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ABSTRACT

Heavy metd contamingtion from mining and other indudria operaions is becoming
an increasing problem with regards to the depleting water resources in South Africa
This sudy involved the investigation of the use of an dgd biomass as a posshle
dternative to the traditiona chemica means of removing these metas.

When the toxic effects of metds were investigated, Spirulina was found to have a
threshold level of about 30 UM for copper, zinc and leed. Copper and zinc appeared to
have a drect effect on the photosynthetic pathway, thereby causng a rgpid decline in
cdl growth. Lead on the other hand seemed to affect surface properties and hence
took longer to cause deterioration in growth.

Although rdaively low concentrations of metd may have a toxic effect on the
cyanobecterium, Spirulina may have potentid as a precipitaion agent. The role of
Soirulina in the precipitation of heavy metds gopears to be through its ability to
maintain a high pH in the surrounding medium, possibly through the enzyme carbonic
anhydrase. Subsequent dtudies therefore focused on the assay and isolaion of this
enzyme

Two different radiotracer assays, in which carbonic anhydrase converts radiolabelled
bicabonate to carbon dioxide, were invedigated, but were found to have severd
problems. Results were insengtive and could not be reproduced. The standard Wilbur-
Anderson method subsegquently invedigated aso proved to be insengtive with a
tremendous degree of variability. Although not quantitative, SDS-PAGE proved to be
the most rdisble method of detection, and was therefore used in subsequent
procedures.

Chlamydomonas reinhardtii was the subject of initid enzyme isolaion dudies as
these procedures are wdl documented. Although the published protocds proved
unsuccessful,  dfinity chromaography of a membrane dock  solution  from
Chlamydomonas reinhardtii yidded two rdatively pure proten bands These bands
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were presumed to represent two subunits of carbonic anhydrase, dthough Western
blot andyss would be required to confirm their identity. Purification of carbonic
anhydrase from Spirulina, however, proved unsuccessful and results obtaned were

very inconcusve. Hence, further anadlysis of Spirulina is reguired.

The possbility of doning CA fran a genomic librasy was dso congdered, but
suitable primers could not be designed from the digned sequences.
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CHAPTER ONE

L ITERATURE REVIEW

1.1 INTRODUCTION

South Africa is a country rich in naturd resources, with the criticd exception of fresh
water. This fresh water is essatid to life, socid development and economic progress.
The country’s average annud rainfdl of 497 mm is wel bdow the world average of
860 mm. Only a comparaivdy narow region dong the eastern and southern
coadlines experience rainy conditions, while 65 % of the country receives less than
500 mm of ran annudly. This is usudly regarded as the minimum for successful dry-
land faming. Twenty-one percent recaves less than 200 mm. In addition, high
evapordion rates result in the runoff-to-rainfdl ratio being amongst the lowest for any
populated region on earth (Department of Water Affairs, 1986; Kidd, 1997).

Coupled to the naturd scarcity of water, is a Smultaneous increase in human demand
for water resources. This has arisen from the growth of the populaion and economy,
& wdl as rigng dandards of living. In addition, the scarce, unutilised supplies are
geogrgphicdly mismached in rdaion to demand. Wae qudity is dso regoidy
Oeteriorating due to increesng devdopment. It has been etimaed, from present
growth rates of population and indudry, that by the year 2020 the demand for potable
water in South Africa will exceed supply. (Depatment of Water Affars, 1986; Kidd,

1997).

Heavy metd ions are a mgor source of water contamination, and increesing levels are
being reessed into locd water supplies via effluents from indudrid, militay and
mining Stes Medlic species rdessed into the environment tend to pesd
indefinitdly, eventudly accumulating throughout the food chain, thus posng a serious
threet to the enwironment, animas and humans. Not only are these effluents highly
toxic but, in the case of the mining indudry, vduable metds are being logt (Aderhold

1
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et al, 1996, Bakkdoglu et al, 1998; Brady & Duncan, 1994 Corder & Reeves 1994;
Ford & Mitchdl, 1992, Gadd & White, 1993, Kgpoor & Viraaghavan 1995;
Nourbakhsh et al, 1994; Puranik et al, 1999, Rivodlen & al, 1994; Roy e al, 1993;
Sivesava & Sivastava, 1990; Volesky, 1987; Voleky & Holan, 1995; Wilde &
Benemann, 1993; Wilhdmi & Duncan, 1995; Zidinski et al, 1998).

Removd of these metd ions and recycling of the water is consequently vitd in order
to avoid sgnificant contamination of watercourses and loss of potentid resources.

Traditiond technologies for the removd of heavy metds from waer, such as ion
exchange or lime predpitation have proved ineffective andlor very expensve,
especidly when the metds are in the lower concentration ranges. New technologies
ae required tha can reduce heavy meta concentrations to environmentally acceptable
levds a dfordable cods Biotechnology based processes have the potentid to
contribute  dgnificantly to the achievement of this god (Bakkdoglu et al, 1998,
Cetinkaya Donmez et al, 1999; Corder & Reeves 1994; Fehrmann & Pohl, 1993;
Kapoor & Viraraghaven, 1995; Kapoor & Viraraghaven, 1998; Ozer et al, 1997,
Tsezos et al,1996; Voleky, 1987, Wehrhem & Wettern, 1994; Wilde & Benemann,
1993).

1.2 REMOVAL OF HEAVY METALSBY BIOSORPTION

Metd deposition by microorganiams is of great importance in biogeochemica cydes,
for example, microfossl and mingd formation, iron and manganese depogdtion, and
uranium and dlver minerdisation. Biotechnological approaches to the abatement of
toxic metd pollution conds of oHectivdy usng and enhancing these naturd
processes to treat particular wastes. The processes by which microorganisms interact
with toxic metds are very diverse (Figurel.l). In practice however, there are three
genard caegories of biotechnologicd processes for treeting liquid wastes containing
heavy metds biosorption, extrecdlular  precipitation, and upteke by purified
biopolymers and other specidit molecules deived from microbid cdls These
proceses are not exclusve and severd physico-chemica processes may be involved.
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To dae the most successful hbiotechnological processes utilise biosorption  and
bioprecipitation (Gadd & White, 1993; Gadd 1988; Volesky, 1986; VVolesky 1990).

Cell membrane/periptasmic space
Adsorption/ion-exchange
Redox reactions/transformations
Precipitation
Diffusion and transport (influx and efflux)

k Cell wall

Intraceltular Adsorption, ion-exchange

Metallothionein
Metal y-glutamyl peptides
Non-specific binding/sequestration
Organellar compartmentation
Redox reactions/transformations

and covalent binding
Entrapment of particles
Redox reactions
Precipitation

Cell-associated materials
(polysaccharides, mucilage, capsules etc.)
lon-exchange
Particulate entrapment
Non-specific binding
Extracellular reactions Precipitation
Precipitation with excreted products
e.g. oxalate, sulphide
Complexation and chelation
Siderophores

Figure1.1:  Processes contributing to microbia uptake and detoxification of toxic
metals (Gadd & White, 1993)

Biosorption has been defined as the propety of cetan types of microbid biomess
(living or deed) to bind and concentrate heavy metds (Gadd & White, 1993; Volesky,
1992). Biosorption depends not only on the chemica compostion of the cdl or its
components such as the cdl wadl, but dso on extend physco-chemicd factors and
the solution chemidry of the metd. A combination of mechanisms may be involved in
biosorption  which indude  Paticulate ingestion or entrgpment by flagdlae or
extracdlular  filaments, active transport of ions, ion exchange complexdion,
adsorption, inorganic  precipitation, co-ordination and  chdaion. While the firg two
mechanisms are associated with living cdls, the latter mechanisms have been reported
for living and dead microorganiams, as wdl as cdlular delris. The sequestered metds
may be found anywhere from extrecdlular polysaccharides to cytoplasmic granules,
depending on the microbid species and/or the mechaniam of metd depogtion within
the cdl (Haris & Ramdow, 1990; Schiewer & Volesky 1996, Volesky, 1986,
Volesky 1987; Volesky, 1990).
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The mgor processes currently used to trest metakcontaining solutions indude the
addition of chemicas for precipitation of metds and the use of ion exchange resns to
bind the metas to a subgtrate. Other less frequently used processss include activated
carbon adsorption, dectrodidyss and reverse osmoss (Vilchez et al, 1997; Wilde &
Benemann, 1993).

Biosorption is superior to precipitation in terms of &bility to adjust to changes in pH
and heavy metd concentrations, and superior to ion exchange in terms of sengtivity
to the presence of suspended solids, organics and the presence of other heavy metds.
In addition, only ion exchange can compete with biosorption in terms of resdud
heavy metd concentraion. Overdl, the avalable data shows that biosorption hes
sved potentid advantages over conventiond methods of metd remova (Wilde &
Benemann, 1993). These indlude:

® the use of naurdly abundant, renewable biomaterids that can be chegply
produced

= the ability to treat large volumes of waste-water due to rapid kinetics

" high sdectivity in terms of remova and recovery of specific heavy metds

= the ability to handle multiple heavy metds and mixed waste

= high afinity, reducing residud metasto below 1ppb in many cases

® Jess need for additiond expensive process resgents which typicdly cause
digposa and space problems

® opadion over a wide range of phydco-chemicd conditions incuding
temperature, pH and presence of other ions (induding Ca?* and Mg™)

= rdatively low capitd invesment and low operaing costs
= greatly improved recovery of bound heavy metds from biomass
= greatly reduced volume of hazardous waste produced

The initid concept that very chegp biosorbents could be used as non-specific
tretment agents has hence been revised as it has been shown tha biosorbents not
only have vey high upteke capacities, but adso that uptake can be metd sHective
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Consquently, biosorbents ae now beng consdered as replacements for ion
exchangers or other metd extraction and concentration operations in ‘upstream’ metd
recovery. In addition, if a chegp biosorbent is used it is not necessary to desorb the
metd as the biomass can be incinerated yidding a high concentration of metd in the
ash (Volesky, 1987).

Voleky (1987) has conddered a least four broad aess of gpplication for new
biosorbent materids

®  detoxification of metd-bearing waste-waters
®  decontamination of radioactive waste-waters
®  recovery of metads from ore processng solutions

®  concentration/recovery of drategic/rare metas from sea weter

1.21 MECHANISMS OF MICROBIAL METAL ACCUMULATION

Due to the complex dructure of a microorganiam, upteke cgpecities and mechaniams
may vay widdy. Although both living and dead cdls ae cgpable of med
accumulation, thee may be conddaable differences in the mechanisms involved in
either case (Gadd, 1988; Gadd, 1990; Veglio & Beolchini, 1997).

Microbid metd uptake is often divided into two man phases An initid, rapid phase
which can dso occur in dead cdls is meabolism-independent binding or adsorption
to cdl wadls or other extend surfaces The second, dower phase is metabolism-
dependent  trangport across the cdl membrane. This only occurs in living cdls and
may be accompanied by toxic symptoms. In some cases intracdlular uptake is due to
increased membrane permesbility arisng from toxic interactions. With some metds
such & lead, uranium and thorium, mogt accumulation in microbid biomass is
surface-based with little, or no intracdlular upteke, unless by diffuson. Once indde
the cdls med ions may be preferentidly located within specific organdles and/or
bound to protens such a medlothionen. In growing cultures metaboliam
independent and —dependent phases of metd uptake can be affected by changes in the
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medium compostion and excretion of metabolites that can act as metd chdators
Thus in a given microbid sysem, severd mechanisms of upteke may operae
smultaneoudy andlor sequentidly (Gadd, 1988, Gadd, 1990; Garnham et al, 1992
Veglio & Beolchini, 1997; Vilchez et al, 1997).

1.2.1.1 METABOLISM -INDEPENDENT BIOSORPTION

The tem ‘adsorption’ is often used to describe metabolism-independent upteke or
binding of heavy metds to microbid cdl wals and other extrecdlular surfaces that
occur in living or dead cdls (Gadd, 1988). These mechaniams vay, and any one or a
combingion may be opeaiond, induding; ion exchange phydcd adsorption,
complexation ~and  microprecipitetion.  Metabolismindependent  biosorption IS
reaively rapid, and can be reversble In the presence of such a mechaniam, which
fortunatdy is the most common, biomass hes dl the characteridics of an ion exchange
resn or an activated carbon, implying many advantages in the indudria application of
biosorption (Veglio & Beolchini, 1997; Volesky, 1987).

Cdl wdls of microbid biomass manly compossd of polysaccharides, protens and
lipids offer particulaly abundant metd-binding functiond groups These indude
caboxylate, hydroxyl, sulphate, phosphate and amino groups which can dl be ative
to vaious degress in immobilisng the metd (Kuyucek & Voleky, 1988, Veglio &
Beolchini, 1997; VVolesky, 1987).

Phenomena associated with the presence of van der Wads forces are included in the
caegory of physicd adsorption (Veglio & Beolchini, 1997). Kuyucak and Volesky
(1988) hypothessed thet uranium, cadmium, zinc, copper and cobdt biosorption by
the dead biomass of dgee fungi and yeast takes place through dectrodtatic
interactions between ions in solution and cdl walls. Electrodatic interactions have
been demondrated to be responsble for copper biosorption by becterium Zoogloea
ramgera and the dga Chlorella wulgaris (Aksu et al, 1992), for chromium
biosorption by fungs Ganoderma lucidum and Aspergillus niger (Venkobachar, 1990),
as wdl as for cadmium biosorption by maine dgee (Holan et al, 1993). Physcd
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adsorption is furthermore respongible for copper, nickd, zinc, cadmium and lead
biosorption by Rhizopus arrhizus (Fourest & Roux, 1992; Zhou & Kiff, 1991).

Cdl wadls of both prokaryotes and eukaryotes contan polysaccharides as badc
building blocks. The ion exchange propertties of naturd polysaccharides have been
dudied in detal and it is wdl egablished that bivdent metd ions exchange with
counter ions of polysaccharides such as dginic acid.  lon exchange is probably
involved to a large degree in metal sequestering by agd biomass (Tsezos & Volesky,
1981; Veglio & Beolchini, 1997; Volesky, 1987).

Metd removd from solution may dso teke place through complex formetion on the
cdl surface after interaction between the metd and active groups. The meta ions may
bind to dngle ligands or through chdaion (Cabrd, 1992, Veglio & Beolchini, 1997).
Complexaion was found to be the only mechenism regponsble for cacdum,
magnesum, cadmium, zinc, copper and mercury accumulation by Pseudomonas
syringae (Cabrd, 1992).

1.2.1.2 METABOLISM -DEPENDENT BIOSORPTION

Metabolian-dependent  uptake of metd ions is usudly a dower process than
‘adsorption’,  dthough larger  quantities of metd may be accumulaed by this
mechanism in some organisms, such as yeedts. Low temperatures, the absence of an
enargy source, metabolic inhibitors, and uncouplers inhibit rates of uptake. Raes of
intracdlular uptake may aso be influenced by the physologicd dae of the cdls and
the nature and composition of the growth medium (Gadd, 1988; Gadd 1990).

Many metds, such as copper, iron, zinc and cobdt, are essentid for growth and
metabolism, and organisms possess trangport systems of varying specificity for ther
accumuletion from the externd environment. Non-essentid metds may aso be taken
in via such sysdems. The metd trangport sysem may become confused by the
presence of metad ions of the same charge and ionic radius. For example, severd
bacteria, dgae and fungi, gopear to trangport cadmium via a manganese system
(Gadd, 1990; Veglio & Beolchini, 1997).
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Mot mechanisms of metd trangport gppear to rey on the eectrochemicd proton
gradient (Auwn") across the cdl membrane. This hes a chemica component, the pH
gradient (A pH), and an dectricd component, the membrane potentid (Av ), each of
which can drive trangport of ionised solutes across membranes The membrane
potentid  gopears to be respondble for dectrophoretic mono- and divaent cation
trangport in fungi, dthough other gradients, such as K*, may dso be involved (Gadd,
1990).

There are severa examples where energy-dependent uptake may not be as sgnificant

a component of tota upteke as generd adsorption. This is paticularly true for
filamentous fungi and those organisms possessng extracdlular polysaccharide, dime
or mucilage, where high biosorptive capacities mask low rates of intracdlular uptake
(Gedd, 1988; Gadd, 1990).

There are some examples where intracdlular upteke is not linked with metaboliam,
for ingance, intracdlular accumulaion of uranium in Synechococcus elongatus and
Pseudomonas aeruginosa, which leads to the formation of dense internd deposts
(Horikoshi et al, 1979, Strandberg et al, 1981). In a more generd sense, toxicity is
obvioudy a condderdtion in heavy metd uptake by living cdls Wherever this leeds
to pamesbilisstion of cdl membranes, a vaiey of intracdlula binding stes will be
exposed that are not available in intact cdls (Gadd, 1988).

Metd redsance may often be associated with decreased  uptake and/or
impermesgbility. In addition those externd factors which reduce upteke often result in
reduced toxicity (Gadd, 1990) In contradt, there is an example of a Mn?* resistant
drain of Saccharomyces cerevisae which accumulates consderably more M than
the sendtive parentd drain, probably by more efficent internd sequestration (Bianchi
et al, 1981).
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1.2.1.3 EXTRACELLULAR PRECIPITATION

Precipitation of metd may take place both in solution, and on the cdl surface
Furthermore, it may be dependent on the cdls metaboliam if, in the presence of toxic
metdls the microorganism  produces compounds which favour the precipitation
process (Veglio & Beolchini, 1997). Scott and Pdmer (1990) found that cadmium
diminagion from <olution by some Arthrobacter and Pseudomonas species was
determined by detoxification sysems that precipitate cadmium on the cdl surface. On
the other hand, precipitation may not be dependent on the cdls metaboliam,
occurring after a chemica interaction between the metd and the cel surface. This
phenomenon is the termind sep of uranium biosorption by Rhizopus arrhizus (Tsezos
& Voleky, 1982) in which the formation of a uranium-chitin complex is folowed by
the complex hydrdyss and the predpitaion of the hydrolyss product
(uranylhydroxide) in the cdl wall.

Cyanobecteria have been implicated in the precipitation of drontium cdcite from
groundwater discharge and cdedite and drontianite. In generd, minerd depogtion by
dgee is mogt commonly dlicae or cabonate in nature, a consequence of the
formation of tets and frustules by diatoms and coccolithophorids (Lawvrence et al,
1998). However, Mann and Fyfe (1984, 1985) have demondrated the formation of
uranium oxides in asocaion with the cdl wal of Ankistrodesmus species and other
agee. Mann and Fyfe (1988) made Smilar observations for Euglena species.

Hydrogen sulphide production by sulphate-reducing becteria can lead to precipitation
of metd sulphides within and on cdl surfaces (Gadd, 1988, Gadd, 1990; Gadd &
White, 1993). Cadmiumradapted Klebsiella aerogenes contained subdantiad  amounts
of cadmium (24% of dry weght), which was proportiond to the inorganic sulphide
content of the cdls. Large numbers of dectrondense cadmium sulphide granules
occurred on outer surfaces of the cdls (Aiking et al, 1984). Such sulphide
precipitation can adso occur in dgae yeests and fungi. Metd precipitation as
phosphates and oxa ates has aso been shown (Aiking et al, 1984; Gadd, 1988).
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1.2.2 EVALUATION OF BIOSORBENTS

In order to evduae biosorbent materids it is necessary to examine both metd uptake
by the biosorbent as wdl as desorption from it. Daa on the equilibria of these
processes can be obtained from experimenta biosorption isotherms smilar to those
used for the evdudion of the adsorption performance of activated carbons. In addition
to equilibrium sudies the kinetics of the biosorption has to be determined in order to
cdculate the rate of meta uptake and rdlease. Rapid uptake would provide a short
contact time between solution and biosorbent. Both  equilibrium  and  kinetic
characterisation are crucid for quantitative assessment of the performance of the
biosorbent as well as for process design (Volesky, 1987; Voleky & Holan, 1995).

The biosorption potentid of microbid biomass depends on many aspects of its
chemicd compostion, and metd upteke may vary widdy between different microbid
genera and even different drains within a species. The performance of a biosorbent
may be affected by the nutrient status of the organiam, age of the cdls, availability of
micronutrients and environmentd conditions during the biosorption process, such as
pH, temperature and the presence of certain coions The efficency of the biosorbent
is ds0 greatly influenced by the solution chemidry of the metd (Volesky, 1987,
Volesky & Holan, 1995; Wilde & Benemann, 1993).

In the light of what has been discussed it is possible to compile the fallowing ligt of
criteriato which an ‘ided’ biosorbent should conform:

the uptake and release of the meta should be efficient and rgpid

® the active biosorbent agent should be produced & low cos and should be
rdicble

®  removd of the biosorbent from solution should be cheep, efficient and rapid

® the biosorbent should be med-sdective in order to separate sngle metds
from a solution containing various metalic species

® gpadion of med from the biosorbent should be mead-sdective,
economicdly feasble and loss of the solvent should be minima

10
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Research emphass has largey been placed on the identification of biosorbents likely
to be the mos cost effectivee A wide vaiety of nove biomaerids have been
investigated for the potetid use in med bioremediaion. Thee indude, sawdust
preparations from pine and cedar for nickd remova (Cheterjee et al, 199),
gphagnum moss pest for the removd of hexavdent chromium (Shama & Forder,
1993), and créb shell particles for lead removd (M.Y Lee et al, 1998). Apple resdues
have dso been investigated for the removad of copper, leed and cadmium (SH Lee et
al, 1998), ad rice hulls, an unusable by-product from commercid rice harvesing,
were suggested by Roy and associates (1993). Krishnan and colleegues (1987) even
investigated the use of human har cuttings for the adsorption of cadmium, arsenic and
mercury.

Biosorption dudies have, however, typicdly dedt with microbid biomass such as
becteria, yeedt, fungi and dgae The biosorbents investigated are often waste products
of indugrid fermentation processes, which provide large quantities of biomass a a
lov cost (Bakkdoglu et al, 1998). The present research group haes focused
condderable atention on the biosorption of metas by a commercid dran of
Saccharomyces cerevisae and waste yeast obtaned from the breweries post
fermentation (Brady & Duncan, 1994a, 1994b, 199%c, Brady et al, 1994 1994b;
Duncan et al, 1997; Wilhdmi & Duncan, 1995). Maine adgd biomass types avaldde
in aundance in the oceans have shown high metd removd capecities (Holan &
Voleky, 1994; Bakkdoglu et al, 1998). Microorganisms may dso be sdected from
ther naturd environments (usudly metd contaminated sStes) for ther specific metd
removd cgpabilities which may dlow high and sdective recovery of target metds
(Volesky & Holan, 1995).

