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Abstyact

A comparstive study of the photosensitization of isolated

menbranes of nirmented and non-nigmented Screina luten in the

sresence and absence of en exogenous nhotosensitizer has been macde,.
I1lunination of membrones at low licht intensities with toluidine
blue resulted in nhotoinactivation of malate, succinate, lactate
and ascorbete oxidases. Methylene blue and DCPIP reductions,
cytochrome ¢ and ascorbate-TITD oxidase activities also showed
nhiotoinactivations, Paotoinactivation was always greater in non-
nigmented than in nigmented membranes, 20 minutes' illunination
caused reversiule inactivation, while 60 minutes' illumination
caused irreversible photeinactivation of malate oxidaose ectivity
in the nen-pigmented meabrones.

5 minotes' illumipation et high light intensity, without
exozenous photosensitizer, coused reversible photoinactivation of
malate and succinate oxidases and malate : DCPID and svccinate ¢
DCPIP reductions in picmented membranes, Non=nigmented wembranes
showed irreversitle photoinactivation of these enzyme activities.
Photoinactivation of malate : vitamin K reductase was reversible
in all memurenes.

15 miputes! illumination irreversibtly photoinactivated malate
and succinate oxidases, but reversibly photoinactivated malate and
succinate ¢ DCPIP reductions in the nigmented membranes., XNon-
nignented membranes showed irreversible photoinactivation of these
enzyve activities. IMalate and succinate : vitamin K reductases
of both strains showed reversible photeinactivation,

25 minutes' illuninotion with ultraviolet—-filtered lizht
showed no photoinactivation of PUS or methylene blue reductions,
but showed reversible photoinactivation of molate oxidese activity
in the nigmented strain and irreversible photoinactivation in non-
pigmented cells and membrenes. There was irreversible photo-
inactivation of malate : DCPI? reduction in both strains. Permanent
photoinactivation of NADI oxidase activity was observed in pigmented

membranes, while NADI : DCPIP reductien showed no photoimactivation.



¥alate 3 vitomin X reductase activity in both strains showed
reversible photoinnetivation, The walate oxidase end malate 3
vitawin K reductase activities of two other non-piguented wutants
shiowod identical properties,

It is concluded that carotencid reduces photoinactivation
generally in the presence of am exogenous photosensitizer, but
protects o specific site in the respiratory chuain in the absence

of added dye.
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CIAPTER 1

DISTORICAL TNTLODUCT ION

1. General introduction

Sarcinn luten Schroeter, a non-~nhotosynthetic, non-pathogenie,

common air-contominant, forms coarsely granular, yellowish nigmented,
circular colonies when grown on nutrient agar, The yellow compounds
belong to the group carotenoids (1), The carotenoid pigments most
comnonly found in bacteria belong to the following groups:
(i) hydrocarhbons or carotenes such as betacarotene, (ii) alcohols or
xonthonhylls, (iii) esters and (iv) earotencid acids. Carotenoid
nigments are rather widely distributed in the mierobial world., They
are present invariably in all photosynthetie orzanisms bub are also
nroduced by some fungi and non-photosynthetic bacteria. These
nigments have been widely studied during the last few decades owing
to their interesting chemical structure and also to their possidble
biolocieal and physiological importance, ’
NMowever, at the present time comparatively little is known
ebout the precise physiologicael fanctions of the carotenoids other
thoan as precursors of vitasin A in animal systenms. In the photo-
synthetice bacteria the carotenoid pisments have been found to protect
these organisms apainst lethal photooxidations in which the intra-
cellular bacteriochlorophyll is the photosensitizer (2, 3). It has
been found that the carotenoid pigments of non-photosynthetie bacteria

such a8 Sorcinn lutea or Corynebacterium noinsettine have a similar

protective function (4, 5). Unlike the photosynthetic bacteria,
photodynamic killing of cerotenoidless mutants of these organisms
normally occurred at low light intensities only in the presence of

on odded photosensitizer and oxygen, while pigmented strains were
unaffectods At high light intensities (e.g. direct sunlight) and
in the chsence of an exogenous photosensitizer, carotenoidless wmutants
were killed in the presence of oxygen while the pigmented strains
escaped photodynamie action (6). These results sugsest the prescnce
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within the ecells of substohces which act as photosensitizers at high
licht intensities in the photodynamic killinr of carotencidless cells,
The carotenoid pigments prevent the lethal ection of the exosenous as
well as of endogenous photosensitizers., The chemical nature of the
endogenous photosensitizer is, however, not known.

The role which cuorotenoids play in bacterial photosynthesis,
other than their protective one, is far from beiny understood. Cwing
to the ubiquitous association of cerotencids with all photosynthetic
systems, their direct participation in photosynthesis has been regorded
as one of their principal functioms., Corotenoids participate in
photosynthesis as auxiliary absorbers of radiant enercy which, in
turn,; may be transferred to chlorophyll and converted to chemical
energy. The efficiency of this emergy trappning, hewever, varies with
different carotenoids and organisms (7). Chlorophyll plays an
essential role in photosynthesis since, in its absence, photosynthesis
cannot toke places By contrast, the role of carotcnoids is of a more
supplementary nature since photosynthesis can proceed in their
absence (8). Corotenoids may also play other roles in photosynthesis.
There is o probability that they might participate in the transport of
electrons in photosynthesis., Electrons could be transferred from
photoexcited chlorophyll to a carotemoid, with the latter then playing
some essential role in "mediatinz" an electron-transfer from a domor
to en acceptor molecule (9)._ In this conncction several workers have
observed absorption changes during photosynthesis believed to be due
to corotenoids (10),

Oxygen—evolving phototrophs usually contain enoxidic carotenoids,
and Dlass et al. (11) heve advanced the hypothesis that reversible
rewoval of epoxidic oxyzen may be part of thoe oxygen evolution
sequence in photosynthesis. 1In photosyntheﬁic bacteria, where
epoxidie eorotenoids are not present, oxygen evolution dees mnot ocecur
during photosynthesis. Krinsiky et al. (12) have pointed out that
the epoxidie carotenoid, neoxenthin, is virtually ebscnt in dark grown

Eusleno gracilis, and that forwation of necoxanthin upon illumination

of the same organism, previously grown in dark, paralleled the

development of photosynthetie competence. However, no direct
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evidence for this hypothesis has been obtained.

As noted above, carotenoids play en importent role in the
protection of cells against photodynamic killing., Iowever, the
precise wey in which this protective function is perforwed is still
uanknown. Since these pigments cere found in the mombranes (13, 14L
the present study wus plonncd to investigate the nroperties of the

cell nmesbrane in relation to the cerotenoid pigments of Sorecina luten,

The study comprises preliminary expericsents with cell-suspensiouns of
wild cnd a non-pigmented mutant of S. lutea which were subjected to
illumination in the presence and ebsence of en external photosensitizer,
toluidine blue. Mewbrenes from pigmented and non-pigmented S. lnten
were illumipated initially in the presence of toluidine blue and
finally without eny added photosensitizer. These latlter experiments
were designed to investigate the properties of endogenous plioto-
sensitizers. So far no investigations have been made on the protective
function of carotenoids using isolated cell wembranes. This study

of the role of carotenoids in S. lutea involves work with isolated
membranes end provides an opportunity to gein a fuller understanding

of the functions of these pigments in a non-photosynthetic bacterium.
2e Carotenoids

(a) = Geaeral.

Carotenoids have attracted the curxoszty of scientists 81nce
the bezinning of organie chemistry, In the classical period the
structural determinations of the carotenoids, derived chiefly from
plant sources, were édrried out Ly semi-micro methods, by weans of
chemical degradation. Vearious tynes of oxidative degradations,
catalytie hydrogenation, determination of side-methyl grouns ete.
were used, and the structure of many of the common C-40 skeleton of
carotenoids was established. This early work was elegantly reviewed
by Karrer and Jucker (15) in 1943. . Physical methods were pertly
used at that time, but the subsequent period has been characterized
by development of improved micro-techniques and new methods, particu-

larly spectroscopic and chromategrephic ones.  In the last ten to
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fifteen years, considerable nrogress hes also been made in the field

of biosynthesis of the coloured 40-carbon picments,

(b) Carotenoid chemistry.

Carotenoids consist of a long'chain of conjuzated hydrocarbons
substituted ct certain positions by methyl grouns ond generally
terninated by two partially saturated rings, They may be regorded
as composed of isoprene residaes, usuvolly eight, arranged in such a
way that nearest to the centre of the molecule two methyl groups are
present in 1:8 positions, while the lateral methyl grouns occupy 1:5

positions with respect to each other (see Fig. 1),

Fige 1, Isoprene units in,g-carotene,

Many of the physical and chemieal properties of carotenoids
result from charccteristic feaotures of their molecalar structure.
In particular the delocalizotion of the 7-electrons over the eantire
carbon chain readily permits polerization of the molecule (16), and
the energctic values of the highest occupied and lowest empty moleculer
orbitals sugpest that these cowpounds should be excellent electiron

donors and acceptors (17).

(c) TBDacterial carotenoids.

Carotenoid pigments are widely distributed in the microbial
world, They ere invariably present in all photosynthetic micro- -
organisms and are also present in a variety of non-photosynthetic
bacteria (13). Early work by Sobtin and Stahly (1) showed Screina

luten to contain only two carotenoids, while S, flava had only one,



identical with one of those found in 3, lutes. Thirkell and Strang

(19) reinvestigoted pignents in S. luten end S, flova and isolated

seven froctions, all apparently with the same chromophorie group,.

These froctions were hydrocarbons or polor carotemoids, There was

no evidence for eny simnle carotenoid esters. Strang (20) studied
e snectral characteristics of the carotenoids of S, lutea and

3, flova and found six pigrents. !Most cerotenoids reported to occur

in bacteria hove 40 caorbon atoms, but Jensen and Weeks (21) reported

a C50 carotenoid in Flavoboeterimn dehvdrorenans, Thirkell et al.
(22) have pow reported the existence of an apparently identical 050
carotenoid in S, flova and sugrested the possible occurrence of the

game in S. luten,

K Plrotosensitization and hacterial cerotencids.

Ian a biological system exogenous dyes can bring about damage
or even complete destruction when subjected to artificisl light of
low intensity., Similar cdamage or destruction could be produced at
very high light intensities (e.g. direct sunlight) without any edded
photosensitizer. In the latter case the endogenous pigments ia the
cells (e.g. cytochrowes, flavins) presumably act as the photosensitizing
agent. It is well known that some of the umine acid residues in a
protein, such as histidine, tryptophan, methionine and tyrosine, can
specifically we oxidised by irradiation with visible light in the
presence of o suitable photosensitizer (23). It has also been found
in vitro that wvhen solutions of e number of proteins were irradiated
with visible light in the presence of various dyes like methylene
blue (24) end proflavin (25), oxygen was teken up and oxidative
destruction of histidine, tyrosine and tryptophau and oxidation of
side~chains containing sulphur took place. The precise nature of this
photodynamic action, however, is mot known. Blum (26) defined photo—
dynamic action as "the sensitization of a biclogical system to light
by a substonce which serves as a light ebsorber for photochemical
reactions in which molecular oxygen talkes part.® The dye appears

to act catolytically and only undergoes destruction in side reactions,



The commonly proposed mechanisms for photodynamic action found
in the biological literature may be summarised as follows (27):

_ . . :
(I) S+ hv ua-s*-a-s’; S+ RI,-> S + Rn2; nug + Og-a-products

* ,
(II) S+ bv => S =»8"; S’ + Rly=> S, + Rj Sl + 0,-» S + 0,0,

% W) * PN T
(III) S + hv => S =» S;8'+ 0;=> S + 0,3 R, # 0,-> products

» : .
(V) S+ v =>»s—>»5s’; 8+ 0,~» S00; BRI, + S00 -» products + S

) . * . ‘
+ hv —» SR _—> SKI.; SRHS + 0,=> S + product

v) s+ RI,~> SRI,; ST,

There S is the sensitizing dye, hv is a guantun of light, s* is the
first excited singlet state of the dye, S’ is the triplet state of

the dye, RI, is the substrate, RH; is en excited foru of the'substfate,
"nroduects” ;epresents'the oxidised form(s) of the substrate, R is an
oxidised (dehydrogenated) form of the substrate, S, is a photo=
reduced form of the dye, 02 is an excited or reactive form of oxyzenm,
S00 is a reactive dye-oxyzen comnlex (recarded as & "moloxide," or as
a free radical, the oxyradieal ete.), SBI, is a dye-substrate complex,
and SR and ST

2
It is to be noted that the ground state senmsitizer is ultimately

are excited forms of the dye-substrate comnlex,

rezenerated in all the proposed reaction schemes.” In mechanisms (I)
and (II), substrate is the primary recctant with the excited sensitizer,
while in mechanisms (III) and (IV) oxyczen is the primary reactant.
Mechanism (V) requires a binding of sensitizer to substrate prior to
1izht absorption. Although a pumber of reaction mechanisms have
been proposed to account for photodynamic action, it must be admitted
that the mechanisms involved, esyecially in more compiex sys£ems,'are
little vnderstood. Nore than ome mechanisa can probably occur with

a given substrate, depending on the dye and the reaction conditions

ﬁsedo -



4. Photlodynamie action in rhotosynthetie baecteris

Carotenoid pigments of the bacterial cells can act as protective
acents against lethal photosensitized eoxidations, This was first
demonstrated in photosynthetie bacteria by Griffiths et al. (3).

Their observations were based on studies with a blue-green carotenoid-

less mutent strain of the non-sulnhur nurple bacterium Rhodonsecodomonas

g~heroides, In this mutanty the coloured carotenoids were renlaced
by en accumulation of the colourless polyene, phytoene, which led to
chanzes in the absorption spectrum of the organism both ip the blue
recion of the spectrum and in the infrered. The major change,
however, was noticed when these blee-creen organisms were grown under
aerobiec conditions in the lizht., Under these conditions, the wild
strain continued to grow at the same rate as it had under anaerobie
conditions, although there was en inhibition of pigment formation,.
Under aerobic conditions there was cessation of bacteriochlorophyll
apd carotenoid synthesis, which was resumed on establisliing anaerobic
conditions. In the mutant strain, growth proceeded at its normal
rate under either anacrobic conditions im the lisht or under eerobie
conditions in the dark. However, when mutant cells were exposed to
serobic conditions in the presence of light, there was cessation of
crowth and decrease in the concentration of bacteriochlorophyll.
Subsequently there was massive death of the bacterial cells as was
denonstrated by a decrease in viable counts., Therefore, as neither
licht nor air alone caused death of the mutant cell, destruction was

-~ J thouzht to be due to a photodyhamie exidation. ~ Using saiteble
filtera they further dcmonstrated that the light which caused the
death of the blue-green mutant strain was ligcht absorbed by bacterio-
chlorophyll., Since the cafotenaid-containing strain of the same
organiém did not show such a photosensitizationy they concluded that
the presence of visibly'cbloured carotenoid within the cell prevented
the killingz of the cell when exposed simultoneously to oxygen and
licht, and this killing was produced by lizht absorbed by the

bacteriochlorophyll in the absence of coloured carotencids.
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Cohen-Bazire and Stanier (2) produced carotemoidless cells of

Nhodognirillum rubrun by using dinhenylamine (DPA), a compound which

sclectively iphibits carotenoid biosynthesis, The diphenylemine is
considered to nct by iphibiting oxidation (dehydropenation) of the
colourless carotenoids (phytofluene etc.), which then accunulate,
They observed similar photodynamie killing of the mutant as above.
and formulated a hypothesis that the carotenoid pigments acted as
chenical buffers cgainst lethal photooxidations,

he study of the blue-green mutant of R. snheroides was continued

Ly Sistrom et al. (38), who alse used DPA to inhibit caorotenoid bio-
syothesis, and dewonstrated that either genetic or physiolozical
elimination of carotenoid pigments'rehders the cell extremely
suscentible to lethal nhotooxidation by ils own bacteriochleronhyll,
Felduan end Lindstrom (23) studied the effect of carotemoid
piymients on photooxidations of some photosynthetic bacteria. The
photooxidase activity of normal end carotenoidless mutants of

R. soheroides and R. rubrumn were compared. In Rhodonseudomonas

carotenoids functioned as accessory pigments for photooxidations,
When corotenoids were absent, more of the photecoxidant was anparently
available for indonienol oxidations. It seemed that the carotenoids
could function as biologic@l buffers for excess oxidising power.

With Rhodosnirillum, carotenoids apparently did not function as

eccessory pigments in photooxidations, and ebsence of carotencids
did not increase the specific activity of indophenol photooxidaticns,
This epparent difference in carotenoid function probably reflected a

difference in cerotenoid concentraticen and/or in meambrane structure,

L Photodynanie oaction in pon-nhotosynthetie baeteria

In the non—photosynthetic bacteria the presence of endogenous
photosensitizers has not been readily observable unless very high
licht intensities aore used. Most workers have used exogenous
photosensitizers to demonstrate a photodynamic effect normally in
the absence of carotenoid pizments. The photodynamic effect has
occasionally been an inhibition of growth, but if the process of



photosensitization is prolonged, ultimately it leads to lethal
photooxidations, It is essentigl to mention that not all of the
studies to be discussed here fall under Blum's (20) definition of
photodynamic action, which requires a role for molecular 0, There
are several pliotosensitizers (both naturcl and artificial)_vhich
apparently do not operate via an 0,~ requiring step but pevertheless
cause domage to the cell, This w;s pointed out by lathewa (29)
who compared lethal photosensitisation in S, lnten using either
toluidine blve or the plant furocoumarine, 8-methoxypsoralem (8-CP),
In her study, the pigmented and carotenoidless mutants of S, luten
were killed at essentially the same';até when the cell saspensions
were exposed to lons-wave ultraviolet light (330 ~ 430 nanometers
in the presence of &-0P, 81102 did not cause any damace to the
cell in the darks Further, the degree c¢f photo%killing was less in
the presence of air (or oxyzen) than in the presence of helium.
The apparent protective function of oxyzren way have resulted from
some destruction of psoralen by oxysen. Dy contrast, cells treated
with toluidine blue only suffer lethal effects of light in the
presence of oxygen, and carotenoid protects these cells from photo-
oxidations It has been sugmested by Mathews and Sistrom that the
anaerobic photosensitization of S. lutea by 8-l02 does not cause any
danage to cellular protein as does toluidine blue in air, but rather
causes damage to cellular deoxyribonmucleic acid (D¥A)., This
sucgestion is sunported by the mutagenlc effects of 8-MOP in the
presence of light. ' ' ' :
Griffiths et al. (3) and Sistrom et al. (3), who studied
nhotosensitization of photosynthetie bacterium R. s-heroides,’

sugcested that the hypothesis that carotenoids serve as protective
agents Against potentially lethal photosensitized oxidations might
be extended to non-photosynthetic bacteria, where the carotenoid
pirments are often present in cells frequently ezxposed to light and
oxyzen under natural growth conditions. )
Kuhisawa and Stanier (4) workinz with the non-photosynthetic

bocterium Corvnebneterinm noinsettine used a wild strain containing

coloured carotenocid pigments and a white mutant obtained by ultra- -
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violet irradietion. C. noinsettine is believed to form four

principal cavotenoid picmentsilycoxenthin, lycopene, cryptoxaenthin
and snirilloxenthin (30), althoush the nresence of spirilloxenthin
hes since been denied (31)s Non-pipmented cells in which the
norual carotenoids were largely replaced by the colourless C-40
polyene, phytoene, were obtained by two methods: 4iselation of a
white mutunt end cultivation of the wild type in the presence of
diphenylamines The effect of visible light on dye-sensitized
pizmented end nom-pigmented cells showed that the non-nigmented
cells could be killed ranidly by exposures which were without any
effect on pigmonted cells, TPhotosensitivity was produced by both
physioclogical end genetic suppression of picment synthesis, The
rate of killiny by ultraviolet light was the same in the non-pigmented
matant as in the pigmented wild strains, indicatinr that the -
carotenoid-protected photosensitivity was specific for visible light.
The protective function of cerotencid pigments egainst photo-

dynarie killiny of Sorecirs lutes was studied by Mathews and Sistrom

(55 6)c They were unable to show apy killing of the mutant S, Inten,
in the absence of added pliotosensitizer, after exposure for 4 hours
to light from either tungsten lemps (3,000 ft. candles) or fluworescent
lemps (1200 ft. candles)s Ilowever, in the presence of toluidipe
blue, light and eir, the colourless mutant was rapidly killed while
the wild type was unaffected, &8 was the mutant in the ebsence of
either light or oxyzen. They further studied the effect of direct
sunlizht (12,000 ft. candles) on the wild type end corotenoidless
wmutents The result of their experiment showed that after an
exposure for 2 hours, more than 99 percent of the mutant cells were
killed; in the same period the pigmented ecells were not affected,
The mutant cells were not killed in the absence of oxygen, thus
demonstratingy that the carotenoids of non-photosynthetic bocteria

do protect the cells egainst & lethal photodynemic ection which cen
occar in the absence of exogenous photosensitizer at high light
intensities. These results indicated the presence within the cell
of substances which cen act as photosensitizers in the photodynamie

killing of carotenoidless cells., The carotenoid pigments prevented
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the lethal ection of these endogenous, as well as exogenous, photo-
scnaitizers, The chemical nature of the endogenouns photosensitizers,
however, 'is not known,

Since it has been shown that the carotenoids are located in
the cell membranes (14) it may be supposed that the mesbrane is the
site of photodynanic action. lience, it was poessible that ecellular
death was associated with changes im tho permeability of the cells.
Mothews and Sistrom (6) used two methods to detect chanzes in cell
perneability. In the first, the release of material absorbing atl
260 pm was tchen as an idea of change in permeability which took
place at the same time as, or shortly after, the onset of killing
due to photodynavic action. Release of the material from the
pigwented straoin was less than 3 percent of that from the same
amount of non-pizmented cells exposed to light. The second method
for the detection of chenges in permeability made use of the
properties of a dye, sodium=3-anilino-l-naphthalene sulphonate (ANSA),
which 1s not fluorescent until conjugated to proteins. The mutant
cells showed stronger fluorescence.than the piguented strain when
illusinated in the presence of toluidine blue and ANSA. They
suggested that a breakdown in the control of permeability might be
the cause of photodynamic death. To substantiate this notion, the
cells were killed by polymixin§ an egent known to cause death by
disrunting the permeability barrier of the eell, The increase in
permeability caused by polymixin was 4 to 5 times greater than that
caused by photodynanic action. fothiews and Sistrom concluded that
these results did not susport the suggestion that the primery lethal
event ih photodynamie killiny was & change in permeability, elthough
some changes in membrané permeability due to photodynamic action
occurred, - , , : :

fIt is possible that the primary lethal event in photodynamic
action 1s ipactivation of celluler enzymes. Succinate dehydrogenase
end nicotinamide adenine dinucleotide oxidase were mnearly totally
inactivated when carotenoidless cells were exposed to light and air
in the presence of toluidine blue. The rates of inactivation were

temperature-independents - In the pigmented cells these enzymes
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were not affected by this treatment (G),

“.In a comparative etady of lethal photosensitization eof S, lutea
(20) by S-methoxypsoralen (8-10P) and by toluidine blue, lMathcws
showed thot succinate dchydrogenase, reduced nicotinaride adenine
dinucleotide oxidaso and adenosine deaminase activities of the
cxtracts of both the pimmented and colourless strains were not
eornreciably reduced by irradiation of cell suspensions in the presence
of 8-10P, However, the enzyme aetivities in the toluidine blue
treated ones were rreatly reduced in the colourless mutant only.
Similarly, the succinoxidase and the pyruvie oxidase sctivities of
pigmented and colourless mutant cell suspensions were not affected
by 8-20P treatment, while in the colourless mutant were greatly
diminished by toluidine blue treatment. It is to be noted that the
adenosine deominnse end pyruvie oxidase are the two enzymes located
in the soluble fraction of the cell. She exnlained her findings
by postulating that the permecbility barrier of pigmented cells
treated with toluidine blue is intact,and that not enough dye is
allowed to enter the cells to photosensitize the enzymes. On the
other hand, the permeability berrier of the dye-treated colourless
cells is destroyed, and dye enters the cell end destroys the soluble
enzymes, It may farther be noted that the membrane-associated
adenosine triphosphatase activity of the colourless Myconlesmo
laidlawii was also epnreciably destroyed when the cell suspnension
was exposed to visible light in the prescnce of toluidine blue (32),
The carotenoid_containiﬁg pigrented ecells exposed to light under the
sane conditions lost only a small amount of enzyue activity.

