly the primary Mg^* carrie r) and 

specific Hn^* and Cu^* carrie rs, are Involved In  d ivalent cation 

translocation, with the additional data of F a l l ía  et a l (1976) 

suggesting that a fourth system, the Zn** c arrie r, may operate In 

C.utlUs. So far, f ive  specific  cation transporters have been 

observed in the bacteria, B.subtilis and E.coU  (Elsenstadt et al, 

1973), and these specific  micronutrlent c a rr ie rs are perhaps 

analogous in sp e c ific ity  and m u ltip lic ity  to amino acid transport 

systems (e.g. Anraku, 1978). The next section of th is  study w ill 

attempt to define the kinetic parameters of each of these transport 

Mechanisms and to give an accurate Indication of the re lative  

a f fin it ie s  of the substrate and Inh ib itor cations for these systems.



7. KINETIC ANALYSIS OF TRANSPORT

7.1. Introduction

In any uptake study, one of the primary aims I s  to e stab lish  the 

kinetic  parameters of the uptake process. Once the c e llu la r  uptake 

of a solute has been demonstrated, then by examining the effect of 

varying solute concentrations on uptake rate, the uptake system can 

be characterised and quantified In  terms of I t s  k ine tic s. In 

addition, the nature of Inh ib it ion  of a system by analogous solutes 

or other inh ib ito rs may a lso  be determined. Hence, by obtaining 

values for the a f f in it ie s  of the transport systems fo r the substrates 

and values for the maximal transport rates, each separate system can 

be accurately characterised. This data can then be used to 

d ifferentiate  between micro- and macro-nutrient transport systems, as 

the k inetic  parameters o f various Ion transport systems frequently 

re flec t the In tra ce llu la r  concentrations o f each ion required by the 

c e l ls  (Jasper S S ilve r, 1977). I t  should be noted that of the 

numerous studies of metal uptake In yeasts, a great many have used 

complex Incubation media and differed in  experimental design, 

y ie ld ing  non-comparable k inetic  data. In the la s t  chapter, the 

presence of three putative transport systems was demonstrated; two 

h igh ly specific  systems for the uptake of Mn '̂*' and Cû "*" respectively 

and a general d ivalent cation system o f low sp e c if ic ity .  A 

comprehensive study of the uptake rates of these essentia l metals 

under standardised conditions I s  needed to give d ire c t ly  comparable 

and quantitative Information as to the ir a f f in it ie s  fo r  cations and 

to confirm the m u lt ip lic ity  of the transport systems outlined 1n the 

previous chapter.
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7.2. Th«orettca1 background

7.2.1. Detémittitlon of tho tnnsport consUnt and thé aixiail 

rata of tnnsport

Whether ion transport occurs via spec ific  ion ‘puiaps’ or i s  laediated 

by c a rr ie r  molecules (both systems having a f in ite  number of 

transport s ite s )  i t  i s  a characte ristic  feature of these mechanisms 

that they can become saturated with the transported so lute. As a 

resu lt o f th is,  uptake i s  not linea r with respect to the solute 

concentration. The processes of ion binding to the transport site , 

transport across the membrane and release Inside the ce ll a ll serve 

to lim it  the rate of transport. A st r ik in g  s im ila rity  can be seen 

between th is  and the binding of a substrate to an enzyme and the 

subsequent breakdown o f th is  complex and release of product. Indeed, 

the application o f kinetic  analysis to transport data re sts on the 

assumption that the membrane transport s ite s  of the ce ll are 

analogous to the active reaction s ite s  of an enzyme and that 

transport of the so lute  Into the ce ll i s  equivalent to the formation 

of the enzyme product.

From th is  analogy, an expression has been derived fo r the 

mathematical treatment of carrier-mediated transport (Neame & 

Richards, 1972, Z iv in  & Waud, 1982) and i s  shown below:

(S I +

V i s  the rate of uptake at a solute concentration S. i s  the

maximum uptake rate at saturating conditions and can a lso  be taken as 
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an Indirect measure o f the number of transport s ite s  per unit 

biomass. the transport or saturation constant, i s  numerically 

equal to the concentration of solute at ha lf maximal uptake and i s  an 

indication of the a f f in it y  of the transport s ite  for the solute. The 

lower the value o f K^, the greater the a ffin ity .  This re lationship, 

known as the Michaelis-Henten equation, was o r ig in a lly  devised to 

describe enzyme k inetics, the difference being that the M ichaelis 

constant, K^, i s  a measure o f the enzyme’s a f f in it y  fo r the 

substrate. Hence much of the terminology used in enzyme kinetic 

analysis i s  s im ila r  to that used in transport studies.

There are Important differences between the two systems and a number 

of assumptions are made. The Michaelis-Henten equation depends upon 

unidirectional transport, that i s ,  i t  does not account for solute 

efflux. Therefore the assumption i s  made that net uptake is  

equivalent to in flux . In practise  however, i t  i s  d if f ic u lt  to 

accurately separate influx from e fflux and so transport i s  measured 

over a short time interval during which the uptake of solute i s  

linear with respect to time. Hence in it ia l- ra te  transport is  

presumed to be an indicator o f the unidirectional in flux  of a solute, 

th is being based on the assumption that the amount of in trace llu la r 

solute accumulated I s  small enough for outward transfer to be ignored 

(Neame & Richards, 1972). Certain ly th is  i s  l ik e ly  to be the case 

for metal ion transport where i t  i s  generally thought that a large 

proportion o f c e llu la r  metal i s  bound to ce ll constituents and i s  not 

freely available  in the cytoplasm. As long as the in it ia l rate of 

uptake of a solute i s  linear, the Michaelis-Henten equation may be 

accurately applied to analyse the transport k inetics and so 

preliminary studies of uptake with time must be carried out to ensure 

no deviations from lin ea r ity  occur. It  I s  also assumed that the 

10 5



effective solute concentration I s  not s ig n if ic a n t ly  reduced during 

uptake.

Once the In i t ia l  period of uptake has been deteroilned, many 

investigators use th is  fixed time Interval over which to measure 

uptake and, during a ll subsequent experiments, assume lin e a r it y  of 

uptake over th is  period. In th is  study, due to small va riation s In 

apparent uptake resu lting from experimental error, It  was considered 

a more re liab le  method to fu lly  plot solute uptake at a ll time 

Inte rvals for each solute concentration used, thus ensuring lin ea r ity  

of uptake.

When the In i t ia l  rate of uptake, v. I s  plotted against substrate 

concentration, S, a rectangular hyperbola which passes through the 

o rig in  I s  obtained (Fig. 7.2 .1 .). The k ine tic  parameters of 

transport, and can be determined d ire c t ly  from t h is  plot, 

however I t  I s  not easy to construct a hyperbola through a set of 

experimental points, p a rt icu la rly  I f  the measurements do not extend 

to the plateau portion o f the curve. Without an accurate

determined. In order to circumvent th is  problem, the 

Hichaelis-Henten equation can be transformed In  several ways to give 

a linea r plot. Of the various forms, the Llneweaver-Burk p lot has 

become the most well-known (Lineweaver & Burk, 1934). Taking 

reciprocals of both sides o f the Hlchaells-Henten equation:



V V [S I V * m i x  ^  ‘  MX

This I s  o f the form /  -  nx + c (the equation for a stra igh t  lin e ) and 

so when 1/v I s  plotted against 1/[S], the resultant p lot I s  linea r 

with a slope of and the ordinate Intercept equal to

(Fig. 7 .2 .2 .).  There are also two other linea r arrangements of the 

HIchaellS 'Henten equation, namely p lots o f [S)/v against [$] (Woolf, 

1932) and v against v/[S] (Hofstee, 1956). Several other sta tist ic a l 

methods have been applied to extract data for and and these 

Include a computer curve f it t in g  exercise to f i t  values of v and [S] 

to the rectangular hyperbola (Cleland, 1967) and the d irect linea r 

plot as described by Elsentha! and Cornlsh-Bowden (1974) where each 

measurement I s  represented by a l in e  rather than a point.

There appears to be advantages and disadvantages in  using a ll of the 

aforementioned methods and these have been c r i t ic a l ly  evaluated by 

Harkus et a/ (1976). The most extensively used transformation I s  the 

Llneweaver-Burk (or double reciprocal) p lot. The main argument 

against the use of th is  plot I s  that I t  b iases the Interpretation of 

experimental re su lts and g ives undue weight to Inaccurate 

measurements at low solute concentrations and In su ff ic ie n t  weight to 

the more accurate higher rates (Engel, 1977). Consequently there Is  

a heterogeneity of variance at a ll places along the lin e , th is  being 

much greater at low solute concentrations. I t  does have several 

advantages however, the Independent variab les, v and [S], are kept 

separate and are easy to comprehend whereas the other p lots Involve 

compound variab les. It  I s  also simple to plot and I s  well-known.
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Figure 7.3.1. Dependence of in i t ia l  transport rate on solute concentration 

for a typical carrier-mediated transport process.
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Partly due to I t s  fa n l lla r lt y  but In  the naln for reasons of 

conparlson, as Lineweaver-Burk p lots have been almost exclusive ly 

used In  stu d ie s of metal uptake by microorganisms, t h is  was the plot 

of choice In  the present study. With the c rit ic ism s In  mind I t  Is  

worth mentioning that, due to the sen sitive  analytical techniques 

developed, the determinations of uptake at the lowest solute 

concentrations investigated were well w ithin the detection lim its of 

the method used and thus the v a r ia b i l it y  of these measurements was 

low. In  add ition, Dowd and R iggs (1965) showed that i f  the low rate 

determ inations were weighted, the Llneweaver-Burk p lot had the same 

degree o f  accuracy as the Woolf p lot which i s  free from the above 

c rit ic ism . Hence, when a plotted locus in  th is  region appeared 

abnormally small or large and d e a r ly  did not f i t  the linea r trend of 

the other data, i t  was generally ignored in th is  study. As the main 

c r it ic ism  against th is  p lo t concerns the bias of low rate 

measurements, i t  I s  believed that these factors would minimise th is 

bias and produce reasonably accurate determinations o f the apparent

T.Z.2. Dêtêrminttiùn of the inhibitor consUnt 

The rate o f transport may sometimes be altered in a spec ific  manner 

by substances other than the solute being measured. Analogues of the 

test so lu te  can inh ib it the transport rate and may act as a lternative 

substrates fo r  the transport system. The degree and type of 

In h ib it io n  can be examined by varying the concentration o f the 

solute, S, w h ilst maintaining a fixed  concentration o f the inh ib itor, 

I. The type of Inh ibition  can be examined when data of the uptake In 

the presence and absence o f the inh ib ito r I s  plotted by the 

Linneweaver-Burk method as before. Competitive inh ib ition , where the 

test so lu te  and inh ib ito r both compete for the same transport site, 
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resu lts In  > h igher level o f S required In order to epproich the 

end accordingly the i s  raised (F ig  7 .2 .3 .)- The does not 

vary In t h is  Instance.

Non-coaipetitive Inh ib it ion  I s  shorn In  Figure 7.2.4. Here, the 

Inh ib ition  I s  due to effects o f the Inh ib ito r other than at the 

solute binding s it e  of the transport syste«. An exaaple of th is  

lig h t  be the effect of an Inh ib ito r  at a s ite  o f  action on the 

netaboHc machinery of the ce ll.  This re su lts In  a reduction o f the 

*ia x  effoct on the apparent a f f in it y  o f the transport

The Inh ib ito r  constant, K,, I s  the concentration of the Inh ib itory  

analogue ih lch  I s  su ffic ien t  to reduce the transport rate to h a lf I t s  

la x l iu i  (Christensen, 1975) and I s  a useful measure of the potency of 

various In h ib ito rs .  The constant can be mathematically quantified by 

substitution  Into  the equation:

INHIBITED SLOPE -  (UNINHIBITED SL0PE)(1 + [1] / K,)

where the gradient of the uninhibited slope I s  equal to as

before. Thus, the N, can give an Indication o f  the a ffin ity  o f the 

transport s it e  fo r the Inh ib ito r  and I s  In many ways sim ilar to Kj. 

I f  the competitive analogue can also serve as a substrate, as I s  

often the case In  transport studies, with the same a ffin ity  fo r the 

transport s ite  as the test solute, then the va lues of Kj and K, 

should be equal.



Finiire 7.2.3. CooipetUive Inh ibition  as seen In  the Lineweaver-Burk plot

Figure 7.2.4. Non-competitive inh ib ition  as seen in the 

Lineweaver-Burk plot
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7.3. S ta t is t ic a l ana lysis o f k in e t ic  data

The predicted data obtained fron transport kinetic  studies I s  subject 

to varying degrees of experimental error and, w hilst the graphical 

ana lysis I s  a simple procedure, I t  does not provide estimates of the 

re l ia b il it y  o f the constants obtained. To f i t  a line  to the 

experimental 1oc1 on a Lineweaver-Burk plot, the method of 

least-squares regression a na ly sis  can be applied as described by 

Cleland (1967). From th is ,  the Intercept on the y-ax1$ and the slope 

of the line  can be determined. I t  I s  equally Important to obtain 

some index of the precision o f the estimates o f and so that

the ir significance can be assessed. The degree of uncertainty In 

these estimates can be quantified  by calcu lating the standard error 

of estimate (S.E.E.) fo r each data set from the formula:

x (o r y) x(or y) .(1 -

where the standard deviate o f the particu lar data and r  ■  the 

product moment correlation coe ffic ient. The variation  in  the and 

'̂ max ^  calculated from the y-intercept values ♦  S.E.E.

In 95 X of cases, the actual values fa ll w ithin + 2 x S.E.E. of the 

estimate values (Moroney, 1978). Thus data for and can be 

provided with maximum and minimum values which are 95 X confidence 

lim its. This type of ana ly sis,  g iv in g  a range for each value, has 

been previously used to Interpret transport data (eg. Je ffs & Arme, 

1985) and, following a least-squares f it t in g  exercise, was the method 

of choice In th is  study.
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7.4. Ftctors a fftcting  uptak« k in a t ic s

7.4. J. Effect of surface potential

The outer surface of the yeast ce ll membrane has a se rie s o f fixed 

negative groups which give r ise  to a net negative charge or negative 

surface potential at the membrane surface. The presence o f th is 

negative potential in the region o f the binding s ite s  fo r cation 

transport w ill lead to an elevated accumulation of cations and an 

exclusion of anions in that region, thus influencing the k inetics of 

cation transport (8orst-Pauwe1s, 1981). On the addition o f sa lts, 

such as HgCl2 or KC1, the surface potentia l w ill decrease, becoming 

less negative, and th is  i s  mainly due to the additional cations 

screening the surface negative charges. The screening a b i l it y  of 

cations greatly  increases with the valency state o f the cation rather 

than the ion ic  strength (H i l l s  & Barber, 1978) so that the efficacy 

of a cation, C, at reducing the surface potential decreases in the 

order, > C'*’. In addition, some binding of cations to

fixed negative groups occurs which may contribute to th is  effect 

(HcLaughlin et a1, 1971).

The effect on kinetics has been la rge ly  ignored in  most previous 

yeast transport studies, presumably due to the complexities involved 

in examining these interactions. However, recent data from 

Sorst-Pauwels’ laboratory has shown that, depending on the 

experimental uptake conditions, the inh ib it ion  of uptake caused 

by the reduction of the surface potentia l by polyvalent cations could 

be misinterpreted as being a competitive effect, as the for Rb^ 

transport was increased (Theuvenet 4 Borst-Pauwels, 1976). 

Furthermore, they also showed that Ca^'*' d iffu sion  into c e l ls  behaved 

k ine tica lly  d istin ct  as being mediated by a two carr ie r  system when 
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th is  could be ascribed to a reduction In surface potential 

concoeltant with Increasing Ca^^ concentrations (Borst-Pauwels & 

Theuvenet, 1984). Thus Increasing the sa lts w i l l  have the effect of 

reducing the apparent a ffin ity  o f the cation f o r  the transport s ite  

(as the potential I s  less negative) (Borst-Pauwels, 1981). In 

practice, th is  type of effect has also been described by Roomans et 

i l  (1979) in S.cerevisiie. and Sr^* transport In th is  species 

deviated fro« N1chae11s-Henten k inetics at h igher concentrations of 

the divalent cations and the uptake Increased w ith decreasing bulk 

concentrations coupled with a progressive Increase  In the surface 

potential.

To account for the p o ss ib il ity  that changes In  the surface potential 

might affect the apparent transport kinetics, a study was undertaken 

to attempt to estimate the surface charge d en sity, and hence surface 

potential, o f c e l ls  of C.utills using the monovalent cationic dye 

9-am1noacr1d1ne as a probe. This work has been Included in Appendix 

I  as, whilst i t  does not fom  part of the main body of th is  study, I t  

nevertheless g ives a useful Indication as to the magnitude o f the 

surface negative charges and enables some pred ictions to be made of 

the lik e ly  effects of the surface potential under the d iffe ring  

cation concentrations used in th is  chapter.

A surface charge density for C.utills  c e lls  o f  approximately - 12 

|jC cm’^ was estimated from th is  study. By applying the surface 

charge density to an equation which has been derived from the 

Gouy-Chapman expression by Barber et il (1977), curves describing the 

theoretical surface potential at varying mixed concentrations of 

mono- and divalent sa lts can be generated. Assuming a surface charge 

density of - 10 |jC cm '^  these curves have been computer-generated In 
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Figure 7.4.1. (although t h is  was not the exact charge density 

e st iM te d  in Appendix I,  I t  I s  a close enough approxlnatlon for the 

purposes o f the present study). It  can be seen that at a given 

monovalent cation concentration, Increasing the d iva lent cation 

concentration has no effect on the magnitude of the surface  potential 

until a threshold divalent cation concentration I s  reached, after 

which the surface potential decreases with Increasing d iva lent cation 

concentrations. This threshold concentration i s  Increased In the 

presence of higher monovalent sa lt  concentrations. The monovalent 

sa lt  concentrations selected for these curves was not fortu itous as 

a11 uptake experiments In  th is  study buffered by HES were carried out 

In 10 nH KOH.

Hence i t  can be seen from Figure 7.4.1. that under the experimental 

conditions Imposed throughout th is  study, the surface potential would 

not be s ign if ica n tly  reduced until the divalent cation  concentration 

exceeded 0.1 mM. Excepting studies of Mn^^ uptake from 0.1 to 

1.0 nM Hn^*, a ll uptake k inetic  experiments in  t h is  chapter were from 

d iva lent cation concentrations well below th is  threshold. Therefore 

It  can be predicted, on a theoretical basis, that any effects of the 

surface potential w ill be kept constant and that the k ine tic  

measurements obtained should be free from Interference by a 

decreasing surface potential.

As the situation  In whole ce lls  Is  somewhat more complex than In 

simple membrane systems, theoretical curves of t h is  type should be 

used to  predict effects on transport kinetics with some 

circumspection. However, knowing the predicted e ffe ct on kinetics, 

the theoretical data can be compared with observed k in e t ic  data to 

determine whether or not these effects are l ik e ly  to be sign ificant 
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Figure 7.4 .1 . Computer-generated curves showing changes o f  surface 

potential for d ifferent le ve ls of mixed e le ctro ly te s

The effect o f  changing divalent sa lts (C*'*’) (horizontal a x is )  Is  

shown fo r d iffe ren t  levels o f monovalent sa lt s  (C*), ( ( • )  10 mH C*; 

( * )  5 n« C *; (m ) 2.5 mH C*].



In practice.

7.4.2. Effect of unstirred Ityers

As Mich of the k in e t ic  considerations of laeiibrane transport assume 

that the solute concentration Imnedlately adjacent to the membrane Is  

the same as that In  the bulk medium, the situation can be further 

complicated by the presence of unstirred aqueous layers which can act 

as d iffu sion  film s. I f  the d iffu sion  film  I s  of considerable 

thickness then the concentration o f solute at the surface of c e l ls  

may be small compared to the bulk concentration, as transport of 

solute Into the c e l ls  provides a continuous sink (Button,1985). Thus 

under certain circumstances, the rate -lim iting  step for solute 

transport could be the d iffu sion  of the solute through an unstirred  

layer. Uinne (1973) has demonstrated that unstirred water laye rs can 

give r ise  to an overestimation of the transport constant and thus a 

downward bias o f the apparent a ffin ity .  This b ias depends upon the 

thickness of the unstirred  layer ana gives r ise  to non-linear 

deformations o f Lineweaver-Burk p lo ts. By Increasing agitation  rates 

of the bulk medium, the effect of unstirred layers can be reduced 

(Gains, 1980).

Whilst th is  effect can be most pronounced in studies of transport In 

larger structures such as Inte stinal sacs, the effect on microbial 

transport I s  debatable. Yeast c e l ls  are enclosed In a r ig id  wall 

matrix which can account for 10 % o f the total ce ll volume (Conway & 

Duggan,1950) and I t  i s  within th is  outer region that unstirred layers 

may be present. S ince  a ll uptake experiments were carried out using 

a constant shaking speed of 200 cycles m ln*^ i t  I s  un like ly  that 

d iffu sion  sh e lls  would exist outside the cell wall region and the 

question I s  therefore, what effect the cell wall has on d iffu sion  of 
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Ions to the membrane transport s ite s. This remains unclear although 

there are Ind ications that concentrations at the surface of bacteria 

In a11 but very fast growing systems are nearly as large as those In 

bulk solution (Button, 1985). In  addition, Button states that of the 

numerous treatments of d if fu s iv e  lim itation, none c learly define the 

surface concentration and the gradients Involved. Whilst the effect 

of the unstirred layer In  yeasts may be small. I t  I s  an Important 

point to bear In mind that the apparent solute concentrations In  the 

transport kinetic equation can be different to the effective 

concentration as experienced by the transport systems In the 

membrane.

