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ABSTRACT \ , Q& o

PART I. Cold shock (0-3%) had a marked effect on photosynthesis

{Dz evolution and COZ fixation) of Anacystis nidulans. The

labelling pattern (after short-term 14602 fixation) of cold- {
shocked cells was similar to normal cells. " The effect of cold
shock on photos}nthesis was not "all or none"” when individual
cells were qusidered. ‘Cold shock caused a marked decline in
viability,andpaisu a change in selective permeability resulting
in the loss of 25% &f the total dislysable material. Cold
shock of cell-free extracts caused a decline in photophos-
phorylation. No decline in photosynthetic electron flow was
observed. The effect of cold shock on whole cells is ‘explained
by either or both the leakage of cell material and the decline

Vad

in photophosphorylatissn.

R

PART II. Studies of short-term %0, fixation by Anacystis
nidulans showed that more than 90% of the C fixed passed ‘
through the Calvin cycle. A secoad, minor pathway of 14C02
fixation:‘involved PEP c;rboxylase. Evidence for this pathway
was thained from short-term 1‘coz fixation studies, from the
position of label in aspartate, and from enzyme studies in
extracts. No evidence could be obtained for a transcgrboxy—
lation §gtween the product of PEP carboxylation and RDP. Fixed

140. The reductive 4o

C could also appear rapidly as glutamate-1-
o

carboxylation of succinic acid could not be observed in

extracts; it appeared thag glutamate was s}nthesized from OAA-4-

14¢c via the Krebs cycle. p
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- . ‘ INTRODUCT ION g ¥

5 —The introduction is divided into five parts, entitled:

, Part A, blue-gn\it algae and Anacystis nidulans; Part B, cold

sensitivity; Part C, olacfron flow and photpphosphoryiation; rs

I;art D, pbotosyntheé;c CO; fixation; Part E, the scope of the

thesis. In each cifie well known and generally accepted views'

. are presented only in outline aiid discussion is mainly confined
to areas that have tiirect" buari/l/xg on }:his-thgsis and to more

/

. recent developments in each field of study.

A

I

- - - - PART A

o etm———— .
*f\/ww~z“°n algse and Anacystis pidulsgs

" The blue-green algae or Cyanophyta thrive in a wide viriety
of envirmmentsg luding frigid lakes and hot springs. They

v

-

. can be unn/c/ freshwater or terrestrigl free living or found
n _ growing m’ association with hxgher plants or fifigi. They are of
Sm i}iportance ecologicllly, for example, as nitrogen f:lxers
‘o and ‘in recent nns they ‘have boen a subject of interest im the

. - ares of water ppllution control. 5
. ,

a
. , 3
. < *

. ° .
(1) Characteristics, The salient characteristics”of these

among others, Thg; g%n;:grun algse: (i) are prokaryotic, (ii)

N * ‘: A a
°, * sory pigment, c-Physocysmin, (ig move (if at all) only by gliding,
Kf s () do not pr;i;’cn any node of soxual reproduction, (vi) are
“‘. ' reported to have gas .\iacuolu“, (vii) can be unicellular or
N v ~ . o - *
" : . g © .

brganisms have been documented by Smith (1955), and Fritsch (1935)

lack chlaropla‘stv, (1ii) have no-chlorophyll b » but have an acces-




2N

.
g ‘u;-‘*

2

' filamentous, (vili) generally\hnwe a nucilaginous sheath, (ix)

have @ cell wall of the bacterial type, which -.as a result can be
digested by lysozyme (Crespi et al,,lﬂﬁia,_(x) are generally
considered to be gram negative (Brew and Meyer, 1964), but there
is sone'disagreeheng (Echlig and Morris, 4965), (x{) have a -

high Ievel of unconjugated pterins, (Hatfield et.ai., 1961).
" \ e ¥
(2) Photosynthétic appariius of blue-green algas. The photo-

o~

synthetic apparatus of blue -green algae tonsists of sheet-like

lamellae conposed of deuble membranes (Lang,1968). The ncmbranes

‘ are closed at both ends to form sac-like structures wh1ch could be

ci@led thylakoids., The lamellae (Ehylak01ds) are elgher peri-
pheral or permeate the cell, but are notwhggregated to form irlua
as in chloroplasts. The lamellae content of blue-green algae
dapends“dirqctly on the conditions of growth of the organism ’
(Allen,iigﬁsb) and it is these lamellae ;hich contain chlorophyll.