Azolla filiculoides, is a freefloating and fast growing water fern that is cgpable of
colonisng nitrogen deficent waers. Not only is it an enviroomentd waste product,
but it dso presents a problem in freshwater as it forms complete coverage on ponds
and dams in some areas, hence exearting a negative effect on the oxygen content of the
waer and haming the aguatic ecology. In conddeing a <olution to this
enwvironmenta problem, Zhao and Duncan (1997g 1997b; 1998a 1998b) have

11
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invesigated A. filiculoides as a possble low cogt biosorbent for the remova of
hexavadent chromium, nickd and zinc from contaminated wastewater.

Metd uptake by many different biosorbents has been reported extensvely, however,
comparison of results between different laboratories is difficult because of the many
vaidbles involved and the incondgency of interpretaions. The superiority of
microalgee over yeed, bacterid and fungd biomass for bioremovd has not been
edablished, as thee ae few compadive or compaable dudies. Although
condderable reseerch has been conducted on bacteria and fungi (Avery & Tohin,
1993, Bakkdoglu et al, 1998, Beveridge, 1986; Brady & Tobin, 1995, Fourest &
Roux, 1992, Kapoor & Viraaghavan, 1995; Kgpoor & Viraraghavan, 1998;
Nourbakhsh et al, 1994; Ozer et al, 1997; Puranik et al, 1999; Tsezos et al, 1996),
there is a very large data base on heavy metd accumulaion by microdgee. As this
ressarch project deds with the blue-green dga, Spiruling, the following section will
be a review redricted to the bioremovd of meds usng dgee Both unicdlular
microdgee and cyanobecteria (formerly known as the blue-green dgee) will be
considered.

1.3 ALGAL ACCUMULATION OF HEAVY METALS

Many authors (de Wet et al, 1990; Gde & Wixon, 1978, Man & Fyfe 1988) have
noted that plant life in the vidnity of mining and indudrid operaions accumulate
heavy metds. Algae and other aguetic plants have for many years helped to prevent
the ubiquitous exposure of naturd ecosystems to excessve toxins by binding,
localising and sedimenting heavy metals (Whitton & Say, 1975).

Microdgae demondrate the presence of very high afinity metd binding sStes as they
ae cgpdble of accumulating metd ions from very dilute (parts per trillion) solutions.
They ae ale to sequester heavy metd ions by the same adsorption and absorption
mechanisms as other microbid biomass in addition to the formation of polycheatins
which they synthesse in response to toxic heavy metd dress (Gekder et al,1988;
Wilde & Benemann, 1993).
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Microdgee ae among the mogt prolific producers of plat biomass having
photosynthetic effidencies broadly smilar to those of higher plants In addition, they
do not require organic substrates or dectron acceptors, and hence the large scde
culture of microdgee is theoreticdly, smpler and chegper than that of becteria and
fungi (Cetinkaya Donmez et al, 1999; Keby & Stewart, 1988; Wilde & Benemann,
1993).

Microdlgee can dso be cultivated in open ponds or in large scde laboratory cultures,
providing a rdidble ard consgent supply of biomaess for biosorption dudies and
eventud scade up work (Cetinkaya Donmez et al, 1999; Wilde & Benemann, 1993).
However, the mass culture of dgee in outdoor pond sysems requires extensve land
use, depends on sunlight and climate, has large requirements for nutrients and water,
and is threstened by contamination and invason by weeds (Borowitzka &
Borowitzka, 1990; Keby & Stewat, 1988). Species best suited to open pond
cultivation are those which have rgpid growth raes or those which can withstand
environmenta  extremes such as high pH, high sinity or high temperaiures. Species
of Chlordla, Scenedesmus, Spirulina and Dundlidla ae examples presently
cultivated in open pond sysems (Borowitzka & Borowitzka, 1990; Kerby & Stewart,
1989).

Thousands of dgd species have been identified during the last two centuries, but very
few have been invedtigated for their biosorption potentid. In the few limited Sudies
where gpecies have been compared, results have often reveded mgor differences in
metd binding efficiency between species and even between drans of a sngle
oecies, for any given metd andlor set of physicochemicd conditions It is dso
goparent tha dgee and other microbes are much more efficient a removing some
metd ions then others For example, >95% Cd?* removad is commonly reported, while
Cr® is typicaly removed a low percentages and is considered one of the most
difficult metds to remove usng biomass The medium the dgee is grown in, and the
age or growth phase of the culture dso gppear to be dgnificant factors influencing
metd binding effidency. The presence of other ions espedidly cations such as H*
and Ca%" and other trace metds will dso influence biosorption efficiency (Cetinkaya
Donmez et al, 1999; Stokes, 1983; Wilde & Benemann, 1993).

13
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The vas mgority of biosorption dudies involving dgee have been conducted using
unicdlular green dgee, principdly Chlorella vulgaris as it is rddively essy to grow
in laboratory culture and it is readily atanable from numerous culture collections
(Wilde & Benemann, 1993). C. wulgaris dso offers a range of potentid binding Stes
for metd ions which differ in affinity and spedficity. Binding stes indude sulphydra
and amine groups and examples of ‘soft’ ligands which undergo covdent bonding to
‘soft’ metd ions such as Ag' (Cordery et al, 1994). The research groups of Cordery et
al (1994) and Haris and Ramdow (1990) have found C. wulgaris to have a
paticularly high sorptive capacity for Ag™ ions over a wide pH range. Nakgima et al
(1981) have shown that Chlorella hes the &bility to accumulate heavy metd ions
sdectively, as uranyl ions were far more reedily taken up than copper and cadmium
ions They adso suggeded that this sdectivity is manly due to the drength of coupling
between heavy metd ions and cdl components, especidly proteins. Pempkowiak and
Kosokowska (1998) showed that humic substances isolated from seaweter decressed
the accumulation of cadmium by C. wulgaris. Dandl and associates (1986) have
shown tha C. wulgaris is dso capadble of binding mercury, slver and gold (l11),
athough the pH dependence of the binding is different to that of other metds.

A few authors have invesigaied biosorption from multicomponent sysems. Sag and
colleagues (1998) demondrated that the combined effect of Chromium (V1) and Iron
(1) ions on C. wulgaris was antegonidic, snce the initid biosorption rates and
equilibrium metal remova decressed with increesng concentretion of the other meta
ion. In contragt, with cadmium and zinc as the twometd system, the presence of the
second metd ion does not gppreciably affect the ingtantaneous upteke of the other
(Ting et al, 1991). Aksu and Agikd (1999) have dso shown that C. wulgaris biomass
offers a practica gpproach for removing of mixtures of copper (II) and chromium (VI)

from waste waters containing mainly these two components.

A recent invedtigation by Brady and collaborators (1994c) reveded that Scenedesmus,
SHenastrum and Chlorella species were cgpable of accumulaing metds such as
copper, lead, and chromium with 67 to 98% efficency. These oecies have dso been

shown to accumulate significant amounts of uranium (Murdeedharan et al, 1991).
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Litle work has been done excdusvedy with cyanobecteria as metd-binding
biosorbents. One recent report (Ahuja et al, 1999) showed Oscillatoria anguistissma
to have a very high cgpacity for zinc ions Results were comparable to the commercid
ion-exchange resn IRA-400C, and biosorption was regpid, pH dependent and
temperature independent. Sngh and associates (1992) dudied the effect of populdion
sze, and complexing agents on copper upteke by free and immobilised
cyanobacterium Nostoc calcicola. Copper upteke was found to be regulated by
population §ze and immobilised cdls had greater longevity. Almog identicd patterns
of copper upteke were found for free and immobilissd cdls suggesing thet
complexing agents exhibit the same type of regulation.

Synthetic and naturdl complexing agents are known to regulate metd toxicity to agee
and other plants Cetan specific peptides and proteins which bind metds, could
become over expressed in microorganiams exposed to heavy meds (Vilchez et al,
1997). For example, Humble and collaborators (1997) have shown gSgnificant binding
of copper and zinc to three microcysins which ae released by cyanobecteria in
reponse to heavy metd dress Similar obsarvations exist for other cyanobacteria
Mcknight and Mord (1979) found that four species of cyanobacteria excreted strong
copper-complexing agents, which they laer (1980) concluded to be sderophores. Cdl
exudaies were dso shown to decrease adsorption of copper, cadmium and nickd by
cyanobacteria (Laube et al, 1980) as wel as cadmium uptake by Anacystis nidulans
(Singh and Y adava, 1985).

Chlorella and the dga Spirulina are both produced commercidly in large quantities,
primaiily for use in the hedth food maket. Due to ther avaldbility, they have
frequently been used in bioremova dudies and have been shown to remove a vaiety
of meds from soluion induding Cu®, Pb?*, Zr* and Au** (Gadd & White, 1993
Vilchez et al, 1997, Wilde & Benemann, 1993). Chlorela and Spirulina are both used
in AlgaSORB™, a hioremoval product developed by Dandl and collaborators (1986)
and produced by Biorecovery Inc. of New Mexico.

There gppear to be two principd mechaniams in the reversble surface binding of
heavy metd ions to dgee The firg is ion exchange where ions such as Na', Mg,
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and Ce* become displaced by heavy metd ions. The second is complexation between
metd ions and various functiond groups that can interact with the metd ions in a co
ordinated manner (Wilde & Benemann, 1993). The rdaive importance of the
different functiona groups is dependent, & least t0 some degree, on the med in
question. GardearTorresdey and colleagues (1990) have shown that carbonyl groups
on five different dgd species are responsble for a grest portion of CU** and Al
binding, and that carboxyl groups play an inhibitory rolein Au®* binding.

Microdgee, like other microbes require a number of metds as trace nutrients since
they are pat of the active dtes of essantid enzymes. Thus, they have evolved highly
efficent mechaniams for recovering specific metd ions, often from vey low
concentrations. Due to ther specificity, these upteke sysems can act even in the
presence of other ions which intefere with fewer gpecifics binding dtes
Furthermore, the number of binding Stes for trace metds increases in response to a
limitation in these trace dements, increesng the rate of upteke into the cdl (Mord et
al, 1991).

Nortessentid toxic heavy metds can dso be taken up by the sysems evolved for
essentid trace nutrients. Singh and Yadava have shown that in Anacystis Cd?* is taken
up by the Zré*trangporter and in Thalassiosira weissflogii Cd?**can actually subdtitute
for Zrf* (Price and Morel, 1990). It has dso been shown that Cd %" shares a common
transport systlem with Mn?* in Chlorella pyrencidosa (Hart et al, 1979) and Ting and
collegues (1991) found that in Chlordlla Cd** and Zrf* bind to different components
of the cdl wal. Thus it can be seen that there is a great ded of variability in the active
upteke systems.

Microdgee bioremovd technologies are gill being devdoped and much more work is
required. Some practicad gpplications have been achieved, and the fundamentads look
promisng. Microdgee have the potentid to remove med ions to very low
concentrations, to grow on light energy, and to accumulate large amounts of Specific
toxic dements They gopear to function wel even in the presence of other ions, in
paticular Ca?* and Mg?*, and organics Only future research and the discipline of the
mearket place will determine their role in the dean up of the environment.
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1.3.1 SPIRULINAASA POTENTIAL BIOREMEDIATION AGENT

Soirulina is currently being invedigated as a potentid bioremediation agent for the
removd of heavy metds from mining and other indudrid effluents An initid am of
this reseerch was to determine the threshold levels of Spirulina for toxic meds, as it
was an atractive posshility that Spirulina would be capable of binding heavy metd
ions and could be used for biosorption of heavy metas form indudrid waste-water.
However, these sudies, discussed in chapter two, have indicated that Spirulina hes a
very low cgpacity for binding metd ions as wedl as a very low tolerance for heavy
metas. Spirulina does however show condderable potentid as a precipitation agent as
it is able to maintain a high pH in the surrounding medium. This is thought to be due
to the enzyme cabonic anhydrase (CA) which cadyses the interconverson of
disolved carbon dioxide and hicarbonate ions (CO, + H,O <« HCO; + HY). In the
dgd sysem extracdlular bicarbonate is converted into CO» and hydroxide. The CO»
is ectively teken up by the dgee and incorporated into the photosynthetic pathway,
leaving the hydroxide in solution. The net result is an incresse in pH, which leads to
metd precipitation (Haglund et al, 1992; Raven, 1995; Shirawva et al, 1993). Due to
the possble involvement of CA in bioremediation systems, the focus of this research
became redirected towards the invedigation of this enzyme. The following section is a

review of the literature on CA.

1.4 CARBONIC ANHYDRASE

Cabonic anhydrase (CA; cabonate hydrolyase; carbonic dehydratase) is a zinc-
containing metdloenzyme that cadyses the reversble interconverson of CO, and
HCOs with a maximum turnover number in excess of 10%s (Atkins et al, 19723
Atkins et al, 1972b; Bowes, 1969; Braus-Stromeyer et al, 1997; Dioniso-Sese &
Miyachi, 1992; Eriksson et al, 1996; Hiltonen et al, 1998; Jebanahirgah & Coleman,
1998; Johansson & Forsman, 1993, Johanson & Forsman, 1994; Karlsson, 1998;
Lindkog, 1997; So & Espie, 1998, Slltemeyer, 1998, Tashian, 1989). CA is a
ubiquitous enzyme tha has been shown to occur in many organisms induding
animds, plants, eubacteria, archaebacteria and viruses. However, no fungd CA hes
yet been deribed (Eriksson et al, 1996 Hiltonen et al, 1998; Lindskog, 1997,
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Siltemeyer, 1998). CA has been implicaed in multiple and diverse physologicd
proceses, incduding pH homeodass, fadlitaed diffuson of CO interconverson of
CO, and HCO;, ion trangport, photosynthesis, efficient virus replicaion, cacification,
bone resorption, formation of agueous humour and gedric juice, and the synthess of
urea, glucose and lipids (Braus-Stromeyer et al, 1997; Eriksson et al, 1996; So &
Espie, 1998; Siltemeyer, 1998; Tashian, 1989).

The enzyme is clasdfied into three independent CA gene families desgnated o,
and vy. Little sequence smilarity occurs between the families indicating that the genes
have evolved independently a least three times. The «-CAs ae found primaily in
animds, but homologues have dso been identified in the becterium Neisseria
gonorroae amd in the periplasmic space of the green dgee Chlamydomonas
reinhardtii. This is the mog extendvdy dudied CA family and indudes the
mammdian CA isozymes Conversy the y-CAs ae a newly discovered gene family,
with the enzyme from Methanosarcina thermophila beng the only y-CA isolated and
characterised thus far. Related sequences have been found in severad eubacteria and in
Argbidopss, but it is not yet known if they encode functiond CAs The [B-CAs were
firg found in the sroma of higher plant chloroplasts but have since been found in
various eubacteria as wel as in the mitochondria of Chlamydomonas reinharditii
(Erikson et al, 1996, Hiltonen et al, 1998, Kalsson et al, 1998; Lindskog, 1997,
Siiltemeyer, 1998).

141 SrRUCTURE OF CARBONIC ANHYDRASE

1411 o-CARBONIC ANHYDRASES

There is extensve homology in the primary dructures of mammdian CAs |, Il and
[ll, each having a molecular mass of goproximatey 29 kDa Human CAs | and I
dow a 59 % identity in amino acids, while human isozymes | and Il show 56 %
identity (Tashian, 1989). In addition, the cydd dructures have shown that the
secondary and tertiary structures are dso Smilar (Silverman, 1991).

The crysd gructures of human CA | (HCA 1) and |1, bovine CA 1lI, and a truncated
foom of muine CA V, expressed in E. coli, have been determined, and were seen to
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be very smilar. They are dlipsoidd molecules of approximately 5 x 4 x 4 nm?® which
could be conddered one-domain proteins were it not for the loosdy connected amino
termind region of dout 24 amino acids A 10dranded, twisted [B-sheet is the
dominating secondary dructure (Figure 1.2), which divides the molecule into two
haves The upper haf includes the Ntermind helicd region and the active Ste, while
the lower hdf contains a large hydrophobic core. The 10 B-strands are connected by
harpin loops and some hdices, and ae dl attipardld, with the exception of two
pars of padld srands. A few rdatively short helices are dso present on the surface
of the molecule (Freskgard et al, 1991; Hammarstrom et al, 1997; Lindskog, 1997).

Figure1.2:  Secondary structure of HCA II. The zincionisshown asagreen circle

The active dte is located in a large, cone-shgped cavity that reaches dmog to the
centre of the molecule. The zinc ion & located a the base of the cleft (Figure 1.2), and
is co-ordinated tetrahedrdly to three imidazole rings A wae molecule, the ionistion
of which is citicd in the cadytic pahway, occupies the fourth coordinaion
postion. This water ligand is hydrogen bonded to the side chan of Thr'®, which in
tun is hydrogen bonded to the side chain of GIu'®, resdues conserved in al
sequenced «-CAs  Additiond hididyl sde chans protrude into the cavity in the
region in front of the metd ion, the number and postion depending on the isozyme in
question (Johansson & Forsman, 1994; Siverman, 1991; Wedlset al, 1975).
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In addition to the zinc ligands 17 amino acid resdues are drictly consarved in dl
sequenced «-CAs. Some of these are important for catdytic activity, while others are
involved in dabilisng the protein dructure His107 is consaved in dl known
sequences of a-carbonic anhydrases, except in CA from N. gonorrhoeae which has
As in this postion. A His107->Tyr mutation is one of the causes of HCA I
defidency, and when this mutant is produced in E.coli it is very ungable but fully
active when dabilised by bovine serum dbumin (Lindskog, 1997).

1.41.2 (-CARBONIC ANHYDRASES

No crystd dructures of [-CAs have yet been determined (Lindskog, 1997). They do,
however, differ congderably from anima «-CAs in many respects. Mogt driking is
the entirdy different primary dructure, making it impossible to identify any active dte
resdues from sequence smilarity assgnments (Johansson & Forsmen, 1993). HCA I
contains only one cysene resdue per molecule, while bovine CA contans none
(Cybulsky et al, 1979). The four sequenced plant CAs dl have a higher cydene
content, and in the pea there are five cysene resdues per subunit (Johansson &
Forsman, 1993). Spinach CA has been reported to contan 7 cystene resdues per
subunit (Cybulsky et al, 1979).

Ancther difference is the oligomeric dructure of B-CAs. Different vaues for the
native molecular mass of CA from the pea and spinach have been reported. Most
authors have proposed CA to be a hexamer (Slvermen, 1991), but others have
indicated that it is in fact an octamer (Cybulsky et al, 1979; Johansson & Forsman,
1993). This issue will, however, probably not be resolved until the crystd structure of
a B-CA has been determined. Circular dichroic spectra measurements indicate that the
secondary  structures dso differ, in that pea CA appears to have a higher content of «-
hdix than the «-CAs which are composed primaily of [p-sheets (Johansson &
Forsman, 1993).

In addition, evidence from X-ray absorption spectroscopy and mutagenesis suggests
that the zinc ion in the spinach enzyme has a Cys-His-Cys-HO co-ordination sphere,

in contradt to the a-CAs (Lindskog, 1997).
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1.4.1.3 vy- CARBONIC ANHYDRASES

Vey recently, the dructure of the y-CA from M. thermophila was presented by
Kiker and associates (cited in Lindskog, 1997). This CA is a trimeric molecule,
which is completey different from the o-CAs emphassng its separate ancedry.
Each subunit is dominated by seven turns of a left-handed (-heix, with three short
drands per turn (Figure 1.3). Thus there are three nearly flat p-sheets, two with seven,
and one with eight pardld grands. The B-hdix has a short a-hdix on top, as wel as a
longer, C-termind o.-helix.

Three zinc ions (Figure 1.3) are located between the subunits and are coordinated to
His81 and His-122 from one subunit, and His117 from a neighbouring subunit. A
putetive water molecule completes a didorted, tetrahedrd co-ordination geomelry
(Lindskog, 1997).

Figure1.3:  Secondary structure of y-carbonic anhydrase from M. thermophila

142 CATALYTIC MECHANISM

A somewha detalled underdanding of the cataytic mechanism of HCA Il has been
obtained from kingtic dudies dte-specific mutageness and X-ray crystalography.
Spoecific details may differ for other isozymes, dthough they gopear to have the same
generd mechanism (Lindskog, 1997).
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The catdytic mechanism has been thoroughly investigated, and can be divided into
two parts. The first pat is the interconverson of CO, and HCOz (Equaion 1), which
is controlled by the catdyticdly active zinc-bound water molecule which can ionise to
a hydroxide ion. The second part is the regenerdtion of the active form of the enzyme,
which invalves the trander of a proton from the cadytic Ste to the surrounding
medium (Equation 2). The His64 resdue acts as an intramolecular proton-transfer
group in this second reection (Johansson & Forsmen, 1993,  Lindskog, 1997,
Slverman, 1991).

[  EZnOH +C0, +H,0 = EZnH,0 + HCOs
[] EzZH,0+B- EZnOH +BH'

In molecular terms this implies that a zinc-bound OH ion dtacks a CO2 molecule to
form a metd bound HCOs3 ion, which is then displaced by a H,O molecule (Equation
1). The zinc bound OH is regenerated by a rate-limiting trandfer of a water proton
from the metd centre to His-64, which ddivers the proton to a buffer base (Equetion
2). These events are shown in greater detall in figure 1.4 ( Lindskog, 1997).

Figure1.4:  Scheme of the catdytic mechanism of HCA 1l (Lindskog, 1997)
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1.4.2.1 |SOZYMESPECIFIC FEATURES

Although the ‘zinc hydroxide mechanism probably goplies to dl «-CAs , there are
catan isozyme-specific functiond differences.  HCA | is didinctive from HCA Il in
thet it is 9x times less active on the bass of maxima turnover number. It aso shows
didinct buffer spedificity, with much higher adtivities in imidazole-type buffers. This
could indicate that the proton trander system is less efficient in HCA | than HCA I,
with additiond pathways dominating under certain conditions (Lindskog, 1997).