7.5. Materials and methods

The preliminary procedures used to prepare ce ll suspensions and 

uptake experiments are as prev iously  described In  Chapter 3. For 

competition experiments, competing metal chloride sa lts  were added 

15 s p rio r to the addition o f the metal under Investigation. To 

ensure rapid f i lt e r in g  and washing of cell samples, the sample volume 

removed was reduced to 15 ml In  the case of non-radloactlve 

experiments. In general, the uptake kinetics were determined from 

the linea r rates of uptake during the In it ia l 10 m1n of Incubation 

with the metal. A11 experiments In th is section were repeated at 

least 3 times using a d iffe ren t  batch of c e lls  on each occasion.

Hence In a ll k inetic  treatments of transport, the mean data of at 

least 3 separate experiments has been used.

A11 s ta t ist ic a l analyses to determine the k inetic  parameters and 

quantify the ir degree of uncertainty were performed using a
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sta t ist ic a l software package on a GEC 4000 Mchlne (University of 

Keele, Computer Centre).

7.6.1. Kinetics of uptske from high mangenese concentrations 

As previously mentioned, the lo c i on Lineweaver-Burk p lots were 

determined from the average rate o f l in e a r  uptake o f a number of 

uptake t r ia ls  over a period of time. To Illu s tra te  th is ,  the linea r 

uptake of Mn '̂*' from Hn^* concentrations In  the range 10 to 50 over 

a period of 7 min I s  shown In  Figure 7.6.1. As a ll that I s  required 

frwn th is  data I s  the average uptake rate  at each solute 

concentration, In  a ll subsequent k in e t ic  plots th is  experimental data 

w ill not be displayed, however i t  o f  the same nature as has been 

exemplified In  Figure 7.6.1.

2+
When data describ ing the In i t ia l  uptake rates for Kn concentrations 

In the range 10 to 100 pH are plotted against solute concentration, 

the fam ilia r Hichaells-Menten curve I s  obtained (F ig . 7.6.2.). At 

100 pH the asymptote to the plateau portion o f the curve cannot

transport s ite s  I s  not fu lly  achieved at th is  concentration. The 

Lineweaver-Burk form of the p lot I s  shown In Figure 7.6.3. and gives 

a mean apparent transport constant, K^, of 65.3 fiM Hn '̂*' (S.E.E. range 

61.1 -70.7 pH) and maximal transport rate, o f 0.27 pmol 

(g dry w t) '*  m in '* [range 0.21 - 0.35 pmol (g dry w t ) '*  m in '*]. At

Hn^^ concentrations upto 1 mH however, a deviation from lin e a r ity  was 

2+
evident when uptake rates from these Nn concentrations were 

combined with the previous data and a biphasic Lineweaver-Burk was 
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obtained, revealing an apparent low a f f in it y  s it e  (Fig. 7.6.4.).

When these data points are plotted separately by the Lineweaver-Burk 

method concentrations In the range 0.2 - 1.0 mM) an apparent

d issociation  constant o f 2.23 Hn^* (range 2.0  

obtained. This I s  shown In Figure 7.6.S.

2.40 m) was

It  was observed In Chapter 6 that Mn̂ *̂  uptake fro« a re la t ive ly  high 

concentration (50 pH) appeared to be unspec ific, being Inhibited by a 

nunber of other d ivalent cations present at a concentration of 

100 pH. To Investigate the nature of th is  Inh ib it ion , uptake rates 

fro« Hn^* concentrations in  the range 10 to 50 pH were detenalned In 

the presence and absence of 100 pH additions o f Hg^^, and Zn^^ 

sa lts (Fig. 7.6.6.). Inh ib ition  o f Hn^* uptake by these cations 

appeared to be co«pet1t1ve with the remaining constant, g iv ing 

apparent values for Hg *̂ ,̂ Co^* and Zn^* o f  64 pH, 100 pM and 

184 pH respectively as calculated fro« the slope of the line  showing 

Inh ib ition.

7.6.2. Kim tics of uptoko fro» low manganese concentrations 

The uptake kinetics were detemlned fro« the linea r rates o f uptake 

over 10 min from ®^Hn^* concentrations In the range 2.5 to 50 nH.

The Hichaelis-Henten form of the plot Indicated that transport site  

saturation had not occurred at 50 nH Hn^* (F ig .  7.6.7.) and the 

Lineweaver-Burk plot of the data, shown In  Figure 7.6.8., gave a mean 

value fo r Kj o f 16.4 oM (range 12.3 - 24.4 nH) and for of

1.01 nmol (g dry w t)'^  m in '* [range 0.76 - 1.50 nmol (g dry wt) 

m in " '].  Since Zn**, at 10 )iM, appeared to in h ib it  uptake by over 

40 % and Has one of the more inh ib ito ry  o f the cations tested (see 

Section 6.3 .2 .), ®*Hn uptake mas examined over the range 10 to 50 nH 

in the presence of 100 pH Zn**. The in i t ia l  uptake rates were 
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Tim« (min^

f iau r; 7.6.1. Linear uptake of from Mn^* concentrations In the range 

10 - 50 pH over the In it ia l 7 laln follow ing metal addition.

Values represent the niean ± SE of 3 determinations.
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Finure 7.6.4. Lireweaver-Burk p lo t fo r uptake from concentrations 

in  the range 20 uM -  1 nM, showing biphasic k ine t ic s

Figure 7.6.5. Llneweaver-Burk p lot for uptake from concentrations
--------------- i.2 *In  the range 0.2 -  1.0 n
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Figure 7.6.6. Lineweaver-Burk plot showing the kinetics of Inh ib it ion  

of Mn^* uptake by 100 uH additions of ( • ) ;  Zn '̂*' ( a ); Co^* { O ) .  

A control ( a ) was carried out with no additional d ivalent metals. 

Values represent means of a t least 3 determinations.
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Figure 7.6.7. In i t ia l  uptake rates for ®^Mn concentrations In  the 

range 2.5 -  50 nM. Values represent mean ± SE of 3 expts.

’/[5*Mn] O'“'!)

Figure 7.6.8. Lineweaver-Burk p lot fo r  ®^Hn uptake from concentrations 

in  the range 2.5 - 50 nM ’̂Mn.
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2+ 54
Figure 7.6.9. Lineweaver-Burk p lo t of Zn in h ib it io n  of Hn uptake.

Uninhibited ( • ) ,  inhibited by the addition of 100 yM Zn^ ( 0 ) .  

Values represent the means of at le a st  3 determinations.
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Figure 7.6.10. In i t ia l  uptake rates fo r concentrations in  the range 

0.5 -  10 uM. Values represent mean t SE of 3 experiments.
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plotted as before to detenilne the nature o f t h is  Inh ib ition  

(F ig. 7.6.9.}. Inh ib it io n  was competitive g iv in g  an Inh ib it ion  

constant, K^, of 8.0 |jM (range 7.3 - 8.9 pH).

7.6.3. Kinetics of copper uptake

Figure 7.6.10. describes the curve obtained when the Cû *̂  uptake 

2+
rates from Cu concentrations In the range 0.5 to 10 pH were 

determined over a period o f 5 min and plotted by the method of

H1chae11s-Henten. I t  1s noted that after approximately 4 to 5 min 

2+
the Cu uptake rate decreased somewhat with subsequent uptake 

becoming non-linear. Hence, to ensure the measurement of linea r 

uptake rates, a ll determinations were made during th is  In it ia l 

period. The Lineweaver-Burk form of plot I s  shown In  Figure 

7.6.11. and g ives a mean value of 3.1 pH Cu^^ (range 2.5 - 3.9 uH) 

and of 0.50 pmol (g dry wt)*^ mln’  ̂ (range 0.37 - 0.66 pmol 

(g dry w t) '*  m ln'^).

7.7. Discussion

For the purposes o f d iscu ssin g  the present re su lt s  In the lig h t  of 

previous reports o f metal transport k inetics, a table has been 

compiled which l i s t s  the K^, and competitive Inh ib itors of 

various microbial d ivalent cation transport systems (Table 7 .7 .1 .). 

The values from these studies are not complete as, In a number 

o f reports, they have not been quoted as being on a dry weight basis 

and have been based on ce ll numoer or ce ll protein. In these 

instances, the value has been omitted as I t  provides no useful 

comparison.
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Tabu 7.7.1. K in tt ic  paraM ters o f various R lcrobial M t a l  
transport systeas

(|J«) (|«ol » In '*  j " ' )

Coapetitiva 
Inh ib ito rs 

( K l .  mH)

Spocits Ref.

SS 1.8 Co,270; Hn,250; Rhod.ctpsulata [11
Fe,390

so Co,400; Hn; NI E.coli 21
18 (Tris-g lucose) Hn,500 ■ 31
31 (tryptone broth) Hn,2000 ■ 31
30 (COR systeai) Co; Kn; NI • 4)
30 (MGT systeia) Hg-spec1fic ■ 41
70 9.6 Stiph.iureus 51

2S0 4.4 Hn.500 Bac.subtills 5|
300 Co; Hn; N I; Fe Euglena gracilis 61
20 Sac.ceravi siae 71

4000 7)

un**
0.5 0.02 Co,100; Fe,100 R.capsulata m
0.2 0.02 Co,20; Fe,50 E.coli |8|
1.1 0.1 Cd.3.4 8. subtil is 19)
1.2 0.25-1.3 Hn-specif1c ■ [101
2.0 0.06 Cd,1-8 S.aureus [61
0.2 Cd,0.9 Lacto.plantarun HI

< 10 Hg; Zn; Co; NI 5.cerev/s/ae 121
100 131

1000 141
8.6 X 10 15)

c * »
200 Hg.lO E.coli [21

< 10 0.08 Hg; Hn; Zn; NI S.ceravi siae (12)
77 5.4 Hg,125; Zn; Hn; NI [161

100 [131
100 0.16 [171
800c 1.05 [171

10* 200 [161
1610 Hg Neurosp.crassa [181

Cu**
10 Zn Debaryoaiyces sp [191
70 3.2 ■ [201

220 0.22 Cd Aureo, pullulans [211
390 Pen.ochrochloron (22)
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Table 7.7.1. (Continued)

20
5.7-8.7 
0.36 
1.3 

20 
90

< 10 
1150 
5000 
200

2.7
0.015
2.2
0.21
0.1
0.51

0.043
9.09

Zn-spec1f1c
Zn-spec1f1c

Hg; Hn; Co; N1

Mn

E.coll
C h lon lli fusci 
Cindidi u tilis  
dndldi u tilis  
Asp.pinsiticus 
Spor.rosius 
S . a n v i s i i i

Hio.visinficti

[23]
[23]
[24]
[25]
[26]
[27] 
[12]
[28] 
[27] 
[29]

Ca^*
17 B.subtilis [30]

1.9 0.004 Mg,3; K,800 S . c in v is i i i 1311
150 * |32|
45 Hg,80; Co,92; Schizosic.po/ii>i [33]

Hn,106; S r ,130
300 [33]

100 S . c in v is i i i [13]
500 Hg; Mn; Zn; Co [12]

1.8 1.53 Hn,1.2 B.subtilis [9]
100 0.15 Ca,240 A.pullulins |34|

1000 50 Hg,1400 S . c in v is i i i [16]

[1] Jasper & S ilve r, 1978
[2] Nelson & Kennedy, 1971
[3] S ilv e r  & Clark, 1971
[4] Park et il,  1976
[5] Jasper & S ilve r, 1977
[6] S ilve r, 1978
[7] Borst-Pauwels, 1981
[8] S ilve r  et a l, 1970
[9] Laddaga et i l,  1985 
[10 Elsenstadt et i l ,  1973 
[11 Archibald & Duong, 1984 
[12 Fuhrmann & Rothstein, 1968 
[13 Norris & Kelly, 1979
[14 Rothstein, 1958 
[15 Blanchl et i l ,  1981 
[16 N orris & Ke lly, 1977 
[17 Heldwein it i l ,  1977

Venkateswerlu & Sastry, 1970 
Wakatsuki et il,  1979 
Wakatsuki et il,  1985 
Gadd & Mown, 1985 
Gadd & White, 1985 
F a llía ,  1977 
Lawford et i l,  1980 
F a llía  it  i l,  1976 
F a llía  & Niehaus, 1986 
Howll & Gadd, 1983 
Ponta & Broda, 1970 
Patón & Budd, 1972 
de Vr1J it  i l,  1985 
Borbolla & Pena, 1980 
Pena, 1978 
Boutry et i l,  1977 
Mown & Gadd, 1984
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The Ub1e shows the wide va riation  of kinetic paraiaeters which have 

been obtained, with so«e apparent a ffin ity  constants varying over an

order o f  Magnitude fo r  the uptake o f  a p a r tic u la r  Metal In the same 
2+

species (see, fo r example, Zn uptake In 5.cerevfs/ie ).

Undoubtedly, d iffe r in g  experimental techniques, media composition and 

Intra spec ific  variations w ill lead to a heterogeneity o f a ffin ity  

constants being obtained by d iffe rent laboratories. With the effect 

on apparent k inetics of factors such as surface potential and 

complexation In  mind, the re su lt  o f using complex media fo r uptake 

studies can be c learly  seen In  the following example. S i lv e r  (1969) 

estimated a value for Hg '̂*' transport In E.coli of 500 whilst 

Lusk and Kennedy (1969) obtained a value of 4 pH. This large 

discrepancy was found to be mainly due to the dependence of the on 

the suspending media. S i lv e r  used tryptone broth to determine the 

whilst Lusk and Kennedy employed a Tris-casamino acids medium. 

Subsequent determinations yie lded values for K^ o f 18 pH In a 

Tr1s>glucose medium and 31 pH In  a more d ilute  tryptone broth (Table 

7.7.1.). Th is I llu s t ra te s  the need to select the media constituents 

and buffer strength care fu lly  fo r uptake experiments. The present 

series o f experiments employed a simple non-complexlng buffer which 

was used at a constant concentration throughout the study, hence 

kinetic deviations of the above type w ill be la rge ly  avoided yie ld ing 

d irectly  comparable data. However, despite the apparent d ive rsity  of 

resu lts compiled In Table 7.7 .1 ., a number of trends w ill emerge as 

each of the transport systems presently examined In C.utilis  Is  

discussed.

The apparent half-saturation  constant of 65.3 pH Hn^*, obtained from 

concentrations In the range 10 to 100 pH, I s  not d is s im ila r  to a 

Kj of 100 pH for.Hn^* transport from the same concentration range In 
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S.ctrtvisite  (N orris  & Kelly, 1979). Fuhmiann and Rothstein (1968),

2+
w hilst unable to accurately determine the K^ for Nn uptake In the 

sane species, suggested I t  was probably below 10 I t  I s  d if f ic u lt  

to assess the re la t ive  capacity of the uptake system as Indicated by

although the value seems rather high In  comparison to bacterial 

2+
studies of Hn uptake. In addition, the usefulness o f th is  value 

w ill be discussed sh o rtly  as I t  i s  generally found that, w h ilst  the

subject to a great degree of v a r ia b i l it y  depending on ce ll 

pretreatments, the environmental cond itions and the physiolog ical 

state o f the c e l ls  (S ilve r ,  1978).

There I s  l i t t l e  data available for yeast c e lls  describing the

k inetic s o f In h ib it io n  of th is  system by other d ivalent cations as

2+
most studies have simply reported the gross Inh ibition  o f Hn uptake 

by divalent sa lt s  over a period of time. I t  should be noted that a 

metal can reduce uptake of another In  a number of ways other than by

d irect competitive effects (N orris & K e lly, 1979), however the

2+
present re su lts show strong competitive Inh ib ition  of Mn uptake 

with a f f in it ie s  fo r  the transport s it e s  being and Mg '̂*' > Cô '*̂  > 

Zn '̂*’. I t  appears therefore that these cations share the same 

transport system at the concentrations studied. The re lative  

a f f in it ie s  of the cations for the transport s ite s In th is  k inetic  

study agree with the a ffin ity  se rie s obtained In Chapter 6 by 

measuring the total uptake from 50 pH Hn^'^ after 20 min. The only 

data o f a s im ila r nature reported In  C.utiU s  (Fend et i l ,  1974) was 

not obtained from kinetic  measurements but from the total uptake 

follow ing 2 h Incubation In non-equivalent metal concentrations and

gave a high a f f in it y  for Zn^”*̂ .
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Blanchl tt a1 (1981) h m  stated that the presence in S.ctrevisiae of

a low a f fin it y ,  high capacity transport system I s  d if f ic u lt  to 

2+
reconcile with the fact that Hn^ 1$ required 1n such small amounts 

by the yeast c e ll.  Indeed I t  I s  more like ly  that th is  transport

2+
system I s  involved In the control of the In tra ce llu la r  level of Mg 

and th is I s  supported by the observed high a f f in it y  of Hg^^ for th is

system. Thus I t  Is  not unreasonable to assume that the system of

2+
broad sp e c if ic ity  studied I s  the primary Hg transporter and that 

can fo rtu itous ly  enter the ce ll as a substrate of equal or 

s l ig h t ly  lower a ffin ity  than Mĝ ''̂  and with Co^* and exhibiting 

less a f fin it y .  Hence the k inetic  parameters obtained In th is  study 

compare favourably with the reported values of and for the Mg^* 

transporters o f a number of microbial c e lls  (Table 7.7.1.).

Bacteria, which appear to have the most comprehensively studied Hĝ *̂  

uptake systems, have transport constants well w ithin an order of 

magnitude o f the value reported here. With these species, Mg^^ 

uptake was competitively Inhibited by Co^*, Mn '̂*‘, N1^‘*’, and 

probably Zn^'*' (S ilve r, 1978). The table shows that the competitive

Inh ibitors had lower a f f in it ie s  than Hg '̂^, the values being

2+
generally 4 to 10 times higher than the fo r Hg . The system 

observed here In C.utiUs did not appear to exh ib it  quite the same

24-
degree o f sp e c if ic ity : the a f f in it y  of Hg fo r the transport s ite

24
was approximately the same as Mn and was 1.5 and 2.8 times greater 

than for Co^* and Zn^* respectively. The u n ive rsa lity  o f th is  low 

sp ec ific ity  Mĝ "*̂  uptake system I s  reflected In  the compiled data for 

the transport kinetics of various other d ivalent cations presumably 

entering via th is  system, p articu larly  the most widely studied 

cations: Co '̂*’. Zn^*. Ca^* and N1^^ (Table 7.7 .1 .). In the majority 

of cases where the I s  greater than around 10 |jH, the system 

exhibits comparatively l i t t l e  sp e c ific ity  for the cation studied.
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The biphesic Lineweaver-Burk plot obtained at Hn concentrations up 

to 1 rM and g iv ing an a f f in it y  constant of 2.23 nM has been observed 

in several previous studies o f 5.cerev/s/ie. A f f in ity  constants for 

Hg^*, Mn^*. Co**, Zn** and Cd** of ♦ , 1, 100, 1.15 and 1 mM 

respectively have been reported (Table 7.1 .1 .) and Borst-Pauwels 

(1981) has emphasised the presence of low and high a f f in it y  s it e s  In 

yeast ce lls .  Norris and K e lly  (1977), examining Co '̂*’ uptake In 

5.cerev/s/ae, detected a sharp reduction In a f f in it y  and an Increase 

In the rate of Co '̂*' uptake at concentrations above 5 mH Co '̂*’ w h ilst

Uakatsuki et al (1979) observed a sim ila r effect fo r Cu '̂*' uptake In 

2+
Debaryoiaycas hansanii at Cu concentrations In the range 0.1 to 

5.0 mH although no data was given as to the v ia b il it y  o f D.hansanil 

at these high Cu^* concentrations. These re su lts apparently show 

that cations bind to the defined s ite s having high a f f in it y  at low 

concentrations, and at high concentrations, metal Ions bind to not 

only the high a ffin ity  s ite s  but also to various low a f f in it y  s ite s .

2+

It  1$ not possib le from th is  data to determine whether the d ifferent 

a f f in it ie s  for divalent cation uptake reflect a change In  the 

translocation process of a sin g le  uptake system or the presence of 

two d ifferent transporters. Borst-Pauwels (1981) has suggested 

several a lternative p o ss ib llt le s .  A two-site translocation process 

may be Involved sim ila r to the monovalent cation uptake system 

consisting of a transport s it e  and a modifier s ite .  Complex 

formation with buffer anions may lead to an Increase In the apparent 

d issoc iation  constant as may adsorption of the cation to the ce ll 

wall or membrane. This la t te r  suggestion seems more lik e ly  In  the 

ligh t  o f a report that the greater of two a f f in it y  constants fo r  Ca‘ 

uptake in 5ch/izosaccharoiayces pombe pertained to glucose-independent 

Ca^* accumulatlçn (Boutry et al, 1977). At high solute 
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concentrations, I t  I s  expected that the leenbrane would be depolarised 

due to high In tra ce llu la r accumulation of cations (Borst-Pauwels, 

1981). Thus, deviations from H1chae11s-Menten kinetics, manifested 

by an Increase 1n the apparent cation-transport s ite  d issoc iation  

constant and experienced under conditions o f high cation 

concentrations may be due to the reduced negative membrane potential.