Roth (née Vathews) (33) studied the effect of 2.5 x 10”5y
acridine orange, an organic dye capable of photosensitizing cells,
to determine the cellular site of lethal photosensitization and the
rrotection offered by the carotenoids to the bacterium S. luvten.
After irradiation of cell suspensions with visible lizht (2000 ft.
candles) for 2.5 hours, cell extracts were prenared and assayed for
reduced nicotinamide adenine dinucleotide (NADHQ) oxidase and
adenosine deaminase ectivities, the former enzyme being essociated
with the cell membrane and the latter with the cytoplasn (14).
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The NABHE oxidase of non-pigmented cells was destroyed, whereas
that of the pismented cells was unhormed., There was destruction of
the soluble enzyne, edenosine deaminase, to opproximately the some
degree in both colourless end pigmented cells, Ixposure of colourless
and pigmented cells to licht from a tunzsten lamp (1000 £t. cendles)
in the presence of 2,0 x 10"53 ecridine oraonge resulted in no
difference in the rate of killinz of the coleourless nmutant as
conrared with the wild type. However, when the pismented wild type
wvas exnosed to acridine orange end light, it was found thot colourless
nutants appeared in nusbers much greater than the spontaneous mutation
rate, The results of the exneriment indicated that the carotemnoid
pigments were capable of preventing the destruction of membrene
enzymes by ecridine orange in the presence of light, even though
they failed to prevent the lethel action of the dye. The exposure
to acridine orange and light resulted in changes in the DNA of the
exposed cells,
Thus, the effects of acridine orange on cells appear to be

similar to those of toluidine blue: destruction of both soluble
and membrane-associated proteins as evidenced by loss of enzyme
activity. It also causes destruction of DNA as indicated by increased
mutation rate. The primary mode of ection of toluidine blue, as found
above, anpears to be destruction of membrane proteins and enzymes, but
with acridine orange, however, the effect on protein seems to be a
minor one, Carotenoids are capable of preventing the protein
destruction and lethal effect of toluidine bluey but sre incapatle
of preventing cell deati from photosensitization by escridine orange,
wvhich is possibly due to alteration of cellular DNA, It is, however,
interestinzg to note that, although the carotenoids failed to afford
protection against both the lethal effect of acridine orange on the
DNA and the destruction of soluble proteins, nevertheless they'could
prevent destruction of mewbrane protein as in toleidine blue photo-
sensitization. ' '

- The effect of temperature on the protection by carotenoids
arainst photosensitizations in S, luten wos studied by Mathews (34).
Both pigmented and non-pigmented bacteria, in the presence of



toluidine blue and asir, were exposed to light (1000 ft. cuudleS)
for 8 hours at 4°C and 34°C. The corotenoids of the pigmented
S. lutea offered less protection at 4% then they did at 349C,
The colourless orgonism was killed at the same rate at both
temperatures, as had been reported previously (6). Mathews further
shoved exnerimentally thot the pigmented cells of S, lntea, when
exposed to high light intensities (16,000 ft, candles) without any
photosensitizer, offered less protection at 4°C than they did at 34%c,
However, at this light intensity, even in pigmented cells without
photosensitizery, photokilling did pecur after o delay of about 5
hours at 4% end 8 hours at 3490. ‘The onset of photokilling im the
carotenoidless cella was also delayed. A

, These photodynomic effects, which are modified by the presence
of carotenoids, have been shown by Mathews and Krinsky (33) to be
unrelated to the effects of ionizing radiations and ultraviolet

light, Subjecting both the radiation-resistant Mierococens so, and

its colourless mutant to gooma radiation, they found identiecal
killing curves, With n,ve light similer results were obtaired.
When left exposed to visible light in the presence of photosensitizer
toluidine blue, the pigmented wild type remained unaffected whereas
there was photokilling of the colourless mutants. Similar results
have been obtained with S, lvtea. It was comcluded that the
carotenoid pigments bad limited effects in protecting cells from
radiation damage by visible light, and that they had no effeet at
all during damage to cells by ionizing rodiation (gem:a roys and
x-rays) and w.v. light. ,

A purely nhotochemical process, photolysis of derk grown

stationary-phese cells of Myxocoecus xonth:ns, has been reported by

Burchard and Dworkin (36). This process was a typical photodynamic

one which involved no diffusional or enzymic sieps, The eells

grown in the light developed an orange carotenmoid,while the cells
grovn in the dark @id not develop any carotencid. Dark-growm

| cells were lysed by a relatively low light intensity but only during

-the statiopnary-phese. This lysis was temperature-independent end

oxysen~dependent. They found protoporphyrin IX to be the naturel



endogencus photosensitizer,

Mathews (37) observed that lNycobocteriom mayinus, whese

cerotenoid synthesis was prometed by licht (see pege 86 ), was
protected by the presence of carotenoid azeinst lethal photo=
oxidotions mediated by the dye toluidime blue,

In the non~photosynthetic bacteria tliere is no direct evidence
of how carotenoid pigments protect cells azainst lethal photo—
oxidations. Ilowever, Xrinsky (C3) studied the role of carotenoid
pignents as protective agents. agdinst pliotosensitized oxidation in
chloroplasts, and suggested that the corvotenoid pair enthieraxanthin
and zoaxanthin could act as “chemical buffers®™ to protect cells
against letbal plhiotooxidations. - Epoxidation of zeaxanthin took
place only in light and exyzen when conditions were established
which could lead to photosensitization. The recductive de- .
epoxidation of antlieraxenthin to zeaxontbin was a dark enzymic reaction.
These two reactions constituted the "epoxide eycle" by which
carotenoids could preveat lethal photosensitization of cells, The
role of the epoxide cycle acainst lethal plhotosensitized oxidations
was sugcested to be as follows: chlorophyll, excited by light, is
usually deactivated by the process of photosynthesis, Some of the
excited chloronhyll could occasionally cowbine with molecular oxygen
leadinz to photosensitized oxidations. - This potemtially lethal
combination, however, would normally be inactivated by a carotencid
such as zeaxenthin, which would itself be oxidised to its epoxide
derivotive, antheraxenthin. An enzymic mechanism such as antliera-
xanthin de-enoxidase would then regenerate the protective substrate
zecxanthiin, By this mechanisa the epoxide cycle could protect cells
azainst lethal photosensitized oxidations,

In Y¥vcobacterinm nhlei it has been shown by Brodie et al.

(29) and Brodie and Ballantine (40) that exposure of electron
transport particles to light (060 nm) resulted in loss of the natanral

naphthoquinone end the ability to carry out oxidative phospherylation,
together with NAD oxidqse and succinoxidase activities. BRestoralion
of both oxidation and phosjhorylation cccurred with substirates

linked to nicotinamide adenine dinucleotide (NADY) by the addition
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of vitomin El. In contrast, neither nanhthonninone nor benzoquinones
restored oxidative phosphorylotion with sucecinate as substrate,
indicating that & light-sensitive factor other than the Lknown quinones
is required for electron transport from succinate (41, 42), Since
knowledse of the components and sequence of carriers of the respiratory
chain is necessary for an understonding of the bio-encrgetic process,

s study wos undertoken by Murti and Frodie (43) to find the nature

and role of this new light-éensitive factor required for succiroxidase

sctivity in Mycobocterinm rhlei. Light damage caused by irradiation

of the porticles differed in two pathways. The succipoxidase
pathway wos more prone to dameze by irrediation then the nicotinanide
adenine dinucleotide pothway.  Addition of a thermostakle, waler-
soluble extract ebtaived froﬁ'eithér ¥, nhilei or from rat liver
mitoehondria resulted in 50 to GO0 percent resteration of succinoxidase
activitys, Addition of otiher koown co-Tactors, such as flavin adenine
dinucleotide, flavin mononucleotide, benzoe-and naphthoquinones and
sulphydril agents, hovever, failed to restore succinozidase ectivity
after irradiation. The site of action of the water-soluble material
from M., nhlei a@peared to be between the flavonrotein and the
cytochrome b on the succinoxidase pathwoy., = The succinoxidase

foctor failed to restore NADI oxidation, whereas GO to €0 percent
restoration of NADI oxidase activity could he achieved by the

addition of vitaminfml, which in the case of irradiaied particles
failed to restorc succinoxidase activity.. Whether oxyzen or
carotenoid are involved in this light effect is not known.

Ge ‘Photooxidation of earotencids

¥richt and Rilling (44) worked with a Mycobacterium sn. and

demonstrated photokilling of the carotencidless dark-grown cells
using only endogenous photosensitizers and very bright light (7400 -
10,000 ft. candles). Death did not occur under nitrogen., They
also Hund that the carotenoids of Mycobacterium sn, vwere rapidly

bleached under the conditions of high light iptensity which they

used. Usinz S. lotea es a test organism, Roth and Krinsky (45)



observed general destruction or disappearance of carotenoid pigments
during photodynamic killing., They were unable to demonstrate
specific light-driven reections amonz the carotenoids and suggested
that the carotemoid pigments might play a physical role in the
protection of nonnﬁhotosynthetic hacteria against the harmful
effects of light and oxysen, such as stabilization of the cell wall
membrane complex and not a chemical or biochemieal role,
Photosensitized bleaching of p-carotene with light was
demonstrated by Hasegavn et ols (46)e Their results showed that
irradiation with o monochromatie beam of lisght (632.8 nm) from a
countinuous-wave gas ldséé did not‘affect/e-carotene.- In the presence
of phetosensitizing dye toluidine blue 0 (4 x 10-5ﬂ),vhowever,
pumerous changes took place in /43-ccrotene, A considerable decrease
in the absorbance of 4. carctene was noted initially ﬁhich was
accouwpanied by small shifts of the absorption mexima to shorter wave
lengths a3 well as the formation of twe new peals at 400 and 375 nm.
Finelly they oUserved a complete kleaching of the solution, Using
colunn and thin-layer chromatography, up to 13 different compounds
were shown to be formed by the photesensitization of the g-carotene,

All the reactlons were oxygen—-dependent.

. Photoinduction of carotensid synthesia

Some organisms are photochromogenic, i.e. they will synthesize
pigrwents only when exposed to light. The kinetics of carcotemoid
synthesis of two species of lycovacteria have been studied by Batra
and Rilling (47). The action spectrum of photoindaction for
pigment formation of EHycobecterivm sn, had maxima et 865 and 400 nm

scparated by & minimum at 305 mm.  However, the action spectrum of
photoinduction of another species Y, morinum, had a principal meximum
at 404 nm and two lesser maxima at 495 apd 577 mne Flavin was
surgested to be the likely photoreceptor for the }Mycobscterium sn.

end a porphyrin for ), porinmm, - The photoinduction of caroteno-

genesis in Mycobocterimm an, was found to be depressed at an acid

pils A Mycobacterium species that synthesizes carotenoids only



after lizht stimmlation, has been used by Rilling (43) to study the
iohibition of carotemold synthesis by o variety of coupounds, Ia
addition to diphenylamine, other compounds such as benzophenone,
acridine orangze, methylene bluey neutral red, toluidine blue,
proflavine, acridine and 9, 10-diliydroacridine were found to inhibit
the formation of the more highly umsaturated carotencids. In all
cases accusulation of phytofluene oceurred when the formation of
wmore highly unsaturated carotenoids was ipnhibited. Under increased
oxyzea teusion all of these compounds, excent diphenylamine and
benzonlkienone, no longer inhibited formation of carotemoid pizments.
Using wolecular models, it could be demonstrated that the dihydro
derivatives of benzophenone and diphenylamine had a close siructural
sipilarity to that of the relatively saturated carotenoids in the-
region where subsequent dehydrozenation occurs., Thus they postulated
that these compounds could bind to the ecarotenoid dehydrogenases

subseguently inhibiting earotenogenesis,

It appears from the work so far reviewed that the cell mowbrancs
are the primary sites of lethal photodynawnic effects. The carotenoids
are localed exclusively in the mewmbranes and they play an important
role in the protection of the cells from the lethal effects of photo-
oxidations. Therelore, some aapects of the bacterial cell membrane

will now ke discussed.

Be Nacterial cell membrane

The developwent of a limitling wembrane is, in all probability,
a fairly early phenomenon in the evolution of cells which are
capable of slowing growth and»mu{tiplication.v Cell membranes
possess a degree of biological universality enjoyed by genetic
structures and the apparatus for the synthesis of protein, together
with some energy yielding mechanismns, , ,

Besides providing the cell with a protective and functional
(in the permeacbility sense) barrier, the cell mesbranes may cenfer



surface spnecificity, o property whieh moy bLe of considerable
imnortance to the eell in the determination of its response to the
environment. Ilowever, Salton (42) is of the opiniom that, inm the
Gran-positive bocteria, the surface specificity is a property of
cansules or the cell well polysaccharidea or teichoic acidse In
the majority of bacteria, the plasma membrane appears to be much
less conspicuous as a carrier of surface specificity than does the
cuter cell wall, Robertson (50) studied thin sections of cell
membranes under the electron micrescope and comsidered them to be
"unit membranes" as seen in animal, plast end other mierobial cells
with an overall thickness of chout 75 R.

Yurrey (51) ond Schlessinger et al. (52) showed that a lower
decree of intrecellnlar differentiation wes one of the distinctive
features of bacteria vhich were characterized by the absence of a
nucleor membrane, of organized mitochondrial structvres, and of a
menbronous type of reticuluvm carrying the polyribosomes. Thus the
bacterial cell possesscs fewer membrane bound organelles, and in
this reanect it offers a simpler system for investigation of
menbrane pronerties and fonctions, Anatomical studies of the
bacterial cells reveal the presence of a single linmiting plasna
wembrane, end in many cases a well developed internal membrane
system which Fitz~James (53) referred to as "mesosomes® end van
Tterson (54) s "chondroids.” Selton (55) describes the mesosome
a8 vesiculsr, lomellar or tubulaer packets of membrane formed by the
invagination of the plasma membrane., When the presence of mesosomes
became evident during the electron microscopic study of bacterial
cells, many functions were attributed to then.

Fitz-Janes (50) showed that the mesosomes vary from species
to snecies by their overall appecronce in thin sections. DBroadly
speaking three types can be recognised, namely a lanellar type, a
packed sac type or a long tubular type, It is not kumown at the
present time what determines the type of mesosome scen in a particular
organisa (55). There is still insufficient direct experimental
evidence to emable one to distinguish the functions of the plasm33

menbrane from those of a mesosomal membrane. Salton (55) considers



mesosomes to be anatowically reminiscent of mitochondria., Van
Iterson and Leene (57) provided evidence supporting the idea that
mesosomes are mitochondrial equivalents. They hoticed a greater
concentration of tellurium deposition in the region of mesosomes
in Breillos subtilis, indicating more sites active in reduction of

tellurite. lLiowevery Salton has pointed out that as the total surface
area of the membrone in the wmesosowe is greeter than that of the
plasma membrene, hoavier denosits of tellurium are to be exnected

in this region, , ,

Pladen et ale. (58) have shown tha£ nhosnhiotungstate freely
penetrated into tue mesosomes or intrecellulor membrane-intrusions,
which suggested the absence of any permeability‘barrier eaveloping
these structures. Salton (55) is of the opinion that much still
renains to be done on wmesosowes before we con come to any conclusion
about their function or their relationship to the rest of the cell.

Thus,menbranes detected in bacteria appear to be limited to
one or at the best two types: the plasma membrane, and its invagi-
nations in the form of the mesosome, Ia photosynthetiec bacteria
Drews (59), Cohen-Bazire and Kunisawa (60) and Hiolt et al. (61)
have shown that the membranes containing the photosynthetic pigments
may, in some cases, be regarded as a special type of membreone
invagination which constitutes the intracellular site of the photo-
synthetic apporatus and from which chromatophores arise following
vechanical breakege of the cell,

0. Pronerties of baecterial membrones

Weibull (62), using lysozyme to digest the cell wall, obtained
fractions from lysed protoplasts of Recillus mematerium which he

referred to as "ghosts." - These ghosta were assumed to represent the
plasna wembranes of the bacterial cells Recently Selton end Chapman
(63) found that conditions normally employed for the isolation of
eytonlaswic membranes from a lysozyme-sensitive organism such as

Mierococeus lysndeikticus produced a total membrane preparation of

plasme and mesosome membranes,
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The most popular and nrobably the most reliasble method used
for the isolation of bacterial membranes invelves the muralytic or
cell wall degrading enzymes, followed by the seporation of the
membranes from the cytoplasm by differential centrifugation. 4 wide
variety of muralytic enzymes such as lysozyme, phage muralysins,
lysostapins etc. are available for the removal of tiie cell wall
before isolation of the cell membrane. Membrones may be recovered
from either totally lysed cells in dilute buffers,or by oswotic
lysis of stabilized protoplasts formed by lysozyme treatment in
isotonic media., Salton and Chapman (63), isolated membrane
preparations by both methods from M. lysodeiliticus and were unable

to find any difference when viewed under the electron microscope.
It has been concluded by Salton and Ehtishawm-ud-din (64); Salton
and Freer (65); and Salton end Schmidt (GG), that if proper
conditions are used it is guite possible to waosh the membrones
without leaching out any of the more consnicuous markers such as
carotenoids, menagquinones and cytochromes. However, it should be
noted that Shah and King (67) have found that the succinate dehydro-
genase in the succinic oxidase system in ¥, lysodeilrticns was
inhibited when the cell was lysed with lysozyme, but was hardly i
inhibited at all if ultrasound was used to disruptvthe cell, - Om
treating the ultrasonie fragments with lysozyme, they obsérved
ivhibition of succinate oxidation. o .

The chemical ecomposition ¢f isolated membranes‘has been the

subject of numerous investigations. Salton and Freer (05); Kates.
(63); Gilby et al. (13); Weibull and Bergstrom (6C); Brown (70);
Yacferlone (71), and Yudkin (72) found that the composition is very
similar to that of other membrane systems in that they are composed
of about 50 to 75 percent protein and 20 to 30 percent lipid.
Varying omounts ef carbohydrate, RNA and DNA have been reported in
cell membrane prepaorations, At the moment it cannot be said
precisely the extent to which sowe of the additional components are
part of the membrane structure or covalently attached to membrane
constituents, , ,

A great deal is now known about the pature of the membrane



lipids. Rozin et al. (73) studied the membranes from Gram-positive
bacteria and found that they were devoid of chiolesterol. ‘This
distinsuishes these membranes from those of higher microorgonisms,
plants, animals and pathogenic mycoplasms wiich possess steroids.
Mothews and Sistrom (14) found the corotenoid pizments of the
pigmeated S, lutea to be located exclusively in the cell membrane,
and suggested their occurrence in the form of a pigment—protein
complex. Gilby et al. (13) have supgested that the carotenoid
pigwments in the related organism M, lysodeiltticus were olso bound
to the cell membrene. The 650 :
shown to be ap integral port of the structure of the membronewprotein

carotenoid from S, flava has been

fraction frow which it may be isolated in the form of a carotenoid-
glycoprotein complex (74). IHowever, the présence or absence of
carotenoids from the membrane has not been reported to have eny
effect on its structure. |

The ultrastructure of non-nphotosyntihetic cerotenoid-conteining
bacteria was studied by Mathews (75). IHer intention was to see
whether eny change in intracellular structure was associated with
the develonment of carotenoid picments in two bacteria, M. morinum
and S. luten. Exomination of many thin sections showed no difference
in the intracelluolar structure between cells of ¥, marinun grown in
the dark (non-piszmented) and those grown in the light (pigmented).
Neither was any difference found between cells of 8, luten wild
type (pigmented) and cells of colourless mutent. She concluded
that no new structures were made to accommodate carotenoid pigments
in non~photosyntiietic carotenoid-containing bacterias. Thus the
pigment was either built into the membrane as an integral part of
ity as in S. lwnten, or was added on to pfe-existing membranes, as
in M. marinun,

Most bacteria possess a membrone-bound respiratory chaib (an
electron treasport chain), i.e. a system of spatially organised
dehydrogenases and eytochrones which bring about electron transport.
In general the respiratory chain is regorded as a multienzyme
conplex which catalyzes the dehiydrogenation of substrates and the

transfer of reducing equivalents to oxygzen. In the mammalian



resniratory chain the dehydrogenases are comnected to cytochronmes
by hydrogen~trunsferring co-enzymes, NAD and vbiguinone, which then
pess on the electrons to the cytochromes of groups A4, B and C. The
bacterial chain essentially contains the same sequence of enzyme
complexes but with some differences, 1Ia bacteria, the initial
staze in the oxidation of substrates often involves flavin enzymes
rather than NAD-linked enzymes. Despite their similar functions,
the cytochromes of grouns A, B and C differ from mitochondrial
cytochromea by having different absorption spectra. In addition a
cytochirome 0 oxidase is known to occur, Very little is known about
the actual pathways of electron transport or any relationship bLetween
the respiratory system and the carotenocids in S, lutea, Ericuson
and Parker (76) investigated the membrane-bound electron transport

system of Mierococcus lutens (S. luten)., They found cytochromes

82009 Pgot Prggd Chmgd Cpage & menagquinome (¥X-3), carotenoids,
NADH, malate and sucecinate dehydrogennses. Sensitivities to different
inhibitors indicated the difference betweea the bacterial and
mammalian systems., The M, luteus system was found to be insemsitive
to ontimycin A and showed very low sensitivity to roteuone,

Effective inhibition was shown by eyanide, periecidin A, dicoumarol,
2=-n-lieptyl=-4-hydroxyquinoline-N~oxide and ultraviolet irradiation

at 300 nm., - The carotenoidless mutant exhibited identical properties
to the parent organism except that no measurable succinate oxidase
activity was found ond there was an 8-fold increase in the malate
oxiddse activity of the electron transport particles, There was |
no differcnce in the action of inhibitors., They suggested the

following scheme for electron transport in M. luteus:
Substrate «» Fp > ["AHK-S, Cyt b557, Cyt b562]"‘ ? >0,
[Cyt C5549 TP C5y ]"" [c?’*‘ Brogy CT as]"’ O

This eppears to be the only study of the electron transport system

in this organism.



10, Conclusion

The non-photosynthetic bacterium Serecina luten contains

carotenoid pigments and these pigwents afford protection to photo-
dynamic killing by very hipgh licht intensities (sunlight) without
any esorenous photosensitizer or by low light intensities (artificial
light) with en exogenous photosensitizer. Although the carotenoid
pignents play a protective role against aerobie photosensitivity,
tiiere i3 no direct spectral or chemical evidence sugges@ive of
carotenoid involvement. Several investigations invelving studies

of viability, permeability, enzyue lobility, mutogenicity, growth,
temperature effects, gas effects, light eflfects and ultirsstructure
etc. have been made in S. luten, but at present nothing is knewn
about the mechanisn by which carotenoids protect cells under photo-
sensitizing conditions, nor about the mechaniswms invelved when
photedynamic death commences. The carotenoid-containing micro-
organism, S, lutea, though subjected to direct sunlight in nature,

is not being killed, while the carotenoidless mutants of the same
microorganism could be killed, Nature scems to protect these
microorgenisms from the deleterious effects of sunlight for the
perpetuation of the species. Ilowever, the mechanism of carotenoid
perticination in the protective function is far from being ecomnletely
understood,

Carotenoid pigments in S. lutea have been located exclusively
in cell membranes in the form of a corotenoid-glycoprotein complex,
Like most other bacteria, S, luten has & respiratery chaih (electron
transport system) which is present in the cell membranes, Cther
enzyne activities are also located in the eell membrane, It is
possible that the primary lethal eveat in photodynamic killing could
involve the enzymes of the respiratory chain, meny of which absorb
visible light,

I have, thercfore, chosen to study the effect of visible light
on the respiratory chain of isolated membraones of 5, lnten, using
both low intensity light ﬁith a photosensitizer and high intensity
light without a photosensitizer. These ipvestigations have been
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porticularly aimed et determining a more specific role for carotenoids
in protecting membrane enzymes from plhotodynamic action. As a member
of the carotenoid-containing cocei, S. luten is very easy te grow in
the laboratory, and the study of the cell membrane was chosen because
it is relatively easy to obtain membranes by a gentle method using
lysozyme treatment which does mot appear to camse much damage to the
mesbrane enzyme ectivities,
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CUAPTER 2

VAT IALS AND METHODS

1. Chemicala

Antimycin A, S-bromo-2, 4-dihydroxypyridine (5-browourecil),
cytochrome ¢, menadione (vitumin KS)’ NAD and NADH were obtained
fron Sigma Chewmicals Company, St. lLouis, Mlisscuri, U.3.A. Toluidine .
blue and methylene blue were ottained frow Georpge T. Gurr Ltd.,
london, inglend,  Ethyl methanesulphonate and lysozyme chloride
ex egc-winite cryst. were obtained from Koch Light Laboratories
Ltd., Colnbrook, Bucks., Eazland, Nutrient broth and pnutrient
agor were obtained from Oxoid, Londonm, Great Britain. All other
chemicals were oktained from British Drug {louse Chemicals Ltd.,
Poole, Inzland, and were the finest grade obtainable, Manometric
experiments were done with distilled waoter, whereas experiments on
the oxyzen electrode were done with deionized distilled water.
Chance~Pilkington colour filter glasses were obtained from Precision
Ontical Instruments (Fulham) Ltd., 153 Fulliem Palace Road, London
7e8y England,

e The strain of bacterin used in the nresent study.