HCA | has three unique amino acid resdues in its active Ste, Va62, His67 and His-
200. Behravan and associaes (1990, 1991) have shown that His200 plays a mgor
roe in CA |-gedfic kingic propeties while Va62 and His67 ae less important.
His-200 appears to dabilise the enzyme-HCOs' complex and dow down the rate of
HCO; disocidion to the extent that this step can become rate-limiting in the
presence of an imidazole-type buffer. The His-200 residue doesn't, however, effect
proton transfer rates. His-64 becomes unsuitable as a proton shuttle in HCA 1, due to
the pK, of 4.6. It is possble that Va-62 and His67 are involved to some extent in this
pKashift, dthough thisis yet to be confirmed (Lindskog, 1997).

CA Il is unigue among the mammdian isozymes. It is more than 100-fold less active
than CA I, it has virtudly no 4nitrophenyl acetate hydrolase activity, and it is
compadivey insendtive to inhibition by sulfonamides In addition, the pK, of the
zinc-bound water molecule is quite low a goproximatedly 5. The active dte contains a
number of isozyme specific resdues, for example, Lys-64 and Arg-67, which ae
responsble for kinetic properties The introduction of His-64 edablishes a proton
shuttle pathway, greatlly enhancing the maxima turnover rate. Another isozyme
specific resdue is Phe-198, which gopears to be responsble for dteraions to CO»
hydration, 4-nitrophenyl acetate hydrolyss, and the pK, of the zinc-bound water
molecule (Lindskog, 1997).
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1.4.2.2 [-CARBONIC ANHYDRASES

Although the B-CAs ae evolutionary unrdaed to the «-CAs, they gppear to have
gmilar catdytic capabilities Despite dructurd  differences,  kingtic  parameters
indicate that pea carbonic anhydrase is equdly efficient as HCA 11 in catdysing the
hydration of CO, dthough kinetic patterns obsarved are far more complex than for
HCA 1. Reaults are consgent with a zinc-hydroxide mechanism, and the presence of
a buffer-dependent protontransfer step, athough the mechanism for proton transfer
seams to differ (Johansson & Forsman, 1993; Lindskog, 1997). Johansson & Forsman
(1993) found that pea CA was dependent on a reducing agent in order to retan
cadytic ectivity. In addition, high concentrations of buffer were required for the CA
to wok & a maximd rae Cadytic activity of pea CA was dso found to be
dependent on the chemicd nature of the buffer, with Barbitd buffer giving the highest
turnover rate (Johansson & Forsman, 1994).

143 INHIBITORSOF CARBONIC ANHYDRASE

1.4.3.1 SULFONAMIDES

Aromatic and cetan heerocydic sulfonamide derivaives possessng the generd
fomula R-SO,NH, (or R-SONH(OH)) are powerful and specific inhibitors of most
«-CAs. They bind to the metd ion as anions R-SO:NH- (or R-SO:N-OH-), via the
nitrogen a@om of the sulfonamide group (Lindskog, 1997, Moroney et al, 1985
Scozzefava and Supuran, 1998). The NH function of the ionised sulfonamide group
replaces the zinc-bound water molecule and hydrogen bonds to the OH group of Thr-
199. One of the oxygen aoms forms a hydrogen bond with the peptide NH of Thr-
199, while another oxygen a@om points towards the zinc ion. The dffinity of the
sulfonamide corrdates with its acidity. While CH3;SONH, (K, = 105) has a
dissocigion congant of 0.3 mM, the fluorinated andogue CRSONH, has a pKa
vdue of 58 and binds to CA Il with a dissodaion condant of 2 nM (Lindskog,
1997).

Fgure 15 illudraes the acetazolamide-CA Il complex. The thiadiazole ring of
acetazolamide comes into van der Wads contact with Vak121, Leu198 and Thr 200.
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The carbonyl oxygen of the amido group hydrogen bonds with the sde chain amide of
Gn-92, and the methyl group interacts with Phe-131 (Lindskog, 1997).

Figurel1l5:  Acetazolamide-CA Il complex & Ribbon diagram b) Schemétic
drawing (Lindskog, 1997)

1.4.3.2 ANIONS

CA is inhibited by most monovdent anions dthough the dissodaion condants vary
condderably from a few micromolar, in the case of CN, to aout 1 M for F. Glu-106,
Thr-199 and the zinc-bound water meke up a hydrogen-bonded system, which is
cucid to the ative dte Glu-106 is probably ionised, and therefore, acts as an
acceptor in the hydrogen bond with Thr-199. Consequently, the Thr-199 hydroxyl
accepts a hydrogen a@om in the bond with metd-bound solvent. Arother water
molecule cdled the ‘degp water’ located in the hydrophobic pocket, and hydrogen
bonded to the peptide NH of Thr-199, forms a hydrogen bond with the zinc bound
water molecule. These hydrogen-bond interactions gopear to have a ddfinite influence
on the binding of inhibitors (Lindskog, 1997).

Inhibitors having a protonated ligand atom replace the meta-bound solvent molecule
There is no digortion of the tetrahedrd coordination geometry, and the hydrogen
bond with the OH group of Thr-199 is maintaned. HSO3; and HS ae examples of
this group. Thiocyanate, formate and acetae are examples of inhibitors lacking a
protonated ligand aom. These inhibitors do not remove the zinc-bound solvent
molecule. It does however, change postion somewha, but ill mantans its
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interaction with Thr-199. These anions bind dose to the metd ion, displacing the
deep water. In some cases they may hydrogen bond to the NH group of the Thr-199
(Lindskog, 1997).

A third group of anions coordinate to the metd ion and digplace the zinc-bound water
molecule, but do not hydrogen bond to Thr-199. This results in rather distorted
tetrahedrad co-ordination geometries. The hdide ions Br™ and I bdong to this group, as
well as azide, which is a rather drong inhibitor that forms a hydrogen bond with the
peptide NH of Thr-199 (Lindskog, 1997).

1.4.3.3 OTHERINHIBITORS

Some neutrd, organic molecules have dso been shown to inhibit mammdian CAs.
One example, is phenol, a compstitive inhibitor of the CA 1l catdysed CO, hydration.
It is bound near the zinc ion forming a hydrogen bond with the meta-bound solvent.
The phendlic hydraxyl group dso forms a hydrogen bond with the peptide NH of Thr-
199, diglacing the degp water. The phenyl ring is located in the hydrophobic pocket,
interacting with Va121, Vda-143, Leu198 and Trp209. Imidezole is a wesk
competitive inhibitor of CA | cadysed hydration of CO, It does not, however,
sgnificantly affect CA Il (Lindskog, 1997).

A compledy different kind of CA inhibitor has been found in the blood plasma of
some spedies of mammds and fish, dthough not in human plasma It is a 79 kDa
glycoproten which binds very gdrongly to CA I, but more weekly to other CA
isozymes (Lindskog, 1997).

144 HumAN CARBONIC ANHYDRASE |SOZYMES AND RELATED

PROTEINS

Seven gendicdly didinct «-Ca isozymes have been identified in humans These
isozymes have different tissue didtributions and intrecellular locations. They dso vay
broadly in cadytic and inhibitory propeties. Four of these seven genes, | (formerly
cdled B), Il (formerly C), Il and VII, are cytosolic, and have been fully or partidly
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characterised for intron and exon dructure (Behraven et al, 1990; Lindskog, 1997;
Siverman, 1991; Tashian, 1989).

CA 1l is the mos dudied form, and is treditiondly purified from red blood cdls
However, CA Il has a wide tissue didribution and is found in many different organs
and cdl types. The hydration of CO,, caused by CA I, is anong the mogt rapid of
enzyme reections & 10%s (Lindskog, 1997; Silverman, 1991). Deficiency of CA Il has
been asociaed with odeoporods, rend tubular acidods and cerdord cadification,
indicating the importance of this isobenzyme in the bone, kidney and the brain (Sy &
Hu, 1995).

CA | is the mgor non-haemoglodn protein in humen red blood cdls. It is dso found
in other tissues such as the colon, but it is not as widdy digributed as CA 1. It is ds0
not as active as CA II, with a maximad CO, hydration tunover of 2 x 10°/s. Its
physiologicd function, other than as a back-up for CA 11, isundear (Lindskog, 1997).

CA 1l is a low-activity isozyme, with a maximd CO, hydration turnover rate of 8 X
10%s It is found manly in skeetd musde, where it hes been implicated in the
fadllitated diffuson of CO,. It is ds0 expressed in hepatocytes, and a low leves in
catan other cdls (Lindskog, 1997; Tashian, 1989). CA VII is expressed in divary
gands and might be involved in the secretion of sdivary bicarbonate (Lindskog,
1997). CA VI is secreted from te sdivary glands and is bdieved to be involved in the
pH regulation of sdiva (Lindskog, 1997; Zhu & Sy, 1990).

There is a membrane-bound CA IV found in the lung and kidney (Zhu and Sy, 1990)
thaa has cadytic propeties vey sSmilar to isozyme Il (Slvemen, 1991). A
mitochondrid enzyme, CA V, has ds0 been characterised. CA is locdised to the
metrix of mitochondria from cetan tissues and is beieved to be involved in
ureegeness and gluconeogenesis in the liver. Possble roles for mitochondrial CA in
muscle, bran and gedric mucosa have yet to be fully explored (Lindskog, 1997;
Tashian, 1989).
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1.45 CARBONIC ANHYDRASE IN MICROALGAE AND CYANOBACTERIA

The function of CA in dgee as in higher plants is generdly conddered in terms of
the photosynthetic assmilation of inorganic cabon (G). Both cyanobacteria and
green microdgaee have been shown to possess an inducible inorganic carbon
concentrating mechanism (CCM) that ultimatdy acts to rase the intracdlular CO>
concentretion to a levd far in excess of that present in the surrounding environment.
Cabon dioxide derived from this internd pool is usad by the enzyme ribulose
biphosphate carboxylase (Rubisco) to initiate the firg reaction in the Cdvin cyde, the
carboxylation of ribulose biphosphate. The G transport system and CA are of centra
importance to the functioning of the CCM. (Amaros0o et al, 1996; Badger & Price,
1989; Badger et al, 1991, Badger et al, 1994; Beardd! et al, 1998, Epie et al,1991;
Furla et al, 1998; Funke et al, 1997, Kgoan et al, 1991, Maeda et al; 1997; Moroney
& Chen, 1998; Raven, 1995; Siiltemeyer, 1998; Tsuzuki & Miyachi, 1991).

1451 MICROALGAE

Sudies of Chlamydomonas reinhardtii have lead to a broader underdanding of the
CCM in eukaryotic dgee, induding the role of CA. The modd of the CCM, shown in
figure 1.6, is therefore based on this organism (Siltemeyer, 1998). The extracdlular
C haes to cross the cdl wal, the plasmdemma and the membranes of the chloroplast
enveope before it reaches the pyrenoid containing Rubisco (Badger & Price, 1989;
Moroney & Mason, 1991).

Until recently bicarbonate was often assumed to be the carbon species actively
trangported across the plasmdemma or chloroplast envelope (Moroney & Mason,
1991). However, Siltemeyer and associates (1989) have proposed an active CO,
upteke system, and Amoroso et al, (1996) have reveded tha plagids ae able to
activdy trangport CO, and HCO5;. Marcus and associates (1984) have adso provided
evidence that CO, rather that HCO; is the G species actively trandocated across the
plesndemma On the other hand, active CO, transport may only occur a the
chloroplagt leve, thus creaing a COz sSnk so that CO; entry into the cell may occur
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by pessve diffuson (Moroney & Tolbert, 1985, Moroney & Mason, 1991; Ratatore
& Colman, 1991; Siltemeyer, 1998).

cell| PPS
wall cytosol
chloroplast
Rubisco
coz<.. >Coz CEERRE | PR > c<)z P EEEEE EEEE .
7 | »cal 4—’IcpCA?
HCO, - {->HCO,” pump? HCO,”” pufhp HCo,
mCA
mitochondria

Figure1.6:  Proposed modd for the CCM of Chlamydomonasreinhardtii asa
modd organism for microagee (Sliltemeyer, 1998)

A key component of any CCM is the location of CA isozymes (Badger et al, 1998;
Moroney & Mason, 1991). Although the presence of both externd and internd forms
of CA have been known for a long time (Coleman et al, 1984; Husc et al, 1989,
Husc, 1991; Ishida et al, 1993; Moroney et al, 1987; Siltemeyer et al, 1995, Yang e
al, 1985, two didinct internd CAs have been isolaed from Chlamydomonas
reinhardtii  recently. One is locaed in the chloroplast (Husc & Marcus, 1994;
Karlsson et al, 1995) and the other in the mitochondria (Eriksson et al, 1996; Park et
al, 1999). Fgure 1.6 highlights the position of the various CAsinthisdga

In addition to the CAs from Chlamydomonas reinhardtii extracdlular CA has been
identified in Chlorella saccharophila (Williams & Coleman, 1995; Williams &
Coleman, 199), Phyllariopsis purpurascens (FloresMoya, 1998) and Micromonas
pusilla (Iglesas-Rodriguez et al, 1998). It is bdieved that this form of the enzyme
accderates the extracdlular equilibration of CO, and HCOs; to provide CO, at a
aufficient rate to enter the cdl and serve as a subgtrate for photosynthetic reduction.
The peiplaamic enzymes are paticulaly important for the acquidtion of inorganic
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cabon a dkdine pH vadues where HCOs is the predominant form of G in the
medium (Husic & Marcus, 1994).

Intracelular CAs have been identified in Coccomyxa (Hiltonen et al, 1995; PAmavig
et al, 1995), Chlorella vulgaris (Villargo et al, 1998), Chlorella sorokiniana (Satoh et
al, 1998) and the soil dga Porphyridium purpureum (Dixon et al, 1987). Externd as
wdl as internd CAs have been identified in Dunalidla species (Amoroso et al, 1996;
Goyd et al, 1992).

1.45.2 CYANOBACTERIA

The involvement of CA adtivity in the process of G accumulaion and utilision in
cyanobacteria is not very cler due to the lower and more vaiable activities In
addition, mogt cyanobecteria lack periplasmic CA (Badger & Price, 1989). There is
however low, but vaidile activity associaed with the cdl homogenates of
cyanobecteria growing & limiting levels of G. This CA gppears to be both particulate
and soluble in nature, depending on the pecies. Ingle and Coleman (1975) conduded
that the CA in Osctillatoria sp. was cytoplasmic. Yagawa and associates (1984) found
that 50 to 70% of CA in the homogenates of two Anabaena variabilis strains was
particulate, but that from a third was dmogt entirdy soluble. CA activity was found to
be drongly associated with the carboxysomes in Synechococcus PCC7942 (Price et
al, 1992). The amount of activity found in homogenates is dso variable ranging from
0.8 to 30 units per mg protein, depending on the species. In cetan drans of A
variabilis and Anacystis nidulans it has been reported to be undetectable (Badger &
Price, 1989).

The mechaniams by which G trangport occurs in cyanobacteria is gill not well
understood. One of the centrd quegtions is which G species is used by the cdl, and
how is this affected by growth conditions. A number of methods have been gpplied in
order to try and disriminate between trangport of CO; and HCOs, and a generd
picture has been drawn in which the G-transport sysem can utilise both CO» and
HCO; as subdrates. The CO, trangport is, however, conddered to be conditutive, and
the ability of HCO3 uptake is induced as a regponse to the adaptation of cdls to low
G concentrations. Regardless of the gpecies teken up from the externd medium, it is
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HCO: that is ddivered a the inner dde of the plasma membrane. The interndly
accumulated HCOs pendraes into the carboxysomes, which contain mog, if not dl,
of the cdls Rubisco. Here soecificdly located CA generates CO, in the immediate
vidnity of Rubisco (Al-Moghrabi et al, 1996; Badger & Andrews 1982, Badger &
Price, 1992, Badger et al, 1985; Bedu & Joset, 1991; Espie et al, 1991a Espie et al,
1991b; Miller et al, 1990; Slltemeyer et al, 1995).

146 THE ROLE OF CARBONIC ANHYDRASE IN ALKALISATION

Alkdisgtion of the medium during photosynthesis has been reported for intact cdls of
Anabaena variabilis, Chlamydomonas reinhardtii, Dunaliella parva, Chlordla
vulgaris and intact pea chlorgplagts, or chloroplasts from higher plants (Shirawa et al,
1993). Haglund and associates (1992) have adso reported dkdisation of the medium
by two maine brown dgae Invedigaion by these authors led to the condusons tha
extracdlular CA convets HCO; in the surrounding medium to CO,, which then
enters through the plasmdemma for use in photosynthess Hydroxyl ions reman in
the medium resulting in a net increese in pH (Haglund et al, 1992, Shirawa et al,
1993). It isthis processthat is of interest in this Sudy.

Traditiondly, toxic metds have been precipitated from liquid discharges by the
addition of lime, limestone, caugic soda or sulphide. Increesing the pH of the effluent
in this manner leads to the converson of soluble meta into an insoluble form such as
hydroxide (Ecdes 1999, Summes, 1992). Spirulina offers a potentid dternative to
the traditiond technology, in that the required incresse in pH can be achieved without
the addition of any chemicds The enzyme CA is centrd to e dbility of Spirulina to
achieve this increese in pH, leading to metd precipitation. For this reason, the present
sudy involved the invedigation of assay systems and isolation of CA in order to gan
an improved undergtanding of the enzyme and the factors affecting its activity. It was
a0 envissged that this study would reved an easy method of CA detection for use in
screening other potentid bioremediation agents.
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CHAPTER TWO

THE EFFECTSOF TOXIC M ETALSON
SPIRULINA

2.1 INTRODUCTION

Soirulina is one of the few dgd species that has been invedtigated for its potentid as
a bioremediation agent, dthough little data is avalddle to support its use for
bioremovd of heavy metds An dtractive posshility is tha Spirulina may be cgpable
of binding heavy metd ions as wdl as removing nutrients from the surrounding
medium, thereby decreesng the eutrophicetion potentid of waers which recaive
treeted fluids. The advantage of usng Spirulina is that it can be grown in ponds with
litle nutritiond input or mantenance Laboratory or smdl-scde experiments have
adso been paformed on the growth of Spirulina on city waste-waters, cow manure and
swvine wades. In addition Spirulina is non-pathogenic, which gives it an advantage
over other forms of microbid biomass (Brady et al, 199%4c; Ciferri, 1983, Hulsg
1982, Oswdd, 1988, Shdef et al, 1980). The indications that Spirulina has potentid
& a bioremediation agent and the avalability of the dgae waranted this invetigation
into the use of Jirulina as abiosorbent.

2.1.1 CHARACTERISTICS OF SPIRULINA

2.1.1.1 MORPHOLOGY

Soirulina is a multicdlular, filamentous, non-heterocystous  cyanobacterium.  The
buegreen filaments ae composed of cylindricad cdls aranged in  unbranched,
hdicoidd trichomes (Fgure 21). The filaments ae matile, glidng dong thear axis
(Ciferri, 1983, Durand-Chegtd, 1980; Martd et al, 1992, Richmond, 1986; Vonshak
et al, 19963q).
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Figure2.1:  Scanning eectron microscope preparation of hedthy Spirulina

The hdicd dhape of the trichome is characteridic of the genus but the hdicd
paamges such as pitch, length and hdix dimensons vay with the spedies and
even within the species. The diameter of the cdls ranges from 1 to 3 pum in the
smdler species and from 3 to 12 um in the larger ones. The larger species have a

granular cytoplasm containing gas vecuoles and the septa ae dearly visble (Ciferi,
1983; Durand-Chegtd, 1980; Richmond, 1986).

The cdl wal of Spirulina condsts of four different layers. The outer layer conssts of
dructurd meaterid andogous to the Gram negative bacterid cdl wal. Undernegth this
is a layer of protein fibrils hdicaly bound to the trichomes. The second layer is a
peptidoglycan layer, which folds towards the ingde of the filament. This second layer,
together with the inner, fibril layer give rise to the septum, which separaes the cdls
(Ciferri, 1983; Richmond, 1986).
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2.1.1.2 EcoLoGgYy

Soirulina are obligate photoautotrophs that were firg isolated by Turpin in 1827 (cited
in Ciferri, 1983) from a freshwater sream. Since then species of Spirulina have been
found in a variety of environments induding soil, marshes, brackish water, seawater
and freshwater. Species of Spirulina have been isolated from tropicd waters and the
North Sea, from themd springs, sdt pans warm waters from power plants and from
fishponds. Thus the organism appears to be cgpable of adgpting to a variety of very
different habitats, and it colonises cetan environments in which life for other
organigms is, if not impossble vey difficult (Ciferi, 1983, Richmond, 1986;
Vonshek et al, 19963).

2.1.1.3 SPIRULINA ASA BIOSORPTION AGENT

A potentid problem associated with the use of a living biomass as a biosorbent is the
potentid toxic effects of the heavy meds in solution (Wilde & Bennemann, 1993).
Therefore, in order to determine the feesbility of Spirulina as a biosorption agent it is
necessary to determine the effects of various metals on the growth of Spirulina.

Copper is one of the mosg common indugrid metds The use of zinc is dso
widesoreed, mainly in the manufecture of dloys, gdvanisng and pgper production.
Due to the numerous activities involving these two very common meds there are
numerous indudtrid  effluents  discharging them into the environment.  Although
copper is an essantid trace dement for humans, large doses can have harmful, or even
fad effects Wilson's disease is a result of excess copper being depodted in the bran,
skin, liver and pancrees There is dso some evidence to suggest that copper is
cacinogenic. Zinc is essentid for enzyme ectivators in humans, but is dso toxic a
levds of 100-500 mg/day (Voleky, 1990; Voleky & Holan, 1995; Wase & Forder,
1997).