One further explanation fo r transport kinetic  deviations may be the 

involvement of a changing surface potential with increasing solute 

concentration. As previously explained, a decrease in surface 

potential concomitant with an increase In the bulk monovalent cation 

concentration g ives r ise  to an Increase in  the value as the 

apparent a f f in it y  of the divalent cation fo r the transport s ite  

decreases. However the converse I s  a lso  true, as the d iva lent cation 

concentration i s  raised, the divalent cations w ill d isplace 

monovalent sa lt s  from the d iffu se  double layer, thus increasing the 

effective concentration o f d ivalent cations at the membrane surface 

and Increasing the translocation rate. Hence a decrease in  the 

re su lts (Theuvenet & Borst-Pauwels, 1977). Whilst I t  i s  as yet 

d if f ic u lt  to estimate the re lative  Importance of the e ffects of the 

surface potentia l as the dependence of surface potential on divalent 

cation concentration i s  not accurately known, I t  I s  c lear that the 

above explanation is  incompatible with the observed re su lts.  The 

apparent transport constant actua lly Increased from 65.3 |jH to over 

2 mM and so I t  can be concluded that the contribution o f the surface 

potential to the kinetic deviations observed i s  probably o f minor 

sign ificance  In  the present experimental system.

It  was noted e a rlie r  in th is  d iscussion  that uptake from Mn 

concentrations around 10 was re la t ive ly  non-specific and was 
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probably via the Mg^* transport sy ste i. Uptake fro« nanomolar Hn^* 

concentrations proved to be h igh ly  specific  and yielded a transport

Hn̂ *̂  concentrations. It  Is  believed that uptake from these trace 

2+
concentrations i s  by way of a Mn -spec ific  micronutrient transport 

system. As fa r as the author i s  aware, the k inetic  data available  In 

the lite ra tu re  fo r Hn̂ *̂  uptake In  yeasts pertains to uptake via the 

Hg^^ transporter and, as would be expected for such a system, g ives 

a ffin ity  constants several orders of magnitudes greater than the 

value of 16.4 nM Hn^* observed In  th is  study. The k inetic  data from 

th is  system Ind icate  that Hn^'^-speciflc uptake would become saturated 

and thus undetected at higher Mn '̂*’ concentrations. The only 

comparable a f f in it y  constants calculated fo r micronutrient transport 

systems in  yeasts are 0.36 fjH Zn '̂^ (Lawford at i l ,  1960) and 1.3 )iM 

Zn^* (F a ll ía  at a1, 1976) for Zn^*-spec1f1c uptake In C .uW is.  In 

the la t te r  study, deviations from simple Michael1s-Menten kinetics 

came to the fore  and several technical and methodological

2+
explanations were given. I t  I s  possib le that, at the higher Zn

2+
concentrations studied (around 10 /iH), some uptake of Zn via the 

Hg^* transport system may have occurred once the Zn^^-speclflc 

transporter became saturated. However, In bacteria, values for 

Mn '̂’’-specif1c transport ranging from 0.05 to Z pH Mn^* have been 

reported (S ilv e r  & Kralovic, 1969, S ilve r, 1978, Archibald & Duong, 

1984). The maximal Hn̂ *̂  uptake rate In th is  stra in  o f C.utllls 

[1.01 nmol (g dry w t)'^ mln*^] I s  somewhat lower than In previously 

described systems (S ilver, 1978), and th is  may reflect a difference 

In Mn^* requirements between various ce ll types or variations in cell 

pretreatments.
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competitively inh ib ited  uptake; howver the inh ib ito ry

2+
constant, K^, was some SOO times greater than the fo r Nn 

Indicating a s im ila r level of sp e c if ic ity  as Hn^*-specific transport 

In bacteria (Table 7 .7 .1 .). I t  i s  probable that the other cations 

might also exert some reduced competitive effect as i t  i s  unlikely 

that the sp e c if ic ity  w ill be complete In a mechanism o f th is  type. 

Cd^^ has been shown to in h ib it  competitively uptake in Bacillus 

subtiliSt Staphylococcus auraus and Lactobacillus plantaruia (Table 

7.7.1.), having an inh ib ito ry  constant s im ila r to, o r greater than, 

the Hn̂ "̂  transport constant. This may well be a reflection  of the 

fact that t h is  h ighly tox ic  cation Is  not generally present, except

as a pollutant, in the normal physiological environment and by virtue

2+
of I t s  sim ila r  physico-chemical characte ristics to Hn may

2+
fo rtu itously  enter the ce ll through the specific  Hn uptake system. 

For reasons outlined in  the preceding chapter, Cd̂ '*̂  was not included 

in th is  study.

In a trea tise  on the k ine tic  considerations of membrane transport, 

Christensen (1975) has stated that investigations o f solute uptake 

are often interrupted at unecessarily low or high concentrations and 

that once one mediated system has been observed, any other system 

with a lower or higher i s  often overlooked. With the exception of 

Zn '̂*‘ uptake In  C.utilis, th is  appears to have been the case for 

divalent cation translocation In yeasts. Microorganisms often have 

heterogeneous transporter types for a given solute and, unless the ir 

Michael I s  constants d if fe r  by an order of magnitude or so, these

systems can be d if f ic u lt  to d istin gu ish  k in e t ic a lly  (Button, 1963).

2+
Fortunately in  the present study, the constants fo r Mn transport 

via the Mg^^ uptake system and the Mn^^-speclflc c a rr ie r  d iffered by 

over 3 orders of magnitude. However, one problem of evaluating 
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k in ttic  data froa such a Multicomponent process I s  that the sum  

effect of both transport systems m111 be measured at Intenaediate 

concentrations between the solute concentration ranges fo r  each 

system. Hence I f  two systems with sim ila r a f f in it ie s  are analysed, 

th is  overlap effect w ill give a net measurement of the two systems, 

Introducing considerable error into  the kinetic constants 

(Christensen, 1975). The error I s  l ik e ly  to be minimal In  the 

current study due to the great d is s im ila r ity  of the transport 

constants for the two Hn^* uptake systems. At transport s ite  

saturation for Mn^'^-spedflc uptake, transport v ii  th is  system would 

account fo r only 0.37 % o f the total Hn '̂  ̂ uptake rate at the maximal 

capacity o f the Hg^* transport system. At 10 X o f the of Mn '̂*' 

uptake via the Hg^* c a rr ie r  (which corresponds to the lower lim it  of 

the concentration range studied: 10 pM), Hn^*-spec1f1c uptake only 

accounts fo r 4 X of the observed uptake rate, which I s  w ithin  the 

standard e rro r of estimate of the rate constant obtained.

The transport constant fo r Cu^^-speclflc uptake of 3.1 pM I s  sim ilar 

to a o f 1.3 pH fo r Zn^*-speclf1c transport In  the same species 

(Fa llía  at a1, 1976). Whilst the i s  twice as great as the 

capacities of both the Zn^* transporter and the Hg^^ system fo r Hn^^ 

observed in  th is  study. I t  was generally noted that the In i t ia l  Cu^^ 

uptake rate In C.utllls  was markedly greater than those fo r other 

divalent cations. I t  I s  Inte resting  to note that one previous study 

of Cu^* uptake In C .u W ls  (Khovrychev, 1973)reported an absorption 

constant of 1.2 mH and maximum absorption rate around 0.8 to 1.0 pmol 

g '^  m ln '^  However the Cu^* concentration range studied was from 0.5 

to 2.7 mM Cu^* and no mention was made of Cu^'*' to x ic ity . The resu lts 

from Chapter 4 denwnstrate that Cu^* tox ic ity  I s  considerable In 

C.utills at concentrations as low as 20 pH, suggesting that the 
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previous author iay have been observing adsorption to c e l l surfaces 

and penetration Into the In te r io r  of dead c e l ls  as opposed to 

energy>dependent transport. In addition, no energy source appears to 

have been added to the uptake medium and Cû *  ̂ uptake was measured, 

not by ce llu la r  accumulation, but by disappearance of Cu from the 

buffer solution thus preventing d iffe ren tiation  of the Intrace lluar 

Cû *̂  component from the non-specifica11y surface-bound component.

The only other kinetic constants for Cu^*  ̂ uptake in yeasts and fungi 

are reported In  D.hinsenH, Aurtobisidium pullultns and PenicW iu»  

ochro-chloron (Table 7 .7 .1 .). A.pulluUns and P.ochro-chloron are

both Cu '̂*’ tolerant fungi and, as such, may be expected to  possess a 

?+
nnjch lower a ffin ity  fo r Cu transport. The results o f the study of 

Uakatsuki et aJ (1979) on Cu '̂*' absorption In  D.hansenli a lso  have

very lim ited comparative value; as no energy source was present in

2+
the Incubation medium and m illlm olar concentrations o f Cu were 

employed, the study appears to be la rge ly  one of energy-independent 

Cû *̂  binding. Furthermore, In an e a r lie r  report by Imahara et aJ 

(1976), th is  same stra in  of D.hansenii was selected fo r  study due to 

I t s  se n s it iv ity  to Cu^*.

A summary o f the k inetic  constants obtained for C .utilis  In  this

2+
study i s  given in Table 7.7.2. The a f f in it y  constant fo r  Mn 

binding to the very low a f f in it y  s ite  (2.23 mH) has been excluded 

from th is  table as the s ite  has not been fu lly  characterised. Its  

presence was only detected In gratu itous Hn^^ concentrations far In 

excess of those normally experienced under normal physiolog ical 

conditions and i t  1$ probably o f minor importance to the ce ll.  As 

mentioned earlie r, the kinetic  parameters of various cation  transport 

systems are often related to the c e l lu la r  requirement fo r  each cation 
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Tabit 7.7.2. Suna ry  of transport klnotlc  data obtalnod In  C.utilis

Neta1 1 transport 

sy stw  studied

Uptake cone, 

range

* « x

(I« ) ( i« io 1 s ''i1 n '

Coipetltlve 

’^) Inh ib itors. 

Ki (M")

(V i. Mg^* sy stw )

10 - 100 mM 65.3 0.27 Mg^*, 64 

Co**, 100 

Zn**, 184

2.5 - 50 nM

(via Hn^**specif1c sysle«)

0.0164 0.001 Zr**, 8.0

Cu** 0.5 - 10 (iM 

(via Cu^*-spec1fic systen)

3.1 0.50
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(Jasper & S ilve r, 1977). I t  can be seen from Table 7.7.2. that the 

transport systen for Mg^^, an abundant cation for which the ce ll has

a high requirement, has a low a f f in it y  and re la t ive ly  high 

2+
whereas the Hn -spec ific  system I s  a mlcronutrlent transport system

Hn '̂*' I s  present In the external m ilieu at such trace concentrations, 

the purpose of th is  transport system would be to scavenge t h is  metal

for which the cell has an essential requirement. This can a lso  be

2+
seen, a lbe it le ss dramatically, fo r the Cu transport system which

2+
In terms of I t s  K^, bears a strong resemblance to Zn transport also

reported In C.uW is. Thus a transport system o f very high a f f in it y  

may be required for Hn^* uptake. Indeed, microorganisms which 

possess a low for solute transport are thought to have a special 

advantage In low-substrate environments (Button, 198S).

W hilst the kinetic data In  th is  study has fa c ilita te d  

characterisation of each transport system examined here, the 

Interpretation of kinetic constants I s  not always clear. Rates of 

solute transport by microorganisms are d if f ic u lt  to determine. 

Systematic problems Including organism growth, damage or 

de-energisation of transport systems during ce ll collection, 

transport Induction and binding, partit ion ing  or depletion o f  the 

substrate can a ll affect transport constants and the ir effect should 

be recognised (Button, 1983). Changes o f the growth-phase sta tu s of 

c e l ls  and the medium pH have been shown to d ire c t ly  affect the 

of transport systems as has whether the c e l ls  are energy-rich or 

energy-deficient (Nelson & Kennedy, 1971, S ilv e r,  1978, Gadd & White, 

1985). Hence It  I s  emphasised that the kinetic  constants obtained 

are apparent kinetics based on enq)1r1ca1 observations under the 

conditions Imposed and should not be taken as absolute values.
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Because o f these l l i lt a t lo n s ,  any meaningful comparisons of transport 

parameters should be confined to studies of (Lemer & Lirlmore, 

1986). I f  uptake conditions are not Identica l, any subsequent 

conclusions that the systems are separate should only be drawn I f  the 

values d if fe r  by at least an order of magnitude.

The introductory section of th is  chapter emphasised the need for a 

comparative examination of the various e x isting  transport systems 

under standard conditions. I t  has been shown In  C.utllls  that at

least four d is t in c t  uptake mechanisms ex ist to provide the ce ll with

2+
essential d iva lent metals; the low sp e c ific ity  Hg transporter

(which I s  a lso  capable of transporting other divalent cations), the 

?+  2+
specific  uptake systems for Hn and Cu described here and 

Zn^*-spec1f1c system reported by Fa llía  et »1 (1976). Their kinetic 

values have now been defined and can be compared d ire ctly , as can the 

Inh ib itory  e ffect of other metals on these systems. The 

physiolog ical Importance of these processes has been stressed In 

Chapter 6. Now that these systems have been outlined, the remaining 

experimental chapters are aimed at further characterising the 

ce11*metal interactions involved with each of these systems and 

examining the ce llu la r  regulation of such systems.
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6. DIVALENT CATION EXIT-EXCHANGE REACTIONS 

8.1. Introduction

In any study of uptake of solute Into a ce11. I t  I s  important to be 

aware o f subsequent e fflux  of the particu lar solute from the ce ll 

back Into the external milieu. I f  th is  e fflux I s  large and 1$ 

concomitant with In flu x , the apparent uptake kinetics would c learly  

d if fe r  from the actual kinetic data. In addition, the movement of a 

cation Into a ce ll w ill lead to the movement of an equivalent number 

of cations In  the opposite direction In order to maintain the ionic 

balance (Jennings, 1963). In th is  chapter, these two facets of Ion 

transport w ill be examined In re lation  to bivalent cation uptake In 

C.utilis.

As well as possessing systems for the uptake of metals, many 

microorganisms have transport systems to excrete certain cations from 

the ce ll.  This appears to be an important way In  which c e l ls  may 

regulate the In t ra ce llu la r  concentrations of metals. In addition to 

the multitude of cations which must be concentrated within the c e lls  

for growth, there are also unessential yet abundant cations whose 

In t ra ce llu la r  concentrations must be kept low In  comparison to the 

concentrations in  common growth media (S ilve r, 1978). Examples of 

these cations are Ca^^ and Na*̂  and, for th is  purpose, microbial c e lls

have evolved sp e c ific , energy-dependent egress systems which have

2+
properties In many respects s im ila r to metal uptake systems. Ca 

egress systems have been observed In Eseherichii coli, B iclllus 

megiUriuM, RhodopseudOMoms a p su U t i  and Strtptococcus fitcalis  

(S ilve r, 1978) and In  BacWus subW is,  energy-dependent uptake of 

Ca '̂*' was observed 1n inside-out membrane vesicles whilst Ca^* efflux 
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was seen In  r1ght-$1de*out orientated ve sic les (de VrIJ  <t i1, 1985). 

A antiport systen was thought to responsible In  the U t t e r

species. Indeed, there I s  now su fficien t evidence to suggest that a 

Câ *̂  extrusion system I s  a general characteristic  feature of a11

bacterial c e lls .  There I s  much le ss data available  fo r yeasts.

2+
Boutry et aJ (1977) described Ca efflux In Schizosaccharoayces

2+
poabe which was linea r with respect to time, unaffected by Ca In

the external medium and dependent on the g ly c o ly s is  of endogenous 

2+
substrate for I t s  operation. Ca efflux a lso  occurred 1n 

Siccharomyces caravisiae where I t  appeared to be t igh t ly  coupled to 

K'*’ Influx, however e fflu x  could also be Induced by other mono- or 

divalent cations (Ellam, 1982).

Outwardly orientated transport systems have also evolved to prevent

2+
ce llu la r build-up of Inh ib ito ry  levels o f tox ic  Ions. Cu e fflu x  

from Cu^'^-loaded c e l ls  of the d inoflagellate, Gonyaulax taaiarensis,

2+
occurred over a long time period to achieve a constant c e llu la r  Cu

quota (Schenk & Hull, 1985). The authors suggested that th is

2+
observation was compatible with the Induction of a Cu e fflux  pump 

although th is  p o s s ib il it y  was not tested. The role of a h igh ly 

e ffic ien t chemlosmotic e fflu x  system spec ific  for Cd^* has been 

Implicated In Cd̂ "̂  resistance  In Staphylococcus auraus (Trevors at 

al, 1985). Resistant c e l ls  preloaded with Cd^* completely effluxed 

Cd^* when transferred to Cd^*-free buffer.

Efflux of essential accumulated metal cations has also been observed 

widely In bacteria and to a much lesser extent In yeasts. E fflu x  of 

Hg^* from c e lls  of E.coll In  the presence o f external Mg^* was 

temperature and energy-dependent and was Ind icative of a 

carrier-mediated process ( S ilv e r  & Clark, 1971). The rates o f uptake 
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and lo s s  of varied with the external concentration such 

that the ce ll Hg^* content remained re la t ive ly  constant. The 

cations, Co^*, and Ni^'*' and non-radioactive Ng^*, which could be 

transported by the Hg^''' uptake system promoted release o f accumulated 

(Nelson & Kennedy, 1971). which has a very low a ffin ity

for the influx system of E.coli, had no effect on Hg '̂*' e fflux. 

There appeared to be a d irect re lationsh ip  between uptake and e fflux 

in these studies: increasing the Hg uptake rate two-fold increased

Hg^* release also by a factor of two, and the half-saturation 

2+  2+
concentration for added external Hn promoting Hg e fflux was 

sim ila r to the for Mn^* as a competitor of the Mg^'*' uptake system.

Furthermore, Co^* had no effect on Hg^* e fflux in mutant ce lls  which 

2+ 2+
were defective in the Co -Ng transport system.

In a useful review of microbial Hg '̂*’ transport, Jasper and S ilve r  

(1977) have outlined the current p icture of Hg^^ transport and e fflux 

in E.coli and th is  i s  illu stra ted  in  Figure 8.1. The diagram shows 

how, at step 1, Mg^‘*‘ o r other d iva lent cations of a lower a ffin ity  

enter the ce ll via the Mg '̂*' uptake system. Inside the ce ll, i t  is  

estimated that upto 90 % of the total ce ll Ng^^ may be associated 

with ribosomal material. Newly accumulated Hg^*, Mn '̂*' or Co '̂*’ (and 

p ossib ly  Hi^*) d isplaces ce ll Hg '̂*' from it s  ribosomal s ite s (step Z) 

which increases Hg^* e fflux  through the Hg "̂  ̂ transport system (step 

4). In external Hg^^-free conditions, Hg "̂  ̂ released from the cell

into the periplasmic space could be recaptured by the uptake system,

2+ 2+ 2+
however in high external concentrations of Hg , Hn or Co , the 

Hg^* released would be Immediately d iluted by these cations and be 

le ss l ik e ly  to be reinternalised. F in a lly , in trace llu la r Hn^* or 

Co^* may displace Hg^^ involved in  membrane sta b ilisa t io n  (step 3) 

leading to non-specific localised  ce ll leakage.
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Figure 8.1. Model for transport and Inh ib ito ry  effects o f divalent 

cations. Steps: l )  uptake of various cations by the transport
u2+

system; 2) displacement of Mg from in trace llu la r  polyanions, primarily 
2+ 2+

on ribosomes; 3) non-specific membrane leakage induced by Mn or Co 

from wUhin; 4) egress of Mg^* (or Mn^*) by way of tbe Hg^* transport 

carrier with "recapture loop" w ithin the periplasmic space.

(Taken from Jasper & S ilve r, 1977)

146



Likewise, i  s l i l U r  nechanlsa operites for Nn uptake and e fflux 1n 

E.coli where about 80 % o f the accumulated I s  rapidly

exchanged with non-rad1oact1ve Hn upon resuspension In  10 Mn 

( S ilv e r  & Kralovic, 1969, S ilv e r  e i a l, 1970). The Hn^^ i s  e ither 

free inside the c e l ls  or I s  bound to proteins or nucle ic  acids where 

I t  I s  read ily d issociab le  (both and Hn '̂*‘ can competitively bind 

to ribosomes). E fflu x  from ^*Mn-preloaded c e l ls  has a lso  been 

reported In the bacteria, B.subtills (Elsenstadt et i l ,  1973) and 

Lictobiclllus pUntiruM (Archibald & Duong, 1984). In a report on 

B.subtilis, Fisher et i l  (1973) showed that a 25 -fo ld  variation In 

the c e llu la r  Mn̂ '*̂  content was due to a d ifference In  the Mn^* Influx 

rate as the e fflux  rate remained constant throughout. The usefulness 

of such a system can be seen In c e lls  which have an a r t i f ic ia l l y  high 

Nn̂ *̂  content. In such ce lls ,  protein and ribonucle ic  acid synthesis 

I s  prevented, however the Hn '̂*’ e fflux system subsequently releases 

upto 90 X of the total ce ll Hn *̂̂  to relieve the In h ib it io n  and e l ic i t  

growth (Fisher et i l ,  1973).