Only one strain of Sercina lvtes (Micrococcus luteus) ard

three wmutants of the same were used in the present study. The
strain was obtained from Dr, A.l. Dadd, Imperial College, Lon@on,

and was No: 3 in the Imperial College collection.

3.  Cnlture end maintenance.

All strains of Sercina lotes used in this study were paintained

on putrient agor slones, which were stored at 5°C in dark. As it



grows luxuriantly in nutrient broth mediuwm, the some mediwn wos

uvsed throushout the course of the study. A loopful from & nutrient
eger slope was used to inoculate 100cl. of the mediam (13 g./1.
nutrient broth, autoelaved ot 15 1lbs, nressure per squore inch for
15 miputes) in a 250m1. conicel flask, and the bacteria were grown
with sholting in a reciprocating shalker incubator having 200 movements
ner minute gt 26%¢ to late logz nhaose. Smle of this pilot cultuare
were used to inoculate‘EGGmlj ¢f the mediuwnm in a 1 litre Pyrex

culture flas!k, end grown to late log phase at 26°C as above.

4, Production of mutants.

For prodaction of the mutants of Screina lutes, the following

thiree methods were exuployeds
. ¥utation by ultraviolet light. O.231, aliguots of an overnight

culture 9f the wild strain of Sarcina lntes were plated on

aterile agar plates and irradiated with ultravielet light. A
12 in.y T W., mercury quartz discharge tube with an czone=-
reducing filter was used to give movochrowatic radiation at
233,7 nio. (The tube was No. 01G8/K obtained from Bngelhard -
Industries Limited, Hanovia Lomp Division, Slough, England),
The platea were irradiated for o period of € « 10 misutes at a
distance of 6 inches in a sterile cabinet, The irradiated
plates were left in tlhie incubator at 26°C for 3 to 4 days, after
which the mutants were selected as colourless coloﬁies on the
agar plates, Suspected mutants were examined under the phase
contrast microscope for shape, size and Grem staining, and sube

cultured on agoer slopes for confirmatory tests,

D.Matation By the base~analogue S-bromouracil, 0,5 S-bromouracil
with 1% baﬁteriological nentone was prenared in 10ml, of 10 times
diluted nutrient broth and eutoclaved at 20 1bs,/im,” for 30
minutes,. Q.Gmi. of e thiclly grown overnigﬁt culture of wild

Srreina 1vten was added to 10ml, of the S-bromouracil solution

in o flask, and incubated for 5 hours at 23%¢ with sheking,



-37-

after which cell counts vere made in o countinu chamber. The
susnhension was then dxluted with nutrient broth to give a cell
density of apyroximately 2 x 10 bacteria per nl. CG.8ml.
aliguots of the diluted cell suspensiony containing oppreximately
40 bacteria, were plated out and the plates incubated at 25°C for
2 to 3 doys. The resultant white colonies, suspected of being
mutonts, were examiped under the phase contrust microscone to _
checic cell sha)e, size and Grom steining, and subcultured on agar

slopes for further counfirmatory tests.

Ce Nutation by ethyl methanesulnlionate. This mutasenic agent
removes bases from DNA by actinz snecifically on guanine at the
N7 position, labilising the deoxyribeside linkage so that T-
aliylguanine is released frowm the DNA, The missipg guanines
pight be replaced by any one of the four beses.

Saturated solutions of ethyl methanesulnhonate were made in
1 rl. of sterile 0,2l-sodium phosphate buffer (oH 7.2) in
duplicate test tubes. 1 ml. of the overnischt calture of wild

Sareina luten was sdded to one tuke, Poth tubes were incubated

at 26°C for 20 minutes, after which 0.2n1, aliquots of two
dilutions (50 end 100 times) of the bacterial suspension were
plated out in trinlicate. C.2ml., alicuots from the controel tube
without bacteria were also plated out in triplicate, without
dilution, and the plates left in the incubator at 26°C for 4 to

6 days. hite colonies, believed to be non-pigmented mutants,

were exenined and subcultured as above.

De Yorphological and biochemical testa for the mutaents.

Yornhological comparisons es regards size, shape and motility
of the mutants were made under the nLase contrast miecroscone.
Biochemical tests including reaction to litmus milk, gelatin
liguefaction, gos production end Gran's stain were performed to
confirm the properties of the mutants. All mcrﬁhological and
biochemieal tests were carried out in comparison with the wild

Soreinn Intea., These tests were primarily aimed at ensuring that

contominants were distinguishied from gepuine mutants.



B5e . Growth cuvrve for Sorcinn lutes (wild tyme),

An overnight culture of Sorcina lutea was obtained by the

method described above, and a 1 litre flask containing mediun wos
incculeted with Oml, of the inoculum. A zero time mecsurement

of the turbidity of the mediom was made on o nephelometer., The
flesk wvas ineuvbated with shoking et 2606 andy, ot 30 minute intervals,
samnles were toalken for turbidity estimations., The percentoge of
turbidity increased after a lag phase of 30 minutes, and 106 such
readinrs were taken, The flasit was then left in the incubator
overnight and the necrcentopme of turbidity recorded on the following
morninze. The pnenhelometer was calibrated for cell demsity using

a bacterial counting chamber. Fig. 2 giv?s the growth curve for

Sarcing luten under the conditions used for experiments deseribed

in this thesis,

Ce .Prenzration of eell sasnensions for ex—merirments wming standerd

manemetric technicuea and the oxvyoen electrods,

The bacterial cells grown by the methods described in seetion
3 above were harvested ai room temperature by spinning at 6000 re.p.m.
for & minutes on a bench centrifuge, collected in cold Gleaﬁnﬁhnsphate
vaffer (pll 7,2), washed four times with cold buffer, and finally
suspended in the same buffer, = The susnension was made uniférm by

means of a glass homogenizer,

Te Prencreation of nmembranes.

An overnight culture of wild or mutant Sureine luten was

obtained in the usual way. The cells were harvested at roon
temperature by centrifugetion at 6000 repems for & minutes ca &
BTL bench centrifuge, and the pellet of cells suspended in a medimm
composed of celd sucrese (1.24), NaCl (0.053) and phospliate buffer
(0.064) piI 6,8. Using o glass homogenizer, the cells were mixzed
very gently to give a uniforw suspension., Lysozyue chleride
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(15 mz. /10 wl.) was edded to the homogenate which was incubnted at
roorn temnerature for 15 minutes with occasional stirring. After
incuabation the protonlasts were spun down at 20,000 g. ot 5%,  The
cell nrotonlasts were suspended in cold phosphate buffer (C.06)
plI Ge8 conteining NaCl (1), and occasionally stirred gently to
dislodge the clumped cell protoplasts for 10 minutes, keepiné the
tube in ice. The suspension wos exanmined under the phase contrast
microscone to ensure that ghost mémbranes had been obtained, The
suspension was spun at 2,500 r.p.m. for 5 minutes to get rid of
residual whole cells which did not undergo osmotic lysis. The
sﬁpernatant fraction containing the cell membranes looking like
ghost cells under the phase contrast'microscope was collected in a
cold nlastic taube and spun at 20,000 g. for 30 minutes, The
menbranes were obtained as a pellet‘which vas resuspended in
phosphote buffer (0.,024) pil 7.2 containing 0.00054 Mgll,, and a
uniform suspension was made by gently bhomogenizing the pellet with
a glass homogenizer. The homogenate was examined under the phase
contrast microscope, and,when féund to contain more then 95
wenbranes, experiments were cerried out with this material.

A comparison of the appearances of whgle‘celis and membranes
preparced by these metiinds may be made by reference to Plate 1.

In the earlier experiments.with membrane preparations the
lysozyme incubation time was 45 minutes. Pue to prolonged
incubation with lysozyme the succinoxidase activity of the membranes
was very low. Shah and Xing (67) have also found that lysozyme
incubation for a long time affected the succinoxidase activity of
bacteria. Therefore, in later experiments the period of lysozyme
incubation was shortened from 45 minutes to 15 winutes, which gave

en increased succinoxidase activity in membrane preparations,

H Txneriments on eell viahility.

Overnizht (late logarithmic phase) cultures of wild Sarcina
loten and the carotemoidless mutant (UV4) were obtained as described

earlier. Two 250ml, comical flasks conteining 100ml. each of
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Plate 1. Comparison of the appearances of whole cells and

membranes of Sarcina lutea. (Phase contrast x3900)



sterile nutrient broth were inocunleted with Sml. of wild and

putant strains of Sarcinra lutea end incubated with shaking in the

darte for 2 hours. hen the cells were in the logarithmic phese

of their growth efter 30 wminutes, measuréd amounts of the nigmented
culture vere put in ooe sterile plass cuvetie while aliquots of the
nop-pigmented culture were placed in the other. The cuveties were
paintained at 25°C end their contents were contipuously stirred by
bubbling sterile air through the cultures. Sterile toluidine blue
solution was added to give a final concentration of 2.5 x IG"GM.
Samnles were teken from each cuvette at zero time and were diloted
in sterile NaJiP0~Noll,P0, (0.02¥) buffer pil 7.2, ~ 0.2ul. aliquots
of the dilvted samples were nloted out in dunlicate and incuhated
at 26°C for 38 days for a viable colony count. The cuvettes were
rlaced O inches eway from four 100 W, tungsten lomns givinz a light
intensity of 400 luwens/s;j.ft. at the front of the culture. A
waler filter was internosed between the ecuvettes and the light
source. At 15 minute intervals, three somples were collected,
diluted in sterile buffer, and 0,2nl, aliguots were plated out in
duplicate and left in the incubator et 26°C for 3 days, efter whiech
colony couhts were made. In the case of the muteni, Cilutions of
the culture were increased lo give a wmore concentrated prepuration
to allow for cell death caused by illunination. At the ead of the
experiments the temperature of the 6u1ture remaining in the cuvettes

o
was 27 Cn

Oa Illwninotion of cell susnensions and menbrones »riar to

envyne @Ssny.

- The bacterial prep&rationa»were placed in two Perspex cuvettes
jocketted by constant lemperature water circulated from a water beth.
Tae illuminated samples were incubated in one cuvettie, vhile the
dork semple wus ipncuboted in a second cuvelte covered with blackened
aluminiom foil and kept awaey from pateral and ertificiel light as
far a8 practicable. Before illuminating a sample the light

intensity was measured with a meter and the bacterial preparation
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was8 placed in the cuvettes, The uniforwmity of suspension of the
beeteriel preparation was achieved by means of two stirrers which
continuously kept the contents of the cuvettes stirred at a fixed
speed.  when the contents of the cuvettes attained the temperature
of the water bath, control samnles from the cuvette covered with
foil were analysed, The samnle to be illuminated was subjeeted to
light from e Prinz Lowline 300 #. acircooled nrojectory, from which
the focusing lens had been removed.s After illumination the cuvette
was covered with bleckened aluminiun foil to cut off further light.
Under our experimental cenditions a slight amount of laboratory
ceiling light could not be screened from the top of the cuvettes.

1C., Honormetric assay mwethods,

Various dehydrogeunase and oxidase activities were assayed by
standard manometric techniques for the mecasurement of oxysen untake.
The activities were expressed as microlitres of oxygen utilized per

minute,

I. Yalate oxidase.

Cxycen uptoke was asscyed menometriecally at 23°C in 251, of
medium commosed of 150 mM-sodiuvwn~hydrogen malatein 0,C2M-phosphate
buffer (pif 7.2) and §,0005H-YcCl, .

IT, Succinate oxidase. )

Oxyren untake was assayed manometrically at 23°C in 2ml. of
medium composed of 150 pM-sodium succinatein 0,02U-phosphate
buffer (nil 7.2) and 0,0005:-2sC1 .,

ITI. Ascorbote oxidase. )

Cxyzen unrtake wos assayed maonometrically at 23°C in 2ml. of
medium counosed of 150 pM-ascorbic acid neutralized with Na0l,
0,02l=phosphate buffer (pll 7.2) and 0,0005U-YgCl,.

IV. Lectate oxidase. ‘

Cxysen uptoke was assayed manometrieally ot 23°C in o mediun

composed of 150 mi-sodiun-lactatein 0.02U-nhosphate buffer (pl 7.2)

and 0,00054-1gC1 .
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Ve Ascorbate~1PD cytochrome oxidase,

The eascorbate~tetromethyl-para-phenylenediasine (THPL)
cytochrone oxidase activity was assayed by a mononetric wethod at
23°C in o medium conposed of 0.0%~ascorbic acid (neuvtralized),
1074 UPD, 0.0i=nhiosphate buffer (1 7.2) end 0o GO0TH=18C1 50
Control flasks recording the oxidation of substrate withiout
enzyme gave significent oxygen upteices.

VI. Malete : mcthyleme blue oxidoreductase.

‘ethylene blue reduction was sssayed manometrically at 23%¢
by meens of the reoxidation of reduced methylene blue by oxygen.
The assay mediuwa was compesed of 150mi-godiuwn hydrogen malate,

1 4=KCY (peutralized), 5 x 10-3M-NaN3, 0,00 methylene blue,
0.0Zi~phosphate buffer (pl 7.2) end 0.0005U-2IgCl, in 2ol.
VII. Ascorbate~cytochrome ¢ oxidase activity.

The ascorbate-cytochrome e oxicdase activity of the membranecs
of pigmented and white mutant 5. lutea was assayed by a manometrie
pethod at 23°C in a medium comnosed of 1.0nl. of membrane
prenaration, 150mM ascorbate (nmeutralized with NaQI), 0.5
cytociirome ¢ and 0.024 phosphate buffer (pil 7,2) and 0,0005H~
MgClz in 2.0ml. Control flasks recordiny the oxidation of

substrate without enzyme gove signifiecont oxyzen untalkes.

Substrates were put in the side arm of the Worburg flasks,
while 0.2ml. of 20% X0 together with a strin of chromatogranhy
paper were placed in the centre com»nartment. 1.0ml. of a bacterial
suspension or membrane preparation was placed in the main compuriment,
together with any additions (photosensitizer, electrom acceptors,
cofactors and inhibitors). The reaction was started by tipoing the
substrate into the main commartment., . To ensure a uniform suspeasion
of whole cells or mcubranes before pipettine into the flasks,
homogeneity of the preparations wus maintained by shaking the tube
containing the lLacterizl prenaration. To comnensate for variations
in the amount of preparation added, the initial rate of oxidation
was recorded at intervals of 5 minutes for 30 minutes at 28°C
preceding illumination.

A Perspex rotary Warburg apparatus (from B. Broun, Melsungen,
Yest Germany) was illusinated by 14 x 40 W. tungsten bulbs, prodacing
a light intensity of CG0 lumens/sqg. ft. at the base of euch Warburg

flask., - Following the imitial 20 minutes' assay, the flasks were



- 45 -

either illuminated or covered in blackened alurminium foil to exclude
all lizht, and the manometers were read at intervels of 10 minutes,

The contrel and the experimental flasks were in most cases dunlieated.

11, Pelarerrashic asssy methoda,

A. Oxygen electrode ayp&ratus.‘

The malate dehydrogenase, malote oxidese, succinate and
nalate ¢ vitemin K reductase, ascorbate-cytochrome ¢ oxidase, NADI
oxidase, succinate oxidase, lactate oxidase and ascorhate oxidase
activities were also assayed on n Declmon 39550 0, electrode
assenbly. The ;xygen sensor was designed specifically for thie
measurcnent of oxysen dissolved in samples using the Deckman
108301 F‘;ielcila.l;m Oxygen Analyzer. The analyzer was connected to
a liryans chart recorder, model 27000 with variable chart snceds,
via a Zero suppressor and scale expander,

The essentiol features of the oxyren electrode and the
exnerimental arrangement for its use in this investigation are

z. 3. The electrode consisted of & sensor (A) consisting

Ll

given in Fi
of a rhodium cathode and & silver erode. The anode was coanected
electrically to the cathode Wy a film of potassiuu chloride solution
(8)e A gas-permeable Teflon membrane (C) separated the cathode-
anode aséembly fron the sé&éle. Q,Thélmembiane fitiéd'firmly_

ogeinst the cathode surface and made the electrode virtually
indifferent to the composition of the medium except as the comnesition
influenced the oxygen conceantration. The tin of the sensor slipped
inside a plastic sensor can (D), which entered the reaction vessel
(E), at the neck of which there was a rubber O ring (F). The
reoction vessel was made of Perspex and had a central covity
eccommodating 1.20ml. of fluid when stoppered. The vessel was fixed
inside a Perspex water jacket (G) 44 x 44 pm., through which water
from a constant temperature bath at 26°C was circulated, and the

whole was mounted on a Gallenkamp magnetie stirrer with an external
rheostat, A magnetic stirrinz bar (1) coated with PTFC was placed

at the bottom of the reaction chamber. This bar, when rotating,
naintained e constant flow rate past the scnsor. The apparatus was
calibrated with distilled water at 26°C. The analyzer seale between

5 and 8,33 ppm O

chart recorder,

5 Was expanded to give full scale deflection on the
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Fig. 3. The oxygen electrode.

A
D
G -
I
J

sensor; ‘B - saturated KCl; C - teflon membrane;

plastic cap; E - reaction vessel; F - rubber O ring;
perspex water jacket; H - magnetic stirring bar;

perspex capillary plug for opening for reactant additions;
rubber O ringe.
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B. Calibration of apnoratas.
(i) Daily calibration of oxyszen electrode,.
Distilled water wes sotournted with oxygen by mixiny theoreuchly on
o VWhirlimixer and the reaction vessel filled with this end stoppered,
The scale was calibrated at 8.33 p.pems (i.c., 83.33 parts of 0, in
1 pillion purts of fluid) at 26°C, the solubility of 0, at 26°c,
Dy using the zero suppressor, the scale between 5 p.p.me and
3.33 pepem. was expanded so that a full scale deflection of O to
20 cm. on the chart recorder was cguivaleat to approxirmately 5 to

3.33 PePaille

(ii) Absolute calibration of 0, electrode.
The oxygen electrode was calibroted by two independent methods.
The first method made use of the lmown selubility of 02 in water at
a given temperature. The second wmethod wos a modification of that
used by Chappell (77). Chappell used o comparison of the total
amount of N&Dng oxidised in a spectrophotometrie assay, with the
total amount of 02 consumed in the oxidation of that NADHQ as
peasured in an oxyren electrode apnaratus. I have used & comourison
of the rate of NABHz oxidation measured spectronhotometriecally, with

the rate of 0, uptaice associated with the oxidation of that NADIU,.

(iii) Method I.
From the daily calibration of the 02 electrode as mentioned above,
the difference from 5 to 8.33 p.p.m. of 02 was eguivalent to full
scale deflection { = 20 ew.) of the chart recorder. The chart
recorder was operated at a speed of 1 em./win.

Since the volune of the reaction vessel was 1,20ml,., and the
known solubility of 02 in water ot 26°C is 8.5 PeDeMay & chort

v Q4 BT «23 i
8lone of 1 z____i.'.‘.é%_l.._ pg,oz/ml./m1n.

— 0,169 x 1,23
==

16 ps.otoms Og/ml./min.

or, 0.0135 pr.atoms OQ/ml./min.

(iv) Method II.

This depends on the assay'of>two identical prepdrations vsing NADI
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oxidase:
(a) A measure of the rate of NADH oxidation in the spectrenhoto-

“meter at 340 no.

(v) A measure of the rote of 0, untake of a dunlicate preperation

on the oxyzen electrode.

The rate of oxidase ectivity by snectrophotlometric assay
0.170 0.D, units/win,

The rate of oxidase activity by oxywen electrode assay @
2,00 units/min, '

(N.B. These electrode units are arbitrary, beiny defined as
1/20 of the full scale deflection of the chart recorder ver minute
as described abkove).

ADY has an extinetion (E) of 6.22 x 10° cm?/mole, i.e.

6.22 x IGGHO.D. units for 1 mole/ml. with & 1 em. licht path.

Ience, an 0.D. change of 0.170/xmin. =0.170 nole/wl./min,

6.22 x 10°

Since 1 mole HADI, = & mole 0,5

g })'{o peatons 0,/wl./ain.,

- = 04,0274 pg.atons Oo/ml./mi_n,

This is equivelent to a slope of 2,00/min, on: the chiart recorder.

Tence, a slone of 1 = g_g;;é pz.otons OO/ml [ain,

= 0.0137 pg.etons 02/m1./min.

Therefore, a mecan value of 0.0123 has been used to calculate the.

rate of oxygzen untake in enzyme assays.

C. Assay of malate, succinate, lactate and ascofbate oxidases,
1.0 ml. of membrane preparation or cell suspensioh was added

to 1.0 ml, of substrate ond other additions im 0.C&i-phosnhate

buffer (pi 7.2) in o test tube, The final substrate concentrations



were 150 mY¥ in a final concentration of G,02-nhosphate buffer

(nT 7.2). The tube was put in o constont temperature water bath
at 26°C for two minutes to attain the temnerature of the assay.
After thorough aeration in a Whirlimixer, 1.2%ml. wos placed in the
electrode vessel. The oxygen untnke was followed on the chart
recorder for 2 to B winutes, The mctivities were expressed as
po.otons 02 untake/ml./min./mg. nembrane protein, or as po.atoms

0, uptake/ml,/min. for cell suspensions.

Da Ualate/Succinnte 1 methylene blue oxidoreductases.

Yethylene blue reductions were assayed by meuns of the
reoxidation of reduced methylene blue by oxygen, using the oxygen
electrode. The assay mixture copteived 1,0 ml. of membrane
sresaration, 0,20 nl, of 1,5M-malate or succinate, 0,10 pl., of
14-%CH (neutrolized) or 0.20 ml. of 0.05~sodium ezide, 0.20 ml, of
0,05% methylene blue in 0.02 phosphate buffer (HlI 7,2) to give a
final volunme of 2.0 mle The reduction waos followed polarogranhiecally
on the 02 electrode as already described. The activity was exnressed

as pr.atoms 0, untake/wl./min./mg. membrane protein.

Ee Malate dehydrogenase,

The malete dehydrogenase activity was assayed as gbove on the
0, electrode by reduction of phenazine methosulphate (PuS).  The
method wes a modification of the momometric method of King (73)
with a constant level of phenazine methesulphate., The assey
mixture contained 1,0 ml. of the membrane preparation, 0,10 ml. of
0,0004-~P4S in buffer (stored frozen in dark and avoiding undue
exnosure to light), 0.10 ml. of 1u-XCY (peutralized), 0,20 ml, of
1l.5t-malate and 0.60 ml. of phosphate buffer (6.024) pll 7.2 to give
a final volume of 2,0 ml. The enzyse assay was carried out as
already mentioned, The activity was expressed as pg.atoms 0,

uptaie/ml./min, /mg. membrane protein.

Fe  Malate/succinate~vitamin K reductase,

The malate/succinate vitamin K reductase activities vere



assayed by reoxidising reduced vitawmin K in the 02 electrode, The
assay medium was compesed of 1.0 wl, of the memkrane preparation,

0410 wl, of 1¥-XCN¥ (beutralized) or 0.20 ml. of 0405i-NaN,y 0,20 nl.

of 1.5M malate or succinate and 0,10 mle of 1 mi-vitamin Kg (monadione).
Phosphate buffer (0.024) pl 7.2 wos added to give a final volume of

2.0 ml, to the assay medium, and the activity was assayed on the 02
elecirode as mentioned before. The ectivity was expressed as

pz.atons 0, untake/ml./owin,/mr. membrane protein,

Ge Ascorbate-cytoclirome ¢ oxidase.

The ascorbate-cytochrome ¢ oxidase activity was assayed on
05 electrode. The assay mixture contained 1.0 wl. of membrane
prenaration, 0.20 ml. of 0,C001 Li~ascorbate (neutralized), 0.10 ml.
of 2 x 10™° M-cybochroue ¢ and 0,70 ml. of phosphate buffer (0.02:)
éﬂ 7.2 to give o final voluwe of 2,0 mls The activity was assayed
as described above and expressed as pg.atoms O, unteke/wl./min. fue,

mewbrane protein,

. NADI oxidase.

The NADIU oxidase activity was measured in the 02 electrode,
The assay medium was composed of 0,50 ml. of the membrene preparation
in buffer, 0.20 ml. of 0,1% NADI solution in buffer (used within 4
hours of preparation) and 1.30 ml. of phosphate buffer (0.02%) ol 7.2.
The activity was assayed as mentioned before end was expressed as

zeatoms 0, untake/ml./win./og. membrane protein.

12, Smectronhotometrie assay methods,

A Beck an model D,B. spectronhotoueter was used with cuvettes
hevingz a 1 cm. light path. The reactants were equilibrated at
26" before mixing an e spectrophotometer water jacket was
26° bef ixi d th trophotomet t ket

maintained at 260.

A, Malate 5 dichlorophenol indonhenol, succinate i dichlorophencl
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indophenol, and NADI : dichloronhenol indophenol reduction.