Lead is toxic to humans agudic fauna and livesock. It is edimated that
goproximately 180 000 tons of lead is mobilised by the naurd weathering process
eech year, and goproximady 2 million tons is mined yearly. Although lead pollution
from mining ectivites presnts a rddivdy locdised problem, its megnitude is

A



Metal Toxicity

ggnificat and, paticulaly on the wae pollution dde it is compounded by the
presence of other heavy metds In the aguatic environment it will exig manly in the
inorganic divaent date. It can dso exig in an organic tetravdent date (such as the
akyl leads) which, in some cases is more toxic than inorganic lead. The earliest sgns
of lead poisoning seem to be physcd symptoms such as exdtement, irritability and
depresson. Young children are paticulaly affected and can suffer retardation and
semi-permanent brain damage. One of the mogt ingdious effects of inorganic lead is
its ability to replace cdcdum in bones and reman there to form a semi-permanent
resrvoir for long-term release, well after the initid absorption (Volesky, 1990; Wase
& Forger, 1997).

The am of the research dedt with in this chepter was to determine the threshold
levels of Spirulina for the toxic metas copper, zinc and lead. Electron microscopy
was ds0 used in oder to delermine the effects of metd accumulaion on the
morphology and internd organdles of the organiam.

2.2 MATERIALSAND METHODS

221 BIOMASS

The Spirulina used in this dudy (Figure 2.2) was obtained from an exiding culture
mantaned under condant environment conditions (congant illumingtion a& 27°C) in
the Depatment of Biochemisry and Microbiology a Rhodes Universty. The
biomass was cultivated in Zarouk's medium (Appendix A), a chemicdly defined
medium used spedficdly for the cultivation of Spirulina. In these experiments
hedthy Spirulina, resuspended in hdf drength Zarrouk’'s media, was used in baich
dudies The EDTA and FeSOs were, however, excluded from the media This was
done because EDTA is a metd chelating agent and could affect the results. FeSO,
tends to precipitate in the albsence of EDTA and therefore was aso excluded.



Metal Toxicity

Figure2.2:  Light microscope preparation of hedthy Spirulina

2.2.2 ATOMIC ABSORPTION SPECTROSCOPY

Metd concentrations were andysed on a GBC 909AA aomic absorption (AA)
spectrophotometer linked to a GBC integrator. Absorption vaues were converted
directly to units of uM by the integrator. Appendix B shows the specific parameters
for the analysis of copper, zinc and lead.

2.2.3 METAL STOCK SOLUTIONS

Stock solutions of 2 mM CuS0O,, ZnSO,, and Pb(NO3), were prepared and used to
gikethe adgd cultures with varying concentrations of metd .

224 METAL STANDARDS

Appropriate dilutions (2, 5, 10, 20, 50 pM) of concentraed metd solutions were

prepared and standard curves for copper, zinc and lead were generated using the AA
spectrophotometer.
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2.25 DETERMINATION OF ALGAL CONCENTRATION

Due to the filamentous nature of Spirulina, cel counts or photometric methods cannot
be used to determine the drength of the culture. A novd method of determining
culture srength is therefore required. Dry weight measurement is a direct method of
edimating biomass production and chlorophyll determingtion is one of the mogt rapid
methods for edimating quanttities of living plant materid (Richmond, 1986). By
equaing these two methods and producing a sandard curve of chlorophyll a versus
dgd dy mas an edimae can be made of dry mass from chlorophyll a

concentrations.

2.25.1 ALGAL DRY WEIGHT

Whatman glass microfibre filter paper discs were numbered, dried in an oven a 50°C
for 3 hours and then weighed out individudly. Sample volumes of 1, 2, 5, 10 and 20
ml (in triplicate) were removed from the dgd culture and filtered onto the
gopropriatdly numbered discs using a bench top vacuum pump. These were then dried
in the oven for afurther 3 hours, reweighed and the difference caculated.

2.2.5.2 CHLOROPHYLL EXTRACTIONS

Samples of the dgd culture were taken as for the dry weight standards. The samples
were filtered onto 25 mm Whatmen GFC filters usng a bench top vacuum pump.
The dga laden discs were then trandferred into McCartney bottles containing 10ml of
acetone and covered in foil to prevent light degradetion of chlorophyll a. The discs
were then crushed using a glass rod and the bottles were stored in a 4°C refrigerator
ovenight. The following day the samples were centrifuged, in a Heraeus Sepatech
Labofuge, for 5 minutes a 5000 rpm, to remove filter paper and cdl debris. The
absorbance of the supernatants was then read in a UV-visble spectrophotometer a
6616 nm, 6448 nm and 470 nm. Chlorophyll concentrations were then caculated
from the equations given in Appendix C.
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Chlorophyll a vaues were plotted agangt dgd dry mess to form a standard curve
(Appendix D). For dl further experiments 5 ml samples of dgee were taken from
expaimentd flasks and chlorophyll a concentrations determined as above. These
concentrations could then be used to estimate dry mass of dgee.

226 AciD DIGESTS

Add digests were peaformed in order to determine the totd amount of meta
asociated with the cells as wdl as the amount Ieft in solution.

Samples of 3 ml were removed from experimenta cultures and filtered using 0.45 pum
cdlulose acetate filters (Whatmar). The filtrate was retaned and the metd

concentration determined using the AA spectrophotometer.

The filters with the adgee were placed in Pyrex bailing tubes and 0.2 ml 55 % nitric
acid was added to each. The tubes were then placed in a besker, contaning a few
glass beads and a little water, over a Bunsen burner. They were boiled for
gpproximatdy haf an hour until the ydlow doud disipated. To eech tube 4 ml of
water was then added and the metd concentration determined using the AA
gpectrophotometer. After each acid digest was performed the number of moles of
metd in the flak was determined. The appropriate amount of metd was then added to
each flask to restore it back to the starting concentration.

227 LIGHT MICROSCOPY

Samples of 25 pl, taken from the experimenta flasks, were mounted on glass dides
and photogrgphed a the Electron Microscopy Unit, Rhodes Universty, usng an
Olympus BX50 cameramicroscope atached to an Olympus PM-30 exposure control

unit.
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2.28  SCANNING ELECTRON MICROSCOPY (SEM)

Samples of 5 ml wee taken from expeimentd flasks and filtered onto 25 mm
Whaman CF/C filters. Specimens were incubated in cold 25 % gluterddehyde in 0.1
M phosphate buffer for 12 hours. Once fixation was complete, the samples were
washed twice in phosphate buffer, followed by a 30 % to 100 % ethanol dehydretion
seguence, eech of 10 min durdion. Specimens were then dlowed to incubate in
increesing concentrations of amyl acetate before critical point drying. Specimens were
mounted on metd stubs, gold coated in a sputter chamber, and observed using a JEOL
JSMI-80 scanning electron microscope (Cross, 1987).

229 TRANSMISSION ELECTRON MICROScOPY (TEM)

Samples of 1 ml were removed from experimental flasks and centrifuged & 2000g for
5 min in a Hereaus Biofuge. The pdlets were then prepared for TEM. Fixation was
achieved by incubation in cold buffered gluterddehyde for 12 hours. After two
washes in phosphate buffer, this was followed by secondary fixaion in osmium
tetroxide for 90 min. A further two washes preceded an ethanol dehydration sequence
& dexribed in the previous section. This wes followed by a propylene oxide
transtion and a sequentid embedding process as described by Cross (1987).
Trgpezium shaped sections of 120 nm were cut using a RMC MT7 ultramicrotome.
The sections were dained with 5 % uranyl acetate and lead citrate, followed by
examinaion under a JEOL JEM 100 CX transmission eectron microscope.

2.2.10 BATCH EXPERIMENTS

The following expeiments were caried out usng coppe, zinc ad leed and 4l
experiments were performed in duplicate.

Hedthy Spirulina from the exiding culture was filtered through a nylon mesh and
washed with digtilled water to remove any traces of EDTA. The adgd durry was then
resuspended in 50 % Zarouk's mixture (Zarouk’'s medium mede up with no EDTA
or FeSO, and diluted 50 % with weter).
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Tweve 500ml flasks were inoculated with 30 ml concentrated agd durry and 270 ml
50 % Zarouk’s mixture. A chlorophyll extraction, an acid digestion and a pH reading
was performed on each culture. The cultures were then dlowed to grow overnight, at
120-130 rpm on an orhital sheker, under congtant environment condiitions.

On the following day agppropriate volumes of metd sock solution were added to each
flask to make the find concentrations up to 5, 10, 20, 30 and 50 UM.

Chlorophyll extractions, acid digestions and pH readings were peaformed agan, and
every second day theresfter.

2.3 RESULTSAND DISCUSSON

For dl expeiments dgd mass (mg dry weght) in the 300 ml culture was caculated
from the dandard curve (Appendix D). From the acid digest results the number of
moles of metd per milligram was caculated and hence the totd amount of metd
asodiated with the dgee The number of moles of metd remaning in solution was
aso caculated.

2.3.1 COPPER

The reaults for agd concentration and pH are shown in figures 23 and 24. From
these results it can be seen tha for the fird three days dl sx groups exhibited
essertidly smilar behaviour. Both the dgd concentration and the pH increased
Seadily, after which the 20, 30 and 50 uM groups showed a dedine in both pH and
agd concentration. The 50 pM cultures were the firsd to dart declining and by day
eleven dl of the 20, 30 and 50 pM cultures were dead. The controls ad the 5 and 10
UM flaks were dl ill hedthy, dthough the growth in the 10 pM cultures was
garting to decline.
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Figure2.5:  Light microscope preparaion of Spirulina after 2 daysin 50uM CuSO 4

Figure2.6: SEM prepartion of Spirulina after 2 daysin 50uM CuSO4
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Figure2.7:  Light microscope preparaion of Spirulina after 4 daysin 50uM CuSO 4

Figure2.8. SEM preparaion of Spirulina after 4 daysin 50uM CuSOg4
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From the photographs n figures 2.5 to 2.8 the gradua breskdown of the cdls can be
seen. After two days in 50 pM CuSOs (Figures 25 & 2.6) the filaments started to
unwind and a few had dated to bresk up. By day four (Figures 27 & 28) the
filaments were dmost completely broken up and a lot of cdl debris was observed
(Figure 2.7). The filaments gppeared to lose a certan degree of cdl contents during
the bresk up process (Figure 2.8), and hence ther shape became disfigured, most

likely as aresult of turgor pressure.

The results from the acid digests, showing how much copper was associaed with the
dgee and how much remaned in solution are shown in figures 29 and 210. Fgure
2.9 shows that there is a rgpid increase in Cu accumuletion in the 20, 30 and 50 uM
groups on day three, but if one compares figure 2.9 to the growth curve (Figure 2.3) it
can be seen that day three is when the same groups dated dying. Figure 2.9 is
expresed in pumoles of copper per gram of dgd dry mass which is determined from
the chlorophyll a vadues As the cdls dated to die chlorophyll a vaues decreased,
dthough the dead cdl mass would remain, and hence the data represented the copper
accumulaion for a much lower concentration of agee than that which is actudly
present. Therefore, the grgph only gives an accurae representation of the copper
uptake in the 20, 30 and 50 uM groups until day three, after which the cdls darted to
die These results suggest that the threshold level for copper associated with dgee is
goproximatdy 7 pmoles/g, because as soon as the Cu accumulated exceeded this
vaue the cdls darted to die. The control, 5 and 10 pM groups never exceeded this
vaue, and they were il hedthy a the end of the experiment.

Figure 2.10 gives a more accurate representation of what actudly occurred. The pesks
on day one were seen due to the initid addition of meta. By day three there was a
didinct drop in the copper in solution, presumably due to upteke by the dgee as ay
precipitation would have occurred dmogt immediatdly. On day five extra CuSO, was
added to each culture to redtore them to ther origind concentrations, hence the
increese seen. After day five very little decrease was seen suggesting that once the
cdls dat dying, no further uptake occurred. The percentage not accounted for by
upteke or Cu in solution can posshly be accounted for by precipitation, or by binding
to a metalcomplexing agent, such as polysaccharide, excreted by the dgee.
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232 ZINC

The results obtained for zinc showed essentidly the same trends as those for copper.
If the growth curve for zinc (Figure 2.11) is compared to that of copper (Figure 2.3) it
can be seen that the copper gppeared to take dightly longer before taking effect. Even
in the 20, 30, ad 50 uM groups, a dight increese in dgd concentration was
observed before decline began (Figure 2.3). In the case of zinc, the same groups
dated to dedine immediatdy (Figure 2.11), with the exception of the 20 uM group.
At firg glance it would appear hat, once the cdls sarted deteriorating, desth occurred
more ragpidly in the case of copper (Figure 2.3). However, as the darting concentration
of Spirulina in the zinc experiment was far higher than in the copper experiment, the
cultures took longer to deteriorate to the State of copper cultures. Figure 2.12 once
agan showed a podtive corrdaion between culture strength and pH indicating thet
pH is directly rdaed to cel function.

Fgure 2.13 suggests that the tolerance level of Spirulina for zinc is goproximatey 5
umoles/y, because as soon as the Zn accumulated exceeded 5 pmoles/g the cdls
dated to die In the case of copper (Figure 29) this occurred a agpproximatey 7
pmoles/g.

In figure 2.14 it can be seen tha the firg readings teken after the addition of zinc
showed a much lower metd concentration than that which was actudly added. Fgure
2.13 shows that a smdl proportion of zinc was taken up by the cdls but there was a
large percentage unaccounted for. This suggests that a farly large proportion of zinc
precipitated as soon as it was added to the medium. These results suggest that a larger
percentage of zinc was precipitated than copper (Figure 2.10). The cultures were only
topped up with zinc on day nine which would explan the sudden increese in Zn in
solution (Figure 2.14). On day three there was 6.26 pmoles of zinc associated with the
dgee in the 50 uM flasks. By day five this vaue had decreased to 4.77 pmoles. This
shows that the zinc associated with the dgae decreased by 4.96 pmoles/l. This was
probably due to cdl desth and rdease of metd that had dready been accumulated,

thus causng an increese in Zn in solution. This would explain the rise seen in Cu in
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olution (Fgure 2.10) between day three and five. Smilar trends occurred in the other

groups, which would explain the increases seen.

The deterioration of the cdls can be seen in the photographs of Spirulina grown in 50
UM ZnSO4 (Figures 2.15 to 218). Fgures 2.15 and 216 show the dae of the cedls
after two days in ZnSO,. The Spirulina in these photographs looked much hedthier
than those a the same stage of the copper experiments (Figures 25 & 2.6). Very little
damage had occurred to the filaments at this dage, they were just darting to unwind.
This was prabably due to the difference in the sarting concentretions of the cultures.
By day two in the zinc experiments, the cultures were dready in a Sae of decline, but
the dgd concentration was 4ill rdaively high and therefore the culture would not yet
have reached the State of the copper cultures of the same stage.

Fgures 217 and 2.18 show the Spirulina after four days in ZnSO,. Although the cells
gopeared to be very broken up a this stage, they were ill a lot greener (Figure 2.17)
and they looked a lot hedthier (Figure 2.18) than those of the copper experiment
(Fgures 2.7 & 2.8). The cdls in figure 2.18 have retained their shegpe completely, and
don't gopear to have logt as much of ther cdl contents as those in figure 2.8. This
could be because the culture had not reached the same date of the copper cultures due
to the increased darting concentration, but copper is dso known to interfere with the
photosynthetic  dectron  trangport, especidly in photosysem 1l. In addition, copper
toxidty interferes with pigment and lipid biosynthess and consequently chloroplast
ultrastructure, thus it negetively affects photosynthetic efficiency (Bardn et al. 1995).
Zinc has ds0 been shown to inhibit photosynthess but it takes higher concentraions
of zZnc to have an equivdent effect on photosynthess as a lower concentration of
copper (Davies, 1983). Thus, the difference in colour between the cultures grown in
copper (Figure 2.7) and zinc (Figure 2.17) could be due to the copper having a more
marked eff ect on photosynthesis.

McBrien and Hasse (cited in Overndl, 1975) found that copper aso incressed the
permesbility of dgd cdls wheress Overndl (1975) showed tha zinc did not exhibit
this effect. This could explan the loss of shgpe and dightly wrinkled effect of the
cdls that had been exposed to copper for four days (Figure 2.8). The Spirulina from
the zinc experiments (Figure 2.18) did not exhibit this effect a al.
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Figure2.15: Light micrascope preparation of Sirulina after 2 daysin 50uM ZnSO4

Figure2.16: SEM preparation of Spirulina after 2 days in 50uM ZnSO4
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Figure2.17: Light microscope preparation of Spirulina after 4 daysin 50uM ZnSO4

Figure2.18: SEM preparation of Spirulina after 4 daysin 50uM ZnSO 4
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The results thus far suggest that Spirulina has approximady the same threshold levels
for both zinc and copper, but the specific toxic effects vary between the two metas.

2.3.3 LEAD

The growth curves obtained from the leed experiments suggest that lead is not as toxic
to Spirulina as copper or zinc. The fird dgn of any dgnificant dedine in dgd
concentration (Figure 2.19) was on day seven, a which sage growth in dl groups,
including the control darted to decline. This suggests that the dedline could be due to
a depletion of nutrients in addition to lead toxicity. There was definitdy some form of
toxic effect seen in the 50 uM cultures (Figure 2.19), as there was no increase in dgd
concentration beyond day three, and the pH (Figure 2.20) of the 50 uM culture darted
to decrease from day three. These results indicate that there was no active growth in
the 50 uM culture after day three. All the other cultures appear to have grown
unaffected until day seven, when they al garted to decline,

Once again there was a podtive corrdation between culture drength (Figure 2.19) and
pH (Figure 220). A compaison of figure 2.20 with the pH graphs for copper and zinc
(Figures 24 & 212) dealy shows the difference between lead and the other two
metdswith regards to pH, and hence cdll function.

Although the lead did not appear to have a serious effect on the growth of Spiruling, it
did cause dredtic changes to the cel morphology (Figures 221 to 2.24). What, & firg
glance, gopeared to be broken filaments in figure 221 were actudly ill connected.
From figure 2.22 it is seen that the filaments seem to expd some of ther cel contents,
but ill say intact. By day four, a lot of debris is seen under the light microscope
(Figure 223), but if compared to the day four photogrgphs of copper and zinc
(Figures 27 & 2.17) the gppearance of the debris is different. In figure 2.7 and 2.17
pieces of broken filament could clearly be seen, but this was not the case with lead.
The SEM photographs (Figures 2.22 & 2.24) suggest thet the cell debris seen in figure
223 was cdl contents done, as the filaments were ill more-or-less intact, athough
grody digorted. Whole filaments could gill be seen under the light microscope on
day four (Figure 2.23).
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Figure 2.21:  Light micrascope preparation of Spirulina after 2 daysin 50uM
PB(NO3).

Figure 2.22: SEM preparation of Spirulina after 2 daysin SOuM Po(NGs),
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Figure 2.23: Light microscope preparation of Spirulinaafter 4 daysin 50uM
Pb(NO3),

Figure 2.24: SEM preparation of Spirulina after 4 daysin 50uM Pb(NCz)2
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There did not appear to have been any precipitation of lead, as dl the lead was
accounted for (Figures 2.25 & 2.26). An uptake of aout 5 pmoles/l occurred in the 50
UM culture between day three and day five (Figures 2.25 & 2.26). The sudden drop in
the Pb accumulated by the 50 pM culture (Figure 2.25), between day five and day
seven, could be due to the cdl contents being expdled. Thus, any lead tha had been
teken up by the cdls would have been rdessed with the cel contents, probably
complexed to soluble macromolecules. A very smdl decresse was seen in the Pb
concentration in solution for the 30 uM culture, and even less for the 20 UM culture
(Figure 3.26). This suggests that a very smdl proportion of the lead was taken up in
the fird two days dfter the metd addition. Virtudly no upteke was observed for the
other three groups. No additiond metd was added during the course of these
experiments, because the concentration of lead in solution (Figure 2.26) never
decreased dgnificantly enough to warrant further addition.

From these reaults it can be concluded that zinc does exert some form of toxic effect
on Spirulina. The lead, however, afects the cdls via a different mechaniam to that of
copper and zinc, which ultimately takes longer to affect the cells. It gppears clear that
the lead does not affect the photosynthetic pathway directly, as the copper and zinc
do. This suggests that the decrease in chlorophyll a, recorded in the 50 uM culture
could be adownstream result of the shutting down of other metabolic pathways.

In the cultures exposed to copper and zinc, where the photosynthetic pathway was
directly affected, cdl desth may have resulted due to energy Savation as a result of
inefficient photosynthess. Samples were collected for ATP andyss to try and
confirm this, but ATP could not be detected due to problems with the luminometer.

2.4 CONCLUSIONS

Soirulina was found to have a threshold level of aout 30 uM for copper, zinc and
leed. Copper and zinc appeared to have a direct effect on the photosynthetic pathway,
thereby causng a rgpid decline in cel growth. Lead on the other hand seemed to
affect surface properties and hence took longer to cause deterioraion in growth. It can
hence be conduded that Spirulina has little or no potentid as a biosorbent. It does,
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however, have potentid as a precipitation agent through its ability to maintan a high
pH, posshbly through the enzyme carbonic anhydrase. An interest in this process
prompted an invedigation into the enzyme CA, which will be discussed in the
following chepters.



CHAPTER THREE

ASSAYSFOR CARBONIC ANHYDRASE

3.1 INTRODUCTION

Carbonic anhydrase (CA) has been studied for many decades, and is the subject of a
large body of literature. This is due to its biologica importance, and the fact that it has
one of the highest turnover rates of any known enzyme. Ever since the enzyme was
firgt discovered and purified in 1933, the quantitative determination of CA activity has
been a dimulating andyticd target. Many different andyticd methods have been
devised to assay for activity, but they dl have serious disadvantages which strongly
limit their use (Botré & Botré, 1990; Stemler, 1993).

Carbonic anhydrase plays a centrd role in the ability of Spirulina to increase the pH
of the surrounding medium. This increese in pH leads to the precipitation of metd
ions, and therefore, Spirulina can be utilised in the remova of these ions from
contaminated effluents. A rdiable assay is, however, required in order to screen
Sirulina, aswel as other potentia bioremediation agents for CA activity.