2+
Information on e fflux  of metals other than Ca from yeast and fungal

2+
c e lls  I s  scant. The comparatively greater accumulation of Mn than 

of Sr *̂** In  S.cerevisfie v/a a transport system o f broad sp e c ific ity

(Nieuwenhuls et i l ,  1981, Theuvenet et i l,  1986). Release of Cu^^ In

preloaded c e lls  o f Aureobisldlun pulluUns Involved two phases of

2+
efflux; the f i r s t  being rapid accounting fo r 36 X  o f  ce ll Cu , and 

the second being much slower with a h a lf - l ife  o f 484 min and 

accounting for 64 X of the ce ll Cu^* (Gadd & Howll, 1985). This 

e fflux  was not dependent on the presence of e ithe r glucose or 

extrace llu lar metal Ions, unlike the other reports. Finally, 

energy-dependent Cd̂ *̂  e fflux  has been described In  Cd^'^-loaded c e lls  
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,2+

of A.pulluUns (Howll & Gadd, 1964). I t  was not c lear in  these 

studies whether the metal under Investigation  was a low a f f in it y  

substrate of the Ca^^ e fflux  system or whether some other egress 

system operated. However, In view of the s im ila r it ie s  between Cd' 

and Ca '̂*' Ions In  terms of the ir physico-chemical cha racte ristics, It

seems quite l ik e ly  that the la tte r study observed Cd^* release vi»

2+
the putative Ca e fflux  mechanism.

To maintain e lectroneutralIty during cation uptake, a ce ll must 

concomitantly take up an anion or release a second cation. Exchanges 

of th is  type have been documented for metal uptake In  a number of 

yeast and fungal species. Eddy and Hopkins (198$) have stated that 

1n yeasts the uptake of posit ive  charge can be neutralised In several 

ways: a spontaneous e fflux  may occur or protons may be ejected 

through the plasma-membrane ATPase.

Several reports have detailed K'*' release In divalent cation uptake. 

Unfortunately, one consequence of metal tox ic ity  I s  the dramatic loss 

of ce ll K'*’. released in th is  way should be carefu lly  

distinguished from K* e fflux resu lt ing  from metal in flux. For 

example, uptake of Cû "*", Cd^^ and Zn^* from toxic  concentrations of 

these metals In 5.cerev/s/ae led to extensive K'*’ lo s s,  presumably due 

to Increased membrane permeability (N orris 4 Ke lly, 1977, Mowll & 

Gadd, 1983, Gadd et a l, 1984a, 1984b). In contrast to uncontrolled 

K*̂  lo s s o f th is  nature, stoichiometric exchanges In  the ratio , 2 

ions released fo r each divalent cation taken in, have been observed 

in yeasts. The maximal rate of K* e fflu x  was exactly twice that of 

Cu^* In flu x  (Gadd > Howll, 1985) or Cd^* Influx (Mowll (  Gadd, 1984) 

in A.puHultns. This e fflux  was not symptomatic of membrane 

d isruption and indicated a 2K* : Cu '̂*‘ or Cd^* stoichiometry. The 
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former report showed that Influx-e fflux  was t ig h t ly  coupled as the

lonophore n igericin, In inducing Increased K'*’ release, a lso  Increased

2+ 2+
Cu uptake. Lichko et i1 (1980) observed Hn uptake accompanied by

lo s s  in a 1 : 2 ratio  In Sacchuroayces carlsbergensis w h ilst other

authors have reported the stoichiometric release o f K'*' In exchange

for the metals, Hn^*, Ca^* and Co^* In S.ceravislae (Fuhrmann &

Rothstein, 1968, Norris & Kelly, 1977, Okorokov et al, 1979, Ellam et

ah  1985b).

K'*' 1$ not the only cation capable of compensating divalent cation 

uptake by It s  release. Na^-loaded c e l ls  prepared by growth in

Na‘‘‘-r1ch and K*-def1c1ent conditions, released 2 Na"̂  Ions for each 

2+
Co cation taken up (Fuhrmann & Rothstein, 1968). According to the 

chemlosmotic theory, microorganisms can accumulate solutes in 

response to proton extrusion and th is appears to have been the case

In the following examples. Roomans et al (1979) could detect no K'*’

2+ 2+
e fflu x  on addition of S r or Ca to a suspension of metabolising 

S.cerevisiae ce lls, but Instead observed that, as In monovalent 

cation uptake, d ivalent cation uptake was coupled to H'*' efflux.

Ng /H exchange has been observed In S.cerevisiae and In spinach 

chlorop lasts (Conway & Beary, 1958, Jasper & S ilve r, 1977), and In  

plasma-membrane vesic les of S.cerevis/ae, Mn uptake was also 

balanced by an equivalent lo ss (Lichko et al, 1980). Furthermore,
9m  X

Ca /H antiport systems have been described In Heurospora crassa

(Stroobant & Scarborough, 1979) and In  the vacuolar membrane of

2+
S.cerevisiae (Ellam et al, 1985a) w hilst Ca uptake In S.pombe was 

driven by electrogenic proton extrusion (Boutry et al, 1977).

Hence the purpose of the experiments described In th is  chapter I s  

two-fold; to Investigate metal efflux and to examine any cation 

149



exchanges to naintaln e lectroneutrality during divalent cation uptake 

vii the transport systeMS outlined in the preceding chapters.

8.2. Materia ls and eethods 

8.2.1. Divilent ation  tfflux

Cells were collected and prepared as described in Chapter 3 p rio r to 

experimentation. To preload c e l ls  with a divalent cation, c e l ls  were 

incubated in a buffer solution containing 50 inM MES and 50 inM glucose 

in the presence o f ®*Mn, non-radioactive and Cu^* at

concentrations o f 10 nH, 100 pH and 2.5 pM respectively. C e lls  

54 2*
suspended in  Hn and non-radioactive Mn were incubated fo r  30 min 

whilst the c e l ls  in 2.5 pM Cu '̂*' were Incubated for 15 min. Ce lls 

were then rap id ly  separated by membrane f ilt ra t io n ,  washed once with 

2 mK CaCl2 then three times with d is t i l le d  water, and resuspended in 

MES buffer in the presence or absence of glucose as stated. The 

addition of metal sa lts was made at 22 min.

8.2.2. Monovalent cation • divalent cation exchange 

Divalent cation uptake experiments were carried out in the manner 

previously described in Chapter 3. determinations of both cell 

samples and f ilte re d  buffer samples were made using atomic absorption 

spectroscopy. To analyse release, c e l ls  were resuspended into 

unbuffered 50 mM glucose so lution  and the pH maintained constantly at 

5.50 + 0.02 u sing  a pH-stat (Pye-Unicam) by the addition o f  10 aiM 

NaOH as a t it ra n t .  Cell samples, placed in a 600 m1 g la ss vessel, 

were maintained at 30 °C by a heated water-jacket, agitation  being 

provided by a magnetically-coupled s t ir re r  bar. The rate of 

release was determined from the equivalent amount of NaOH required to 
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maintain the pH at 5.5. The H"*" release rates were determined from 

the lin ea r release over a period of 5 - 10 min.

8.3. Results

8.3.J. D IviUnt cition  e fflux

Figure 8.3.1. describes the effects of glucose and HgCl2 on the 

c e l lu la r  Mn "̂^. As the In i t ia l  ce ll Hn '̂*’ concentration varied 

considerably between each batch of Hn^'^-preloaded ce lls ,  presumably 

due to experimental differences during uptake and ce ll washing 

procedures, the standard e rrors are of l i t t l e  use and have not been 

Included on th is  figure . However, the re su lts shown are the mean of 

three sets of data and the graph I s  typical for a ll batches of c e lls  

examined. Thus presenting the mean data In th is  way provides a c lear 

re flec tion  of the pattern of re su lts obtained. In the absence of 

glucose the ce llu la r  Hn *̂̂  level remained constant with no observed 

leakage of Hn̂ *̂  back Into  the buffer. A s im ila r resu lt was obtained

when glucose had been added to the medium. However, when 5 mM HgCl2

2+
was added after ZZ min, a f a ir ly  linea r release of Hn was observed 

at a rate o f 20 nmol {g dry w t)'^ m1n‘ ^

The effect of the Inh ib ito r  CCCP, and external HnCl2 on much lower 

2+
c e llu la r  concentrations of Mn than used In  the previous experiment 

I s  shown In  Figure 8.3.2. Ce lls preloaded with and resuspended 

into Mn^^'free buffer containing glucose maintained a constant cell 

^^Mn concentration. Likewise, the addition of CCCP had no effect on 

c e llu la r  When 1 mM HnCl2 was added at 22 min, 25 % of the

ce llu la r  ^^Hn was released Into the medium during the next 13 min 

followed by a somewhat slower release over the next 80 min. The ^^Mn 
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Fldure 8 .3 .1 . Cellu lar Hn^* content of high-Mn^^-loaded ce lls  1n the 

presence o f glucose ( • ) ;  In  the absence of glucose ( a ) :  In  the presence (□ )  

of glucose with 5 niM HgCl^ added a t 22 min. Values represent the mean data 

of 3 separate determinations.
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Figure 8.3.2. C e llu la r content of low-^^Mn-loaded c e l ls  in  the absence 

( □ , 0 )  and presence ( # . a ) o f 100 uM CCCP, with the addition of 1 mM MnCl2 

at 22 min { a ,0 ) .  Values shown are the mean t SE of 3 experiments.
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Figure 8.3.3. Ce llu la r Cu^* content o f Cu^*-loade<l c e l ls  in  the presence 

of glucose ( • ) ;  in  the absence of glucose ( O ) ;  In  the presence of glucose 

with 5 bM HgCl, added at 22 min ( a ).  Values represent the mean ± SE of

3 determinations.



egress rate was too slow to be accurately detenained, however a total 

lo s s  o f 0.4 nmol {g dry wt)’  ̂ was recorded over 90 min. This 

release of ^^Hn was prevented by the addition o f CCCP.

2+
When c e l ls  preloaded with Cu were resuspended in  buffer e ither in

2+
the absence or presence of glucose, no Cu e fflu x  was observed. 

S im ilarly, on addition of 5 mM HgCl^ at 22 min, there was no lo s s  of 

ce ll Cu <Flg. 8.3.3.).

8.3.2. Monovalent cation - divalent cation exchange 

As C.utilis  c e l ls  grown in normal media contain high in trace llu la r 

ce ll d ige sts had to be d iluted by a factor of 100 • 500 to obtain 

concentrations measureable by atomic absorption spectroscopy. As 

a consequence of th is ,  measurement of small c e l lu la r  fluxes proved 

to be d if f ic u lt .  Thus, an experimental system was devised using a 

high ce ll density, a large metal addition and a K'*'-free buffer 

(e ither SO mH MES pH-adJusted with the addition of 10 niM NaOH, or 

50 mM Tris/succinate buffer) whereby monitoring the sample f i lt ra te  

any metal • K'*' exchange should be theore tically  detectable at high 

ce ll metal loadings.

Using th is  system, several observations were made. On addition of 

washed c e lls  to the K'*’-free buffer, a small release of cell K‘‘‘ 

occurred and th is  i s  in accordance with the find ings of Pena (1978). 

Th is may have been due to 'carry-over* of growth medium, however due 

to the effectiveness of the ce ll washing procedure th is seems 

unlikely. For example, i f  the number of washes was increased to 6 

with no detected in these washes, the same release s t i l l  occurred 

suggesting that a small amount of K'*' le ft  the c e l ls  when placed in 

K'^-free medium. In addition, i t  was seen that th is  released (or
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Tabic  8 .3 .1 .  exchange

H*" release 

pawl (g dry wt)"^

Metabolising c e l ls 1.42 1  0.11

Metabolising c e l ls 1.99 + 0 .1 4
+  zoo  |IM

Difference 0 .5 7  + 0 .12

Mn^* uptilc. ra t . 0 .2 3  + 0 .1 9
(lao l 9 " ' . I n - ')

Mn2*1n / H+out 1 1 2 .5

Values given are the mean t  S.E. o f 4 separate determinations
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In fact any K'*' added during the Incubation) was limedlately and 

rapidly re interna llsed  Ind icating that the K'*' In flu x  system I s  st111 

operational under such conditions.

On the basis of these re su lts and a lso  due to the lack of any 

detectable release during incubation of c e l ls  with 200 pH or 

5 pM in e ither of the K'*'-free buffers, I t  was decided to examine 

for release during metal uptake. Owing to the toxic  nature of 

Cu^*, I t  proved Impossible to obtain su ff ic ie n t ly  high Cu '̂*’ loadings 

In c e lls  In  order to detect concomitant monovalent cation release. 

However, using a Hn '̂*’ addition of 200 pH, a proton efflux was

observed (Table 8.3 .1 .). Hetabollsing c e l ls  released Ions at a

2+
considerable rate In  the presence o f glucose, yet when 200 pH Hn 

was also present, an additional proton release was readily 

detectable. This additional lo s s occurred at a rate 2.5 times 

greater than the Hn '̂*' In flux  rate. Hence a ra t io  of Hn^‘‘‘ : K'*'

of 1 : 2.5 was obtained.

8.4. D iscussion

Hn^* e fflux  appeared to be an energy-dependent process. Th is 

observation was borne out In c e l ls  preloaded with e ither high or low 

Hn '̂*' concentrations and i s  In agreement with previous reports in 

which metal e fflux  was a lso  blocked by the absence of glucose or the 

presence of metabolic Inh ib ito rs (S ilv e r  I  Clark, 1971, Boutry et al, 

1977). Passive d iffu sion  of cations from the c e l ls  seems most 

unlikely as a mechanism o f efflux. As no measureable d iffu s ion  of 

metals Into c e l ls  occurred, the d iffu sion  of metals out of c e l ls  

would probably not occur e ither. When c e lls  are suspended In 
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Nn^^'free buffer plus glucose, any released from the c e l ls  Is  

l ik e ly  to be rap idly accumulated by e ither the sp e c ific  uptake 

system or the low sp e c ific ity  transporter. I f  the rate of 

recapture of Mn '̂*’ I s  greater than I t s  rate of release, which seems to 

be the case here, then no overall Hn^^ lo s s would be detected.

Mn̂However, when 5 mM HgCl^ I s  added, as In Figure 6.3 .1 ., any 

released would be diluted by the Hg^*, and the Hn '̂  ̂ recapture rate 

would be greatly reduced as both Mn^^ and Mg^^ would compete for 

transport Wa the Hg^* c a rr ie r  (the Hn^*-spec1f1c uptake system would 

be saturated at these high concentrations o f released Hn ). This

would lead to an overall c e llu la r  lo s s of Mn̂ "*̂ . The effect of

2+ 2+
external d ivalent cations promoting egress o f Hn and Hg has been 

previously reported In bacteria (Jasper & S ilve r,  1977, S i lv e r  & 

Jasper, 1977) and appears to be o f a sim ila r nature to these 

observations.

E fflux of ®^Hn from c e lls  with comparatively low In tra ce llu la r  Hn^* 

concentrations appears to be of the same type as seen in high 

Hn^^-loaded ce lls .  It  I s  obvious from these experiments that the 

e fflux  rate I s  not constant but probably va rie s as a function of the 

ce ll content. Hn^* e fflu x  from high Mn^*-loaded c e l ls  occurred 

at a rate many times greater than that observed In  low Hn^'^-loaded 

ce lls .  I t  seems unlikely that the 5-fold decrease In  the 

concentration of divalent cations used to promote egress would 

account for th is  difference as saturation of even the low a ffin ity  

Hg^* transport system would occur at these m llllm olar concentrations 

and I t  would be operating at maximum capacity. Hn egress In 

B.subtIUs occurs at a constant rate throughout a regulatory cycle of 

In tra ce llu la r Hn^* leve ls during sporulation (S ilve r, 1978), however 

Increasing the external Hn^* concentration has the effect of 

158





could be performed by a transporter constantly shu ttlin g  backwards 

and forwards across the cytoplasmic membrane (Flatman, 1984). Low 

a f f in it y  substrates for the carr ie r  such as Mn '̂*’ or Co^* could 

be s im ila rly  transported in e ither d irection  (S ilv e r ,  1978). In 

addition, the a f f in it ie s  o f the solute for the in flu x  and e fflux 

transport s ite s  may d iffe r. Unfortunately, the available  data from 

th is  and other e fflux  studies does not allow d iffe ren tiation  between 

the two a lternative  systems postulated and there I s  c learly  scope for 

further studies to investigate th is.  It  would be o f interest to use 

inside-out yeast plasma-membrane vesicles to examine divalent cation 

uptake via th is  system.

As in  a study of Hn̂ *̂  e fflux in  L.plantarum (Archibald & Duong,

1984), the total in it ia l uptake ve loc ity  here was not greatly 

?+
affected by the exit o f Hn in  conditions of e ithe r high external

- . 2+ .■ or trace Hn' In high Hn '̂*’-loaded ce lls ,  e fflu x  of Hn '̂*‘

occurred at only 8 % of the of Hn̂ "*" uptake v/a the Mg '̂*‘

2+ 2+ 
transporter w h ilst at low Hn concentrations, the rate of Hn

system. The real effect on the k inetic  data i s  l ik e ly  to be even

2+
le s s  when i t  i s  considered that these values are fo r  Hn e fflux  

9* S4
follow ing incubation in 100 ^H Hn or 10 nH Hn over a period of

2+
30 min after which the c e llu la r  le ve ls (and consequent Hn efflux) 

were greatly elevated. In contrast, the k inetic  determinations were 

made during the in it ia l few minutes of uptake when the total ce ll 

Hn '̂*’ le ve ls were low and lo s s of Hn^'*' by way of the e fflux system was 

l ik e ly  to be minimal.

The lack of detectable Cu^* e fflu x  in  th is  study i s  not an isolated 

observation. 2n^* transport in  a d ifferent stra in  of C .uW ls  was 
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apparently unid irectiona l with no e fflux  occurring from ^^Zn-loaded

2+
c e lls  In the presence of glucose and 200 fjH non-rad1oact1ve Zn 

(F a ll ía  et tU  1976. Lawford et iJ ,  1980). In Cu^'^-loaded c e l ls  of 

the fungus, Dictylium dendroides, Cu *̂  ̂ rap idly bound to cell 

constituents and could not be released from the c e l ls  (Shatznan & 

Kosman, 1978) w h ilst  In the yeast, Ctndidi a iltosi, no radioactive 

Cô *̂  e fflux  occurs when c e lls  are incubated for 15 min In  radioactive 

Co^* then transferred  to medium containing non-radloactive Cô "*̂

(Belov et t1, 1985). The great majority of the In tra ce llu la r  pool of 

Co '̂*‘ was found to be In the cell vacuoles or sequestered to 

Co '̂*’-binding p roteins and thus unavailable for e fflu x. It  was not 

determined whether other divalent cations could d isplace th is  bound

fraction  of Co^‘*‘. No efflux was observed In  S.certvisiie-, on 

2+
addition of non-radloactlve Hn very l i t t l e  back-exchange of 

ce llu la r  ^^Mn occurred Indicating Ir r e v e r s ib i l it y  o f uptake 

(Rothstein, 1958) and In the same species, Fuhrmann & Rothsteln 

(1968) suggested that Zn '̂*', Nl^'*’ and Cô *̂  were a lso  taken Into c e l ls

In  a non-exchangeable form. Furthermore, Macara (1978) stated that 

2+
I t  was unlikely that Cd adaptation In  S.cerevisiae Involved an 

e fflux  mechanism as, after 1 h incubation 1n 5 mM CdCl2 , no release 

Cd-loaded ce lls .

Some metal Ions, once they are covalently sequestered within 

macromolecules In  b io logica l systems, are d if f ic u lt  to replace with 

other competing metals (Wood & Wang, 1983) and I t  I s  not clear 

whether th is  explains the lack of e fflu x  of Cu '̂*‘, as compared to 

In  C.utiU s. The Cu^* Ions may not be free In  the cytoplasm 

but may be sp e c if ic a lly  or non-spec1f1cal1y bound to a 

Cu^*-sequester1ng macromolecule. Cu^'*'-b1nd1ng proteins s im ila r to 

mammalian Cû ' ’̂-th lonelns have been detected In  yeasts (Nalkl &
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YaiMgata, 1976) and i f  the ir a ffin ity  for i s  iwch greater than 

for other d ivalent cations, displacement of by these cations may 

not occur. A lte rnative ly, i f  has no a f f in it y  for the efflux 

system present then no ce llu la r  release of Cu^^ would be expected.

Divalent cation • monovalent cation exchanges in order to maintain 

e lectroneutrality were apparent in th is  study o f C.utilis. An

in out

stoichiometric exchange of 2 H'*' released for each Mn̂ "*" taken up by 

the ce lls .  It  i s  well established that a c id ification  o f the medium 

by metabolising yeast c e l ls  resu lts from proton extrusion and release 

of acid organic products o f metabolism (Theuvenet & Bindels, 1980). 

Hence i t  was necessary to subtract th is  H'*’ release from the total H'*’ 

lo ss observed on addition o f Mn^* in order to calculate the rate of 

H* extrusion d ire c t ly  re su lt in g  from Mn '̂*’ in flux. Metal-proton 

exchanges to maintain ce llu la r  e lectroneutrality have been previously 

reported in  microorganisms (Conway I  Deary, 1958, Lichko et i l,  1980, 

Wood, 1984a) although the majority of studies of metal uptake in 

yeasts have detected a concomitant release (reviewed by 

Borst-Pauwels, 1981).

I t  i s  s ign if ica n t  that in a ll these studies o f K'*' release coupled to 

metal in flux  no account appears to have been taken of subsequent 

re in te rna lisa tion  o f released K* by ce lls. Under the experimental 

conditions imposed during these studies there i s  no reason to suppose 

that the monovalent cation uptake system i s  not operating as normal. 