Reduction of 2, G-dichlorovhenol indonhenol (ICPIP) was
followed spectronhotometrically et C00 nm. The recetion mixtare
contained 0,30 ml, of 1l.0M-walate or succinate, cor 0.30 ml. of
0.1 NADI, in phosphate buffer (0.024) piI 7.2 containing 0.C005H=
HgCl,y 0430 mle of 0.00C53M-ICPIP in buffer, 0,50 ml. of membrenes
in b;ffer and 0.15 ml. of 1M-XCN (neutralized) or €¢.30 ml. of
0.05H-N&N3 in buffer. The final volume was mode up to 3.00 wl.
with buffer. Tho final concentrations of phosphate buffer and
;‘ﬁgCl2 vere 0,024 and 0.00054 respectively. The reaction wes started
by addition of enzyme (0.50 ml. of membrame preparation) to the
cavette. The absorbance reading of the experimental cuvette was
set at about 0.0, egainst a blank which contained all the components
excent the enzyme. >Spectrophotometric readings begen ob about
5 seconds after adding the wenbrane prenaration to the mixture in
the experimental cuvetté.‘ The reaction was linear with time for
at least 3 winutes, The reduction of DCPIP was followed by the
decrease of absorbance at 600 nm, The ectivity was expressed as

p moles DCPIP reduced/wl,/min./mz. mewbrane protein,

B. NADI oxidase.

The NAVI oxidase activity was assayed spectrophotometrically.
The assay wedium, containing 0.50 ml. of membrane preparation in
buffer and 0.30 wl. of 0,1} NADT solution in btuffer (used within
4 hours of prenoratien), was placed in a cuvette of 1 cm. optical
path, and 2,20 ml. of phosphate buffer (0.02%) pll 7.2 containing
0.,0005:1-1gC1,, was added to give a final volume of 3.09 ml., The
blank was pr:pmred without enzyme, and the oxidase activity was
assaeyed by measuring a decrease in ebsorption at 240 nm., The
activity was exprgssed as pc.atonms 02 uptake/ml./min./og. membrane

protein.

c. Protein.
The protein content of the wmembrane preparations was estimated
by the colorimetric method of Folin and Lowry (79).



13« Ixtroction, estimation of nirment concentration, and annlwsis

R gt W M

of carotenoids of Sarecinn Intes,

Spreina luteo was prown in 5 litres of nutrient broth as

described earlier, end harvested by centrifuging at 6600 g. for 10
winutes. The pellet of whole cells was sﬁspended in distilled
water ond the volusie made un to 100ml. 3.0ml. aliquots of the
wvhole cell suspension were dried in an oven at 00° overnight to
obtain an estimate of the dry weipht of the susnenaion.

The remainder of the suspension of whole cells was spun to
obtain a pellety, and repcatedly extraocted with acetone until no
further annreciably coloured extrect was obtained, The volume of
the coloured extract wes noted, and the absorption spectrum of the
extract was recorded,

This ccetone spluotion was exhoustibly extracted with light
petroleun (ba.pe 40 = 000), and finnlly with ether to remove the
more polar pigwents. The petroleun and ether extracts were
combined, washed with water, dried over anhyCrous Na2$04, and
evanorated to swall velume uader nitrogen.

The evanorated waterial was dissolved in light petroleum and
analysed by chromatography on a zinc carbonate column containing
two parts of zinc carbonate and one pért of "hyflo-supercel.”

The series of eluting solveants for fractions 1, 2 and 3 were 1Qj
ether in light petroleum, 2 - 10% acetone in light petroleum, and
5% ethanol in light petroleum spirit respectively. The volumes
of the different fractions were noted, and the abserptien spectra,
with their maxima, were recorded. The pergentage of carotenoids
in each fraction was calculated using an Eiﬁm value of 2500 as
sugzested by Davies (50),-



CIAPTER 3

Frneriments with Toluidine Blue

1. Introduction

The work so for reviewed in the first chapter discussed some
aspects of photodynsmic action in the non~photosynthetie bacterium
S, Inten.  Workers mostly used an external photosénsitizer and
demonstrated photodynamiec nction by cellular death, which was
evidenced by viable colony count. Studies on some enzyme activities
have demonstrated enzjme lability in the presence of exogehous photo=
sensitizers and artifiecial light. 'Bamagé to cell permealbiility has
been sugzested as one of the causative factors in cellular death due
to photodynamic action. In all these studies the essay of enzyme
activities was performed'nfter subjecting whole'cells to'photo—
sensitizing conditions, and obtaining membraone fragments aftervards.

In this aseetion, upurt from the study of ecellular deatﬁ, some
enzyse activities of cell suspensions, and cell membranes obtained
after lysozyme treatment, were studied by using low light intensities
(artificial lizht) with an excgenous photosensitizer, toluidine blue.
The Question of permeability is thus ruled out altogether in studies
using cell membranes, Various oxidative systems of the resniratory
chain have been assoyed using substrates like malate, succinate,
lactate abd cytochrome ¢. Unlike previous work, the enzyme
activities of cell suspensions and ¢ell mombranes were assayed during
the photosensitizing conditions rother than at the end of the
illumination period. The study includes enzyme assays of the entire
electron transport chain, and of isolated segments of the chain.
Different eleétron ncceptors, in conjunction with imhibitors, have
been used in an attemnpt to study the entire sequence 6f cellular
death from the onset of damage to the terminal steges of photo-
dynamie action. Dotlh monometrie and polarogronhic 02 assay methods



have been employed. Unlike other workers who worked mostly on
whole cells, the present studies were carried out mainly on cell

membranes where the carotenoids ond the various enzymes are located.

2 Oxidation of malate, succinate, lactate and ascorbate by

whole cells and membranes of pigmented S, lutea and a cerotenoidless

mutant.

Initial experiments with whole cells and membranes of Soreinn
luten were designed to find o concentration of substrate which
would be sufficient for manometrie experimehts lasting 3 to 4 hours,
A suitable concentration of malate, lactate, succinate and ascorbate
for oxidation studies was found to be 150 ml, VUsing 150 mi
substrate, the oxidation of malate, succinate, lactate and ascorbate
by whole cells and cell membranes of the pigmented sirain of Screiva
Jutea vas tested. Malste, lactate and succinate are readily
oxidised by whole cells. ’

The result showed that in pigmented membrenes, while there
wes good oxidation of malate and moderately good oxidation of
lactate, the oxidation of succinate was obviously low (see Fig.4).
The membrane preparationb vere made by lysozyme treatment as
mentioned on page 38 . The results of -the experiment conform
with the observations of Shah end King (G7) who found that the

succinate oxidaso system of M. lysodeilbicus was inhibited by

lysozyme treatmenit.

In later perlments, shorter periods of lySOZywe treatment
yielded membranes with moderately good succinoxidase activities.
Unfortunateiy, initial experiments were performed with membranes
obtained by lysozyme treatment for 435 winutes, while ia tﬁe
subsequent exper1ments t i@ Iysozyme treatment wos only for 15

minutes.

Yenbranes of the pigmented strain and the cerotencidless
vhite mutant of S, luten were comvared for their ability to oxidase

malate and ascorbate~eytochrome ¢ (mammalian cytochrome c)e

R PR
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Fig. L. Oxidation of malate, lactate, ascorbate and succinate by
membranes of the pigmented strain of S. lutea.

For details of experimental procedures and malate, lactate,
ascorbate and succinoxidase assays see pages 43 and 44,



The results (Fig. §) showed thot the malate oxidase system of
both the pigmented and the white mutent was very ectives. As the
rate of oxidation in béth the pigmented and carotenoidless mutant
was almost the seme, it secems thet the presence or cbsence of
carotenoids does not influence the oxidative processes. Of the
three substrates (malate, lactate and succinate), malate oxidation
was the most active, and as such it was decided to use malate as
the substraote for enzyme assays for most of the later experiments.
There was poor oxidation of ascorbate-cytochrome ¢.  Therefore,
hicher concentrations of ascerbate (150 pY) were needed which
resulted .in high rates of sutooxidotion of ascorbate. Thus assays

invelving ascorbate were necessarily insensitive.

e Effect of exnosure of nicmented and enrotonoidless whole cells

and membranes to lisht from tuncsten lamns (620 lumens/sq.ft.) on

malate oxidation.

Six experiments were performed to show the effect of exposure
to light (620 lumens/sq.ft.) on the malate oxidase activities of
pigmented and non-pigmented whole cells and menmbranes, The resalt
of a renresentative exneriment using an oxyren electrode appears in
Table 1.

There was only a small and very variable depression of malate
oxidation in either nigmented or white whole cells or membranes
when subjééted to illumination for 180 minutes, When Mathews and
Sistrom (5) studied the protective function of cdrotenoid picments
in cell suspensions of the pigmented and the white mutant of S. luten
by illuninating at a higher licht intensity (3000 ft. candles) for
4 hours, they showed that there wos no photodynamic killing of
eiihér the pizmented or the white mutant., Therefore, the use of
an exogenous photosensitizer seemed to be essentinl to demonstrate a
phoiodyndmié action at o lower light intensity. The remaining
experiments of this chapter, therefore, have been perforﬁed in the

presénce of an exogenous photosensitizer, toluidine blue.
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Fig. 5. Oxidation of malate and ascorbate-cytochrome ¢ by membranes
of the pigmented and white strains of S, lutea.

150mM malate, 150mM ascorbate and 0.5% cytochrome c were added to the
respective flasks. The auto-oxidation of ascorbate in the blanks
were subtracted from the experimental results. ~For details of
experimental procedures and assays of malate and ascorbate-
cytochrome ¢ oxidase activities see pages 43 and 4k.
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4, Viability of illuminated pismented Sorcina lutea and its

u,v.~induced white mutant in the presence of 2,5 pli-toluidine blue.

It has been demonstrated that the carotenoids afford protection
agoinst photodynamic killing in S. luten. Uathews and Sistrom (5)
observed that ccrotenoidless mutonts died either at very high light
intensities such o8 sunlight end air in the absence of an added
photosensitiier, or at low light intensities such as artificial light
in the presence of en added phetosensitizer toluidine Llue. Prior
to investications of effects of light on membrane eepzymes, experinents
were perforaned to reproduce the some type of light effect on the
viability of S. luten. then pigmented S. lotea and the white mutaat
were illuminated at 620 lumeﬁéfsq.ft. light intensity in the presence
of 2,5 pM-toluidine blue, the carotenoidless mutants showed decreased
viability with the increase of duration of illumination, whereacs the
pirmented variety showed no cell death at all (Table 2). This
sugrests that the carotenoids afforded protection egainst photo-
killing in these strains of S, lutea. The number of wviable cells
of the pigmented strain showed am increase due to slight growth as

the iilumination procressed,

5, Effect of illuszination with various concentrations of toluidine

blue (1 pi, 2.5 pM and 5§ p1) on the malate oxidase activity of whole

cells of nirmented and white 5, lvtesn.

It hos been shown, both by other worlkers and above, thet low
light intensity with an external photosensitizer, toluidine blue,
causes cell death in the carotenoidless mutent of 5. lvtea. Four
experiments with three different concentrations of toluidine blue
vere performed with a view to finding'the effect of illuzination at
660 luzens/sg.ft. on the melate oxidase activity of the two strains
of S, luten,

The lizht sensitivity of malate oxidase sctivity of whole cells
of both the pigmented and the mutant strains increased {evidenmced by

a depressed oxidation rate) with the increase of toluidine blue
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Tahle 2. Viability of illuminated pigmented Soreinn lutea and e

w.v.~indoced white mutont of the some in the presence
of 2.5 pM toluidine blue. ' -

I1lunination time Viable cells/ml. x 16°
(mins.) Pigmented strain White matant
0 29 . 840
15 9 . 340
30 103 117
45 130 43

For details of the experimental procedures and illuminotion see
page 40,



concentrotion, but the extent of damage to the malate oxidase
activity was found to be more in the carotemoidless mutant then in
the pigmented strain (Figs. Ca, by ¢). -These results suggested
that on external photosensitizer would couse sowe denage to the
nalate oxidase syatem in both strains of S. lntea, though the
carotenoids in the pigmented strain afforded some protection to the
becterium (evidenced by lesser depression of oxidation rate) which
was lacking in the carotenoidless white mutant." However, the

£y

protectidn afforded by carotenoids did pot last long.

G Lffect of illunination in the »nresence of 2.5 pu-tolﬁidine blue

on succinoxidase and lactnte oxidase activities of white and

picnented cells.

The effect of illﬁhiuation (660 lomens/sq.ft,) with the external
photosensitizer toluidine blue (2.5 pif) on the succinoxidase and
lactate oxidase activities of whole cells of the pigmented and white
strains of S. lutea is shé%n'in Fiz. 7 end Figz., § respectively. '
With succinosxdase, denressed oxidation rates due to illumination
were found in bLoth the pigmented and white mutant stralna as with
malate oxid&se, though tlhe extent of damage was more in the mutant
than in the pigmented strain. lere also the carotenoids in the
pignented strain offorded sone protection to the damage coused by
light with photosensitizer, toluidine bluoe. Exneriments on tlhe
lactate oxidase activity of whole cells of the ﬁigmented and non—
pigmented strains of 3. lutea showed Similar results to those above.

The results of illusinotion st low ligh£ intensities (660
lumens/sq.ft.) with an external photosensiﬁizer, toluidine blue,
on the malate, succinate and lactate oxidase sctivities of the
pigmented and while viole cella, suwbested that there was more
damage in the carotenoxdless mutants than iniﬁﬂé p1nmen ted strain.
Kathews and Sistrom (6) elso found damage caused by licht with
photoscnsxtizer to occur more in the whxte mutant than in the

pxumented'straln, and thcyvsu gested tue site of dmnaﬁe to be cell
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Fig. 6a. Effect of exposure to illumination (650 lumens/sq ft) with
1uM toluidine blue on the malate oxidase activity of whole cells of
the pigmented and white strains of S. lutea.

For details of experimental procedures, illumination and assay of
malate oxidase activity see pages 43 and 44,
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Fige. 6b. Effect of exposure to illumination (650 lumens/sq ft) with
2.5pM toluidine blue on the malate oxidase activity of whole cells of
the pigmented and white strains of S. lutea.

For details of experimental procedures, illumination and assay of
malate oxidase activity see pages 43 and 44,
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Fig. 6c. Effect of exposure to illumination (650 lumens/sq ft) with
5uM toluidine blue on the malate oxidase activity of the whole cells
of the pigmented and white strains of S. lutea.

For details of experimental procedures, illumination and assay of
malate oxidase activity see pages 43 and 4k,
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Fig. 7. Effect of exposure to illumination (660 lumens/sq ft) with
2.5uM toluidine blue on the succinoxidase activity of whole cells of
the pigmented and white strains of S. lutea.

150mM sodium succinate and 2.5uM toluidine blue were added to flasks
together with cell suspensions in buffer. No toluidine blue was
added to the control flasks. For details of the experimental
procedures, illumination and assay of succinoxidase activity see
pages 43 and Lk,
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Fig. 8. Effect of exposure to illumination (660 lumens/sq ft) with
2.5uM toluidine blue on the lactate oxidase activity of whole cells
of he pigmented and white strains of S. lutea.

150mM sodium lactate and 2.5pM toluidine blue were added to flasks
together with cell suspensions in buffer. No toluidine blue was
added to the control flasks. For details of the experimental
procedures, illumination and assay of lactate oxidase activity see
pages 43 and 44.
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membranes. As carotenoids are located in the cell membranes, and
wost of the respiratory enzyme systems are also lecated in the
membrane, it seemed quite probable that these enzymne activities
were damaged by illunination with an external photosensitizer which,
if prolonced, could bring sbout complete inactivation of the
resniratory activity leading to cell death. Corotenoids seemed to
delay the onset of cell death by affording some protection from
photoltilling in the case of the pipgumented strain, while the cerotenoid-
less mutants were more vulnerable to damage. Therefore, this work
was directed towards cell membranes which were obtained by lysozyme
treatment. Previous workers (6) had irradiated whole cells and
considered the possibility thot a permeability effect was the
primary ceuse of cellular death; this they later discounted. The
study of isoleted membranes made it further pessible to eliminate

any pernccbility effect.

7. Bffect of various concentrations of foluidine blue in the lizsht

on malate oxidation by cell membranes of the white mutant of S, lutea.

Experimnents were performed to find thé effect of illumination
(660 lumens/sg.ft.) on the malate oxidase activity of the mewbranes
from the vhite mutant. Various concentrations of the external
photosensitizery toluidine blue, were used., Fig. ¢ shows that
the carotenoidless membranes were also sensitive to toluidine blue
in the presence of 1light, lilke the whole cells, The semsitivity
increased (evidenced by depressed oxidation rote) with the increase

in the concentration of photosensitizer,

Mnaving observéd the effects of light with various concentrations
of toluidlne blue on the malate oxidase activities of carotemoidless
membranes, malate oxxdat1on in the light of both pigwented and white
membranes was compared. The concentration of toluidine blue used
was that employed by Mathews and Sistrom (G6), namely 2.5 p¥d. The

results of a typical experiment are shown in Fig. 10,
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Fig.9. Effect of various concentrations of toluidine blue on
malate oxidation in the light (660 lumens/sq ft) by membranes of the
white strain of S. lutea.

For experimental procedures, illumination and assay of malate
oxidase activity see pages 43 and 4k4.
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Fig. 10, Effect of 2.5pM toluidine blue on malate oxidation in the
light (660 lumens/sq ft) by the membranes of the pigmented and white
strains of S. lutesa.

For details of experimental procedures, illumination and assay of
malate oxidase activity see pages 43 and Lk,
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The malate oxidese activity of the pigmented strain of S, luten
was slightly sensitive to light with 2.5 pM-toluidine blue (evidenced
by less depressed rate of malate oxidation), but the mutant variety
showed o much greater sensitivity. The results also suggested that
there was some protection from light damage in the carotenoid
containing stroin, wherens protection was lacking in the carotenoid-
less white mutant,

Therefore, it appeared that in the process of illumination at
& toluidine blue conecentration between 107CH and IO"SH, the
sengitivities of the pigmented and non-pigmented membranes increased
with the increacse in the sensitizer concentratien, but the non-
pigwented membrones showed much greater light sensitivity with

toluidine blue perticalarly at higher concentrations.

3. Effect of lisht with toluidine blue and exogenous histidine on

malate oxidation by the wmembranes of pijmwented end white S. lutea.

It is well koown that some of the amino acid residues such as
histidine, tryptonhan, methionine and tyrosine in a protein were
snecifically oxidised by irradiation with visible light in tle
presence of a suitable photosensitizer (23), and that such a reaction
did not cause cleavage of the peptide bond (81). Various reagents
have been used for the oxidative modifications of proteins, but most
of them showed a low degree of specificity. They generally attacked
sulphydryl and disulphide groups, thio ether, indole,phenol,
imidazole and other groups., It has also been found that when
solutions of a number of proteins were irradiated with visible
light in the presence of various dyes like methylene blue (24) and
proflavin (25), oxyzen was talen up, end oxidative destruction of
histidine, tyrosine and tryptophen nuclei and oxidation of side
chazins containing sulphur took place, The precise nature of tie
products formed during the reactions wos, however, uunlnown.:

In the present experiment toluidine blue was used. It seemed
probable that prolonzed illumination of membranes with higher
concentrations of teluidine blue (IO'SM) micht cause domage to



-7 -

histidine residues in the proteins of the membrenes. Further
experiments were planned to see if there was apy protection of the
histidine residues from photooxidation with toluidine blue. The
results of one of the four experiments performed is shown in Fig. 1l.

In the irradiated white mutont, damage to the malate oxidase
activity commenced after 30 minutes' illumination, and inactivation
continued progressively, Dy the addition of exogenous histidine
to the mutant, the omset of light damage to the malate oxidase
activity was delayed by onme hour, after which the demeging action
continued progressively, suggesting that exogenous histidine afforded
some protection. In the pigmented membranes, the onset of light
inactivation was slightly more delayed thaen in the non—pigmented
mutant membrones, but in the pigmented membrene the malate oxidese
activity was fully protected from inactivation by the addition of
exozeonous histidine. The results suggested that while light with
toluidine blue caused irreversible damage to the mutent, damege to
the pigmented strain could be protected fully by the oddition of
exorenous histidine,

The results of this cxperiment led to the idea that toluidine
blue normally used at a higher concentration (10‘5ﬁ) in the presence
of light would probably ettack amino acid residues in membrane
nroteins. if illumination was allowed to continue for up to 3 - 4
hours, irreversible changes occurred rendering almost complete
inactivation of the membrapes. Therefore it was decided to see
whether a shorter period of illuminotion with toluidine blue could
produce & pariiul end reversible inactivation of the membranes in

the carotenoidless mutant strain of S, lutea.

Qe Effect of various durations of illumination with lo-sﬁ-toluidinp

blue on the malate oxidase activity of wembranes of the white mutant.

5

Four experiments were performed to see the effect of‘lo; 20,
30, 60 and 210 minutes' illusimation at GG0 lumens/sq.ft., followed
by a period of derk incubation, on the malete oxidase actlvity of

the membranes of tbe wbite putant of S. lutoa. - The results of one
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Fig. 11, Effect of light (650 lumens/sq ft) with 10™M toluidine
blue and exogenous histidine on malate oxidation by membranes of
the pigmented and white strains of S. lutea. :

5x10-3M histidine hydrosgloride (Hist.) was added to the respective
flasks together with 10 "M toluidine blue, 150mM malate and the
membrane preparations. For experimental procedures, illumination
and assay of malate oxidase activity see pages 43 and kkh.



experiment are shown in Fiz, 12,

Short illunination of 10 minutes did not cause any domage to
the malate oxidase system as compared with the dark control. 20
minutes! illunination caused slight damage to the oxidase activity
(evidenced by slight depression of malate oxidation) which recovered
almost completely when kept in the dark after illwaination. 30
minutes! illunination coused more damege which, when kept in the
dark, recovered about 50 percent of its activity. I1lumnination
for longer than 60 minutes produced almost permcnent inactivation,
readering inactivation of the oxidase éompletely irreversible.
Thus, longer illusination with toluidine blue at hisher concentration
caused almost pernanent inactivation to the malete exidase ectivity
in the wembranes of the white mutant of S, lutea, while illumination
for less than 30 minutes coused slight ivactivation which recovered

comnletely when kent in the dark,

The results of experiuents done so far suggested that the
malate, succinate and lactate activities of both the pigmented cnd
the non-pigmented strains of S, lvten were damaged by light with
toluidine blue, thouch the damage was less in the former thon in
the latter which lacked in carotenoids. lothews ard Sistrom (5,
14) suggested that light with toluidine blue caused damage to the
protein structure in carotenoidless mutants, while some amount of
protection from photodynemic action was afforded to the pigmented
strain by the carotencids. Mathews (20) studied the lethal photo-
sensitization of S. lutea with toluidine blue, and suggested that
the primary site of photokilling was the protein of the cell membrane
28 manifested by the destruction of the membrane enzyme activity and
the regulation of permesbility. [owever, no-one has demonsirated
experimentally the exact site of damage by light with a photo-
sensitizer. Since the pigments of the respiratory chain might act
as photosensitizing agents in the absence of an exogenous photo-
sensitizer, it seemed probakle that they could be the site of

carotenoid protection as well,
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Fig. 12. Effect of various durations of illumination at 660 lumens/
s8q ft with 10 °M toluidine blue on malate oxidation by membranes of
the white strain of S. lutea.

For experimental procedures, illumination and assay of malate oxidase
activity see pages 43 and 4k. /



An electron can enter thé resniratory chain through various
dehydrogenascs which are firply bound to the whole enzyme complex
of the chain. Thus, the first stage in the oxidation of some
substrates is not necessarily their dehydrogenation to reduced
nicotinamide adenine dinucleotide (NADH); the process can start
with the flavin enzywes which transfer an electron directly to the
respiratory chain,

Lizht with toluidine blue coused dumaze to the protein and
wembranes of bacteria, which may include damage to the respiratory
apparatus which is located in the mewmbranes, It was therefore
decided to study the electrom transport chain of S. lutea end its
mutants, with a view to finding en exact site of domage caused by
light with the photosensitizer, toluidine blue, end to investigate
the particuler role ployed by the carotcnoids in affording protection
arainst photokilling, The flavoprotein enzymes transfer electrons
to the cytochromes in bacteria. Therefore the next sten in the
study of the electron transport chain was to see whether the flavo=
proteins were effected. Yalate could be oxidised anaerobically
at the exnense of artificial electroﬁ acceptors such as methylene
blue. The enzyme is malate s methyleme biue oxidoreductase.
Therefore exnerlments were designed to see the effect of light with
toluidine blue (10~ ﬁ) on the malate oxidation end methylene blue

reduction by membrenes of pizwented end non—plgmented 5. lutea.

10, ELffect of light with toluidine blue (10”5M) on malate oxidation

end methylenc blue reduction by pirwented and white membranes.