The gandard and mogt widdy used method is the Wilbur-Anderson method (1948),
which measures the time taken for a decrease in pH when CO,-saturated water is
injected into a reaction mixture containing CA. The hydration of CO, liberates a
proton, thus lowering the pH. This assay, however, requires non-physologicd
conditions. The temperature must be near 0°C, and the pH changes continuoudy
during the assay. This method does not give a lineer response over a broad enzyme
range, and cannot accurately meesure smdl differences in activity (Stemler, 1993).
Introduction of whole plants or parts thereof, interferes with messurements, and has
been seen to cause dgnificant negative vaues for CA activity (Giordano and Maberly,
1989). When used for determinaions of externa CA activity on macrodgee, the

59



CA Asays

method is insendtive, and there is a posshility thet low externd CA activities, which
may dill be significant, might be disregarded (Haglund et al, 1992).

A colorimetric verson of the Wilbu-Anderson method, where an indicator is used to
determine the endpoint, has aso been used. A disadvantage of this method has been
the inhibitory effects of theindicator (Rickli et al, 1964; Wilbur & Anderson, 1948).

A second method involves the use of a mass spectrophotometer. The reversble
hydration of CO: results in the exchange of oxygen atoms between CO; and H-O.
This property can be used to messure CA activity by following the unlabdling of
exogenous CO, enriched with 180, This is a senstive and accurate method, which has
been successfully used in liquid sysems such as animd and dgd cdl susgpensons,
but it is dow and requires the dedicated use of a mass spectrophotometer (Slverman,
1973, Semler, 1993; Pdtier et al, 1995).

A third method, the stoppedflow, which messures the colour change of a pH-
sendtive dye, ds0 involves expendve equipment. In this case a pectrophotometer
with a number of specid accessories is required. This method has many advantages,
but the equipment isinaccessible to most laboratories (Stemler, 1993).

The rate of CO, production from a buffered solution of HCO;™ can dso be measured
by manometry (Botré & Botré 1990; Sashidhar et al, 1990; Wilbur & Anderson,
1948). Smdl pressure changes ae, however, often difficult to measure usng this
method. The Gilson differentid respirometer, which has often been used for CA
activity edimation, dso suffers from this disadvantage (Sashidhar et al, 1990). Ingtead
of determining pressure changes in the dehydration reection, Seshidhar and associates
(1990) used an infrared gas andysr to determine the increase in COz content.
Although this method is accurate and rdigble, the eguipment is dso not readily
avallable to most |aboratories

Colorimetric assays have dso been developed to messure the esterase and ddehyde
hydretion ectivities of CA. Although edterase activity can be determined with gregter
eae and accuracy than CO, hydration, these assays are typicdly 1000-fold less
sengtive than other assays. This low sengtivity, and the fact that that a secondary and
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perhgps non-physiologica  reection is monitored, mekes these methods undesrable for
mogt studies (Armstrong et al, 1966; Mercado et al, 1997; Stemler, 1993).

Semler (1993), and Kazman and colleegues (1994) have reported two different
radiotracer assays, which show some promise. If radiolabdled bicarbonate is added to
a sysem containing CA it should be converted to radiolabeled carbon dioxide, which,
if successfully trapped, can be measured.

The am of thee expeaiments was to find a rdiable method for assaying carbonic
anhydrase, which could be used in a subsequent atempt to purify the enzyme from
Soirulina. The radiotracer assays mentioned above were investigated, as wdl as the
wdl-recognised Wilbur Anderson assay. Detection of protein by SDS polyacrylamide
ge dectrophoress (SDS-PAGE) was d 0 invedtigated.

3.2 METHODSAND RESULTS

3.21 RADIOTRACER ASsAY 1

3.2.1.1 MATERIALS

Commercidly pure bovine carbonic anhydrase (CA), with an activity of 5200 Wilbur-
Anderson Units (WAU) per milligtam, was obtaned from Sigma Sodium [*C]
bicarbonate (gpecific activity: 55 mCi/mmol & radioactive concentretion: 20 mCi/ml)
was obtained from Amershan Life Sciences Scintillator Plus™ was purchased from
Packard, and GHB glass micrdfibre filters were obtaned from Whamen. Ultrapure
deionised waeter, purified by a Milli-Q water system, was used for the preparation of
al sandards and buffers.

3.2.1.2  PREPARATION OF STANDARDS
A bovine CA dock solution of 150 WAU/mI was prepared. Aliquots of this stock
solution were used to prepare 1 ml sandards with concentrations ranging from 5

WAU/m to 50 WAU/mI. 100 pl diquots of the dandards were used in each
individua assay.
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3.2.1.3 SAMPLE PREPARATION

Soirulina was grown in Zarouk's meda (Appendix A) under congant environment
conditions A 5 ml sample was teken and the chlorophyll extracted. A 10 ml sample
was put on ice and sonicated twice for 15 seconds a 60% amplitude usng a VibraCedl

sonicator.

3214 AsAY

Numerous assays were run in order to optimise the procedure with regards to the sze
and volumes used aswell asfixation time of liberated [1“C] O..

Discs of 1.6 cm diameter were cut from Whaman GF/B glass microfibre filters usng
a No. 11 cork borer and placed a the bottom of a 1.6 cm diameter glass collecting
vid. A 200yl sample of hedthy Spirulina culture was placed on the centre of each
disc to act as a CO:2 trgp. A glass santillation vid was then inoculaied with 100 pl 20
mM TrisHCl buffer (pH 82) and 100 pl of the sonicated sample (or commercid
bovine CA in the case of the sandards). The trgp vid was then inverted over the
sample vid, and the vias were seded together using masking tgpe (Figure 3.1).

-l o+ Photosynthetic
/’ \ YCo, fixation
Light Light A
- Diffusion
F
— wf— Converson
v T HYCOs +H <D¥CO, + H,0
Cdlson -
fibreglass disk HCOs
TRAP VIAL SAMPLE VIAL

Figure 3.1:  Diagram demondrating the principle behind radiotracer assay 1
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The entire assambly was placed in a besker of ice with the sample sde down. The
becker was placed on an orbitd sheker a goproximatdy 150 rpm. Four 20W cool
white fluorescent lamps, two on ether sde of the goparatus, were turned on for a
three minute preillumination period. The sample assembly was then removed from
the apparatus, the trap vid removed and 2.75 pl NaH['C]Os (55 pCi) was added to
the sample vid. The vids were then reassembled and placed back on ice on the
orbitd shaker. The lights were immediatdy turned on for a nine minute CO, fixation
period, after which they were tuned off and the sample assambly quickly removed,
buried in ice and placed in the dark.

The sample assembly was then dissssembled in a fume hood, and 10 pl wes
immediatdly removed from the sample vid and placed in a intllaion vid
contaning 5 ml santillaion flud. To the trgp vid, 100 yl gladd acdtic acid was
added and dlowed to dry on a hot plate. When dry, the discs were removed and added
to a wdntillaion vid containing 5 ml sdntillaion fluid. Radioactivity was quantified
by liquid scntillaion spectroscopy usng a Beckman LS 9000 scintillation counter
cdibrated to reed a full window and with externd quench correction. Appropriate
blanks wererun smultaneoudy in order to determine the degree of quenching.

As a control, the degree of spontaneoudy (non-enzymaticaly) liberated [YC]O2 was
asesed in padld runs, by omitting any source of CA from the sample vid. In
addition the fixed, total amount of radioactivity that was added in dl assay runs was
quantified, and the amount of [*C]O2 liberated (spontaneoudy or enzymaticaly) was
cdculated by determining the reduction in tota radioactivity.

The prdiminary results showed that sample szes of 100 pl in a totd volume of 200
g, run for a nine minute fixation period, were the optimum conditions for this assay
method. All subsequent assays were run, in duplicate, according to these parameters.

All results obtained, which were expresssd in DPMs, were converted to moles. The
results for the standards on the trap vias were used to plot a sandard curve showing
moles of [*C]O, fixed versus Wilbur-Anderson Units.  The results obtained were
only liner for the first four points up to 1.5 WAU (© = 0986), which was in
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agreement with the results obtained by Kazman and associates (1994), hence an
extended graph, of the linear region only, was plotted (Figure 3.2).

The control that was assayed in the absence of any form of enzyme had a radioactivity
of 139 x 10™ moles in the trgp vid, and 1.39 x 10° in the sample vid. The initid
redioactivity added before the assay was 361 x 10° moles thus a 61.5% remova of
NaH[*'C]O; was observed. Of this, only 0.6% was fixed as [YC]O, in the trap vid.
This shows that there was a very high percentage of spontaneous liberation of the
Y[C]O2 in the absence of any enzyme and that a great ded of [**C]O. was logt during
the course of the assay. Remaining [*C] O, was postulated to be present in the .

As a compaison, a dandard curve was plotted using the results from the sample vids
(Figure 3.3). The results were converted to percentage liberation. The results obtained
from the control were adso converted to percentage liberaion, and this vdue was
ubtracted from the standards in order to account for any spontaneous liberation thet

may have occurred.

Once the standard curves had been generated, a fixed amount of sonicated Spirulina
was assayed for CA activity. The radioactivity obtained in te trap vid for the sample
was 804 x 10™ moles, which was too low avalue to read off the standard curve.

The radioectivity obtained from the sample converted to a percentage remova of
70.09%. When the control vaue (61.5%) was subtrected, the sample showed a
percentage remova of 859%%, which converted to 0.9 WAU. The dry mass of the
dgee, cdculaed from the chlorophyll extrections, was found to be 513 mg.
Therefore, the enzyme activity of the sample was 0.175 WAU/mg agee.

The vaue obtained from the second standard curve (Figure 3.3) is probably a more
accurate estimation of activity, because spontaneous breskdown of NaH[*C]O; and
any loss of [*C]O, was accounted for, assuming that any loss was the same as that in

the control.
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These reaults suggest that there was in fact some CA activity in the Spirulina, but
there were severd problems with the assay method, which may have led to the very
inaccurate results. A great ded of variation was seen between duplicates of the same
samples, and the reproducibility of the experiment was poor.

A veay high percentage of the NaH['C]O; was lost due to spontaneous breskdown.
This caused the control vaues to be very high in comparison to the sample vaues for
the trgp vid, which could have led to a great ded of the vaiability observed in the
results.  This problem would have to be resolved in order for this asssay method to be
effective.  The buffer could dso have caused the problem. It is possble that the CI°
ions from the HCl in the buffer may have been enough to react with the NaH[¥C]O;
and caused liberation of [*C]O.  The use of a different buffer, such as EPPS
(Kazmen et al., 1994), could possibly hep in reducing this problem.

The vaiability in the results may dso have been due to the very smal volumes used.
When working with such amdl volumes accuracy is a problem and  smdl
discrepancies can lead to rddivdy large vaidions in results, especidly when
working with radioactivity.

The masking tape may not have been dfective a seding the sample assembly
goparaus, leading to some loss of [MC]O,.  Some [*C]O, may dso have been lost
when the sample assembly was opened up a the end of the assay.

This assay is limited by the CO, fixation rate in the trgp vid. In these expaiments,
the CO; fixaion was found to be very low. When the sample was assayed, only 0.3%
of the [YC]O, that wes liberated was fixed. In the control, which contained no CA,
0.6% weas fixed, which is very low, but higher than the sample. This explains why the
sample from the trgp was too low to read off the standard curve (Figure 3.2).

CA cadyss a revesble reaction (Shirawa et al., 1993 Semle, 1993). It is
therefore possble that some of the [*'C]O; formed, may have converted back to
NaH[*C]O ; due to some unforeseen physiologicd parameters.  This could be a
possible reason why the [*4C] O, fixation was so low.
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A lager volume could not have been added to the trgp vid because it had to be
inverted over the sample vid. However if a more concentrated adgd culture was used,
the rate of the CO, fixaion may have been higher. Optimisttion of the gpparatus
could d=0 lead to an increased rate of CO; fixdion. If a sysem of blocks smilar to
that usad by Katzman et al. (1994) could be congtructed, with mirrors placed such that
the light is reflected up to the cdls in the trgp vid, photosynthess could be increased,
thereby increasing CO; fixation.

Due to the fact that the CO» fixation was not very effective, the necessty of the trap
vid was conddered. The most accurate results were obtained from sample vids,
hence the posshility of a sysem without the CO, trgp was conddered. The
dissdvantage of this is tha a certain amount of [*C]O2 may remain in solution as
disolved CO,. Thus the radioactivity observed in the sample vid may indude some
dissolved [**C] O, aswell as the remaining NaH[**C] Os.

Numerous atempts were made to improve this assay system, but were unsuccessful.
Although the results obtained were not very accurate, some CA activity was found.
This prompted further invedigation into another radiotracer based assay used by
Stemler (1993).

3.2.2 RADIOTRACER ASsAY 2

3.221 MATERIALS

Commercidly pure bovine CA, Sodium ['C] bicarbonate (specific adtivity: 55
mCi/mmol & radicadtive concentration: 20 mCi/ml), Sdntillaor Pus™ and the
GFB micdfibre filters were the same as those for the previous expeiment.
Palyvinylidene difluoride (PVDF) trandfer membranes were obtained from Millipore.

3.2.2.2 PREPARATION OF STANDARDS

Sandards were prepared from a 150 WAU/mMI sock solution of bovine CA, as for the
previous experiment.
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3.2.2.3 ASAY

The second assay invedtigated is based on the diagran shown in figure 34. The man
component of the assay sydem is a 65 mm high cylindrica glass reaction vessd with
a diamgter of 15 mm. A PVDF trandfer membrane of the same diameter, which has a
high permesbility to gases is atached to the batom of the reaction vessd usng
Pratley Quicksst. A GF/B glass filter (20 mm diameter) placed in the bottom of a
sintillation vid is wet with 40 pl NaOH, which acts as a [YC]O, trap. The glass
reaction vessd containing a smal dirrer bar is placed ingde the scintillaion vid.
Reection mixture containing buffer and CA  (commercidly pure bovine CA wes used
in al these experiments) is then added to the reaction vessd.

Scintillation vid
oIS Reaction ves
r——T1 - Stirrer bar
|
Magnetic firrer
| O O [
|

00 1

H*“COs L‘AﬁmCOz!-OH ’

I PVDFtransfer
l membrane
“CO, trapped by NaOH on filter
- m—

Figure 3.4:  Diagramillugrating principle behind radiotracer assay 2
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The sdrtillation vial and its contents are placed on a magnetic dirrer and 50
NaH[*'C]Os is injected into the reaction mixture a time zero. The radioactive
bicarbonate is converted to [*C]O, which diffuses across the membrane and is
trapped by the NaOH-impregnated glass filter. The amount of [Y)C]O, that is trapped
in a short time is a function of the carbonic anhydrase activity in the reection mixture.
The reection is stopped, usudly after 5 or 10s, by smply removing the reaction vessd
from the wdntillaion vid. Scintllor Pus™ (5 ml) is then added to the vid and
radioactivity quantified as for the previous assay. Results are expressed in DPMs.

Various experiments were run in order to determine optima parameters for the assay.
After some experimentation it was decided to use a 200 pl reection mixture
containing 100 pl 20 mM Hepes buffer, pH 7.4, and to run the assay for 10s usng 20
mM NaHCO; such that 50 pl contained 02 pCi NaH[*'C]Os. The results obtained
from assays run in this manner, usng commercidly pue CA agopeared to be redivey
linear (r* = 0.95), and repeatable (Figure 3.5). However, due to the fact that this is an
open system, the possibility that [**C]O was escaping into the air became a concern.

. y

WAU

Figure 3.5: Realltsobtained from initid radiotracer 2 assays usng commercidly
pure bovine CA (1 = 095)
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Figure 3.6:  Diagram illugrating experiment to determine loss of {C]O,

In order to determine how much [/C]O, was being relessed into the air the reaction
vessel was seded with a rubber stopper with two needles placed in it (Fgure 36). A
piece of rubber tubing lead from the one needle into a second cintillation vid
containing ethanolamine. The NaH[''C]O; was injected through the second needle.
Any Y[C]O, that would previoudy have escaped should now have bubbled through
the tubing into the ethandlamine Sdntillaion flud was then added to the vid and

radioactivity measured.

The results from this experiment indicated tha very litle [C]O, was escaping
(Figure 3.7), the radioectivity found in the ehanolamine wes just above the basdine

count. It was, however, decided that, from a safety perspective, it was a good idea to
use a seaded system anyway.
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Figure 3.7:  Results from experiment to determine loss of *[C] O,

Initidly the NaH“[C]O; was injected through a needle in the Stopper using an
aopropriste  syringe. When the initid experiments were repested usng this closed
sysem, the results obtained showed no corrdation to the CA concentrations used
(Figure 3.8), with an f vaue of only 0.001. It was therefore decided to use a Hamilton
syringe to ddiver the NaH"[C]Os, but again the results obtained were meaningless. It
was therefore obvious that there was a problem with the ddivery sysem in the seded
goparatus. When usng smdl volumes, such as those in this assay, andl discrepancies

in delivery can lead to large differencesin results.
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Figure 3.8:  Results from experiments using asedled system (1 = 0.001)

After spending condderable time experimenting unsuccessfully  with the closd
sysem it was decided to return to the origind open sysem. One would have expected
the results to be comparable to the origind results (Figure 3.5), however, this was not
the case (Figure 3.9). Regression andyss of the results gave a r? vaue of only 0.1
dthough there did appear to be a generd increase in DPM’s with increesng CA.
After some andyses it was concluded that this method is not accurate for smal
differences in concentretion, there are too many factors leading to vaidbility in
results. It was adso concluded hat the non-radioactive NaHCOs was outcompeting the
radioactive, thus leading to an inaccurate assessment of CA activity.
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Figure 3.9:  New Results from Open System (* = 0.10)
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Figure 3.10: New results using pure NaH[*4C] O (2 = 0.74)
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It was hence decided to make up a new st of standards over a broader range of
concentrations (2 — 200 WAU/ml), and a bigger increments. These were used in
combination with pure radicactive NaH[**C]O; (0.2 pCi/50 pl). The results are shown
in figure 3.10.

Although the results were dill not linear (° = 0.74), they were better than for the
previous experiment. The DPM’s were, however, 10-fold lower than those in figure
3.9. This was probably due to the subgtrate concentration being too low (70 uM). Due
to the decrease in non-radicactive NaH[*4C]O; the overdl subgtrate concentration was
decreased and was no longer saturating.

The assay was again repested, this time usng 2mM NaH[*C]O; (5.5 pCi/50 pl). The
results obtained showed DPMs comparable to those in figure 3.9, dthough the  vaue
of 0.75 was 4ill low (Figure 3.11). This confirmed that substrate concentration was a
problem, but if one wee to use this assay with such high concentrations of
NaH[*C]O; it would not be economicdly visble Radiolabelled compounds are very
expendve and very lage quantities would be used if assaying lage numbers of

samples.
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Figure 3.11: Resultsfrom assay using 2 mM NaH[*C]O5(r* = 0.75)
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A great ded of time had been spent on this assay sysem, and in addition to the
expense, an accurate and reproducible protocol was ill not posshle Consequently it
was decided to investigate the commonly used Wilbur Anderson assay.

3.2.3  WILBUR-ANDERSON ASSAY

3.2.3.1 MATERIALS

New commercdly pure bovine CA, with an adtivity of 8100 Wilbur-Anderson Units
(WAU) pe milligram, waes obtaned from Sgma Aldrich. Babitone and sodium

barbitone were purchased from Merck.

3.2.3.2 PREPARATION OF STANDARDS

Sandards ranging in concentration from 10 to 150 WAU/ml were prepared from a
bovine CA dock solution of 150 WAU/mI as for the previous assays. 100 ul diquots
of the gandards were used in each individua assay.

3.2.3.3 SAMPLE PREPARATION

Sirulina was grown in Zarouk's media under condant environment conditions
Cdls were harvested by centrifugation a 2000g for 10 min in an Eppendorf centrifuge
503. Pdlets wee washed in an equivdent volume of deonised waer (Milli-Q
Sysdem, Millipore) and centrifuged & 7 000g for 20 min. The pelels were then
resugpended in an gppropriate volume of 20 mM Veond buffer (pH 83). Aliquots of
200 I wereused in eech individud assay.

3.234 Assay
This assay was based on that of Wilbur and Anderson (1948) and modified according
to Hiltonen and associates (1995) and Yang and associates (1985). CA activity was

determined dectrochemicdly by measuring the time taken for the pH to decrease
from 82 to 7.2 when 2ml of ice-cold CO. saturated deionised weter was added to 4
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ml Verond buffer (20mM, pH 83, 4°C) containing the tet materid. One unit of
activity (WAU) was defined as.

WAU=1t/t-1
Where t, and t were the times teken in enzyme-free buffer (control) and buffer
containing the sample, respectivdy. CO. saturated water was prepared by bubbling
CO; through 400 ml deonised water a 4°C for 1 hour before use. All assays were
performed in triplicate.

Initid dudies usng commerddly pure bovine CA mede up to known WAUs showed
that the assay is not very accurate (Table 3.1). The margin of error appeared to be
grester with higher WAUs The standard error figures demondrate that there was dso

aggnificant degree of variability within andlogous samples (Table 3.2).

Table 3.1: Comparison between expected and observed CA activity unitsfrom
commercidly pure bovine carbonic anhydrase

Expeted WAUSs Obsaved WAUSs Difference Sandard Error
1 1.296 0.29%6 0351
2 4.107 2107 0.4%
3 7.791 4791 0256
4 10114 6114 0560
5 12579 75719 0570
15 21179 6579 0.748

Iniid experiments on Spirulina dso showed condderable varidbility between
andogous samples. When a harvested Spirulina sample was assayed for CA activity a
result of —0.253 WAU + 0.225 was obtained. This experiment was repested, and in
addition a sample that had been homogenised by two passes through a French
pressure cdl a 1500ps, was dso assayed. Once again negdive results were obtained
with avery highstandard error (Table 3.2).
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Table 3.2: Initid experiments to determine CA activity in Spirulina

Sample WAU Sandard Error
Harvested Algae -0539 0589
Homogenate -0483 0.7%

Soirulina platensis has been found in waters contaning sdt concentrations ranging
from 85 to 270 g/l, but the optima growth gopears to be a sdt concentrations of 20 to
70 g/l (Ciferi, 1983, Richmond, 1986). Zarouk's media in which our laboraory
cultures were grown contained a NaCl concentration of 1g/l (Appendix A). It was
hence reasoned tha perhgps the cdls were becoming sressed when washed with
water in the harvesting step. This step was therefore replaced with a wash in 19/l
NaCl, and CA was agan assayed in the harvested cdls. Once again a negative result
of —0.275 WAU = 0.215 was obtained.