Certain ly, in t h is  study any K* ions released in  response to Hn '̂*' 

uptake may have been taken back into c e lls  v li  the transport 

system and therefore may have been undetected. uptake in 

Neurospon crtssi and 5.cerevi$fae i s  coupled to H* excretion 
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fa c ilita ted  by a plasna-menbrane ATPase (Goffeau I  Slaynan, 1981, 

Jennings, 1983). It  seems possib le therefore that any K* released In 

exchange fo r Mn^* may be subsequently reaccumulated by th is  

ATPase and exchanged fo r  protons. Thus the overall effect would be a 

stoichiometric transfe r o f  2H* : In  view of the fact that no

release was detected when 10 mH Na'  ̂ was added In an attempt to 

saturate the monovalent cation  transporter and prevent subsequent K* 

Influx, the la tte r explanation does not seem as plausib le. I t  should 

be noted that the a f f in it y  o f Na* for the monovalent cation carr ie r  

I s  some 32 times le ss than (Borst-Pauwels, 1981), however a Na'*' 

concentration of 10 mM should, In theory, e a s ily  su ffice  to block 

uptake of released K'^. Furthermore, the Hn *̂̂  uptake rate was 

su ffic ien tly  high such that any lo s s  should have been observed.

Thus I t  seems lik e ly  tha t In C.utilis a d ire ct exchange of 2 protons 

occurs for each Hn '̂*’ Ion  entering although the p o s s ib il it y  o f an 

Indirect exchange by way o f the kV h"̂  transport system cannot at th is 

stage be precluded. The presence of an anti port system has been 

suggested for Ca^VH* transport, however as a d irect ro le  of the 

plasma-membrane ATPase in  divalent cation transport has been ruled 

out (Nieiwenhuls et a/, 1981) and as H* extrusion In yeasts I s  ula a 

membrane-bound ATPase (Goffeau & Slayman, 1981), I t  seems probable 

that metal Influx and H* release occur at d ifferent s ite s .  Th is view 

I s  supported by a study o f Cd^* transport In  A.puHulans, fo r which 

an antiporter model d id  not apply for concomitant monovalent cation 

release, with Lineweaver-Burk plots of uptake and e fflux  Ind icating 

that they did not occur at the same c e l lu la r  s ite  (Howll & Gadd, 

1984).
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This evidence th it  transport i s  linked with H'*’ extrusion 

provides further evidence that an electrogenic release of protons nay 

serve as the d riv ing force o f d iva lent cation uptake, as suggested In 

Chapter 5. A lternatively, as in  other cell types, i f  K* lo ss i s  

coupled to netal in flux , then accumulation of ce ll nay act as the 

store o f a form of energy that can be used fo r uptake of d ivalent 

cations and other materials as postulated by other authors (Pena,

1978, Lichko et a l, 1980). In  e ither case, the novenent of 

monovalent cations in  yeasts appears to be intim ately linked to the 

translocation of other ions inc lud ing metals.

In conclusion, the work described in th is  chapter has demonstrated 

that a metabolism-dependent e fflu x  of Mn^* occurs in  C.utilis, a lbeit 

to a small extent compared to the uptake of th is  cation, and that 

Mn^* in flux  is  balanced by an overall stoichiom etric lo s s o f protons 

from the cell. In contrast, Cu^'*’ could not be displaced from the 

cell under sim ilar conditions and may be partitioned or tightly-bound 

within the ce ll. The interaction s of these metals with the ce llu la r  

transport systems w ill be fu rther Investigated in  the following 

chapter when the effect of certa in  ions. Inc lud ing monovalent 

cations, i s  examined in  the l ig h t  of the data presented in th is  

section.
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9. EFFECT OF pH, POTASSIUM AND PHOSPHATE IONS ON DIVALENT 

CATION TRANSPORT

9.1. Introduction

In Chapter 6, the close re lationsh ip  between the c e llu la r  noveaent of 

monovalent cations and divalent cation  transport was emphasised.

This chapter examines the effect o f external concentrations o f H* and 

K* cations and phosphate anions on d iva le nt  cation uptake. The 

presence of these ions in  the medlun can have a s ig n if ica n t  effect on 

transport and thus I t  I s  Important to  understand these Interactions 

In order to draw conclusions based on comparative uptake studies.

The nutritional status of the medium I s  markedly affected by pH at a 

number of different levels. The a v a i la b i l i t y  o f Ions to 

microorganisms and hence the ir s u it a b i l it y  for transport I s  

determined by the so lu b ility  of Ion s and the d issoc iation  of 

molecules which varies as a function o f  pH. Hetal Ions are most 

soluble In  acid solutions, and at pH values near neutra lity, 

formation of Insoluble metal-anion complexes can occur. For example, 

Baldry and Dean (1980b) reported that the so lub ility  o f Cu^"  ̂ 1n HES 

buffer was around 1000 mg 1 '*  at a pH o f  5, yet was only 8.2  mg 1 '^ 

at pH 7. This I s  reflected, to a ce rta in  extent, by the resultant 

growth under acid conditions; the growth of PtnicllUu» ochro-chloron 

In high Cu^* concentrations, measured by the Increase In  mycelial dry 

weight, was greatly diminished In  the presence of 0.1 % HCl, H^SO^ or 

HNOj (Basu ei i1, 1955). This e ffe c t  was thought to have been due to 

Cu^* poisoning of the c e lls  owing to  the greater a v a i la b i l it y  of the 

metal In acid solution. Thus the uptake of a metal must vary In 

accordance with I t s  so lu b ility ;  the more metal available in  solution, 
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the greater the transport rate.

The thermodynamics o f trace metal transport depend, amongst other 

factors, on the A  pH (1e. the internal versus the external pH) (Wood, 

1984a). The cytoplasm of microbial c e l ls  i s  very well buffered 

against pH changes and the internal pH varies only s l ig h t ly  as a 

re su lt  of environmental pH changes. However the ce ll pH i s  one of 

the factors regulating ion transport in yeasts and i t  I s  reported 

that the of monovalent cation transport increases as the cell pH 

decreases and that divalent cation transport i s  a lso  enhanced on 

decreasing the ce ll pH (6orst-Pauwe1s, 1981). A recent a rt ic le  by 

S la v ik  and Kotyk (1984) has shown that in weak buffers, the pH 

pattern throughout the yeast cell was not homogenous but decreased 

gradually towards the cell periphery to attain the pH value of the 

bulk medium. Thus, pH measurements between the ce ll as a whole and 

the bulk solution are unreliable and probably give a great 

overestimation of the actual 6  pH across the yeast ce ll membrane. 

Nevertheless, the ^pH  can provide an important d riv ing  force for 

membrane transport o f ions.

In  addition to those mentioned above, other factors such as the 

e ffe ct of increased H*̂  concentrations on the ce ll surface potential, 

and competitive effects for negatively-charged transport site s, a ll 

p lay  a role  in determining the effect of pH on cation transport and 

w ill  be discussed later. There i s  a wealth of lite ra tu re  detailing 

va ria tion s in cation uptake with increasing or decreasing pH as the 

fo llow ing selected examples in yeasts and fungi I llu s t ra te .

pH p ro file s of Ni^'*' uptake in Neurospor» cn ssa  c le a rly  show an 

optimum uptake at pH 4.0 (Hohan et a l, 1984} and in  the same species, 
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Co^ uptake increased lin ea rly  with pH within the pH range 3 to 6 

(Venkateswerlu & Sastry, 1970). Beyond pH 6, p rec ip ita tion  o f Co^* 

as a hydroxide sa lt  occurred. C.utllis  c e l ls  accumulated 100 % of 

added 5 Ag*** in a phosphate buffer at pH 3 to 5, w hilst at pH 6 to

8 only 60 % was accumulated as the remainder e x isted  as an insolub le 

form o f s i lv e r  phosphate (Golubovich et a l, 1976). Uptake of

also in  C.utiliSt increases with increasing s o lu b i l i t y  and effective  

2+
Zn concentration, as the pH decreases from 8 to  5 (Pa illa  et al, 

1976). The effect of pH on monovalent cation transport i s  rather 

more complex, exerting both competitive and non-competitive effects 

depending upon the buffer pH (Armstrong & Rothstein, 1964). Conway 

and Beary (1958) described the effect of ions on uptake via 

the monovalent cation carrie r with uptake reaching a plateau of 

maximum transport at pH 6.5 to 7.0 and v ir tu a l ly  no uptake occurring 

below pH 5.0. The inh ib itory effect on transport o f very low pH 

values i s  h ighlighted in the case of ac idoph ilic  fungi. Generally 

most Cu^* tolerant microbes are acidophiles in which Cu '̂*’ resistance 

may be due to the a b ility  of H"̂  ions to compete w ith  Cu^* ions 

rendering the ce ll impervious to Cu '̂*' (Okamoto et ai, 1977). For 

example, Scytalidium sp. was capable of growth In  1 M CuSO^ at pH 2 

to 3, yet at a pH near neutra lity was sensitive  to  Just 40 )iM Cû **̂  

(Starkey, 1973). Furthermore, Gadd and G r if f it h s  (1980) concluded 

that va ria tion s of uptake with pH was, in part, the basis of Cu^'*'

tolerance in  Aureobasidiua pullulans. At pH 4.5, the Cu '̂*’ tolerant 

2+
stra in  took up le ss Cu than a sensitive  stra in  w h ilst  a lowering of 

2+
pH from t h is  level decreased Cu uptake in both stra in s.

A number o f the effects on metal uptake due to elevated H*̂  

concentrations w ill also occur in the presence o f h igh external K'*'. 

These would include the role  of in a ltering the negative potential 
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at the surface of yeast ce lls  and the Inh ibitory effect at high 

concentrations on cation uptake due to competition fo r the transport 

s ite s .  As amino-acid transport was t igh t ly  coupled to e fflu x  In 

Sacchiroayces carlsbergensis, Increasing the K* concentration 

Inh ibited  the uptake rate of glycine by around 80 %, K'*' behaving as a 

non-competitive Inh ib ito r  of the transport system (Eddy et al,

1970a). Fuhrmann and Rothstein (1968) showed that the uptake of 

2+ 2+ 2+
Zn , N1 and Co In Saccharoaycas cerevisiae was Inh ib ited  In a 

non-competitive manner by an excess of K'*’, whilst N orris and Kelly 

(1977) demonstrated that the addition of K'*' (or In fact Na'*') as a 

sulphate at equimolar concentrations to Co '̂*' or Cd '̂*' caused only a 

small Inh ibition  of the divalent cation uptake rates. A reduction in 

the ce ll transport rates of Cû '*’ and Ca '̂*’ caused by high K"*" 

concentrations has been observed In A.pullulans (Gadd & Mowll, 1985) 

and In  $.cerevisiae (Borbolla & Pena, 1980) repectively, where, In 

the la tte r  study, 50 mH K* reduced Ca^* uptake to ha lf that observed 

In the absence o f K'*‘.

In a review of Inorganic Ion nutrition  In S.cerevisiae, Jones and 

Greenfield (1984), c it in g  the data of several other authors, reported 

a stimulatory effect on Hn^‘*‘ uptake by K'*' concentrations upto 20 mM 

w h ilst  at K'*' leve ls greater than th is  Mn '̂*' uptake was reduced and

that at the optimum K‘‘‘ concentration required for growth, maximal 

2+
Hg uptake occurred. Rothstein et al (1958) also observed th is  

stim ulation of Hn '̂*' uptake at 3 to 8 mM K'*', with 100 mM K"̂  strongly 

in h ib it in g  uptake. They attributed the Inh ibitory effect o f K* to an 

excess of K'*' accumulated within the ce ll,  whereas the stim ulatory

effect was ascribed to being a resu lt of Increased phosphate influx, 

2+
as the uptake of Mn also appeared to be linked to phosphate 

transport. A role  o f K'*' In g lyco lysis activation and in  stimulation 
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of glucose transport In S.arlsbergensls has been noted (Lichko et 

a ^  1980), however no concomitant elevation of Hn^* In flu x  was 

observed. Indeed, in  the same study Hn '̂*’ uptake was impeded to  a 

small extent even by 1 mM In contrast to these reports, a 

transporter which was h igh ly sensitive  to K'*' has been described in 

S.ctnvisiae  (Conway & Beary, 1956). Uptake of Hg^* from 200 mM 

magnesium acetate was inhibited 50 % by Just 0.58 mH ind icating 

that the re lative  a f f in it ie s  o f K'*' and Hĝ ~̂  for the system were 

700 : 1. A sim ila r degree of inh ib ition  was seen using the cations 

Rb* or Cs'*’. I t  appears that Hg^* in flux  in  th is  case was via the 

monovalent cation carr ie r  and not the divalent cation uptake system.

Early work in  Rothstein’s laboratory outined the importance of the

2+ 2+
presence o f phosphate during uptake of Mg or Mn in  yeasts 

(Rothstein et aJ, 1958). I f  phosphate was absent, no c e llu la r  uptake 

of Mn̂ *̂  occurred and only energy-independent surface binding was 

observed. However when phosphate was present with c e l ls  which had 

been pre-exposed to K'*’ and glucose, a remarkable stimulation o f Hn̂ *̂  

uptake was evident. I t  was concluded that the uptake rather than the 

presence o f phosphate was the important factor in  the stim ulation of 

Hn^* in flux . Subsequent work by Jennings e i al (1958) led to the 

postulation o f a model for divalent cation uptake whereby synthesis 

of the d iva lent cation carrie r involved a phosphorylation step which 

was linked to  the transport of phosphate. This model i s  reproduced 

in Figure 9.1. The carrie r X i s  synthesised during g ly c o ly s is  and 

fa c ilita te s  the translocation of phosphate. The phosphorylated form 

of the ca rr ie r  XP i s  in  part converted to YP which can then 

fa c ilita te  transport o f Hn^”̂.





Höre recently, It  was observed In  5.cerev/s/«e that uptake of the 

cations, Mg^*, Co^*, Hn "̂ ,̂ Zn "̂ ,̂ Nl^'*' and Ca^*, was Increased 

S - 20-fo1d when starved c e lls  were pretreated with K'^, glucose and 

phosphate (Fuhrmann, 1974a). However, the pretreatment increased the 

ce ll ATP content 5-fo1d, and the in i t ia l  rate of divalent cation 

uptake was d ire ctly  proportional to the cell ATP concentration.

Also, during uptake, the ATP was p a rt ia lly  used up suggesting that 

ATP was necessary for divalent cation uptake. This point was also 

noted by Okorokov et a l (1979) who showed that the a b i l it y  of 

S.ctnvisiae  to take up Mn^* was related to the ATP content during 

exponential phase and that polyphosphates could probably act as 

endogenous energy reserves for Hn transport with 3 Hn ions 

translocated for each polyphosphate bond broken. However i f  glucose 

was present, th is  did not occur ind icating that polyphosphates only 

provided an energy supply I f  no exogenous source was available.

Other data Include a 3-fold stim ulation of Cd '̂*' uptake in phosphate 

buffer as opposed to a PIPES buffer observed in S.certvislae (Norris 

& K e lly  ,1979). This increase was Independent of the presence of 

glucose and the p o ss ib il ity  of p recip itation  of cadmium phosphate at 

the cell surface or onto f i l t e r s  was not excluded. In general,

phosphate has l i t t le  effect on bacterial cation transport systems,

2+
although the presence of Inorganic phosphate stimulated Ca uptake 

severalfold in vesicles of Bacillus subtiUs (de V r lj  et a l, 1985). 

This has a lso  been seen in mitochondria and in the sarcoplasmic 

reticulum and has been attributed to the formation o f Insoluble 

calcium phosphate complexes inside  the vesicles which would 

e ffective ly  a lte r the Ca^* concentration gradient.
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Hence the importince of K*. H* and phosphate tn the suspending buffer 

during uptake experiments can be seen. Th is section aims to provide 

knowledge o f the effects on transport which nay be caused by these 

important ions and to know whether the uptake systems studied can be 

further characterised on the basis o f th e ir  response to H*, K* or 

phosphate.

9.2. M ateria ls and methods

To investigate the effect of varying pH on metal uptake, a pH-stat 

(Pye-Unicam) was employed to maintain the pH at a preset level. This 

was achieved by the addition of 0.1 H KOH as a t itran t Into a 

buffer-free solution of 50 mH glucose. Uptake experiments were 

carried out at 30 in a 600 ml g lass vessel with temperature 

controlled water-jacket using a total c e ll suspension volume of 

200 ml. Agitation was provided by a magnetically-coupled st ir re r  

bar. Samples were removed follow ing 20 min incubation with the metal 

sa lt  which was added at a fina l concentration of 10 nM ^^Hn, 50 yiH 

non-radioactive Mn^* or 5 pM Cu '̂*'.

A ll other experiments described in th is  chapter were carried out 

using shake-flasks and a buffer containing 50 mM MES and 50 mH 

glucose (pH 5.5) as previously outlined in  Chapter 3. 

concentrations were altered by the add ition of KOH. Phosphate was 

added in  the form of KH2p0^. To measure the effect of K"̂ , KOH was 

added 1 min prior to the addition of a metal whilst the effect of 

phosphate was determined following the addition of metal to a 

suspension of c e lls  to which 2 mM KH2 pO^ had been added 30 min 

previously. Hn '̂^, at 10 pH, or Cû *̂  at 5 pM was added and c e l ls  were 
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Incubated with the metal fo r 15 min p r io r  to sampling.

9.3. Resu lts

9.3 . J. Effect of pH on uptake

To account for the p o s s ib il it y  that addition of low concentrations of 

K^, In  the form of KOH used as the t it ran t ,  affected uptake of the 

metals, para lle l experiments were carried out using Tris/succinate 

buffer at the same pH values as used with the autotitra to r set-up. 

Identical re su lts were seen In  both experimental conditions 

suggesting that the t it ran t  had no effect on subsequent uptake. The 

se lection of KOH as a t it ran t  In  preference to NaOH was unimportant. 

Both monovalent cations are lik e ly  to exert sim ila r  e ffects, I f  any, 

at the low concentrations at which they were added during these 

experiments.

2+
Figure 9.3.1. describes uptake from 50 pH Hn In the pH range 2 to 6. 

Uptake appeared to be strongly dependent upon pH with a plateau of 

maximum uptake occurring at pH 5.5 to 6.0. At pH values 7.0 and 8.0,

appeared to be associated with the c e lls .  This was presumably due to 

prec ip itation  of Hn '̂  ̂ onto the ce ll surfaces at these high pH values. 

Indeed, v is ib le  precip itation  of Hn '̂*' occurs when HnCl^ I s  added to 

th is  buffer system and the pH raised to around neutra lity.

Figure 9.3.2. shows the effect of pH on uptake from 10 nH via 

the Mn^‘*'-spec1f1c transport system. Uptake was h igh ly  dependent upon 

the pH o f the suspending medium. As the external concentration 

was Increased, ^^Hn uptake decreased sharply with on ly  5.1 % of the 
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uptake seen at pH 5.5 occurring at pH 3.0. No plateau of naxinuM 

uptake was observed although at pH 7.0 and above a large Increase to 

over 15 nmol ®*Mn (g dry wt)'^ c e lls  was recorded. It  i s  probable 

that, In th is  case also, Insoluble complexes o f manganese hydroxide 

precipitate onto the cell surface at high pH.

A somewhat d iffe ren t  pH p ro file  was seen for Cu^* uptake 

(Fig. 9.3.3.). Optimum uptake occurred at a pH range 5.0 to 5.5. 

Outside th is  range, uptake decreased sharply with around 40 % of the 

maximum uptake occurring at pH values of 3.5 and 7.0.

9.3.2. Effect of potassium on uptake

The effect of increasing K'*' concentrations on the uptake o f Hn '̂*’ from 

10 Mn^* I s  shown In  Figure 9.3.4. At K'*’ concentrations greater 

than 10 pH, the total Mn^* uptake after 20 min was reduced by 45 %. 

Increasing the concentration to 150 mH appeared to have no greater 

Inh ibitory e ffe ct than that observed at 50 mM K‘*‘. A s l ig h t ly  

different effect 1s seen for Cu^* uptake (F ig. 9.3.5.) where Cu^^ 

uptake from 5 pH Cu^* decreased with Increasing leve ls upto 

150 mH.

9.3.3. Effect of phosphate on uptake

The effect that the presence of phosphate has on uptake I s  shown In

Table 9.3.1. Uptake of Mn^* from 10 pH Mn̂ "̂  was markedly stimulated

2+
some 3.5-fold by the presence of 2 mH phosphate whereas Cu uptake 

remained unaffected. To take account of the p o s s ib il it y  of a 

metal-phosphate precipitate being produced, the additions of metal 

Ions and phosphate were made In  the absence of ce lls .  The resulting 

solutions were vacuum filte red  through 0.22 pm membrane f i l t e r s  to 

remove any prec ip itate  formed. Digestion and subsequent ana lysis of 
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Fiqure 9.3.1. E ffect “f  PH 5« c f  follow ing

20 «in exposure to the metal. Values represent the mean t SE of 3 

determinations.

1 7 5



figure  9.3.2. Effect of pH on uptake from 10 nM follow ing 

20 min exposure to the metal. Values represent the mean t SE of 3 

determinations.



pH

figure 9.3.3. E ffect of pH on Cu^* uptake from 5 uH Cu^* follow ing 

20 min exposure to the metal. Values represent the mean i  SE o f 3 

determinations.

1 7 7



Figure 9.3.4. Effect of K* on Hn̂ "̂  uptake from 10 uM Mn^ following

20 min exposure to Values represent the mean ± SE of 3 determinations.

50mM
K*

lOOmM
K ISOmM

Figure 9.3.5. E ffect of K* on Cu '̂  ̂ uptake from 5 uM Cu^* following

20 min exposure to Cu^*. Values represent the mean i  SE of 3 determinations.

