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SUMMARY
An attempt was made to gain an insight into the energy

conservation process in Chlamydomonas reinhardii. This/ organism

possesses both mitochondria and a chloroplast and so respiration

and photosynthesis can be studied in the same cell, 'The growth of

.Cereinhardii undé: different trophic conditions was characterised,

' The sensitivity of the wild-type (Wt') strain to a wide rangéfof
inhibitoré wag determined in order to select pofentially usefﬁliv
>inhibitors for the isolation of drug—resistant ﬁuténts; The effect
bof thgsé'inhibitors on energy gonéervation Qas determined using

"chloroplast'preparations from pea (Pisum sativum) and the cw15+

(cell wall-less) strain. of C.reinhardii. The reported modes of action

of the triorganotins and alkylguanidines on photosynthetic energy
‘conservation were confirmed and, in some cases, éxtended;

Mutant strains of C.reinhardii, which are resistant to inhibitors

6f oxidative and photosynthetic phosphorylétion, may provide an
insight into the energy conservation process. 'Drug-resistant strains

of C.reinhardii were isolated and divided into five major classes on

the basis of their cross-resistance characteristics. The rp-g*
"(triorganotinfresistant) nutant was spécifically resistant.to triméthyltin'
apd triethyltin but more sensitive than the Wt' strain to other inhibitoré.
The .alkylguanidine~and ethidium bromide-resistant mﬁtants_exhibited
pleiotropic resistance patterns to other membrane-active inhibits;s.
'The.resistaﬁceiphenotypes of all the mutant étféinélwére inherited
inAa ﬁeqdelian fashion‘and were generally present under different
A,trophic conditions, The resistance in these mutants ﬁay be due to
change(s) in one or more of the cell membranes-but the exac£ locus ofv

resistance was not determined. However, the resistance of the EBr~6"
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 (ethidium bromide-resistant) strain may be due to reduced uptake
of ethidium bromide.
Attempts to localise the mode of resistance of the TP-8" strain

at the sub-cellular level were unsuccessful,
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CHAPTER T

Introduction

(a) General Introduction

Energy'conservation in living organisms is the précess whereby
cells harvest the energy required for_cellular function and the central
rdle of ATP as the principal chemical energy store in cells is

well established. In organisms which possess both mitochondria and -

chloroplasts, such as Chlamydomonas reinhardii, ATP is synthesised 

during respiration and photosynthesis. However, oxidative and
photosynthetic phosphorylation have proved td be among the most difficultui
| biochemical processes to resolve. | |
_ Theie are three main hypotheses regarding the cbupling of

electron transport %o phosphbrylation s the chemicél, the conformational
and the chemiosmotic mechanisms. | _

The chemical hypothesis (Slater, 1953) proposes that electron
trénsport (ET) generates ‘the formation of a high eneigy intermediate
.('VS) which is used for the synthésis of ATP :

ET > AN > ATP

ion transport ‘
According‘to‘this'hypofhesis, ion transport phenoﬁena, including‘those
" resulting iﬁ the formation of a ﬁroton gradient across the mitochondrial
br thylakoid membraney are secondary processes drivén by the high' _
energy intermediate. | | -
| According to the conformational hypothesis (Boyer, 1965), eneigy'
derived from electron'transport is primarily conserved as a conformational

change in a respiratory protein (E) and this conserved energy is 1:1’11en“‘~

‘used in ATP synthesis :-

ET 3 E* 3 ATP



The chemiosmotic hypothesis (Mitche11;196l, 1966%) proposes
that proton translocation coupled directly to electron transport
produces a proton gradient across the thylakoid ox inner‘mitochondrial
'<membrane and that ATP synthesis results from the dlssipation of this

gradlent through a transmembrane ATP-ase.

ET —>u* 3 ATP
‘However, none of these proposals has yetAbeen fuily esteblished ‘
as accounting for energy conservation in mitochondria and chloroplasts
~ but their relative merits are discussed by Greville (1969), Schwartz
R (1971) and Slater (1971). | o
There have been four main approaches to the analysis of electron
 transport and associated phosphorylation in mitochondria and chloroplasts,
_YF;rstly;there have been attempte at isolation of the various eemponents'
followed by their reassociation. Secondly, the kinetics ef oxidation
and reduction of the varioue electron earriers and the.transport of
ions across the organelle membrane have been examined. Thirdly, -
analysis of the effects of a wide variety of inhibitors on electron
ltransport and phosphorylatioh have been used in conjunction with fhe
‘ ebove studies. Fourthly, there has been a coﬁbined biochemical and
genetic approach to the, problem of energ& conseévation,which has yielded
. valuable information regaiding the biogenesis of the individﬁai componenfs.'
of the system. | o | |
For genetic studles of energy metabolism both haploid and dlplOld
Tanisms have specific advantages. With haploid organisms, genetic
changes are more easily detected because a homologous gene cannot
" mask their effect. This is a maJor reason for theé great popularity
E of baeterial-systems for geneticvstudies.e On the other hand;'mutations

involving vital functions are more difficult to introduce into haploid



cells since théy usually die from the loss of the single copjr of an
’essentiz‘xl gene function., Yeasts and certain algae énd fungi are fhus
very 'att;.r:active organisms for genetic study since‘ they can be culfi#ated
both in the diploid and haploid stage. Mutants of eucaryotic micro-
brganisms have been used in some investigations of the coupling of |
electron transport t§ phosphérylation,(e.g. t- Beck et al., 1968; Kova‘cv

& Hrusovska, 1968),and there is extensive literature on Saccharomyces,

ﬁetmospora and éhlamydomonas reinhardii mutants in which electron transport
is affected. However the genetic approach in eucaryotic cells is |
complicéted by the interacting DNA systems of the nucleus, mitochondria
and, in the case of unicellular algae, of the chloroplast.

o Oﬁe importan’t cla.és of mutants cohsists of those with increased
resistance to inhibitors which have a known and specific action on
. giome aspect of mitochondrial or chloroplést i‘uncti‘on. To date, studies
‘with mutants ’résistant to inhibitors of energy c'onservati'on haveA |
condentrated upon specific inhibitors such aé oligomycin (Parker g_t_.g_l_.,
19683 Stuart, 1970; Avner and Griffitﬂs, 1970, 1973>ab;' Vakabagyashi 'gnd
v Gunge, 1970; Mitchell et al, 1971, 1973; Griffiths et al, 1972; Shannon’
, g_g_‘_g_]._., 1973; Rowlands ard‘l‘urnex", ‘1974.1), antimjrcin l(Grinimelikhu‘ijzen M,
1975), azide and DNP (Goto & Anraku, 1974), bongkrekic acid (Perkins |
et al, 19733", Lauquin et al, 1973), triethyltin "(Griffiths et al, 1972;
Lancashire a.n‘d» Griffiths, 1971, 19758'), .irenturic':'din (Lanéashireaiﬂ(}_r_iffiths
: 1975");, and éllquguanidines (Brunner et _al, 1975). The majority of these

st&dies have used the yeast S.cerevisiae which, alvthough a useful test

organism, is atypical of eucaryotes in being able to survive without
respiring mitochondria. Consequently it would Be desirable tb extend -

» fhese 'studies' to obligatelyﬂ aerobic and ;photosyn’c_hetic organiéms.

~ The single-célled alga C.reinhardii has proven to be a very



-20-

useful experimental organism in this respect. The life-cycle is
extremely simple and yet includes the characteristic features of
higher organisms,viz: vegetative growth, differentiation of gametes,
fertilisation and meiosis, Several classes of mutants, which have
lesions in photosynthefic electron transport,have alfeady been
iéolated and characterised both biochemically and genetically énd
have yielded invaluable information in respect of this process:
(Lefine, 1969; levine and Goodenough, 1970)4‘ Only very limited work,
however, has been carried out on either mitochondrial mutations of
this élga (Alexander et al., 1974) or on mutations diréctly.affecting
the terminal reactions of photosynthetic phosfhorylation (sato et 21.,
1971).‘ Consequently there is a general lack of information relating

to C.reinhardii mutants with lesions in either oxidative or photosynthetic

phosphorylation. In the case of the latte: process, this gap has not
even been‘narrowed by comparable work on other suitable eucaryotic
photosynthetic organisms,where there is almoét a totél lack of
research on the isolation and characterisation of mﬁtants resistant
to inhibitors of oxidative and photosynthétic phosphorylation.

' This thesis'describes preliminary attempts af a Biochemical

genetic approach to the study of oxidative and particularly p@oto-

synthetic phosphorylation in C.reinhardii., In particular, this thesis
records the results of the phenotypic and genotypic characterisation

. ’ ' ¢
of mutants isolated as resistant to inhibitors of oxidative and

photosynthetic phosphorylation.

(b) Mode of action of inhibitors used in these studies

(1) Organotin compounds

With the possible exception of mercurials, organotin compounds
'have received more attention for their biological effects and mode
‘of action than the prganic derivatives of any other metal. Several

reviews have appeared (Barnes and Stoner, 1959; Ingram et al., 1960;
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Sijpesteyn et al, 19693 Poller, 1970; Luifen, 1972; Thayer, 1974),
which detail their general biocidal properties. Organotin compounds
are now widely used as pesticides,e.g. :Qtrialkytin and triphenyltin
salto ore uséd as fungicides, algioides, molluscicides, wood preservafives '
and marine anti-fouling paints. A striking feature of tin compounds
is thaf, unlike for example lead, mercury or arsenic, toxicity is
" only manifest in organotin compounds, inorganic tin being virtually
non-toxic (Barnes and Stomer, 1959'.; Ingram et al, 1960) |
Whilst all organotin compounds are toxic, their effect variés
_according to thé number and type of organic groups present. Alkyls
' fend to be more toxic than aryls and triorganotins are more toxic
than di- or tetra- organotins (Thayer, 1974). Dialkyltin compounds .
have o gomewhat different mode of action from trialkyltins in that
they react with sulphydryl groups and inhlbit enzymes such as K =keto
acid oxldases (Aldridge and Cremer, 1955)

In contrast, triorganotin compounds are'known to interfere
specifically with oxidative and photosynthetic phosphorylation
(Aldridge and Street, 1964; Kahn, 1968; Stockdale et al, »19v7o), their
'effect depending on the pH and ionic composition of the assay medium.
In an alkaline, chloride-free sucrose medium, trlorganotin compounds
have a predomlnantly ollgomy01n~llhe ‘action on a step in the energy
'transferrlng chain of oxidative phosphorylatlon.(Aldrldge and Rosem'
19693 Stockdale et al, 1970; Coleman and Palmer, 197). However in an
acidio,.chloride-containing medium, a chloride-hydroxide éxchange
reaction is mediated by triorganotin compounds (Selwyn et al, 1970),
which results in a depletion of substrate ahions in the mitochondria
(Manger, 1969; Stockdale et al, 1970; Harris et al, 1975; Skilleter,

1975) and an increase in the internal acidification (Dawson and
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Selwyn, 1974). The latter effect is probably responsiblé for the
considerable inhibition of DNP-stimulated oxidation of succinate- or
NAD'-linked sustrates (Coleman and Palmer, 1971 Dawson and Selwyn
1974). It appears that in order to be effectlve in catalysing the
~ chloride-hydroxide exchange reaction, organotins must have three
carbon-tin bonds, an nfoctanol : water paitition coefficient greater
than wnity aﬁd one atom or group of atoms bonded to the tin afom
x}hich is readily 'exchangeable with the chloride ion (Wulf and Byington,
.1975). The demonstration that oligomycin is also capablz of mediating
Ci? transport in mitochondria ( Ariel and Avi-dor, 1973) underiines
the similarity of the mode of action of triorganotin compounds and
oligomycin as chloride~dependent uncouplers as well as enefgy tranéfer
izhibitors.
Compared to the work on resplratlon, much less research has
been reported concernlng the effect of organotin compounds on photo-
synthesis, Tributyltin. (TBT) was found to be a specific inhibitor
bf photophosphorylation in isolaﬁed Euglena and spinach chloroplasts
_(Kahn, 1968;.1970). Very low concentrations were require@ for complete
inhibition and theré appeared to be a stoichiometric binaing‘relation-
ship of one mole of TBT to 60-120 moles of chlorophyll. Kahn (1968)
postulated that TBT binds to chloroplasts.close‘to or at the site of
binding of the coupling factor (CE) and thus prevents fhe loss, bny |
hydrolysis, of a high energy intermediate in CFy-deficient éhloroplast5¢
This was indicated by a marked stimulation by low concenfrations of
' TBT of both photophosphorylation and the 1ight-dependént 'PH rise"
in chloroplasts deficient in CE. This effect is similér»to that of
DCCD in spinach chloroplasts except that this compound also.directlj

affects NH4CI-uncoup1ed photosynthetic electron transport (lMc Carty
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and Racker, 1967), whilst TBT only indirectly affects coupled éleétron -
transport and maximal 1nh1b1tlon is independent of ADP and Pi and

is reversed by uncouplers (Kahn, 1968) Certain other photosynthetic
energy transfer :thlbltors,such as Dio-9 (Mc Carty ot et al, 1965) and _
Phlorizin (Izawa et _al, 1966), require ADP and Pi for maximal inhibition
and so it appears that the binding site of TBT lies bet&een that of"
DCCD and Dio-9 (Kahn, 1968). .

A hypothesis to account for the inhibition of photophosphorylé.tion
by triorganotin compounds has recently been proposed by Watling -

Payne and Selwyn (1975) and extended by Couldl(1976)f This hypothesis
is based on the following obsérvations : (1) At very low concentrations,
TPhT inhibits ATP syntheéis and coupled électroh traﬁsport but not Bgsal
(-Pi) or uncoupled electron transport. (2)’Membrane-bound ATP =Pi
exchange and Mg2+ -dependeﬁt ATP-ase activities of chloroplasts are
sensitive to TPhT but the C:a.2+ - and I’Ig t. dependent ATP-ase activities .
of isolated CF, are not. (3) The 1ight-dr1ven proton pump in chloroplasts
is'stimulated by low levels of TPhT at the samé stoichiometr& (2-2.5
TPhT molecules/‘loo chloropkyll molecules) as inhibition of ATP
synthesis. (4) Low levels of TPhT restore the proton—pump activity

of illuminated CFy~depleted chloroplasts. ‘

These observations led Gould (1976) to propose that TPhT moieculeé E
'block the membrane proton channels located at or near the CF, attachment |
sites (I‘ig.l 1B). This results in the inhibition of ATP formation and »
membrane-bound ATP-ase and ATP =2Pi exchange activities. Stimulation .
oi.‘. 1ight-driveh proton uptake in chloroplasts wit_h CT;‘, attached wouid |
“then be due to the blocking of proton leakage through the CE. Deplebion

of CF, from chioroplasts results in opening of proton channels, -

producing a proton-leaky membrane (Fig. 1.1C),vhich are blocked on



24~

ATP

ADP +P,

I
+

H.

H

CF, 4 hr 1 hy
oulside H . ]
membrane E ;
i ]
inside ! ]
R T
H* H* TRIPHENYLTIN H*
ADP +P
¢ D : ATP
"
HO' +
hy hy

R SDIPIIN R

2

PR SRR S 4

]
|
D,

I
+

TRIPHENYLTIN H*

Figure 1.1, Simplified scheme for energy~linked reactions in chloro-
plasts and their inhibition by triphenyltin,

CFi’ chloroplast coupling factor; E.T., the chloroplast electron-
transport chain,

The shaded area represents a tightly bound component of the thyl-
akoid membrane containing a proton carrier or channel. (A) Vectoral
pathways of protons coupled to electron transport, ATP formation and |
ATP hydrolysis. The dashed line indicates passive (non-coupled) diff-
usion through the membrane., (B) Blocking of the membrane carrier or
channel by triphenyltin., Note that the net internal accumulation of
protdhs should be higher since leakage outward through the coupling
factor is effectively stopped. (C) Removal of coupling factor by EDTA
wash. Note that net proton uptake is abolished due to the high rate
of proton leakage through the now un-gated membrahe channel or carrier,
(D) Blocking the proton channel or carrier with triphenyltin in EDTA-
washed chloroplasts. Note that net proton gptake is reétored, and
also that the ATP-ase activity of solubilised coupling factor is un-
affected by triphenyltin,

(Diagram and legend taken from Gould, 1976).
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addition of TPhT (Fig.l.1D). This produces a reconstitution of

the light-induced proton uptake., The ATP—ase activities of the'CF.b
would then be insensitive to TPhT due to lack of association of the

CF, with the TPhT binding sites on the chloroplast membrane.

" The applicability of this hypothesis to the mechanism of

action of other triorganotin compounds is not clear. TBT inhibits
isolated CFl Gaz+ -.dependent AT?ﬁase only at high_concentréfions ‘
and elicits redonsfitution of-the‘pﬁ risé‘in illuminated CF1 ~deficient
chloroplasts (Kahn, 1968). T™T does not reconsfitute this‘pH rise

. which suggests that the 'pseudo-recoupling' prOceés requires a some- -
ﬁhat hydrophobic region of the thylakoidAmembrane.for binding of the
triorganotin compounds (Qatlinngayne and Selwyn, 1975). The relation—
ship between energy-transfer inhibition by othef triorganotin compounds
and their ability to block proton-conducting chamnels reéui:es further
in&éstigation. ' _

Although the majqr effects of triorganétin compﬁunds are as
energy transfer inhibitors, it has recently been found that trialkyltin
compounds can catalyze a chloride~hydroxide exchange reaction across

~the thylakoid membrane under suitable conditions (Wafling.and Selwyn,
1970, 1974). This is similar to the effect préduced in mitochondria -
and explains the uncoupling éctivity of triorganotih compounds in
Cl:contaihing mediayespecially af acid pH values (Watling-Payne an%—
Selwyn, 1974). This uncoupling involves an exchange of internal 'C1~
idns for external OHions in response to the PH component of the
electrochemical potential gradient set up on illumina%ion of chioro- |
' piasts (Pig. 1.2). The result is a dissipation.of the pH gradient,

vhile thq electro-chemicai gradient is released by the electrogenic

'naturél“uniport of Cl-ions to the inside of the thylakoids (Watling
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Figure 1.2, Postulated mechanism for triorganotin-mediated
* uncoupling via C1 -OH™ exchange. (After Watling-
Payne and Selwyn, 1974). " '
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~ Payne énd Selwyn, 1974); |
Watling~Payne and Selwyn (1974) tested the effect of a range
of organotins on various reactions associated with photophosphorylation
in pea chlordplasts. ?hey found that low concentrations of a series
of organotins inhibited ADP-stimulated oxygen evolution in a pH~- and
concentr#tion—dependent manner, At pH 7.6,'a11 fhe test compounds
produced inhibition of state 3 (in the presence‘of ADP and Pi) oiygen
évolution at low concentrations and of CCCP-uncoupled electron
transport at higher concentrations. Howevér,at intermediate coﬁcentratiohs,4 
TBT and particularly'TET produced uncoupling and stimulation of basal
electron transport via fhe catalysis ?f'the éhioride—hydrgxide exchange
reaction, sting a selected congentration of trioréanotin compbunas,
it was generally foﬁnd that,at pH ﬁalues of T.6 and 8.0,.ph$tophosphory-'
lation was inhibifed, at pﬁ values of 7.0 and 6.5, electroﬁ tfansﬁort
was stimilated and,at pH 6,0, electron transport ﬁas inhiﬁited..'

Ih almost alllthe studies on fhé effect of triorganotin;cbmpounds
on energy transfer, the‘general order of'dgcreasing e{fect appears to
be TBT > TPhT > TPT>TET>THMT (Lynn, 1968; 'Watling-Payne and 4Se1wyn,

19745 Skilleter, 1975; Wulf and Byington, 1975),which:suggests a |
highly hydroph&bic site of action of thesercompoundé (Watling-Payne
. and Selwyn, 1974).

(2)Guanidine derivatives

_ CGuanidine and its derivatives were the first inhibitors to be
inﬁroduded vwhich inhibited respiration coupled to phosphorylation ) ;’
without héving any effectvon the non-phosphorylating»éeséiration of
mitochondria (Hollunger; 1955). Subsequent research has reveéled"
some differences in‘theteffects of various'gﬁanidine derivatives,
which éuggests a somewhét'diffeient mechanism or site of_éction of

these compounds.
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’ Pressman (1963) showed that the effeétiveness of alkylguanidines
Aincreases with increasing size of‘the‘alkyl subgtituent up to 012H23.
They were found to differ in their effects from oligomycin in the
following ways: (1) they are much more effective in inhibiting the
phosphorylation at site I than at the other sifes, (2) inhibition
sets in more slowly, (3) although DNP reverses the inhibitidn by
guanidines,it does not occur instantaneously, (4) 6cty1guanidine
(OC) inhibits the dicoumarol-stimulated respira%ion in the{preéence
of oligomycin, and (5) the guanidines ao not inhibit DNP—induc.ed‘
ATP-ase activity. ' | |

ﬁ Whereas alkylguanﬁines aré specific for phosphorylation site I
in_mitochondria, other substituted guanidines possess specificity
for differént sifes; :henylethylbiguanide is spécific far éité II
(Pressmah, 1962;) and synthalin (decamethylenediguanide) is specific
for site III (duinory and Slater, 1965). '

‘ Chappell'(1963) showed that inhibition by galegineA(methyi "
butenylguanidine) and Lhe#&lguanidine is greéter on respiration
limited by ADP or Pi, suggesting that these guanidinesvcombiﬁe with.:..

a non-phosphorylated high-energy'intermediate of oxidative phosphorylation.

- In contrast, oligomycin inhibits respifation eqﬁally well'éhether.éddéd’

- in the active or the 'resting' (due to lack of ADP) phases of respifatidn.
From the foregoiné; earliei workers concluded that the alkyl-

guanidines act at a point closer to fhe iesp;ratory chain than “

bligoﬁ&qin. In support of this viey was the observaﬁion.that

oligomycin almoét completely inhibits the ATP-ADP excﬁaﬁgé activity

‘ assqqiafed with site III phosphorylationl(Wadkiné ahd’Iehninger; 1963);

| whilst alkylguanidines have little effect. (Guiil’dry and Slater, 1965).
‘ﬁore reéent work has indicated that cértain guanidiﬁe derivatives

- may have an indirect effect on oxidative phosphorylation. For‘eiample,
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Sch‘éfer.(1974) suggested that the inhibition of oxidative phesphory-

latiorl by. biguanidine derivatiw}es is due to induced physical changes'

within the membrane phopholipids rather .than a result of direct

interaction with functlonal intermediates of energy conservat:.on.

Likewise, Davidoff (1974) has suggested that the cellular effects

of biguam.dlne derivatives may be due to :mterference with mitochondrial l‘
2+ 'transport. However, since it has been shown -that the 'v'a:r‘:iousb

classes of _guani‘dine' derivatives produce somewhat 'dif.ferent effects

in mitochondria, these p:rfoposed modes of action may not apply to all

" the aliylguanidines. Similarly, it has been shown that 0G and synthalin

inhibit K*transpo;'t in whole yeast cells atv similar concentrations

to those that affect respifation (P@Sa, 1973) but the rdle, if any,

of this phenomenon in the inhibition of mitochondrial respu:a’c:.on ha.s

not yet been resolved. ,

Recently Gomez-Puyou. et al, (1976) have shown that the more -
lipophilic alkylguanidines act directly on the Fl ATP-,ase complex in
mitochondria, Similar inhib.itory activities were ebtained against
- ATP-ase actlvity in submitochondrial paiticles and‘ solu“ble ex‘bracted
I'l particles. This suggests that unspecific :Lnteractions of alkyl-
guanidines with the mitochondrial membrane are not respons1ble for
. their action on oxxdatlve phosphorylatlon,par’clcularly smce ‘inhibition
of the ATP-ase activ:.ty' could account for the inhibition of ox:.dative

phosphorylation .(Papa et al, 1975). Thls could also account for thg

diffefences in medes of action of alkylguanidines and oligomycin
which aets' at the level of the hydrophobic componentsr'of the mitochondrial
membrane (Ilardy et _al, 1958). The fact that K+ prevents the action . |
of 0G on Fy (Gomez-Puyour et al, 1976) may be related to the 'am.:egonistic
effecfs of tﬁis compounzl on'K"' transport a.nd. resi:ifation in yeast eells |

(Péna, 1973). Likewise, the effects of histones on mitochondrial
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tespiration and sweliing is considered to be related to their effect ' |
on mitochondrial K* transport (Johnson et al, 1966). Histone-induced
swelling of mitchondria in the absence of ATP was inhibited by 0G at
concentratioﬁs which inhibit oxidative phosphorylation but not by
uncouplers, such as CCCP and DNP; or electron transport inhibitors,
such as amytal, azide or antimycin A (Schwaitz et _al, 1966). In
additioh, histone stimulated oligomycin - and aurovertin - inhibited
respiration but had no effect on respirétion inhibited by 0G (Johnson
et al, 1966). Consequently, the modes of action of histone and OG
on respiration maj be ielated through a common effect of thése
substances on K© tranéport in mitochondrialimembranes.
The mode of actioﬁ of guanidine aerivativés on.photosynthesis

.is much less well documented than their effect on mitochohdria. Avron
and Shavit (1965) found that 0G was an uncoupier of'photosyﬁthetic
electron transport but that non—cyclicMphotophosphorylation was more _
sénsitive than cyclic photophosphorylation, The.stimulation of non-
cyqlic eleétron transport was also much greatervin the ébsénce of
Mg=*, ADP and Pi than in their presence (Avron and Shavit, 1965). 3

| Gross et al,(1968) found that synthalin waé a photosynthetic
energy transfer inhibitor but, unlike 0G, was much more effegtive in
‘the‘presence than in the absence of phosﬁhate. The inhibifion by
- gynthalin was reversed by #arious uncouplers and the light-induced @»
.proton uptake was not affected at concentratioﬁs vhich inhibited
phoéfhorylation, which suggested‘thét éynthalin‘acts on a later
intermediate (Grgss __@__1_:._51_1_,, 1968). However, the effect of synthalin
réseﬁbled that of OG in having a greatervéffect on non-cyclic
Vphotophosphorylation than oﬁ.cyclic photophosphorylation and also
- in the respect of a decreased inhibition of.cyclié.photophosphorylation.

with decreasing light intensities (Avron and Shavit, 1965; Gross et al,
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1968). Thé latter indicatesithat the differential effects of
synthalin and 0G on non-cyclic and cyclic photophosphorylation

were not due simply to a difference in the control rates of ATP
synthesis in the two pathways, ' | ’

| Consequently it appears that the various ciasées of guanidine
deiivatives may differ in their mechanisms or site of action in the
energy transfer chainé of both mitochondria and chlorvjasts. The
marked site specificity of guanidines indicates that there may be

a difference in the terﬁinal steps of energy transfer between the
cyeclic and non-cyclic syétems in chlorbplasts and betweéﬁ the three
‘ATP-conserving sites in mitochondria. This acts in favour of a
theory involving purely chemical coupllng ag opposed to chemiosmotic
coupling, particularly in view of further evidence of similar differential
effects of uncouplers such as FCCP (Avron and Shavig, 1965).

(3) Ethidium bromide

The trypanocidal drug ethidium bromide (EB) inhitits DNA template
 function in bactera (Waring, 1964; Richardson, 1973; Richardson and
Parker, 1973) and inhibits the functioning of the DNA polymérase
enzyme (Aktipis and Kindelis, 1974). The dye intercalates in vitro
’between base pairs of native double-stranded DNA (Le Pecq and Paoletti,
19673 Crawford and Waring, 1967) a§d RNA (Kreishmann_gt_gl, 1971; Aktipis
and Martz, 1974; Jones and Kearns, 1975) and prevents the initiation
of RNA chains catalyzed by DNA-dependent-RNA polymerase (Richardson,
19733 Richardson and Parker, 1973). In general, transcription of
covalently closed 01rcular DNA is more readily inhibited by EB than
is the transcription of linear DNA (Richardson and Parkexr, 1973).

The phenotypic result of EB treatment vériesvto séme extent‘
dependiﬁg on the cell type but generally includes a decrease in

respiratory activity ‘due to cessation of cytochrome oxidase aétivity
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and cytoéhrome a-as and b formation .(Na.um‘and fious, 1971; Soslau

and Nass, 1971; King et al, 1972; Mahler and Perlman, 1972; Sato
M, 1973; Klietman et _al, 1973), lesions that are associated

vith the inner mitochondrial mempra.ne. Ethidium brémide is also
known to éeléctively degrade mitochondrial DNA (mt-DNA) (Goldring

et _al, 1970) and to induce resplration-defa.clent cytoplasmc nutations

~ in facultative aerobes such as the yeast Saccharomyces cerevisiae

(Slonim:l.ski et al., 1968) by :thlbltmg de novo sy'nthesm of respiratory
enzymes (Mahler et al, 1971).