Until this point verond buffer had been used as the control, and t had adways been
lower then t, hence the negative results. Upon conaultetion with Professor David
Husc (Lafayette College, Pennsylvania), it was decided to change the control to a
sample, which had been baoiled for 5 min in order to inactivate any CA. This would
ensure that there were no extraneous factors present in the sample that were not in the
control. This approach proved to be a success, and posgtive results were obtained
(Table 3.3). The CA activity was, however, very low and the sandard error very high.

Table3.3: CA adtivity in Spirulina usng new control

Sample WAU Sandard Error
Harvested Algee 0313 0410
Homogenate 0.09% 0321

The ultimate am of this project was to purify CA from Spirulina, and therefore
preliminary purification steps were undertaken. CA activity was assayed a each step.

Harvested Spirulina cdls were homogenised by French pressng as before, and then
centrifuged a 11 500g for 20 min in an Eppendorf centrifuge 5403. The resulting
upernatant was  ultracentrifuged a 100 000g for 1 hour in a Beckman L-70
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ultracentrifuge. All fractions were assayed for CA activity. This experiment was run
twice, and the results are shown in figures 3.12 and 3.13.

The large slandard eror is cealy indicaied in both cases. In addition, there was a
grest ded of variability in results between the two experiments The first experiment
showed an eactivity of 0337 WAU + 0373 for the harvested dgee, whereas
experiment two gave a negative result. On the other hand experiment two gave a
much higher result for the homogenate a 0.753 WAU + 0.617, as opposed to 0.084
WAU = 0355 in expeiment one If CA is membrane bound, one would have
expected to find the most CA activity in the fird supernatant and the second pelet.
The second pelet did appear to have the highes CA activity in both cases, dthough
the CA activity for pelet 2 was four times higher in the second experiment than the
fird. One would dso have expected the activity to be higher in supernatant one than
in pelet two, as pdlet two resulted from centrifuging supernatant one, and it was
activity, not specific activity that was measured. These results are far from conclusive
if one condders the vag margin of error. In al cases the gandard error was close to, if
not more than, the actud activity units. The vaidbility between the two andogous
experiments was also consderable.

It was hence conduded that this was a very unrdidble method o determining the
presence or activity of CA. It has been noted in the literature (Badger & Price, 1989;
Hagdund et al, 1992, Raven, 1995), tha this method can be farly rough and
insengtive, and very low, or no activity has been detected in cases where subgtantia
activity has been detected usng other methods such as mass spectrophotometry. If
purification was to be successfully completed, a far more rdisble method of detection

was required.
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Figure 3.12:

CA activity found in thefirgt purification experiment
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Figure 3.13: CA activity found in the second purification experiment
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3.24  SDS POLYACRYLAMIDE GEL ELECTROPHORES'S (SDS-PAGE)

3.24.1 MATERIALS

Acrylamide, N, N -methylene-bis-acrylamide, sodium dodecyl sulphae (SDS), SDS
70L Molecular weight makers  N,N,N’,N'-Tetramethylethylenediamine  (TEMED),
ammonium persulphate (APS), and [-mercaptoethanol were obtained from Sigma
Coomasse blue R250 and bromophenol blue were obtained from Saarchem. Bovine
serum  dbumin (BSA) was purchased from Boevringer Mannheim.  All - other
chemicads used were supplied by Merck or Saarchem. All waer used was ultrapure
deionised water (Milli-Q sysem, Millipore)

3.24.2 SAMPLE PREPARATION

Sirulina cels were grown and harvested as described in 3.2.34, except that after the
firgt centrifugation cdlls were washed in 1g/l NaCl, not deionised water.

3.2.4.3 PRrREPARATION OF MOLECULAR WEIGHT MARKERS

Sgma DS 70L molecular weight markers ranging from 14 000 to 70 000 were used.
The contents of the vid (35 mg) were mixed with 15 ml disodation buffer
(Appendix E) and diquots were gored a -20°C. Carbonic anhydrase was made up to
05 mgml in 1x sample buffer, and bovine dbumin to 0.7 mg/ml. Aliquots were
dored a -20°C.

3.2.4.4 PROTEIN DETERMINATION

The protein concentration of the samples was determined using a modification of the
method introduced by Bradford (1976). BSA was used as the extend <tandad

(Appendix F).

An diquot of 200 ul protein sample was added to a test tube. This was made up to
Iml with 0.15M NaCl. Bradford's reagent (Appendix G) was added to make up a totd
volume of 6ml. This was vortexed immediaidy, followed by a wating period of 5
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min. The absorbance was then reed & 595 nm in a Shimadzu UV 160A UV visble
gpectrophotometer, and protein  concentration determined from the dandard curve
(Appendix F).

3.24.5 SDSPAGE

A modfication of the mehod of Laemmli (1970) wes used for dab gd
dectrophoress. A Hoefer Tdl Mighty Smdl unit SE 280 was used to run 12% gds
(4% dacking gdl). Samples were mixed with an equal quantity of dissociation buffer,
bolled for 5 min and then dlowed to cool. Aliquots of 20 mi were loaded and gels
were run a& 120V (congant voltage) for 3.5 hours. Gds were sained for 1 hour with
gentle agitation, followed by destaning for 1 hour. Gds were left in hdf drength
destain overnight, and then photographed usng Kodsk Digitd Sdence 1D™. All
recipes can be found in Appendix E.

3.2.4.6 BENZYME PURIFICATION

In the fird experiment using this system, harvested cdls were homogenised by two
passes through a French pressure cdl @ 1500 ps. This homogenate was centrifuged at
11 500g for 20 min in an Eppendorf centrifuge 5403. The supernaant was subjected
to 65% ammonium sulphate fractionation and then centrifuged & 9 500g for 15 min.
The pdle was then resugpended in 15m 01 M TrisHCl (pH 85). Both the
supernaant and the pdlet were andysed usng SDS-PAGE. In addition, samples were
assyed for CA  adivity, usng the Wilbur-Anderson method, and protein
concentration was determined.

The CA ativity in the find pelet, as determined by the Wilbur-Anderson method,
was 0252 WAU + 0424. The specific activity wes cdculaed to be 1251 WAU/ug
protein (Table 3.4). When andysed by SDSPAGE (Fgure 3.14), however, no protein
bands were seen. In addition to the high degree of variability, the Bradford assay used
to determine protein concentration gave very unrdidble results The pelet fraction,
which one would expect to have a high protein content, only gave a result of 0.02
pg/ml (Table 3.4). The Bradford (1976) protein assay is a cdorimetric assay based on
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the fact that Coomasse Brilliant Blue R250 exids in two colour forms, red and blue.
The red form is converted to the blue form when the dye binds to the protein. This
leads to a shift of the absorption spectrum from 465 nm to 590 nm. The increase of
absorption a 595 nm is monitored (Bradford, 1976). As the dgd samples have a
drong green colour the absorption gpectrum would be affected, hence giving
inaccurate results. Due to the fact that a lower protein concentration than expected
was obtained, the ca culated specific activity would be too high.

Table 3.4: CA activity in Spirulina for comparison with SDS-PAGE

o _ Spedific Activity
Sample Adivity (WAU) Protein (ug)
(WAU/ug)
Algd Harvest 0.106 + 0.076 0.0109 5425
Homogenate 0.033+0.108 0.0202 1650
NH,).SO
(NF)2C 0024+ 0118 00201 1203
Supernatant
(NH4)2S0, Pellet 0254 + 0424 0.0201 12513
A B CDE FG
A — Bovine Albumin Standard
- — B — Molecular Weight Markers
C — Carbonic Anhydrase Standard
D— Algd Harvest
- E — Homogenate
— — F - (NH4)2$4 SUpernatant

G— (NHy),S0, Pellet

Figure 3.14: SDSPAGE andyssof Spirulina samples
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3.3 CONCLUSIONS

A great ded of time was spent on the two radiotracer assays, to little avail. Results
were inaccurae and a reproducible protocol seemed ungpproacheble.  Consequently,
the Wilbur-Anderson method was investigated with little more success Results were
found to be inaccurate with a high degree of variability. Very little activity was found
in Spirulina, probably due to the falings of the assay sysem. Many authors (Badger
& Price, 1989; Hagdund et al, 1992; Raven, 1995) have noted the insengtivity of this
asay, and Giordano and Mabely (1989) found that whole plants or parts thereof
interfered with measurements, sometimes causing dgnificant negative vaues for CA

activities.

Due to the problems associated with measuring CA activity it was decided to use only
the SDSPAGE mehod for deecting protein dnce this method, dthough not
quantitative, appeared to be a relidble method of detecting the presence and purity of
the protein.



CHAPTER FOUR

PURIFICATION OF CARBONIC
ANHYDRASE

4.1 INTRODUCTION

Cabonic anhydrase has been purified from the cyanobacterium Anabaena variabilis
(Yagawa et al, 1984), and the microdgae Coccomyxa (Hiltonen et al, 1995),
Chlamydomonas reinhardtii (Husc, 1991, Hudc et al, 1989 Kamo et al, 1990;
Karlsson et al, 1995, Yang et al, 1985), and Chlorella sorokiniana (Saioh et al, 1998).
Mog of the publications documenting the purification of CA ded with the unicdlular
green dga Chlamydomonas reinhardtii (Fgure 4.1). Chlamydomonas is a large genus
of green flagdlates beonging to the Chlorophycese lineage. More than 600 species
have been described world-wide from marine and freshwater, soil and even snow.
Chlamydomonas is a dngle-cdled, dlipticd, biflagelate, green dga, approximetely
10mm long. The thin cdl wadl is composed of complex polysaccharides and is
assembled by fuson of discrete particdes. One or more chloropladts, as well as a single
nucleus occupy most of the cdl volume The genus Chlamydomonas contains severd
goecies that have become popular as research tools but by far the most frequently
used isChlamydomonas reinhardtii (Bold & Wynne, 1985; Buchheim et al, 1991).

[l uele us .

Ty
10 micrarmetres

Cell with flagella

Figure 4.1:  Diagram of Chlamydomonas reinhardtii
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Aromatic sulfonamides are specific and potent inhibitors of carbonic anhydrase, and
therefore present a logicad choice for preparaion of an insoluble support for afinity
chromaogrephy.  Philip  Whitney (1974) fird demondrated the use of a p-
aminomethylbenzenesulfonamide  affinity  chrometography  column  for  the purification
of human erythrocyte CA. This method has snce been adgpted and is the method
commonly used for the purification of CA from Chlamydomonas reinhardtii (Husc,
1991; Husc e al, 1989; Kamo e al, 1990; Kalsson et al, 1995; Yang et al, 1985),
dthough preparation of the crude sample differs

Due to the fact that the initid geps teken to purify CA from Spirulina were
unsuccessful  (section 3.24.6), it was decided to purify the enzyme from the wdl-
dudied Chlamydomonas reinhardtii usng affinity chromatogrgphy. These methods
are wel documented, and if successful, could be modified for use on Spirulina.

4.2 METHODSAND RESULTS

421 PURIFICATION OF CA FROM CHLAMYDOMONAS RHEINHARDTII

4211 MATERIALS

Chlamydomonas reinhardtii wild-type (cc-125) and the cdl wal-deficient mutant cw-
15mt" (cc400) were obtained from the Chlamydomonas Genetics Centre a Duke
University. Syprd® Orange Protein Stain was purchased from BIO-RAD, as was the
Immun-Blot® Assy Kit Goat Anti-Rebbit 1gG (H+L). Freunds adjuvant was obtained
from Difco and p-aminomethylbenzenesulfonamide-agarose was purchased  from
Sgma Snal acegtone powder, lysng enzymes and polyoxyethylene ether W-1 were
dso purchased from Sigma and Macerase™ and Cdluysn™ were Cabiochem
products. Polysulfone ultrafuge tubes with a molecular weight cut off (mweco) of 10
000 were purchased from MS separations, inc. All other materids were the same as
those liged in section 3.24.1.
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4.21.2 SAMPLE PREPARATION

Both drains of Chlamydomonas were cultivated in Sueokds (1959) minimad medium
(Appendix H), under continuous light supplied by 2 fluorescent tubes (Osram cool
white L20W/20S) a 24°C. Cdls were cultured on a Labcon orbital sheker a 132rpm.
Twenty-four hours before harvedting, cultures were subjected to vigorous bubbling
with ar. Cultures were harvested by centrifuging @ 3000g for 10 min. The cel pdlets
were then washed and centrifuged (3000g for 120 min) twice with ice-cold water.

4.21.3 CHLOROPHYLL DETERMINATION

A 1 ml sample of dgee was centrifuged a 2376g for 10 min in a Haraeus Biofuge.
The pdlet was resuspended in 1 ml 96% ethanol, and the absorbance measured & 750,
665 and 649 nm in a Shimadzu UV 160A UV visble spectrophotometer. Chlorophyll
concentration was caculated according to the equaions in appendix | (Wintermans &
DeMoats, 1965).

4214 PHENOL/ETHER CONCENTRATION OF PROTEINS

Samples were concentrated before SDSPAGE by adding 05 ml phenol to 1 ml of
sample and vortexing for 20 seconds. These were then centrifuged a 16 000g for 5
min and the upper agueous phase discarded. One millilitre of ether was then added
and the samples were vortexed and centrifuged as above. The upper organic phase
was removed and the last step was repeated (Sauve et al, 1995). Samples were then
dried under nitrogen and resuspended in 50 pl dissociation buffer (Appendix E).

4.2.1.5 PRODUCTION OF ANTIBODY

In order to confirm the purity of the protein, bovine CA (Sgma was andysed by
SDSPAGE. CA was dissolved in sample buffer to a concentration of 1 mg/ml.
Aliquots of 1, 5 and 20 pl were made up to 20 ul with dissociaion buffer, and boiled
for 5 min. These samples, dong with molecular weight markers, were run on a 12%
gd for 3 hours a 100V. The gd was sained and photographed as described in section
3245
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~ A-BovineCA (I mg/ml)
B — Bovine CA (250 pg/ml)
C — Bovine CA (50 pg/ml)

. D —Molecular weight markers

Figure 4.2. SDSPAGE andyssof commercid bovine CA

Figure 4.2 dealy shows the difference in concentration of the three samples. In
addition there were no extra bands, confirming the purity of the commercd CA. A
Img/ml solution of CA in phosphate buffered sdine (PBS) was thus prepared, and
mixed with an equad quentity of Freunds adjuvant untl an emulson formed. This
emulson was injected subcutaneoudy into a lab rabbit. After four weeks the rabbit
was bled, and the blood was dlowed to dot overnight. The serum was removed from
the dot, and any remaning insoluble materid was removed by centrifugation a 10
000g for 10 min & 4°C. Aliquots of the serum were dored a —20°C until required for
Western blots.

4.2.1.6 WESTERN BLOTTING

Samples were run on a SDSPAGE gd. The antigens were then dectrophoreticaly
transfered onto a PVDF membrane usng a BIO-RAD min-PROTEAN Il cdl a
100V for 2 hours. The membrane was removed from the apparaus and rinsed twice
with TTBS (20 mM Triss 500 mM NaCl, 0.05% Tween20, pH 75) for 5 min.
Thereafter the membrane was incubated, with gentle agitation, in a 3% gddine
lution overnight in order for nonspecific blocking to teke place Just as proteins
transferred from the SDSpolyacrylamide gd can bind to the membrang 0 can
proteins in the immunologica resgents used for probing. The senstivity of Western
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blotting depends on reducing this background of nontspedfic binding, by blocking
potentia binding steswith irrdevant proteins (Sambrook et al, 1989).

Once again the membrane was washed twice in TTBS, after which it was exposed to
the firgt antibody for 25 hours. After another series of washes, the second, conjugated
antibody (goat anti-rabbit 1gG horseradish  peroxidase conjugete) was added, and
dlowed to incubate for 2 hours. After 3 washes in TTBS the membrane was placed in
colour devdopment solution (4chloro-1-ngphthol) for 30 min. The membrane was
then photographed using Kodak Digjtal Science 1D™.

4.2.1.7 DIFFERENTIAL CENTRIFUGATION

Initidly the protocol used by Yang and associates (1985) for the purification of CA
from Chlamydomonas was followed. One hundred millilitres of wild-type cdls were
harvested and resuspended in 15 ml 20 mM Verond buffer, pH 83 (152 mg
chlorophyll/ml), The cdls were homogenissed by two passages through a Freath
pressure cdl a 1500 ps and then ultracentrifuged a 100 00Og for 1 hour. The pelet
was resuspended in 4 ml Veond buffer and dl fractions were concentrated as
described in section 4214 and andysed by SDSPAGE (Fgure 4.3). For
comparison, samdes were dso assayed for CA activity and protein content, using the
Wilbur-Anderson and Bradford methods, repectively.

kba A'B € D E F
; A — Molecular weight markers

66— * B — Carbonic Anhydrase Standard
5 C— Algd Harvest

D — Homogenate

E — Supernatant

F— Pdlet

Figure 4.3: SDSPAGE andyssof fractions obtained by differentid centrifugation
of Chlamydomonas
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Table4.1: CA attivity in Chlamydomonasfor comparison with SDS PAGE

o ) Specific Activity
Sample Adivity (WAU) Proten (ug)
(WAU/g)
Algd Harvest 0.779 + 0.348 1534 0491
Homogenate 1.083 + 0493 42.864 0.025
Supernatant 1752 + 0630 25.008 0.070
Pdllet 0648+ 0.153 15170 0.009

Once again there was a veay high dandad eror with the Wilbur—Anderson assay
(Table 41), and the results from the Bradford assay were very improbable when
compared with the SDS-PAGE gd (Figure 4.3). SDSPAGE andyss only reveded
two vey fant bands in the dgd havest ad homogenate fractions, and nothing in
dgther fraction obtaned after differentid centrifugation. The Bradford results,
however, gave the lowest protein content of 1.584 pg in the dgd haved, and the
highet in the homogenate (42864 pg), but the bands on the gd show gmilar
quantities of protein in these two samples, which would be expected. The other two
samples, which showed no bands on the gd, gave higher protein content than the dgd
harves when andysed by the Bradford method. As explained in the previous chapter,
the Bradford assay would be affected by the green colour of these samples. Due to the
ineccurecy of both the activity and the protein assays, the gpecific activity results
obtained were essentidly meaningless.

SDSPAGE andyss once agan proved to be the most rdiable method of detecting
presence of protein, dthough not quantitative. However, only a smdl sample of dgee
had been harvested, hence the smdl quantity of protein detected. This experiment was
therefore repested, this time uing 300 ml of wildtype cdls. Havested cdls were
resupended in 15 ml 20 mM Verond buffer, pH 83 (626 mg chlorophyll/ml). It wes
adso decided to compare the sengtivity of the Coomasse daning with the BIO-RAD
fluorescent resgent, Syprd® Orange. Two identicd gels were therefore run, and one
was daned as before with Coomasse Birilliant Blue. The second gl was daned for
30 min in Syprd® Orange and then rinsed in 7.5% acetic acid. The gd was visudised
by ultravidlet illumination and photographed using Kodak Digijtal Science™.
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Figure 44 shows the comparison between the gds dained with @ Coomasse Brilliant
Blue and b) Sypro® Orange. There did not appear to be much difference in sensitivity
between the two dains. The same bands could be seen in both, dthough they were
much clearer in the Coomasse dained gel (a). It was hence decided to continue using
Coomasse Brilliant Blue, even though the gels stained with Syprd® Orange could be
visudised in a much shorter time. Syprd® Orange is dso far more expensive than
Coomasse Brilliant Blue.

A — Molecular weight markers

B — Carbonic Anhydrase Standard
C — Algd Harvest

D — Homogenate

E — Concentrated Supernatant

F — Supernatant

G- Pdlet

Figure 4.4. SDSPAGE andysisof Chlamydomonas fractions stained with a)
Coomassie Brilliant Blue and b) Sypro ® Orange

SDSPAGE andyss reveded dear bands in dl samples (Figure 4.4). A band in the 29
kDa region seen in the agd harvest, homogenate and pellet was suspected to be CA.
These samples were therefore rerun on a SDSPAGE gd, dong with commercidly
pure CA. The protens were then dectrophoreticdly trandered onto a PVDF
membrane, which was then andlysed by Western blotting.

The antibody to bovine CA reected with the CA standards as wel as the commercid
bovine CA, but not with the Chlamydomonas proteins (Figure 4.5). As bovine CA
shows vey litle homology with tha of Chlamydomonas, and Yang and associates
(1985) reported that no crossreectivity occurred between the two antisera, the bands
of interest could 4ill represent CA. Idedly one would perform Western blot andyss
with atibody to Chlamydomonas CA, to confirm the identity of these proteins
Unfortunatdy such antibodies could not be obtained. However, due to the podtion of

0




CA Purification

the bands on the gd, it was assumed that they did in fact represent CA, and further

seps were taken to purify the protein.
a

kba A B C D E F G
A — Molecular weight merkers

66— B — Carbonic Anhydrase Standard
C — Bovine CA

45— D — 50% Bovine CA

% E— Algd Harvest
F — Homogenate

29_ - G- Pdlet

24— -

14—

Figure 4.5: Wegern blot andyss of Chlamydononas proteins @) SDS-PAGE gd,
gtained with Coomassie Brilliant Blue b) PV DF membrane after Western blotting

A 400 ml sample of Chlamydomonas was harvested, and resuspended in 25 ml 20
mM Verond buffer, pH 83 (13.24 mg chlorophyll/ml). This was French pressed and
centrifuged as described previoudy. The pellet was resuspended in 15 ml 0.IM Tris-
HCl, pH 85, and subjected to ammonium sulphate fractionaion. The 65 % proten
precipitate was pdleted by centrifugation a 5 000g for 15 min, and resuspended in 10
ml of the same buffer. This was didysed agang 2 litres 50 mM Tris-HCl, pH 85.
The buffer was changed 4 times over a period of 21 hours.