1 7 6



Tab1« 9.3.1. Effect of phosphate on and uptake

Hetal Hetal uptake [pn»l(g dry wt)"^]

3.21 i  0.08

Cu '̂*' + phosphate 2.88 i  0.07

Mn2 + 1.74 t  0.11

4  phosphate 5.99 4 0.08

Metals were added to a ce11 suspension to which 2 mM phosphate, in 

the form KH2 PO4 , was added 30 min previously. The fina l Cû "*" and 

concentrations were 5 pH and 10 pH respectively. Uptake was 

measured after 15 min incubation and the values represent the 

mean ± standard e rro r of 3 experiments.
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the f i l t e r s  revealed no metals present, suggesting that Insoluble 

phosphate sa lts  were not formed.

9.3. D iscussion

The transport o f metals by way of each of the uptake systems studied 

here I s  highly pH dependent. This finding 1s compatible with the 

observations of other authors. Hn '̂*’ uptake In 5.cerevTs/ae was 

maximal at pH 5 (Okorokov et al, 1979) and optimal uptake of Mn̂ *̂  In 

Lictobicillus plintirua  was observed at pH 5 In a complex 

tryptone-mlneral sa lts  medium (Archibald & Duong, 1984). Sim ilarly,

pH p ro file s fo r Cu '̂*' uptake which correspond c lo se ly  to the findings

2+
of th is  study have been reported In the lite ra tu re . Cu transport 

In the yeast, Debaryoayces hansenii was greatest at pH S.O and 

markedly reduced at pH values greater or le ss than 5.0 (Wakatsukl et 

al, 1979, 1985) w hilst Gadd and Howll (1985) reported maximal Cu '̂  ̂

uptake in A.pullulans at pH 6.5 with only 20 % o f th is  uptake 

occurring at pH 2.5. The likelihood of metal-hydroxide complexes 

forming at high pH values, p recip itating onto ce ll surfaces and thus 

blocking transport of metal into the c e lls  has been emphasised by 

Baldry and Dean (1980b). At the pH at which a ll k inetic  and other 

uptake experiments were carried out In th is  study, namely 5.5, the

uptake of both Hn^* and Cû "*" is  at an optimum. This pH value, which 

i s  a lso  the lower end of the useful buffering range of the HES buffer 

used, was carefu lly preselected in the lig h t  o f s im ila r data reported 

by other authors. Nevertheless, the need to monitor ca re fu lly  the pH 

with respect to metal uptake experiments I s  underlined here.
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The reason fo r the depression of metal uptake at low pH I s  not 

completely c lear. Undoubtedly, effects resu lt ing  from d irect 

competition between protons and metal Ions for the negatively-charged 

transport s ite s  must play an Important role. The effect on the 

surface potential should also be considered. As the ion 

concentration I s  decreased, the surface potential becomes more 

negative and the concentration of d ivalent cations immediately 

adjacent to the ce ll membrane increases, resu lt ing  In  elevated uptake 

(Borst-Pauwels, 1981). Roomans et i l  (1979) have suggested that the 

Inh ib it ion  o f Ca^* and Sr^* uptake at low pH must be a resu lt o f the 

reduction o f the surface potential.

The effect o f medium pH can be further complicated by the fact that 

the ce ll pH may a lso  affect metal transport (Borst-Pauwels, 1981).

As mentioned In  Chapter S, the proton gradient across a ce ll membrane 

can provide an Important d riv ing  force for solute transport. Indeed, 

the previous chapter demonstrated how Hn uptake v ii  the 

non-specific Mg^* transport system was intimately linked with proton 

release. Hence stimulation of transport should occur I f  the external 

H* concentration (and thus the proton gradient) I s  rap idly raised. 

This has been observed for proton-coupled amino acid uptake In 

S.arlsbergensis where the In i t ia l  rate of glycine In flu x  Increased 

5-fold when the pH was lowered from 7 to 4.5 (Eddy et i l ,  1970a). I f  

the medium pH o f a buffered suspension of c e l ls  I s  altered, then the 

cell pH gradually changes to a value nearer to that of the medium, 

with equilibrium  being reached after 15 to 20 min In yeast c e lls  

(S la v ik  & Kotyk, 1984). During the present se rie s o f experiments, 

c e lls  were pre-incubated In the medium at a determined pH for at 

least 30 min p r io r  to metal addition. Thus the membrane proton 

gradient during metal uptake would not d iffe r  greatly with changes In 
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the external pH and any s l ig h t  uptake st inu la tion  due to an increased 

gradient would be masked by the much greater Inh ib itory  effects 

described above. A pH effect was described by Roomans et t1 (1979) 

where, as the ce ll In te r io r  became more acidic, $r uptake In 

5.cerev?s/ae was stimulated due to Increased H'̂ ’-pump activ ity .

However th is  effect was o f minor sign ificance  when compared to the

2+
effect o f a decreased surface potential on S r  Influx.

One further explanation fo r the observed response to pH by cell metal 

transport systems I s  that i t  may be due to an Ind irect effect such as 

modification of ATPase a ct iv ity . I t  I s  Interesting to note that the 

pH optima for plasma membrane ATPase systems c lo se ly  para lle l those 

of metal uptake systems. The pH range at which maximum plasma 

membrane ATPase a c t iv ity  generally occurs In yeasts and fungi has 

been reported to be 5.0 to 7.5 (Goffeau & Slayman, 1961, Jennings, 

1983). I f  metal transport was o b lig a to r ily  coupled to e ither K”*" or 

release and the ATPases Involved in these exchanges were Inh ibited  

by low pH, which seems lik e ly ,  then metal uptake would be s im ila rly  

Inhibited by acid conditions.

The presence of high concentrations of se riou sly  Impeded uptake of 

both Mn^* and Cu '̂*’ In C.utilis. Again, the arguments which were 

applied In  the d iscussion  of the ro le  of H* Ions in ce ll transport 

are va lid . In a ll p robab ility w ill have a very low a f f in it y  fo r 

the divalent cation uptake systems and thus Inh ib it ion  of metal 

uptake would only be observed at high K* concentrations. The 

predicted effect of K* on the surface potential, and hence uptake of 

metals, has already been described In Chapter 7 and cannot be 

precluded. Okorokov et i l  (1979) noted that the a b i l it y  of 

S .a re v ls lt i  to take up Mn^* was partly related to the ce llu la r  K”*" 
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concentration at a11 stages of growth and th is  nay be the case In

C.utilis.

I f  the In flu x  of a divalent cation i s  re lative ly  t ig h t ly  linked with 

e fflu x , inh ib ition  o f the divalent cation uptake systen should be 

expected with Increasing exogenous concentrations (Lichko et i1, 

1980). This has been demonstrated in  A.pullultns where the Internal

and external K* concentrations exerted a strong Influence on Cu '̂*’

2+
uptake and according to these values, the rate of Cu Influx could 

be controlled (Gadd & Mowll, 1985). In the same study, Cû **̂  

transport, which I s  linked with a stoichiometric release of K^, was 

n eg lig ib le  under conditions where the K'*' concentration gradient 

Inh ib ited  K'*' efflux. This was seen when the external K'*' 

concentration was equal to, or greater than, the In tra ce llu la r  K'*' 

concentration. As the extrace llu lar level approaches that of the 

in t ra c e llu la r  K'^, the membrane potential w ill collapse and processes 

dependent upon th is  potential w ill be halted (Harold et i l ,  1974). 

Hence high external K'*‘ w ill lead to greatly Increased ce llu la r  K'*‘ 

uptake, ultimately leading to depolarisation of the ce ll membrane. 

C .u tn is  c e lls  used In  th is  se rie s of experiments and grown In the 

media descibed In Chapter 2, contained Internal concentrations 

measured to be around 150 mH Therefore the suggestion that 

uptake may be linked to the membrane potential may be partly true as, 

In the case for Cu '̂*’, uptake was markedly reduced by 150 nM exogenous 

K*. However, over 50 % of Mn^* uptake s t i l l  occurred under these 

conditions, providing further evidence to that described in Chapter 5 

that energy-coupling to Cu^* and Hn "̂  ̂ transport d if fe rs  somewhat.

As postulated In the previous chapter. I f  Hn^* In flu x  in  C.utilis  Is  

balanced by ATPase proton release, rather than by K* lo s s  followed by 
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K'*’ / H'*' exchange, then the uptake system would be most sensitive  to

external H''’ concentrations as opposed to external K'*'. This appears 

2+ 2+
to be the case fo r Hn uptake via the Mg transport system In 

C.utllis. I t  seems lik e ly  that the Inh ib ito ry  action of high 

exogenous K'*' le ve ls I s  due to combination of e ffects resu lt ing  from 

changes in membrane potential, surface potential and transport site  

competition. I t  I s  not possib le  from th is  study to ascertain the 

exact role  of each of the aforementioned factors.

2+ 2+
The different responses to phosphate seen In Hn** and Cu uptake Is

further proof that transport of these metals I s  catalysed by two 

2+
d is t in c t  systems. No stimulation o f Cu uptake I s  seen In  the 

presence of phosphate although th is  I s  not an Iso lated observation. 

Preincubation o f S.ceravisiae c e lls  with phosphate and K'*' did not

Increase Ca '̂*' uptake (Pena, 1978, Borbolla & Pena, 1960). In 

2+ 2+
C.utllis, neither the pattern of Zn uptake via a Zn -spec ific  

2+
carrie r nor the total Zn accumulated during the growth cycle were 

affected by the presence of 1,0, 10 or 100 nM KH2P0^ (Fa ll ía  & 

Weinberg, 1977). The In tra ce llu la r  ortho- and polyphosphate leve ls 

were unchanged follow ing growth In a ll three concentrations of

phosphate and the authors also noted that In the bacteria, 5errat/a

2+ 2+
aarcescens and Psaudomonas aeruginosa, neither Zn nor Fe uptake 

was affected by phosphate In  the medium. In  addition, Nn^'^-speclflc 

transport In  bacteria has no requirement for phosphate and I s  not 

Influenced by th is  anion (S ilv e r  & Jasper, 1977).

The observed stimulation of Hn^* uptake via the non-specific Mg^*

2+ 2+
carrie r I s  In  accordance with other reports of Mn and Mg uptake 

In 5.cerev/s/ae (Rothsteln et a1, 19S8, Fuhrmann, 1974a). I t  was not 

possib le  In  th is  study to ascertain whether th is  stimulatory effect 
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was due to Increased c e l l ATP content or was related to the formation 

o f a phosphorylated product Involved In  d ivalent cation 

translocation, as described earlie r. However, In contrast to the

find ings o f Rothstein et t1 (1958), I t  was noticed that C.utHis 

2*
c e lls  were capable o f taking up Mn In the absence of phosphate. In 

c e l ls  which had not been pretreated with phoshate and a lso  In starved 

c e l ls  to which glucose had been added.

Stimulation of Sr uptake by phosphate In  S.cerevislae does not 

require the presence o f extrace llu lar phosphate, but occurs follow ing 

phosphate uptake (Roomans et aJ, 1979), thus the p o s s ib il it y  of 

phosphate-dlvalent cation cotransport I s  unlikely. I t  was speculated 

that e ither In tra ce llu la r  phosphate or a phosphorylated compound

combined with the translocation  mechanism to Increase I t s  activ ity .

2+
I t  seems equally un lik e ly  that phosphate stimulation of Hn uptake 

I s  due to an Increase In  the electrochemical potential difference 

across the cell membrane. The membrane potential I s  s im ila r In  both 

phosphate-rich and phosphate-deficient c e l ls  and, w hilst there I s  a 

s l ig h t  Increase In the gradient across the membrane resu lt ing  from 

proton-phosphate symport and consequent Increased H^-pump a c t iv ity  

(Roomans & Borst-Pauwels, 1977), th is  accounts for only a small 

fraction  of the observed stimulation (Roomans et a l, 1979). Thus, 

w h ilst the effect o f phosphate on the non-specific divalent cation 

transporter I s  now well described In yeasts, the Interactions of 

phosphate with th is  system at a molecular level remain unclear.

I t  has been possib le In  th is  chapter to further characterise the 

d ivalent cation transport systems In C.utllls  In terms o f the effects

o f H*, K* and phosphate on them. For example. Cu^^-speclflc uptake

I s  strongly dependent upon both pH and K* Ions yet I s  unaffected by 
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phosphate. This has a lso  allowed, In  conjunction with the data 

presented In Chapter 8, a further Ind ication o f the ways In which 

transport i s  coupled to an energy source and how elecroneutrality of 

the c e l l I s  nalntalned during divalent cation uptake. The strong 

Influence on metal uptake systems of environmental factors such as pH 

and the presence of other ion ic  groups can be appreciated In  the 

l ig h t  o f these re su lts.  Data of th is  nature are useful In that they 

w ill enable subsequent Investigato rs to examine these transport 

systems under optimal operating conditions.
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10. THE REGULATION OF TRANSPORT AND CELLULAR HOMEOSTASIS OF 

DIVALENT CATIONS

10.1. Introduction

An Important feature of ce llu la r metabolism Is  the a b i l ity  to 

maintain homeostasis o f inorganic ion concentrations in the cytosol. 

This i s  necessary under conditions of high external ion le ve ls when 

toxic amounts of metals may be accumulated or during low nutrient 

stre ss when a paucity of essential cations in the environment may 

resu lt in  growth lim itation. In addition, the rates and directions 

of many metabolic processes appear to depend on the concentrations of 

certain inorganic ions and thus control of these ions may well 

provide a means for metabolic regulation (Okorokov et a1, 1980).

There are a number o f strategies by which microorganisms may regulate 

ce llu la r  metal ions and whilst several o f these may have been Invoked 

as mechanisms of resistance in metal-adapted c e lls ,  there i s  evidence 

that most, i f  not a ll ,  c e lls  are capable of regulating the ir 

cytosolic  ion levels.

Compartmentation o f ions In the cell vacuoles has been thought to be 

effected by tonoplast transport systems. Cytochemical ana lysis and 

d iffe ren tia l extraction of Sicchtromyces carlsbergensis c e lls  

revealed predominant accumulation of and Mg^* In vacuoles and the 

occurrence of concentration gradients o f these Ions across the 

tonoplast (Okorokov et a1, 1977, 1980). It  was assumed from th is  

data that the tonoplast had a transport system for d ivalent cations, 

thereby regulating the ir concentration in the cytosol. A sim ilar 

system was observed In intact c e lls  o f Sacchiromyces cerevisiae where 

cytoplasmic Ca^^ homeostasis was maintained by a vacuolar Ca^*
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1967, Light, 1972).

Continuous culture of microorganisms provides an excellent 

experimental system for studying the effects of growth lim itation by 

various essential nutrients. There are several drawbacks to the use 

of batch culture to study metal Ion lim itation. Metals may be 

Inadvertantly added to the medium through cell Inocula or other 

contamination. Cultures may often require many ce ll doublings In 

metal-deficient media prior to the onset of growth lim itation. Batch 

culture I s  considerably In fe r io r  to continuous In providing a 

re liab le  and reproducible supply o f c e lls  (Light & Garland, 1971). 

Indeed, van Uden (1971) has stated that, with C.utilis  In batch 

culture, exponential growth may become unbalanced even In a constant 

environment and the specific  growth rate may vary dependent upon 

unknown factors. However, steady states can be e a s ily  attained In 

continuous culture where accurate and repeatable changes In growth 

conditions leading to a lterations In  cell function can be readily 

monitored.

In addition to Investigating the responses of c e llu la r  transport 

systems to changing external metal concentrations. I t  I s  also of 

Interest to examine the total metal content of c e l ls  growing In batch 

culture. The reasons for th is  are two-fold: to monitor the metal 

transport systems and the ir regulation  as the physiolog ical state of 

the c e lls  a lters during the growth curve, and to examine for 

fluctuations In ce llu la r  metal content throughout the growth curve, 

as detailed In a number of reports which have been summarised below.

2+
The cell Cu content of E.coll In  batch culture Increased rapidly 

towards the end of the exponential growth phase, passed through a 
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sharp naxlmuin In the deceleration phase and decreased In the

2+
stationary phase to a value one-quarter o f the u x ln a l Cu content 

(Baldry & Dean, 1980a). Cd uptake In  a CitrobicUr species 

increased sharply during the mid- exponential phase and declined in 

response to a fa ll in pH (Hacaskle & Dean, 1984). Sim ilar 

observations have been noted in yeasts and fungi. Zn^''' accumulation 

vi» a Zn^*-specif1c c a rr ie r  in C.utilis  in  batch culture was cyclic , 

uptake only occurring during the lag and late-exponential phases 

(Fa illa  & Weinberg, 1977). Thus in t h is  yeast, the Zn '̂*’ content

altered dramatically at d ifferent times in  the growth cycle. The 

2+
Hn content of S.cerevislie was greatest during the exponential 

phase (Okorokov et a l, 1979) whilst Cu^'*' uptake in Geotrichum 

ctndidua occurred during lag and mid- to late-exponential phases with

minimal uptake in between (Quinn et »1, 1981). F inally, the rate of 

2+
Zn uptake in A.parasiticus increased throughout the exponential

phase to reach a maximum at the end o f t h is  phase (F a illa  & Niehaus, 

2+
1986) and in PenicWiUM spinulosuia, Cu accumulation was maximal 

during the lag phase (Townsley & Ross, 1985).

A number of complications can arise  however when studies are made of 

growing ce lls .  Metal transport processes are masked by the growth 

kinetics of the organism as the c e l ls  continuously Increase in 

number, rendering i t  d if f ic u lt  to perform flu x  measurements on 

dynamic systems. Interference and complexation by medium components 

must also be considered and i t  i s  fo r these reasons that a ll previous 

uptake experiments In th is  study used have employed the use of 

washed, buffered suspensions of non-growing organisms to allow 

maximal uptake and allow comparison. Th is point has been emphasised 

by Townsley and Ross (1985) who stated that data obtained fo r resting 

mycelial suspensions to fa c ilita te  k in e t ic  studies does not 
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2+ 2+
To se lec t  a suitable Hg concentration for Hg growth 11mitation 

experiments, a series of batch cultures were grown in  the basic

continuous culture medium containing 50 mH HES buffer and with 

2+
varying Hg concentrations as stated. These cultures were grown in

2+
100 ml medium and harvested following 24 h growth. For 1ow-Hg 

medium, the basic culture medium was used with the omission of 

MgS0^.7H20 and the addition of HgCl2 to a f ina l concentration of 

25 pM.

For experiments measuring Hn̂ *̂  accumulation during batch culture, the 

synthetic  medium of F a l l ía  et al (1976) was used [con sist in g  of (mM); 

glucose, 16.5; NH^Cl, 18.7; K2HP0^, 1.0; sodium c itra te , 5.0; biotin, 

0.004; piperaz1ne-N*N-bis (2*ethane sulphonate) buffer, 5.6] 

supplemented with trace elements as follows (g 1*^): MgS0^.7H20,

0.74; CaCl2.6H20, 0.25; FeS0^.7H2Ü, 0.005; ZnS0^.7H20, 0.00175; 

CuS0^.5H20, 0.0001. The pH was adjusted to 6.0 by the addition of a 

saturated solution of KOH.

10.2.2. Continuous culture

A bench-top CC1500 chemostat (L.H. Engineering, Stoke Poges, (J.K.) 

with a working volume of 1500 ml was used. Temperature was 

maintained at 30 °C. The a ir-flow  rate was 2.5 1 h’ ^. pH was 

autom atically maintained at 5.5 t  0.1 using 2 M KOH as a titran t. 

Medium input was adjusted to give a d ilu tion  rate o f 0.15 h '^.

The g lucose  content of the medium outflow was determined using a 

spectrophotometric technique based on the conversion of glucose to 

glucose -6-P  by ATP in the presence of hexokinase, coupled with the 

subsequent reduction of NADP to NADPH (Sigma reagent k it  No. 15UV). 

As NAOPH absorbs strongly at 340 nm whereas NADP does not, the 
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reaction can be followed by monitoring the change in absorbance at 

340 nn. The NAOPH produced i s  d ire c t ly  proportional to the glucose 

concentration.

At regular in te rv a ls  samples of spent medium were taken, the c e l ls  

removed by f i l t r a t io n  and 0.02 m1 f ilt ra te  added to 3 ml assay 

solution at 25 in  a cuvette. Following thorough mixing and 

incubation fo r 5 min, during which the conversion of NAOP to NAOPH is  

completed, the absorbance at 340 nm was measured. The glucose 

concentration was calculated by subtracting the in it ia l from the 

fina l absorbance reading and m ultiplying by a conversion fa cto r 

(4400).

10.2.3. Bitch culture

For experiments measuring Hn̂ '*̂  accumulation in  batch cu ltu re, medium 

(400 ml) in  a 1 1 shake*f1ask was inoculated with 0.1 ml o f  a 24 h 

starter culture; subsequent growth was at 30 on an o rb ita l shaker 

(200 cycles m in '^ ).  ^^Hn was added at an in i t ia l  concentration of

1 nM and ce ll samples (5 ml) regularly removed throughout the growth

2+
curve fo r a n a ly s is .  In the case of non-radioactive Hn experiments, 

HnCI^ was added a s stated and cultures harvested at mid-exponential 

phase.