The effects of EB on the structure and function of mammalian
cells (Soslau and Nass, 1971), protozoans (Meyer gj_:__z_a._l., 1972), algae

.(Flechtner and Sager, 1973; Ness and Ben-Shaul, 1973), and petite-

negative yeasts (Crandall, 1973; ILuha et al, 1974), are generally

completely reversible under suitable conditions,whereas EB-induced

petite formatioh in the petite-positive yeast S.cerevisiae may bé '
genetically stable or reversible under certain ;:onditions. For eiampie ’
elevated temperatureé reve:r:ée EB petite inductioh,which'sugges’ts that

a heat-sensitive membrane - mt DNA- EB coﬁplex is involved (Perlman
and.‘Mahl‘er, 1971). Conséquently, the primary action of EB in petite
induction may occur at the level.of the mitochondrial membrane 'iand this

' .is further supported by the prevention of EB petite induci:ion by

" anaerobiosis or treatment with oligomycin (Bech-Hansen and Ra.hk, 1978).
EB is known to bind 'l;o mitochdndria fo produce an energy-linked

| transition in the membrane (Azzi and Santato, 1971) and may alter the
attachment sites of mi-DNA,which are known to occur on the m:.tochond:r:ial
. membrane (Nass, 1969ab)

Bastos and Mahler (1974) have postula.ted. that the m:.tochondr:.al

energy coupling device provides a close and indispensable link between

enexrgy tranéduction byvthe mitochondrial membrane and the genetic .
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. capabilities of mt-DNA. They proposed a hypotheéis for the mechanism

oﬁ'action of EB in the petite-positive yeast S.cerevisiae, as follows:
(;) Vhéﬂ mb-DNA of a sensitive strain of the yeast is exposed in vivo
fo EB, it is‘converted to large (mass = 12.5 -:clO6 daitons) fragments.
containing the éovalently linked dye;‘(b)‘ This product is recognised
’and degraded by specific nucleasel with an absolute requiiement for
intramitochondrial ATP and which requires some coﬁponents of fheA'
mit§chondrial ATP synthet'ase (ATP-ase) system for ifs function.‘(c)
- Coinciderit with ox as a consequénce of (b), the mitochondriél ATP-ase -
‘becomes activated in a manner similar to the response of this system
- toward lipophilic uncoupleis.

The latter point is inferesting in vieﬁ of repofts‘concerning
the effect of EB on the respiration of isoléfed mitochondria, Miko
and Chance(1975) showed that EB stmulatéa state 4 respiration of pigéoﬁ
heart mitochondria and also lowered the respirétory control ratio,
. stimulated the ATP-ase activity and partially released the inhibition -
of state 3 respiration by oligomycin. Earlier Razin and Mzger (1964)
" had also shown thét EB inhibited ATP-dependent purine incerporation
into reticulocytes and red-blood corpuscles in a similar way to the
uncouplers DNP and CCCP and that the reduction of internal ATP‘levels
" correlated with the reduction.iﬁ pprihe incorporation. EB was also
ufound to inhibit the A’I'P-i’32 exchange reaction, stigulatethé mitoch%fdriai
ATP-ase activity and'decrease the P/0 ratio of rat-liver mitochondria
(Ré%in and Mager, 1964). However, it is difficult at present to
- relate the effect of EB on respiration with its speciéic effect onv
'mt-DNA‘since.the‘ﬁésbonse towards EB of mt-DNA from petite-positive -
" and petite-negative cells is as yet unresolved. ‘Bastos and Mahler (1974)
are of‘the opinion that the specific mt-DNA‘degrading properties of

EB are not elicited in petite-negative cells,whereas other workers
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have proﬁidéd contrary evidence (Whittaker et al, 1972; Flechtner
and Sager, 1973). Likewise;it is difficult td compare the effects
of EB on whole cell respiration in mammalian cells (Miko andlChanbe
1975), bacteria (fomchick and Mandel, 1964) and yeasts (Pema and
Ranirez, 1975) in view of the recent findings whidh‘implic_ate EB in

a competitive inhibition of xt transport in S.cerevigiae cells and

hence it mimics to some extent the effects of K% on whole-cell
respiration (Péna and Ramirez, 1975)+ -

Little work has so far been carried out on the effect of EB

“on chloroplast DNA (c-DNA). The DNA and ultrastructure of Acetabularia
chloropiasts appear to be largely unaffected by high concentrations

of fhe drug (Heilpqrn and Limbosch, 1971); Similarly, Néss and Ben~
Shaul (1973) found that EB inhibifed cell division in Fuglena but'oﬁly.
'thévultrastructu:e'bf the mitochondria and not of the chloroplasfs was
affected.'.Although some chloroplast funcfioné were inhibited,e;g. t=
‘chlorophyll synthesis, the effect on mitochondiial function was much
greater and could conceivably have been‘a direct cause of any effegt

'_ on cﬁloroplast function via a reduction in éssential exports from the
EB-gensltive mitochondrié to the chloroplasﬁs (Nass énd Ben~Shanul, 1973).
However, Flechiner and Sagér (1973) reported an‘EB-inducéd reversible

- loss of c-DNA from C.reinhardii; growth of the alga for 1-2 doublingé

in the presence of sub-lethal concentrations of EB reduced the c-DNA
'to 19%_of the controi value followed by reapﬁearance éf the c-DNA d:;ing
post—tgeatment growth in the absence of the drug. The décrease in. |
c~DNA was apparently due to reduction in both s&nthesis of new c-DN@
and'degradation of pre-existing c-DNA (Flachtner and Sagér, 1973).

This correlates with the EB-sensitivity of in vitro DNA synthesis in

‘chloroblasts of C.reinhardii (Ho et a1$1974); No loss of c=DNA genetic

~ markers was observed, however, even with EB concentrations that
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produced a 99.9% death rate in the cell population. The reversibility
of the IB effect on c-DNA was suggested to be due to genetic redundancy
and that EB probably préferentially degiades the reiterated sequences,

| leaving one or more intact copies (Flechtner and Sager, 1973). .The
presence of sequestered 'master-copies' has also been the inferpretation
for the reversible effect 6f EB on mt-DNA of the obligate aerohe

Kluyveromyces lactis (ILuha et al, 1971; Whittaker et al, 1972). However-

this is questionable in view of the results of Bastos and Mahler (2974)y
which indicates that the reversible nature of the EB-induced effects. .

on petite~negative yeasts is due to the inability of the nt-DNA to -

form an intermediaté in the series of reactions léading to DNA degfadation.

(¢) The Biology of C.reinhardii

(1) cytologzy.
C.reinhardii is a unicellular, haploid, heterothallic green alga

whose principal virtues as an experimental cell include ease of
cultivation in the laboratory, a simﬁle and rapid life cycle and well-.
defined‘Mbndelian and -cytoplasmic genetic syétems. The alga; exhibits.
‘ many‘qf the cytdlogical structures of higher plant and animal cells

and has been well characterised by several inveStigators (Sager and

Palade, 1954, 1957; Schqtz et al, 1972). The cells of C.reinhardii

. are typ:.cally ovoid in shape and approximately 8 x 15)1m in dla.meter

(Flg.l 3) with a plasma membrane, cellulose cell~wall and a polysacchaxide—
containing capsule. Two thirds of the cell is occupied by a posteriarlyb
located single green cup-shaped chloroplast bounded by a double p | |

‘ membrane and containing a pyrenoid surrounded by a number of starch

rlates. Thq anterior third of the cell contains the nucleus, two

laige contractile vacuoles .and two flagella,each 6f gbout>1qu(in

1ength; In addition, electron microscopicalobservafions reveal the

preéencé of mitochondria, endoplasmic‘reticula and Golgi bodies. The
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Figure 1.3. Diagram of the normal green cell of C. reinhardii as

seen at low magnification in the electron microscope.

The chloroplast is shown surrounded by the double envelope(ce)
within which the eye-spot (e), pyrenoid (py) and starch plates (s)
are located. The cytoplasm also contains other organelle systems,
including mitochondria (m), Golgi bodies (g), endoplasmic reticula
(er) and vacuoles containing metaphosphate (p). The nucleus (n) is
surrounded by a double membrane with pores and a dense coating of

ribosomes on its outer surface. (From Sager, 1960),

\
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mitochondria are generélly rod-shaped or filamentous and are

usually located between the chloroplast and cell membrane or
scattered in the concavity of the chloroplaét_around the nucleus and
basal bodies. They only occupy about 3% of the cell volume (10 - 15
"~ per cell) and héve a few irregularly distfibuted cristae; extensions
of the mitochondria indent or penetrate through perforations in the
chloroplast envelope (sphotz et al, 1972). The mopphology of the’

mitochondria of C.reinhardii apparently varies under different

nutritional.conditions (Sager and Palade, 1957)vor at different stages
~ in the vegetative cell cycle (Osafune et al, 1972). The structure of
fhe chloroplast . resembles that of higher plants in that it contains
stécks of grana and intérgrana lamellae and so it has been tentativély

assumed that the Chlamydomonas chloroplast'is an evolutionary transition

between the chloroplasts of most algae and those of higher plants
(Sager and Palade, 1957).

(2) " Life-Cycle

C.reinhardii is able to grow indefinitely via asexual'’ reprodudtion

ana, under suitable conditions, a sexual cycle is present; both cycles
have been fully characterised by several workers (Sager and Gfanick,
1954; Levine and Fhersold, 1960; Cavalier-Smith, 1974) (see Fig.L4).

The vegetative cell cycle of C.reinhardii involves the regression

of the flagella followed by division of the pyrenoid; nucleus and
chlorbplast. The prdtoplést becomes detached from the celi-wall and‘L
eventuény divides into 2,4 or 8 daughter cells,which gré’w two motile
flagella and remain enclosed by the mother cell-wall ﬁntil.iiberation-

occurs.,

C.reinhardii is a heterothallic, haploid, isogametic alga and
the two‘mating types are arbitrarily designated plus (mt+) and minus

(mt.);' Clones may be propogated indefinitely in the vegetative state
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Figure 1,4, The life-cycle of C. reinhardii,

The diagram shows the segregation of the mating type, denoted

by + and -, and a nuclear gene pair denoted by the presence and |
absence of shading. Pairs of cells of opposite mating type fuseL
to_form zygotes and, after a period of maturation, the zygotes
germinate with the release of 4 or 8 zoospores (meiotic products).

(After Sager, 1960).
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but when the two mating types are mixed under suitable conditions

of nitrogen depletion and light intensity, fusions occur between
single cells of opposite mating type, 1eadiﬁg to binucleate zygote
formation (Fig.l.4). If the zygote is placedlin the dark for several -
days it does not divide vegetatlvely but developes a thick wall and
undergoes nmeiosis to produce 4 or 8 haploid zoospore products capable
of vegetative growth, Alternatively, if the zygote is immediately
placed in continuous light, it may divide mltotlcally to give rise

to stable diploid vegetative stralns which behave phenotypically as
nt~ (Gillham, 1963; Ebersold, 1967)s

(3) Genetic Systems

Two clearly defined genetic systems have been characterised

in C.reinhardii. Genes belonging to one system‘exhibit typical Mendelian

inheritance and fall into 16 linkage groups (Leyine and Goodenough, 1970);

but genes belonging to the other system exhibit uniparental (UP)
- inheritance (Sager, 1954y 1972; Gillham, 1969).

Mendelian System

Over 100 mutations have been obtained in C.reinhardii which are

transmitted in a Mendelian fashion,i.e. s~ show l:lvsegregation of
‘parental allele pairs in crosses., These genes are responsible for
functions related to photosynthesis (Levine, 1969; Levine and Goodenough
1970), the flagellar apparatus (Starling, 19693 McVittie, 1972), amino-

acid metabolism.(Eversgle, 1956; Loppes, 19693), cell-wall biogenesiS

(Davies and Plaskitt, 1971; Hyams and Davies, 1972), the vegetative

cell-cycle (Howell and Naliboff, 1973) and drugere31stance (Sager, 1954).

There is some doubt a3 to the exact number of hap101d chromosomes

in the nucleus of C.reinhardii since various estimates of 8 (Buffaloe,

1958; Levine and Folsome, 1959), 16 (Wetherell and Kraus, 1956; Mc Vittie

and Davies, 1971) and 161 2 (Schaechter and De Lamater, 1955) have
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been reported. The number of nuclear linkage groups in C.reinhardii

appears to be 16 (Ievi.ne'and Goodenough, 1970)ywhich agrees with a
haploid chromosome number of 16, |

It has been suggested by Levine and Goodenoizgh (1970) that up
to 8 of the 16 ._I/Iendeliexll linkage groups may be located.in the chloroplaét
rather tha.ﬁ the nucleus., This hypothesis was bas_ed on the fact that

only 8 chromosomeé were detected in the nucleus of C.reinhardii

(Levine and Folsome , 1959) and that 8 of the 16 known linkage groups
confaimr;i genes responsiblé for photosynthetic function, which dontrasté-
with the even distribution of mutations to 4auxotrophy and hon-mgtility
over all the linkage groups., Additional _evidence ‘was baded on the

.assumption that c-DNA must be inherited hiparentally if the experimenta;l
findings of Chia.n‘g(l968) on {:he meiotic transmission of 'bothA pa.rentai
‘c-DNA's were vali;i- (Levine and Goodenough, 1970). However,Mc Vittie
and Davies (1971) have pointed éut that there is ample evidence for

the presence of 16 nuclear chromosomes in C.reinhardii and the work

of Sager and Ramanis (19%7) shows that non-Mendelian genes can indeed

be inherited biparentally. In addition, if half the gemome of -

C.reinhardii was located in the chloroplast, the amount of c-DNA

should approximate that of the nucleus when in fact it only cdns‘{:i’cu’ces
'6-14% of the total (Sager and Ishida, 1963; Chiang ia.nd Suecka, 1967). ‘
Another piece of e.vidence :agé.inst the hypothesis of Lejrine and Goocienough
is' that if the 8 Mendelian linkage groups involved in.photosynthesis“"
resided :Ln the chloroplast thenl:l segrega"cion would h#ve to occur

in the C-DNA during meiosis, This could only occur :.f thére is only

one copy of each gene in the plastid (Kirk, 1972) and biochemical
evidence indicates that there are many copies (Bastia M, 1970,

1971; Wéns and Sager, 1971). | |

Consequently it can be concluded that the available evidence
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. indicates that the 16 known Mendelian linkage groups of C.reinhardii

probably reside in the nucleus and that they are responsible for a
variety of cellular functions in this alga.

Uniparental System

Non-Mendelian mutations exhibiting UP inheritance in C.reinhardii

were first reéognised by Sager (1954),who fouhd that mutants resistant
to0 500 pg/ml streptomycin (sr-2 mutation) were inherited uniparentally,
whereas mutants resistant to 1oo)gahﬂl of the antibiotic (sr-1 mutation)
were transmitféd in a Mendelian fashion in crosses. Later work produced
‘é series of #ntibiotic-resistén@ mutants that show UP.inhefitance and

* these have been arranged togethér in a 1inkage group or chromosonme,
which is probably circular (Sager and Raménis, 1971). In crosses; the
‘mt* or maternal barent transmits its UP markers to all four ﬁeiotic
products in 90% or more of the zygotes (maternallzygotes). UP genes
from the mt~ or paternal parent are transmitted in 10% or less of .

the zygotes (exceptional zygotes), Two kinds of exceptional zygotes
occur viz;, paternal exceptional zygotes,which only transmit UP genes
from the mt~ parent,and biparental exceptional zygotes,which transmit
UP genes from both parenfs to the meiotic products‘(Sager, 1972).
Unlike lMendelian genes,which only segregate during meosis, . UP genes
gsegregate during both the meiotic and postmeiotic mitotic divisioms
(Gillham, 1969; Sager, 1972). Studies on the segrégationAand'
recombination of UP genes in biparental zygotes and their progeny 4
(Sager and Ramanis, 1965), together with experiments on the inheritance
of c~DNA in matefnal zygotes (Sager and Lane, 1972),héve led to |
’expianations‘of UP inheritance in C.reinhardii (Sager,.1972; Gillham

et al., 1974).

There is some evidence that UP genes are localized on c-DNA

but this has not been rigorously proven and a thorough understanding
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of the UP system has been hampered by lack of success in'defining

the precise cellular location(s) of the UP genome(s). C.reinhardii
éhloropiasts were originally shown to contain DNA by Ris and Plaut
(1962) and Sager and Lane (1972) showed that, during mating, the
p-band (chloroplast) DNA from the mt’ parent is preserved and
replicated,while that from thé mt~ parent is degradéd soon after
zygote formation., The latter results, however, could not be confirmed
by Chiang (1968, 1971) whose work indicated that thé c-DNA from both
parents is passed on through the zygotes to the zoosporés.l In
addition, mitochondria have not been eliminated as a possible.site
for ﬁP genes (Schimmer and Arnold; 19705 Behn and Arnold, 1973),
particularly since they are known to contain DNA (Ryan.gﬁ_gl.; 1974ab).

If UP genes do occur on c-DNA then there are probably many copies of

the same genes. Studies on the renaturation kinetics of C.reinhardii

c-DNA indicate that its information content is about 1-2 x 108 daltons

(Wells and Sager, 1971; Bastia et al., 1971),which suggests the
presence of 20-30 copies of the genome per chloroplast and information
,éﬁfficient t0 code for the structures of 165-330 proteins of4aVerage
molecular weight 40,000 (Kirk, 1972).

It can be concluded that C.reinhardii has at least two genetlc

systems, a Mendelian and a UP system. The major dlfference between

- the two systems éppears to, lie in the rules governing their inheritance,.
segregation and recombinatién. The Mendelian system probably resides™
"in the nucleur DNA and the UP system may reside in c-DNA but this has
not yet been fully determined. If the UP system proves not to reside

in c—DNA, it may be localised in mt-DNA, in a (minor) species of

c~DNA other than,p-band DNA, or in some other satellite DNA.
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CHAPTER 2

Growth Experiments on C.reinhardii

Introduction

C.reinhardii is an obligate aerobe that can grow in the light

with CO, as the sole carbon source (phototrophic growth), in the dark

with sodium acetate as the carbon and energy source (heterotrophic

2
wixotrophic growth). The alga is an 'acetate organism' i.e., it -
5

growth) or in the light in the presence of both acetate and CO

grows best in acetate soluiions but not on many other organic acids
or sugars (Sager and Granick, 1953; Stross, 1960),which is probably
~due to impermeability of the cells to organic molecules larger than

acetate (Hutner and Provasoli, 1951).

Numerous Mendelian mutations are known in C.reinhardii which
cannot grow photbtrophically because they are unable to carry out |
:ong or more of the reactions associated with photosynthesis (Levine
and Goodenough, 1970). On the other hand, heterotrophic and mixo=

trophic growth can be obtained without these functions.l Since C.reinhardii -

is an obligate aerobe, heterotrophic growth is not possible without
respiration Sut it is not altogether cleai whether this is also true

of mixotrophic and phototrophic conditions. It may be that photophos-.
’phorylation provides sufficient energy to make growth possible without
mitochondrial respiratory functions. Previously defined grbwth |
conditiqns may, fheréfore, be used as épproximate gqides td the 9
differential functioning of mitochondria and chloroplasts in cells

of C.reinhardii. o .

"It was considered important in two respects to characterise

the growth of C.reinhardii under different conditions. - Firstly, it

may pro#ide more insight into the functioning of mitochondria and

chloroplasts under different growth conditions, and secondly it was
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necessary to fully characterise the batch growth of C.reinhardii

under the same standardised conditions as employed for subsequent growth
and biochemical experiments,

The seéond part of Chaptér 2 deals with the effect of several
inhibitors on the growth of the alga,which gave an indication as to
which drugs would be useful for the isolation of drug-resistanf

mtants.
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Materials and Methods

Strains, Media and Growth of C.reinhardii

" (a) General growth techniques

The mt* and mt~ strains of C.reinhardii (stock 137¢) were

originaily obtained from Professor R,P., Levine via Professor D.R.
Davies. Except where indicated in the text, the alga was grbwn on a |
modificatién (Davies, personal communication)_of.the minimal medium
of Sueoka (1960) (Appendix;Table 1), either alone (M medium) or
supplemented with 24.5mM sédium acetate (A medium) and/ox yeast}
extract and peptone (YAP medium). For growth on solid medium,»the
liquid medium was supplemented with 1.5% Difco bacto-agar prior to
autoclaving for 15 min at 15 lbs/sq.inch. All working and stock
cultures of Wt and mutant strains were grown on YAP or A media and
stored in the dark at +4°C, These cultures were‘routihely sub=-cultured
evefy 3 weeks., |
Giowth in the light was achieved by placiﬂg the plates’or
- flasks in a fume cupboard fitted with a thermostatically—contrélled
faﬁ heater (Xpelair) ﬁhich maintained the ambient temﬁeratur@ at 2500.’
Illumination was from two sides and from above by Philips whife
fluoreséent lamps which gave a light intensity of approximately 40001ﬁx"
at the vessel or plate surface; agar plates were arranged on a serieé
of transparent perspex shelves. | | .
For growth in liquid medium, a large loopful of inoculum from K
:a hedlthy plate culture was aseptically transferred fo a 100 ml
' volumé of liquid A medium in a 250 ml Erlenmeyer flask and shaken
for 72 h to early stationary phase on a mark V orbifal shaker (L.H.
engineering). This 'starter' culture was then either ﬁsed direotiy »
_or, for iaiger—scale growth, transferred in 75 ml»aliéuots (5% indculum)
to 2 1 Erlenmeyer flasks céntaining 1.5 1 A medium and grdwﬁ fér a further

. T2 h to early stationary phase.
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(b) Determination of growth curves

Growth in liquid media was assessed by aseptically transferring
S a 2.5 ml inoculﬁm of 'starter' culture to 50 ml of medium in a 500 ml
Erlénmeyer sidearm flask énd shaken at 250 rebs./min. Growth rates
were routinely measured in terms of increased optical density using |
an Eel Colorimeter (Evans Elgctroselenium Ltd.).Readiﬁgs were taken
at 520 nm; thus using the instrument as a modified turbity meter.
Afor routine liquid‘phototrophic growth, fhe cultures were |
aerated by passing a.mixture of 95% air and 5% coé through a Dreschel
bottle containing sterile distilled water and then through a length
_ of'steiilised glﬁss tubing containing a small wad of noﬁ-absorbent
_ cotton wool and fitted into a rubber bung. Liquid hetérbtrophic
growth was carried out in a light-proof Gallenkamp orbital shaker
maintained at a constant temperature bf 25°C,whilst heterotrophic
growth on agar plates was cérried out in a Gallenkaﬁp constant
'temperature incubator at 25°C.~ . |

Calculation of growth rates and extents in liquid culture.

Growth rates in liquid culture were expressed as the reciprocal
doubling time ( %ﬁ)' . The population doubling time was determined,
according to Monod (1949), elther directly from a logz'blot of 0D or
from the following formula :- |

: log2 b2 - 1og2 b1
- where b2 is the final and bi the initial 0D reading during the time

interval tz—tl .

Optical density was approximately proportional to DW of the
cultures (Fig.2.11). Growth extents were calculated by subtraction
"of the initial 0D at time tl of a liquid culture from the final 0D

at time t2 .
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Dry weight, chlorophyll and protein estimates.

Dry weights of whole cells were measured by vacuum filtration onfo

pre~weighed Whatman GF/C glass fibre fil’ceré and dried to constant
weight in an oven at 110 - 120% for 2-3 days. |

Chlorophyll was estimated according to the method of Armon (1949) .'

Proteinw determinations on chlofoplast or whole-cell preparations were

carried out by the method of Lowry et al.(1951) after extraction of

. the chldrophyll. 0.1 ml of chloroplast suspension was dilv;tedA with

20 ml 80% acetone and centi:ifuged at 1.5 % 103 g.a:;f: for 5 min. The.

green supernatant was decanted off and the protein residue resuspended

in 1.0 ml distilled water and re~centrifuged at 1.5 x ZI.O3 ‘g . for

®

-5 min., The final bleached residue was then used for protein determinations.
It was found that,by this method, 80% of the protein was recovered
after washing in water and so each final protein estimate was corrected

for by a factor of 1.25.

. pH Measurements

pH changes during batch culture of C.reinhardii were measured

with a Pye pH meter (model 79) fitted with a Pye Ingold ¢ombined

~ glass and reference pH electrode (type E07). The electrode:was -
calibrated against standard phosphate buffer (pH 7.0) and ‘the. culture

was stirred continuously throughout the readings. ‘Unin;:cu‘lated sterile
control flasks showed no change in pH during the period of the expériment.

Total cell numbers S

‘ m'l‘ofal cell nﬁmbers were obtained by serial diiution of the cell
suspension to approximately 1 % 106 cells per ml, VOne" drop of a 36%
formaldehyde solution per 10 ml of suspension' was then a.d_ded to
immobilise the cells and the suspension sha.kén. Qué.druplicate counts
were taken with a Neubauer counting chambe;r. | | -

Viable celi. numbers .

Viable cell numbers were estimated by aseptic serial dilutions
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of the growing culture in fresh sterile A medium, Replicate plates

were spreéd with 0.1 ml of a suitable dilution to give approximately
500 cells per plate. The agar plates used were of the same type

(A or M medium) as the growing culture and they were incubated under
phototrophic, mixotrophic or heterotrophic_conditiéns depending on
the source of the test culture. Colony counts were assessed éfter

1 week under phototréphic and mixotrophic conditions or 2 weeks under
heterotrophic conditions,

Packed cell vo%gmé

Packed cell volumes were measured by'accﬁrately pipetting a
known quantity of cell culture into graduvated haematocrit fubes.
Sufficient volume of culture was added to give readings of at least
2mm3 and replicate tubes were centrifuged at 1.5 x 103 éav. for 5 min
in a BTL bench centrifuge.

(c) Effect of inhibitors on growth

The effect of drugs on growth in liqﬁid.media was carried out
" as for the determination of growth curves in liquid culture except .
with the addition of the drug after autoclaving and cooling thelmedia ,
to room temperature. The Eei colorimeter was adjusted to zero with
blank tubes containing sterile medium and drug only. |
Inhibitof-containing agar plates were prepared byladding the
drug to autoclaved media after cooling to 5o°c; Equal quantities of
the. stock dfﬁg solvent were added to the control and drug media.
A1l plates were used within 24 h of pouring. Early stationar&aphase
cells from mixotrophically-grown 'starter' cultures were applied to
the d#ug plates using a modification of the drop-out technique (Wilkie -
and Lee, 1968). The apparatus used consisted of a tray into which
27 aluminium test-tube caps had 5een cemented so as td conform to

the size of a 9 cm pgtri dish. These trays were sterilised for 15 min



at 15 1bs /sq.inch and, after cooling, 1.m1 of the culture was
place& in each cap. The replicator consisted of a perépex block
holding 27 metal rods fixed in the same pattern as the test-tube’
caps in the tray. The cell suspensions were inoculated onto the |
surface of the solid media using the flame-sterilised replicator.

A wide range of drug concentrations were tested and the sensitivity

' of C,reinhardii to each drug was then defined as the minimum

concentration.of drug which inhibited growth after 1 weeks incubation‘
in tﬁe light or 2 weeks iﬁéubation in the dark. The extent of

cblony growth was assessed ;n a 0 to 4 point gcale where 0 represented
no gfowth and 4 represented eicellent growth, The minimum inhibitory
concentration (MIC) was taken as the concentration at which point 1’
growth occurred or the range between the concentrations at which 0
point growth and 2, 3 or 4 point gfowth occurfed. At least three

determinations of the MIC were made in order to obtain a reasonably-

accurate estimate,
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Results

(a) Growth characteristics of C.reinhardii during batch culture

The characteristics of batch cultures of C.reinhardii grown

under various trophic conditions are shown in Figs. 2.1 to 2.1l. The
results show a general sigmoidal relationship between time and many -
of the parameters used to measure growth. ‘Figures 2.1 and 2.2 show

that aerating batch cultures of C.reinhardii with a mixture of air and

€0, greatly enhanced phototrophic growth but had little effect on
nixotrophic or heterbtrophic growth, Subsequent‘experiments (Figs.2.3
to 2.11) weie carried out with aeration of phototrophic cuitures only
éndAthey show that, in genefal, the growth rateS‘aﬁd extents generally
decreased in the order mixotrophic > phototrophic > heterotrophic,
Optical density measurements of phototrophic and mixotrophic
growth revealed a lag phase of approximately 20 h before the beginning
of the exponential phase of growth (Figs.2.i and 2.2),which appeared
to be slightly longer than when growth was aséeségd using some of
~ the other parametersysuch as cell numbei. These cultures began. to
. enter stationary phase at around 60 - 70 h when measured bty 0D but
somewhat earlier, particularly with mixotrophic growth, when assessed
~ by other parameters,such as chlorophyll, protein and cell numbers,
Heterotrophically-grown cultures had a much longer lag phase
‘than the other groﬁth conditions. In most cases this amounted to
40'- 50 h in length, although it was longer when assessment was by
chloraphjil and packed cell volume and shorter ﬁhen measured by cell
numbers. Stationary phase in these cultures ﬁasvattained after about
70 h.(OD), although at a later time when chlorophyll, prétein, packed}'
cell volune and DW were estimated and at slightly earlier times when |
‘peasuremeht was by cell numbers. | |

Optical density wag related to increase in DW throughout the
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Legend to Figures 2.1. to 2.10.

@rowth characteristics of C. reinhardii during batch culture.

— Phototrdphic.g;owth with no aeration.
o—s Phototrophic growth with 95%'air : 5% Co,.
A—A ~ Mixotrophic growth Qith no aerafion.

X—X Mixotrophic grdjth with 95% air : 5% COo,.
L—A Heterptroph#c growth with no aeration.

00 Heterotrophic growth with 95% air : 5% CO,.
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Figure 2,1, Increase in optical density during the batch culture
of C. reinhardii.
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Figure 2.2, Increase in optical density of aerated batch cultures
of C. reinhardii.