(3) Aoacystis nidulans - Tdxonomy and Norphbtlogy. Anacystis

nidulans is a unicellular, rod shaped, blue-green alga of 0.5 u .

in diu-eter. It is generally accapted as a nenbor of the fanily g
s

Chroococcacoao. However it is believed by some (ﬁringsho1n, - -

1998; nrouot,“Silva, 1962) to be able to form short filsments
and hence Drouet (Sitva 1962) has classified/ét as belonging to

the Oscillatoriscese and renamed the organis; as Phormidium .

mucicola. Pringsheim (1968) has remamed it Lauterbournia

'nidulthsf' However Allen and Stanior‘(1968) have defended its

classification as a member of the Chroﬁqpecacean. This view

was also supported by Kunisawa and Cohen-Bazire (1970) who
found that filsments of autant-Angcystis nidulans were multi-

L . T "

4 ¥
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3 -
nucleate coenocytes. The orglnisn was found by Van Baalen (19573
and Forrest et al. (1957) to be very cold sensitive‘ o

- u%..

/ :
1) 'Occutrence of pteridines in ﬁlueﬁgpeon algae. Blue-

green algae and light-grown photésynthetic bacteria have a
high level of pteridines (Haclean et al., 1966 b), about 1/10%
dfgdry,uejght in Anacystis nidulans (Maclean et al., 1966 b).

The function of this high level of pteriéinas is not known,

The only well documented role of unconjugated pterinf is §hair

role as cofactors for hydroxylation of phenylalmmine,. ‘

tyr&sine and tryptophan. However, N;geut“and Fuller (1967)

showed -that & Qndluinhibitor‘of pferidine utilization prevented
2

the synthesis of both coloured carotenoids and chlorphyll in
Rhodospirillum rubrum and that the qddf%ion of 10“ ‘M biopterin

allowed the recovery of chlorophyll content and tho "complete
recovery of photosynthetic a;tiv;ty", Further, Wu fnd Myers
{(1967) have shown that biopterin q@n fuﬁctioﬁgin the photo-
reduction of NADP, and Fuller and Nugent*(1969lashowed that
biopterin could be photoreduced by bacterial chromophores.
Niclean et al. (1965) ,showed that‘photopho:bhorylation in
spinach chloroplasts was stimulated by pteridines. All this
indicated that pteridines could be involved in photosynthesis.
Fer recent speculations on Eh‘iﬂ role in this connccfion ?ee

Fuller et. al. (1971).
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PART B ,
——— -\’\ 3
‘ €old sen51t1vity \

<
IS e

ot . -

c,; " Most of the work in the 11terature on the effé\f“nf cold ’“\\~§§

on biological matefial, relevant to this discussion,/pan be \
divided into two parts: (i) the effect of near freezing temper-

aturj) on bacteria, (1i) the effect of” fr3921ng on tlssues. T‘“Nuw?:
The forner is cioser to the main p01nt of this study, but —~
is aluost"entirely concerned with viability. The second line

of study has very little in common with this investigation, -
since freezing could produce physical damage of éuite a
different type. I;fisthgsiderad here only because of the

—

observed effect on photephosphorylation.

(1) Bffect of cold shock on vigbility. It has been known for

some time that bacteria (principally gram negative), when grown
- ?

. jp&ponontial%y are semsitive to cold shock. The degree of

sensitivity varies from organism to organism but generally 1/2 -
4 #57 cold shock at 0° can be sufficient to produce a significant

decrease in viability. The effect was shown in E. coli (Shfrman

and Albus, 1923), Pseudomonas aeruginosa (Farrell and Rose, 1968)

Pseudomonas pyocyasnea and Salmonellsa typhimurium (Gorrill and

McNeil, 1960), Aerobacter aerogenes (Strange and Dark, 1962),

Serratia marcescens (Strange and Ness, 1963) and also in the

gram positive bacterium Streptomyces hydrogenans (Ring, 1965).