10.2.4. Metil ion uptake

Once steady sta te  conditions had been achieved in continuous culture, 

samples of c e l ls  were removed from the chemostat and collected  by 

centrifugation (4000 x g for 5 min). Ce lls were then washed twice 

with d is t i l le d  water and resuspended in 50 mH HES buffer containing 

so nH glucose, pH 5.5 at 30 °C. The ce11 density was adjusted to 

0.15 mg ml** fo r  ^ S n  uptake assays and 0.5 mg m l'* for Cu^* and 
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(100 vH). Values shown are the mean ± SE of 3 experiments.
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C onstU u tIv ity  of the Cu^* tran spo rt system.

i )  Cu^*-liiniting medium; ( • )  basic medium

Figure 10.3.2. 

uptake by c e l ls  grown in (

(0.54 uM); ( A )  high-Cu^* (25 uM). Values shown are the mean t SE of 

3 experiments.
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Fioure 10.3.3. Effect of Hg^* in the growth mediom on ce ll y ield  

follow ing 24 h growth of C.utilie.
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Flaure 10.3.5. Effect of in the growth media on the in t ra c e llu la r  

Hn^* content. Values shown represent the mean t  SE of 

3 experiments.
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Figure 10.3.6. accumulation during growth in  batch culture, with pH

control. ( * ) .  ce ll density of culture; ( ■ ) ,  total ^ Mn accumulated by 

culture; ( • ) .  c e llu la r  content. Values shown are the mean ± SE 

o f 3 experiments.

o f 3 experim ents. 202



changes in  the capacity of th is  transport system.

10.3.2. Bitch culture

Cells were batch grown In  media containing various Hn^^ 

concentrations up to 100 /iH and harvested follow ing 24 h growth. No

effect on ce ll y ie ld  was observed. Figure 10.3.5. describes the 

2+
relationship between external Hn in the growth media and the ce ll 

Nn^* content. On increasing the external Hn '̂*' concentration, the 

cell Hn̂ *̂  a lso  increases until a value of around 1.1 p o l  (g dry wt) 

i s  attained.

^^Hn accumulation during growth in batch culture i s  shown in Figure 

10.3.6. The ce ll ®̂ Mn content remained f a ir ly  constant throughout 

the the growth period, despite the decreasing a v a ila b ility  of ^^Hn in 

the growth media. I t  should be noted that the medium was c lo se ly  

maintained at pH 6.0 during th is  time by the addition of KOH.

Failure to do so resulted in a drop in  pH to 3.8 over 3.5 h during

late-exponential phase coupled with a 50 %  reduction of the ce ll Hn  ̂

(Fig. 10.3.7.). Th is d ilution  effect may well be due to reduced 

uptake under low pH conditions during culture growth, emphasising the 

importance of adequate pH control during batch culture studies.

10.4. D iscussion

There appears to be a considerable difference between the mode of 

regulation of the Mn^‘‘'*sp ec if ic  transporter and the non-specific 

carrier and that o f the Cu^* transport system. Uptake of ^^Hn vie 

the Hn^'^-specific system was repressed in  c e lls  grown in high-Mn^*. 

Uptake from high concentrations of Mn^* by way of the Mĝ ''̂  transport 
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system was also regulated with respect to the concentration of

2+
the growth medium. In the la tte r  case, the use o f Hn i s  as a probe 

for the non-specific Mg^* c a rrie r. The observed reduction in the 

rate of Hn̂ *̂  transport i s  analogous to a 3 to 6-fo1d reduction in  the 

maximal Mn^“̂ uptake rate reported in high-Mn^*-grown Bacillus

subtilfs c e lls  (Eisenstadt et a1, 1973) where i t  i s  suggested th is

2+
effect may be due to fewer or altered Hn transport ca rr ie rs being 

2+
synthesised during growth in  high-Hn .

There are a variety of stra teg ie s by which an organism might increase 

transport of a growth lim itin g  nutrient such that a maximum yie ld  

factor i s  obtained under the preva iling conditions (Harder & 

Dikjhuizen, 1983). The rate of transport could be increased by 

synthesis of more of the e x isting  uptake system which would increase 

the and enable an Increase in transport at low (subsaturating) 

solute concentrations. A lte rnative ly, an organism may possess the 

capacity to synthesise a d iffe rent h igh -a ffin ity  uptake system to 

scavenge the available  nutrient. A further p o s s ib il it y  i s  that a 

change in  the k inetic  properties of the uptake system may occur, 

a ffecting parameters such as the binding a f f in it y  o f the solute for 

the transport site , the stoichiometry of the transport mechanism or 

the c a rr ie r  a c t iv ity  (Harder & Oijkhuizen, 1983).

S i lv e r  and Jasper (1977) proposed a model fo r the regulation of Hn^“̂

transport in bacteria whereby Hn̂ *̂  starvation induces the synthesis 

2+
of additional Mn c a rr ie rs  in  the cell membrane. Th is i s  manifested

in an increase in in the absence of a change in  K*. However, max t

conditions of high exogenous Hn^* would favour the synthesis of an

in tra ce llu la r  protein in h ib ito r  which could then inactivate the Hn' 

transport system. This protein inh ib ito r would be spec ific  for the 
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transporter and might exert I t s  action by e ither binding to part 

of the uptake system, thereby b locking U s  transport function, or i f  

the Inh ib ito r  I s  a specific  protease, by breaking down part o f the 

carrie r protein. In view of the s im ila r it y  with bacteria l Mn^* 

transport, i t  I s  quite possib le  that such a mechanism o f control may 

operate to regulate Hn '̂*’-spec1f1c uptake in C.utills. To the best of 

the author’s knowledge, there I s  no data on yeasts o r fungal ce lls  

currently available  with which to compare the regulation of the 

non-specific Kg '̂*’ transporter in c e l ls  grown In high o r low Hg "̂ .̂ It  

would not be unreasonable to assume that some mechanism, sim ila r to 

that described above, may increase the capacity of c e l ls  to 

accumulate Hg^* under conditions when the a va ila b ility  o f th is

important divalent cation becomes growth-lim iting. Hence, although

2+
the primary aim of th is  response to lim ita tion  Is  to Increase Hg 

uptake, a secondary effect would be 

a lternative substrates, such as Mn^

uptake, a secondary effect would be the increase In  transport of

J*

There are two further possib le  explanations of the apparent Increase 

2+
In transport observed In Hg -lim ited  c e l ls  which, w h ilst  the ir 

like lihood does not seem as great, are also worthy o f consideration. 

Changes In the surface structure of the ce ll may a rise  during

nutrient lim ita tion  which fa c ilita te  an Improvement In  the binding of

2+
the nutrient. This has been observed with Hg -lim ited  cultures of 

B.subtills In  which a lterations In  the ce ll wall te lcho lc  acid 

content and composition led to a su b stan t ia lly  greater capacity of 

the walls to bind Mg '̂*‘ (Tempest & N e ijsse !, 1976). Th is seems 

unlikely In the present study as the uptake p rofile s are not 

Ind icative of Instantaneous surface binding of metal. In addition, 

growth lim itation  by Hg^* (as with K'*’-!Im itation) generally gives 

r ise  to an Increase In the ce llu la r  resp iration  rate (Harder &
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concentrations, subsequent uncontrolled Inte rna lisa tion  o f Cu would 

rap id ly  k i l l  the ce lls.

2+

The U n ited  Increase, p rio r to le ve ll in g -o ff,  of the ce ll Hn 

content during batch growth In widely varying Mn '̂*’ concentrations 

provides an ind ication of the a b i l ity  of C.utllis  to regulate I t s  

in trace llu la r  It  seems quite l ik e ly  that the observed

repression of Mn '̂*‘ transport during growth In hlgh-Hn^* nay play a 

v ita l ro le  In  Hn^* homeostasis In th is  yeast and the Importance of 

such an effect can be seen here. Flatman (1984) suggested the 

existence of powerful Mĝ "̂  regulatory systems in the membrane of 

E.coll, as the ce ll Mg^* content only doubles when the medium Hg^* 

concentration I s  raised several thousand-fold. There I s  l i t t l e  

Information describing the control of cytoso lic  metal le ve ls by 

transport modulation In yeasts or fungi. However, the maintenance of

low In tra ce llu la r  metal concentrations In the presence o f high

2+ 2+
exogenous metal I s  well documented. Cell Cu and Zn In

Pénicillium ochro-chloron remained v ir tu a l ly  constant In  high

2+
external metal concentrations and the In tra ce llu la r  Hg content of 

S.cerevis/ae and Co^* content of Heurospor» crasse both le ve lled -off 

when the external d ivalent cation concentration rose to m llllm olar 

le ve ls (Conway & Beary, 1958, Venkateswerlu & Sastry, 1970).

Fluctuations In ce llu la r  metal le ve ls during batch growth have been 

observed fo r Zn^* In C.utilis  (F a ll ía  & Weinberg, 1977). However, 

Mn̂ "̂  uptake In  the same species In th is  study does not appear to be 

under such regulation during batch culture, the ce ll ^^Mn level 

remaining constant around 0.35 nmol (g dry wt) Attempts to 

culture c e l ls  in the manner described by F a llía  and Weinberg (1977) 

resulted In a pH drop to 3.8 during late-exponential phase of growth 
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necessitating close pH control during th is  period. Under these 

conditions, uptake would be severely l i i i t e d  and fluctuations in 

the cell content, sim ila r  to those described by others, became 

evident. However th is  effect may be considered as being a direct 

resu lt of the decrease in pH and not due to some regulatory mechanism 

within the c e lls .

Cu^* accumulation in /i.n/gerwas rapid in lag phase, w h ilst during

2*
the subsequent linea r growth phase the mycelial Cu content 

dramatically reduced on a per gram dry weight basis (Townsley & Ross, 

1966). Th is fluctuation was not due to the decrease in pH but was 

attributed to Cu^*-complexat1on as a re su lt  of organic acid synthesis 

and secretion by the fungus. However i t  i s  noted that 

energy-dependent transport of metals in th is  fungus could not be 

demonstrated and would, in a ll p robab ility  be masked by the extensive

binding o f metal ions to the fungal ce ll w a lls. Thus, i t  is

2*
d if f ic u lt  to  postulate whether the decrease in mycelial Cu content 

follow ing lag  phase I s  a true reflection  o f the in trace llu la r Cu^* 

content or simply re flec ts the wall-bound Cu^^. Evidence for the 

la tte r i s  provided by Walker (1985) who describes the greatly 

elevated capacity of the cell wall of Schizosaccharomyces pombe to 

bind Ng^* during lag phase.

The study o f  uptake during batch culture c learly  shows the

2+
physio log ical advantage of possessing such a Hn scavenging system 

when considering the remarkable a b i l ity  o f C.utllls to accumulate 

almost 70% of the available  ^^Hn from an in i t ia l  concentration o f InH 

in the presence of 4xl0®-fold Hg^*, l.lx lO ® -fold  Câ "*̂ , 6x l0^-fold  

Zn^* and 400-fold Cu "̂^.





U .  GENERAL DISCUSSION

The purpose o f th is  chapter I s  to draM-together the detailed 

discussions and conclusions contained within the experimental 

sections, and to Identify  future avenues of research which have been 

prompted by th is  study.

The study o f Cu '̂*' and Hn^* tox ic ity  to Candidi u t ilis  was a useful 

and iH^ortant p rerequisite  to transport studies of these metals.

This i s  one aspect which has been la rge ly Ignored In  a number of 

studies o f yeast uptake. (Khovrychev, 1973, Wakatsuki et ai, 

1979). Whereas other authors have simply monitored ce ll v ia b il it y  as 

a measure o f tox ic ity . I t  i s  apparent that sub-lethal concentrations 

of metals may f i r s t l y  inh ib it  resp iratory a c t iv it ie s  and therefore 

most probably, transport processes. Hence th is  preliminary data gave 

some Idea o f acceptable working leve ls o f metals at which to perform 

uptake experiments. Cu '̂*' was considerably more toxic to C.utilis 

than Hn^*, which exhibited l i t t l e  tox ic ity. The exact nature of the 

site s o f action of Cû **̂  poisoning in C.utilis  could not be 

ascertained from th is  study although I t  seems lik e ly  that Cu '̂*' may

f ir s t ly  be transported Inside  the ce ll where i t  then binds to anionic

2+
site s on protein moieties. At higher Cu concentrations, membrane 

permeability was affected as Indicated by lo ss of ce llu la r

Uptake o f Mn^* and Cu '̂*' In  C.utilis, In accordance with a number of 

previous reports (Borst-Pauwels, 1981) was a b iphasic process. The 

In it ia l phase involved a rapid and reversible  binding of metal Ions 

to anionic groups at the surface of the ce ll,  presumably onto the 

cell wall and outer membrane surface. This binding appeared to be 

non-specific and was Independent of the Involvement of metabolism.
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T h is  was followed by a slower and more progressive  uptake of the 

c a t io n s  Into the in te r io r  o f  the ce11. Th is in tra ce llu la r  transport 

was energy-dependent and was specific  In  as much as the transport 

system s present exhibit d iffe ren t  sp e c if ic it ie s  fo r d ifferent 

d iv a le n t  cations.

The ro le  of metal-wall b ind ing was not d e a r  and may have been 

fo rtu ito u s .  It  I s  p ossib le  that I t  may serve to preconcentrate trace 

m eta ls from the environment such that the available metal 

concentration in the v ic in i t y  of the uptake system I s  e ffective ly 

ra ise d ,  allowing for g reate r transport. Using such analytical 

techniques as electron sp in  resonance (ESR) and nuclear magnetic 

resonance, information on metal coordination to sp e c ific  functional 

group s has now been obtained. Whilst there I s  no data to account for 

the  Cu^^-binding observed here, Cu^'^-binding s ite s  on c e lls  of 

Rhizopus irrMzus, Epicoccua sp., PenicW iua  sp. and the alga, 

Chlorella reguUris, have been identified  and amine-nitrogen groups 

Im plicated. These reports are reviewed by Townsley (1965). The 

metal-binding groups o f  the ce ll wall o f  C.utllis  could thus be 

determined by mechanical d isruption  of c e l ls ,  se lective  enrichment 

and extraction of the c e l l wall fraction, followed by addition of 

m eta ls and ESR ana lysis. Work of th is  nature may well explain the 

much greater a ffin ity  o f  Cu^”*̂ for wall s it e s  than Mn^* noted in th is

study. It  is  possib le that additional, d iffe rent binding s ite s  are 

2+
invo lved  in Cu coordination.

The plasma membrane o f C .utilis  appeared v ir tu a l ly  impermeable to 

and Cû "*̂  and no evidence of d iffu sion  was observed e ither from 

the  external medium in to  c e l ls  or from metal-laden c e l ls  back to the 

e x tra ce llu la r  milieu. Th is finding i s  not su rp ris in g  in view of the 
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vast M a jo r ity  of reports o f metal Ion uptake demonstrating energy 

dependence, although severe? authors have Indicated a passive 

transport ro le  In fungi (Broda, 1972, Puckett et a l, 1973, Shatzman & 

Kosman. 1978).

Natural environments w ill very rarely contain those divalent cations 

which are essentia) for growth at a potentia lly  maximum rate (Tempest 

& N e ijsse l,  1978) and thus microbes have evolved the a b i l it y  to 

concentrate these essentia) Ions to 1ntrace))u)ar )eve1s great)y In 

excess o f  those present In  the environment. The concentration ratios 

fo r Mn^^ and Cu^* uptake In  C.utills  (180:1, 1ns1de:outs1de and 90:1, 

1ns1de:outs1de respectively) determined fo r the particu lar uptake 

conditions imposed, c le a rly  demonstrate the usefulness o f such 

metabolism-dependent processes. However, there are several 

considerations to be borne In  mind. The exact nature o f the 

e ffe c tive  concentration gradient across the c e ll membrane I s  not 

clear.

Cytoplasmic sequestration o f the metal would greatly decrease the 

free ly a va ilab le  internal metal concentration. S im ila rly , localised  

concentration of metal at the c e lls  external surfaces would also 

decrease the concentration gradient. One possib le  method to 

circumvent th is  problem would be the use o f  ion-se lective  

m icroelectrodes inserted through the ce ll membrane. The technology 

to undertake work of th is  nature i s  now available  and practical 

d e ta ils  o f  cation-sensitive  microelectrodes are described by Clarkson 

(1974) and Kotyk and Janacek (1975). Successful insertion  of 

m icroelectrodes has been reported In Neurosport c n s s i  (Sanders et 

al, 1983, cited by Eddy & Hopkins, 1985). However, t h is  a b ility  to 

accumulate nutrients against a concentration gradient provides a 
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v ita l demarcation between fac ilita ted  d iffu sion  and active transport. 

Active transport im plie s uptake against a gradient w hilst fa c ilita te d  

d iffu sion  describes carrier-mediated translocation  down a 

concentration g rad ient. It  w ill be noted that avoidance o f the tern 

"active" has been made throughout the text and the d istin ct ion  by 

Scarborough (1985) o f  "transport coupled to electrochemical ion 

gradients or chemical transformations", adopted. Rosen and Kashket 

(1978) have suggested that d ist in ct io n s based on transport up or down 

a concentration grad ient may no longer be necessary and have 

described the case o f  sugar transport in Streptococcus lactls and 

Escherichii co ll. Energy dependent transport o f sugars can occur 

e ither up or down the sugar concentration gradient, depending 

entire ly on the asymmetry imposed by a proton gradient which provides 

the driving force f o r  the sugar/H^ symport. Hovement of sugars down 

the concentration gradient could not occur unless an energy source 

was added which then supplied the proton gradient. However in 

C.utllls, w h ilst  there  remain reservations about the va lid ity  of the 

observed concentration gradients, in  view of the extremely low medium 

metal concentrations from which the ce ll must scavenge i t s  

requirements, and o f  the re lative ly  high basal ce ll content of these

2+ 2+
metals, i t  seems l i k e ly  that energy-dependent uptake of Nn and Cu 

i s  against a concentration gradient.

The inh ib ition  o f  metal uptake in the presence of specific  and 

non-specific in h ib ito r s  of metabolism demonstrated beyond doubt the 

involvement o f energy coupling to metal transport processes. The 

reduced se n s it iv it y  o f Cu^^ uptake to CCCP was o f interest and gave 

the f ir s t  ind ica t ion s that the Cû "̂  uptake mechanism differed from 

that of uptake. This raised the p o s s ib il it y  that e ither the 

energy input to Cu^'*’ transport or the Cu^* transport process i t s e l f  
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was im p lic it ly  d iffe rent. There I s  great scope fo r Inve stigation s of 

th is  type Into the coupling mechanisms lin k in g  the energy source and 

transporter. L it t le  Inform ation I s  presently available  on the 

molecular basis of m icrobial metal Ion uptake systems and th e ir  

d riv ing  forces, unlike other widely Investigated ca rr ie rs, such as 

amino-acid or sugar tran slocato rs. Recently acquired knowledge of 

the energy-requirements o f  metal transport systems, together with our 

c learer understanding o f yeast and bacterial metabolism should now 

fa c ilita te  work of th is  nature.

Prior to th is  study, the p ic tu re  of d ivalent cation uptake In 

C.utilis  was not d e a r.  I t  appeared that, as In  most yeast species 

studied so far, a general, non-specific d ivalent cation transport 

system existed which was capable of translocating most d iva lent 

cations, some with greater a f f in it ie s  for the system than others 

(Fuhrmann & Rothstein, 1968, Borst-Pauwels, 1981). The a f f in it y  for 

Hg^^ was p articu larly  h igh  and these observations are c lo se ly  

paralleled In bacterial stu d ie s (S ilver, 1978). Whilst these studies 

were a ll carried out u sing  h igh (mllllmolar) concentrations of 

d ivalent cations. I t  was genera lly  assumed that In a more 

physiological situa tion, transport of a ll these essential cations 

would be v/a th is  route. What was not c lear was how c e l ls  might 

transport trace cations, such as Zn^* and Cu '̂*’, as lower 

a f f in it y  substrates, when In  the presence o f concentrations of a 

higher a ffin ity  substrate, Mg^*, many thousand-fold greater. This 

situation  would arise  In  most growth media. The presence In  bacteria 

of a se rie s of h igh ly sp e c if ic  metal uptake systems, coupled with the 

data on Zn^*-spec1f1c uptake In  C.utilis ( F a ll ía  e i a l, 1976)

Indicate that spec ific  systems of th is  nature may e x ist  In  yeasts. 

This I s  In accordance w ith S i lv e r ’s proposal (S ilve r ,  1978) that each 
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essential metal w111 have sp e c if ic  system to fa c ilita te  I t s  

transport. As these systems are generally undetected at high metal 

concentrations, I t  I s  proposed that most previous yeast metal uptake 

studies described the Ng^^ uptake system. Thus, I t  was of great 

Interest to observe that Hn^* and Cû "*̂  upake from very low 

concentrations of these metals appeared to be by way of h igh ly 

spec ific  processes. It  I s  postulated that these sp e c ific  systems 

would operate under physio log ical conditions to scavenge the trace 

amounts of Mn^* and Cu^* present In the external m ilieu that the ce ll 

requires. The Zn^* specific  system already observed by F a l l ía  et a? 

(1976) would present a further example of th is  In  C.utiUs.

The find ings of the present study have been combined with the data of 

F a llía  et aJ (1976) to produce a p icture of our present knowledge of 

d ivalent cation transport In  C .utllis.  This I s  shown In  Figure 11.1. 

At trace concentrations, Zn^'*’, Hn^* and Cu^*, enter the ce ll through 

three separate transport processes, specific  to each cation. At 

higher concentrations, when the systems have reached saturation with 

the ir respective solutes, these metals are capable of entering as low 

a f f in it y  substrates of the Mg '̂*’ uptake system. In most environmental 

situa tions th is  would probably not occur. However when c e l ls  are 

exposed to high concentrations o f metal pollutants re su lt in g  from 

anthropogenic a c t iv it ie s ,  the ro le  o f the Hĝ '*̂  uptake system In 

accumulating high ce llu la r  le ve ls  o f divalent cations would probably 

be a profound factor In metal to x ic ity .  The spec ific  metal 

transporters may also have an Important role In the re lationsh ip  

between uptake and tox ic ity . One possib le  explanation fo r the high 

tox ic ity  of low leve ls of Cd^* may be the fortu itous concentration of 

Cd^* within c e l ls  by the Zn^* uptake system, due to the chemical and 

physical s im ila r it ie s  between these two cations (F a ll ía  et a), 1976).