=53~

24,0 -
' :é 18.0 A
o
=
S [ ]
-
>~‘12.0 -
¥
.
)
+
)
=
O 6,0 -
A
s A A
, A .
0 20 40 .60 80 100
Time (h)

Figure 2.3, Increase in chlorophyll during the batch culture
of C. reinhardii.
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Figure 2,5, Changes in the protein/chlorophyll ratio during the
batch culture of C., reinhardii.
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Figure 2.6, Increase in total cell numbers during the batch
culture of C, reinhardii.
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of C. reinhardii,
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Figure 2,11, Relationship between the optical density and dry
weight of batch cultures of C. reinhardii.
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batch growth of the alga with a slight deviation in the case of
heterotrophic growth (Fig. 2.11), |

The protein/thorophyll ratio of phototrophic and mixotrophic
cells remained about constant around a value of 10 except for a -
slight increase during phototrophic growth (Fié. 2.5). Heterotrophic
growth resulted ip a marked sigmoidal increase in this ratio, reaching
a maximum at stationary phase.

Marked pH changes in the media were found to occur during batch
culture (Fig. 2.10). All three types of media had an initial pH of
6.9 and this changed to abproximately 10,0, 8.8 and 5.3 for stationary
phase mixotrophic, heterotrophic and phototrophic cultures respectively.

| (b) Effect of sodium acetate on batch growth,

- Figures 2,12 to 2,13 show the effect of different acetate

concentrations on the groﬁth characteristics of C,reinhardii in

batch.culture; A saturating acetate concentration of ébbut 49 M

was found for the groﬁth rates and extents during heterotrophic
growth,  Inhibition of either growth parameter was not evident at
higher concentrations up to a concentration 6f~122 oM. Maximum

. growth rates and extents for mixotrophic cﬁltu;es were pioduced by

24 oM and 49 mM respectively but higher concentrations produced ;
growth inhibition. The finai pH of the culture media after growth

on different acetate.concentrations is shown in Fig. 2.14., Hetero-
trophic growth producedvan increase in pH with increased acetate
concentfétions up fo a maximum pH of 9.25. A different trend occurred
duripg mixotrophic growth with a maximum pH of 10.3 qécurring at low
acetate concentrations and then the final pH decreased at higher
concentrations to give a final pH of 9.3 at 122 mM acetate."Phototrophic

growth (no acetate) produced a decrease in pH.
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legend to Figures 2,12, to 2,14,

Effect of sodium acetate on the batch growth of C. reinhardii.

A—A Mixotrophic growth .
A—A Heterotrophic growth .
Final (stationary phase) pH, gfowth rates and growth

extents were measured simultaneously on the same batch cultures,

The initial pH of each medium was 6.9,
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Figure 2.14. Effect of acetate concentration on the final pH of
the medium during the batch culture of C. reinhardii.
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(c) Effect of various inhibitors on growth on so0lid media,

The effect of various inhibitors on the growth of C.reinhardii

on‘solid media is shown in Table 2.1. The compounds are arranged
into loose groupings depending on their reported biochemical mode
of action and their MIC values are only approximate within the
raﬁge of the concentrations tested. |

The results indicate that C.reinhardii was insensitive to low

concentrations of many of the inhibitors although some,e.g. :- the
.friorganotins, alkylguanidines, EB and CTAB,inhibited growth at
relatively loﬁ concentrations. Phototrdphic growth appeared to be -
differentially inhibited by spectinomycin whilst heterotrophic growth
was relatively sensitive to a wide range of the inhibitors’particularly
valinomycin, TBT, TPhT, oligomycin, antimycin A, acriflawvine,Dio-9,
dicyclohexyl: =18-crown-6 and robenzidine. The ?esponse of mixotrophic
groﬁth did not differ greatly from that of phototrophic growth except
in the cases of spectinomycin and 1799,vwhere it was more resistant,

and with TMT,where it was more sensitive,
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Legend to Table 2.1,

Effect of various inhibitors on the growth of C. reinhardg;

on solid media,

* The minimum inhibitory concentrations of the drugs are

expressed in )xM except where indicated.

* Phototrophic growth.

P =
M = Mixotrophic growth,
H = Heterotrophic growth.
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" Table 2.1
Minimum Inhibitory Concentration¥
Growth™

Compound P M H
Energy transfer inhibitors ’

TMT chloride 20.5 10.2 . 10.2
TET sulphate 3.9 " 3.5 3.0
TPT chloride - 1.8 1.8 1.1
TBT chloride 1.2 1.2 0.3
TPhT chloride 1.0 0.8 0.1
TBT oxide 0.2 = 1.7 - < 0,2
TcHT hydroxide 2.6 2,6 - 26.0 0.3 - 2.6
Octylguanidine 19.3% 16.9 14.5
Dodecylguanidine . 1.6 T.6 . 7.6
Calegine sulphate >113 113 - 284 425
Oligomycin >25 pg/ml | >25 pg/ml 10 pg/ml
Phlorizin > 229 > 229 > 229
Venturicidin >126 >126 32 - 126
DCCD - 121 - 242 ‘ > 242 _ > 242
Dio-9 25 - 50 pg/ml|25 - 50 pg/ul| 1 - 5 pg/m
Robenzidine >75 >75 3 - 30
Aurovertin >10 pg/al | >10 pg/ml’ | 1 - 5 pg/m
Uncou:giers '

DNP >1,358 51,358 >1,358
Atebrin’ > 106 >106 >106
CcCP 14.6 " 14.6 8.5
11799° 90 >128 51
Na Arsenate >1,603 >1,603 >1,603
Tetraphenylboron > 292 >292 > 292
TTFB 32 - 79 32 -179 32 - 79
Adenine nucleotide

translocase inhibitors . .

Atractyloside >119 >119 >119
Rhodamine 6G 111 - 222 22 - 111 < 22
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Table 2.1 (Continued)

Minimum Inhibitory Concentration*

Growtﬁ"‘
Compound P M H
Ionophores ‘
Valinomycin >45 >27 9
Nigericin 5 pg/ml 7.5 pg/ml 5 pg/nl
Gramicidin >50 pg/ml >50 pg/ml >50 pg/ml
Dicyclohexyl=18-crown-6 > 269 >269 54
Electron tranéport “inhibitors
KCN > 3,840 > 3,840 >3,840
Antimycin A >18 >18 10,09 = 0.9
Amytal >1,105 >1,105 >1,105
Rotenone >127 >127 | >127
Inhibitors of DNA function | )
Proflavine > 314 >314 >314°
Acriflauine >100 pg/ml | >100 pg/ml 10 pg/ml
Aéridine orange > 419 > 419 - 140
Spectinomycin 45 60 60
Rifampicin > 358 >358 287
Ethidium bromide 19.0 19.0 12.7
Detergehts .
SDS 173 - 347 347 - 694 173 - 347
Sodium deoxycholate 1,449 1,449 1,208
CTAB 7-14 14 - 27 <1
Miscellaneous _
Rbodamine B 21 - 104 21 - 104 21 - 104
Diethyltin dichloride ' >403 > 403 > 403
Petrabutyltin 29 - 144 3.29 | 3
Dioctyltin dichloride >240 | 120 - 240 24 -.120
Dibutyltin diacetate 29 -~ 143 29 - 143- 3 - 29
Cl-methyl-dibutyltin 9 79 79




Discussion

Growth of C.reinhardii in batch culture under various trophic

conditions produced sigmoidal growth curvgé irrespective of the
‘parameter used to measure growth. Growth was greatest in the presence
of both sodium acetate and light (mixotrophy) but aeration with 5% |
002 only significantly enhancéd growth when acetate ﬁas absent invthe
light (phototrophy). Growth on acetate in the dark (heéerotrophy)

was much reduced compared to mixotrophic growth.

Since C.reinhardii is an obligate aerobe and possesses mitochondria,

it would be expected that these organelles function during all growth
condifions whilst the chloroplaété would only be able to function in
photosynthesis during growth in the light. This could account for
the reduced growth under heterotrophic conditions but the relationship
between mitochondrial and chloroplastic functions during growth under
different conditions does not appear to be a éimple additive one

in C.reinhardii. The effect of various combinations of light, acetate

and 002 on the growth of the alga may beyat least partially,due to
repression/{derepression systems operating under various growth
conditions in response to changes throughout growth of various environ-
.and CO,.

2 2
Heterotrophic growth would appear to be wholly‘dependent on

mental factors such as pH, light, nutrients, O

acetate as a swgrate since starch reserves are not mobilized to a

‘great extent in dark-grown Chlamydomonas species (Ricketts, 1972) and &

starch breakdown in the y - 1 mutant of C.reinhardii requires continuous ‘

illumination (Ohad et al., 1967). Consequently the stétioharj phase
of heterotrophic growth may be caused largely by the exhaustion of
acetate,whereas the lag phase may represent an adaptation to acetate
as the sole carbon and energy source by increased synthesis or

activation of the necessary enzymes for its utilization. This is
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indicated by an increased activity of succinate dehydragenasé

when the y - 1 photosynthetic mutant of C.reinhardii is transferred

from mixotrophic to heterotrophic conditions (Ohad et al, 1967). In
~addition, the glyoxylate enzymes isocitrate lyase and malate synthase,
which are considered to be required for growth on acetate (Haigh and
Beevers, 1964) and have reduced activity during phototrophic growth,
are preferentially synthesised prior to growth on acetate and |
increase T - 10 fold in activity during hete:otrophic growth (Hairop
and Kornberg, 1966). Likewise, high isocitiate lyase activity was
detected in heterotrophically—grbwn.cellé of C.dxsosmos,which can
grow on acetate as the sole carbon and energy source,butbwas absent
in mutant strains which were capable of respiring acetate but not
capable of using it for heterotrophic growth (H#igh and Béevers, 1964).
The pH increase during heterotrophic growth was probably caused
‘largely by uptake of acetate since the other factors which commonly

cause pH increases in culture media, namely photosynthetic CO, and

2
nitrate uptake (Pirt, 1975), do not occur in the dark in C.reinhardii

(Thacker and Syrett, 1972b). This is also‘indiéated by the fact
thét the growth extents of heterdtrophic cultures on different
acetate concentrations approximately parallel the final pH of thg
medium, The increase in the pH of the heterotrophic medium probably
contributed in turn to the stationary phase in these cultures through
restricted uptake, at high pH values, of charged acetate and mineral
ions (Hutner and Provasoli, 1951). | |

?he metabolism of phototfophically=and nixotrophically-grown
cells probably differed a great deal from that of heterotrophically

grown cells due largely to the influence of light. Light is known

to inhibit respiration to some extent in C.reinhardii, either through

competition of cyclic photophosphorylation for available ADP (Teichler-



Zallen et al, 1971) or through PSI qxidahts acting as alternative

sinks for respiratory electrons (Healey and Myers, 1971).' This

inhibitory effect on respiration probébly occurs under both phototrophic

and mixotrophic conditiong since it is not modified by the presence

of acetate (Healey and Myers, 1971). The longer lag phase of

phototrophic compared to mixotrophic growth may have been partly

due to the change from the mixotréphic conditions fouﬁd in the 'starter!'

cultures to the phototrophic conditions in the assay flasks. The

enhancement of phototrophic growth by 002 is likely to haﬁe beén

brought about partly through photosynthetic carbon fixation since

RuDP carboxylase activity is consistently somewhat higher in phototrophic

cells compared fo mixotrophic cells (Togaséki and Levine, 19703 Harris

et al, 1974;) ,perhaps due to a slight inhibitory effect of acetate |

on its activity. The increased growth of mixotrophic cultures compared

to heterotrophic cultures probably arose via phofosynthesis, utilizing

atmospheric or perhaps respirafory C02. |
The decrease in pH of phototrophic media during growth was

probably.due to uptake of ammonium ionsvfroﬁ the medium which would

be replaced by hydrogen ions (Pint, 1975).~ The low pH values would

also favour>passive CO2 uptake by fhe cells sipce dissolved CO

2

acid values is primarily in the form of CO, and H,005, both of which

are readily'absorbed and utilized by algal cells for photosynthesis

‘at.

(Round, 1970). The stationary phase of phototrophic cultures was ¢
probably brought abdui by the limiting pH eventually.attained in
these cultures,

The development of alkaline condi?ions during mixotrophic growth
means that the available carbon for photosynthesis would be in the

form of bicarbonate ions (Round, 1970), which can be absorbed and

utilized by C.reinhardii through the presence of carbonic anhydrase
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induced by low CO, concentrations (Nelson et al, 1969). However,
at pH 10 ﬁnd above, carbonate anions predominate and these are not
utilisable by algae (Round, 1970) and may have contributed largely
to the stationary phase in mixotrophic cultures at this restrictive
| rH. The high pH values would also limit photosynthetic 002 fixation-
(orth et al, 1966) and acetate uptake foi respiration (Hitner and
Provasoli, 1951). However, the effect of pH values greater than 9
would appear to be primarily on photosynthesis,as opposed to respiration,
‘since the stationary.phase of heterotrophic cultures occurs at about
pH 9. _

The metabolism of phototrophic and mixotrophic ce}lé'ma§ also
differ due to induction of photorespiration., High pH values (8 - 9),

along with low 002 tension, high 0, tension and high light intensity,

2
are known to emhance glycolate formation in C.reinhardii,which nay

be excreted or ﬁetabolised further depending on the CO, available

2
to the cells (Orth et al, 1966; Nelson and Tolbert, 1969, 19703

Cooksey, 1971). If only air is available, glycblate'is'fbrmed and
further metabolised,‘whereas aeration with 1% COé results in excretion

of the glycolate into the culture medium (Nelson and Talbert, 1969;
Cocksey, 1971). Some of the mixotrophic culture conditibns,such as

high 02 tension, low 002 tension and high pH,hay have been conducive

for photorespiration but it would have been absent in aark~grown cells
(Tolbert, 1974). Photorespiration may also have occurred in phototroﬁhié
cultures since it has been found that a medium PH of 4 - 6 may induce

glycolate production and excretion by C.reinhardii during batch culture

(A1len, 1956; Orth et al, 1966). If this is so then glycolate excretion -
may have contributed to the decline in the pH of the phototrophic
culture medium and could have pérhaps helped to neutralise the alkaline

conditions found in mixotrophic cultures. It is unlikely that excreted
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glycolate or sugars (Allen, 1956) would be reabsorbed and utilised |
by the cells during growth since 'acetate! organisms,such as

C.reinhardii, are generally specific in their utilisation of acetate

"és a substrate (Droop, 1974).

The increase in medium pH during mixotrophic growth was probaﬁly' :
mainly due to uptake of acetate by the cells but,since the final pH
of the medium did. not parallel the growth extents at low acetate
concentrations (Figs. 2.13 and 2.14),‘there appears to be anothe?
factor involved, Selective uptake of nitrate ions relative to
ammonium ions would not appear to be involved since,when ammonium
nitrate is used as theAnitrogen source for algae,-amﬁonium ions are
first absorbed followed by nitrate ions (Morris, 1974). It may be
that uptake of bicarbonate from the medium, under conditions‘of
limited C02 gupply, enhanced the alkalinity., That light-induced

uptake of bicarbonate by C.reinhardii.cells is accompanied by a pH

increase in the medium has been shown by Neumamand Levine (1971).
This bicarbonate uptake for photosynthésis may be greater at the
lower acetate concentrations and result in a high final pﬁ even
though the growth extent iS'léﬁ.

The lack of any inhibitory effect of acetate on heterotréphic
gfowth‘(Figs. 2.12 to 2.14) suggests that high acetate doncentrafions
"affect photosynthesis as opposed to respiration. This inhibitory

effect may not apply to photosynthétic oxygen evolution which is
| ﬁnaffgctéd by the presenée of acetate (Russel and Gibbs, 1966; Healey
and Myers, 1971; LeYine and Duram, 19733 Morris et aly1974). That
ﬂacetéte.may have a concentration-depen@ent effect on photosynthesis
is indicated by the fact that the mixotrophic growth rﬁte was inhibited
at lower acefate concentrations (>24 mM) than vas growth ﬂ:éxte'n‘b (>61 mM).- |

Perhaps the lower acetate concentrations competitively inhibit the
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rate of photosynthetic carbon uptake whilst higher concentrations
directly inhibit the enzymes involved in 002 fixation,sﬁch as RuDP
carboxyl&se; This is aiso suggested by the possible inhibitory
effect of acetate on the activity of this enzyme (Togasaki and
Levine, 1970; Morris et al, 1974),vwhich if reduced or completeiy
lost would also mean reduction or the complete loss of photoéjnthétic
bicarbonate uptake and the associated pH iise‘in the medium (Neumann
and Levine, 1971). - ‘

The mechanism of the possible inhibition of RuDP_carboxylase
aétivi£y is unknown but may’be through control by enzymes of the
glyoxylate cycle, These enzymes are normally absent or reduced in

- activity in phototrophic and mixotrophic cultures of Chlamydomonas spp.

(Haigh and Beevers; 1964; Harrop and Kornberg, 1966) but high acetate
concentrations may override the inhibition of these enzymes;uhich

may in turn control photosynthetic carbon metabolism.

Chlorophyll synthesis by C.reinﬂardii proéeeds very sloﬁly in
the dark but is very rapid in the light, which shovs the unsuitability
of chlorophyll as a method of estimating growth under different conditions.
‘The fact that at least some chlorophyll is synthesised in the absence

of light indicates that C.reinhardii differs from higher plants in

its ability to convert chlorophyll precursors to chlorophyll., Although
shortage of nitrogen usually results in greatly diminished cell
chlorophyll contents (Droop, 1974) and nitrate and ammonium assimilation

by cells of C.reinhardii is greater in the light than in the dark

(Thacker and Syrett, 1972%), the heterotrophic cells do not appéar
to’bevnitrogen depletéd, This is shown ty the large increase wifh
>growth of the protein/chlorophyll ratio in heterotrophic cultures

(Fig.Z.S). However, there is a possibility that under conditions

of no nitrate assimilation by heterotrophic cells of C.reinhardii
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(Thacker aﬁa Syrett; 1972b), the some;hat restricted nitrogen supply
may be channelled by the cell into protein for growth at the expense
of chlorophyll synthesisywhich is not required for growth in the dark.
That . the acétate/nitrate'ratio of the medium is of prime importance
in the control of chlorophyll synthesis in algae has been shown
previously (Ellis et al, 1975). This effect may be due to the induction
- of the glyoxylate cycle by acet;te in the dark and then metabolite

repression or inhibition of the enzyme(s) involved in the synthesis
of chlorophyll precursors (Ellis et al, 1975). Absence or reduction
in activity of the glyoxylate cycle enzymeé ﬁnder phototrophic and
mixotrophic conditions (Haigh‘and Beevers, 1964; Harrop and Kérnberg,
1966) would then allow chlorophyll synthegis to proceed normally.

An alternative hypothesis would be the presence of both a 'dark'-
and a 'lighﬁ' - dependent pathway of chlorophyll synthesis., The former
pathway'would then operate under heterotrophic conditions_and would

be absent in the y-1 mutant of C.reinhardii,which is incapable of

chlorophyll synthesis in the dark. This hypothesis is supported by
the findings that sub-lethal concentrations of streptomycin inhibit

chlorophyll synthesis in dark-grown but not light-grown cells of

C.reinhardii (Sager and Tsubo, 1962). Protochlowophyll is formed in

both light-and dark-grown cells of the y-l1 mutant of C.reinhardii

and the light-induced conversion of protochkrophyll to chlorophyll
is not inhibited by streptomycin (Sager, 1961). Consequently the
light and dark pathways of chlorophyll synthesis may diverge after

'protpchlorophyll formation,

It would appear from the foregoing that the growth of C.reinhardii
under Various,trophic conditions may produce interacting changes in
Mmetaboliém. The shifting of metabolism gives rise to changes in

the characteristics of the media, such as pH, which may in turn affect
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the overall metabolism of the cells., These changes in metabolic
pattern and environmental factors should be tazken into account when
‘comparing various aspects of algal growth, e.g. :- response to

inhibitors, under different conditions,

The effect of various inhibitors on the growth of Coreinhardif
on solid media shows that many of the compounds’were insufficiently
toxic at low concentrations to be of any use iﬁ the selection of |
' resistant mutants.. This low toxicity of many of the inhibitors may

be related to the characteristic low permeability of many‘%cetatg
flagellatgs}to molecuies iarger than sodiun acetate (Strdss, 19603
Round, 1970). However, this is an oversimplificstion since toxicity
was not always related to size of the molecules, for example DNP was
non-toxic whilst TPhTiexhibited a high toxicity. Likewise toxicity
of the trialkyltins and élkylguanidinesincreased up the.homologous
series which was probably related to increased libid s§1ubility.

The mode of action of these compounds undoubtédly played a part
in their toxicity to whole cells, For example, the insensitivity of
the ceils to KCN under mixotrophic and heterotrophic conditions may
reflect the virtual absence of cytochrome a3 in the vegefative cells

of C.reinhardii (fliyama et al, 1969). However, the KCN insensitivity

of phototrophic growth is not consistent with the known inhibitory‘
effects of low KCN concentrations on light-inducéd oxygen evolution
in whole cells of the alga (Neumann and Leyine, 1971). In addition,
- the h;ghjsensitivity‘;f‘heterotrophic growth towards antimycin A

- may indicate that the cyanide-insensitive respiration in this élga,
which deve1ops after germination of the zygospores (Hommersand and
Thﬁhann}.1965), is due to a change in the electron transport chain

af a point beyond the antimycin-sensitive b/cg_segment;‘ The inhibitor&

~ effect of Dio-9 is consistent with the known inhibitory effect of



gsimilar concentrations on the whole cell respiration and photosynthesis

of C.reinhardii (Neumann and Levine; 1971).

The differential inhibition by spectinomycin of phototrophic,
compared.to mixotrophic or heterotrophic growth,may reflect the
specific inhibition of chloroplast ribosomes by this inhibitor
(Surzycki 551352,'1970). The lack éf any differential effect of
:ifaﬁpicin on chloroplast function is surprising in view of the
reported speéificity of this inhibitor for cDNA_transcription
(Sﬁrzycki, 1969) but may have been due to light inactivation of
this light-sensitive compound. ‘

The generally greater sensitivity of heterotrophic growth,
compared to phototrophic and mixotrophic growth,may reflect a specific
inhibition of'mitochondrial function by some of the compounds. This
is likely with antimycin A and oligomycin which are known to be more
effective inhibitors of oxidative than of photosynthetic phésphorylation‘
(Balfscheffsky, 1960; Izawa and Good, 1972). Likewise,thé gieater
sensitivity of heterotrophic growth towards acriflavine,and perhaps
EB,may refiect their differential inhibition of mitochrondiial protein

synthesis in C.reinhardii (Stegeman and Hoober, 1973; Alexander et al,

1974); This specificity for heterotrophic'growth‘is unlikely to be
~due simply to pH changes occurring in solid media sincé pH increases
during growth of cells on solid mixotrophic media were more marggd
than thoseunder heterotrophic conditions. The generall& slower growth‘L
of cells on solid media in the dark,compared to those in the light,
mnay perhaﬁs have contributed to increased sensitivify'of heterotrophic
growth. It should be pointed out that, growth oﬁ s0lid media does not
detect ény differential effect of inhibitors oﬁ gioﬁth.rates but only R
on the presence or absence of growth. Consequéntly aﬁy differential
inhibition o} growth rates would have been masked by the nature of the

assay systenm,
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The more toxic inhibitors,such as the triorganotins and alkyl-
guanidines,were selected as potential candidates for the selection
of inhibvitor-resistant mutants (Chapter 4) and their modes of action

on some aspects of energy conservation in chloroplasts were examined

(Chapter 3).
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CHAPTER

Effect of Selected Energy Trénsfer Inhibitors on Isolated Chloroplasts

Introductidn

Triorganotin. and alkylguanidine compounds are known to affect
energy transfer in mitochondria., The modz of éction of the various
triorganotin salts differs according to the pH and ionic composition
of the assay medium, Energy transfer inhibitién occurs.in alkaline |
sucrose media devoid of chloride ions (Stockdale et al., 19703
Coleman and Palmer, 1971), whilst an uncoupling effect predominates
in a medium containing chlorlde ions, particularly at acid pH values
(Selwyn et al., 1970; Coleman and Palmer, 1971; Dawson and Selwyn,
1574). The effect of the various gganidine derivatives on mitochondrial
energy tfansfer is governed mainly by.the type ofléubstituent but

.most possess phosphorylation site specificity and their mode of action
éppears to differ from that of oligomycin (Pressman, 1962, 1963; Chappell,
1963; Guillory and Slater, 1965). | B

Much less work has been carried out on thé modé of action of
these compounds‘on photosynthetic‘energy transfer, Only two xreports
relating to the effects of gﬁanidine derivatives on photosynthétic

" energy transfer (Avron and Shavit, 1965; Gross SQLgQ,, 1968) and
only five that investigate the effects of_triorganotiné on this process
(Lynn, 1968; Kahn, 1968, 1970; Watling and Selwyn, 1970, 1974)'ﬁere |
known to the author at the beginning of thls study. - : “:

Trlorganotln compounds and the guanidine derivatives octyl—(OG)
and dodecyl-(DG) guanidine were chosen as candidates for the selection

of resistant mutants of C.reinhardii because of their known mode of

action on photosynthetic energy transfer and because of their high

toxicity to whole cells of the alga (Table 2.1). However, before

progressing onto the isolation of resistant mutants against these ,
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compounds, it was considered necessary to first confirm their
inhibitory action on isolated chloroplasts. Preliminary experiments

with chloroplasts and chloroplast fragments isolated from C.reinhardii

indicated that they could only be isolated in an uncoupled state

and exhibited some ATP~ase activity and no photosynthetic control.
Consequently isolated pea chloroplasts were used as thé standard

test material in ﬁoét assays since they could be isoléted with
reasonably tight photosynthetic control. In addition, the effect of the
inhibitors on the'Ca2+-dependent ATP-ase acti#ity could be conveniently
assayed using the high yields of purified chloroplasts from the CW15+

strain of C.reinhardii.
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Materials and Methods

(a) Preparation of pea chloroplasts,

Except where indicated in the text, chldroplasts were isolated

from pea leaves by a modification of the method of West and Wiskich

(1973). 14 day-old pea seedlings (Pisum sativum L. cv. ;Meteor')
were grown in Bower's compost., 152 of leaves were ground in a
Waring blendor at full speed for 5 sec.in 75 ml of an ice-cold medium
containing 0,251 sucrose, 1 mM MgCl,, 0.5% BSA and 30 mM TES buffer
(adjusted to pH 7.3 with NaOH). The brei was filtered through 6
layers of cheesecloth and the filtrate centrifuged for 1 min at
2.5 x 105gav.in a MSE Mistral 6L centrifuge fitted with a 12 x 50 ml
swing-out head. The centrifuge was accelerated from rest to 2.5 x 103gav.
and back to rest in a total elapsed time of 1 min 40 sec. For 'Class 1!
(unbroken) chloroplasts, the sedimented.chlproplasts vere gently re-
suspended to a concentration of approximately 1.5 mg chlorophyll/ml
in 0.25M sucrose, 0.5% BSA and 25 mM Hepes buffer adjusted to pH 7.6
wifh NaOH, For 'Class 2' (broken) chloroplasts, the pellet was gently
résusﬁended in 20 ml éf medium containing 25 ml sucrose, O.S% BSA and
25 mM Hepes/NaOH buffer (pH 7.6) and centrifuged at 2.5 x 1038av. for
1 min, Finally the chloroplasts were gently resuspended in 25 ml KC1,
5ulf MgCl, and 1 mM Hepes buffer (il 7.6). | a

. All chloroplast preparations were cheéked for their degree of
intactness under the phése-contrast microscope. The 'Class 1! -
preparatiqns consisted of approximately 50 « 75% as bright and highlyb
reflecting chloroplasts with smooth outlines and non-resolved grana.
Most qf the 'Class 2' chloroplasts were larger, more regular in

shape and more granular in appearance than the 'Class 1' chloroplasts. =

(b) Electron transport activities of pea chloroplasts and the
effect of inhibitors,
A

Oxygen evolution and uptake were measured with a Clark-type
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oxygen electrode (Rank Bros., Boftisham, Cambs., UK.) incorporated
into a glass-lined perspex reaction vessel mainta.ined at a temperaturé
of 25° C. The assay medium for oxygen evolution with K3F.é (cN)g as
the. electroﬁ acceptor contained 0,25 M sucrose, 5 mM MgClz, 12 mM
KH,, O g 2 64 mlM K sFe (CN)g and 25 mM Hepes/NaOH buffer (pH 7.6).
Oxygen partial pressure was reduced to a minimum by flushing with
water-saturated N2 and the perspex lid lowered. The assay medium |
for oxygen uptake with methyl viologen (1MV) as the electron acceptor
was the same as with K3Fe (CN)'6 except that 0.8 mM MV and 0.8 mM NaN

3

replaced the K Fe (CN), and the medium was not flushed with N

3 2°

_.'Class .1' chloroplasts were added at a concentration of 60 ps
chlorophyil/ml ?_md sufficieﬁt' ADP (adjusted to pH 7.6 with NaOH) was
added to maintain state 3 for the duration of each assay. Where .
inhibitors were added as ethanolic solutions, the control rates were
determined with the addition of the same quantity of é.rug-free solvent.
The final volume of he assay medium was 2.5 ml. Red light ( Aoae
» 650 nm) was provided at a saturating intensity of 3 x 104 lux (see’
Appendix Fig.l) at the vessel surface by a Rank Aldis Tutor 1600
projector fitted with a red glass filter and the chloroplast suspension
vas stirred throughout the assays with a magnetic follower. The
electrode current was recorded on a Servoscribe 2 (RE 520.20) pofentio-
metric recorder. |

The mean control value (* standard deviation) for the state 3 «
rate of oxygen evolution (in the presence of ADP,Pi and K;Fe (cw) 6 )
over 55 separate observat:.ons was 27.2 1 8.4 ) moles O /xng chl./n .