Six manometric experiments were performed to observe the
effect of light with toluidine blue (107°M) on malate oxidation
and methylene blue reduction by pigmented end non-pigmented menbranes.
The results (see Figs. 132 end 13b ) showed that the rate of
reduction of methylene blue was denressed by light with toluidlne
blue in both the piwmented and the non~pigmented strains of S. lutea
almost to the sawme extent, sugwestlng equal damage to the flavo-
protelns 'in both strains, The corotenoid pigments failed to afford
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For details of experimental procedures, illumination and assays of
malate oxidase and malate-methylene blue oxidoreductase activities

see pages 43 and A4k,
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blue on malate oxidation and methylene blue (MB) reduction by
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For details of experimentalrprocedures, illumination and assays of
malate oxidase and malate-methylene blue oxidoreductase activities
see pages 43 and A4k,
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any protection to the pigmented strain. Therefore it was evident
that 1lizht with toluidine blue coused some damage to the eorly pert

of the bacterial electron transport chein - the flavoproteins.

llaving found one site of daware by light with toluidine blue ot
the flavoprotein levely experiments were planned to examine the
electron transnort chain of pismented and white mutent of S. lutea
beyond the flavoproteins. 2, 6-Dichlorophenol indophenol (vCcrIp)
probolly accents electrons at the eytoclirome ¢ level.‘ Therefore,
if there is any domare by licht with toluidine blue between the
flavoprotein and the cytochrome ¢, there will be a greater depressicn
of the rate of DCPIP reduction than of methylene blu# reduction.

11,  Effect of licht with toluidine blue (2.5 p) on malate oxidation,

metlhiylene blve redunction, 2, G=Dichloronhenol indephenol (DCPIP)

redaction and cytochrome ¢ oxidation by nirmented eand nop-nipgmented

ggmbranes.

Four experiments were performed to compare the effects of
light with toluidine blue on malate oxidation; methyleme blue reduction
and ecytochrome ¢ oxidation by membranes of pigmented and the colour~
less mutant of S, luten. _

The results of one of the ezperiments (Table 3) showed that
the raotes of malate oxidation were depressed in both the pigmented
and nop-pigmented mwembrancs after G0 minutes! illumination. The
depression in the pom-pigmented menbranes was more than in the
pigmented membranes, - Similarly the rates of reduction of methylene
blue and dichlerophenol indephenel were also depressed after illusina-
;tioﬁ, but egain the effect was more in the white mutent than in the
pigmeated membranes. . The megnitude of depression of reduction of
dichlorophierol indophenol was more than that of methylene blue.
This suggests the possibility of another light effect on the electron

transport chain beyond the flaveprotein and up to the cytochrome ¢
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levels The oxidation of ascorbate-cytoclirome ¢ was eclso depressed
more in the white mutant thon in the pigmented mewmbranes. - ILowever,
the rate of oxidation of cscorbate-cytochrome ¢ was very low
(0.00224 pg. atous O, uptake/wl./min. /g, mewbrane protein). The
cytociirome ¢ used in these experinents was e mammalian cytochrome c.
It has been shown by severcl workers (32, 83, 84, £5) that the
oxidoses of a few bactérial'apecies oxidisé soluble mampalian
cytochrome ¢ ranidly, but most do not oxidise it at all or do so at
a very low rate. The oxidases of S, luten appear to oxidise
masnalien cytochirowe ¢ at a very low raotes These results showed
inactivation of up to three sites of the respiratory chain in both
strains by light with toluidine blue, firstly st the flaveprotein,
secondly between the flavoprotein and cytochrome ¢y and thirdly at
the oxidase region. The results using polarographic assay of
oxycen uptake showed slight differences as regards the reduction of
methylene blue frowm those shown ih the previous experiment using
panometric technique,  These différences, wiiich could not be
observed readily in manometric experiments, were apparently more
obvious here due to the greater scnsitivity ¢f the polaregraphic
nethod,

In studies of the respiratory chain, artificial electron A
donors have long been used. By this mcans segments of the
respiratory chain can be isoleted for sequential transfer of
electrons, The site of action of the artificial electron donors
is often not Spécific, and therefore results obtained by these
means must be interpreted with care. On the findings of the
experiments done before, it was thought that some damage could be -
cansed by light with toluidine blue to the cytochromes of the
respiratory chain.  For studies of the isolated segments of
resnhiratory chain between cytochro&e ¢ ond oxyzen, Jacobs and Sanadi
(86) used reduced cytochrome ¢. ~ With the introduction of Ny N, N’,
N’=tetramethyl-para-nhenylene diamine (TLPD) as a mediator of

electrons from theiascorbate, en efficient electron donor was
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availoble for the cytochrome ¢ stoge (87, 83)e It was therefore
decided to observe the effect of light with toluidine blue on the
ascorbate~TMID eytochrome oxidase system of the membranes of .
pigmented and white mutant of S, lutea.

12, Effect of lipht with toluidine blue (2.5 p!) on the sscorbate-

TVPD cytochrome oxidause activities of the membranes of pigmented

and white mutant of S. luten.
ST T,

. 4=

* Several experiments were performed and the results of two of
the experiments ore renresented by Figs. 14 and 15 o The rate of
oxidation of ascorbate-TIPD was depressed by light with 2.5 pM
toluidine bluve in both the pigmented and the white mutont of S, lnten,
though denression in the pigmented mexmbrane wos less than in the
white mutont membrones. Thus it eppears that the carotemnoid
pigments were able partially to protect the cytochrome oxidase
systen from phetoivectivation. The experiments with TIPD were not
carried further because of the high level of autooxidation of
ascorbate-TiPD, eswecially at high concentrations. Lover concen-

trations gove very little oxidation.

Naphthogquinones and ubiquinones ere fouhd in bacterial cells.
Bishop et al. (39) investizated the quinones in bacteria end showed
that Gram-positive bacteria contained only pephthogquinones, while
the Grau—ncgative bacteria contained both naphtboquinones and
ubiquinones (mainly vitamin Kg). The-role of ubiquinomes and
naphthoquinones in the bacterial respiratory chain hos been intemsely
studied.  Asano and Drodie (42) have made an extensive study of the
electron transport systems in bacterial perticles. The bacterial
particles oxidised melate, succinate and NADI, end the oxidations of
ell three subsirates were stonped by irradiation with light ot
360 mm. By subsequent add;tlon of vitamln K the oxidatzon of
malate and NADI could be restored._ " The auent reswan81b1e for the
restoration was re«arded as @ possibla perticipant in the ﬁartxcalar
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Fig. 14, Effect of light (660 lumens/sq ft) with 2.5uM toluidine
blue on the ascorbate-TMPD cytochrome oxidase activity of the membranes
of the pigmented strain of S. lutea.

150mM ascorbate with 10-4M tetramethyl-p-phenylene diamine (TMPD) were
added to flasks containing 1ml of membrane preparation in 2.5uM
toluidine blue. The autooxidation of ascorbate-TMPD of blanks without
membranes were subtracted from the experimental results. For details
of experimental procedures, illumination and assays see page 4k.
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Fig. 15. Effect of light (660 lumens/sq ft) with 2.5uM toluidine
blue on the ascorbate-TMPD cytochrome oxidase activity of membranes
of the white strain of S. lutea. ;

150mM ascorbate with 10-4M tetramethyl-p-phenylene diamine (TMPD)
were added to flasks containing iml of membrane preparation in 2.5pM
‘toluidine blue. The autooxidation of ascorbate-TMPD of blanks
without membranes were subtracted from the experimental results.

" For dzzails of experimental procedures, illumination and assay see
page .
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ressiratory chein, especially if the activeting quinone wos similar
to the natural one.

In addition to the firwly bound dehydrosenases which are not
dependent on NAD for their activities, bacteria contain weakly Lound
dehydrosenases such as malate ¢ vitomin K reductase. In the
bacterial respiralory chain, vitamin X could be reduced not enly by
the action of severcl dehydrogzenase components of the chain, butl
also by the specifie enzymes — malate 3 vitamin K reductase and
NATM ¢ vitamin K reductase, These enzymes are bound weallly with
e respiratory chain and easily pass into the soluble state.

', nhlei has o 8necial malate ¢ vitamin X reductase which iniroduces
an electron fron malate into the respiratery chain {42, 90, 91).
From their study, Asano ond Drodie postulated that the electron
transnort fronm molate dchydrogenase and NADI dehydrosenase was
effected through vitamin X to the cytochromes. It was therefore
decided to sce whether the malate : vitamin KX reductase activity was

destroyed by irradietion in the presence of toluidine dlue.

123, ©Effect of licht with 2,5 pi-toluvidine hlue on the malate 3

vitamin ¥ reductase activity of membrenes of the pirmented and

wiiite putant of S, lutean,

One of four experiments performed is renrescnted by Tables 4
and 5. Prolonged illumination for 00 minutes by light (775 lumens/
sq.ft.) with 2,5 pM-toluidine blue of membranes of pigmented and
white strains caused depressed malate 3 vitamin K reductase activities
in both strains, although the extent of damage to the pizmeanted
strain was less than in the corotencidless mutent strain. Reduction
of DCPI? was similarly affected.

Results of another experiment where illusination with toluidine
blue was carried on for 120 minutes (see Table G) also slhowed
similar results to the above,

It cannot nccessarily be asserted that this irradiation
caused damage to the vitamin K in the presence of toluidine blue.
Damage to the flaveproteins could effect a failure to reduce
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Toble 6. Effect of illumination (775 lumens/sq.ft.) for 120
.minutes with 2.5 pi toluidine blue on the malate 3
vitumin K reductose ectivity of membranes of the

nigmented and white stirain of 8. lutea.

Il1lunination time Halate ¢ vitamin K reductase activity
(oins,) nz.otoms 02 uptalke /ml./min./mg. mesbrane protein
Pigmented strain ihite mutant
Dark Illuminated Dork Il1luninated

control sample control somple

0 G.252 - . 0,396 -
15 : 2 b.252 : Co Ded42
30 - 0.2580 - 0.3G6
45 : 0.255 o . 04305
60 - 04839 0,331
75 T , 0.305
00 0.231 0.890
105 0.161 0.123
120 Ce279 . - 0.207 0473 .. 0183

The membranes with 2,5 pf toluidine blue were illuminated at 8°C.,
Prior to assay, additions of 10 m¥ menadione (vitamin Ka),‘

5x 10~8M—NuN3, end 150 mi sodium hydrogen malate were made,

For detoils of illunination, experimentel procedure and assay of

malate 3 vitamin K reductuse activity, see pages 45 to 49.
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vitonin K, which in turn reflected the depressed malate ¢t vitawmin K
reductose ectivity in both the pigmented and non-pigmented membranes.
Thus a possible second site of inaectivation of the membrane enzymes

due to illumnination with toluidine blue could not be suzgested.

14, Lffect of illumination for O0 minuntes with 2.5 gM toluidine

blue on the malate dehydrorenose and malate 3 vitamin K reductase

activities of the mewbranes of pigmented and the white mutant of
S. lutes.

Prolonged illuvination in the presence of toluidine blue caused
domage to the malate : vitemin K reductese activities in both the
pigmented and the non~pigmented menbranes of S. Ilnten, Initially,
malate dehydrogenase passes electrons to vitamin K reductase, which
in turn redunces the cytocliremes., Therefore the effect of prolonged
illumination with toluidine blue on the malete dehydrogenase and the
welate : vitamin X reductase activities of the menbranes of pigmented

ond non-pigmented S. lutea were compared.

Four experiments were performed and the results of one of the
experiments are shown in Tables 7 and 8, The malate dehydrogenase
activities, assayed by reduction of phenazine ﬁéthosulphate (rus),
and malate : vitamin K reductase activities, were depressed to the
seme extent due to prolonged irradiation in the presence of
toluidine blue in both the pigmented and the white mutant of |
S. lutea. » ' .

Thas the results of these experiments suggest only one place
in the vitaomin K reductase systen which is affected by illuzination
with toluidine blue, namely the flavoprotein.

15, Surmory

ie Illupination of whole cclls of pigmented and non-pigmented
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Toble 7, Effect of illuuination for 90 minutes (775 lumens/sq.ft.)
with 2.5 uM toluidine blue on mulate dehydrogenase and
malate 3 vitamin K reductase aectivities of the membranes

of pigmented S, latea.

Il1luwination time preatoms 0, uptaike /ml./min./mg. mewbrane protein

(ming.) Nalate dehydrogenase Malate ¢t vitemin X reductase
setivity activity .

Dark Il1luninated = DPark I1luminated
control . samnle control "~ sample

0 0,151 - 0.454 -

15 0.103 : 0.432.

30 0.007 0.33

43 0,038 0,303

60 0.0G5 0,243

75 0,043 0.173

00 Ga151 0.038 .407 0.157

The menmbroanes with 2,5 p¥ toluidine blue were illuminated at 8%.
0, 0004~phenuzine methosulphate (PM3), & x 10.32—N3N3, 150 wi-malate
and 10 mi penadione (vitamin Ka) were added prior to the assay of
enzyme activities. = For details of illumination, experimental
procedure, and assay of malate dehydrogenase and malate t vitamin X

reductase activities see pages 43 to 49,



- 90 -

Toble B. GLffect of illumination for 00 minutes (775 lusens/sq.ft.)
with .5 pY toluidine blue on malete dehydrogenase ond
malate ¢ vitemin K reductase activities of the wembranes

of white wutent of 3, Inten,

I1lusnicnation time geatoms 02 uptake/ml./min./mg. norbrane protein
(wins.) ilalate dehydrogenase Malate 3 vitapin K
ectivity : reductase activity
Darle | Il1luninated Daris I1luminated
control sanple centrol sample
6 0.233 L e 0.840 -
15 : 0,151 : - 04575
30 0.124 : €407
45 v 6.073 : _ - U.311
60 . . Gl029 v - 0.249
75 ' - C.030 o 0.137
0 . 0.859 - 0.031 g.622 . 0.100

The membranes with 2,5 pf toluidine blue were illuminated at 8°C.
0.000U-PYS, 5 x 107 U-NoNy, 150 wif malate and 10 mi menadione
(vitanin Ks) were added prior to the assay of enzyme activities.
Details of experimental procedures, illumination, and assey of
malate dehydrogenase and malate ¢ vitamin K reductase activities

epnear on page® 45 to 40.
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Sarcina lntes at low licht intensities in the presence of en exogenous

photosensitizer, toluidine blue, showed decreased viability in the
carotenoidless white mutant, while the pigmented strain escaped

nhotodynomic killing,

ii. When the cell membranes were irradiated at low light intensities
in the presence of a phetosensitizer, toluidine blue, there wos widew
spread inactivation of the enzyme activities of the membrame~bound
respiratory chain. The malate oxidase activities of cell suspensions
and wenbranes of both the pigmented and non-pigmented strains were
depressed. The depression was more in the cerotenoidless mutant

than in the pigmented strain.

iii. The succinoxidase, lactate oxidase and ascorbate oxidase

activities were also affected in the same wanacr as aboves

iv. In the study of the electron transport chain of isolated
nemnbrenes, it was found that visible light with toluidine blue
caused damage to the early part of the electron transport chain -
the flavoproteins.. Doth methylene blue reduction and vitamin K
reduction showed a depressed raote in both strains, which was more

in the carotenoidless mutant then in the wild type.

Ve The rate of reduction of dichlorophemol indophenol was also
depressed by light with tolvidine blue but the inactivation appeared

to be greater.

vi. Cytochrome ¢ oxidase end ascorbute—TmPDkcytochrome oxidase
activities were also similerly effected, suggesting a‘further site
at the cytochrome e-cytochrome oxidase level which is affected by
visible licht.

vii, Illumination of shorter duration (10 winutes) with toluidine
tlue, followed by dark incubation, in the white mutant membranes
coused no damage to the malate oxidase activity es compared with 'the
dork control. 20 minutes' illumination caoused slight damage which
recovered almost completely after dark incubations Illumination of
more than 60 pinutes produced permanent damoge, rendering the

oxidase activity completely irreversible.



CIAPTER 4

Pxmeriments withount nan exorenous nhotosensitizer

1, Introduetion

Results of the experiments described so far surgested: several
places in the electron transport chain of S, lutea which were
affected by illumination in the presence of the exorscnous photo-
gensitizer, toluidinpe blue, The first inactivation of the
respiratory chain was at the flavonrotein level, the second was
between the flsvoprotein and eytochrome ¢, and the third in the
cytochrome oxidase rerion. In these exneriments it wos evident
that the damaze by lizht to the enzyme activities was complicated
by the presence of toluidine blue. Toluidine blue at any of the
concentrations used did pot affect the oxidation rate unless it
was subjected to illumination, It is not known with absolute
certainty the precise mode of action of toluidine blue, but it was
evident from the results so far ebtained that toluidine blue coused
widespread domage to a variety of enzymes; possibly by attacking
the histidine residues of the proteins or some other amino acid
residues in the membrahe. Besides, there are pigments in the
membranes such as flavins, cytochromes_etc;, vhich could also act
as endogzcnous photosenéitizers in the presence of visible light,
and could produce photooxidative damage, It wos, therefore,
decided to omit toluidine blue from further exneriments, and to
use a much higher light intensity of the order of 1000 to 1500
lumens/sg.fte - All experiments involvinz the assoy of 0, uptake

described in this chapter were performed with an oxygen electrode.

2, Effect of hirh lirht intehsitx'on the malate oxidose activity

and the activities of serments of the resniratory chain in »ni-mented

and pon-nigmented membranes of S, lvteo.
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Four experiments were performed to exanine the effect of high
light intensity, without tho photosensitizer toluidine blue, on the
rnalate oxidase activities of wembranes of the pigmented and non-
nismented strains of S, lutea. Results of one of the experiments
are represented by Table 9. |

I1lunination for 60 minutes at higher light intensities
without toluidine blue caused damoge to the malate oxidase systiem
(evidenced by depressed oxidation rote of malate) in both the
pignented and the white mutent of S, lutea. The depression was
more in the vwhite mutant than in the pigmented strain. Tﬁis
suggested that,in the absence of the exogenous photosensitizer
toluidine blue, some photooxidation tool place due to the prééenéé
of endogenous plietosensitizers which acted at higher light intensities.
The cerotenoid pigments offered some protection against photo-
inoctivation in the pigmented membranes which was lacking in the

carotenoidless membranes,

ilaving found that the malate oxidase activity could be damaged
by illumination et high light intensities in the absence of an
exogenous photosensitizer, toluidine blue, it was decided to examine
which segments of the electrom transport system of S. lutea could be
damaged at higher light intensities without eny oxogenous photo-
sensitizer. Comparative studies were also made to observe whether
the effect of illumination on the succinoxidase system differed

from that on malate oxidase,

Four exneriments were performed to comnare the effect of high
light intensities (1240 lumens/sq.ft.) without toluidine blue on
the malate ¢ vitamin K reductase ectivity, succinate 3 vitamin K
reductase activity, ond malate and succinate oxidase activities of
penbranes of the white wutant of S. lutea. Table 10 represents
the results of one of the experiments., o |

The malate 3 vitanin X reductase and succinate t vitamin K



Table 9. Uffect of hich licht intensity (1240 lumens/sq.ft.)
without toluidine L:lue on the malate oxidase activity
of the wewbranes of picmented and white streains of

S, 1lutea.

Illwninatidn time Malate oxidase activity
(wins.) pgeutons 0, uptake/ol./nin./og. mewbrane protein
Pigmented strain white mutant
Dark Illeninated DPork I1luninated
control sample control " sample
(] 0.030 - ; 0.076 -
15 0,067 0.0486
30 0,047 0,031
43 0,333 £.023
60 0s073 0.023 0,075 6.021

The meabrones were illuminated at 8°C and, nrior to assay of the
nalate oxidase activity, 150 nl! malete was added to the membraenes,

For experimental details, illumination, and malate oxidase assay

sce paceg 45 to‘43.
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Toble 10, Effect of hish lirht intensity (1240 lumens/sq.ft.)
without toluidine blue on the malate : vitamin X
reduectase apd succinate : vitanin K redoctase activities,
and malate and suceinnte oxidase activities of membranes
of the wvhite mutont of S. luten.

I1lumination time pe.oatoms O, ustake/ml./win./ng. membrose protein

(mins.) Malate 1 vitanin X Suvecinate : vitamin K
reductase activity reductase activity
Dark I1luminated DPark Illuninated
conirol sample control sample
0 Ol.a02 - 0.039 -
15 Ge.162 . ; 0,087
30 0.182 o . G085
45 .162 6.078
GO G175 0.670
90 0.208 . 04039
pz.atoms C, ustake/wl./win. /. mewbrane protein
Halate oxidase activity Succinate oxidase getivity
Dark Illumineted Dark I1luninated
control samnle conbrol semple
70 04083 0.013 0,007 ¢.012

Vembranes were illuminated at 800 end additions of lb M menadione

(vitanin Kj), 5 x 10’35-Hqﬂs, 150 mi-molate and 150 mi-suceinate

were made prior to assey. For details of exnerimental procedure,

1lluminétion end assay of malate ond éuccinate s+ vitoamin K reduction

activities, malate and succinate oxidase esctivities, see poges 45 to

49,
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reductase activities were denressed by illumination, and the malate
and succinate oxidase activities were also depressed. - The malate
oxiduse system secemed to be more active than the succincte oxidase
systen., These results were similar to those obtained in the
oresence of an exogenous photosensitizer, toluidine blue, Therefore,
in the absence of oby exocenous pliotosensitizer, endogenous pigments
anneared to act as nhetosensitizers in the membranes at hizher

lizht inteansities.

The effects of high light intensities (1240 lumens/sq.ft.) on
DCPIP reduction by the membranes of pigmented and white S, luten are
shown in Table 11, A depressed rate of reduction of ICPIP caused
by prolonged illumipation of un to 120 minutes wos observed in both
the pigmented and non-~pigmented strains, and the extent of damage
to both secmed to bhe equal in most experiments, These results
sugrest some damase to the malate-cytochrome ¢ reductase activity
of the respiratory chain.

It appears, from the results of the experiments done so far
without any exog enous photosen81t1zer, that verious partial recctions
of the electron transnort chain are damoged by high light intensities,
It is, however, not known what causes this danage, nor whether, as in
the toluidine blue system (sce pagé %1 ), reversible chanzes precede
irreversible changes broucht about by illuzination at high light
intensities. Therefore,it was decided to perform some experiments
at high lizht intensities without any photosensitizer for a variable
duration of time, to test for the reversibility of various enzyme
sctivities.

3, Effect of a short exnosure to illumination at high light

intensity on the malate oxidnse and succinate oxidase sctivities,

and activities of sorments of the resniratory chain, in nigwented

and non-pigmented membranes of S, Inten,

Four experiments were performed to see the effect of short
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Toble 11, Effect of high light intemsity (1240 lumens/sq.ft.)

without toluidine blue on DCPIP reduction by the

mewbranes of pigmented end white strains of S, luten.

Illuninetion time p wmoles DCPIP reduced/ml./min./mz.wembrene protein

(mins.) Pirmented strain White matant
Darlk Il1luninated Barlk Illuminated
control samnle control samnle

0 0,067 - 0,054 -
15 +0GO 0,043
20 #0855 0,046
45 047 0.037
GO .047 0.056
15 : 0047 o - 04037
80 « 48 _ ' 0.037
105 : : «037 - o ¢.033
120 0,665 #0333 : 0.057 . : 0.028

The mweobranes were illusinated at 800, and C,00063-CP 1P,

5% 1071 NoX,

For detoils of experimental procedures, illuuivation and asscys .

and 150 pi-malate were added prior to assay.

of enzyne activity see page GO,
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exposure to illunination at high light intensity (050 lumens/sq.ft.)
on malate exidase activity and on DCPIP reduction by the membranes
of pigmented S, luben, The results of one experisent, represented
by Table 12, showed that exposure to illusination for 5 minutes
cansed slight depression of the enzyme activities, which reversed
completely during the follewing 45 minutes' incubation in the dork
at 8%, There is no apparent difference between the effects on

oxidase activity and om DCPIP reduction,

+hen those experiments were repeated using non-pigmented
meabranes (see Table 13), similar results were obtained., IHowever,
the reversibility of malate oxidase eactivity and the reduction of

DCPIP were pot complete even after one hour of dark incubation.

Four ecxperiments were perforwmed to compare the effects of
short cxposures (5 minutes) to illusination at high lipht intensities
on malate oxidase activity and BCPIP reduction by membranes of
pigmented S, Intea, The results of one experiment are shown in
Table 14. '

The results showed that exposures to illuuxination for 5 minutes
caused depressed malate oxidase sctivity, which reversed completely
during the following 75 minutes' incubation in the dark at 8%,

The malate ¢ LCPIP and saccinate 3 DCPIP reductions also showed
similar effects, and there was no apparent difference between thé
oxidose activities and the DCPIP reduction activities., The
recovery time was slightly longer than in the previous experiment
because of the higher light intensity used, which caused slightly

more damage to the system.