215



Figure 11.1. A current view of the d iva lent cation transport systems 

of C.utilia,
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The high sp e c if ic it ie s  exhibited by such systems may be s ign if ica n t  

in the concentration in microbial c e lls  of from radioactive 

fa llou t. The c lear a b ility  of microbes to se le c t iv e ly  accumulate 

^^Hn would resu lt in the potentia lly harmful Incorporation o f th is  

nuclide within food chains (S ilv e r  & Jasper, 1977).

The presence of parallel systems for metal uptake in bacteria as 

outlined in chapter 6, may be an indication o f  the many fre e - liv in g  

ce ll types which possess specific  transport mechanisms for essentia l 

nutrient cations. Indeed, one might use th is  c r i t e r ia  to ascertain

the e sse n tia lity  of a metal ion. According to  S i lv e r  et »1 (1970),

2+
i t  proved impossible to create conditions such that a Hn 

requirement might be found in E.coll, however the existence o f a 

spec ific  Mn^* transport system was suggestive o f  a v ita l ro le  for

The high degree of sp e c if ic ity  exhibited by the low level Hn^'*’ uptake 

mechanism is  certa in ly suggestive of a complex molecule, quite 

possib ly a protein, being involved in the metal binding s ite  at the 

membrane outer surface. I t  would be an elegant procedure i f  th is  

compound could be isolated in a sim ilar manner to the iso la tio n  and 

identification  of sugar permeases. There may be several f ru it fu l 

lin e s of Investigation. The use of mutants which are defective in  a 

particu lar transport system provides a powerful experimental tool

with which to study uptake. Nelson and Kennedy (1972) and Park et i7

2+
(1976) successfully used transport-mutants to ide nt ify  two Ng 

uptake systems in  f. co7/, one system was rep re ssib le  and h igh ly  

specific  for whilst the second was non -sp ec ific  and

constitutive. I t  may be possib le, by sub -le tha l u.v. irrad ia tion  of

2+
C.utilis, to produce a mutant defective in  the spec ific  Hn 
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transporter. By ge1 electrophoresis o f the atenbrane p rote in s of th is  

stra in , any protein differences to the w11d-type could be detected. 

The presence of a transport protein l ig h t  be shown by overlaying the 

gel-bound proteins with ^^Hn, washing and assaying fra c t io n s  for 

rad ioactiv ity. A lternatively, when studying a rep re ssib le  systei, 

quantitative detemlnatlons of membrane proteins from repressed and 

depressed c e lls  might reveal the presence of a protein Implicated In 

uptake. Whilst these proposals may be confounded by p ractica l 

d if f ic u lt ie s ,  future Investigations of th is  l i t t le - s tu d ie d  area would 

appear to have great potential.

A detailed examination of the k inetic  parameters of the various 

uptake processes, as described 1n Chapter 7 confirmed the presence of 

three d is t in c t  transporters In C.utilis. The non-comparability of 

k ine tic  data from d ifferent laboratories has proved a major obstacle 

In  Identifying  metal transport systems and th is  I s  evident 1n a 

review of kinetic Ion uptake data In yeasts (Borst-Pauwels, 1981). 

Indeed, I t  would appear to be of great value to propose a 

standardised Incubation medium with defined c e llu la r  pretreatment 

conditions for use in metal uptake experiments. However, a ll k inetic 

parameters obtained In  th is  study were d ire ctly  comparable, the 

uptake conditions being Identical. The difference In  transport 

constants of the non-specific d ivalent cation transporte r and the 

Mn^‘*‘-spec1f1c system was many orders of magnitude. S im ila r ly ,  the

a f f in it ie s  o f other d ivalent cations fo r the Mn^'''-spec1f1c carrier

2+
were many times lower than the a ffin ity  for Hn Ions. Thus the vast 

d ifference In Hn^* uptake v/i the two systems I s  evident. The 

k ine tic  data also gave some Indication of the re la t iv e  a f f in it ie s  of 

Mn '̂^, Co^* and Zn^* for the non-specific Mg^* uptake system and these 

values compared favourably with the available lite ra tu re  (S ilver,
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1978, 8orst-Pau«els, 1981).

The sp e c if ic  uptake of Cu^* was of particu lar Interest as, except for 

several reports from Gadd’s laboratory using metal tolerant fungal 

species (Gadd t  G riff ith s, 1980, Gadd et a l, 1984a, Gadd t  White, 

1985, Gadd i  How11, 1985), there I s  l i t t l e  re liab le  data on the 

uptake of non-toxic concentrations of Cû "*̂  In yeasts and fu n g i. It  

i s  even le s s  clear whether Cu^* enters c e l ls  v ia  the non-specific

Hg^* uptake system or by way o f some other system as v ir t u a l ly  no

2+
competition studies have been performed. Thus, as with Hn -sp ec ific  

transport, the specific uptake observed in C.utllls was a

somewhat novel occurrence. In view of the plethora o f reports of

2+
metal uptake in  S.cerev/s/ae v ii  the non-specific Mg transporter,

there i s  now a case for performing low-level metal uptake experiments

2+ 2^
to determine whether or not specific  uptake systems fo r Mn , Cu 

and Zn^^ a lso  exist In th is  yeast species. As S.cerevisiae i s  the 

most w idely studied and well-known of yeasts, th is  information would 

provide a useful contribution to our knowledge of yeast physiology.

The e fflu x  o f metals from c e l ls  Is  s t i l l  not a c learly defined 

phenomenon and it  remains unknown i f  the putative Cu e fflu x  system 

proposed by other authors (S ilve r, 1978, Eilam, 1982) i s  responsible  

fo r Hn^* e fflu x  In S.cerevislae (Theuvenet et a?, 1986). E fflu x  

ana ly sis i s  greatly complicated by the a b i l ity  of microbes to 

reaccumulate metal generally at a faster rate and complex f lu x  

studies would be required to obtain further data. Again, the use of 

transport-impaired mutants might provide one answer to t h is  as might 

the addition of metal chelators to prevent subsequent metal 

reaccumulation. The stoichiometric e fflu x  of protons concomitant 

with uptjke v ii  the Mg^* trinsport syste« was an unusual



observation in  that previous authors have comonly detected a release 

of c e llu la r  K*** In response to divalent cation uptake. However, these 

observations were fo r  5.cerev/s/ae and I t  was not always clear 

whether th is  was due to reduced membrane permeability resu lt ing  from 

metal tox ic ity . Ejection of protons, presumably by way of a plasma 

membrane ATPase system (Soffeau & Slayman, 1981), coupled to metal 

In flu x  may well provide some indication of the Involvement of protons 

In  the d riv ing  force fo r metal uptake. Indeed, there appears to be 

an Intimate re la t ion sh ip  between divalent cation In flux  and movement 

of monovalent cations which I s  worthy of further study.

The effect of factors such as pH, K* and phosphate In the external 

medium a ll served as useful c rite r ia  with which to further 

characterise each system studied. Not su rp ris in g ly , varying the pH 

exerted a s im ila r e ffect on a ll three uptake systems examined and 

th is  response I s  well'documented In  yeasts (Borst-Pauwels, 1981). 

Phosphate was shown to dramatically stimulate Mn̂ "*" uptake via the 

Mg^* uptake system and th is  I s  In  agreement with the find ings of 

Rothstein et al (1958). The lack of sim ila r stimulation of Cu 

uptake by phosphate provides further evidence of the m u lt ip lic ity  o f 

transport systems. Whilst resu lts o f th is  type do not. In 

themselves, constitu te  conclusive evidence that separate systems do 

ex ist, they do provide useful supplementary Information to 

competition studies. On the basis o f the collated data as a whole, 

the evidence to support the postulation that essential metal In flu x  

In  C.utilis  I s  by way of specific  uptake systems remains convincing.

S ilv e r  (1978) has pointed out the growth advantages that substrate 

spec ific  transport systems provide under these conditions where the 

a v a i la b i l i t y ,of essentia l micro-nutrients lim it growth. Such systems 

220



generally have very low values and very high sp e c ific ity  to

2+
exclude related macro-nutrients, such as Hg . I t  I s  further stated 

that these mlcronutrlent uptake systems are generally subject to 

repression and Induction o r  a feedback Inh ib it ion  - type regulatory 

control. Th is modulation serves to protect c e l ls  from accumulation 

o f high tox ic  leve ls o f metal during rare conditions when the ir 

abundance I s  high.

Nn^'^-speclflc uptake In C .utllls  Is  strongly Inhibited following 

2+
growth In  high Hn cond itions representing repression of normal 

trace scavenging transport systems. The anomalous con st itu tiv lty  of 

the Cu^*-spec1f1c transporter I s  hard to explain and merits further 

attention, however l i t t l e  Information I s  currently available 

regarding regulation of metal transport systems. Transport of 

divalent cations In growing ce lls ,  as opposed to non-growing, 

metabolising suspension o f c e lls ,  Is  a further area where few 

physio log ical studies have been undertaken. The data for 

Hn^*-spec1f1c uptake In C .utllls  Is  suggestive of a constant level of 

uptake throughout the growth curve, although Townsley & Ross (1985) 

have cautioned the assumption that uptake In  both types of c e lls  Is  

Id e n t ic a l.

In the Introduction the b as ic  premise was put forward, as 

hypothesised for bacterial transport (S ilve r  & Jasper 1977) that a 

se rie s o f high a ffin ity ,  h igh ly  specific  metal cation uptake systems 

w ill e x is t  fo r the purpose o f translocating essential 

m icro-nutrients. I t  appears, on the basis of th is  study, that the 

postulate holds true for Hn^*  ̂ and Cu^^ uptake In C.utllls. In 

addition, as shown In other yeast species, a general, non-specific 

Hg^^ uptake system I s  present which Is  a lso  capable of translocating 
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other d1v«1ent cetlons. A1thou9h ve ry considerable d ifferences in 

ce11 biology and physiology ex ist between prokaryotic and eukaryotic 

ce lls ,  nevertheless, the study serves to demonstrate that lessons can 

be learned from extrapolating data from prokaryotic systems to 

eukaryotic systems.

2+
To the author’s knowledge, th is i s  the f ir s t  report of specific  Hn 

and Cu '̂*' uptake systems and the ir regulation in  a yeast species and 

th is  data together with the find ings o f Fa illa  et i1 (1976) on 

Zn^**spec1f1c transport in C.utlllSt provide an important addition to 

our knowledge of the accumulation o f  essential trace metals. To 

conclude, i t  seems lik e ly  that systems of th is  nature may be found in 

most microorganisms and hence there i s  great scope for studies of 

th is  kind in other yeast species and fungi. Furthermore, by 

extending our knowledge of macro- and micro-nutrient transport 

systems we w ill obtain an insight in to  the ways in  which yeasts 

acquire both essential and non-essential, toxic elements under 

natural physiological conditions.
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AN ESTIMATION OF THE SURFACE POTENTIAL OF C.UTILIS CELLS 

USING 9-AMINOACRIDINE AS A PROBE

A .l.  Introduction

A phenomenon of negatively charged b io lo g ica l membranes I s  the 

presence of a double layer of Ion ic  charges associated with them 

(McLaughlin et i l,  1971). This re su lt s  from the e lectrostatic  

attraction of cations to negative charges on the membrane (thus 

Increasing the ir effective  concentration at the membrane) and also 

from the thermodynamic tendency of these cations to d iffu se  away from 

the surface. Hence at equilibrium, a stab le  diffuse double layer 

e x ists.  The d iffe ren tia l effects of monovalent and divalent cations 

In th is  double layer on the surface potentia l of the membrane has 

been quantitatively described (Barber et i l ,  1977) and the derived 

equation can be used to determine the relationsh ip  between sa lt 

concentration and the magnitude o f the surface potential.

There have been several methods used to  estimate the negative 

potential at the surface of yeast c e l ls .  One report used the 

zeta-potentlal of c e l ls  as a measure o f  the surface potential, as 

determined by partic le  e lectrophoresis (Borst-Pauwels & Theuvenet, 

1984). However, the zeta potential i s  the potential difference at 

the surface of shear re lative  to the bu lk  medium and assumes that the 

plane of shear I s  at the membrane surface. With the r ig id  ce ll wall 

structure present at the yeast ce ll surface, th is  method w ill give an 

inaccurate picture of the potential at the membrane surface. Chow 

and Barber (1980) showed that a negatively-charged membrane surface 
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could quench fluorescence o f 9-M lnoacr1d ine. This quenching effect 

was due to the e lectrostatic  attraction o f t h i s  monovalent cationic 

dye Into  the diffuse  double layer adjacent to  the negatively-charged 

surface. Addition of other cations could be used to relieve the 

quenching by decreasing the surface potentia l and d isplac ing the dye 

from the d iffu se  layer. The fluorescence quenching could be used to 

quantify the surface charge density (and hence the surface potential) 

o f the membrane by Invoking the equation re la t in g  to the 

aforementioned d iffe rentia l effect of mono- and divalent cations on 

surface potential.

This la tte r  method has been applied to several studies of 

5.cerev/s/ae (Theuvenet & Borst-Pauwels, 1980, Theuvenet et al,

1984). I t  was shown that the e le ctro sta t ic  potentia ls probed by the 

dye were d ire c t ly  related to the zeta p otentia ls, yet were much 

higher and were of the same order o f magnitude as the theoretically 

calculated discrete charge potentia ls experienced by cation 

transporters In the membrane. Thus i t  was concluded that 

9-am1noacr1d1ne could be used in whole c e l ls  as a convenient probe of 

the surface potential that affects Ion transport kinetics. The 

a b i l it y  o f 9-aminoacr1d1ne to q uan tita tive ly  determine the yeast 

surface potential could not be f u l ly  shown, as in addition to the 

simple e lectrostatic  attraction between the dye and the membrane 

surface, other interactions were involved as was some dye binding to 

negative charges in the yeast ce ll w a lls.

Th is study was undertaken In order to estimate the magnitude of the 

surface potential of c e l ls  of C.utills  u sing  9-aminoacr1d1ne. This 

would then enable a c loser appraisal o f the possib le  effect that the 

surface potential may have on transport k in e t ic s  given the monovalent 
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and divalent cation concentrations used In Chapter 7.

A.2. Materials and Mthods

Fluorescence assays were carried out In a buffer contain ing 1 a#l 

HEPES at a pH of 7.S In  a 2 i1 assay volume. The c e l l s  used had been 

previously starved for approximately 24 h to minimise metabolic 

a ct iv ity  and were used at a final ce ll density of 2 mg dry wt m l '^  

9-am1noacr1d1ne was added at a fina l concentration o f  25 pH. 

Fluorescence of 9'am1noacr1d1ne was excited at < 390 nm using a 

Corning 7>39 f i l t e r  and was measured perpendicular to  the excitation 

beam at 450 ■ 500 nm with Uratten 45 and Coming 4-96 f ilte rs .  The 

signal was amplified using a photomultiplier with Brandenburg power 

unit and recorded on a chart recorder. Addition o f  sa lt s  was made 

with microsyringes. The fluorescence emitted at each sa lt  addition 

was expressed as a function of the maximal fluorescence achieved on 

adding 20 wH HgCI^.

A.3. Results

As shown In  Figure A.3.1, the progressive addition o f  the sa lts. 

NgCl^ and KCl brings about an Increase In  9-am1noacr1d1ne 

fluorescence. The efficacy of th is  quenching re lea se  I s  related to 

the valency o f the cation, the divalent cation being more effective 

than the monovalent cation.

Chow and Barber (1980) have shown that from a derivation  of the 

Gouy-Chipman theory re lating surface charge d en sity  (g) to the 

225



surface potential { 'f ) ,  an expression could be used to determine q 

d irectly  f r o i  the bulk concentrations of added cations:

q -  - [2RTf^(, - 4C *C^) /

where R, the gas constant, ■  8.314, T ■  290 ®K, -  78.5 ' (where

I s  the perm ittiv ity  of a vacuum) and C* and C'*^ are the bulk 

concentrations of monovalent and divalent sa lt s  respectively.

Using th is  equation, which assumes that the surface charge den sity  Is  

the same when g ives an equal release of quenching of 

9-am1noacr1d1ne as the equivalent the data in Figure A .3.1. can 

be substituted to calculate q fo r different le ve ls o f fluorescence 

quenching and the re su lts o f a typical experiment are shown In  Table 

A.3.1. I t  can be seen that the charge densitie s obtained are around 

- 11 to • 15 >iC cm*^, however above a certain Ion ic  threshold the 

value r is e s  with the cation concentration.

Having obtained a value for the surface charge density, an estimation 

of the surface potential o f the ce ll can be made using the expression 

described by Barber et al (1977) relating the two values at 25

q • 11.74 (C , ) '/ *  slnh (Z t /  51.7)

where ■  concentration In  the bulk solution and Z ■  the charge on 

the cation. There are several assumptions made when using t h is  

expression which have been described In the above paper and are not 

dealt with here as, for practica l purposes. I t  can be assumed that 

th is  I s  the best eas lly -ava llab le  model to describe the above 

relationsh ip. For example, assuming a charge density of - 12 fiC 
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Figure  A.3.1. Depandanc« of 9-ui1noacr1d1na fluorascanca on tha 

prasanca of nono* and d ivalant cations In  C.utllls c a lls .  The 

concentrations refe r to the noninal concentrations of sa lts  added.

Table A.3.1. Estinatad charge den sit ie s for C.utllls c a lls

f / f « x HgCl2

m
KC1

m
((JC/C*^)

0.72 0.03 12 •12.8

0.74 o.os 17 -14.0

0.82 0.10 19 -11.0

0.84 0.14 32 -15.7

0.86 0.20 55 -22.7

0.88 0.29 84 -28.7
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cm'^, at a nwnovalent cation concentration of 10 mM or a divalent 

cation concentration of 23.7 îM, the surface potential of the cell 

would be - 156 mV.

A.4. D iscussion

The screening curves obtained for MgCl^ and KCl bear out the 

observations of Chow and Barber (1980) and Theuvenet et t1 (1984) on 

the d iffe re n tia l effects of nono- and divalent cation sa lts  on

2+
9-am1noacr1d1ne release from the surface negative charges. Mg was 

c le a rly  the more e ffic ien t cation at displacing the dye.

Comparison o f the surface charge density obtained In  th is  study with 

the data o f Theuvenet et (1984) for S.cerevisiae I s  not easy as 

th is  la t te r  report was prim arily aimed at Investigating the linear 

re lation sh ip  between the surface potential and the zeta potential and 

no c lear values for q were given. The outer membrane surface of a 

chlorop last thylakold bears an excess fixed negative charge density 

of about 2.5 )iC cm'^ or approximately one negative charge per 

0.064 (in^ (H i ll s  t  Barber, 1978). The value o f around - 12 fC 

obtained fo r C.utills c e l ls  seems rather high when compared to th is  

other membrane system and I s  not easy to explain. Interpretation of 

th is  value should be lim ited as, although I t  was the resu lt of 

several determinations and w hilst the data may represent a reasonably 

accurate view of the overall negative charge, 1t I s  noted that the 

observed screening curves (Fig. A.3.1.) bear l i t t l e  resemblence to 

the pos it ion  and shape of the theoretical p ro f ile s  which fitted  the 

observed data for chloroplast suspensions (Chow & Barber, 1980).

Thus I t  I s  the case that whole yeast c e lls  do not easily  f i t  the 
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theoretical model. Indeed, the closest approximation to the 

hypothetical screening curves I s  made when a very high surface charge 

density I s  assumed and even so the f i t  remains unsatisfactory.

One possib le  explanation fo r th is  deviation from the theoretical 

model may be the presence of negative groups in the yeast ce ll wall. 

The model assumes a fixed  negative charge uniform over the membrane 

surface (Barber et »1, 1977) and i f  th is  i s  complicated by a 

three-dimensional la t t ic e  containing further negative charges at 

varying distances from the membrane i t  i s  c lear that the e lectrical 

d iffuse  double layer w ill be affected. Theuvenet et al (1984), using 

isolated ce ll walls and protoplasts of 5.cerev/s/ae, demonstrated 

that only 6 % of 9-am1noacridine binding in  whole c e lls  could be 

accounted fo r  by dye binding to whole c e l ls  and concluded that the 

negative charges of the ce ll wall are probably of minor importance. 

Furthermore, they suggest that any Interactions may be complicated by 

the negative Donnan potential of the ce ll wall. The re lative  

importance o f the ce ll wall in C.utills  i s  not known.

One further possib le  source of error i s  d iffu sion  of the dye through 

the plasma membrane or transport via the thiamin carr ie r  into the 

cell (Theuvenet et a l, 1984). This la tte r  p o s s ib il it y  seems unlikely 

in  the present study as c e l ls  were extensively starved p r io r  to 

experimentation.

I t  seems therefore that 9-aminoacridine i s  a convenient and simple 

dye to probe the surface potential of c e lls .  The data shows that in 

C.utnis  there e x is ts  a detectable negative surface potential which 

is  not o f d is s im ila r  magnitude as other membrane systems and i t  seems 

like ly , on th is  basis, that transport k ine tic s in C.utills  should not 
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