(c) Light-induced pH changes in pea chloroplasts and the
effect of inhibitors,

Light-induced pH changes were measured with a Model 33 B-2 Vibron
‘electrometer (Electronic Instruments Limited) with the pH electrode

! _
(Pye Unicam Ingold) inserted into the vessel of a Clark-type oxygen
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electrode maintained at a constant temperature of 250 C. The assay
medium contained 25 mM KC1, 2.14 mM p-benzoquinone, 5 mM MgCl, and
1 mM Hepes/NaOH buffer (pH 7.6). 'Class 2' chloroplasts were added
ét a con&entration of 200 pg/ml to give a finai assay volume of
2.8 ml., Red light (%@é% 650n§) was provided at a saturating.intensify
of 3 x 104 lﬁx at the vessel surface by a Rank Aldis Tutor 1000
projector fitted with avred glass filter and the chloroplast
suspension was stirred throughout the assays with a magnetic follower;
The electrode current waé fecorded on a Servoscfibe 2 potentiometric
¥ecordef. Recoider deflections were felated to hydiogen ion conéen;
tration using a constructed standard curve produced by the addition
of small aliquots of a standard 0,01N HCl so1ution to the éohplete .
assay system in the darkD‘Stock solu{ions bf inhibitors were adjusted
" to pH 7.6 pria_r to addition.

" The mean control values (f standard deviation) over a series
of 22 inaependent observationé for the light-induced proton~cﬁénges
were as follows; extent of proton uptake (ar*) = o0.52% 0.09 jp equivs.
H+/mgdhl. s rate of light-induced proton uptake = 10.35t 2;74uP equivs,
H*/mgenl./min ; rate of dark proton loss = 3,62 1.5 p equivs. B /mgoni./
. min, |

(d) Light-induced transmission changes in pea chloroplasts
and the effect of inhibitors,

'Class 2' chloroplasts were prepared as described préviously .
except that the final chloroplast pellet ﬁas resuspended in a medium |
cbntéiningi25 mM KC1, 5 u@[MgClz and 1 mM Hepes buffer (adjusted to
PH 7.6 with NaOH). |

.The ieaction medium consisted of the resuspension medium plus
- 2014 mM p-benzoquinone and chioroplasts to a concentration of 10 pg

»chlorophyll/?l. Any deviations from this medium compoSition are

indicated in the text. The final volunme in each case was 2.8 ml.
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The reaction medium was not stirred throughout the assajs but,

after making additions, the medium was rapidly mixed with a glass

nicro-spatula before illumination. Inhibitors were added aé either

aqueous or ethanolic solutions and the control rates.determined with

thé same quantity of drug-free solvent. Tranémission.changes were

" measured with an Eppendorf spectrophotometer (Netheler and Hinz, Hambu:gﬂ

modified to allow illumination‘at 90° to the actinic light scurce: |

(Fig;B.i) The chloroplast suspension was placed in a 1.0 cm light-

path cwette with four optical faces and illuninated with light at

546 nm which had passed through a 1 mn x 4 mm slit. | The unabsorbed

" light at 546 nm vas selected by placing a Kodak"wratten"l58 gelatine

filter between the cwette and photomultiplier.’ I1lumination at 90° |

was achieved by using a Rank Aldis Tutor 1000 projector with the

light passing throughba red glass filter (l'maé>650 nm) fixed into

the side of the spectrophotometer 1lid. The light was directed onto

thé cwette bj means of a black metal tube and stray light was reduced

by a rubber seal between the tube and the spectrophotometer lid.

The temperature of the reaction medium was maintained constanﬁ by

passing water at 250 C th;ough the‘water-jacketted<1WBtte hol@er.
.Light-induéed changes in transmission were measured at least

twice for eacﬁ treatment and the meaﬁ value taken. The mean control

values (! standard deviation) for the light-induced transmission

changes over a series of 20 separate observations were as folldws

( ina% fransn;j.ssion/mgchl.) : with KC1 = 17F 3; with sodium acetat‘e_‘ =

6325 164,

(e) Isolation of chloroplasts from ,reinhardii strain cwash

The CW15" (cell-wall-less) strain of C.reinhardii was obtained

from Professor D.R. Davis and chloroplasts were prepared by a modification

1 . .
of the method of Keller (personal communication, 1975). 4.5 1 of early
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>Figure 3.1, System used to measure.light-induced transmission

changes in chloroplasts. (Not to scale).

IS Light source,

w Constant temperature water.

C Cuvette, _

. P Photomultiplier,

MT Metal tube.

SL Slit. ‘

F546 Filter for monochromatic light at 546nm.
. EGSO Filter forﬂmonochromatic light at>650nm,
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stationary-phase cells (72 h old) were harvested at 2.5 x 105gév.

for 5 miﬁ at 0° ¢ using a Sorvall RC 2-B centrifugé. The cells

wére washed once and iesuspended_in Tl buffer (2§M KC1, 16 M tris/
H,S0, buffer, pH 8.0) at a concentration of 0.5 mg chlorophyll/ml.

The suspension was left to plasmolyse on ice in éhe dark for 12 - 15 h
" and the suspension reharvested at 2.5 x 103gav. for 5 min at o c.

The pellet was gently, resuspended in anvequal volume of T2
rH 8,0 and 20 mM KCl,and layered

buffer,
consisting of 10 mM tris/H,S0 N |
over a diécontinuous sucrose gradiént,consisting of 25 ml each of

2,0 M and 1.5 M sucrose dissolved in T2 buffer. vThe gra&ients were

. centrifuged in a SW 25;2 swing-out head of a Beckman L -~ 2,50 centrifuge
at 8 x 10%_ for 90 min. The chloroplasts at the 2.0 M = 1.5 M
interphase‘(see Fig.3.2) were cbllected fron the top with a fasteur

Vpipette, diluted 4 fold with T, buffer and centrifuged at 2.5 x 103g

2 av.

for 5 min at 0° ¢, The chloroplast pellet was washed twice, re-
rsuspended in 2 volumes of TZ buffer and éonicated for 16 - 30 sec

on an M3E uwltrasonicator at low power and no.3 amplitude. Chloroplasf
breakage was checked at 10 sec intervals untiia@proximately 95% breakage
was achieved. The s.onicated éhloroplast suspension was diluted 4

fold with'T2 buffer and centrifuged twice at 480 8av. for 5 ﬁin at ‘

0° ¢ to remove unbroken chloroplasts. The residue was discarded énd

4

the supernatant re-centrifuged at 2 x 10 - for 20 min at 0° C.

Finally the resultant pellet was'resuspended in T, buffer to a &

2
concentra%ion of 0.5 mg chlorophyll/hl with a Ten-Broeck glass homogenizer.

Appearance of the sucrose gradients,

The sucrose gradients used for purifying the chloroplasts derived
from CW15" consisted of 2 green layers and a pellet (see Fig.3.2).
The band between the sample layer and 1.5 M sucrose (Bl) consisted

- of chloroplast fragments,while the one between the 1.5 M and 2.0 M



sample - <— lipid scum
layer , .
S FSSRERERER S G B1 (chloroplast
fragments)
1.5M
sucrose
3 i <— B, (intact and
‘ partially
broken
chloroplasts)
2.0M
- sucrose
| W — . pellet (whole cells
- : or.
protoplasts)
Figure 3,2, Appearance of the discontinuous sucrosé dénsity . L"

gradients used for the separation of whole chloroblasts

from the CW15+ strain of C, reinhardii.
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layers (Bz) consisted of a mixture ofiintact chloroplasts and
chloroplasts with broken membranes. The pellet consisted mainly

of whole cells (protoplasts). The purity of the chloroplast band

was determined by phase-contrast microscopy and by treatment with
0,01% Triton X = 100 which caused immediate lysis of chloroplasts

but not of pfqtoplasts. A furthe: criterion was the low respiratory
~activity of the IB2 cﬁloroplast band. Electron microscopy has

: previdusly shown tﬁé absence of contaminating organelles and membranes

in chloroplasts prepared by this method (Ho et et al., 1974).

(£) The Ca®*-dependent chloroplast ATP-ase activity of Q!g ;gggggg;
(cw15+) and the effect of inhibitors.

. The heat-actlvated, Ca -dependent ATP-ase activity of chloroplast
fragments ﬁas measured by estimating colorimetricélly the inorganic
phosphate liberated from ATP, The assay procedure used was a
modification of the méthods‘of Vaubutas and Racker (1965) and Sato
et al. (1971).

The reaction mixture for the activation stage contained chloroplast‘.
fragménts equi‘falent to 50 pg chlorophyil and the following in n moles :
tris/SO4 buffer (pH 8.0) 100; disodium EDTA (pH 8.0) 5; ATP (pH 8.0)

1 and distilled water to a final volume of 0,7 ml. After incubation
in the dark at 60° C for 1.5 min, the tubes were rapidly placéd on
ice and the following components in p moles quickly added'for the'¥eaction

&«

stage : ATP (pH 8.0) 5; CaCl, 10. The final volume was 1.9 ml. CaCl

5
was omitted from the control tubes. The concentrations of EDTA and
CaCl2 for the activation and reaction stages respectlvely and the
activation time at 60° G were found to be optimal or near-optlmal for
the reaction (Appendix Figs. 2 and 3). -The reaction tubes were
incubated at 360 C for 10 min in the dark and terminated by the
addition of 0.1 ml of 50% TCA. The precipitate was removed by‘centri-

fugation and 1 ml of the clear supernatant assayed for the presence
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of inorganic phosphate by the method of Fiske and Subbarow (1925).
Inhibitors were added as an aqueous or ethanolic solutioﬁ at the
" beginning of {:he reaction stage and thé control tubes contained an
* equal volume of _the drug-free solvent, | .

At least two deteminations of the effect of each inhibitor
were made on each of two separate chloroplast prepa.rations a.nd the
mean value taken. The mean controi rate for the ATP-ase activity
over a series of 26 estimations was ’7v8.6:'.' 29.9 p moles Pi liberated

‘ per mg chl. per h.
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Results

(a) Electron transport activities of pea chloroplasts and
the effect of inhibitors,

The efficacy of various methods used to isolate and determine
the photosynthetic activity of pea chloroplasts is ehown in Table 3.1.
The rate of oxygen evolution on illﬁmination in the absence of ADP
was slow and has been termed state 2 (basal) (Watliﬁg-Payne and
Selwyn, l974),whilst the ADP-stimnlated oxygen evolution was rapid
and termed state 3 (West and Wiskich, 1973). The rate after ADP had
been phosphorylated was slow due to the accumulation of nehephospheryleted.
interﬁediates or the high energy state and is teimed the state 4 rate
(West.and Wiskich, 1973). This control of oiygen evolution by the
.level of phosphate accepta{ADP) in the medium has been defined as R
photosynthetic contzol (BC) (West and Wiskich, 1968). The methods
in Table 3.1 are erranged in order of increasing PC raties which
gives an idea of the increasing"tighfness' of coupling between photo-_
‘phesphorylation and electron trensport in these preparations. Photbs&nthetic
control values with potassium ferrlcyanlde as the electron acceptor
were higher than those with methyl vidogen (VV) and the use of 0.25 M
sucrose (West and Wiskich, 1973), as opposed to 0.4 M (w'est and Wiskich,
1968), also increased state 3 rates and the PC and ADP/O ratios, When
0.4 M sucrose was used durlng the preparation, purifying the chloroplasts
by centrifugation through a layer of 1.0 M sucrose (West and Wlsklch, -
1968) slightly improved the PC ratio with MV as the electron acceptor
but decreased the ADP/0 ratio. Chloreplas ts prepared and assayed in |
0.3 M sorbitol (Watling-Payne and Selwyn, 1974), using MV as the
‘electron acceptor, were insufficientiy active, .

| A polenograph tracing of exygen evolution by chioroplasts
prepared and assayed es sentlally by the method of West and Wiskich

(1973) is shown in Flg.3 3« DMaximum PC ratios were usually around
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-photosynthetic activity of pea chloroplasts.

Efficacy of methods used to isolate and determine the

Method Modification of Methods|State 3 Rate . B¢ |ADP/0

Reference ‘ (P.moleé 0,/mgehl/h)| Ratio| Ratio

West and Chloroplasts not + 13.00 1.53 |0.81

Wiskich(1968)|purified through 1.0M '
sucrose.Electron

‘ acceptor = MV

Watling-Payne|Electron acceptor + 12,38 1.71 |0.68

and =w |

Selwyn (1974)

West and Electron acceptor + 10.83 1.83 |0.66

Wiskich(1968)|= MV |

West and 0.25M sucrose used in + 17.33 1.87 1,12

Wiskich(1973)| prep.medium.Electron ' |
acceptor = MV

West and . Electron acceptor - 12.38 2.93 11.04

Wiskich(1968)|= KBFe(CN) ¢ ‘ '

West and 0.25M sucroeused in- - 24.64 3.13 [1.12

Wiskich(1973)| prep.medium.Electron '

acceptorﬁKBFe(CN)s

*Rate in presence of ADP and Pi.

--.-.02
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+
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uptake by chloroplasts,

evolution by chloroplasts.




1

min

A

65nmoles
oxygen

L on

0

chloropiasts‘

A 4

10.5

100uM ADP
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- 4mM NH,C1

26,8 PC=2.9

ADP/0=1.07
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ADP/0=1.11

Figure 3.,3. Polarographic tracing of oxygen evolution by pea

-

chloroplasts,

Numbers along trace represent the rates in pmoles

‘oxygen per mg chlorophyll per hour.

PC=photosyntheti¢ control ratio.
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a value of 3.3 but these decreased during subsequent additiéns of

- ADP to the same suspension, due to decreased values for both statev
3 and state 4 rates., ADP/O ratios usually had maximum values of
around 1l.1,although values as hiéh as l.43 were observed in sohe
preparations. Ammonium chloride uncoupled both state 4 (Fig.}.})
and state 3 (Fig.3.4) rates with maximal effect at 8.0 mi (Appendix
Fig.l). Various other compounds also affected state 3 as shown in
Table 3.2, Ethidiua bromide inhibited state 3 at 406 pM and Dio-9

and phlorizin,which are energy transfer inhibitors of photophosphorylation

(McCarty et al., 1965; Izawa et al., 1966), also inhibited state 3.
The inhibition by all three compounds was maximally relieQed by NH401.
Sodium arsenate, in the absence of added phosphate, slightly stimulated
state 3 and this was furthgr enhanced by NH401 but not méximally. .
Ethanol,at the maximum concentration used in the assays‘involving -
‘ethanol-soluble inhibitors (0.8% v/v), only slightly inhibited state 3.

The effect of a series éf triorganotih compounds on state 3 is
shdwn,in Pigs. 3.4 and 3.5. In a low chloride, sucrose medium; the
major effect was inhibition of state-},whiéh was maximally relieved
by NH,CL (Fig. 3.4 a), but there was no inhibition in NH 401Q-uncoup1ed
chioroplasts (Fig.3.4 b). In a medium lacking sucrose and containing
“high chloride concentrationé, as used for the assay of iight-induced(
pH changes, the tin compounds produced an i?itial stimulation of
state 3 followed by a time-dépendent inhibition (Pig.3.4 c).; Similar
effects were found with all the trioréanotins but the ¢oﬁcentration
feéui:ed to inhibit state 3 dependedvon the organic group in the
following order of decreasing proportional activities at the 150
values ¢ TBT (1.0)> TcHT (1.6)> TPhT (6.3)> TPT (10.0) > TE? (421)>
o (1,057) (Fig. 3.5 and Table 3.4).

The effect of the alkylguanidines on state 3 oxygen evolution
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1 min

A
A4

65Snmoles
oxygen

A

4mM NH4C1

0,53mM TMT

48.
Q.QmM ADP 8.8

4
chloroplasts

0.53mM TMT

4$M NH4C1

2,4mM ADP

(b)

chloroplasts

51.2uM TMT
34.6

12.4mM ADP

chloroplasts -

(c)

Figure 3.4, Effect of TMT on the state 3 oxygen evolution of pea
chloroplasts.
(a)&(b) In a medium containing 0:25M sucrose, 2.64mM,KéFe(CN)6, SmM
MgCl,, 12mM KH,PO, and 25mM HEPES/NaOH buffer (pH 7.6).
(c) Same medihm,except.25mM KC1 replaced the sucrose and 1mM HEPES/
NaOH buffer (pH 7.6) was used. ' |
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Table 3.2 Effect of various cbmpounds on the state 3 oxygen evolution

of pea chloroplasts,

Compound . | Control State 3 O2 State 3 Raté | State 3 Rate

and Evolution Raté + Compound + Compound

Concentration + 4mM NHAC1
EB(406 piT) 23.4 , 14.7 52.4
Arsenate(4l.8u1) | 4.4 20.3 27
Ethano1*(0.8/v/v) 37.2 331 -
Dio=-9(10 pg/ml) 29.4 13,5 47.9
Phlorizin(45.8 plM) 26.2 ' 18.1 40.3

Sta.te 3 rate in p moles 0,/mg chl./h.
State 3 02
* Maximum concentration used for the addition of drugs.

evolution rate determined in the absence of Pl.
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Figure 3.5, Inhibition by triorganotins of the state 3'oxygen
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is shown in Figs. 3.6 to-3.8. Figure 3.6 shows that the control

and TPT'-inhibited state 3 rates were stimulated by octylguanidine

(0G) and dodecylguanidine (DG). At lower concentrations than those
required to uncouple, the alkylguanidines inhibited state 3 and this
inhibition was maximally relieved by NH,C1 ‘(Fig. 3.7 a and b). At

" higher concentrations than those required to uncouple,state 3 was
initially stimulated but this was followed by a gradual inhibition

of state 3 and the inhibition was not relieved by NH4Cl (Fige 3.7 ¢).o
The overall concentpation-dependent effect ofighé alkylguanidines

on state 3 is shown in Fig. 3.8. Low concentrations of theée compounds
inhibited state 3 and the inhibition was reliéved by.NHACI. Intermediate
concentrations stimulated state 3 whilst higher concentrations produced

inhibition, DG required lower concentrations than 0G to produce

comparable effects,

(b) Light-induced pH changes in pea chloroplasts and the
effect of inhibitors,

The effect of TMT on the 1ightfinduced ﬁH.changés in pea chloroplast
suspensiqns is shown in Figs. 3.9 to 3.1l. When TMT was added to the
- assay meaium before illumination, both the rate of rise iﬁ.pH of the
medium and the final extent of the steady state were iphibited; How-
ever, the rate of pH decline in the dark was maikedly stimulateég (Fig;
3.9). The effect of a range of TMT concentratioms on the pH changes |
" is .shown in Fig. 3.10. TMP maximally inhibited the rate 'of rise ab.out C
50%,th? extent about 30% and the dark decline rate vas maximally |
stimulated by approximately 240%.

Addition of low concentrations of TMI' in the light,afte£~the PH
rise héd reached a steady state,resulted in an immediate sharp decline
in medium pH,which eventually reached a steady state at-é lower value

than the origipal extent (Fig. 3.1l a). Higher TMP concentrations
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Fxgure 3.6. Uncouplxng effect of alkylguanidines on control and

tripropyltin-inhibited state 3 oxygen evolutxon of
pea chloroplasts,

The numbers along the traces represent the rates in

P?oles oxygen per mg chlorophyll per hour.



~06 -~

10.1 A
4,0mM NH4CI

A
100pM 0G

2.4mM ADP

(a) L /,\ :
chfﬁroplasts 4,0mM NH4CI
I
4.0mM NH,C1
(b) 77 2 4mM ADP
chloroplasts
,< 1 min
65nmoles
oxygen
21,1 /
GO.ZpM DG
2.4mM ADP
(?)QL on .
chloroplasts : : : : ‘ e

-

Fxgure 3.7. Inhibitory effects of alkylguanidines on the state 3

~oxygen evolution of pea chloroplasts.

The numbers along the traces represent the rates in
" jmoles oxygen per mg chlorophyll per hour.
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Figure 3.9. Effect of TMT on the light-induced pH changes of

a pea chloroplast suspension.

The traces show the 1ight-indu¢ed pH changes that
occur on illumination of a pea chloroplast suspension
in the absence (a) and presence (b) of TMT added

prior to illumination,

R = initial rate of proton uptake (H+equivs.><10-8/
mg chl./min) on illumination. _
R.= initial rate of proton loss (H+equivs.>(10-8/ ¢
: mg chl,/min) on switching off the llght. v
o AH*= maximum proton uptake (H'equivs. xilo /mg chl,)
on illumination.
ﬂ: illumination on.

: U; illumination off.
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legend to Figure 3,11,

TMT-lnduced decay of the light-induced pH changes of pea

chloroplast suspensxons.

In traces a to e, aliquots of an aqﬁeous solution of
TMT werebadded where indicated to the following final
concentrations: (a) 9. 2pM (b) 18.3uM, (c) 45.7uM and
(a) 457.3pM.

In traces e and f, a11quots of distilled H 0 and an
aqueous solution of TMT were added to give the final

indicated concentrations.

illumination on.

4
i

]

illumination off.

additions.

<
]
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(a) 14.0 X107,
N equivs, H
~ 0.25min |

| eonmn,

18.4uM 27.5nM 64.1uM
TMT

A

~Figure 3.11,
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produced similarveffecfs except for an 'Qvershootiﬁg'of the rapid
decline. This 'overshboting' was follo#ed by a sldwer spontaneous
increase in medium pH to eventually reach a new steady state at a

lower pH value than the original uninhibited level (Fig. 3.11 b to

d). The degree of 'overshooting' was proportional to the concentration
of TMT added but the final steady state level was approximately the
same irrespective of the TMT concentration. Turning off the light
resulted in a decline to the baseline medium pH and re-~illumination
resulted in a pH fise to the inhibited stead& state level. This

final inhibited steady state level was not decreased by fufther additions
of T™MT eveﬁ when low THT concentrations were initially used to produce
the inhibited level (Fig. 3.1l e). Addition of water (the TMI solvent)'
to the uninhibited steadj state did not cause significant alteration
of the medium pH (Fig. 3.11 f). | |

(c¢) Light-induced transmission changes in pea chlorop}asts
and the effect of inhibitors,

The effect of triorganotin compounds on thé light—inducea trans-
mission changes of pea chloroplast suspensions is shown in Figs; 3.12
and 3,13. Light-induced transmission changes were absent when the |
assay medium contained KC1 (Fig. 3.12 a) but were stimulated in fhe
ﬁresence of sodium acetate (Fig. 3.12 c). Triorganotinslstimulated
transmission chanées in a medium céntaining KCl (Fig. 3.121)),depending
on their concentration (Fig. 3.13). The triorganotins did not v
stimulate fransmission changes in the same medium that was used for
ihe assay of state 3 oxygen evolution rates (Fig. 3.12 e). All the
3 triorganotin compounds were active in the KC1l medium But did not show -
exaotlf the same order of actiyity,nor such a difference in activity
‘between the different triorganotins,as in the inhibition of state 3

oxygen evolution (Fig. 3.5). TMI and TET were the least active in
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(a)

M | {I}\,ﬁ\(i_

(b)

(e)

AT= 10%

2 min

Figure 3.12, Light~induced transmission changes of pea chloroplast

suspensions,

All traces were with chloroplasts (1ng chl./ml) sus-

pended in the following media:- '

(a) 25mM KCl, 5mM MgCl,, 2.14mM p-benzoqulnone and
1mM Hepes/NaOH buffer pH 7.6. The final volume

. was 2.8ml, | '

(b) Same as (a) plus 0.24nM TPT,

(c) Same as (a) plus 100mM sodium acetate.

() 0.25M sucrose, 5mM MgCl,, 12mM KH,PO,, 2.4mM ADP,
2.64mM K Fe(CN)., 25mM Hepes/NaOH buffer pH 7.6.
The final volume was 2.5ml,

(e) Same as (d) plus 0.24pM TPT.

ﬂ"Actinic illumination on.
. :
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Figure 3.13, Effect of triorganotin compounds on the-light-
induced transmission changes of pea chloroplast

suspensions,

_ o——o TMT,

- A—A TET.
e—se TPT,

. O—A TPhT,
o— TcHT.
X—X TBT.,
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inducing t:ansmission changes whilst TcHT and TPhT were intermediate
and TBT and TPT the most active. Ethidium bromide and the alkyl-
guanidines were inactive in this assay over a wide concentration
range (2.8 to 726.7 pM) and ethanol did not affect the activity ﬁp
to a céncentration of 2,5% ¥/v,which was the maximum concentration

used when testing ethanol-soluble inhibitors.

(a) The cal? -dependent chloroplast ATP-ase activity of
C.reinhardii (cw157) and the effect of inhibitors,

'The inhibition of the Ca2 ~-dependent ATP-ase activity of chloroplast

fragments from C.reinhardii (strain CW15+) by the triorganotin and

alkylguanidine compounds is shown in Figs. 3.14 and 3.15. The results
~ show a low inhibitory activity for TMT and particularly TcHT,whilst
the other compounds were more inhibitory than these and had similar
activities to each other. The triorganotins were far less active
in this assay than in any of the others and 0G was somewhat less
active than was IG.
The effect of various other inhibitors on the Ca2+-dependent
ATP-ase activity is shown in Table 3.3. Ethanol at 2,6% produced some
‘1nh1b1tlon of the ATP-ase activity g0 the effect of ethanol-soluble .v
inhibitors was taken as the effect over and above this background
inhibition 1eve1. At the concentrations tested, all the compounds'
produced a small.degree of inhibition, although ephrepeptin. gave
complete inhibition at quite low concéntrations. At concentrations s
lower Ehan'those required to inhibi%; some of.the inhibitors,viz., )
Dio-9, phloriz;n, NH4C1 and ephrepeptin, stimulated tpe ATP-asg activit&.
The relative effects of the various trioréanotin and aikylguanidine
compouﬁds on chloroplast activities are summarised in Table 3.4. PFor
more meaningful comparisons, the values are expressed as the.specific
activity of each compouhd on a u moles inhibitor per mg chlorophyll '

ba@sﬁ“ Although this may not allow accurate cross-comparison of the
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Figure 3,14, Inhibition by trialkyltin compounds of the Ca
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Figure 3,15, Inhibxtion by triorganotins and alkylguanidines of

the Ca -dependent ATP-ase activity of C. reinhardxi
(strain cw15") chlorOplast fragments.

X""'-x TB’I‘.
A—A TPhT.
o—o 0G.

 A—A DG,
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Table 3.3. Effect of various inhibitors on the Ca2+~dependent
ATP~ase activity‘of'chloroplast fragments from
C.reinhardii (strain cwi5™). -

Inhibitor ’ ‘ ATP-ase Activity
(p moles Pi liberated/mg chl/n)
-None _ ' . 83.8
Ethanol (2.65°v/v ) ' 64.2
ccep (6.6 pi) © - 6l.2
CCCP (32.9 1) R - " 59.4
Dio-9 (13.2 pg/ml) : E 70.1
Dio~9 (65.8 pg/ml) ' 57.0
Phlorizin (30.2 M) _ T0.7
Phlorizin (301.6 pM) 79.0
I-IH401 (0.5 mi1) | - 74.8.
WH, C1 (5.3 mM) | - 576
Ephrepeptin(2.1 ng/ml) ' "77.0
Ephrepeptin(21.1 ng/ml) | 62.3
Ephrepeptin(210.5 ng/ml) L 41.7
Ephrepeptin(5.3 Pg/ml) 0

*Iﬁ;ximum concentration used for the addition of inhibitors.
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Table 3.4. Summary of the effect of inhibitors on various chloroplast

activities.

Inhibitor|n-Octanol : [Ca®-ATP-[State 3 0, [pH Decay |Transmission
B : Partitinlase (12,) |Brolution 'Rate(sloo) (S}, 5
Coefficient (Is*oor S
*S100)
T 0.51 1.6 2,6 189.0 x 1072[116.0 x 10~
TET 3.7 8.0 1.7 10.0 x 107°[200.0 x 1072
.. TPD 52,0 5.7 [25.0 x 15'3 7.5 x 107°| 14,0 x 1072
TPRr | 1.2 x 10% 5.7  [15.7 x 10 =3 6.5 x 1072| 38.0 x 1077
Pl | 2.0 x 10% 7.6 x 104 4.0 x 19 "4 3.5 x 1072 45.0 x 1072
TB? | 1.3 x 107 4.5 | 2.5 x 107 1.75% 107%| 21.0 x 1072
0G - "11.3 24.9 N.T. N.A.
e - 4.8 |o0.4cana | wr. N.A.
' _ 0.63 o

Values are in p moles inhibitor permg chlorophyll.
A pccording to Wulf and Byington (1975) The value for TET refers

- to the bromide derivative. -
*ISO Dose required to inhibit activity by 5070.
*S. . = Dose required to stimulate activity to twice the control value.