The effects of 5 minutes' illuanination on the malate and
succinate oxidase activities end on DCPIP reduction by the membranes
of non-pigmented S. luten are shown in Table 15. The results
showed similar depressions in ell the enzyme activities assayed due



Table 12. Lffect of 5 mins. exposure to illusination at high
intensity (930 lumens/sq. ft.) on the malate oxidase
activity and DCPIP reduction by membranes of pigmented

S, luten,

Time Malate oxidase activity : DCPIP reduction
(nins.) pg.atoms G, untake/wl,/win./ n moles DCPI? reduced/ml./min./
BE. membraiie protein Lg. membrane protein
Dork Il1lurinated Baric Il1lurinated
control sample control samnle
0 106 0,070
5 0,009 e 002
15 0,101 0. 062
30 0,101 0. 067
45 0,103 0,070
60 0.1C6 0.070
5 0,106 0.063
90 1G5 0.106 G067 0.0067

The membrones were irradiated at 8°C by light (950 lumens/sq. f£t.)
for 5 minutes and then kept in the dark away from the lisht source
by covering with blackened aluziniun foil. Additions of 150 mi-
malate, 0,000534-DCPI? and § x 10™ l-NaNy, were made prior to

assay. For further details of experimental procedure, illumisation

end assoys of malate oxidase and DCPIP reduction see pages 45 to 50,
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Table 13, Effect of 5 minutes! exposure to illurination at high
intensity (1240 lunens/sq. ft.) on the malate oxidase
activity and DCPIP reduction by membranes of the white

matant of S. luben.

Time Malate oxidose activity RCPI? reduection
(oins.) ps.ators O, urtaice/nl./ivin./  p moles DCPIP reduced/ml./min. /
ng. membraie protein ©BZe membrane protein
Darle Illusinated Dark I1luninated
conirol sample control sample
0 0,117 0,070
5 04102 | 0,069
15 0,087 04076
30 0.007 0.076
45 0.117 0,073
60 C.123 0.117 6,030 0,073

The membrunes were irradiated at 8°C by light (1240 lumens/sg.ft.)
for O minutes snd then kept away from light source covered by
blacikened aluminiuwn foil. Additions of 150 mll-palate, 0.00053M-
DCPIP and 5 x 10~y NaN, were made prior to assay. For details
of experimental procedures, illuvination and asscy of malate oxidase

and DCPI? reduction, see pages 45 to 50,
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Table 14, ZEffect of 5 minutes' illumination at high light
intensity (1240 lumens/sq.ft.) on malate oxidase
activity and DCPIP reduction by membranes of pigmented
S. luten.

rms——"

Time tolate oxidase octivity ¥Malate 1 DCPIP reduction
(mins) pe.otoms 0, untalke/wl./win./  p moles DCPIP reduced/ml./min./
ne menbrane protein me. membrane protein
Dark Il1lowinated Darlk I1luminated
control sauple control sample
0 0.138 0.143
5 0,170 0.127
13 0.177 0.143
30 0.173 _ 0.143
45 0.1758 6,159
h} 0.177 0.139
75 0.137 04167
80 0.134 G.134 0,167 0.1867
Time - Succinate ¢ DCPIP reduction
(mins.) A moles DCRIP reduced/ml./min./mg. mesbrane protein
Darit coantrol Irradiated senple
0 0,063
5 0,050
15 - 0.057
S0 0.059
45 | 0.063
6o 0.GGO
5 ‘ 0.060
00 0063 : 0.063

The membranes were irradiated at 8°C by light (1240 lumens/sq.ft)
for 5 minutes and then kept away from light scurce covered by
blackened aluniniung foil. Additions eof 150mM malate and 150mli~
suceinate, 0.G005U~-DCPIP and 5 x lﬂ”sﬂ—ﬂaﬂs, were made prior to
assay. For details of experimental procedures, illumination and

asseys of enzyme activities see pages 45 to 5O,
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Table 15. Effect of § minutes' illumination at high light
intensity (1240 lumens/sq.ft.) on malote and succinate
oxidese activities, and DCPI? reduction, Ly pembranes
of the white mutant of 3. luten.

Time lalate oxidose activity Yalate 3 DCPIP reduction
(nins.) pgeatoms 0, uptaice/mls/min./ j moles LCPIP reduced/ml. /min./
wge mombirane protein mg. membrane protein
Dark Ilusinated Dark I1luninated
control samnle control gammle
0 0,176 ' 0.107
5 0.167 04095
15 0.157 0.005
30 0,183 o 0.687
45 0.173 0.105
6o 0.173 0.107
c0  0.220 0.183 0,128 0,108
Time Succinate oxidase activity Suceinate : ICPIP reduction
(ains.) peeatons 0, urtaie/ml. /min./ B moles DCPIP reduced/isl./min/
BTe membrane protein ng. membrane protein
Dari .- Illuainated Dark -~ Illumninated
conirol . sample . control saaple
0 0.057 : : 0,052
. 0,052 0.047
15 ' 0.052
30 : o o 0.044
45 0.044
6 o ' 0,044
00 0,070 o 0.053 - 0.052 0.042

The membranes were irradiated st 8°C by lisht (1240 lumens/sq,ft.)
for 5 minutes and then kept awey from light source covered by
blackened aluminium foil. Additions of 100mlM-malate and 150rll-
saccinate, 0,0005314~DCPI2? apd & x 10‘8M Naﬁs were made prior to
asany. For details of exnerimental procedures, illuminaticn and
assoys of malate and succinate oxidase activities and reduction of

DCPIP see pageS45 to 50,
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to illunmination for & winutes. Towever, the reversibility of
malate and succinote oxidase setivities, and of DCPI? reduction,

were not commlete even after 90 minutes of dark incubation.

when the succinoxidase and malate oxidase activities were
compored using pigmented menmbranes of 3. lutea after illumipating
at high light intensities for 5 minutes, there were denressed
oxidase ectivities with both malate and sucéinate (sce Table 16),

which reversed comnletely after dark incubation. !

The effects of short exposure to illumination at high light
intensities on the malate oxidase and malate : vitemin K redactase
sctivities by the memlrunes of pismented S. lutea are shown in
Table 17. Doth the malate oxidase and malate s vitamin K reductose
aectivities were depressed by illumination of short duration, end the
activities were colpletely restored during the followinz 75 wminutes'
incubation in the dark at 8°.

The results of all experiments donme so far without any
exorenous photosensitizer showed that short illumination for 5
wiputes ot high light intensities caused some dasage to several
enzyme activities, such es malate oxidase, succinate oxidase, DCPIP
reduction and malate 3 vitswmin K reductase dctivity, in pigmented
end non-pigmented S, lutea. The imactivation of enzyme mctivities,
which was caused by illusination of the pigmented membranes, was
slight and all reversed completely when incubeted in the dark for
periodas which varied according to the intensities of lizht, The
higher the light intensity, the longer wvas the time required to
achieve complete restoration of activities. Ia the case of the
carotenoidless mutants, the depressioﬁs in enzyﬁe sctivities were
slightly wore in éomparison with the pigmented strainy end o
couplete restoration of enzyme activities could not be achieved.
These results sugzested that the enzet of the damaging effect was

fairly repid, but permanent insctivation was not echieved douring
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Table 13, Effect of 5 minutes® illumination at high light
intensity (1240 lumens/sq.ft.} on melate oxidase and
succinate oxidose activities of membranes of pigmented

S5, Intea,

Time Malate oxidase activity Succinate oxidase activity
(mina.) pseatows 0, uptake/ml./min./  prestons 0, uptake/mls/win./
nge membralie protein pZe menbrane protein

Tarie ' I1luminated Darik I1lusinated
control sumple control - sample
0 0.167 0.063
5 0.152 0.001
15 '
25 0.152
30 0.152
45 0.157
60 0.157
75 0.157
90 . ' 0.064
105 0.154
135 C.162
150 Ce 162 G.162

165 0,066 : 0.066

The membranes were irrediated at 8°C by light (1240 lumens/sq.ft.)
for 5 pinutes and thea kept eway from the light sourcey covered by
blockened clominiun foil. Additions of 150ul malate and 150uM
succinate were made prior to assey. For details of experimental
procedures, illuminotion and assay of enmzyme activities, see peges

45 to 43,
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Toble 17, Lffect of § minutes' illuminotion ot high light
intensities (1240 lumens/sq.ft.) on malate oxidase end
malate s vitamin K reductase activities by the mewbranes

of pigmented S, luten,

Tiue ~ ﬁu.atoms 0 wptake/wl./win./og. wembrane protein
(mins) Walate omidase activity Malate ¢ vitamin K reductose
activity
Dark - Illuninated Daric Illuninated
control sample control sample
0 o.211 04541
5 | 04108 6.32
15 0,196 04320
30 _ <208 0.320
45 ~0.208 0,33
60 | 0,209 0.326
75 | 0.211 0.341
00 0.211 0.21n 0,341 0.341

The menbranes were irradiated at 8°C by light (1240 lupens/sz,ft,)
for 5 minutes, after which Lhey wvere kept in the dork aawy frou the
lxﬁht source by coverlnw with blackened alvniniunm foxl. Aau1t10ns
of 150 malate, 10y menadione (vitamin- E. } and 5 x 107 %y NaN,
were made prior to eazyme asseys. For detazls of experimental

procedures, illusnination and assay of enzyme activilies, see pages

45 to 40.
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that short period. - Therefore further experinents were performed
to sce the effects of a lonzer duration of illumination ot hizh 3

licht intensities.

4. Lffect of 15 minutes' illuwrination at hisgh licht intensities

on the molate and succinate oxidase sctivities ard the activities of

serments of the resniretory ehain in nismented and non-pimaented

menmbrones ¢f S. 1lvrtea,

Four exneriments were perforimed to sce the effect of 15
oinutes' illumination et high lipht intensity (1240 1umens/5q.ft.)
on the malete end succinate oxidose activities and on DCPIP
reduction by the pigmented‘mmnbranes of 8, laten. Table 13
reosresents the results of one exnerinent.

The results shoved depressed malate and succinate oxidose
activities, but these did not recover during dark incubation for

he following S0 minutes. The succinoxidase activity seemed to

be less affected then the malate oxidase activity. The DCPIP
reduction was also depreésed by illuzination, but the extent of
inectivation seesed to be less than im the malate and succinate
oxidase systems., There was complete restoration of LCPIP reduction
ectivity during the following 90 minutes of inecunbotion in the dark
at 8%, This suzgested the possibility of some irreversible damage
to the cytochrome oxidase system if it was assumed that DCPIP

roceived its electrons from cytochrome c.

When these experiments were repeated using non-pigmented
membranes (see Table 18), similar results were obtained.  The
wagnitude of inactivotion was more in the non~pigmente§ membrénea

han ia the pigmented membranes, end the @alate oxidase system wos
nore offected than the suceinate oxiduse system. Compiete
restoration of métivities was not’gchieved in‘anj case,_aﬁd danage
to the DCPIP-reducing system scemed to be less than to the mdléte

and succinate oxidase systems.
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Table 19, Effect of 15 pinutes' illumination at high light
intensity (1240 lumens/sq.ft.) on molate and succinate
oxidase activities, and DCPIP reduction, by membranes
of nicmented S, lutea.

Time R.atoms O, uptoke/wl./nin./me. membrane pretein
(mins.) YMalate oxid&s; activity Succinate oxidase activity
Dorls I1luzinated Dari ' I1lucinated
control sample eontrol sample
0 0,161 0.0647
15 Ce130 0,045
S 0.111 G.02
45 0.136 g.022
60 C.124 0.022
75 0.124 0.045
60 C.l43 0.124 G.002 6,045
Tine n moles DCPIP reduced/wl./win./mwz, membrane protein
(wins.) Malete 3 DCPIP reduction Succinate : DCPIP reduction
Dark Il1luningted Tark I1luminated
control sample control samnle
0 0.134 64059
15 .121 G.052
30 G.125 ¢.C56
45 G.121 0.056
60 0.143 0.059
75 C.144 0.0G63
00  G.133 0,133 0.063 ¢.063

The mewbranes were irradiated ot 8?0 by light (1240 lumens/sq.ft.)
for 15 minutes, cfter which they wére kest in the dork owoay from the
light source by coverinz with blackened aluminium foil. Additions
of 150m malate, 1003 succinate, 0.000824-DCPIP end § x 10-3M-Naﬁs
were made prior to essey. For details of experimental procedures,

illuninotion end assay of enzyne activities see pageg 45 to 50,
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Toble 19, Lffect of 15 minutes' illuminetion ot hizh lizht
intensity (1240 lumens/sq.ft.) on walate and succinate
oxidase activities, and BCPIP reduction, by membranes
of the white mutant of S. luten.

Time pgeatons 0, uptoke/wl./min./mg. membrene protein
(wine.) Valate oxidase activity Sucecinate oxidaze activity
Dark I1lurinated Dark I1luminated
control sample contrel somple
0 0,118 0.051
15 0.073 0.047
30 0.063 0,046
45 - 0,071 ' 0,047
€0 0.065 - 0.051
75 0.063 0,051
%0 0,113 - 0,063 0.655 0.050
Time p moles DCPIP reduced/ml,/nin,/mz. membrere protein
(mins.) Yialate 3 DCPIP reduction Succinate : DCPIP reduction
Darlk I1luninated Dark I1luninated
coatrol .. sawple . control sample
0 0,227 | 0.087
15 0,174 0,079
30 0.143 o 0.037
45 0.135 0.090
60 0495 | 04090
75 | 0.233 - 0,090
90  0.204 04195 0,100 04090

The membrenes were irradiated ot 8°C by light (1240 lusens/sq.ft.)
for 15 minﬁies, dfter‘which they wére kept in the dark awey from the
light source by covering with blackened alusiniua foil. - Additions
of 150mi-malate, 150ui-succinate, 0.000534-DCPIP and 5 x 10~3¥—Haﬁa
were made prior to assay. For details of experimental procedures,

illunination and assoy of enzyme activities see pages 45 to &C.
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The effects of 15 pinutes' illumination at 1240 lunens/sg.ft.
on the malate oxidase ond malate 3 vitamin K reductase activities
of pigmented menbranes are shown in Table 20,

The malate oxidese wetivity was depressed by illuminetion,
and complete restoration of activity did not occur even after 105
ninutes' incubation in the dork following illumination. here was
elso domage to the vitomin K reductase activity, but complete
restoration of activity wos achieved duripng the following 90 minutes!

incubation in the dork at 8%

Table &1 represents one of four exneriments performed to
observe the effect of 15 minutes' illuvimation by light (1240 lusens/
sq.ft.) on the succincte oxidase and succinate : vitamin K reductase
activities by pigmented membranes.

The succinoxidase activity and the succinate : vitepnin X
reductase activity were both denressed by illumiﬁ&tien, and comnlete
restoration of succinate 3 vitewin K reductose activity was achieved
following 90 minutes' incubation in the darit ot a°%, However, the

succinoxidase activity did not reverse comnletely.

Similar exnerinents were perforwed to compare the malate
oxidase, wnlate 3 vitomin K reductase and succinate 3 vitanin K
reductase activities in the non-pigmented menbranes of 5, lnten,

The results showed (see Teble 22) denressed melate oxidase activity,
which did not show complete restoration efter 00 minutes' incubation
in the dark following illuminotion., IHowever, the malate : vitanin K
reductase ond succinate : vitamin X reductase nctivities were also
depressed, but caomplete restoration of the ectivities was achieved

after 90 minutes' incubation in the dark following illumination,

Therefore, the results of experiments done so fur to find the
effects of short illumination of 5 minutes showed that the malate

oxidese setivity of the pigmented membranes of S. lutea wos depressed,

S —————————
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Toble 20, Effect of 15 miputes' illumination at high light
intensity (1240 luwmens/sg.ft.) on the malate oxidase
end melate 1 vitomin X reductase ectivities of the

menbranes of pigmented S, lvtesn,

Time pE.atons G2 uptalke/ml./min./inz. membrane protein
(mins.) ¥alate oxidose activity lalate 31 vitamin X reductese
sctivity
Park I1luminated Park I1lucinated
contrel somnle control samnle
0 0,004 0.632
15 0.029 0.061
30 0,032 0.056
43 0.0 0,051
G0 ' 0.032 0.051
75 0.G34 0.051
00 0.05 0.0G6
65 04051 0.054 0,050 0.056

The menbranes were irrediated at 8°C by 1ight (1240 lumens/sq.ft.)
for 15 minutes, efter which they were kept away from the lisht

source covered by blackened aluminium foil. Additions of 150wl

3

malate, 10mll-menndione (vitemin KS) end 5 x 10" “u-NoN, were made

3
prior to asscy. For deteils of experimental procedures,

illunination and essay of enzyme activities see pages 45 to 49,
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Tabhle 21, Effect of 15 minutes' illumination ot high light
intensity (1240 lumens/sq.ft.) on succinate oxidase ond
suceinate 1 vitamin K reductase activities of the

membranes of pigmented 3. 1lntea.

Tine pz.atoms 02 uptake/ml./nin./mg. membrane pretein
(mins.) Succinate oxidase activity Succinate : vitamin K
: reductase activity
Darl Illusinated Park I1luninated
Control samnle control saunle
0 G015 0,034
15 | C.013 S 0.029
30 0013 o 0.024
45 | ec13 0.024
60 , 0.014 0.020
75 . oou4 0.020

20 0.014 7 0.014 0.C31 0.031

The membropes were irradiated at 8°C by light (1240 lwsens/sq.ft.)
for 15 piputes, after which they were kept away from the light
source covered by blackened sluzinium foil. Additions of 150umii-
succinate, 1lOwl~menadione and 5 x 10"3M-NaN3 were made'piiortto
assaye. For details of experimental procedures, illuminatiéﬁ and

assay of énzyme activities sce pages 45 to 40,
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and complete restoration toeit place after 45 minutes of dark
incubation. DCPIP reduction wos also denressed, and couplete
restoration of activity was eachieved alter 435 minutes of daork
incubation (Table 12). Similar experiments on non-pigmented
membraones showed loss of melate oxidase activity end DCPIP reduction
activity, but there wos no complete restoration of activity‘éven
after one hour of darlk incubation (Takle 13). - Succinoxidase
activities showed the suwe elffects of illumination as did malate
oxidase, Malate oxidase activity and malate 3 vitamin K reductese
activity showed depression in pirmented membrones, which recovered
comnletely after 75 minutes of incubation in the dark., - These
results suggested the possibility of two damazing effeets of light
on the respiretory systewm of S. lutess . one al the beginning of the
respiratory syston, and the other at the cytochrome oxi@ése system.
vhen the illunmipation time was prolonged to 15 ninﬁtes there
was damage to the malate ond succinmate oxidase systems in pigmented
menbrones, which did not reverse cowpletely (Table 18),  The DCPIP
reduction ectivities, however, reversed after 60 minutes of incubation
in the dark, suggesting that there was an irreversible inectivation
outsice the region between malate end the site of DCPI? reduction.
The sae experimenit on pon-pigwented membrapes showed more damage'
to the malate oxidase, succinate oxidase, malate 3 DCPIP reduction
end succinate § DCPIY reduction sctivities (Toble 18), but ell of
thex were damaged irreversibly. Malate ¢ vitamin K reductase and
succinute 3 vitamin K reductase activities were also depressed in
botlhi the pigmwented and non~pigmented menmbranes, but there was
complete restoration of activities after 90 minutes'! incubation in
the dark (Tables 20, 21 and 22}, suggesting that ionetivation of
vitamin K reductase activities was completely restored later..
This sugrested the possibility that the initial dameging effect on
the respiratory chein, possibly the flavoprotein, was reversible

even in npon-pigmented membranes.
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In view of the several nossible sites for tynes of lirht
damage on the resniratory chain of the bacteriun S. lvtea, at least
one in the flavonrotein region end possibly ene in the cytochrome
oxidase region, it wos thoutht possible that the various sites of
photodynanic action mizht be inactivated by different wave lengths
of visible light. It was therefore decided to filter out certain
wave lengths from tungsten light by using colour filter glasses,
end experiments were planned to observe the effects of filtered
light on the eazyme activities of S, luten, As the lizht intensities
were diminished due to insertion of colour filter glasses, the

duration of illuonination was inecreased from 15 minutes to 25 minutes.

He Effect of 25 minutes' illvmination with an 0Y 13 end Y 10

filter on molate oxidese ectivity, and on methylene blue reduction

by nigmented membranes,

Four exneriments were performed to observe the effect of 25
ninutes' illumination with en 0Y 13 yellow filter glass at high
licht intensity (1426 lumens/sq.ft.) on malate oxidase mctivity and
on reduction of methylene blue by the membrenes of pigmented S. lutea,
The results of one of the experiments are shown in Table 23,

The moalate oxidase activity was depressed after 25 minutes'
illunipation with the filtered light, bat ectivity was completely
restored in the following period of dark incubation. However, the
nalate ¢ methylene blue oxidoreductase activity was not affected at
all by the illunination, ‘

The 0Y 13 licht orthochromatic colour filter glass gives 0p
trensnission ot 400 nm and a peak transmission (755) from 500 nm;
it thus cuts off the ultraviolet and violet rezions of white light
from the tungsten laop (see page 160) Since the flavonroteins
absorb lizht in the near ultraviolet end blue regions of the
snectrun, it was presumed that when the 0Y 13 filter was used, the
flavonroteins would be unaffecteds As the artificial electron
ecceptor methylene blue presumably accepts electrons from the flavo-
proteins, the malate ¢ methylene blue oxidoreductase is not
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Table 23, Lffect of &5 minutes'! illumination with an 0Y 13 colour
filter glass ot high light intensity (1246 lumens/sq.ft.)
on malete oxidose activity and methylene blue reduction

in the wembranes of pigmented S. luteon.
r 2 4]

Tige pe.atoms 02 uptake/ml./min./mg. menbrane protein
(mins.) Yaolate oxidase activity Yethylene blue reduction
Darik I1luwrinated Bork I1lurinated
control semple control saaple
¢ C.032 c.029
20 0.013 0.020
45 0.014
GO G.012
7% .080
G0 0,621
105 0.018
120 G.,026
1356 0.021
150 0.029
165 0.033
130 0.0350
150 0.029 o .
20 0.030 0.0320

The membranes were irradiated at 20°C by light (1426 lumens/sq.ft.)
with 0Y 13 colour glass filters TBefore inserting the colour filter
glasa, the light intensity was measured by the lizht weter, and
after 25 mioutes'! illusinotion the mesbranes were kept in the dark
avay from the light source covered by bleekened alusinium foil.
Additions of 150uM-malate, 0.002% methylene blue and 1 H-KCN
(neutralized) were made prior to assay. For details of experimental

procedures, illuminations end assay of enzyme ectivities see pages

45 to 49,
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inoetivated by the 0Y 13 filtered light. Tence a second light
reaction, sensitive to 0Y 13 filtered light, is demonstrated in the
assay of melate oxidase activity. This insctivation appears to be

reversible,

then these expneriments were performed with membranes from the
white mutant (see Table 24), the inactivetion of malate oxidase was
not completely reversibles lethyleme blue reduction ggain did not
show any licht effect at all after 25 minutes of illumination.

These results sugoested that the flevoproteins in both the
vigwented and non-pigmented wmembranes escaped the domaging effect of
filtered licht, and the early part of the electron transport chain
was uneffecteds The malate oxidase activity of the pismented
membranes showed reversible damage, while that of the non-pigmented
nesbranes showed irreversible damace. Therefore, it could be
assumed that the flavoproteins ere damaged by the ultraviolet and
violet regions of white light, while & second site beyond the
flavoproteins is damaged by visible light from 500 nm onwards.
The carotenoid pigments appeared to be associated with complete
recovery of the malate oxidase activity in the pigmented membranes,
wvhile there was irreversible incctivation of the malate oxidase

activity in the mutant membrenes which lacked carotemoids.

The effect of 25 minutes' illumination with OY 13-filtered
light on DCPI? reduction wus compared with the effect on malate
oxiduse activity in pigmented membranes, as shown in Table 23,

There was complete restoration of the malate oxidase activity
after irradiation, but not of the DCPIP reduction, suggesting
pernanent danage to the cytochrome system by 0Y 13-filtered light.

By comparison, in the white mutant membranes 0Y 13-filtered
light produced inactivation of the malate oxidase and the DCPIP

reduction which was irreversible (see Table 2G).
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Toble 24. Effect of 85 minutes' illucination with en CY 13 celour
filter glass at high light intensity (1395 luwens/sq.ft.)
on malate oxidase activity end methylene blue reduction

in membrones of the white mutont of S. luten,.