The didysate was gpplied a a flow rate of aout 0.5 ml/min to a1 x 2 cm column of
p-aminomethylbenzenesulf onemide-agarose, which had been washed and  equilibrated
with 50 mM Tris-HCl, pH 85. The column was washed with 15 ml 25 mM Tris-HCI;
22 mM NaSOs a pH 87, fdlowed by 25 ml 25 mM Tris-HCl; 0.3 M NaClO4
(sodium perchlorate) @ pH 8.7. The CA proten was then duted usng 15 ml 0.1 M
NaCHs0, (sodium acetate); 05 M NaClO, a pH 5.6. The absorbance of dl fractions
was messured a 280 nm, and the dution profile plotted (Figure 4.6). Fractions 12 —
17 were combined and didysed againg 2 litres 20 mM Tris-HCl a& pH 85 to remove
the perchlorate, an inhibitor of the cataytic activity of the enzyme The buffer was
changed 3 times over a period of 16 hours. All fractions were concentrated and
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andysed by SDSPAGE (Figure 4.7). Two andogous sats of proteins were anaysed.
One set was concentrated by the phenol/ether method used previoudy, the others were
concentrated to 100 pl by centrifugation a 1000g in polysulfone ultrafuge tubes.

0.30

N
/]

0.15 / \
0.10 1 w

A280nm

'

0.05 T \/
0.00
0 2 4 6 8 10 12 14 16 18 20
— A “ A ~ A — _
Diaysate Tris-NaSOy Tris-NaClOy NaC,H40,—NaClO,

Fraction Number

Figure 4.6:  Elution profile obtained when didysed Chlamydomonas pellet was
goplied to affinity chromatography column

A — Mdecular weight markers

B — Carbonic Anhydrase Standard
C— Algd Havest

D — Homogenate

E— Supernatant

F— Pelet

G—(NH,),S0, Didysae

H — Didysed Column Eluent

Figure 4.7. SDSPAGE andyssof Chlamydomonas fractions a various stages of
purification &) samples concentrated by centrifugation in polysulfone ultrafuge tubes
b) samples concentrated by phenol/ether method.
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It can be seen from figure 4.7 that the concentration by centrifugation in polysulfone
ultrafuge tubes (a) yidded much clearer bands than the phenol/ether method (b). The
polysulfone tubes were therefore used for concentration in  dl  subsequent
experiments.

Both gds dearly show the bands of interest (Figure 4.7). The proteins dl remained
associated with the pdlet (Lane F) and were Hill present after ammonium sulphate
fractionation and didyds (Lane G). There were, however, no bands a& dl seen in the
last lane, the didysed column dluent. Figure 4.6 dso showed very low absorbance
readings & 280nm for dl duted fractions, which indicated that very little protein was
being duted from the column. The column did reman very green, even dter dution
with 15 ml 0.1 M NaGHzOz; 05 M NaClO4 AT pH 56. The fattion gpplied to the
column 4ill contained a dgnificant amount of other protein besdes the CA of interest
(Lane G), which could have been causng inteference and blocking the column.
Idedly a rdativey pure proten should be goplied to an dfinity chromatography
column, and this was not the case. There was dill too much interfering protein. It was
thus decided to invedtigaie a different option for purifying the CA before agpplication
to the colum.

4.21.8 ALT-INDUCED DISSOCIATION OF CA

Husc and Quigley (1990) showed that extracdlular CA could be dissociaed from
Chlamydomonas cdls by treament with 20 mM potassium phosphate buffer
contaning 04M KCl, and Husc (1991) has subsequently used this method in the
purification of extracdlular CA from Chlamydomonas reinhardtii. It was hence
decided to invedtigate this protocol.

Fve samples of 30 ml Chlamydomonas were harvested, and washed twice in 5 ml
cold 20 mM potassum phosphate buffer & pH 74 (KR buffer), folowed by
centrifugation for 5 min a& 2000g. Each pdlet was resugpended in 5 ml of cold KPP
buffer (= 13 mg chlorophyll/ml) containing KCl (0; 0.2; 04; 0.8, 1M respectivey),
and dlowed to gand on ice for 10 min. Each sample was centrifuged a 2000g for 5
min, and the supernatants removed. The pdlets were resuspended in 1 ml KRB buffer
containing the same concentrations of KCl, and dlowed to sand on ice for a further
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10 min. The samples were centrifuged as above, and the last Step repested. The
upernaants were combined and concentrated to 100 pl in polysulfone ultrafuge
tubes. Pdlets were resuspended in 1 ml KRB buffer, and dl samples were andysed by
SDSPAGE (Figure 4.8).

S IO gt |

A — Molecular weight markers

B — Carbonic Anhydrase Standard
C- NoKd

D-02MKC

E- 04 M KCl

F- 08M KCl

G-10MKC

Figure 4.8. SDSPage andyss of Chlamydomonas cdllstrested with KCl a) Pdllets
b) Supernatants

Figure 48 dealy shows that the protein remained associaed with the pdlet in dl
caxes Only a veary smdl quantity of protein was dissociaed in the samples containing
08 M and IM KCl (Fgure 480, lanes F & G). This is double the concentration
reported by Husic and Quigley (1990) to dissociate CA from Chlamydomonas.

The experiment was thus repested, with dight modifications, usng a lager sample
volume and 0.8M KCl, as this concentration gave the best results in the previous
expaiment. Two samples of 150 ml Chlamydomonas were harvested and washed
twice in 10 ml KR buffer. The pedlets obtained after washing were resuspended in 0.5
M KPR buffer containing 0.8 M KCl. Phosphate buffer is wel known for its
soluhlisng properties, and concentrations of 0.1 to 0.5 M have been noted to incresse
the totd <olubility of membrane proteins (Neugebeuer, 1990), hence the higher
concentration of KPP buffer used. The one sample (sample A), resuspended in 6 ml
KP buffer, was incubaed on ice for 60 min with gentle agitation, and then
centrifuged a 10 000g for 1 min (Thomas & McNamee, 1990). The pelet wes
resuspended in 10 ml 20 mM KR, and the supernatant was concentrated to 100 pl.
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The second sample (sample B), resuspended in 2 ml KPR buffer, was incubated on ice
for 10 min followed by a 1 min centrifugation a& 10 000g. The supernaant was
removed, and the pdlet resuspended in a further 2 ml KB buffer containing 0.8 M
KCl. Fve cydes of incubation on ice and centrifugetion followed. After the totd
incubation period, al the supernatants were combined and concentrated to 100 pl.
The find pdlet was resugpended in 10 ml 20 mM KPR buffer. All samples were
andysed by SDS-PAGE (Figure4.9).

a3 € DL F

A — Molecular weight markers
06 — - B — Carbonic Anhydrase Standard
C — Sample B Supernatant
45 — D - Sample B Pdl&t
36 — - E— Sample A Supernatant
F— Sample A Pdlet

14 —-- .

Figure 4.9: SDSPAGE andyssof Chlamydomonas cdlstreated with KCl in 0.5
M KPi buffer

It can be seen from figure 49 that the protein of interest, in the 29 kDa region,
remained asociated with the pellet in both cases (Lanes D & F). Only a protein of
goproximately 56 kDa became dissociated from the cdls in the case of sample A
(Lane E). The increase in concentration of the phosphate buffer did not appear to have
ay effect on the solubilisation of the protens in this case The experiment wes
therefore repeated, using a combinaion of the mehods aove, and reveting to the
origina buffer concentration.
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Two samples of 200 ml Chlamydomonas were harvested and washed in KR buffer as
above. The pdlets were then resuspended in 5 ml 20 mM KB buffer, one of which
contained 0.8 M KCI. The other was run as a control. These were dlowed to stand on
ice for 10 min, after which they were centrifuged a 10 000g for 1 min. The peles
were resuspended in 2 ml of the same buffer, and the last step repested. The pdlets
were once again resuspended in 2 ml buffer, and then incubated on ice for 30 min,
followed by centrifugation. Supernatants were combined and concentrated to 100 pl.
Pdlets were resuspended in 5 ml KRB buffer, and dl samples were andysed by SDS
PAGE (Figure4.10).

kDa E"ﬁv DPEE

A — Molecular weight markers

66 — 3 B — Carbonic Anhydrase Standard
&= == == &8 C-Cotrol Pdlet

45 _ .. ' D — Control Supernatant

36_ : E— KCl Trested Pdllet

29 3— = = = F-KCl Trested Supernatant

24— .

14 MR b

Figure 4.10: SDSPAGE andyssd Chlamydomonas cdls treated with KCl in the
origind KPi buffer

Figure 410 showed vaious proteins in the supernatant of the experimenta sample
(Lane F). There were two proteins of gpproximatdy 56 kDa, but the one was dso
seen in the supernatant of the control (Lane D), which could indicate that the protein
is rdeased into the surrounding medium. The protein could dso be asociated with the
cdls by very week interactions, which may have been disupted by the repeated
centrifugation and resuspenson. The other band is dill present in the pdle in
equivaent proportions, indiceting thet it was not dl dissociated. A few larger proteins
could ds0 be seen in the pelet, dthough the bands were very fant. Only very fant
bands could be seen in the 29 kDa region of intered, indicating that very little of the
CA had been dissociated. These results were contrary to those reported by Husic and
Quigley (1990) who obsarved that CA comprised over 70 % of the totd protein
released by trestment with 0.4 M KCl.
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Due to the fact that little success had been achieved in dissociating the CA from the
cdls usng the KCI tregtment, but didinct bands were seen in the 29 kDa postion in
the pdle, it was decided to subject this fraction to afinity chromatography. The
pdlet fraction was made up to 8 ml with KR buffer, and 7 ml of this was gpplied to 1
X 2 con coumn of p-aminomehylbenzenesulfonamide-agarose, which had  been
washed and equilibraed with KPR buffer. The column, however, quickly became
blocked and nothing would flow through. This sample was far too crude for treatment
by &ffinity chromatogrgphy. It had not been homogenised a any sage, and hence ill
contained whole cdls, which were probably too large to pass through the agarose gd
matrix. On the whole this method had proved unsuccessful, and it was consequently
decided to investigate an dternative purification procedure.

4219 PrEPARATION OFA MEMBRANE FRACTION

If the CA is bound to the plasma membrane, prepardtion of a suiteble enriched
membrane fraction should be the fird dage of isolaiing the enzyme (Thomas &
McNameeg, 1990). The method used by Ramweni and Midhra (1985) was optimised
for this purpose.

A 400 ml sample of Chlamydomonas was harvested and resuspended in 20 ml sucrose
golution (0.5 M sucoss 1 mM EDTA; pH 74) (20 mg chlorophyll/ml). This was
then homogenised by two passages through a French pressure odl a 1500 ps, and
centrifuged a 1000g for 10 min. The pelet was resuspended in 10 ml sucrose solution
and centrifuged as before. The supernatants were combined and centrifuged a 105
000g for 1 hour. The pdlet was resugpended in 25 ml 50 mM TrissHCl (1 mM EDTA,;
pH 7.4) and centrifuged a 3000g for 20 min. The find pdlet was resugpended in 10
ml Tris-HCl to a concentration of agpproximady 1 mg/ml. This method yidded a
membrane dock, which was free of whole cdls, nude and soluble proteins (Thomas
& McNamee, 1990).

Initidly atempts were mede to dissociate the CA from the membranes by KC
dissociation as described previously. Three diquots of 1 ml of the stock membrane
suspenson were prepared. Aliquots of 1 ml 50 mM Tris-HCl, pH 7.4, containing 0.6,
0.8 and 1.0 M KCl were pipetted into gppropriate tubes. These were incubated on ice
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for 60 min, after which they were centrifuged a& 105 000g for a further 60 min
(Thomas & McNamee, 1990; Ramwani & Mishra, 1985). Pdlets were resuspended in
1 m 5 mM TrisHCl, pH 74, supernaants were concentrated to 100 pl, and dl
samples were andysed by SDSPAGE (Figure4. 11).

9 &t F GH
- A— Molecular weight markers

B — Carbonic Anhydrase Standard
C-0.6 M KCl Supernatant
D-0.6 M KCI Rdlet

E— 0.8M KCl Supernatant
F—0.8M KCI Pdlet

G- 1.0M KCI Supernatant
H-1.0M KCl Pdllet

Figure 411: SDSPAGE andyss of Chlamydomonas membrane fraction trested
with KCl

Fgure 411 dealy shows that the proteins of interest in the 29 kDa region were
present in the membrane fraction. The KCl was dill, however, unsuccessful at
dissocigting the CA from the menbranes, as the proteins remained associated with the
pellet. No protein was seen in any of the supernatants. Various other products were
therefore investigeted for their ability to solubilise the CA.

kDa A — Molecular weight markers
B — Carbonic Anhydrase Standard
C— Macerase' ™ Supernatant
66 — D— Macerase' " Pdlet
E— Cdluysn™ Supernatant
45 F— Celuysn™ Pellet
36 G— Snail Acetone Powder Supernatant
29 _ H — Snail Acetone Powder Pdllet
24 — | — Lysng Enzymes Supernatant
14 J— Lysng Enzymes Pdllet

Figure 4.12: SDSPAGE andyssof Chlamydomonas membrane fraction treated
with aternative solubilisng agents
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Aliquots of 1 ml of membrane sock were incubated with 1 ml 1 M NaCl containing
03 % of the fdlowing solubilisng agents Snal acetone powder, Lysng enzymes,
Macerase' ¥ and Cdluysn™. Afte a 60 min incubation period, samples were
centrifuged & 105 000g for 60 min.. Pdlets were resuspended in 1 ml 50 mM Tris-
HCl, and supernatants were concentrated to 100 pl before andyss by SDSPAGE
(Fgure4.12).

Once again no bands were seen in any of the supernatants, indicating that none of the
products invedigaied were effective in solubilisng the CA (Fgure 4.12). Only very
fant bands were seen in the pdlet, which had been exposed to Lysng enzymes. It is
possible that the enzymes may have denatured some of the protein.

The find method investigated fa the solubilisation of CA, was the use of a detergent.
The disadvantege of this being that extendve didyds was required to remove the
detergent before further purification steps, such as affinity chromatography and SDS
PAGE. As dl solublistion methods thus far had proved unsuccessful, this method
was attempted.

Two diquots of 1 ml of membrane sock were incubated with 1 ml 1 and 5 %
polyoxyethylene ether W - 1 in 50 mM TrissHCI, pH 74. A third, control was
incubated with detergent-free buffer. The samples were centrifuged as before, once
the 60 min incubation was complete. Both the pellets and supernatants were diaysed
agang 500 ml 50 mM TrissHCL, pH 7.4. The buffer was changed every 4 hours for
60 hours Upon completion of didyds the supenaants were concentrated to 100 pl
and SDS-PAGE was carried out (Figure 4.13).

The detergent dso proved unsuccessful as a olubilisation agent, as the CA bands
were agan only visble in the pelets (Figure 4.13) The quantity of protein seen in the
pdlet from the 5 % sample did gppear to be dightly less than in the control and 1 %
pdlets indicating that a smdl quantity of proten may have been solubilised, but there
were dill no bands visble in the supernatant.
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yiu, A — Molecular weight markers
. B- Carbonic Anhydrase Standard
~ C-Comd Pdlet

;‘g D— Control Supernatant
- i , E—1%W- 1 Pdlet
29— i F— 1% W -1 Supemaant

24 ~ G-5%W-1Pde

14 — - H-5%W -1Supematant

Figure 4.13: SDSPAGE andyssof Chlamydomonas membrane fraction treeted
with polyoxyethdene ether W -1

Although no success had been achieved in solubilisng the CA, the protein was dearly
visble in the membrane fraction, when andysed by SDSPAGE. This membrane
fraction contained the CA in a pue form than the crude extracts origindly goplied to
the affinity chromatography resin. It was therefore decided to atempt the purification
directly from the membrane stock solution by affinity chromatography.

A membrane sock solution was prepared as previoudy described. A 5 ml sample was
gplied to a to 1 x 2 cn coumn of p-aminomehylbenzenesuifonamide-agarose,
which had been washed and equilibrated with 20 mM TrisHCL, pH 7.4. The column
was washed with 25 ml 25 mM Tris-HCl; 22 mM NaSQ: a pH 8.7, fdlowed by 25
m 25 mM TrissHCl; 0.3 M NaClO4 & pH 8.7. The CA protein was then euted usng
25 m 01 M NaCHi 0, 05 M NaClO, a pH 5.6. The absorbance of dl fractions was
messured a 280 nm, and the dution profile plotted (Figure 4.14). Fractions 16, 17, 20
and 21 were combined and didysed agang 2 litres 20 mM TrisHCl & pH 85.
Fraction 7, which was duted with 25 mM TrisHCl; 0.3 M NaClO, a pH 8.7, had an
absorbance vadue of 0.162. This was higher than the absorbance vaues for any of the
fractions duted with 0.1 M NaCHz0O2 05 M NaClOs & pH 5.6. It was therefore
decided to subject this fraction to SDSPAGE andyss as wdl. Consequently this
fraction was ds0 didysed agang 500 ml 20 mM TrisHCl a pH 85. The buffer was
changed 4 times over a peiod of 24 hours After didyss both samples were
concentrated and analysed by SDSPAGE (Figure4.15).
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Figure 4.14:  Elution profile of membrane stock after affinity chromatography

A — Molecular weight markers

B — Carbonic Anhydrase Standard
| C— Huent1

- D- Eluent2

Figure 4.15. SDSPAGE andyss of afinity chromatography duents

Fgure 4.15 shows tha the CA was duted with the 25 mM Tris-HCl; 0.3 M NaClO, at
pH 87, as there are two bands dearly vigble in fraction 7 (duent 1). Nothing & dl
wes seen in duent 2, which were the combined fractions duted with 0.1 M
NaCHz;O,; 0.5 M NaClO, at pH 5.6
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Figure 4.16: Elution profile of membrane stock, having omitted 25 mM Tris-HC,
0.3 M NaClOq4 &t pH 8.7

A — Molecular weight markers

B — Carbonic Anhydrase Standard
C- 0.1 M NaC;H30;; 0.5 M NaClOy, pH 5.6Eluent

Figure 417: SDSPAGE andyssof afinity chromatography duent, having omitted
25mM TrisHCI; 0.3 M NaClO4at pH 8.7

The experiment was therefore repeated, but the wash with 25 mM TrisHCI; 0.3 M
NeClO, a pH 8.7 was omitted. After washing with 20ml 25 mM TrisHCl; 22 mM

NaxSQ: a pH 87, the CA was duted with 20 ml 0.1 M NaGHzOz; 05 M NaClOs at
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pH 56. The dution profile was plotted (Figure 4.16) and fractions 9 — 15 were
combined and didysed agang 500 ml 20 mM TrisHCl & pH 85.for 17 hours. The
buffer was changed 4 times over this period. The didysate was concentrated followed
by andyssby SDS-PAGE (Figure4.17).

Figure 4.17 shows that CA was successfully duted by the 0.1 M NaGHz:0O;; 05 M
NaClO, a pH 56. Two bands can be seen in the find sample, dthough farly faint.
The fact tha the CA was duted by both the 25 mM TrisHCI; 0.3 M NaClO, at pH
8.7, and the 0.1 M NaCGHz0; 0.5 M NaClO4 & pH 5.6, shows thet the pH does not
have a great effect on the dution of the protein. The presence of the NaClO, done
was enough to dissociate the CA from the p-aminomethylbenzenesulfonamide. The
concentration of 0.3 M was adso enough to eute the protein, it did not need to be
increased to 0.5 M. The 25 mM TrisHCl; 0.3 M NaClO, a pH 8.7 did in fact appear
to be more effective a euting the CA than the 0.1 M NaCHz05; 05 M NaClO, a pH
5.6, as the bands obtained in figure 415 were far more didinct than those seen in
figure 4.17. This indicates tha more protein was duted with the 25 mM Tris-HCl; 0.3
M NaClO, a pH 8.7.

CA was successfully isolaed using this method. However, Western blot andyss
usng antibody to Chlamydomonas CA would be required to confirm the identity of
CA. One can assume thet the protein isolaied in this manner was in fact CA due to the
postion on the SDSPAGE gd, as wdl as the fact tha it bound to the
aminomethylbenzenesulfonamide, which is a spedfic and potent inhibitor of CA. It
was aso duted by NaClO4 another inhibitor of CA (Whitney, 1974). The fact that
two bands were present in the find sample could indicate the presence of two
subunits. Johansson & Forsman (1993) showed that pea CA agppears on a SDSPAGE
ge as adoublet corresonding to masses of 25 kDaand 27 kDa
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42110 CELL WALL-DEFICIENT MUTANT CW-15MT" OF CHLAMYDOMONAS

REINHARDTII

The Chlamydomonas reinhardtii cel wal-deficient mutant ow-15mt™ secretes CA into
the surrounding medium (Coleman et al, 1984; Hudc, 1991 XX). In order to isolate
this CA 40 ml of ow-15mt" culture was centrifuged a 4100g for 10 min. Of the
supenaat 20 ml wes gplied to a to 1 x 2 on coumn of p-
aminomethylbenzenesulfonamide-agarose, which had been washed and equilibrated
with 20 mM TrissHCL, pH 7.4. The column was washed with 20 ml 25 mM Tris-
HC; 22 mM NaSO, a pH 87, folowed by 25 ml 25 mM Tris-HCl; 0.3 M NaClO, at
pH 87. The CA protein was then duted usng 20 ml 0.1 M NaGHz0,; 0.5 M NaClO,4
a pH 56. The absorbance of dl fractions was messured & 280 nm, and the dution
profile plotted (Figure 4.18). Fractions 5, 7, 9 and 10 were combined (duent 1), as
wdl as 15 and 17 — 20 (duent 2). The two samples were didysed separatdly againgt
50 m 20 mM TrisHCl, pH 7.4. The buffer was changed 4 times over a 16 hour
period. Both samples were concentrated, and were andysed by SDS-PAGE, dong
with a concentrated sample of the origind supernatant (Figure 4.19).

I
TR

S - A — J

Supernatant  Tris-NaSOs Triss-NaClO4 NaC2H302 — NaClO4

A280nm

Fraction Number

Figure 4.18: Elution profile of Chlamydomonas cw-15mt™ after affinity
chromatography
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Fgue 4.19 shows 3 protens in the origind supernatant, in, or cdose to, the 29 kDa
region. This indicates tha the CA is rdeased into the medium, dong with other
proteins. There were, however, no proteins seen in @ther duent fraction. This could
possbly be due to the fact that the proteins were not concentrated enough. Only faint
bands were seen in the origind supernatant. This smdl quantity of protein may have
become too diluted in the large duent volume usad during affinity chrometography,
and hence was no longer detectable using SDSPAGE.