+S .50 = Dose required to give 2.5% AT/mg chlorophyll.
Insufflclently soluble in assay medium to give 50% inhibition so
value is extrapolated from Fig. 3.14.
N.T., not tested “ ’

_ N.A., not active.
' 1
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activities of any one inhibitor in the different assay systems,

it does indicate that the Ca2+—ATP—ase was far less senéitiﬁe to

the triorganotin compounds than the other chloroplast activities.

This table also shows that in all the assays, except for the trans-v
missioh changes where TPT was the most'active, the order of decreasing
inhibitory activity of the trialkyltins was TBT > TPT >TET>TNT.
Consequently, the activity may be related to the n-octanol : HZC
partition cdefficieht which increases through this éeries. TPhT and
TcHT usually had specific inhibitory activities between TET and TBT
except for the surprising inactivity ofITcIT towards the Ca?+-ATP—ase
activity. OG and DG appeared to show more correspondence in their
éctivitiés in the ATP-ase and state 3 assays than did the triorganotins,

although an accurate comparison is not possible due to the triphasic

nature of the effect of these compounds on state 3 oxygen evolution.
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Discussion

Pea chloroplasts were isolated with reasonahly high values for
the PC and ADP/O ratios and.the oxygen uptake of theée chloroplasts
was markedly stimulated by uncouplers. This indiéatés that the non-
cyclic electron transport in these chloroplasté was coupled to ATP
synthesis and hence provides a simple and rapid method of determining
the effect of inhibitors on the coupling mécﬁanism. This was confirmgd o
by the uncoupler-reversible inhibition of state 3 oxyéen évolution
by known energy-transfer inhibitors,such as Dio-9 (Mc Carty et al.,
1965) and phlorizin (Izawa et al., 1966), and the stimulation by arsenate
in the absence of ad@ed phosphate (Avron and Jagendorf, 1959). Ethidium
.bromide at a concentration of 406 ﬁM.produced an NH401-reversible
inhibition of state 3 oxygen évolution,which indicates tha£ EB may
be an energy transfer inhibitor at this concentration, This is interes{ing
in view of the reported in vitro uncoupling pfoperties_of EB on nmito-
chondrial respiration (Miko and Chance, 1975),which may be linked to
the action of EB on mt-DNA degradation (Bastos and Mahler, 1974).
.However, the effects of EB on photosynthetic energy transfer have
not been previously reported and require further investigation.

The triorganotin compounds inhibited state 3 ox&gen evolution .
and the inhibition was relieved by uncouplers., Maximum inhibition
" occurred to about the level of the basal (state 2) rate and NH4CI- N
stimulated electron transport was not inhibited which indicétes'that,
uhder the éonditions 6f this assay, the triorganotin compounds behaved.
as electron transfer inhibitors. The activity of the triorganotin |
conpounds depénded on the organic group in a way which may be related
to their n-octanol : H,0 partition coefficientg‘i.e.,~ except for
4.TcHT and TPhT,inhibitory activity and paftition coefficiénté generally

: )
increased up the homologous series from TMT to TBT (Table 3.4). This
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may.indicate a highly hydrophobic éite of action of the trialkyltins,
with the more polar compounds being less active due to their having
a lower affiﬁity for the inhibitory site of action.

Very similar results were found'by Vatling-Payne and Selwyn (1974),
using a similar assay system, except that TET was founa to be less
inhibitory than TMT., In addition, these authors found a slight
inhibition of state 2 oxygen evolution by TMT, TET, TPT and TBT
within the same conéentratiqn range that state 3 was inhibited,
which is uncharacteristic of many photosynthetic energy transfer
inhibitors (Good et al., 1966). However, this inhibition was not
due to a direct inhibitory effect on electron transport since un-
| coupled electron transport was not inhibited at<concehtrétions that
inhibited state 3 (Watling-Payne and Selwyn, 1974; Gould, 1976).

This was also éhown with NH4Cl—uncoup1ed electroh transport (e.g.,
Fig. 3.4). However, the affect, if any, of the state 2 inhibition
on the state 3 inhibition is not clear, pérticulaily since a general
lack of inhilition of state 2 by TMI' and TPhT has been reported (Gould,
1976).

Wheh chloroplasts were suspended in a medium containiné high €1~
- concentrations, addition of the triorganotin compoﬁnds before illumina-
tion resulted in inhibition of the ratevof rise and extent of_thé po)s !
change but a stimulatioﬁ of the dérk decay rate, Similar qualitative N
effects were produced by all the triorganotins bﬁt af different relative
concentrations (e.g., --éffect.on dark decay in Table 3.4). These
effects are consistent with the operation of a C1” - OH exchange
‘ reaction mediated by the triorganotins, which results in a dissipation
of the pH component of the ele¢trochemical potential gradient produced
on illuminétion (wafling-Payne and Sélwyn, 1970, 1974).‘ Except with

R _ ~
TMI' and TET, this uncoupling effect occurred at around similar
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concentrations to those that inhibited state 3 (Table 3.4) and 50
may have affected this state 3 inhibition. Howéver, the uncoupling
effect was probably minimal since the light-induced transmission
changes were not stimulated by triorganotins in the medium used for'
measuring the inhibition of state 3 oxygen evolution (Fig. 3.12 e).

Addition of low concentrations of %riorganotin compounds to
illuminated chléroplast suspensionsyafter the steady state pH gradient
had been reached,resulted in an immediate sharp decline in the pH level
followed By equilibration at a new steady state at a lower pH level
to the original one. Higher triorganotin concentrations produced
progressively greater 'overshoot! during the initial decline but the
final steady state level in the light was approximately the same
irreépective of the triorganotin concentration, |

| The reason for the transient"évershooting' is not élear. The
uncoupling C1~ - OH éXchange'reaction is presumably involved'in the
effect but whether it is involved directly in the ‘overshooting!' phendmenon
remains to be investigated. The 'all or nbthing' nature of the
initial.sharp décline,whereby further triorganétin additions havé
no further effect,may indicafe that the C1~ - OH exchange reaction
is saturated at relatively low concentrations.; The fact that initial
additions of high triorganotin concentrations eventually results in
recovery to a similar steady state level, as when low triorganotin
concentrations are initially added, supports this view. Hoﬁever,' o
the exteht of the 'overshooting' increases with increasing concentrations
of triorganotins and ié absent at low concentrations,vhich may indicate
a secondary action of higher triorganotin concentrations.

The reversible nature of the 'overshoot! is interesting in view
qf an analogous effect produced in chloroplasts by tetréphenylborﬁh

(TPB). This offect is completely reversible and varies with the
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coﬁcentration of TPB added, although at higher concentrations TPB
inhibits the extent of H' uptake (Horton and Packer, 1968). The
exact mechanism of the TPB effeét was not found although it may'
Ainvolve a light-dependent, irreversible uptake of TPB~ by chloroplasts
and a change in the permeability characteristics Qf the chloroplast
membrane towards H' and K* due to a reaction of TPB~ with protonated
amino groups in the‘membrahe (Horton and Packer, 1968; Fiolet and
van Dam, 1973). Thé slow 'inactivation' would then be a side-reaction
in which the protons in the membrane react with TPB (Fiolet and van
Dam, 1973). Whether a similar mechanism is also involved in the
action of triorganotin compounds, or whether the 'overshooting' simply
results from a combination of the C1~ - OH exchange reaction and the
non-specific detergent-like properties of higher triorganotin
concentrations (Stockdale et al., 1970), requires furtﬁer clarification.

| The fact that the triorganotin compoundé enhahced the 1ight-
induced transmission changes in a KCl-medium provides further evidence
: that the C1~ - OH exchange mechanism occurs under similar conditions
4o those used for assaying the light~induced pH changes. A mechanism
t§ account for the enhancement of the light-induced shrinkage by weak
(e.g.y - acetic) acid anions has been proposed by Crofts et al. (1967).
Illumination results in an increase in the interngl.HT concentration
which shifts the equilibrium in the direction of the undissociated
acid and increases its concentration within the thylakoid compartment.
The undissociated acid then diffuses out into the medium,resulting
iﬁcmmatic shrinkage of the thylakoids. However, when chloroplasts
are suspended in'a medium composed of salts of strong inoiganic
acids in the range pH 7.5 - 8.0, the completely dissociated ions do
qpt move in response to the light-induced proton gradiéht and pioduce

little changeﬂkn light-SCattering'(Watlinngayne and Selwyn; 1970).
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Further addition of triorganotin compounds,which are active in the
C1™ - OH exchange reaction,results in a large change in light
scattering which is similar to that observed in a sodiuﬁ acetate
medium, This is due to a movement of OH ions, in exchange for C1~
ions, into the intra-thylakoid space in fesponse to the light-~ induvced
pH gradient (VWatling-Payne and Selwyn, 1970). There is a general
correlation between light scattering and transmission changes when
‘chloroplastsbundergo'volume changes in vitro (Packer and Murékami,
1972). Consequently, the observed effects of triorganotin compounds
on the light-induced transmission changes of chloroplasts suspended
in a KC1 medium reflects the volume changes of the thylakoids due to
the operation of a C1~ - OH exchange mechanism,
. The relative efficacy of the different triorganotin compounds.
at the 82.5% level reveals some differences ip their éctiviﬁies
compared to their effect on the light-induced pH rises,s Tripropyltin
* was the most active compound in the transmission sfudies but TBT was
most aqtive in stimuiating the dark decay of the light-induced pH
rises. The reason for this discrepancy is unknown but, if for optimal
acti&ity in these assays a compound should have some property mid-
‘way between that for TPT and TBTl(e.g.; partition coefficient),
then the difference in acti?ity between the two compounds in fhe tﬁo
agsays would in fact be smaller than would at first appear.

The triorganotin conpounds, except for TcHT, had a similar
general"order of activity against the Ca2+-de§endent ATP-ase activity

of C.reinhardii chloroplasts as in the other assays, i.e. TMT was

least active and TBT was most active. However, the triorganotins
were much less inhibitory in this assay than in any of the others.
This may be due to the use of different chloroplast systems in the

'\ .
various assays vhich may not allow direct comparison, In addition,
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the presence of EDTA in the ATP-ase assay mgdium may lead to un-
coupling of chloroplasts by removal of the chloroﬁlast coupling factor
(Jagendorf and Smith, 1962; Avron, 1963) and render them relatively o
insensitive to the effects of inhibitors,such as triorganotins, |
which require an intact CFl/membrane system (Gould, 1976). This is
supported by findings that both TBT and TPhT are much less active
in inhibiting the Ca2+-dependent ATP-ase of isolated coupling factor
than in inhibiting photophosphorylation (Kahn, 1968; Gould, 1976).
. However, in spite of the high triorganotin concehtfations required
fo inhibit the Ca2+—dependent ATP-ase activity of the phloroplast
fragments, the inhibitioh-could well be a specific reaction with
the enzymé since the same concentration of TBT has been found to be.
required to obtain complete ihhibition in aude as qompared to purified,
enzyme preparatidns (Kahn, 1968). |

The reason for the striking absence'of inhibition of the Caz+4-‘
dependent ATP-ase by TcHT is unknown. The fact that this compound
was active in the other assays indicates that the site of action of
this compound is located in the chloroplast membrane and that it has
| no direct effect on the CFl even at very high cénceﬁtrations. The
'cyclic nature of the molecule may indicate a more specific ionophoretic
property of this éompound. |

The mode of action of the aikylguanidines appears to be concentration-
depeﬁdént.i Af relatively low concentrations (up to 3.4 i 10-4MZfor
0G and-up to 1.6 x IO_SM for DG“),they behaved as energy transfer
inhibitors and the inhibition of state 3 oxygen evolutionAwas ﬁelievéd
by uncouplers such as NH4CI. At intermediate ¢oncentrationsv(l.6 X
10791 %o 5.3 x 1079 for 0G and 3.4 x 1074 to 9.4 x 1074 for o),
tpey uncou@led and maximally stimulated state 3 and reliéved the inhibition

produced by tﬁ% triorganotins, This uncoupling effect was not due
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to catalysis of a C1~ - OH exchange, as with the trioiganotins,
since the alkylguanidines did not stimulate the light-ihduced
transmission changes in a KC1l medium, At‘relatively high concentrations,
a time~dependent inhibition of state 3 electron transpoft occurred
and this inhibition was not relieved by uncoﬁplers.. 0G has béen
previously found to behave as a photosynthetic energy transfer
inhibitor at low concentrations (5 x 10-5H) and an uncoupler at
‘higher concentrations (2 x 10~4M) (Gross et al., 1968);

The effect'of the alkylguanidines on staté 3 oxygen evolution
‘was paralleled by their effects on the Cazf—dependent ATP-ase

activity of'C.reinhardii chloroplast fragments, Inhibition of the

ATP-ase by 0G occurred at least between 2.5 x 1072 M and 6.3 x 10™9M
and for DG over the range 2.0 x 10-5M_to 2.0 x 10”4, Consequently,
inhibition of the ATP-ase may have occurred over the whole alkylguanidine
concentration range irrespective éf whether fhey-behgved as energy |
transfer inhibitors, uncouplers or electron traﬁsport inhibitors,
However, comparisons between the effects of inhibitors in different
assay systems;using chloroplasts from different sources,may not be
Justifiable, In addition, the chloroplast fraghents’used in the ATP-
age assay would have been uncoupled by the EDTA in the assay medium -
so any stimulation of activity by the alkyiguanidihes may have been
magked., However, a parallel between fhe degree of uncoupling énd the
extent of inhibition of different chioroplast ATP-ase activities has
beén previéusly observed with CG (Berunxxand Avron, 1965).

The inhibition of electron transport by high concentrations of
alkylguanidines may‘be due to a nbn-specific'detergent-like action
on the chloroplast membrgnes as proposed for the acfion of QG on
mitochondrial respiration (Mitchell, 196'6b). The inhibition of the

) .
Ca2+~dependent ATP-ase may be due to a more specific action on the
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chloroplast coupling factor in a similar way to their effect on

the F; of mitochondria (Goméz-Puyou et al., 1976); The greater

activity of DG,compared to OG,on the Ca2+—dependent-ATP-ase activity

suggests a hydrobholic site of action of these'comoounds,whioh has

| also been inferred from the'relative inhibitory properties of

dlfferent guanldlne derivatives on the respiration and ATP—ase

activities of mitochondria (Pressman, 1963; Goméz-Puyou et al., 1976)
In conclusion, it appears that the triorganotln and alkylguanidine

compounds are active against the energy-oonserving'mechanism of

chloroplasts. Previous reports that the triorganotin compounds may

behave primarily as uncouplers, via a Gl - OH excﬁange mechanism, -

or principally as energy transfer inhibitors,depending on the

composition ofvthe assay medium,have been confirmed; The alkyl-

guanidines also have a multiple effect on chloroplast énergy conserva- |

tion but this is conoontration~dependent.' The onergy transfer inhibition

at relatively low concentrations may be due to a direct effect on _

CFl activity. Intermediate concentrations uncouple electron transport

from photophosphorylation and relieve the.inhibition of coupled electron

transport produced oy triorganotin compounds. 1In view of the reported

mode of action of TBT and TPhT in blocking a H%;condﬁcting channel

through the chloroplasf membrane at the level of the CF1 attachment

site (Kahn, 1968; Gould, 1976),if is possible that this mechanism 1‘

‘may also apply to some extent to the other trlorganotlns. It may

be that the release of the trlorganotin 1nh1b1tlon of coupled electron

transport by alkylguanidines is due to a non-specific ‘release of the

;4 gfadient by a more direct effect of these compounds on the chloro~-

. plést menmbrane, The detefgent—like property of the’alkjlguanidines

._(Mitchell,'l966b) is consistent with this hypothesis in view of the

known uncoupliﬁg effects of other detergents (Neumann and Jagendorf, 1965;



Izawa and Gdod, 1965). Higher inhibitory concentrations of
alkylguanidines may then have a more direct effect on electron
transport, either through direct interaction with the electron
transport intermediates or a greater non- specific detergent-like

effect on the thylakoid membrane.
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CHAPTER

Isolation and Whole-cell and Genetic Characterisation of Inhibitor-
resistant Mutants of C.reinhardii.

Introduction

The isolation and study of mutants that héve affected function
of the mitochondria and chloroplasts has been a moét usefui tool in
the understan&ing of these organelles.‘ For example, the use of
photosynthetic mutants of algae has proven very effective in elucida-
ting nuclear and chioroplast control of chloroplast structure and
function (Levine and Goodenrough, 1970; Surzycki et al., 1970; Gillham,
- 1974) and the nature and organization of the different components
- involved in photosynthesis (Levine, 1968, 1969). One important class
of such mutants consists of those with increased resistance to inhibitors
which have a known and sbecific action on some aspeét of.respiration
or photosynthesis,

Both Mendelian and non-Mendelian mutations are known in C.reinhardii

fhat make the alga resistant to, or dependent upon, antibiotics that
inhibit protein synthesis by 70S (bacterial) ribosome§ (sager, 1954,
1972; Sager and Tsubo, 1961; Gillham, 1965; Sager and Ramanis, 1965,
1967, 1971; Gillham and Fifer; 1968; Gillham, 1969). A siénificant '
proportion.of these mutants have been found to ﬁave altered chloroflast
ribosomes (Mets and Bogorad, 19723 Davidson et -al., 1974; Schianger

‘and Sager, 1974; Brugger and Bbschetti, 1975) and so could be of
immensg usé in the determination of the rdle of chloroplaét ribosomes

in chloroplast function and biogenesis.

The isolation and characterisation of mutants of C.reinhardii
resistant to drugs wanich directly affect other processes in the cell
besides chloroplast protein Synthesis has been very limited. This

chapter describes work which attempted to isolate mutants of
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C.reinhardii that were resistant to inhibitors of energy conservation

(e.g., organotins, alkylguanidines and ethidium bromide) and DNA
reﬁlication (eege, ethidium biomide). These mutants ﬁére then
partially characterised at the whole-cell level in order to obtain
indications as to their mode of resistance and hence to assess their
pofential use in the elucidation of the nature of energy conservation

in this alga.
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Materials and Methods

(a) Generallmethods.

Growth of C.reinhardii.

Drug-resistant mutants were derived from the mt' stock of

C.reinhardii (strain 1370). Growth in liguid or solid media in

" the presence or absence of drugs was carried out as déscribed in
the Materials and Methods of Chapter 2.

Dry weight, total cell numbers and chlorophyll estimations.

The estimation of DW, total cell numbers and chlorophyll in

whole-cell suspensions of C.reinhardii were carried out as described
in the Materials and Methods of Chapter 2.

(b) Survival curves of C.reinhardii (wt¥) following mutagenesis,

UV treatment.

UV mutagenesis was carried out on mid lag-phase‘ceils (49 h 01d)
of the_mt+ strain from 1,5 1 batch cultures of A medium. The cells
were washed and resuspended in sterile M medium to a concentration -
of 2.35 x 106 cells per ml and 10 ml aliquots irradiated in a 7.5 cm
crystallizing dish using a Sylvania G8T5 germicidal lamp with maiimum
output at 254 nm, The distance from the lamp to the cultiire surface
was 10 cms and the suspension‘was stirred continuousiy during irradiation.
At regular time intervals up to 120 secs, 0.1 nl aliquéts of the
suspension were withdrawn, diluted with sterile M medium and spread
onto replicate plates of solid M, A'and YAP media to give a concen-
tration of 4 x 103 cells per plate. To prevent photoreactivation,
the entire operation from irradiation to plating was performed in a
dark-room illuminated only by a lamp covered with a Kodak 'Wratien!
yellow safelight filter and the plates were stored for 12 h in the
dark at rdbm temperatgre.before subsequent growth under light or

dark conditioég. Colony growth was assessed after one week in the
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light or two weeks in the dark.

MNN treatment.

Early stationary-phase cells of C.reinhardii mt’ (72 h old)
were washed once in sterile 0.1 M citrate buffer,pH 5.0,and finally

.

resuspended in this buffer to a concentration of approximately 1 x 108 :
cells per ml. 5.0 mls of a filter-sterilised stock solutibnbof MNN
dissolved in citrate buffer,pH 5.0,ﬁere added to give a fiﬁal I
concentration of 501pg per ml and the suspension.shaken in a 250 ml
conical flask at 250 C in the dark. vAt~regular time intervalé up to
20 min, aliqﬁots of the suspension were removed, quickly diluted

100 fol@ with sterile A medium to stop the reaction and‘spread onto
replicate plétes of solid M$ A and YAP media’to'give a concentration
of 700 cells per platé. Colonyvgrowph was.asseSsed aftef one week

in the light or two weeks in the dark.

(¢) Isolation of drug-resistant mutants,

Drug-resistant mutants of the mtt strain of C.reinhardii weré
isolated either by spontaneoﬁs selection or by induction with UV 1ight.
or MNN, Attempts weié made to isolate mutants under phototrophic,
mixotrophio.and heterotrophic growth.conditions using M and A mediav
containihg the following drug concentrations:- “ |
'TMr(loz' M), TE(15 and 30 pM), EB(25,51,127,254,380 and 507 p),
0G(48,96 and 241 pM), DG(19,38 and 76 }u.w), venturicidin(315 p), . ,'
~ Dio-9(100 pg/ml), TPhT(3 pM), Atebrin(529 ;m), Ti’T(lB }m), cccp(49 -
and 97“,:14) and TBT(15 pi).

Spontaneous selection,

Early stationary-phasc cells from 1.5 1 mixotrophic cultures of

C.reinhardii (mt+) were washed, resuspended in fresh sterile A medium

and evenly‘spread onto drug-containing agar plates to give 1 x 108
! o ‘ '

~ cells per plate, §
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U.V. induction,

UV induction of mutants was carried out as previouély described
for the determination of survival rates. The cell culture was exposed
to the UV light for 60 secs, which gave a survival rate of approximately
1 - 10%. Cells were then spread onto drug-containing agar plates at

7

a concentration of 1 x 10" cells per plate and left in the dark at
room temperature for 24 h before subsequent growth in the light or
dark.

MNN induction.

MNN induction of mutants was carried out as previously deséribed
for the determination of survival rates. The cells were treated with
MNN for 10 min to give a survival rate of less than 20%, The treated
cells were then immediately diluted 10 fold with sterile A ﬁedium to
stop the reaction, centrifuged aseptically énd resuspended in a.feﬁ
mls of sterile A medium. A portion of the sﬁspension was immediately
spread onto drug-containing agér platesvaﬁ a concéntration of 3.6 x
107‘cells per plate. A second portion of the suspension was diluted
with sterile A medium containing 2 x 104 units of penicillin G and
grown for a further 72 h to stationary phase. These regrown cells |
were then centrifuged and spread onto drué-containing agar plates at

T

aAdoncentration of 3 - 4 x 10" cells per plate.

In all cases of selection and induction procedures, the prepared
plates were incubated in the light or dark af 25°C until sufficient
mutantﬁéolony growth had occurred to allow the individual coionies
to beltransplanted onto fresh solid drug-free media, 'The colonies

were then sub-cloned and a single colony used as thg stock culture

for each mutant strain.

(d) Growth response of Mt' and mutants to inhibitors.
- ,

Cross~-resistance patterns,
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Wild-type and mutant cultures were grown mixotrophica;ly in.
10 ml aliquots of A medium in 25 ml conical flasks, This allowed
éimultaneous growth of large numbers of cultures. Growth on drug
plates was assessed by a modification of»the drop-out technique
(Wilkie and Lee, 1968), as deécribed in the Materials and Methods

of Chapter 2.

Effect of inhibitors on growth rates and extents,
The effect of THMT, TET and EB on gfowth rates and extents in
liquid culture was determined as described in the Materials and
Methods of Chapter 2.

(e) Effect of various conditions on the response of Wt' and
nmutants to inhibitors,

Temperature,

The effect of different temperatures on the response of Wt and
mutant strains to inhibitors was carried out on solid media as

described in the Materials and Methods of Chapter 2. The minimum

and maxirum restrictive growth temperatures for C.reinhardii,under

all growth conditions, were found to be 10% and,55°C respectively

so temperatures of 15°C, 2500 and 30°C were used where possible,
Experiments under phototrophic and mixotrophic conditions were carried‘
out in an illuminated fume cupboard and experiments’under heterotréphic
conditions were carried out in a Gallenkamp constant temperafure
incubator.

Spectinomycin,

-

The effect of‘spectinomycin on the response of the Wt and mutant
strains to inhibitors wvas carried out on solid medié as described in
the Haferials and Methods of Chapter 2. A concéntrafion of 45)ﬂ4 ‘
spectinomycin was used in the‘presence of the drugs as this concen-

tration was foqund to specifically inhibit phototfophic, but not
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mixotrophic and heterotrophic, growth (Tables‘Z.l and 4.5)s

Deoxycholate,

fhe effect of deoxycholate on the response of the Wt and mutant
strains to inhibitors was carried out on solid media as described
in the Materials and Methods of Chapter 2. A concentration of 725)ﬂ1
deoxycholate was used in the presence of the drugs since this concen-
: trétion was found to be the maximum concentration that had no visible
effect on growth of the Wt or mutant strains on solid media.A’This
concentration was also found to produce only slight cell~disruption‘

of the cw15+ (cell wall-less) strain of C.reinhardii when suspended

in liquid A medium at a concentration of 5 mg DW per ml (Fig. 4.10). -

(£) BEffect of inhibitors on whole-cell respiration and oxygen
evolution, .

Early stationary-phase cells (72 h old) from mixotrophic cultures

" of wt¥, TP-8" and P0G-10" strains of C.reinhardii were harvested by

qentrifugation at room temperature for 5 min at 4 x lojgav. The cells
were washed once in A medium and finally resuspended in A medium at

‘a concentration of 1 mg chlorophyll per ml. OXygen'evolution and

uptake were measured with a Clark-type oxygen electrode incorporated

into a glass-lined perspex reaction vessel and maintgine& at a temperature
of 25°C. The assays were carried out in A medium to give a final cell

| concentration of 40 Pg chlo:ophyll per ml in a final volume of 2.5 ml

and the cell suspension was stirred continuously throughout the assays.
Oxygen uptake was determined with the reaction vessel covered with

a ligh;~proof cloth. Light for‘the measurehent of net oxygen evolution
was supplied by a Rank Aldis Tutor 1000 projector éiving a 1igﬁt intensity

of 3.3.x 104 lux at the vessel surface,

() Uptake of inhibitors,

Bthidium bromide,
3

The uptake of IB b& whole cells of Wt and mutant strains was
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assayed by tﬁe time-course disappearance of EB from the supernatant

of a cell suspension. Early stationary-phase cells (72 h.old)Afrom
mixotrophically-grown cultures were aseptically waéhed and resuspended
in fresﬁ stefile A medium to a concentration of 50 mg DW pér ml. EB
was added to give a final concentration of 125 PM and the suspension
was shaken on a Gallenkamp shaker at 2500 in the light., 2.0 ml '
aliquots of the suspension were withdrawn at fixed intervals, rapidly
placed in tubes of é BTL microangle centrifuge and centrifuged for

5 min. 1.0 ml of the supernatant was then added to 1.0 ml of a 48.6 mM
sodium dodecyl sulphate (SDS) solution in distilled water to give a
final SIS conéentration of 24.3”mM. This concentration of SDS was
found to give maximum fluofescence enhancenent of a wide range of

EB concentrations (Aﬁpendix Fig.4). The'SOlutioné were rapidly mixed
and the concentration of EB determined Sy measuring the fluorescence
intensity using an LEpﬁendorf photometer with a fluorimeter attachmen£
(Netheler and Hinz, Hamburg)., The exctation and émission wavelengths
were 313 + 366 nm and 590 - 3000 nm respectively.

Siandard_curves relating the concentration of EB with the fluorescence
intensity of different solutions were constfucted (Appendix Fig. 5). -
The photometer was adjusted to maximum sensitivity in the presépée :
of a standafd solution of EB, equivalent to half the EB congéntration
used in the uptake experiments, dissolved in 24.3 mM SDS. Any reduction
in the fluorescence intensity of the EB in the supernaténts could ‘
therefore be related to a reductlon in concentratlon by multiplying
the uptake data by a factor of 2.

[2135 ] omp cnroride

Radio-labelled TMT was unavailable so the uptaxe of [ 13Sn]TET

chloride by whole cells of the wt' and Tp-8" stralns was investlgated.
A

Mid log-phase cells (48 h old) were sedimented at 3 x 107 8, for
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5 min at room temperature, washed once and finally resuspended in
fresh A medium to a concentration of 10 mg DW per ml. [IIBSn]TET
was added to 5.0 mls of the suspension to give a concentration of
9.8 p P}BSA]TET and the suspension stirred and maintained at a |
constant temperature of 2500 throughout the assayé. |

Répliéate 250 pl aliquots of the suspension were removed at
intervals and rapidly filtered through Whatman GF/C glaé§ fibre
filters using a vacdum pump and glass manifold filtering system. The
filters and cells were washed bnce with 2.0 ml.of distiiled water
and the wet filters and cells placed in an empty liquid scintillation .
vial. |

Several procedures for bleaching of the cells were tried to
prevent AES values.becoming too low (Appendix Table 2). _ Hydrogen
peroxide and dil, sto4 added either directly to the filtér and cells
alone or to the filter and cells immersed in scintillation fluid
(1.0 1 toluene : 0.5 1 Triton X - 100 ¢ 7.0 g 2-(4'~t-butylphenyl)-
S~(4"ebiphenyl)-1h3%4-oxadiazole) were found to be poor bleaching
procedures. Sodiuﬁ hypochlorite was an excellent bleaching agent
but produced high erroneous counts, A,satisfacfory bleaching p;ocedure
was found to be the addition of 0.5 ml chlorine water t6 the wet filter
and cells placed in an empt& scinti}lation vial, After 1 h the
scintillation fluid was added to th; bleached filter and cells. This
proéeduré,did not cause significant loss of volatile radioactive
‘compounds from the vial (Appendix Table 2). | |

Gamma emission of [?IBSn]TET solutions was estimated with a
Packard tri-carb liquid scintillation spectrometer (model 2425); A
standard cﬁrve relating AES values to the final calculated D?M was |
vqpnstructéd_(Appendix Fig.6), since a true value of the DPM‘of

)\
standard [}133n]TET solutions in quenched samples was not obtained
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directly (Appendix Fig.7). A percentage correction factor was thus
obtained for each AES value of quenched samples and this held true
for .both bleached and unbleached samples (Appendix Figs. 6 and 8).
A satisfactory method for measuring [;ljsé]TET in.thé preseﬁce of
ibleached cells was thus developed u;ing the AES correction factor
(Appendix Fig. 8).