Ti?e pz.atons 02 uptake/wl./win./ng. membrane protein
(nios.) Yalate oxidase activity ¥ethylene blue reduction
Porlk I1luminated Dark I1luminated
control somnle control samnle
0 0.032 0.033
25 0,013 ¢.0490
45 0.017
Go 0.015
75 0.021
00 0.019
185 0.024
120 0.023
135 0,019
156 0.023
165 ¢.024
130 0,019
190 ©.030
220 0,040 0.040

The mewmbranes were irradiated at 20°C by light (1395 lumens/sq.ft.)
with the 0Y 13 colour glass filter. Defore inserting the colour
filter glass, the light intensity wos measured by the light meter,
and after 25 minutes' illusinction the membranes were kept in the
dork awey from the light source covered by blackened aluzinium feil,
Additions of 150=¥M-malate, 0.00%% methylene blue and 1 %-KCY
(neutralized) were made prior to assay. For details of experimental
procedures, illumination end assey of enzyme activities see pages

45 to 48,
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Toble 26, iiffect of 25 minutes' illusination with an ¢Y 13 colour
filter glass at hizgh light intensity (1595 lusens/sq.ft.)
on malate oxidase activity and DCPIP reduction by the

menbranes of pipnented S. lutca.

Tize peeatons 0, uprtake/ml,/win./ p moles DCPIP? reduced/wl./
(mins.) wge melbrane protein min./mg. genbrone protein
Malate oxidase activity DCPIP reduction
Park Illuninated Parlk I1luzinated
control sample control sanmple
0 0.1375 0.6314
25 041645 0.5004
45 0.1277
50 0.1878 '
60 0.1402
75 0.1634
90 0.1509
160  ©.2087
105 0.1760
180 0.13306 €,.5004
135 0.1370 0.06132
150 0.1376 0.1876 0.733C 0.5504

The mesbrones were irradiated et 20°C by light (1395 lumens/sq.ft.)
with an 0Y 13 colour glass filter. Defore inserting the colour
filter glass the light intensity wes measured by the light meter,
and after 25 minutes' illumipnation the membranes were kept in the
dnrt away from the light source eovered by blackened aluminiuw foil.
Additions of 150uM-malate, 0,000534-DCPIP, and 1 M-KCN (neutralized)
wvere made prior to assay. For details of experimental procedures,

illumination and essay of enzyme activities see pages 45 to 50.



- 1190 =

Teble 86. Effect of 25 minutes' illumination with an OY 13 colour
filter glass at high light intensity (1364 lumens/sq.ft.)
on malate oxidase activity and DCPI2 reduction by

membranes of the white mutant of 5. lutes,

Time  pg.otons 0, urteke/wl./win./  p moles DCPIP reduced/wl./
(wina.) mZe meabrane protein win./ng. wembrene protein
Malate oxidase activity ‘ ‘ PCPIP reduction
Jarit ’ T1larinated Dark - I1luminated
control sample control somnle
0  0.034 ' ' 0.1390
25 ¢.071 0.155
45 4.069
60 0,001 0.065
5  0.067
S0 6.054
105 a 0,005
120 - 0.073
135 © o 0.071
130 ‘ 6.071
165 0.0065
170
180 0,060 a6

190 0.032 - 0,201 -

The menmbranes were irradiated at 20°C by light (1364 lumens/sq.ft.)
with the 0Y 13 colour filtér glass. Defore inserting the colour
filter glass, the light intensity was measured by the 1isht meter,
and after 25 minutes' illunination the membranes were keot in the
dark'away fros the light source covered by blackened aluminian foil.
Additionssof 150ni-nalate, 0.000534-DCPIP and 1 M-KCN were made
prior to assay. For details of experimental procedures,

i1lunination and assay of enzyme activities see pageg 45 to 50
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Therefore, the results of the above experiments showed that
photoinactivation of the malate oxidase activity was completely
reversible in the membranes of pigmented S. lutea after 25 minutes
of 11llunination with 0Y 13 colour filter glass at high light
intensities,. In the non-pigmented mutant, inactivation of the
nelate oxidase aectivity was not reversible. Methylene blue
reduction wes completely unaffected by light in both pigmented and
non-nismented strains., The inactivation of DCPIP reduction was
not reversible in either strain, suggesting some more permanent
davage to the cytochrome system by the filtered light. |

An 0Y 10 (haze) filter was available, giving 0% transwission
at 350 my and peak transmission (90%) from 450 nm over the remainder
of the visible spectrum (sce pagelG0 ). In view of the success
gained with the use of the 0Y 13 filter, it was thought worth while
to test the effect of illumination with the 6Y 19 filter at high
light intensities on malate and NADI oxidase activities, methylene
blue reduction and DCPIP reduction by the membranes of pigmented

Se luten,

Four experiments were performed to test the effect of 285
ninutes! illusination with the OY 10 filter at high light intensities
on malate and NADI oxidase activities, methylehe blue reduction end
DCPIP redaction by the membranes of pigmented S. luten. - Tables 27a
and 27b show the results of one of the experiments.

There was considerable damage by lizht with the 0Y 10 filter
to all the enzywme activities assayed. lizlate and NADI oxidase,
methylene blue reduction end DCPIP reduction all showed photo-
inactivation in the pigmented strain. Thué, the flavonroteins
wore affected Ly light transmitted by this filter. As the DCPIP
reduction showed irrcversible inactivation, this suggeéted some
damage beyond flavoproteins and up to the cytochrome ¢ level in

the electron transport chain of S, luvten.
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Tahle 27h, pifect of 23 minutes' illunination with an 0Y 10 colour
glass filter at high light intensity (1395 lumens/sq,.ft.)
on DCPI? reduction by the membranes of pigmented S, lutea.

Time p moles DCPI? redaced/mls/win./ng. membrano protein
(#ins.)  jo1ate s DCPIP reduction NADH 3 PCPI? reduction
Derk Illuninated Dark Illuninated
control somple control sample
0 0.743 1.39
&5 6,327 | 1,00
60 0.342 S 104
90 0,342 - 15
120 6.356 . | 1.04
159 0.372 1.04
130 0.723 0.330 1.34 1.08

The membranes wererirradiaﬁed at 23°Cbe 1ight'(1395 lﬁmcnsjsq;ft.)
with en OY 10 colour filter glass; Defore inserting théAdélour
tilter glass, the light intensity‘was measured§ &ﬁd after 25 wminutes!
illumination the membranes were kept in the dark awny from the 1igh£
source covered by blackened aluminium foil., Additions of 150@%—
malate, 0.C00B3U-LCPIP, Golp NATI and 1 M-KCY (neutr&lized) were
made ﬁrior to assay; For details of cxperimental proéeéures,

illunination ond assoy of epzyme activities see pazes 45 to 50.
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The use of the 0Y 13 and 0Y 10 filtors gove vefy interesting
results with reactions ipvolving the flavopnroteins; _ahd, in view
of this, the effect of illumination with various other colour filter
glasses filtering noar ultraviolet and blue violet light was tested
on methylene blue eductxon by the membranes of pigmented 3. lutea.
As the light intensity was much higher than in the previous
experiments (1433 lumens/sq.ft.), the illunination time after
insertion of the colour filter glass was shortened to 15 minutes

instead of 25 minutes.

Ge Effect of illu ination with various colour fxlter glasses on

methylene blue reduction by membranes of nismented S. luten,

Four exneriments weré perforned to observe the effect of 15
minutes' illumination with different colour filters at high licht
intensities on wmethylene blue reduction by membrenes of pigmented
3, luten. The results of one experiment are shown im Table 23,

The 0Gr 3 green and OB 14 colour filter glasses preduced a light
effect (evidenced by a depressed rate of wethylene blue reductzon)
while the 0Y 13 1light orthochromatic, 06X 1 ultraviclet end OV 1
purple colour filter glasses did not produce any light effect at all.

The 0X 1 ultroviolet colour filter gives Oﬁ»ti§nsmission at
230 »a and a peak transmission (73%) at 550 mm. The OV 1 purple
colour filter glass gives 0% transmission at 340 nn and a pealk
transsission (72%) between 370 and 330 mw (see page 101). Light
from these two filters did not produce any inactivation of methylene
blue reduction, and consequently nay be presumed to have no effect
on the flavoproteins.

The 03 14 colour filter glass gives OF trensmissien at 270 mm,
and the peal tronsmission (855) is between 350 and 400 ma,  The
0Gr 3 green colour filter glass gives 0% transmissien st 400 nm and
a peak transmission (73}) between 500 and 550 nm (see paze 130).
The results sugrested that 03 14 and 0Gr 3 filteréd-light could
produce some inactivation of flavoproteins, though the inactivation
of the former was more than that of the latter. . Other colour
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filters failed to demonstrate any damage to the flaveproteins.
Therefore, it appears that the flovonroteins may be sensitive mainly
to 350 = 400 na, end slightly sensitive to beyond 400 nm of the
visivle spectrum. It is possible that the total emerpgy transmitted
by OV 1 is inadequate to produce an effect on the flavoproteins,

Weber et el. (92) have studied the possible role of vitemin K
in elcctiron transport, and their data indicate that vitamin X
transfers electrons between NADH aend the cytochromess It was

therefore decided to examine the NADH oxidase system of S. luvtea.

T, Effect of 25 minutes! illumination with OY 13 colour filtered
light on NADIH oxidaose activities end onm NADH : DCPI? reduction

activities by membranes of pigmented end non-pigmented S, luvtea.

Four experinents were performed to test the effect of 25
minutes' illusination with OY 13 filtered light on NADI oxidase
activity and on NADII ¢ DCPIP reduction by the membranésrof pigmented
S. lutea, The results of one of the exneriments are represented
by Table 28, There was inactivation by illumination of the NADH
oxidase system (evidenced by depressed rate of NADH oxidation),
but no inactivation of the NAIN : DCPIP reduction sctivity., The
damege to the NADI oxidase appeared to be permanent,

Similar results were obtoined when the white membrones were

examined for these enzywe activities (see Table S0).

Therefore, illumination with the OY 13 filter at high light
intensities showed inactivation of the NADU ozidase systems of both
the pigmented and non-pigmented atrains of S, lutea, but no in-
activation wos evident in the NADH 3 DCPIP reduction activities in
either strains, DBy contrast it is interesting to note thotl malate
oxidese cctivity in the pigmented membranes showed complete
reversibility, while the malate : DCPIP reduction activity did not
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reverse. In the roo-pignented membranes, neither the walate
oxidase activity nor the walate ¢ DCPIP reduction ectivity showed
complete reversibility, The NADI oxidase system was inactivated,
while there was no inactivation of NAUI s DCPIP reduction activity
in the mutant membranes. Therefore it seemed that while there was
irreversible NADI oxidase photoinactivation in both strains, there
was no inactivetion of the NAZI ; DCPIP reduction at all in either
strain. 'This suggested that there was soﬁe‘irreversible dﬁmage to
the NADI oxidose system beyond tﬁe site ffom where DCPIP receives
its electrons. It was now decided to observe the effect of
illuwination with 0Y 13 filter on vitowin X reductase activity,

S Lffect of 25 minutes! illumination with the QY 13 filter at

hirh lirht intensity on the walate t vitamin K reductase activity

of nimmented and non-pimmented wembranes.

Four experiments were performed to see the effect of 25
minutes' illusination with the 0Y 13 filter on malate oxidase and
malate s vitamin K reductase asctivities by the pismented membranes
of S. luten. The results of one of the exneriments ere shown in
Table 3l DBoth the malate oxidase and malate : vitomin K reductese
activities showed insetivation by OY 13-filtered 1isht, and both
showed comnlete reversibility,‘suggesting that the damage caﬁsed to
the oxidase system and the vitamin X reductase activity wés ﬁot

permanent,

¥hen these activities, together with malate :bmethylene tlue
oxidoreductase activity, were examined in non-nigmented membéanés, '
there was similar inactivation of the malate oxidase end malate &
vitanmin K reductase activities, but there wos complete recovery of
the vitamin K reductase activity while the malate oxidase ectivity
did not recover comnletely (see Table 52), The methylene blue
reduction, however, was pnot affected at all. The complete
reversibility of the inactivation of malate : vitamin X reductase

activity, even in the non-pigmented membrenes, suggested that there



Takile 21, LEffect of 20 minutes' illumination with an €Y 13 colour
filter glass at high light intensity (1426 lumens/sq.ft.)
on the malate oxidasze and malate 3 vitemin E reductose

setivities of wembrones of pigmented 8. letesn.

Time pseatons 0, up£ake/&1./min./mg. membrane protein
(mins.) Malate oxidase activity lYalate t vitonin K reductase
aetivity
Bark I1luminated Dark Il1lusinated
control sample control sample
0 0,050 0.112
25 £.045 © 0.054
43 0.041 0.045
60  0.050 0,047 0.074 0.087
20 G.041 0.087
120 0.043 0.047 0,086 0.0C8
150 0,037
180 0.045 0.045 0,031 0.081

The pembranes were irradiated ot 20°C by lizht (1426 lumens/sq.ft.)
with an 0Y 13 colour filter glass., Before inserting this, the

lizht intensity wos measured, ond after 25 minates'! illumination

the mombreones were kent in the dark away from the light source

covered by blackened aluminium foil., Additions of 150uli-malate,
luM-menadione (vitamin KS) end 1 ¥-KCN (neutralized) were made

prior to assay. For details of experimental procedures, illumipation

and assay of enzyue activities see page 8 45 to 49,
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was sowe damaze between thg flavoproteina and the cytochromes due
to illunination with the 0Y 13-f11téred'light, which reversed
comnletely when incabated in the dark. This suzgests apother site
in the eleetron transport chein between the flavonroteins and the

cytochromes which is attacked by 0Y 13-filtered licht,

It is possible that the effeets of lizht described above werse
due to some wechanical injury done while obtaining the membranes
by lysing the cells oswotically. If this wus not true, then the
above results should be reproduced with whole cells.  Therefore ,
the effect of 0Y 13-filtered lizht on malate oxiduse activities in

whole cells of the pigmented and pon~pigmented strains was examined,

O Bffect of 25 minutes' illumination with 0Y 13-filtered light
on the malate oxidase activity of pigmented end non-pizmented cell

susnensions.

Four experiments were performed to investizate the effect of
0Y 13-filtered 1liczht at high intensity on the malate oxidase activity
of whole cells of pirmented S. lutea., The results of one of the
experiments ere represented in Teble 33,§where complete reversal of
photoinactivation of malate oxidase'uetivity in whole cells may be

Seel.

In the white mutant, irreversible photoinactivation of malate
oxidase ectivity was obtained (see Table 34},

Theso results on malate oxidase cctivities of the pigmented
and non-pigmented whole cells of S, lutea shoved exaetly the same
type of light effect as was observed in the cases of the pigmented
snd pon-pigmented membranes of S. lutea. Therefore,vhotever
domage was ceused to the membranes was not due to any‘injury done

while preparinz the membranes.

Further, it wos decided to confirm the effect of 25 minutes!
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Table 33, Effect of 85 minutes' illwaivation with on 0Y 13 colour
filter glass at high light intensity (1305 lumens/sq.ft.)
on malate oxidase activity of whole cells of nigmented

5e Iuten,

Time pg.atons 0, uptake/ml./min.
(nins.) Malate o;idase ectivity
Darlc Illuninated
control samnle
0 0.022C
23 6.0272
45 0.0130
6O ¢.0231 3.6221
75 0.0145
00 o023
155 00,0253
120 0.0272 0.0253
135 c.0at 0.0217

The whole cell suspension was irradiated st 20°%C by light (1205
lumens/sq.ft.) with an 0Y 13 colour filter glass. Before inserting
the colour filter glass the light intensity was measvred, aad after
25 minutes' illunination the eecll suspension was kept in the derk
away from tlhe light source covered by blaeckened aluminium foil.
Addition of 150mii-malate was made prior to assaye. For details of
exverimental procedures, illunination and assay of enzyueactivity

see pages 4% to 48,



Tebhle 24, Effect of 23 minutes' illumination with an 0Y 13 colour
rlass filter at hinh light intensity (1457 lumens/sq.ft.)
on mialate oxidase pctivity of whole cells of the white

satant of S,luten,

Tine pgentoms 0, uptake/ml./nin.
(mins.) Malate oxidase sctivity
Dar' I1lusninated
control , sasple
0 0.014
&5 0,063
45 $.005
GO G.014 0.010
30 U.010
100 0.609
180 0,012 3.003
140 0.663
160 0.C06

120 0.009 0.005

The whole cell suspension was irradisted at 20°C by light (1457
lumens/sq.ft.) witi an OY 13 colour filter glass. DBefore inserting
the colour filter glass the lizut intensity was measured, and after
25 minutes'! illuuination the cell suspension was kent in the deori
awey from the lizht source covered by blackened alusinium foil.
Addition of 150mli-malate was mode prior to assay. For details of
experimental procedures, illumination and assay of enzyme activity

see puges 45 to 43,
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illumination with OY 13-filtered light on the malate dehydrogenase
activity of pigmented membranes of 5. luten, using phenazine

petiiosulphate in place of methylene blue.

10. Lffect of 25 minutes'! illumination with OY 13-filtered light

at hirh intensity (1395 lumens/sq.ft.) on the mailate oxidase and

malate dehydror-enase activities of membranes of pigmented S, lutea,

The effect of 25 winutes! illumination with 0Y 15-filtered
light on the mulate oxidase and malate dehydrozenase activities of
nicmented membranes of S, luten are shown in Table 35. The malate
dehydrozenaose vetivity was assayed by reduction of phemazine
methosulphate (P43},

There was complete reversal of the inactivation of malate
oxidase, while there wus no innctivation of malate dehydrogenase
activity ot eall. This confirmed thot the flavoproteins were not
damaged at all by the OY 13-filtered light., Iowever, taere was

expected dawmase to the walate oxidase system which reversed coumpletely.

11,  Effect of 25 minutes' illuminaotion with CY 13-filtered light

at 4°C and 20°C on the malate oxidase activity of pigmented mewmbranes

of 5, luten,

Mathews (34) performed experivents in which pigmented and
non~pizmented strains of S, lutea, in the presence and absence of
toluidine blue, were exposed to light ot 4°C ona 34°C for 8 hoars,.
The results of those experiments indicated that the ability of the
corotenoid pigments to protect cells from lethal photooxidations,
by both exozencus and endogenous photosensitizers, was decreased
at low temperatures. Some esperiments with mpembreone preparations
of pigmented S. lutea were performed to ezomine the effect of 25
pinutes' illumination with 0Y 13-filtered light at 4°¢ and 20°C at
hich intensity (1426 lumens/sq.ft.) om the malate oxidase activity
of the bacteriunm,

The results of onme experiment are shown in Table 38.  There



Tolle 35. Lffect of 25 minutes' illusination with anm €Y 13 colour
filter glass at high light intensity (1295 lumens/sq.ft.)
on malate oxidase cnd malate dehydrogenase activities in

the membranes of nigmented 3, loten,

Time pr.atous 0, untake/ml./min./og. protein
(mins.) ©
Malate oxidase activity PUS reduction
Dark I1lusinated Dark T1luczinated
contral samnle control sample
0 0.057 0.204
25 0.021 (o204
60 0.043
80 ¢.0921 ¢.092
120 0.105
150
180 0,076 0.076 6.187 0.137

The membranes were irradiated at 20°C by lizht (1295 lumens/s..ft.)
with an 0Y 13 colour filter glass. Before inserting this the light
intensity was measured, and after 25 minutes' illusination the |
menbrenes were kept in the dark away from the light source covered

by blackened aluminium foil., Additions of 150mii-malate, 0,000i-
phenazine methosulnhate (PiiS) and 1 U~XCN (peutralized) were made
prior to assay. For details of ex@erimental nrocedures, illumination

and assay of enzyme ectivities see pages 45 to 40,
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Table 10, Effect of 20 minutes' illunination with en OY 13 colour
filter glass at 4°C and 20°C by bhigh light intensity
(1428 lunens/sq.ft.) on malate oxidase activity of

membraenes of »inmented 8, 1lateo.

Tive pzeatons O uptuke/ml./min./mg. meabrane protein
(mins.) " talote oxidase ccvivity
20°¢ 4%
Daric I1luninated Larlk I1luzinated
control sennle control sonmle
0 0.072 0075
25 0.058 0.054
45 0.047 0.045
60 0.0G0 U.035 G.054 0.041
75 0.053 0.052
0 €.053 0.052
1¢5 0,053 : $.632
120 0.063 ¢.038 0,052 0.057
135 0.053 : 0,059
130 0.053 ¢.0066
165 0,053 §.059
180 0.055 0.055 0.052 0.054

The membranes were irradiated at 20°C ond 4°C by lizht (1426 lumens/
s4.ft.) with an 0Y 13 colour filter glass. DBefore inserting the
colour filter plass the lizht intensity woes measared, and after &80
mioutes' illusination the membrones were kept in the dark away from
the lizht source covered by blackened aluminium foil.  Addition of
150mi-nalate was made prior to assay. For details of experimeatal
..procedure, illuvination and asssy of malate oxidase activity see

pages 45 to 43,
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was no annrecialide difference between the two temneratures in the
protection afforded Ly cuorotenoids te the baecterium. There was

comnlete reversal of activities ot both temperatures.

2e Lffect of 25 minutest' illusinotion with QY 13-filtered licht

on malate oxidease, malate : vitomin K reductose ond malate 3 methylene

blue oxidoreductose petivities of two other mpatont menbranes,

The experimnents perforned so fur were with wild Sarecince lutlen

containing carotenoid piguents, and an ultraviolet induced white
wutant (UV4) which wos carotenoidless, The ultravielet irrediatien
caused a blocik in the systhesis of carotenoid pigments. The
difference between the results obtoined with the curotenoid-
containinc wild strain and with the carotenoidless mutant strein
of 3, Intea could be accounted for in torms of the presence and
absence of caroltenoid pigwents. If the presence or absence of.
arotenoid nisments did matter in the differences of the activities
so for assoyed, then it could be expected that, in any mutent of

Sereine lutea where carotenoid pigments were absent, the activities

in response to illumination would be the same, 1lutants of 3, luten
vere produced by three differcnt methods (see page 36 ).  All three

putants, namely: UV4, 550, and Eusls, looked similar:s non-— .

7 -
piruented and white. As therewns no carotemoid pigment in any of
the three mutants, it was expected that they would behave similorly
in response to illumination. Therefore,it was decided to examine

the membrane nroperties of the other two mutants.

Four experimnents for each of the two mautants of S, lutesn -
SBUT and m;sls - were performed. Tables 37 and 33 renresent the
results of cne of the experiments on each strain.

’he results showed complete reversibility of the malate 3
vitamin‘K reductase ectivities. There was irreversible inactivation
of the malate oxidase activity, and the malate : methylene blue

oxidoreductase activities were not affected at all by Y iB-fil@ered

light. Thereforé,all three mutonts of Sareinn luten = UV45
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SBU7 and Emsls -~ shoved similer properties.

13. Sunnary

I. Illuninetion at high light intensities without any exogenous
photosensitizer caused damage to malete oxidase activity. Damage

was greater in the non-pigmented than in the pigmented membrones.

II. The malate and succinate 3 vitamin K reductase cctivities,
and the succinoxidase activity of non-pismented menbranes, were

also damaged.

I1I. The malate : TCPIP? reduction activily was damazed equally in

both the pirmented and the non-nigmented strains,

IV, & minutes? i}luminatioh followed by incubation in the dark
caused partial iactivation of malate oxidase, succinoxidase,
malate ¢ DCPIP reduction and succinate 3 DCPIP reduction in the
picwented membranes, There was complete reversibility of the
~inactivation after 40 minutes® dork incubation. Yo difference
was apperent between malate oxidase and malate 3 DCPIP reduction.
In the non-pigmented menbranes, however, there was inactivation of
the enzyme activities, which seemed to be permenent as there was
only partial recovery after 60 - 90 minutes' dark incubation.
The walate 3 vitomin K reductase activity in pigmented membranes
was partially insctivated, but there was comnlete recovery after

75 minutes' dark incubation.

' 15 minutes' illunination caused permanent‘inactivntion of
nolate and succinate oxidese activities in the pigmented membranes.,
The inoctivetion was slightly less in succinoxidase activity then
in malote oxidase détivity. There was partial inactivation of
malate ¢ DCPIP reduction and suceinete 3 DCPIP? reduction which
reversed completely after 90 minutes! dark inecubation,

In the non~pigmented membranes the above activities were
permanently inactivated, and the magnitude of damage was more than
that of the pigmented membreanes, Complete recovery was not seen

in the activities even after ¢0 minutes'! dark incubation.



The malate ¢ vitasin X reductase ond the succinate ;3 vitawin K
reductase activities of hoth the pigmented and the non-pigmented
renbranes were c¢epressed after illusination, but there was comnlete

reversibility of the activity after 90 minutes'! dark incubation.

VI. 25 pinutes' illuminetion with a yellow (0Y 13-filtered) light
showed reversible inoctivotion of malate oxidase activity of the
pigmented membrenes,  There was no inaectivation at all of malate
wethylene blue oxidoredactose activity or nlhienazine methosulphate
reduction ectivity.

In the non-pigriented membranes the malate oxidase activity
showed irreversible inactivetion, while there was again no effect
on methylene blue reduction.

The melate ¢ DCPI? reduction activity in both the pigmented

end the non-nicmented mesbranes showed irreversible inactivation.