A — Molecular weight markers

B — Carbonic Anhydrase Standard
C — Supernatant

D - EHuetl

E— Eluent 2

Figure 419: SDSPAGE andyssof Chlamydomonas cw-15mt” fractions

422 PURIFICATION OF CA FROM SPIRULINA

4221 SAMPLE PREPARATION

Soirulina was cultured in Zarouk's media under continuous light supplied by 2
fluorescent tubes (Osram cool white L20W/20S) a 24°C. Cdls were cultured on a
Laboon orbitad sheker a 132 rpm. Cels were harvested by centrifuging at 5500g for
10 min. Pdlets were then washed twice in 20 ml cold NaCl (1g/l) and centrifuged at
7000g for 20 min.

4.2.2.2 SALT-INDUCED DISSOCIATION OF CA

A 200 ml sample of Spirulina was harvested and resuspended in 15 ml KRB buffer (20
mM potassum phosphate buffer a pH 7.4). This was then homogenised by two
passages through a French pressure cdl a 1500 pg, followed by centrifugation at
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6000g for 15 min. The pdlet was resuspended in 5 ml. Aliquots of 1 ml were
incubated on ice with 2 ml KR buffer containing 0, 0.8 and 1.0 M KCI. After a 15
min incubation samples were centrifuged a 10 000g for 5 min. The pdles were
resugpended in 2 ml of the same buffer, and the incubation and centrifugetion was
repested twice more. The find pelet was resuspended in 5 ml KPR buffer, and the
combined supernatants were concentrated to 100 pl each. All samples were anaysed
by SDSPAGE (Figure4.20).

A — Molecular weight markers
B — Carbonic Anhydrase Standard
C— Control Pdlet
D — Control Supernatant
E- 0.8M KCl Pdlet
F — 0.8 M KCI Supernatant
G- 1.0M KCI Pdlet
H— 1.0 M KCl Supernatant

Figure 4.20: SDSPAGE andydsof Spirulina cdls trested with KCl

Figure 4.20 shows tha the KCl was once again unsuccessful a dissociaing the CA,
as dl the protein remaned associated with the pdlets, as they did in the case of
Chlamydomonas. The proteins seen in the Spirulina pelet dso differ from those seen
in the case of Chlamydomonas. The protein assumed to be CA is dightly larger than
in Chlamydomonas, and there are two proteins above it in the 36 kDa region. Either of
these three proteins could represent CA, as molecular mass vaues of 27 — 42 kDa
have been reported for CA (Bundy and Coté, 1980; Hudc, 1991). Spirulina aso has a
protein in the 50 — 60 kDa range, as well as a high concentration of >5 kDa protein.
A sudy conducted by Kamo and asswiates (1990) established the exigence of a
andl subunit of CA of about 4 kDa in Chlamydomonas reinharditii. It is possible that
this band represents a subunit of CA, but we were ungble to confirm this It is adso
likdy that this protein is completdy unrdaed to CA. As with Chlamydomonas it
would be ided to have an anttibody to cyanobaecterid CA in order to confirm the
identity of CA, by Western blot andyss.
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4.2.2.3 PREPARATION OF A MEMBRANE FRACTION

A membrane fraction was prepaed from Spirulina in a dmila manng to
Chlamydomonas. A 250 ml sample of Spirulina cells were harvested and resuspended
in 30 ml sucrose solution. The cdls were homogenised by two passages through a
French pressure cell & 1500 ps. They were then centrifuged a 1000g for 10 min. The
pelet was resuspended in 15 ml sucrose solution, and centrifuged as before. The two
supernatants were combined, and centrifuged & 105 000g for 1 hour. The pelet was
resupended in 25 ml 50 mM TrisHCl (1 mM EDTA; pH 74) and centrifuged a
3000y for 20 min. The find pdlet was resuspended in 10 ml 20 mM Tris-HCl, pH
7.4, to yidd the membrane stock solution.

A280nm
o
-
o

l
R
R
AV
vV

0 2 4 6 8 10 12 14 16 18 20 22

A Y _
Membrane TrisNa,S0, Tris-NgC0, NaC>H;0,— NaClO,4
Stock

Fraction Number

Figure 4.21: Eution profile of Spirulina membrane stock after affinity
chromatography

Of the membrane dock, 3 m was gplied to a 1 x 2 cn column of p-
aminomethylbenzenesuifonamide-agarose, which had been washed and equilibrated
with 20 mM Tris-HCl, pH 7.4. The column was washed with 15 ml 25 mM Tris-HCI;
2 mM NaSO, a pH 87, falowed by 25 ml 25 mM TrisHCI; 0.3 M NaCIO, a pH
8.7. The CA protein was then duted usng 15 ml 0.1 M NaC,H;0, 05 M NaClO, at
pH 5.6. The absorbance of dl fractions was measured a 280 nm, and the eution
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profile plotted (Figure 4. 21). Fractions 13, 14 and 15 were combined (duent 2), and
didysed agang 500 ml 20 mM TrisHCl, pH 7.4 for 24 hours. Fraction 7 (uent 1)
was ds0 diadysed againg 500 ml of the same buffer. The buffer was changed 4 times
over the 24 hour period. Both fractions were concentrated and andysed by SDS
PAGE (Figure4.22).

A — Molecular weight markers

B — Carbonic Anhydrase Standard
C — Membrane Stock

. D—Eluent 1

E— Eluent2

Figure 4.22: SDSPAGE andyssof Spirulina membrane stock

No proteins were seen in dther fraction duted from the affinity column, and only a
vay fant smudge was seen in the membrane fraction (Figure 4.22). This could
indicate that CA is not membrane bound in Spirulina. It could in fact be internd,
dthough this would not account for the effect of increese in pH of the surrounding
medium. It is however, unlikdy that no protens were present in the membrane
fraction. It is possble that the membrane stock was too dilute for the praeins to be
detected. It is ds0 possble tha the protocol for membrane stock preparation may
need to be adjugted dightly for Spirulina, due to the different ultrastructure.

No extracdlular CA activity has been detected in most cyanobacteria anaysed,
dthough an activity dosdy associaed with the membrane, or intrindc to it, has been
postulated as pat of trangport mechaniams leading to the entry of both CO, and
HCOs. A ‘CA-like moiety’ responsble for dehydration of HCOs™ is pat of a mode
sysem dlowing equilibrated inorganic cabon (C) exchange across the membrane.
An indirect proof for the likeihood of CA activity involvement in such sysems is the
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inhibition of G trangport by the CA inhibitor ethoxyzolamide (EZA)(Bedu & Josd,
1991).

Espe and associates (1989) have demondraied entry of CO, and HCO; via
independent systems and propose a modd functioning without the mediation of CA.
Thee authors do not, however, completely exclude a ‘CA-like moiey’ assisted
modd, which would bes exdan the inhibitory effect of EZA on the upteke of CO..
A dmila paten of inhibition by EZA of CO, entry has been obsarved in
Synechocystis PCC6803 srongly suggesting the presence of a zinc protein associated
with this activity (Bedu & Joset, 1991). It has dso been podulated (Fernley, 1988)
that a‘ CA-like maiety’ isinvolved in G transport in Anacystis nidulans.

4.3 CONCLUSIONS

Affinity chromatogrgphy of a membrane gsock prepared from  Chlamydomonas
reinhardtii yidded two bands It was assumed that these bands represented two
subunits of CA due to the podtion on the SDSPAGE gd, as well as the fact that they
were bound by the aminomethylbenzenesulfonamide and duted by NaClOs. |If
attibody to CA from Chlamydomonas had been obtaingble, Western blot analyss
would have been performed in order to confirm the identity of these proteins,

Unfortunately, purification of CA from Spirulina proved less successful. No proteins
were visble in the membrane fraction, indicating thaa CA may not be membrane
bound. It is more likdy, however, that the membrane fraction was too dilute, or the
procedure needs optimisation for Spirulina. It is dso possble that it is not CA, but a
‘CA-like moiety’ that is involved in the dkdlisaion process as few cyanobacteria
gopear to have externd CA. This however, would have been demondraed in the
membrane fraction.

Further andlyss of Spirulina is required, as these results are very inconclusve. It is
possble tha further optimistion of avalable procedures will yidd postive results
with Spirulina. Another dternative is a molecular approach, which will be discussed
in chapter five.
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CHAPTER FIVE

CLONING CARBONIC ANHYDRASE

51 INTRODUCTION

As a result of the difficulties experienced with previous methods an dternative
method of idetifying CA in Spirulina, involving dandard molecular  biology
techniques was dso conddered. In terms of this procedure, DNA or protein sequences
for CA from as many phylogendtic organisms as possble are digned, and andysd
for regions of homology. Based on regions of high homology in the DNA sequences,
oligonudeotide primers can be designed for polymerase chain reaction (PCR). DNA
isolated from Spirulina is then amplified and the PCR product obtained can be cloned
into a plasmid vector (for example pGEM®-T Easy, Promega). This is followed by
ligation and trandformation into a host cdl. Once expressd, the genes can be
sequenced and  protein dructure investigated. The most important  congderation in
desgning these dligonuclectide primers is spedificty, and therefore a very high
degree of homology is required. Alterndively, degenerate primers can be desgned
from known amino acid sequences and cdoned as aove (Ausubd et al, 1983
Mathews & van Holde, 1990; Roe et al, 1996).

Ancther option involves the creaion of a genomic library. This method is preferdble
if there is only one region of homology in the middle of the sequence of interest.
Completly or patidly digeted genomic DNA is sze fractionated and ligated into a
plasmid vector. The plasmid library is then plated and the colonies trandferred to a
nitocdlulose membrane. The filtes ae then hybridised with a *P-labdled
oligonucleotide probe, and the colonies contaning the DNA of interes can be
identified by autoradiography. The plasmid DNA can then be isolated and sequenced
(Ausubd et al, 1983; Fukuzawa et al, 1990).



Vaious authors have doned CA, dthough in most cases the polypeptide had been
previoudy isolaed and sequenced, a least patidly. These amino acid sequences were
then used to design degenerae primers. Eriksson and colleegues (1996), Fukuzawa
and colleegues (1990 & 1991), and Karlsson and colleegues (1998) dl congructed
cDNA libraries from Chlamydomonas reinhardtii and screened them  using
radiolabeled degenerate primers desgned as aove A cDNA  encoding an
intracdlular B-CA has dso been cloned and sequenced from the unicdlular green dga
Coccomyxa usng smilar techniques (Hiltonen et al, 1998). Fett and Coleman (1994)
have isolated two cDNA cones from a Arabidopsis thaliana AYES cDNA library,
using an internd restriction fragment of pea CA cDNA as a probe.

Soluble CA was purified from Chlorella sorokiniana, and the amino acid sequence
determined. Based on this sequence, primers were designed for PCR. After two
rounds of PCR and 5 -rgpid amplification of cDNA ends (RACE), 342 bp of partid
nucleotide sequence was obtained. Using this as a probe, a cDNA clone was screened
from acDNA library (Satoh et al, 1998).

CA has dso been cdoned from a Synechocystis PCC6803 subgenomic plasmid library
(So and Espie, 1998). In this case oligonucleotide primers that shared high nudeotide
seguence homology with the ccaA gene of Synechococcus PCC7942, and the cynT
gene of E. coli were used to amplify a 349 bp DNA fragment of Synechococcus
PCC7942. This was purified and used for Southern hybridisation andyss of a
Synechocystis PCC6803 subgenomic  library. Sequence andyds of the redriction
fragment isolaied from the library reveded three open reading frames (ORFS), one of
which encoded a carboxysomd 3-type CA.

52 SEQUENCE ALIGNMENT

The following CA sequences were obtained from Genbank usng Entrez Nudeotide
Queay (Nationd Inditute of Hedth, USA): Pisum sativum (Accesson number
M63627), chloroplas CA from Spinacia oleracea (J05403), Anabaena PCC7120 CA
(U72708), periplasmic CA from Chlamydomonas reinhardtii  (AB026126),
Chlamydomonas reinhardtii CA (E03319), soluble CA from Chlorella sorokiniana
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(ABO13804) and B-CA from Coccomyxa sp. PA. DNA and protein sequences were
digned usng CLUSTAL W Multiple Sequence Alignment Program verson 1.7, and
observed for regions of homdogy.

Due to the fact that very little homology was observed between any of the sequences,
suitable primers could not be designed. It was therefore decided not to pursue this
goproach. These procedures are dso labour intensve and time consuming. A future
option could be to use the Synechocystis PCC6803 [-CA sequence, identified by So
and Espie (1998), as a primer for Southern hybridisstion andyds of a Spirulina
genomic library.



CHAPTER SIX

CONCLUSIONS

In determining the potentiad of Spirulina as a biosorbent the toxic effects of metds
were investigated, and Spirulina was found to have a threshold level of about 30 pM
for copper, zinc and lead. Results obtained in this sudy indicate that both copper and
zinc have a direct effect on the photosynthetic pathway of Spirulina, causng cdl
deterioration and degsth. Lead, on the othe hand, gppears to affect ructurd
properties, and thus takes longer to affect cdl growth. Ultimately lead does lead to
cell desth.

Consequently, Spirulina does not gopear to be a useful biomass for metd sorption but,
dthough rdatively low concentraions of metd may have a toxic effect on the dgee,
Sirulina may have potentid as a precipitation agent. The role of Spirulina in the
precipitation of heavy metds gppears to be through its ability to mantain a high pH,
possbly through the enzyme cabonic anhydrase Hence an invedtigation of this
enzyme was initiated.

A sious disadvantage associated with the study of CA is the lack of a religble assay
system. Many different assays have been devised, but they dl have serious drawbacks
limiting thar use (Stemler, 1993). Hence four different methods of detecting CA
were invedigated, with the am of finding a rdiable assay which could be usd in a
subsequent attempt to purify the enzyme from Spirulina.

Vduable time was spent tesing two radiotracer assays that proved to be insendtive
and results could not be reproduced. In addition, the radioactive materid required was
vay expensve Consquetly, the dandad Wilbur-Anderson  method  weas
invedtigated with little more success Results were found to be inaccurate with a high
degree of vaidbility, and vey little activity was found in Spirulina. The insengtivity
of this asssay has dso been noted by other researchers (Badger & Price, 1989,
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Giordano & Maberly, 1989; Hagdund et al, 1992, Raven, 1995). Findly the wdl-
edablished andyticad technique, SDSPAGE was invedigated. This proved to be the
mos redisble mehod of protein deection, dthough it wes not quatitaive
Consequently, this was the technique used in subsequent purification procedures.

Initid procedures employed to purify CA from Spirulina were unsuccessful.
However, due to the fact that the techniques are wdl documented, it was decided to
dtempt purification from Chlamydomonas. If this proved successful the methods
could be modified for use on Spirulina.

Although documented methods proved unsuccessful, dffinity  chromatogrephy  of
Chlamydomonas reinhardtic membrane sock solution yidded two rdatively pure
bands. These bands were presumed to represent two CA  subunits. However,
confirmation of this by Wesen blot andyss usng antibody to Chlamydomonas
reinhardtii  CA, would be required. This could not be achieved because the

gopropriate antibody could not be obtained.

Unfortunately, purification of CA from Spirulina proved less successful. Further
andyds of Spirulina is required, as results obtaned were very inconclusve. It is
possble tha further optimistion of avalable procedures will yidd podtive results
with Spirulina. It is dso possble that it is not CA, but a ‘CA-like moey’, tha is
involved in the alkalisation process, as few cyanobacteria appear to have externa CA.

The posshbility of doning CA from a genomic library was adso consdered, but due to
the fact that very little homology was observed between any of the sequences digned,
suitable primers could not be designed. These procedures are dso laour intendve and

time consuming.
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APPENDICES

APPENDIX A

ZARROUK’ S MEDIUM (2.%)

NaCl 209
K2SO, 209
KNG 6.09g
HsPO, 05ml
NaHCO; 3364
EDTA 0169

FeSO4- 7H20 0029

& The volume is made up to 2 litres with Milli-Q deionised water and the pH adjusted
t0 9.3.

® The add (HsPO.) is added after the sdts have been dissolved to prevent it reacting
with them.
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APPENDIX B

ATOMIC ABSORPTION SPECTROPHOTOMETER SET-UP PARAMETERSFOR THE

ANALYSISOF COPPER, ZINC AND LEAD

CoPPER ZINC LEAD
BURNER TYPE Air-acetylene Air-acetylene Air-acetylene
LAamP Phototron Hollow Phototron Hollow Phototron Hollow
Cathode (Cu) Cathode (Zn) Cathode (Pb)
LAMP CURRENT 4mA SmA 4mA
WAVELENGTH 324.7 nm 2139 nm 2170 nm
ST WIDTH 05nmm 05nmMm 10nm
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APPENDIX C

EQUATIONSFOR THE CALCULATION OF CHLOROPHYLL CONCENTRATIONSIN

Chlorophyll a
Chlorophyll b

Chlorophylla+ b
Xanthophylls + Carotenoids

SPIRULINA

Ca=1124 Ass1.6- 204 Asaas

G, =20.13 Asasg- 4.19 Age16

Ca+b =7.05Ac616+ 1809 Asss s
Cx+c¢=1000A40 - 1.90 G- 6314 G, /214

17
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APPENDIX D

STANDARD CURVE FOR ESTIMATION OF ALGAL DRY MASSFROM CHLOROPHYLL a

CONCENTRATIONS
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APPENDIX E
DS PAGE Recipes (Laemmili, 1970)

RESOLVING GEL BUFFER STOCK SOLUTION (1 M TRIS-HCI, PH 88)

Tris 6069
Concentrated HCI 7.3 ml
Milli-Q deonised H,O 500 ml

STACKING GEL BUFFER STOCK SOLUTION (1 M TRiS-HCI, PH 6.8)
Tris 60.6 g
Concentrated HCI 410ml

Milli-Q deionised H20 500 ml

BATH BUFFER STOCK SOLUTION

Tris 3039
Glydne 1441 ml
SDS 100g

Milli-Q deionised H,O 500 ml

Dilute 1:10 with deionised H,O before use.

ACRYLAMIDE STOCK SOLUTION

Acaylamide 1509
N, N'-methylene-bis-acrylamide 409
Milli-Q deionised H20O 500 ml

Thisrecipe gives an acrylamide: bisratio of 30: 0.8.



Appendices

DISSOCIATION BUFFER

1M Tris-HCl, pH 6.8 50ml
10 % SDS 10ml
[3-mercaptoethanol 10ml
Glycera 20ml
0.2 % Bromophenal Blue 05 ml
Milli-Q deionised H,O 05ml

Dilute 1:1 with deionised H,O before use.

S . ABGEL FORMULATIONS
PLuG

Acrylamide Stock Solution 30ml

10 % APS 80 l
TEMED 40 pl
" APS must be freshly prepared.

12 % RESOLVING GEL

Acarylamide Stock Solution 16m

1M Tris-HCl, pH 88 15m
Milli-Q deionised H,O 8oml
10 % SDS 08ml
10 % APS 03m
TEMED 20 pl
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4 % STACKING GeL

Acrylamide Stock Solution 20ml

1M Tris-HCl, pH 6.8 19ml
Milli-Q delonised H20 94 ml
80 % Glycerol 10ml
10 % SDS 015ml
10 % APS 01lml
TEMED 20 pl

STAINING SOLUTION

Methanol 4m
Glacid Acetic Add 10mi
Coomasse Brilliant Blue 029
Milli-Q deionised H20 45 mi

Disolve the dye in a smdl amount of methanol, and then filter. Add the remaining
methanol, H,Oand acetic acid.

DESTAINING SOLUTION

Methanol 450 ml
Gladid Acetic Acid 70m

Glycerd 100 ml
Milli-Q deionised H,O 380ml
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APPENDIX F

A TYPICAL PROTEIN STANDARD CURVE USING BSA

Abs595
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APPENDIX G

BRADFORD’ S REAGENT

95 % Ethanol 50m

85 % Phosphoric Acid 100ml
Coomasse Brilliant Blue 100mg
Milli-Q deionised H2.0 850 ml

Dissolve the Coomesse Brilliant Blue in ethanol, then add the phosphoric acd and
meke up to 1 litre with delonised weter. Filter through Whatman # 1 filter pgper and
gorein abrown bottle. Shake before use.
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NH4Cl

MgS0O,- 7H,0
CaCly- 2H0
K2HPO4
KH,PO,

Hunters Trace Element Solution’

Milli-Q deionised HO

APPENDIX H

SUEOKA'S MINIMAL MEDIUM

050g
0029
001g
1449
0.72g
10ml
10litre

" HUNTERS TRACE ELEMENT SOLUTION

Dissolve 50 g EDTA in 250 ml deionisad H20. Hexrt to dissolve.
Dissolve the fdllowing, one by one in order, hedting to goproximatdy 100°C in 550

ml deonised H-0.

BOsHs

Zn0y: THO
MnCl,- 4H,0
FeSO,: 7H,0
CoCl2: 6H0
Cu04 5H,0

1149
2209
5069
499¢
1619
1579

M0o;Ox(NHs)e 4H0 119

Mix the two solutions together. The resulting solution should be blue-green.
Hest to 100°C. Coal dightly, but don’t et the temperature drop below 80-90°C.
Adiug the pH to 65 — 6.8 with 20 % KOH. Don't let the temperature drop below

70°C until after the pH is adjusted.

Make up to 1 litre with deonised H,O, and dlow to sand & room temperature until
the colour changes from green to purple (= 2 weeks).

Filter, with suction, through 3 layers of Whatman # 1 filter pgper, and dore in a brown

bottle at 4°C.
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APPENDIX |

EQUATIONSFOR THE CALCULATION OF CHLOROPHYLL CONCENTRATIONSIN

CHLAMYDOMONAS
Chlorophyll a Ca=1370 (Asss — A750) — 5.76 (Aeso — Am0)
Chlorophyll b C,=2580 (A649 - A75o) —7.60 (A665— A750)
Chlorgphylla+ b Ca+b =6.10 (Asss — Amo) +20.04 (Asso — A7s0)
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