(h) Genetic analysis.

Tetrad anaiysis.

Crosses, maturation of zygotes and tetrad analysis were carried

out essentially according to the methods of Ebersold and Levinev(1959).

For mating, haploid cells from vegetative palmelloid cultures of
opposite mating type were suspended separately in 10 ml of sterilé'
_nitrégen—free A medium (Appendix Table 1). The cultures were shaken
invthé light for 24 h to induce matility and sexual competence, Each
mating-type suspension was mixed with the opposite one in équal
proportions and left in the light for 3 h to alloﬁ mating and fusioﬁ.
The zygote suspension was then poured onto A medium, illuminated for
24 h and placed in darkmess for 5 days. Folléwing this maturatiqn‘
period, the vegetative cells ﬁere scraped from fhe agar surface with.
a flame-sterilized scalpel bladé and the remaining vegetative cells
killed by exposing the plate to chloroform vapour for 40 secs. The
more ‘sticky' zygospores remained on the cleared area of the plate
- and weie streaked into a single row on fresh A medium using a flame-
sterilized wire loop. Single'zygospores vere separated from the main
body of vegetative cells and zygospores under low-powér magnification
using a flame-sterilized length of fine wire. The plate was then
illuminated for 24 h to allow iygoqure germination., Each zygospore
produced 4‘or‘8 meiotic products which were separated‘with the aid

3
of a microscope and micromanipulator (Singer Instrument Co. Limited).
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Each meiotic product usually produced a single colony on illumination
for 5 days (Appendix Fig.9),which was then streaked onto fresh agar .
medium prior.to phehoﬁypic characterisation.

The determination of the mating type of a colony was determined.
by suspending the colony in nitrogen-free A medium énd shaking the
culture in the light for 24 h. Two separate drops of the culfure ﬁere v
then placed on A agar medium and eaéh one mixed with a drop of either
wt* or Wt~ from nitfogen—free A medium. The plates were placed in
the light for a further 24 h, followed by incubation in the dark
for 5 days, The plates were thén assessed for the presence and
absence of zygospores. |

Sub=clonings of zoospore progeny

In some cases,after sefaration of thelsingle zygospores fronm
the vegetative cells, the meiotic products were not separated §ut
but allowed to grow together as a single colony. These single colonies
were then sub-cloned onto fresh medium and approximately 16 of the
resultant individual colopies were chosen at randém and tested for

drug resistance,
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Results

(a) survival curves of C,reinhardii (wth) following mutagenesis,

The survival curves for C.reinhardii (Wt+) cells following

treatment with two different mutagenic agents are shown in Figs.

4,1 énd 4.2, Increasing the time of exposure to the mufagens resulted
in a decrease of survival iates. Tﬂere was a distinct lag phase in
‘the lethal effects of UV 1ight but the time-response curves for MNN
were more linear. in general, the 1ethal'effects of the mutagens
decreased in the following order of growth conditions s YAP(L) <

M(1) < A(L)<A(D)< YAP (D) and were particularly marked under dark
conditions.

() Isolation of drug-resistant mutants,

Drug-resistant mutants were isolated either spontaneously or by
induction with the two mutagens. Regrowth of_the cells after mutagenesis
éonsiderably increased the number of drugbresistant coloniés obtained,
particularly after MiN treatment, The total number of mutant colonies

examined for their cross-resistant characteristics after induction or

spontaneous selection were as follows : triorganotin—fesistaﬁt (715),
EB-resistant (41) and alkylguaﬁidine—résistant (56). Five major
classes of resistant mutants were obtained frém all the mutant colénies
fhét proved to have stable, resistant phenotypes and one representative
of each class was selected fqr further study.(Table 4.1). Attempts

to isolate mutants on other drugs proved unsuccéssful or the isolated
colonies were insufficiently rgsistant and cross-resistant to other

drugs to warrant further investigation.

(¢) Growth response of wt" and mutants to inhibitors,

Cross-resistance patterns,

The cross-resistance patterns of the five major classes of drug-

resistant mutants are shown in Table 4.2. These values represent the
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Legend to Figures 4,1 and 4.2,

Survival of C. reinhardii cells after treatment with UV light
and MNN, '

" The cells were treated as described in the Materials
and Methods and subsequently grown under the following conditions:-
+—+ YAP medium in the light. o
e—e A medium in the light.
A—A M medium in the light.
A—A YAP mecdium in the dark.

o—o A medium in the dark.
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Fiéure 4.1, Survival of C. reinhardii cells after treatment with

iLogio(% survival)

UV light.-
2,0
?\\\\\\*
A
o\\\\\\
A
1,5 \
1,07 °
0.5-
_ — A — S
0 5 10 15 - 20

1 Time of Treatment (min)

Figure 4.2, Survival of C., reinhardii cells after treatment with |
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Table 4.1. Origin of the drug-resistant mutants selected as

representative of their class.

Mutant

Origin

Tp-gT

EBr-6"

PoG-13"

vD-8*

POG-10"

- Spontaneous selection on 14.8 P‘M TET

under phototrophic growth conditions,
MNN induction on 50.7 pif EB '
under phototrophic growth conditions.
MNN induction on 96.4 J81 0G

under phototrophic growth conditions,
Spontaneous selection on 48.2 }11'1 oG
under phototrophic growth conditions.
Spontaneous selection on 75.9' }JM DG
under phototrophic growth conditions.
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Legend to Table 4,2,

Cross-resistance patterns of the drug-resistant mutants of
C.reinhardii. '

The results represent the méan values for at least three

determinations on each drug for each strain.

P
M
H

N.D.= not determined,

phototrophic growth.

mixotrophic growth.

heterotrophic growth,

i

U.K.= unknown. The inhibitors were not tested in sufficiently
high or low concentrations to reach the MIC of either

the Wti or mutant strains,

The cross-resistances of all the strains towards diethyltin
dichloride, tetraphenylboron, phlorizin, sodium arsenate, KCN
and atractyloside were also tested but all their fold resistance

values are classified as U.K.,



- Table 4,2,

=t

Fold Cross-resistance to Inhibitors (Wt+= 1.0)

1.8 1.3

| Strain TP-8" EBr-6" POG-10" POG-13" MD-8"
Compound P M H |P M H |P M H [P M H |P M H
TMT chloride 10 20 .10 |2.3 3.8 3.5 [0.9 1.5 1.0 (1.1 1.3 1.0 |0,5 1.0 1.0
TET sulphate 3.5 3.2 2.0(2.0 2.5 3,3 |1.0 1,5 0.7 [1.0 0.8 0.3 |1.5 0.8 1.0
Tetrabutyltin 1.0 1.0 0.5 {1.0 13.6 10.0 [1,0 1.0 0.5 [1,0 5.5 1,0 [0.2 1,0 5.5
Dibutyltin diacetate | 0.3 0.3 1,0 [1,7 1.0 5.5 [1.0 0.2 1.0 {1,0 1,0 1.0 |0.3 0.2 1.0
TBT chloride 0.5 0.3 0.5|2.5 2.5 2.5 [1.3 0.5 0.5 [0.8 0.3 0.4 [0.5 0.1 2.0
TeHT hydroxide 0.5 0,1 0.3]3.3 1.0 1.0 |0.5 0,8 1.0 [0.5 0.8 1,0 |0.5 0.8 1.0
TPhT chloride 0.1 0.1 0.1 |N.D. N.D. N.D.|0.3 0.3 <0.5 |0.3 0.1 1.0 |0.3 0.1 2.0
TBT oxide 0.2 N.D.>0,5|2,0 N.D.>2,5 |1,2 N.D. U.K.|1.0 N.D. U.K.[0.2 N.D.>1.0
Dioctyltin dichloride [<0,1 0.4 1,0 |U.K,>1,3 2.5 0.8 0.4 1.0 k0.8 1.0 1.0 k0.5 0.4 1.0
Cl-methyl-dibutyltin [<0.7 €0.7 <0,7 K0.1 U.K,<0.2 k0.7 U.K.€0.7 k0.7 <0.7 U,K.k0.3 <0.7 U.K.
Octylguanidine 1.0 1,1 1.1}1.0 0.9 1.3 |4,0 9.1 10.3 3.3 4.9 4,5 [3.0 3.0 5.7
Dodecylguanidine 0.8 0.8 1,0 1.0 [4.5 4.5 4.5 1,0 1.0 1.0 |1.5 2.0 2,0

-9¢LT~



Table 4.,2. (continued)

Fold Cross-resistance to

Inhibitors (Wt'= 1.0)

j:§--"‘*-~_§££§i? Tp-8* EBr-6" POG-10" POG-13" MD-8"
Compound P M H|P M H |P M H|P M H |P M H
Galegine sulphate [U.K. 0.6 0.5|U.K. 1,0 0.7 |U.K.>2,1 >1.0 |U.K.>2.1 >1,0, |U.K.>2.1 1,0
Ethidium bromide [0.6 0.8 1.1 {12.5 8.3 7.6 |7.9 4.0 2.8 |1.1 0.6 0.8 {6.3 2.9 1.3
Aurovertin U.K. U.K. 1.7 | U.K. U.K, 1.7 |U.K. U,K. 1.7.|U.K. U.K. 1,7 |U.K. U.K, 1.7
TTFB 1.0 0.6 0,3|1,0 1.0 0.6 |0.4 1.0 0.4 |1.0 1.0 1.0 |0.4 1.0 0.6
cccp 0.8 0.8 1.0{0.8 0.8 1,0 (0.8 0.8 1.0|0.8 0.8 1.0 (0.8 0.8 1.0
Atebrin 0.1 ‘0,1 O,1|N,D. N.D. N,D.|{1.0 1.2 1,0{1.0 1.0 <0.5 [0.8 ¢0.4 0.6
Proflavine 0.1 <0.1 0,2|U.K, U.K, 1,0 |U.X. U.K. 1.0 |U.K. U.K. 0.5 {U.K U.K. 0.3
Acriflavine 0.1 <0.1 <0.1| U.K. U.K. 1.0 |U.K U.K. 2.5 |U.K. U.K. 2.5 |U.K. U.K. 2.0
Acridine orange  [0,2 0,2 1,0| U.K. U.K. 1,0 |U.K. U.K. 2,0 | U.K. U.K. 2.0 |U.K. U.K. 2.0
SDS 1,0 0,3 0.4{ 1,0 1.0 1,0 (0,4 0.2 0.4{1.0 0,7 1.0 K0.1 0.2 0.4
CTAB N.D. N.D. N.DJ 4.3 1,7 U.K.[1.0 <0.3 >3.0 | 1.0 <0.3 U.K.p5.7 >2.7 >1.0
1,0 1.0 t.0{ 1.5 1,2 1,5{1.,0 1,0 0.8{1,0 1,0 1.0 |0.8 1.0 1.2

Deoxycholate

-0~
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Table 4.2. (continued)

Fold Resistance of TP-8"
Strain to Inhibitors
Growth : wt*= 1.0) |
Compound Condition | M H
Oligomycin : <0.4 @ <0,7 - 1,0
Rhodamine B 1.0 . 1,0 1.0
Rhodamine 6G 0.5 < 0,3 U.K,
Amytal | | u.k. U.K. <0.2
DNP <0.6 <1.0 < 0.4
Dicyclohexyl-18-crown-6 U.K. - U.K. 1.2
Nigericin 0.6 1.0 0.6
Venturicidin - <0,1  <0.6 - 0.8
Rotenone <0.,8 <0.4  <0,2
Antimycin A , U.K. U.K. <0.03
Dio-9 0.6 1.0 1.0
Robenzidine <0.2 <0.8  N.D.
DCCD 0.7 < 0.5 <0.5
11799" 1.0 <1.0 <1.0
Rifampicin < 1.0 < 1,0 < 1.0
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ratio of the MIC of the mutant strain to the MIC of the wtt strain
for each inhibitor. However, due to some variation in the responsé
of different cultures of the same étrain to different inhibitors,
mutant strains with values of between 0.5 and 2.0 were arbitrarily
considered to be insignificantly different from the Wt strain in
their response to a particular drug.

The results show that the TP-8' mutant was resistant under all
growth conditions to TMT and TET only but generally more sensitive
than the W+ stfain to many of the other inhibitors, including most
of the other organotin compounds. The EBr-6" strain proved to be
mainly resistant to EB under all growfh conditions, although with
some resistance to the organotin compounds, particularly tetrabutyltin.
This‘strain was also resistant to CTAB, at 1eastvunder phﬁtotrophic
conditions. The POG-10" mutant was resisfant to EB and the three
guanidiné derivatives as well as being slighfly resistant to CTAB,
acriflavine and acridine orange., The resistance ﬁas again generally
present unde: all growth conditions., This strain was also slightly
hypérsensitivé under certain growth conditions, to some of the othér
inhibitors,such as some of the organoﬁin compounds, TTFB,lSDS and
CTAB. The POG-13+ mutant was slightly more sensitive than the Wt+;
strain to atebrin, CTAB and some of the organotins, except tetrabutjltin
to which it was resistant under mixotrophic conditions. This mutant
ﬁas also resistant to OG under all growth conditions and slightly
resistant to gakgine sulphate and acriflaﬁine. The MD-8% strain
exhibited greatest resistance to 0G, EB, CTAB and tetrabutyltin but
was relatively more sensitive to some of the organotins and perhaps
. TT¥B, atebrin, proflavine and SDS.

The rélationship between the toxicity of some of the triorganotins

towards the Wt' and TP-8' strains and their n-octanol : H,0 partition
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coefficients is shown in Pigs. 4.3 and 4.4. Data fbr TgHT was not -
inciuded in this figure due to an insufficiently accurate estimation
of the MIC for this compound. The results for the other friorganotins
show thaf their toxicity towards both straiﬁs increased with
increasiﬁg partition coefficient and that the nature of the relation-
ship depended on the growth conditions of the alga. The relationship
between the logarithm of the inverse of the MIC and the 1ogarithm of
the ﬁartitioq coefficient was approximately linear for heterotrophic
growth in both strains but non-linear for the other growfh conditions.

Effect of inhibitors on growth rates and extents,

The effect of trialkyltins and EB on the growth of the Wt+ and

two of the drug-resistant strains of C.reinhardii is shoun.in Figs.

4.5 to 4.8 and Table 4.3. The results show a sigmoidal relationship
between the inhibition of growth rates and extents for all the strains
and the inhibitor éoncentration. The growth response of the mutant
strains in liquid culture reflectedtheir response on agar plates in

both their tolerance levels relative fo the Wtf strain (fold resistance)
(Table 4.3) and in théir resistance’under all growth conditions. In
addition, the 150 values for the‘different inhibitors‘were very

similar for both the growth rates and extents with all the strains
tested (Table 4.3). There was a difference in the I, values with

EB for the growth rates and extents of the mixotrophically-grown

EBr-6' mutant (Table 4.3), which also exhibited a more flattened
inhibitioﬁ cur&e with respect to both rates and extentsv(Figures

4.7 and 4.8). The mixotrophic growth of this strain was not coﬁpletely

inhibited by EB even at very high concentrations.

(@) Effect of various conditions on the response of Wt
and mutants to inhibitors,

The effe?t of various factors on the inhibitor tolerance levels

of the Wt and various mutant strains is shown in Tables 4.4 to 4.6.
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Legend to Figures 4.3 and 4.4,

Fxgure 4,3, Relationship between the toxxcxty of tr;organotin

compounds to C, reinhardii wt' strain and their

n-octanol:water partition coefficients.

e—e Phototrophic growth,
L—NA Mixotrophic growth.
A—A Heterotrophic growth,

Figure 4.4. Relationship between the toxxclty of triorganotin

compounds to C. reinhardii TP-B strain and their

n-octanol:water partition coefficients,

~ e—e Phototrophic growth;
A—0O Mixotrophic growth,
- A—A Heterotrophic growth.
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Legend to Figures 4.5 to 4.8,

Trimethyltin inhibition of the growth rates of the

wt* and TP-8" strains of C. reinhardii. -

Trimethyltin inhibition of the growth extents of the

\Vt+ and TP-8+ straihs of C. reinhardii.

Ethidium bromide inhibition of the growth rates of

the Wwt* and EBr-6" strains of C. reinhardii.

Ethidium bromide inhibition of the growth extents of

the Wt+ and EBr-G+ strains of C. reinhardii.

A—/ Phototrophic growth of the Wt+ strain;
A—A Mixotrophic growth of the Wt' strain.

o——s Heterotrophic growth of the Wt* strain,

+—+ Phototrophic growth of the mutant strain.
o——o0 Mixotrophic growth of the mutant strain,

X=X lleterotrophic growth of the mutant strain,
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Table 4.,3. Summary of the inhibitory effects of trialkyltins and
ethidium bromide on the growth of the wtt and drug-resistant
strains of C.reinhardii in liquid batch culture. '

I, Values (p moles/litre) for Inhibitors under
Strain and 00 T T o .
Different Growth Conditions
Growth T TET" EB

Parameter P " H M HE| P M H
wtt R 15.0 12.5 7.3 1.9 1.2| 2.9 6.3 2.1
" E 10.0 7.5 5.0 2.9 1.3| 3.8 5.4 2.5

rp-gt R 96.3 168.8 30,0 3.6 31| - - -

E 63.8 185.0 37.5 6,0 . 21| - - -
Ebr-6t R - - - - - |52.5 12.5 32.9
‘ E - - - - - 153.3 50.0 36.3

}

*P = phototrophic growth,

¥YThe effect of TET on phototrophic growth was not tested.

'R = exponential growth rate.

" E = final growth extent in terms of OD wnits. .

-

M = mixotrophic groﬁth, H = heterotrophic gfowth
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Table 4.4, Response of the Wt+‘and drug-resistant strains of
C.reinhardii to inhib%tors at different temperatures.:
Stooh: Minimum Inhibitory Concentration” (jiM) _
wtt Tp-8%. | EBr-6T poe-10" | poc-13* | Mmp-st
m™r 25P* | 13 - 26 | 103 26 - 51 13 13 - 26 5~ 13
" 30p |13 - 26| 103 26 -51 | 5-13] 13 ~ 26 5~ 13
25M 5-13| 103 | 26 - 51 13 13 5 - 13
301 5= 13| 103 13 - 26 5-13| 5-13 5~ 13
15H 13 103 13-26 | 5-13] 5-13| 5-13
25H 13 103 26 5-13}| 5 =13 5-13
- 30H 5-13] 103 | 13 - 26 5-13| 5=13 5 =13
0G 25P [12-24[12-24 [12~-24 | 48 -120 | 48 -120 | 48 -120
30P |12 - 2412 -24 | 12 - 24 >120 | 48 =120 | 48 -120
25 |12 -24]12-24 |12 - 24 >120 48 =120 48
30M |12 -24|12-24 | 12 - 24 120 48 =120 | 48 =120
15H 12 12 5 - 12 >120 48 =120 | 24 - 48
25H 12 12 12 >120 | 48 =120 | 48 -120
- 30H 12 12 12 >120 | 48 -120 | 48 =120
EB 25P 19 19 >101 - >101 19 - 26 | >10
30P |19 - 26|26 - 64 | >101 >101 19 - 26 101
251 19 26 >101 >101 13 - 19 64
30M |26 - 64|26 ~641 >101 >100 | 26 101
15H 26 |26 - 64 101 26 - 64 13 26
25H 19 |19 - 26 101 26 - 64 13 19
30H 13 19 101 26 13 19

-

* Numbers represent growth temperature in degrees Celsius.

= phototrophic,

M = mixotrophic,

H = heterotrophic.

" Inhibitor concentrations used were as follows (in pM) :- THT : 3,5,13,
EB : 7, 13, 19, 26,

26, 51, 103 and 128; 0G : 5, 12, 24, 48 and 120

64 and 101.

hY
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Table 4.5. Response of the wtt ana drug-resistant strains of C.reinhardii

to inhibitors in the presence and absence 'of spectinomycin.,

Strain

Minimum Inhibitory Concentration (jM)

wet rp-8% | EBr-6* | pog-10" | POG-13T|1D-8T
Pl 45 45 5 | 45 45 45
Spectinomycin|M | 60 60 60 60 60 60
H 60 60 60 60 . 60 60
- M|13 - 51 >128 |13 -51| 13 -51|13 - 51| 5~ 13
H| 13 |51 -128 51 13 13 13
THMT + M| 5=-13| >128 |13 - 51 13 5 =13 <5
Spectinomycin|H | 5 - 13|51 128|135 =51 | 5~ 13| 5 ~13| 5 - 13
M|[12 - 24|12 - 24| 12 - 24 | 120 =240 | 48 - 64|48 -~ 64
oG H| 12 |12 -24]12 - 24 | 120 -240 |48 - 6448 - 64
oG + M| 5-12] 5-12| 5 =12 | 120 -240| 48 - 64|48 - 64
Spectinomycin|H [© 12 |12 - 24|12 - 24 | 120 -240| 48 - 6448 -~ 64
M| 26 7 5190 127 =190 13 64
EB Hf 7-13 7 5190 26 - 64| 7-13] 13
EB + M{13 - 26| 7 3190 127 =190 7 |26 - 64
Spectinomyéin H <7 i >190 26 - 64 T 7

)

"Inhibitor concentrations used were as follows (in PM)
and 128; OG : 5, 12, 24, 48, 64,120 and 240; EB : T,

and 190.

®The concentration of spectinomycin used together with

P = phototrophic,

M = mixotrophic,

inhibitors was 45 PM'

H = heterotropnic.

the

¢t= TMT ¢ 5,
13,

26, 64,

other

13, 51
127
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" Table 4.6, Response of the \ﬁ;+ and drug-resistant strains of C.reinhardii

to inhibitors in the presence and gbsence of deoxycholate.

Strad Minimum Inhibitory Concentration’ (juf)
wtt mp-8" | EBr-6" | Poc-10* | Poc-13*[Mp-8t
J|P[13 - 51 |>128 51 13 | 15 - 51| <5
M 1| 5 - 13 |>128 51 5-13| 5-13] <5
H|{ 5~ 13 |>128 13 -51}| 5 =13 5=131 5 - 13
P| <5 51 -128| 5 <5 <5 <5
B+ | <5 3128 13 <5 <5 | <5
Deoxycholate gl <5 51 -128| 5 - 13 <5 ‘< 5 <5
P| 24 - 48| 24 - 48| 24 - 48 | >241 | 48 12048 <120
oG M| 24 - 48] 24 - 48] 24 >241 241 48
H| 12 - 24|12 - 24| 24 - 48 | 120-241 | 48 -120|120-242
Pl 5-12| 5-12] 5~12| 24=-48| 5-12|5-12
0G+ . lu|24-48|24-48|24-28|24-48]| 24 - 48|24 - 48
Deoxycholate|y| 15 _ 24| 24 24 12 - 24| 12 - 24}12 - 24
P13 - 26| 7 |»>127 >127 | 13 - 26[>127
EB Mi13 - 26 7 >127 64 =127 | 13 - 2664 ~127
| 13 7 [>127 26 - 64 7 |13 - 26
4 Pl13 - 26| <7 |>127 64 =127 | 13 - 26[5127
B+ mlas-ea]| 7 |>127 64 <127 | 13 - 26|64 =127
Deo:qcholate | <7 <7 <7 <7 <7 <7

*p =,pho"coti*ophic, M = mixotrophic, @ H = heterotrophic.

" Inhibitor concentrations used were as follows (in pM) :- TMP: 5, 13, 51 and
128; 0G : 5, 12, 24, 48, 120 and 241; EB : 7, 13, 26, 64 and 127.

¢ The concentration of deoxycholate used together with the inhibitors

was 725 PM'
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Different temperatufes between 1500 and 30°C had little effect on

the response of the various strains to the various inhibitors under

different growth conditions (Table 4;4). Spectinomycin, at a
concentration which preferentially inhibited phototrophic growth of
all the strains, likewise appeared to have little effect on the

resistance of the mutant strains relative to theth+ strain (Table

4.5). The effect of a sub-lethal concentration of deoxycholate on

~ the tolerance levels of fhe various strains was irregular (Table 4.6).
Although this surface;active agent substantially increased the

© inhibitory levels of TMT for all the strains, except TP-8+, its

efféct on reducing the MIC of the other inhibitors apﬁeared to depend
on both the strain and growth condition., For example, oniy the photo-
trophic growth of the w%*, ‘I'P-B+ and EBr-6" st:ains was rendered

more sensitive to OG in the presence of deoxycholate, whereas this
also occurred under other growth conditions with the other strains.

A similar anomaly ﬁas the considerable reduction in tﬁe MIC of EB for

most of the strains under heterotrophic conditiohs only. Although

the effect of deoxychélate on the MIC of the inhibitors was not
apparently uniform, the results do show a possible modification of
the tolerance levels of the various strains to the'diffefent inhibitors. -

(e¢) Effect of inhibitors on whole-cell respiration and oxygen
evolution,

The effect of inhibitors on the whole-cell respiration and light-

induced oiygen evolution of the Wt+ and two of the drug-resistant

strains of C.reinhardii is shown in Table 4.7. The results do not

~ indicate any major differences in ﬁhe response.of the drug-resistant
strainé relative to the Wt' strain.  This applies to both dark
respiration and light-induced ;xygen evolution, In addition, TMT

and TETD exhib;fed little differential inhibition of either dark.

-



=151~

Table 4.7. Effect of inhibitors on the whole-cell respiration and
' light-induced oxygen evolution of the Wt+ and drug-resistant

strains of C.reinhardii,

Percentage Inhibition”™
Inhibitor and | Dark Respiration  Net Light-induced

Strain | Concentration (1) 0, Evolution®

wt" THT 512 28.5 T 16.3 24.0 T 11.5
rp-g* | i 512 23,0 ¥ 0.7 - 19.0F 1.0

wtt THT 1,280 44.1 * 12,4 36.8 * 14.4
rp-g*t | mm 1,280 28.0 * - 4.5 21.5  10.3

wet T 2,560 54.5 £ 0.7 38,0 + 19,1
Tp-g+ | TMD 2,560 41.0 ¥ 0.7 © 45.5F 6.3

wet | aEr , 8 29.3+ 5.1 - 17.51 8.
p-gt | TEDP 8 10.5 ¥ 8.5 15.0 £ 9.9
wt | TEr 197 3.0 ¥ 1440 19.8 £ 4.5
op-g* | TED 197 42.0% 2.0 30.0 % 18.2

wet oG 241| 46.4 % 23,5 76.0 ¥ 15.5
POG-10" | 0G 24| 42.8%2s5 0 9.2t 40

* Second series of figures in each column represent the standard
deviation of the mean percentage value,

® Oxygen uptake in the dark. Control rates in p moles 02 uptake/mg chl./
were 40.1 * 15.5, 38,3 * 12.8 and 47.5 * 14.1 for the wtt, Tp-8" and
P0G-10" strains respectively. ‘ ' '

A "Rn

Calculated from formula : % inhibition = lpn ™ 100

r' - !

vhere L, = net 0, evolution in 1light in presence of inhibitor,

. L,y =net 02 evolution in light in absence of inhibitor.
R, = dark respiration rate when illumination terminated in
_ presence of inhibitor,
R, = dark resﬁiration rate when illumination terminated in

- absence of inhibitor, _
2"ev01ution/mg chl./h were 105.3’: 48.1,
95,6 * 32,4 and 110.4 ¥ 13.9 for the Wwt', TP-8" and Poc-10" strains
respectivei&. ‘ '

Control rates in.P moles 0O
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respiration or light-induced oxygen evolution but CG at 241 pn
appeared to inhibit light-induced oxygen evolution to a greatex
extent than dark respiration. However, in most experiments, respiration
 ‘and light-induced oxygen evolution were not stimulated by ﬁncoupiers;
such as CCCP, ‘1799 and DNP, which may indicate that ATP synthesis vas
not tightly coupled to electron transport in whole cells of this
alga. Preliminary trials showed that ?opulations of different ages
and grown under different nutritional conditions were equally un-
responsive to uncouplers in the oxygen electrode. Consequently 1ittie |
can be concluded from these experiments concerning the effect of the

inhibitors on energy transfer in the different strains.