VII, Illuzinotion with ultraviolet—filtered (0Y 10) light showed
irreversible inactivation of malate and NANI oxiduse activities,
nethylene blue reduction and DCPIP reduction activities in the
nizmented membranes,

Il1lusination with various filters showed insctivation of
nalate ¢ methylene blue oxidoreductase activities of pigmented

wembranes only with 03 14 end 0Gr 3 filters.

VIII. 25 minutes' illumipation with OY 13-filtered licht showed
inactivation of NADIl oxidase activity in the pigmented membrones
which did not reverse completely, but the NADI : DCPIP reduction
activity showed no inactivation at all.

talate : vitamin K reductase activity in both the pigmented
and the non-pigmented strains showed inactivation, but there was

comnlete reversibility in Loth strains.

IX, 25 minutes' illumination with O0Y 13-filtered light om the
malate oxidase activity of whole cells of pigmented S, lutea
showed inactivation which reversed completely. The nom-pigmented

cells, however, showed irreversible inactivation of malate oxidase

ectivity.
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o

. . . 0
Xe No differences were observed betuween illunination at 4°C

and 2000.

XI. Two further white mutants, SBU7 and Eusls, behaved identically
to UV4 ir illupination experiments involving assay of malate

oxidase and melate : vitamin K redactose setivities.,
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CIIAPTER O
Carotenoids

A number of non—-photosynthetic bacteria synthesize carotenoids
vhich are usually of & highly polar nature (93). Chargaff and
Dieryek (94) suggested that S. lutea contained two carotemoids, from
the evidence of partition between 9U% methancl and light petroleum
(bens 60 = 80%)s They assumed that the epinhase consisted of one
conpound which they considered to be a hydrocarbon (sarcinene).

The presence of a more nolar hynophasic carotemoid (probubly a
xanthonhyll) wes inferred by them. Nakamura (95) sugpested that o
single esterified pigment wos nresent in S. lvten whereas Talieda

ond Gta (96), from the same bacterium, okbiained a crystalline
comsound vhich they considered to be a xanthophyll (scrcinaxenthin).
Sobin and Stahly (1) renorted that S. lutea contained twe carotemoids
{carotenols), They could find no esters or carotenoid weids in the
bacterium, Sinece these results were inconclusive, Thirkell and
Strang (19) reinvestigoted the pigments of S. lutea and found seven
fractions which they designated hydrocarbons, or polar materials.
The bacterium epnearcd to synthesize pigments which could be
comnlexed in vivo to different proteins or to different amounts of
protein. I, therefore, have extracted the carotenoids from the
strain of S, lutea discussed here, and noted their spectiral

characteristics,

Ixtraction of carotenoids from 5. lntea grown on nutrient
broth mediun yielded a yellow solution with & maximun absorption in
acetone at 440 nn.,  Assuning en Eiém‘value of 2500, the carotencid
content of this strain of S. luten was found to be 12,55 pg./g. dry
weizht of bacteria.

Chromatography of the extracted pnigment on a zine carbonate

column with vorying eluting solvents gove three fractions listed in
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Takle 390 . The absorption mazima of the individual »nipment
froetions were recorded, and the cmount of carotencid in each
fraction, tomether with their percentages, were calculated, The
absorntion s»hectrun of fraction 2 is shiown in Pin.]16 » The spectra
of all three froctions were almost identienl, and these spectra were
similar to those obtained by Thirkell and Strang (19).

There is insufficient infermation to correlate the froctions
obtained here with the nigments identified by Thirkell and Strang
(19). Nevertheless, from the absorption maxima, it seems that
clmost identical pigments have beea obtained end that this struin
is »robably not dissimilor in its pigwments from other strains of
S. lotea and may well have the 050 carotenoids as suggested by
Thirkell et ol. (22). The last two or three pigments could not be
extrocted in my experiment because of the difference in the
eluting solvents.

Yo coloured carotencids could be extracted from the ultroviolet-
induced mutant (UV4).
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Fig. 16. Absorption spectrum of carotenoids of fraction No.2
in 5% acetone in petroleum spirit (0.80 mg carotencids per ml).
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CHAPTER ©

Disenssion

1. Molie dehyidrorennse of S, luten

Bacteria can oxidise an enormous number of organic and
inorganic eomnounds to furnish enersy. YMony microorganisms can
manaze with enly one compound as a substrate in the growth‘medium.
This surrests that amont the different bacterial snecies there
exists o wide variety of dehydrogennses. The majority of these
are soluble enzymes in the cytoplasm of the bacterial cell and ere
conpnected with the respiratory chain only through NAD, the universal
hydrozen carrier. In addition to NAZI dehydrogenase and succinate
c¢ehydrozenase, bacteria may contain numercus dehydrogencses which
are firwoly bound to the membrane. It enpears that none of the
mecbrane~bound dehydrogenases reduce nyridine nucleotides. There
is evidence that those of NAD/I, malate, succinate, lactate and
foruate are flevoproteins in bacteria (42, 97, 98). Only the
membranc~bound dehydrocenases are directly esctive in electron
trenmsport, and in the absence of an added cofactor can reluce o
nunber of dyes and ferricyanide (97).

A characteristic feature of many bacterio is the simultancous
presence of two dehydrogenases which effect dehydrogenation of the
same substrote. One of them is soluble end requires NAD for its
activity; the other is firmly bound in the respiratory chain and

does pot reguire NAD. The malic dehydregenases of Micrococcns

lysodeikticus, which is closely related to S. lutea, provide a good

exomple of this (99, 100).

‘Sorecins lnten seered to have mesbrone-bound flavonroteins

(dehydrogennses) which did not require NAD for their activity.
In preliminary experiments with whole cells and membranes of

pignented S, lutea it has been observed that malate is very actively
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oxidised, Saccinate and lactate are also moderately oxidised,

On addition of NAD to membrone nreparctions there was no change
whatsecever in the rate of oxidation of malate, suzgesting thoet the
nembrane-bound dehydrozenases in 3, lotea, lilkke those of

Mo lysandeilcticusg, ore mot NAD linked.  Moreover, the NADU oxidase

pathway differs from that of the malate oxidase puthway in the

sresence of illumination. Illence malate is not oxidised via NAD.

2 Reversible damoce to malie oxidase in the nresence of toleidine
blue.

In experiments where reversibility of the inactivation of
malate oxidase activity of membranes of the white mutan£ was
demonstrated after illumination in the presence of 2.5 pM teoluidine
blue (Fig. 12), it wos observed that illumination of short duration
(10 = 20 minutes) nroduced very little permanent inactivation of the
enzyme activity. 30 minutes' illuwination caused more permanent
damage to the oxidase activity, which recovered only un to 50/ whea
incubated in the dark following irradiation, here was permanent
inactivation of the enzyme ectivity beyond 060 minutes' illwnination.

There are two possible explanations of these observations.
Firstly, it is possible that the onset of photodynamie action was a
slow process which proceeded until comnlete inactivation was achieved
at a single site. Illumination of shorter duration produced =
depression in the rate of oxidation, but complete restoration of
activity was achieved when the photosensitizing conditions ceased.

Alternatively, it is possible that initially some reversible
nhotoinactivation takes place at one part of the electron transport
chain, while prolenged illurmination produces a second inactivation,
which is irreversible, at another site in the electron transpert
chain. Therefore, it could be the photolability of different
scgments of the chain which reclly accounts for these cebservations.
The second alterpative is supnported by the existence of several

sites of photoinactivation as discussed below.
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3e Sites of 1li~ht inactivotion in the nresence of toluidine blue,

The results of exneriments on methylene blue (Figs.13a and 15h)
susrest that illumination caused damage to the early nort of the
electron trenssort chain - the flavonroteins - ip both pigmented
and non-nismented membranes of 5. lutea, In manometric exneriments
the cerotenoids did not show much nrotection esaninst nhotodynamic
action, This was nossibly becouse the manometrie techpnique of essay
is less senaitive than the nolarogranhiec one. liowever, exneriments
on methylene Llue and DCPIP reductions and on cytochrome c¢ oxidation
in both nirmented and non-nirmented membranes measured by polaro-
craphic methods (Table 3) showed interesting results, There was a
difference in the rate of reduction of methylene blue vetween the
niegmented and ihe non-picmented membranes; the rate was denressed
iore in the latter than in the former. his reflected some
nrotective role of corotenoids ageinst photodynemic action on the
flavoproteins., IDCPI? reduction showed a greater depression of
rate than methylene blue reduction. This inereased damage to DCPIP
reduction rate can be internreted not orly in terws of inactivation
of the flavonroteins in the early part of the chain, but elso in
terms of another effect of light between the flavoproteins end
cytochrome ¢. The oxidation of cytochrome ¢ was also depressed
by illuvination, sucresting some damace et the eytochirome oxidase
level. Further, results cf the exneriments on ascorbate~THPD
cytochrome oxidase activity (Firs.14 and 15 ) sunport the view that
there is a site of domuge by 1lirsht ot the cytochrome c—-cytochrome
oxidase level. Therefore, illuminotion with an exogencus photo-
sensitizer, toluidine blue, causes damage to the flavoproteins, to
the cytochrome c-cytochrome exidase level, and to the cytochrome

oxidase level of the electron transport chain of S. luten.

4, Action of toluidine blune and lisht

The use of dyestuffs like methylene blue, toluidine blue ete.,

a8 hydroren acceptors is marred by the fact that they may exert
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toxic effects on enzyne systems. They way also lack the aebility
to combine in an eppropriate manner at the enzyme centre so that
reduction will occure Toluidine blue is a besic dye. It is
known that the bausic dyes mwey be easily reduced by enzyne systems
(101, 102), The acid dyes of similar redex potential, however,
ooy boe reduced very slowly. This is due to the fact that the
basic dyes are easily accessible to, or easily adsorbed by, the
active centres of the enzymes, whereas the acid dyes aro mot. The
adsorption of the basic dyestuff may be so large thet irreversible
inactivation of the enzymes moy toke place (108). This Las been
noted with hydrogen ccceptors such as methylene blue and toluidine
blue. In the above exneriments the enzyme activities were assayed
after addition of the dyes to the bacteria, but these systems were
not subjected to illumination. In my experiments the dye, toluidine
blue, was added to the bacterial preparction at o lower concentration
than was vsed in the above work, and was then subjected to illumimation.
Under these conditions, addition of toluidine blue did not elter
the rate of oxidation before the systems were subjected to illumination.
It is also well known that some of the amino aeid residues such
as histidine, tryptophan, methionine and tyrosine, in a protein ore
specifically oxidised by irradietion with visible light in the
presence of a suitoble photosensitizer (23), and such a reaction’
does not couse cleavege of the peptide bond (81). The results of
the experiment with exogenous histidine (Fig. 11) suggest some
Comage to the histidine residues and possibly to some other amino
acid rcsidues in the protein due to illuminstion in the presence
of toluidine blue. Therefore, in the experiménts with toluidine
blue, it is reasoncble to suppose that the amino acid residues of
meﬁbrane nroteins have suffered photooxidation. The finding that
ell segments of the electron transport chain examined show sowe

damage would supmort this view.

Ga Endorenons vhotosensitizer,

Evidence exists that there are pigments in the mersbranes such
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flovins, cytocliromes ete., which ecould act clso as endogenous
nhotosensitizers in the presence of visible light (6). At very
hich lisght intensities (e.g, direct sunlicht), ond in the absence
of eny exonenous photosensitizer, these nigments could nrodunce
nhiotooxidative damage. This photooxidative damaze could be
prevented if the carotenoid pimuents were nresent., The results in
chonter 4 surmest that there are endosenous nhotosensitizers
nresent in the menbrones of S. lutea which could aet as arents to
briny about photooxidative damage to the membrene-bound enzyme
activities of the bacterium. The lisht intensity in these experiments
was relatively lower than thet used by other workers (6). The
nolate oxidase, succinate oxidase and NADI oxidese activities are
all affected by illumination at relatively hich light intensities
without eny exozenous nhotosensitizer, I1lupination of short
duration (5 minutes) caused vhotoinactivation of malate and succinate
oxidase activities, and malate and succimate : DCPIP? reductase
getivities, which reversed cowpletely during deric incubation
followina illurination. I1lumination for 15 minutes caused
nernapent inactivation of malate and succinate oxidase activities
only in the pigmented membrenes. When illumineted for 25 minutes
with 0¥ 12-filtered licht, there was partial inactivation of the
malate oxidase activity of the »ismented membrane which reversed
comnletely following dark incubution. The NADI oxidase activity
of the pismented membranes on the other hand showed permanent
inactivation following 25 minutes' illumination with 0Y 13-filtered
lirht (Table 29). It therefore appears that the NADI oxidase
pathway i8 different from that of the malate oxidase pathway in

S. luten. The site of damage to the NADI pathway seems to be
different from that of the malate pathway, end photoinactivation

also tekes place much ecrlier thean in malate oxidase inactivotion.

6. Effect of 1lirht on flovonroteins

The malate 1 methylene blue oxidoreductase activity of both

pignented and non-pigmented membranes was inactivated by white



light, but was unaffected by 25 minutes' illuminotion with Y 13
filtered light which cuts off the ultraviolet and violet regions

of white light from the tungsten lamp.,  Similarly the phenazine
wethosulphate reductase activity of the pigmented meukranes wes
unaffected by 25 minutes! illumination with OY 13-filtered light.
The flavoprotcins are the sites frow which these two artificial
electron accentors pick un electrons. Thus it seems probable that
the flavoproteins, which normally absorb light in the near ultra~
violet and blue recions of the spectrum, escape nhotoinactivation
when these shorter wave lenglhs are filtered out. The malate 3
methylene blue oxidoreductase activity was, however, demaged by

0Y 10 ond 0B 14-filtered light. Therefore it is nossible to
suzgest that the flavonroteins are mainly sensitive to light at

0590 = 400 na end just beyond 400 nm of the visible snectrum.
Normally the flavonroteins show an absorption curve with pealts at
370 and 456 nmn, It seewms that illumination of shorter duration
would cause pertial inactivation of the flevonroteins whose activity
would then be restored completely in the followinz dark incubation;
buty, if the process of illumnination is continued indefinitely, there
will be permanent incctivation leading to the irreversible stage.
Therefore, one site at the flavoprotein level was established which

was damaged by light.

Te Vitamin K rednctose,.

The malete 3 vitamin K reductase activity of pigmented
membranes wos partially inactiveted by 5 minutes' illumination.
The malate and succinaote ¢ vitamin K reductase activities of both
pigmented end non-pigmented membranes showed photoinactivation
when illuninated for 15 minutes, but there was complete restoration
of the enzyme octivities following derk incubation. Damage to the
flavoproteins could be reflected in a depressed activity of the
malate and succinate 3 vitamin K reductases. However, with CY 13-
filtered 1ight (which does not affect the flavoproteins), insctivation
of enzyme activity was still observed, but this was restored in the
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following dork incubation, even in wnon-pismented membranes. Thus
it annears that this pliotoisvactivation was »nertial and was =2t a

site belwecen the flavonroteins and the guinones,

3. Neel? peduction.

the walate and suceinato s DCPIP reductese activities showed
photeinactivation by light. The inactivation in hoth pigmented
and pon-pigmented stroins wos completely reversible when illuoinated
for 5 minutes, 1% minutes' illumination csused reversible photo-
inactivotion of these activities only in the pipmented strain. 25
oinutes' illumination with GY 13-filtered lisht always cusused
irreversible pliotoinactivation in both pigmented and non-pigmented
sirains. Thus, with wmalate as substnate, DCPIP is not aceepting
electrons frow the same site as wmetliyleme blue, but after the site
fron wiiere vitamin K is redaced. Since malate oxidase is reversibly
inactivated by OY 13-filtered 1lizht, it is necessory to poestulate
thiat DCPIP accepts electrons from a point in the electron transnort
chain which is beyond vitomin K but not directly on the pathway to
oxygen, and which is irreversibly photoinactivated. The scheme
for electron traunsport pronosed for S, lutea by Lricksen and Parker
(see pase 32 ) would allow for such & system. With CY 13-filtered
light, however, NADI s DCPIP reductase getivity showed no pheoto-
inpctivotion when illuvminated for 25 minutes; but, with Y 10-
filtered licht, there wos pervanent inactivotiom of both the malate
and NADI ¢ DCPIP reductose activities ian the pigumented membranes.
This suppesta a second site at the flavoprotein level from which
DCPIP? could gccent electrons. Therefore, it scems that DCPIP
accents electrons either from a site close to the NADI deliydrogenase
or from a site close to the cytochrome chain. It moy elso be
concluded that en additional site for photoinactivation eccurs in
part of the eytochrome chain, This site is mot directly on the

pathwoy to oxygen.
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O Sites of lirht innctivotion

It arnears that licht causes damage ot e pininun of three
different sites in the electron transnort clhain of 3. luteas
firstly at the flavoprotein level, secondly between the flavo-
proteins and the ¢uinones, end thirdly in the cytochrome resgion;
while a fourth site affected is in the resgion of the MNADI de-
hydrorenase. The presence or obsence of carofenoids does not
effect the photosensitivity of the flavenrotein site,

¥rickson and Parker (76) investignted the electron trapsnort
chain of S. luten end susgested a scheme for eleectron tramsport in
this bocterima (see poge 82 ). My work differs from tlheirs in
various respects, Their wode of obtaining the electren treansyort
narticles is differcant. The carotenoidless mutant nroduced by
then sliowed no detectuble succinate oxidase activity, while in my
exveriments there wos reasonable succinate oxidase activity present
in the mutant membranes. There wos an S-fold increase in the
malate oxidase activity of their wutant strain, wiile there were
almost identical malate oxidase activities in both the wild and
mutant strains used in my experiments., lHowever, the scheme
sucgpested by them could alse operate in the strain of S. lntea
investirated here. The follewing scheme shows the different light

effects observed in this study.

hv
hv irreversible on DCPIP
(reversiule) ‘reduction, does not
0Y 13 - by aeffect malate oxidase
filter , reversible with
carotenoids or
vitamin K
z
\ 7 & ™~ 7 N

Yalate = Flavoprotein —» ¥%X-8 —»|cyt.b complex]»[cyt.c complex |[-» cyte.a—» 02

NADI ~» Flavoprotein - MK-8 [?yt.c comple%}+[§yt.a comple:%]-»O2

\ J

(irreversible)



10, felationshin between nhotoinnetivotion with ezocensus ond

endorenovs nhotosensitizers,

The results obtained with the exogenous nhotosensitizer,
toluidine blue, suggested damese to various enzyme activities of
3e_luvten, and the study of the electron transnort chain showed
damare to the flavonroteins end to other sites beyend the flavo-
nroteins. This exogenous nhotosensitizer can be regarded os a
mobile photosensitizer, and as such it is able to act over the
entire surface of the wembrane. Thus, toluidine blue may have
caused nliotooxidation of sone amino ecid residues of membrane
protein, and thereby nroduced widesnread photooxidative damage.
By contrast, the endogerous nhotosensitizers are rather fixed
photosensitizers. They are sitwated in the meabrone at fixed
places and presumably catalyse nhiotochenical reactions locally,
As carotenoids ere present in the membranes in the form of o
glyconrotein counlex, it is conceivable that at lecst one endogenous
photosensitizer may be located in the vicinity of one of these
comnlexes. herefore it is not likely that the exogenous and
endorenous photosensitizers would cause nhotoinactivation of
enzyme activities in a similar manner, Similarly the protective
role of carotenoids would be exercised in different ways,

11, Endocenons nhotosensitizers. -

The flavoproteins themselves may act as endogonous photo-
sensitizers wvhen illuminated at relatively hizh light intensities,
Illunination of short duration (5 minutes) produced initially a
reversible pliotoinactivation of enzyme activity. This suggests
that the Camnging effects caused by an endogenous photosensitizer
wust be localized, Only after prolerged illuniration does an
irreversible reaction occur. ’

It seems probable from the results of the reversibility
experiments, in which 5 minutes' illumination produced photo-

inactivation ¢f the malate and succinate oxidase ectivities, and
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of vitomin K reductase activities, that the primary event in the
production of photoinactivation may involve a respiratory nigoent.
The onset of the reaction is quite rapid, bLut the recovery tiwe

from the deleterious effects of light is 45 minutes. It is

possible that amino ocid residues such as histidine, cysteine etfc.,
are attocked, es is probably the case with exogenous photoseansitizers.
Photoinactivation set . in fairly ranidly but was not complete, as
couplete recovery tools place within 45 minutes of dork incubation.

It may be that the photooxidative proceass does mot teke place all
over the protein structure simultoneosusly., More labile sites away
from the active cevntres are attecked first, and the sequence of
cvents spreoads all over the entire nrotein structure and taltes some
tine to »roduce widesnread damage. The process of photoinaetivation
stons vhen illumination ceunses, and the system is reactivated by

some sSort of rearranzement of the structure of the mebrane,

1g, Role of carotenoids in the »rotecticn arninst ohotadvnamice

action.
AR AR

The role of carotenoids in the protection egainst photodynamie
destruction voeries with the photosensitizer used. Hathews (29)
has shown that in the presence eof 8-i0P the rate of photokilling
of the pirmented strain was esseniially the same es that of the
colourless strain. This stends in costrast to earlier findings (6)
conceraing photosensitization by toluidine blue, which killed the
colourless strain but not the pigmented strain. Mathews (29)
further showed in a comparative study of the photosesmsitization of
S. lutea by 8-30P end toluidine blue that various enzyme activities,
such as succinic dehiydrogenase, ﬁ&nna oxidase and adenosine
deaninnse pctivities of the cell extracts, and succinoxidase and
oyruvic ozidase sctivities of whole cells, were all damaged by
toluidine Blue but were uvnaffected by S-LCP. The permeability
barriers of the cell membranes were also daneged by toluidine blue,
In my experiments the possibility of damege te the permeability of

the cell membrane does not arise at all becouse the study is mainly
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concerned with isolated cell membranes, Despite these faets, in
all my experiments with or without eny photosensitizer it has been
obaerved that the carotenoidless mutant strain showed rrecter
sensitivity to »hotooxidation then the nigmented strain containing
carotenoids, This sugrests o protective role of corotencids
azailnst photooxidative danuge. In earlier studies of shoto-
sensitization of S, lutea by toluidine blue, Vathows apnd Sistrom
(6) found po loss in nrotection by carotenoids in un to 2 hours'
exposare to dye cud light ot 6.5°C.  Later, Mathews (34) perfermed
further experiments in whiech the nismented bacteria, in the presence
of toluidine blue, were exposed to light at 4°C ana 24°C for a

.

longer duration then in previocus studies. She showed that the
carotenoids of the pignented 3. lutcs offerod less protection at
4%c than they did at 34°C.  sSimiler resaults were obiained when the
experiment was performed withouﬁ any exozenous nhotosemsitizer,
excent thoat death occurred somevhat later. Le resalts of my
experivonts performed at two temperatures with pigmented membranes
of 3. luten showed no difference in nrotection by carostenoids (sce
Table 30). liowever, these experiments were performed with cell
meabranes instead of cell suspensions, and the duration of illumination
was also much shorter than that of-the other worker. At the
electron transport level when &5 minutest illuminatidn are used,
however, recovery does pot seem to be teaperature dependent. In
the prescoce of light, carctesoids seem partially to insctivate
photooxidation by teluidine blue. Carotencids seem to protect the
flaVOprqteins of the electron transport chain of 8. lvien. Their
mode of action could ke the oxidation of an oxysen~toluidine blue
comnlex formed in the light (see page 15 ). In the presence of
toluidine biue the corotenoids secem to act ran,omly, while in the
absence of any exogenous photosensitizer they seem to act specifically.
25 minutes' illumination with ultraviolet filtered light showed
inactivation at a site beyond the floveproteins and up to the
v1tanin.K level, which was reversible in a vitanin X reductase
aasuy or in a malate oxidase assay in the preuence of cerctenoids.

This meons that the oxidase setivity with malate reversed only in
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the presence of corotenoids or when vitawin K wos added for a
vitauin K reductose assay. It can be represevted diagrummatically

as follows:

hv

reversible
+ vituwmin ¥
or + carotenoids

Malate = I'lavonrotein - 'X-3 = eyt.bh —>cytic ~> cyt.a ~>» 0,

There nay be another alternative interpretation of these
results which nostulates that there is a reversible nictoinactivatien
at a site between the flavoproteins ond vitamia £, topether with
another irreversible nhiotoinactivation hbefore the site frow which
BCPIP nccents electrons. Plagrammaiically it eould be represented

as follows:

bv

reversible
4+ vitanin K
or + carotenoids

ner1?

Malate ~> Flavoprotein == M'{~8 =>cyt.b —> cyt.C —> cyt.a —> 02

irreversible

hv

In the case of NAD, there is irreversible photoinactivation
at the early part of the clhain as shown below:
hv

irreversivle

NXDH —> Flavoprotein M-8 => cyted => cytec «» cylea => 02

crip
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Thus, carotenoids pct either by prowoting & recovery of
oxidase nctivity after inactivetion or by protecting a specifiec
site, probably in the cytoclhirome region, from irreversible photo-

inoctivation.
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