(f) Uptake of inhibitors,

Ethidium bromide,

The time-course uptake of EB by the Wt+ and EBr-6T strains of

C.reinhardii is shown in Fig. 4.9 and Table 4.8, EB uptake by both
strains was initially rapid within the first 30 min, foilowed by a

slow gradual uptake up to at least 8 h. The reéults show thaﬁ the

wtt strain absorbed nearly 2.5 times the quantity of EB from the

medium relative to the EBr-6" strain during the first hour of incubation
(Fig.4.9). However, the rate of uptake of EB from‘the med ium waé
approximately equal in both strains between 1 and 8 ﬂ of incubatio;.
Uptake of EB by both strains increased when the EB concentrafion in
‘the medium was raised from 125'pM to 1.25 mM, althoggh'the_EBr-6+
strain. still absorbed less EB than the wt' strain (Table 4.8).“

- Deoxycholate, at concentrations tha£ caused low percentage lysis of
liquid suspension of the CW15' strain (0.72 and 0.97 piM) (Fig.4.10),
increased the uptake of EB by both strains (Table 4.8)...

[ML3s0) ror chioride,

The uptake of |“YJ5n|TET by the Wt and TP-8" strains of C.reinhardii

-
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_Table 4.8, Uptake of ethidium bromide by the Wt' and EBr-6*

strains of C. reinhardii.

Uptake of EB (nmoles/mg DW)
wet EBr-6" [wtt |wt? wet EBr-6*|EBr-6* |EBr-6*
Time | 1,25mM|1,25mM |125nM|125uM [125pM |125pM [125uM |125uM
(h) | EB EB EB |EB+ |EB+ |EB |EB + |EB +
0.723M|0. 97pM 0.72pM|0. 97nM
" [p" o o
0 |o ) 0 0 0 0 0 )
0.5 | — - 1.78 |2.30 |{3.06 [1.02 [1.58 |1.98
1 55.5 |24.8 |1.94 [2.92 [3.24 [1.04 [1.98 [2.26
2 59.1 [40.9 [2.38 {3.04 [3.30 [1.30 [2.06 [2.36
4 56.9 [42.8 [2.96 [3.14 [3.30 |1.56 [2.12 |2.40
6 55.2 [43.2 |3.32 |3.62 |3.66 [2.42 [3.26 |3.18
8 56.8 [45.1 |=— |~ — — — —

The results are the means of two replicates for a single

experiment.

D = deoxycholate.

-~
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100+ A 2,42mM

A 1,45mM

% Cell Lysis of the CW15' Strain.

A 0,97mM
A
0.72mM
0.48mM
T ] T T O
0 10 20 30 40 50

Time (min)

Figure 4,10, Effect of sodium deoxycholate on cell lysis of the

“cwist (cell wall-less) strain of C. reinhardii in

liquid suspension.

The figures.along each trace represent the-
various concentrations of deoxycholate., There was
" no visible cell lysis of the wt* strain of C. rein-

hardii at any of these concentrations.

1
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is shown in Fig. 4.11. Both strains absorbed |'Sn|TZT in similar
amounts during the first 25 min, After this time, the quantity of
Pl3é€]TET in the cells of both sfrains gradualiy decreased. |

(g) Genetic analysis

The results of the genetic analysis of some inhibitor-resistant

mutants of C.reinhardii are shown in Tables 4.9 and 4.10. Table 4.9
shows the tetrad analysis of the progeny from crosses involving the
(+) type mutant strains and'the Wt~ strain. All the trialkyltin-
resistant mutants in this table exhibited similaf cross-resistance
patterns to the p-g* strain. Although many of the tetrads weré
indompletely viable, the results from the surviving progeny generally
showed a1l : 1 ratio in the resistance/sensitivity of the progeny
for all the mutant strains, The mt phenotype was also inherited in
al:1l féshion when examined in some of these tetrads..

These tetrad analysis resulté are further supported by‘parallel
analysis of zooépore colony sub-clonings (Table 4.10); which shows
that of the individual cells of colonies formed from the progeny of

single zygotes, approximately half were drug reéistant and half drug

sensitive,
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- Figure 4,11, Time-course uptake of [113$n] TET by whole cells of

. the Wtt ana Tp-8* stra:’gns of C. reinhardii. ; ‘

A—A Wtt,
A—A TP-8t,
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Legend to Table 4.9.

Tetrad analysis of the drug-resistant mutants of

C. reinhardii.

* Numbers in parenthesis refer to the number of
tetrads with the particular resistant/sensitive

progeny ratio indicated.

* S/D refers to the number of progeny that survived
out of the total number of progeny that were

dissected from a single zygospore.



Table 4.9,

= . Number of Drug-resistant aﬁd Drug-sensitive Progeny®
Cross S/D 2/4 3/4 4/4 2/8 | 3/8 4/8 | 5/8 6/8 7/8 8/8
Trialkyltin-resistant
TP-8"x Wt~ 2:2(1)
TP-9%x Wt~ 2:1(1)]2:2(1) 4:2(1)
TP-12"x Wt~ 2:2(1) | 1:1(1)]
TP-17"x Wt~ 1:1(1) 4:4(1)
TP-30"x Wt~ 2:2(1)
™-2"x Wt~ 1:1(1) [2:1(1) 1:1(1)
IB-resistant \
EBr-6*x Wt~ 1:1(2) 4:1(1)] 4:2(1) |4:3(1) |4:4(2)
2:4(1){3:4(1)
3:3(1)
0G-resistant
POG-10"x Wt~ 1:1(2)(2:1(1) 1:2(1)[4:0(4) 2:4(1) 4:3(i) 4:4(2)
| | 11:2(1) 2:2(8) 5:1(1)
POG-13"x Wt~ 1:1(2) 2:2(1) {1:3(1) 4:2(1) 4:4(2)
‘ 2:2(7) 3:3(1)
4:0(4)
0:4(3)
MD-8"x Wt~ 0:2(1) 2:2(1) 2:4(1)
| | [1:3(1)
AT 0:4(1) 0:5(1) 0:8(1)

-6G1~
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resistant mutants of C.reinhardii,

-Table 4.10. Zoospoore colony sub-clonings of selected inhibitor-

No Separate Total No Mean %
Cross Zygote Colony Colonies Resistance

o Sub-clonings Examined
Trialkyltin-resistant .
TP-8" x Wt~ 149 56
re-12% x wt” 3 46 53
rp-17" x Wt~ 3 48 34
rP-30" x Wt~ 26 416 AT
TP-36" x Wt~ 10 155 46
m-1t x s 2 32 25
-2 x Wt~ 8 166 a1
EB-resistant '
EBr-6% x Wt~ - 24 190 61
0G-resistant | '
POG-10T x Wt~ 11 87 39
Poc-13" x Wt~ 15 120 52
wtt o Wt 32 0




-161~ _ ' °
Discussion
© Sigmoidal survival curves with a distinct lag phase were’

obtained after treatment of the cells of C.reinhardii Wt' with UV

light, in contrast to the more linear curves obtained with MHN, This
lag phase may‘bé indigative of the presence of repair systems that
specifically correct some of the UV;induced lesions but not those
produced by MNN treatment (Hyams and Davies, 1972). The percentagev
survival of the cells after tre#tment with the two mutagens depended
on the groﬁth conditions of the alga.‘ Both mutagens were most lethal
ﬁhen the treated cells were subsequently grown in thé dark and least
effective when the cells were subseguently grown on YAP medium in the
light. This difference in lethality is unlikely to be due to a
photoreactivation of the repair processes in the light-grown cells
since the cells were held for 12 hours in the dark prior to growth in
the light. A smail contribution to the generally greater survival
rates in the light may have been made by the céméensatory power of
photosynthesis, Cells with mutations involving reduced respiratory
function may be able to depend on photosynthesis for growth,whereas

-this function would not be present under dark conditions, - That cells

of C.reinhardii;with mutations of mitochondrial fﬁnction,are ablé to
undergo a limited number of cell divisions to form small colonies

'under phototrophic and mixotrophic conditions has been suégested by

the work of Alexander et al. (1974). In addition, the generally

greater survival rates of cells plated on YAP medium in the lighf

" may have been due, in part, tp the survival of‘any auxotrophic mutants

that may have been induced. However, in the absence of data on the

frequencies of respiratory and, auxotrophic mutations in this experiment,

it is impossible to assess the full contribufion'of these mutations

to the survivil rates on different media. The slower growth rate of
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cells in the dark may have played a part in the lethal effects of the -

mutagens. Mutation frequencies of C.reinhardii,induced by certain

ﬂmutagens, are known to be influenced by pos{-mutagenic multiplication

" of the cells (Loppes 1969b), but the effect of the rate of cell

multiplication on either mutation frequencies or survival rates has

not so far been investigated.in this alga.

Inhibitor resistant mutants of C.reinhardii were isolated either

through spontaneous selection or by induction with UV light or MMM,
The 172 resistant colonies examined were further subfdivided into
five major classés on the basis of their different cross-resistanceA

patferns.

When the mt* type of each inhibitor-resistant mutant was croésed
to the Wt~ strain, a 1 : 1 segregation of the resistant and sensitive
progeny was apparent. This Mendelian inheritance iﬁdicétes that the
mutations are 1océted on nuclear chromasomes (Sager, 1954). donsequently ,
it would appear that the five major classes of inhibitor-resisfant
mutations isolated in this study were probably of nuclear origin.
fhis predominance of nuclear mutations is uniikely to be. a consequence
6f the ‘isolation methbds-since cytoplasmic gene‘mutafions have also
been previously isolated either spontaneously ox by ihduction,with
UV light or 1 (Sager, 1954; Gillham, 1965).

The drug~r931stance phenotype in all these mutants could arlse
through several possible modlflcatlons in the cell (Lancashire and
Criffiths, 1975%):-

(a) Exclusion of the'ighibitors from the_celi due to modificationv‘
of the cell-wall or‘piasma membrane permeability. |

(v) Detoxifying mechanisms (constitutive or induced) in

~the cytopiasm of the cell or the matrix of the cell organelles.'

i} ' o
(c) Exclusion of the inhibitor from the mitochondria and/or
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A the chloroplast due to changes in their membrane permeability towards
the inhibitors. _
(d) Modification at the site of action of the inhibitors.
‘The TP-8" strain was only resistant to THT and TET and had

similar or greater sensitivity than the Wt+ strain‘for.a wide spectrum .
of other chemically and functionally unrelated inﬁibitors. The toxicity
of some of the triorganotih compounds towards whole cells of.both the
Wt and 7P-8" strains increased in a way that was related to the n-
octanol : H20 partition coéfficient of these inhibitors, 'A similar
reiationship existed for the alkylguahidine-resistant mutants POG-10+,
POG-13+ and MD-Sﬁ which were more resistant to OG than to DG. This

relationship is analogoﬁs to that found for the effedt of these compounds'
on energy transfer reactions in chloroplasts (Chapter 3) and thus
may reflect differences in the intrinsic activity of these compounds
on energy conservation in whole cells. However,.other factors that
are also influenced by the partition coefficient of the compounds,
such as permeability of the plasma and orgénellé rembranes, are equai

possibilities for the observed differences in acfivity of the compounds.

Triqrganotin—resistant mutants of S.cerevisiae have also been shown
to possess high levels of resistance to TMI and TET but iow 1evels‘
of resistance to TPT, TBT, TcHT'and TPhT (Lancashire and Griffiths,
1971). Except for TET, to which resistance was highest, the fold‘
resistance of these mutanis decreased with increasing partition |
coefficieﬂt of the compound. This basic‘similarity in the resistance

patterhs of the triorganotin-resistant mutants of S.cérevisiae and

C.reinhardii is interesting in view of the repprted low level

‘resistance of growth, respirétion and the ATP-ase activity of sub-

@itochondrial particles of the triorganotin-resistant mutants of

S.cerevisiae (Lancashire and Griffiths, 1971, 1975%). However, the
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apparent lack of resistance of the dark respiration and light-induced

oxygen evolution in the TP—-B+ mutant of C.,reinhardii, coupled to the

‘hypersensitivity of the mutant to'triorganotins,other than TMT and
TET, perhaps indicates a somewhat différent mode of resistance in
this mutant,

Inhibitor resistance in the mutants,both on solid and in liquid
media, was generally present under all growth conditions, vhich ipdicafes
that mechanisms common to,or oufside,both the mitochondria and chloro-
piasts are résponsible for the resistance phenctype. However, there
were growth condition-dependent differences in the.fold resistances
of some of the mutant strains; for example, the 7P-gt mﬁtant was from
2to 4 timeé more resistant to TNT under mixotrophic conditions, both
on solid and in liquid culture, than under phototrophic or heferotrophic
conditions. Consequently the cellular environment may influencé the
resistance phenotype of this mutant, perhaps via an effect on the
physiological state of the cell or organelles. The reason for thié
is not known and is open to several interpretations. One possibility
is that if TMT impairs both oxidative and photosynthefic functions,
then the overall ATP econony of the cell may be less affected under
growth conditions that allow both mitochondria and'chloroplasts to
- function most efficiently’(mixotrobhié growth). ‘Uhder conditions where
growth is limited by a reduction in the functioning of any one of the
energy conserving organelles (phototrophlc and heterotrophic condltlons),
there may be less compensatory power in the cells to support growth,
Another possibility is an effect of growth conditiéns'on‘the permeability
of the-plaéma membrane via an effect §n thé peripherally-situated
outer membranes of the mitochondria and chloroplast;

| It isipossible that the differential resistance under different

1 . :
growth conditions is in some way a function of the difference in medium



~165~-

PH which ie knoﬁn to develop during growth (Chapter 2). However,
there were similar inhibitions of growth ratee and extents by TMT

and these would be measured at different mediwm pH values (at.mid-ldg
w’phase and stationary phase respectively). In addition, the fact

that phototrophic and heterotrophic culture conditidns.deveipp wide
variations in medium pH but still aliow comparable inhibition by

T™™T would discount a simpie relationship, However, an effect of
medium pH on the drug resistance of the strains cannot be discounted-
in view of the known effects of pH on microbial metaboliem and permeability
(Pirt,'1975); The reported effects of pH on the biocidal activity

of fhe triorganotins is contradictory. Antifungai activity is pH

. independent (Kaars Sijpesteyn et sl., 1962),‘whiist pH influences

the inhibition of growth and whole-cell respiration in S.cerevisiae

by TET (Lancashire and Griffiths, 1975%).

In order to obtain more information on fhe reeistanee phenotypes
of the various drug-resistant mutants, the effect'of.various_factors
on the tolerance levels of these strains was examinedf The results
show that the resistant phenotypes were not temperature-seﬁsitive.
Ih’addition, spectinomycin, which may produce a eoncenfration-depehdent'
specific inhibition of chloroplast ribosome function (Surzycki et al.,
l970),did not greatly affect the resistance phenotypes at concentretions
which inhibited phototrophicybut not mixotrophic or hetexrotrophic, growth.
Consequeﬁtly the resistance of the mutant strains does not apparently
depend.upoh chloroplast ribosome function. ‘

Deoxycholate generally increased the‘sensitivity~of the mutant

straine to the inhibitors which may be due to enhanced uptake of the
drugs by way of ah increased permeability of the plasma membrane.
The same concentration of deoxyoholate increased the uptake of EB by

both the wt* éhd EBr-6+ﬂstrains. The mode of action of deoxycholate,
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in disrupting various componentsAOf the plasma membrane (Ehrhart and
Chauveau, 1975),is‘consistent with an incieased permeability of the
membrane ahd a potentiation of the toxicity of inhibitors ﬁy this
(Flavin and Slaughter, 1974) and other (5t.John et al,, '1974)
surfactants, However, the potentiation of the toxicity of drugs to
both the Wt' and mutant straine is not conclusive unless deoxycholate
lowers the resistance of the mutant strain to the same level as the
wtT strain. This was not always the case in experiments on solid
media and the uptake of EB by EBr-éﬁ in the presence of deoxycholate,
was consistently somewhat lower than for the wtt strain. However,
the fact that EB uptake by the EBr-61 strain was generally lower
than for W%+;in the absence of deoxycholate,lends suppe:t to decreased
permeability being responsible for resistance in this mutant strain,
Deoxycholate did not decrease the resistance of TP-8+ to TMT,whieh
e may indicate tkhat this mutant may not have altered flasma membrane
pernmeability. This.ié suppérted By the Simiiar uptake of [ 13“€]TET
by the TP-8% and Wt strains, although the low resistance of TP-8'
to TET would be expected to produce at most a small difference in
[llBSn]TE’I‘ “uptake,

The biphasic neture of the uptake kinetics of 1B (Fig. 4.9) hes
several possible interpretations. The initial rapid upteke maylﬁe
due to binding of the dye to the plasmé membrane or cell—wallvand
the slower progreb31ve uptake may be due to permeation of the plasma
membrane and entry of EB into the cytaplasm. Howvever, preliminary
experiments showed that the.enhancement of EB fluoreséence,normally
found when EB binds to membranes (Gitler gj~§;,1969),did not occur
when the cells of either wt* or'cw15+ were added to solutions of EB.
An alternative explanation is ‘that EB may initially rapidly diffuse

\ .
through the plasma membrane and then more slowly permeate the perlpherally-
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situated membranes of the mitochondria and chldroplést. Whatever
was the cause of fhe biphasic uptake kinetics, it would appear that
the reduced removal of EB'from the medium bj the EBr-6" strain was
‘manifested during the initial rapid phase since the rate of removal
during the later slower phase was the same as with the wt¥ strain.

The fact that uptake of EB by C.reinhardii increased at higher

exogenous EB concentrations (Table 4.8), possibly suggests that a
»diffﬁsion-like process is involved. However, the uptake of low
concentrations of ﬁB by whole cells of different species of yeast

is also concentration dependent and is increased by the presence of
fermentable substrate (P&na and Ramirez, 1975; Celis et al., 1975).

In addition EB appears to be taken up via the ehergy—requiring cation
transport system of the cell (Péna and Ramirez, 1975). The uptake

of EB in these experiments on yeast waé measured up to 20 min;which
‘may correspond to the initial rapid phase of uptake or adsorption

by the cells of C.reinhardii. Although EBr-6" took up less EB than

the wt* strain, the 2.5 fold difference in‘uptake'doés not.fully
account for the 8 - 12 fold resistances found in liquid and on solid
media. . However, the high cell concentrations used in the uptake #ésays
"do not correspond to those durlng growth of the alga and may 1nf1uence
the uptake charactorlstlcs.

The cross-resistance patterns for the EB-and alkylguanldlne-
resistant mutants are interesting in view of similar mmtants of other

microorganisms. EB-resistant mutants of S.cerevisiae, which were cross-

resistant to CTAB and/or acriflavine, have been prev1ously isolated
| (Bech-Hansen and Rank, 1972). Glucose repre331on decreased the
resistance, suggesting that resistance in these mutants was due to
4d§creased permeability of the mitochondriél membrane, Similarly,one

3 ’ -
_cytoplasmic and two different classes of nuclear mutants resistant
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to EB and cross-resistant to (G and/or synthalin have been isolated
from the yeast K.lactis (Brunner et al., 1973), some of which were
probably permeability mutants (Celis et al., 1975).
w The EB-and alkylguanidine-resistant mutants exhibited a broad
pleiotropic response to four main classes of inhibitors, namel&
organotins, alkylguanidines, surfactants such as SDS and CTAB, and
membrane-~active dyes such as EB and acriflaviné. This pleiotropic
response towards the various inhibitors may be explained by a common
mode of action of these compounas on cell membraneé. The ieported
membrane activity of the various inhibitors may be related as follows:=
| (1) A1l these classes of inhibitors contain both polar and
non-polar regions in their molecules.

(2) Triorganotins and alkylguanidines have a detergenté
' iike effect on membranés, particularly at higher conoentratlons
(Mitchell, 1966°; Stockdale et al., 1970).

(3) It has been suggested that certain guanidine dérivafives
may act as analogous of polyamines, such as spermine (Brunher}gj;g;,,

1973). The membrane ATP-ase activity of Bacillus subtilis is affected

by both CTAB and spermine (Rosénthal and Buchanan; 1974) and oG inhibits
the hlstone-lnduced swelling and stimulation of resplration in mlto- |
chondria (Schwartz et al., 1966; Johnson et al., 1966).

(4) Both EB and alkylguanidines competltlvely inhibit the
uptake of monovalent catlons, such as Kt s by yeast cells in a substrate-
dependent manner (Pena, 1973;.Péna and Ramirez, 1975) and triorganotins
-affect anion transport across mitochondrial (Selwyn‘gg_gl., 1970) and
chloroplast (Watling and Selwyn, 1970) membranes; |

(5) EB and acriflavine preferentially inhibit mitocﬁondrial
or chloroplast.DNA replication and transcri?tion and cause degradétion

of the DNA, dépending on the concentration and growth conditions
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(Stegemankand Hoober, 1973; Flechtner and Sager, 1973; Ho gi_gl.,
1974; Alexander et al., 197&). TheAsite of action of EB in degrading-
~mt-DNA is‘considered to be at the level of thé‘membrane éttachment
site of the mt-DNA and the specific mt-DNA degrading properties
reéult in an activation of the mitochondrial ATP-ase (Bastos and
.Mahler, 1974). Both FB and acridine orange.affect respiration in.
isolated mitochondria (Grimwood and Wagner, 1974; Miko and Chance,

1975). Analogous to this relationship is the finding that nalidixic

acid inhibité the in vitro c-DNA synthesis of C.reinhardii (Ho et al.,
1974) and that a nalidixic acid-resisfant mutant of this alga is
hypersensitive to the surface-active agent phenethyl alcohol (Robreau
et al., 1973). '

(6) A1l five classes of inhibitors are known to affect

energy conservation in chloroplasts and mitochondria.

Consequently, the pleiotropic resistance pattefns of all the
inhiﬁitor—resistant mutants indicates change(s) in one or more of
the cell memb:anes since the inhibitors fo wh;ch they are résistant
are known to be membrane-active in dne way 6r another. Howéver, the
exact iocus of the lesion(s) is unknown, although it may be at the
plasmé membrane in the EBr-6" strain.‘ The mutations may involve a;
jchange in a singlé membrane-bound.enzyme, such as an ATPeaée; or a
general membrane component. A resistant mitochondrial or chloroplast
ATP~as§ méy account for the change in response to those inhibitofs |
- that affect both the DNA functions of thesevdrganelles ?nd the energy
| conservation and ion transport functions of their membranes, Alternatiéely,
resistﬁnce due to the lesion.of a basic structural unit of a membrane,
such as a phoSpholipid or strué&ural protein, may be the result of a

non-gpecific ghange of the whole membrane and hence a change in the
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interaction of the membrane with diverse types_of inhibitors.

It is interesting that most of the compounds to which the EB '
’and alkylguanidine-resistant mutants showed a broad pleiotropic ‘
response are cationic. Consequently,their membrane activity may,
at least initially, involve a binding to negatively-charged sités
with a resultant éffect on the membrane potential and the binding
and transport of substrate and inorganic cations. This'may perhaps
account for the reported effects of these compounds on respiration
‘and cation transport in whole cells and subcellular organelles.
Genetic modification of the negatively-charged binding sites may
then confer resistance to whole cells or organelles to the inhibitory -
action of these compounds,but would also be expected to change their
: respiratory and substrate-and ion-transporting functions. The findings
that guanidine derivatives, CTAB and EB bind to negati&e electrostatic
sites, which are probably p-lipids; and inhibit cation transport ih
various types of membranes (Gitler.gg_gl., 1969; Pgha, 19733 Davidoff,
1974; séhafer, 1974; Péna and Ramirez, 1975), may be relevant in this
respect,

The difference in the nature of the pléiotropic resistance
pattefns of the various classes of EB- and alkylguanidine-resistant
mutants may be indicative of subtle differénces in the nature of the
binding siﬁes of the various inhibitors. The single nuclear gene
mutations present in the various classes may, in some cases, be allelic’
and herice a change in the gene may result in a change in the binding
site(sj of several functionally related inhibitors.‘ Aiternatively,
if some of the genes are not allelic with the others, they may result
in binding changes that confer resistance to a more limited gfoup of

inhibitors.



CHAPTER

Sub-cellular Characterisation of the Wild-type and TP~8+ Strainsof

Ce.reinhardii,

Introduction,

The selection of drug-resistant strains is a éommonly used
technique in microbial genetics to obtain mutants which are defective
in particular processes., The underlying rationale is.that’if‘an
inhibitor is specific for a particular process, resistant strains |
‘may be insensitive due to a change in that process., Other mechanisms’
are'of course possible, the most common of which.is reduced‘permeability
to the drug. The triorganotin compounds are highly effective inhibitors

of oxidative and photosynthetic phosphorylation amd mutants of

C.reinhardii that are resistant to these inhibitors may provide
material for the study of energy conservation simultaneously in both
mitochondria and chloroplasts in the same cell,
Although drug—resistant mutants have been used extensively in

the study of the structure and biogenesis of‘the mitochondrial ATP
-synthetase (ATP-ase) complex, very little work has so far been attempted
of an analogous study in chloroﬁlasts. This has proﬁably resulted
from the lack oflthree primary requisites in a study‘of this kind :
(a) A suitable photosynthetic ofganism anmenable to both genetic and
biochemical manipulation. (b) Specific inhibitors of photosynthetic
phosphorylation thét are sufficiently toxic to wholevcells of the
.organiSm.“,(c) Isolation of'mutants of the organism that are resistant

to the inhibitory effects of the drugs. The drug resistant mutants

of C.reinhardii that have been isolated in this study are the only
mutants known to the author that satisfy all these criteria. However,

the problems associated with the use of C.reinhardii in studies of

this kind are two fold-: (1) obligate aerobic properties of the cells
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that do not allow rapid screening of mutants that have lesioms in

oxidative or photosynthetic phosphorylation and (2) isolation of
mitochondria.and chloroplasts exhibiting tight coupling between electron 4

Uitransportvand phosbhorylation. | |

In order to determine whether the trialkyltinQrésistant mutaﬁt

TP-8" of C.reinhardii would be of use in the study of energy transfer

in this alga, the response to trialkyltins of sub-cellular preparations
of the Wt+ and TP-8" strains were compared. This was of interest in

view of the findings that certain mutants of S.cerevisiae and

Aspérgilius nidulans, that are resistant to triorganotins, oligomycin
.or venturicidin, exhibit resistanc§ to these inhibitors at the level
of the mitochondria, sub-mitochondrial particles and.purifiéd mito- -
chondrial ATP-~ase (ﬁbwlands andiTurner, 1974; Griffiths and Houghton,

1974; Lancashire and Griffiths, 1975%; Griffiths et al., 1975).

Although the drug-resistance phenotypes of S.cerevisiae were cytoplasmically
inherited, nuclear mutations associated with oligomycin resistance in
A.nidulans also results in a resistant mitochondrial ATP-ase activity

(Rowlands and Turner, 1974). In addition, the TET - and oligomycin -

resistént mutants of S.cerevisiae that were resistant at the mitochondrial
ATP-ase level were those that.showed greatest specificity in their
 resistance té triorganotins or oligomycin respectively (class 2 muiants)
(Lancashire and Griffiths, 1975?; Griffiths and Houghton, 1975).

Consequently, the similar specificity of the TP—8+ strain of C.reinhardii

for resistance to THI and TET may indicate a resistance'phenotype at:‘

the sub-~-cellular or even at the ATP-ase level,
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Materials and Methods

(a) Blectron transport activities.'

Early stationary-phase cells (72 h old) of the Wt* and Tp-g*
strains were harvested by centrifugation at 4 x 103 8av. for 5 min
at OOC. The following procedure was carried out at OOC. The cells
were washed three times in a modified medium of Gorman and Levine
(1965), which contained 20 mM KCl, 2.5 mlf HgCl,, 1 mM Hg Na, EDTA,
1 mM reduced qutathione,‘O.ZS M éucrose, 0.1% BSA and 10 mM Heﬁes/
‘ NaOH buffer (pH 7.5), and resuspeﬁded in this medium at a ratio of
1 vol. medium to 2 vol. pelletted cells, The cells Qere broken in
a French press (American Instrument Co.Inc.) at a pressure of 5 x 107
'1bs ./sq.inch and immediately diluted with 3 vols. of the resuspension
medium, . The resultant suspension was centrifuged three times at

1.8 x 103 8oy for 8 min to remove unbroken cells and the supernatant‘

was sedimented at 2-x 104 Eav. for 15 min, The final peliet was re-
suspended in the above medium at a concentration 6f approximately
1.0 mg chlorophyll/ml. |

Oxygen uptake was measured with a Clark-type oxygen_electrode'
incorporated into a glass-lined perspex reaction vessel maintained
at a temperature of 25°C. Except whére indicated‘in {he'text; the"',
assay medium for photosynthetic oxygen uptake cdntained 0.1 mM ﬁethyll |
viologen (MV), 1.0 mMiKCN, 4.1 pM rotenone and 0.4 mM malonate., The
assay medium for measuring NADH oxidatipn contained 0.9 mlM NADH aﬁd
0.4 mM malonate. Succinétevdxidation wvas assayed in a medium contain-
ing 10 mM Sodium succinate and 4.1 pM rofenbne. All %hreé assay -
nedia §ontained chloroplasts to a concentra#ion.of 40‘pg chl/ml and
resuspension medium (pH 7.0) to a final volume of é.5 mis.

The mean control rates (i standard deviations), over a series
1 T

of 6 determinations, for the wtT and TP-8" strains respectivély were
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as follows ( in p moles O, uptake/mg chl./ h):- MV oxidation : 62.4 ¥
© 22.5 and 55.4 F 11.0 3 succinate oxidation : 10.5 * 4.8 and 5.8 ¥ 0.74;
NADH oxidation : 25.5 & 8.3 and 30.3 ¥ 5.9.

(v) Light-induced transmission changes of chloroplast fragments.

Chloroplast fragments were prepared according’to the method of
Gorman and Levine (1965), using early stationary-phase cells (72 h 01d) |
of the Wt+ and TP—B+ strains., The cells were harvested at 4 x 163gév.
fof 5 min at 0% and'ﬁashed twice in a resuspension medium containing
20 m KOL, 2.5 mM lg0l,, 1 mi Mg NaEDTA, 1 mlf reduced glutathione, |
0.19% BSA and 0.01 M phosphate buffer pH 7.5. The paste of cells was
éround in a chilled mortar and pestle Qith acid-washed sand to appioximately
90% cell breakage. The resulting pasté was diluted with a liftle re-—
suspension medium and the supernatant'further diluted three fold with‘
resuspension medium. The subernatant was then centrifuged three times.
at 1.8 x 103 8av. for 8 min at 0°C and the pellet discarded each ti@e,
Finally, the supernatant was diluted five fold aﬁd"Centrituged at
2 x 104 Eav. for éO min at 0°C. The final pellet was resusbended in
the resuspension medium to a concentration of 1.0 mg chlorophyll/ml.b

Except wheré indicated in the text, the assay medium'contained
20‘pm.methy1 phenazine methosulphate (PMS), 100 mi KC1 oxr 100 mM Spdium
acetate, chloroplast fragments ét a cpncentfation of 10‘pg_chlorophy11/

ml and 10 mM Hepes/NaOH buffer (pH 8.0) to a final volume of 3.0 ml.
The light intensity used was 3 x 104 lux. The light‘intensity and
concentra£ions of acetatevand chloroplasts used were found to be
~ optimal for the assay (Appendix Figs. 10 and 11).

- Transmission changes were measured with a modified Eppendorf
spectrophotometer as described in the Materials andlméthods of

Chapter 3;

B
The mean control values (: standard deviation), over a series
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of 19 determinations, for the light-induced transhission changes
of the Wt* and TP-8% strains respectively were as follows (in ’%rA
transmission/mg chl):- with Kol : 497 ¥ 60 and 618 T 83 ; with sodiunm
(;acetate s 677 + 39 and 776 fv73. | S

(e) Light-induced pH changes in chloroplast fragments.

Chloroplast fragments were prepared as for the light-induced
transmission assays except that the final pellet was washed twice’
and resuspended in 10 mM KCl., pH changes were measured witﬁ a Pye pH
metér (Model 290) with the pH electrode (Pye Unicam Ingold) inserted
into a water—jackétted glass vessel maintained at a conétant tempera-I
ture of 25°C. |
Except where indicated'in the text, the‘assay mediuﬁ contained
the following in a final &olume of 3,0 ml : 17.0 mM KC1, 0,67 mM
P-benzoquinone and chloroplasts to a concentration of 133.Q‘yg chlorophyll
per ml, Inhibitor solutions were adjusted to pH 7.0 and‘the assay
. medium was initially adjusted to pH 7.0 after addition of fhé inhibitors
in the dark. The suspension was illuminated with white 1igh£ £rom
a Daray 1200 bench light at an intensity of 52 x_103 lux. The initial
PH of the medium and “the concentrations of KCl and chloroplasts used
were found to be near optimal for the activity of.the'chloroplasts in
this assay (Appendix Figs. 12, 14 and 15). The light intensity uéed
was supra-bptimal for the extent (AH+) and. réte of 1ight-indﬁced ;i
uptake (Appendix Fig. 13), Recorder deflections were ?elated to
hydrogen ion concentration using a constructed curve produced by the
addition of small aliquots of a standard 0.,01N HCl solution to the -
‘coﬁplete assay system in the dark. The assay medium was initially
stirred after addition of all, the components but, to reduce excessive
gcatter in the recordings, the pH changes were assayed withdut stirring.

The mean control values (¥ standard deviation), over a series
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of 12 déterminations, for the light-induced proton changes wéfe as
follows:- Wt* 3 extent of proton uptake (AH') = 0.066 ¥ 0.015 p
equivs., H%/mg chl. ; rate of light-induced proton uptake #.

0.696 1 0.130 p equivs. H+/mg chl./minj rate of dark proton loss =
0.661 1 0.153 p equivs, HE /mg chl./min. TP-8" : extent of proton
uptake (AH') = 0.079 % 0.017 p equivs. E'/mg chl. ; rateof light-
induced proton uptake = 0.849 t 0.138‘p equivs. Hf/hg chl./min; rate
of dark proton loss = 0,838 T 0;089‘p equivs. Hf/mg chl./min,

.. (a) Ca2+—dependent ATP-ase activity of chloroplast fragments,

Chloroplast fragments were preﬁared from both the wt+ and TP-8+
strains essentially by the method of Levine and_Gormanl(l966). Early
stationary-phase cells (72 h o0ld) were harvested at'4 b4 103gav. for
5 min at OOC, The following procedure was carried out at OOC. The
cells were washed three timgs in a resuspension medium containing

4

medium in a ratio of 1 vol, buffer to 1 vol. cells, The suspension

20 mM XC1 in 10 mM tris/H280 buffer, pH 8.0, and iesuspended in this

was sonicated with aﬁ.MSE ultrasonicator to approximately‘90% cell
breakage and then centrifuged three times ét 480 8av. for 6 min to
removevuﬁbroken cells, The resultant supernatant was fgrther centri-
fuged fdr 2vx 104 8av. for 20 min and the residue resuspended in the
resuspensioh mediunm, usihg a glass homogeniser, at a concent:ation’of
1.0 mg chlorophyll/ml.

The ¢a2+-debehdent ATP-ase activity and iﬁs inhibition by drugs
were assayed as described féi the purified chloroplasts of thé cw15+
strain in the Materials and Methéds of Chapter 3. The conditions of
the assay vere optimal or near optimal (Appendix Figs. 16 to 21), namely
final concentrations of 3.2 mM ATP, 5.3 mM CaCIz, 10 min incuhation

at 36°C, an assay pH value of 8.0, activation for 1.5 min at 60°C

and 7.1 mf disodium EDTA (activation stage concentration). The kinetic
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experiments shown in Appendix Figs. 16 to 21 were carried oixt with ..
the other conditions at optimum levels.
The mean control rates for the ATP-ase activity over a series

of 15 determinations were 62.1 + 9.4 and 52.3 ¥ 9.8 p moles Pi

liberated/mg chl./h for the Wt' and TP-8" strains respectively.
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Resulté

(a) Electron transport activities,

The electron transport activities of sub-cellular preparations

(fof C.reinhardii Wt+vare shown in Tables 5.1 and 5.2. Respiratory
and non-cyclic photosynthetic electron transport rates ﬁere low or
absent in the absence of the approﬁriate electron donors or sﬁbstrates
- (Table 5.1). Addition of MV and KCN in the light stimulated MV
oxidation approximatelj 20 fold and addition-of NADH or succinate in
the dark likewise stimulated_theirespiratory electron fransport'activities.
Addition of ADP, Pi and uncouplers had no effect on the oxygen uptake
rates, indicating that electron transport activities ﬁere nqt tightly
coupled to phosphorylation in these preparations. The inhibitoré used
‘to selectively inhibit NADH oxidation (rotenone) or succinate oxidation
(malonate) were only partially selective in their‘activity (Tablé 5.2).
llowever, the use of these inhibitors,along with omission of the
appropriate substrates,probably resuited in‘theAseIective inhibition
'of either NADH or succinéte oxidation, Likewise, the use of‘KCN,
malonate and rotenone in the assay of MV oxidation was probably
sufficient to completely inhibit respiratory electron transp§rf in
the absence of NADH and succinate., | |

The effect of THT on the oxygen uptake coupled to MV, succinaée 4

and NADH oxidation in the Wt+ and TP~8+ strains of C.reinhardii is

gshown in Figs. 5¢1, 5.2 and 5.3 respectively. Very high concentrations
of TIT.were reéuired to inﬂibit these activities and.relativelf low
concentrations stimulated MV oxidation in both strains (Fige5.1).

There wags no apparent difference between the two strains‘in the
respénse to TIT of non-cyclicthotosynthetic eleétron‘transport (Fig.5.1); N
respiratory succinate oxidation (Fig. 5.2) 6? respirafory NADH - |

oxidation (Fi. 5.3). [The control (uninhibited) electron transport
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"Table 5.1, Electron transport activities of sub-cellular preparations

from C.reinhardii (strain wt*).

BElectro Oxygen Uptake (}Jmoles/mg chl./h)

Additions 20T MV NADH Succinate

Control" 2.9 0 0

+ Light 25.2 - -

+11.7mM Succinate - - . 14.6

+ 0.32mM NADH - 26.6 -

+ 0,12mM MV 51.8 - -

+ 1.1uM KCN 66,5 - -

+ 8.9l KIH,PO, 67.0 25.9 4.1

+ 4.,3mM ADP 66.8 - 23.1 14.8

+ 0.22pM DNP - 22.0 14.0 -

+10.7pM CCCP | 58.5 - 14.1

* Control contained only chloroplasts (40 pg chl,/ml) and

resuspension medium to a final volume of 2,5 ml.

Table 5.2, Effect of inhibitors on the electron transport activities

of sub-cellular preparations from C.reinhardii (strain wt'),

‘ \D‘Q?tro % Inhibition of Electron Transport
Addition onor MV * NADH Succinate
" . | Rotenone (2.1 pr) - 24 -
Rotenone (4.1 ju1) 0 58 26
Rotenone (15.2p11) - 75 ‘ - |
Malonate (0.4 mM) 0 14 42
KCN (1.1 mM) - 80 65
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Figure 5.1. Effect of TMT on the non-cyclic photosynthetic electron-
transport activities of extracts from the Wt* and TP-8*

strains of C. reinhardii.
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Figure 5.2. Effect of TMT on the succinate oxidation of extracts from

the ‘.Vt+ and TP--8+ strains of C. reinhardii.'
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Figure 5.3. Effect of TMT on the NADH oxidation of extracts from
the wt* ana tp~-8" strains of C. reinhardii.

+
@ e @ wt ]

A—nA TP-8".



-182-

"rates of both strains were also similar,

(b) Light-induced‘transmission changes of chloroﬁlast fragments,

’ The light-induced transmission changes of chloroplast fragments
gfrom the Wtt and TP-8% strains are showm in Fig. 5.4 and Table 5,3.

A small 1ight-induéed transmission changé occurred with chloroplésts
suspended iﬁ only buffer and PMS (Fig. 5.4 b). These transmiﬁsion
changes were stimulated by sodium acetate (Fig. 5.4c) but not by.KCl
(Fig. 5.4d) . Triorganotins,at low concentrations,slightly stimdated

the transmission changes in the presénce of KCl1, although they inhibitéd
the'changes at higher concentrations (Fig. 5.4 e and fgaﬁiTable 5¢3) .
There was no épparent difference between the two strains>in either .
the specific activities of the chloroplast fragménts or in their résponse

to triorganotins.

(¢) Light-induced pH changes in chloroplast fragments,

The effect of TMT on the light-induced pH changes of the W'
and.TP--B'+ strains is shown in Fig, 5.5f In both strains; the rate
of light-induced proton'uptake was most sensitive, ihe rate of dark
proton loss intermediate, and the extent of pﬁoton ﬁptake least
sensitive to inhibition by TIT. There was little difference in the
'inhibitory activity of THT towards both strains in this assay. The
. control (uninhibited) proton changes of both strains were also siﬁilar.

(d) Ca2+-dependent ATP-ase activity of chloroplast fragments,

' The Ca®*-dependent ATP-ase activity of both the Wt and TP-8"
strains were equally inhibited by high concentrations of TIIT (Fig.5.6),.
The control (uninhibited) ATP-ase activities were also similar in both

" strains.

Pable 5.4 sumnmarises the inhibitory activity of TMT on the

chloroplast fragments of the two strainé. On a mg of chlorophyll



-183~

10%
AT

E2 min 3

Figure 5.4. Light-induced transmission changes of éhloroplast

fragments from C. reinhardii.

Series 1 and 2 are with the Wt+ and TP—8+ strains‘

respectively, with the following assay components:

(a) 20pM PMS in Hepes/NaOH buffer, pH 8.0. (b) 20uM
PMS and chlovoplasts (1QPg/m1).'(c) 20pM PMS, chloro-
plasts (19pg/m1)'and 100mM sodium acetate. (d),qum
PMS, chloroplasts (10pg/ml) and 100mM KCl. (e) Same -
as (d) plus 0.24}m TPT. (f) Same as (d) plus 0.34uM
TMT, )

. f¢ Actinic illumination on.
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Table 5.3. Effect of triorganotins on the light-induced transmission
- changes of chloroplast fragments from the wtt and ‘I‘P-Bf"

strains of C.reinhardii.

Transmission Qhapges*
Stral - (% of Control)

Priorganotin wet mp-gt
T (0.3 }m) 115 113
D (2.6 pM) - 108 113
TMT (4.3 },M) : e 92
TML(15.3 pit) | 69 69
TET (0.1 pi1) . 116 108
TET (1.3 PM) : . 84 - 85
TPT (0.2 pM) 126 a3
BT (0.5 pii) - 160 - - 148
TPRT(0.9 i) | 110 106
TPhT(2.6 M) 93 " 8

* Carried out in a medium containing 100 mM KGl.
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Figure 5.5. Effect of TMT on the light-induced pH changes of

-

suspensions of chloroplast fragments from the wtt

and TP-—8+ strains of C. reinhardii.

"A—aA Rate of light-induced H' uptake. _
A—A Extent (AH') of light-induced H' uptake,

o—s Rate of H' loss in the dark,

1
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Figure 5.6, Effect of T™T on the,Ca2+- dependent ATP-ase acti?ity
of chloroplast fragments from the Wt' and TP-8% strains

of C. reinhérdii.
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Table 5.4. Summary of the effect of TMT on the chloroplast fragments of the Wt* and TP-8" strains

of C. reinhardii.

=4
[MMT] (pmoles/mg chl.) Required to Produce 50% Inhibition of Activity
Electron Transport Light-induced pH Changes - Ca3+-
MV | Succinate NADH Rate of | Extent of H' | Rate of H' | dependent
Strain | Oxidation | Oxidation | Oxidation | H" Uptake | Uptake (AH') | Dark Loss | ATP-ase
wet 430 370 120 1.35 9,02 3.83 19
tp-8* 340 470 100 0.68 ~ 8.35 2,26 23

~281~
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basis, the light-induced proton changes were most sensitive to

inhibition by TMT and the Ca2

+-dependent ATP—ase activity less
sensitive., Much higher TMT/chlorophyll ratiOS were required to

, inhibit the respiratory and non-cyclic photosynthetic electron transport
activities, In the electron transport assay, HV and succinate oxidatioh

were inhibited by similar concentrations of TMT but both ﬁere less

sensitive to TMT than was HADH oxidation,
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Discussion

The various activities of the sub-cellular preparations from

C.reinhardii responded similarly to the inhibitory effects of TMI in
~both the Wt and TP-8% strains. Consequently, the TMT resistance in
the TP~8" strain does not appear to be localised at thé level of_the
Ca2+-dépendent chloroplast ATP-ase, respiratory and non-cyclic photo-
synthetic electfon transport, or the high-energy intermediate of
photos&nthetic energy transfer.

The high concentrations of TMT required to inﬁibit the test .
reactions compared to thoserequired to inhibit state 3 oxygen evolution
in pea chloroplasts (Chapter 3) may 1ndlcate a non-specific mode of
inhibition by T ”MT in these preparatlons. That high (=>1mM) concentratlons
of TMT can produce non—speclflc denaturation of chloroplast structure,
with concomitant inhibition.of uncoupled electron transport, has been
observed by Watling-Payﬁe and Selwyn (1974). ' This may be related to
the détergent—like effect on mitochondria of high concentrations of
triorganotins (Stockdale et al., 1970). |

The C1~ —" OH~ exchange reaction mediated by the triorganotins
in péa_chloroplasts (Chapter 3) was not stimulated t6 the same extent

in the chloroplast preparations from C.reinhardii. The light-induced

transmission-éhanges in a‘KCl~containing medium were only slightlya
stimulated by triorganotins at concentrationsnthat.induced largg
changes-in pea chloroplasfs. In addition, the dark decay rate of
the.ligthinduced proton gradient in a KCl medium were inhibifed bj
™MD at concentrationé which stimulated'this‘rate in péa chléroplasts
(Chapter 3). Consequently it would appear that the C1™ —' OH

» éxchange reaction mediated by the triorganotins was operative to

only a small extent in the chloroplast preparatlons from C.relnhardll

.The small otlﬁulatlon of MV oxidation at low TMP concentrations may
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have been due to the slight cl~- — OoH exchange teacﬁion present,
since a similar stimulation of basal non-cyclic eleét:on,transport"
by T¥T has been attribufed to this uﬁcoupling mechanism (Watling-
| i’ayne and Selwyn, 1974).

The reason for the low rates of the €1~ — O exchénge‘reaction
in these preparations is not clear but, since the reaction procéeds
in response to the pH gradient generated on illuminationl(Watlingh
Payne and Selwyn, 1974), it may be related to the very low extents
of broton uptake in these chloroplast fragments. The extent of proton

uptake at pH 8,0 in similar preparations was approximately 0.035}1

equivalents H' per mg chl. for the Wt' strain of C.reinhardii (Appendix
Fig.iS),as compared to an average of 0.5 p.equivs. ut per ng chl. for
the pea chloroplasté at pH 7.6 (Chapter 3). Alternatively, the low
' exchange_reaction rates may be partly due to the deciease in osﬁdtie
response of chloroplast preparations with decreasing size of the
partiéles (Gross and Packer, 1967).

Comparison of the inhibitory effect of T on the vérious

activities of the sub-cellular preparations of C.reinhardii (Table 5;4)

reveals a more specific effect of this compound on thé light=induced .

"pH changes than on either the Ca2+-dependent ATP-ase'activity or
electron transport. The significance of this is not clear, particﬁlaxly :
since the ATP-ase assays were carried out at a different pH (8.0) than
either the pll changes (7.0) or electroﬁ transport (7.0) assays.

Howevexr, it may indicate a more specific effect of TMT on the thylakoid
membrane as opposed to a direct effect on either the CFi or intermediates
of the electron transport chain. The fact that the rate of light-
-induced proton uptaké and dark proton loss were more sensitive-to ™D

than the extent of proton uptake may indicate a blockage of the proton-

conducting channels in the thylakoid membrane, analogous to that
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reported for TPhT (Gould, 1976). However, since the exteﬁt of proton: |
uptake was not stimulated by TMT, as would be expected of a TPhT-
like mode of action, THMI may have a somewhat different inhibitdry
‘mechanism than that of TPhT. It is possible that the molecules of
TP, which are smaller than those of TPhT, only partially block‘the
proton-conducting channels and hence affect the rate, but hot the
extent, of proton movement across the thylakoid membrane,

In conclusion, it appears that the potential use of the rp-g*+

mutant of C.reinhardii in the study of energy conservation is uncertain,

Although this mutant is resistant to the growth-inhibitory effects

of compounds that affeét both respiratory and photosynthetic energy
transfer, the exact cellular site of resistance has not been localised.
' Furthér work is'reqﬁire& to determine the relative response to TIM

“of ATP synthesis associéted with both réspirétion and photosynthesis

in the Wt* and TP-8* strains. In this regard, conditions for producing

high, reproducible rates of photophosphorylation in chloroplast prepara-

tions from C,reinhardii have recently been developed (Brand et al.,
1975). In addition, a method for iéolating mitochondria from the

w15t strain has also been found (Ryan et al., 1973, 1974). Consequently,

both‘respiratory and photosynthetic energy conservation in C.reinhardii
has become much more accessible to both genetic and biochemical

analysis in vivo and in vitro. This is illustrated by the fact that

a Mendelian mutant (F-54) of C.reinhardii, which is incapable of both !
cyclicwand non-cyclic phbtophosphorylation, has a lesion in the |
“terminal steps of photosynthétic energy transfer at the level of the
Ca2+-dependent ATP-ase (Sato et al., 1971). Since the coupling

enzymes invol#ed at all siteémof ATP synthesis.are affected in F-54,

%t appears that the enzymes are éither ideﬁtical or similar enoﬁgh

to be equallylaffecteddby the same genetic lesion. It would be
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interesting to investigate the effect, if any, of this éinglé

- Mendelian gene mutation on other ATP-ase activities of both chldroplasts
and mitochondria to determine whether the same gene is involvedvin
 their biogenésis. |

- The use of mutants of C.reinhardii,with lesions in energy conserva-

tion,are becoming more promising both from the point of view of wn-
ravelling the biogenetic relationship between respiratory énd photo-
synthetic energy conservation and in solving the perennial problem

of the mechanism of energy transfer.



Appendix Table 1. Composition of media ﬁsed for the growth of C.reinhardii.
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APPENDIX

.

Stock Component Quantity per Litre of Medium'
Solution Nitrogen=-
free
M A YAP A
‘Beijerink's MgSO4 °7H20 - - - 0.10
Nitrogen-free CaCl2 °2H20 - - - 0.05
Beijerink's I-IgSO4 '7H20 0.10 0.10 0.10 -
High Salt Ca012 -2H20 0.05. 0.05 0.05 -
I\I]E{[erO3 0.40 0.4Q 0.40 -
Phosphate KZHPO4 0.72 0.72 0.72 _0.72
buffer KH2P04 0.36 0.36 " 0.36 0.36
Prace . NazEDTA 5.00 5.00 - 5,00 5.00
elements . ZnSO4 -7H20 2,20 2.20 2.20 2.20
HBBO3 1.14 1,14 1.14 . 1.14
MnCl2 '4H20 0.51 0.51 0.51 0.51
(NH4)61«10-7024-4}120 0.11 0.11  0.11 - 0.11
Cu804 -5H20 0.16 - 0.16 0.16 0.16
FeSO4 ~7H20 0.49 0.49 0.49 0.49
CoCl2 °6H20 0.16 0.16 0.16 0.16
Supplements Sodium acetate - 2,00 2.00 2,00
Yeast extract - - 4,00 - .
Peptone - - 5.00 -

¥ Phe trace element components are in mg/litre. All other values

refer to quantities in g/litre.
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Appendix Figure 1. Effect of light ()Lmalx >650nm) intensity and

-

ammonium chloride concentration on the state 3 oxygen

evolution of pea chloroplasts.

Chloroplast preparation and assay methods are described
in the Materials and Methods of Chapter 3, using K3Fe(CN)6

as the electron acceptor,

*& .
A—A Light intensity.

A—A NH4CI concentration.



-195-

~ 1007 . S0
K~
N
)
S 80+
&
{'{a
53 i
8 60
QO
-« 5
- Q@
8
?-—l 40
g 2 .
< 0 /o/
2 207
(o]
g
3
1 J i
o . 1 2 . 3

, Activation Time (min) :
Appendix Figure 2. Time-dependent activation at 60°C of the Ca2+-

dependent ATP-ase activity of C. reinhardii (cw1s')

chlorOplaét fragments,

0/0/0\0

100}

S .
~N b
'-: .

ﬁ 80 o

> ¥

T3

- o 604

PR

0O o

< M
[}

® A

a5 407

& &

’»‘Cw . .
o 201 /
fur} .
o v,
: A
a3

- A‘l:./[ T 1 ] T

0 4 8 12 16 20

[NaanTA] mM or [CaCl ]m‘M

Appendix Figure 3. Effect of EDTA and calcium chloride on the heat-

activated Ca .-dependent ATP-ase activity of C. rexnhardii
(CW15 ) chloroplast fragments. '
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Legend to Appendix Figures 4 and 5.

Figure 4, Effect of different SDS concentrations on the
fluorescence intensity of varlous ethidium bromlde

solutions.

The fluorescence intensity of different sténdard EB
solﬁtions containing various SDS concentrations was
deterﬁined by adjusting the fluorimeter to maximum
sensitivit& (to give an intensity of 2.0 arbitrary units)
with the indicated EB sdlutions containing 46.1mM SDS. The
fluorescence intensity, relative to the maximum of 2.0,
of the standard EB solutions, in the presence of lower SDS
concentrations, was then determinéd. The standard EB solut-

ions used were:~ o~e SO}xM, LA 200pM, o—o 625;1}1..

Figure 5. Relationship between the relative fluorescence
intensity and ethidium bromide concentration in the

presence or absence of SDS.

The fluorescence intensity of different standard EB

solutions in the presence or absence of SDS was determined

by adjusting the fluorimeter to maximﬁm sensitivity with
solutions of 625PM or 62.5pM EB in the presence or absence
of 24,3mM SDS, In the absence of SDS, the fluorimeter could
only bg adjusted to give a maximum reading of.1.5>arbitrary
units with a solution of GZSPM EB. In the presence of SD5;
both'625PM and 62.5puM EB solutions could be adjusted to
give 2,0 arbitrary units, The‘fluﬁrescence'intensity of
lcwer EB concentrations,vrelative to'maximum values of 2.0

or 1.5, where appropriate, was then determined. The standard

- EB splutions used were:-A—wz,s,'un@lus 24,3mM SDS), o—o

625pM (plus 24.3mM SDS), A-A625pM (no SDS).



Zrﬁ,,,a A
30 40
//////’/////,A

[sps] mM
/0
A

-197-
20

10

. 600 700

500

300 400
Dﬂﬂ pM

200

100

(s3tun Lxex3}tque)
- £3Tsuajuy aduadsazoniy o>a¢maom

(s3tun Lxexjrqae)
£31suajuy adouddsaIonid 2ATIE[AY

| Appendix Figure 4.,
6-
2
8

Appendix Figure 5.



-198-

Appendix Table 2, Efficiency of various preparative procedures for
' the liquid scintillation counting of whole cells
of C.reinhardii. |

Preparative Procedure® e AES e
Value

Blank vial + scintillant . ] 0.6266 165
F+C+ scintillant , - 0.1340 602
F+C+ 0.5ml NaOCl + &cintillant | o 0.4286 24162
P4C+ scintillant + 0.5ml NaOCl : - 0.4735 5732
Blank vial + scintillant + 0,5ml NaOCl | 0.4704 9399
F+C+ 1.0nl H,0, + scintillant ' 0.0227 689
F4C+ scintillant + 1.0ml H,0, | 0.1584 9641
Blank vial + scintillant + 1,0ml H202 - . ' 0.3850 214
P40+ 0.5ml 10/ H,S0,+ scintillant - 0.2147 125
F4C+ scintillant + 0.5ml 10% H,S0, - | o.0783 165
Blank vial + seintillant + 0.5ml 10% H,S0, ] 0.4949 162
F+C+ 0.5m1 C1,/H,0 + scintillant | 0.5078 190
F4C+ scintillant + 0.5n1 Cl,/H,0 | 0.1204 123
Blank vial + seintillant + 0.5ml CL,/H,0 ‘ 0.5698 198

113, ] s |
F+ 10p1 414 pii ["2Sn| TBT + scintillant 0.6362 38301
F+ 5pl 414 pt [Msn] mer 4 scintiliant 0.6355 19505
F+ 10p1 414 pi [113Sn] TET +0.5ml Cl,/H,0 + scintillant| 0.5827 36822
Pr 5 pd 414 a1 [M350] TED 40.5m1 €1 /00 + scintillant | 0.5924 16143

| *Refelrs to order in which the various components were added to the via.is
¥ = glass fibre filter, C = cell suspension,

‘ ®Results were the mean of three 'repliéates for each treatment.
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Appendix Figure 6., Relationship between the AES value and thel
calculated DPM of quenched samples of PlasélTET.

A—A Using unbleached cells of C, reinhardii as quenching .

- agent.

o»—e Using chlorine-water bleached cells of C., reinhardii

as quenching agent.
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Legend to Appendix Figures 7 and 8.

“Appendix Figure 7.

A—A AES_value.

e—s¢ DPM calculated directly from CPM and AES
value, ' '

Appendix Figure 8,

A—A AES value,

DPM calculated directly from CPM and AES
value, ' ‘

e—e DPM calculated from the CPM, AES value and

correction factor using Appendix Fig, 6.
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Appendix Figure 9. Colony formation on agar plates used for

tetrad analysis.,

Zygospores were streaked along the agar surface
and single zygospores separated to the right of the
line., After maturation of the zygospores, the daughter
cells were separated along a line at right angle to the

streak and subsequently developed into separate colonies,
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Except where indicated, the 'assay medium contained 100mM acetate, 20
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Appendix Figure 11, Effect of chloroplast concentration on the
absolute (A%T) and specific (A%T/mg chl.) activity of the light-induc-
ed transmission changes of C; reinhardii (Wt*) _chloroplast fragments,
The assay medium contained 100mM acetate, 20uM PMS, 10mM Hepes/NaOH
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A—A A%T, - o—e A%T/mg chl. |




-204-~

Legend to Appendix Figures 12 to 15,

Effect of various conditions on the light-induced nt uptake of

C. reinhardii chloroplast fragments,

e—e Extent of H uptake (AHY),
A—b Rate of H' uptake on illumination.

A—A Rate of H' loss on switching off the illumination.
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Appendix Figure 16, Effect of pH on the heat-activated, Ca2+-
dependent ATP-ase activity of C. reinhardii chloroplast fragments. .
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Appendix Figure 17. Effect of EDTA and calcium chloride on the

2
‘heat-activated, Ca“+-dependent ATP-ase activity of C. reinhardii
chloroplast fragments, '

A—A- EDTA, e—e Calcium chloride.
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