Several factors affqu the v13h111ty of cold-shocked e
bacteria such as: 1) nature of diluent, (ii) rate of cooling,
a rapid rate of cooling being necessary to get an effect on

viability. Protection from loss of viability can be brought -

“ Cr - . .
fh gt METEMY Ly g « . v R . ‘. -



about in several ways, the effectiveness of these methods Seem
' / ¥ to vary from organism to orgsnisa.
/ Meynell (1958) showed that E. coli was protected from loss
/ of viability by the use of 0.3M sucrose as diluent, Pseudonnqxs
) {Gorrill and pcueil, 1960) was protected by sucrose or

/ el

rength Ringérs solution. Pseudomonas aerugimnosa (Farrell

5;, 1968) wa¥ protected by SmM NgCl,, while Aercbacter
aeroggnaé'waik;ara susceptible to cold in saline than distilled
yiter (Strange and Dark, 1962). The viability of this‘organisu
after cold shock in saline, was increased by the addition of
" . several compounds including: (i) sucrose, (ii) small quantities
of dlvalent metal ions, (iii) amino acids, (iv) comcentrated
~ ’ cold shock filtrates.
Other factors that influenced viability were: (1) cell .
density, (ii) nature of growth medium (Strange and Ness, 1963). .
Studies have also shown that cold shock caused the release
of small molecules. The;e included U.V. apsorbing"conpounds,
amino acids and ATP (Strange and Dark, 1962). PMVever Stranq;
and Ness (1963) provided data to show that ;t was difficult to
make correlations between excretion of ;ué:ria1~and viability.
Purther, Farrell and Rose (1968), using ;sychrophilic and meso-
philic pseudomonads, showed that b§¥h excreted approximately
the same quantity of B.v. absorbing material, althonih only the
mosophile showed appreciable loss in viability. No aata to
show the effect of protoc}iva substances on the excretion of
cell material is availsble, “0"'8;,‘d‘tl from the osmotic
cold shock of yeasts (Petchings and Rose, 1971) showed that ,
\f slthough ugz* protected yeash$ from loss of ‘wiability it in

i v 1 " - -
3 “ ~ b
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fact increased the release of cell material.

Someé correlations have been ngde between viability after
cold shock and fatty acid composition of the cell membranes.
%his was done by Farpdil and Rose (1968), who showed that when
pseudomonads weére grown at low temperatures, the percentage of
unsaturated fatty acids increased and the organism became more
resig‘ani to theikold. Farrell and Rose (1968) hypothesized
that cooling caused freezing of the fatty acids of the meq,brane"3
which either led to the formation of channels in the membrane "
or alternatively, distorted the protein molecules of the,membrane;
either of which would alter permease activity and Ieag to ;\1055

. of low molecular weight compounds. With the increase of the ;evel

e

TTof-unsaturated fatty acids, the melting points of the lipids in

the membrane will decrease, hence the membrane will be less
susceptible to freezing. ’

The above refers‘to microorganisms not cooled to below the
freezing point of water. However, another theory has been put
forward by Levitt and Dear (1970) to explain the effect of freezing
on cell yiability. Briifly this theory proposes that freezing
.causes a "hole" to be formed in the semi-permeable membrane
and this results in the efflux of cell material. The holss are
said to originate from denatured or damaged proteins and are
hmnumhas&;aufuwbymnunuﬂuldbau

et et
from SH oxidation or disulphide exkhegge.

(2) Effact of cold shock éuAphotnsynthasis. The only case of

~ cold shock om.phatesynthesis- is that shown by Anacystis
4
midulans. This was studied by Van Baalen (1957) ;kd Forrest at

7

t

]
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al. (1957), who showed that on subjecting the orianisn to i°
for less than an hour, its photosynthetic capacity dsclin:d '
markedly, It was also shown that there was a loss of pteridines,
glutamic acid and small quantities of other amino acids from the
cell. It was believed that the loss in photosynthetic capacity
might be related to the loss of pt;ridinas from the cell. It
was also pointed out by Van Baalen that cell-free extracts
prepared from cold-shocked cells sshowed lower Hill reactiom
activity as measured by DCPIP reduction.
It has also been shown by Heber (1970) that thylakoid

'y membranes obtained from osmotic shock of spinach chloroplasts
(which were capable of high rates of A&P syntyféis), ?n freezing
to -25° lost their capscity to synthesize ATP. They also lost
their proton pump activity. This loss was protected by sucrose.
Heber (1970), has isolated from a frost-hardy plant (hardy
spinach), three heat stable protein fractions, which in small
quantities protected thylakoid membranes from loss im capacity

to synthesize ATP.

Summary. It appears that one of the fundamental effects of cold
shock is to damage membranes, and in-bacteria this has been
connected with fatty acid composition of membranes. There is

no agreement on whether th& loss in cell constituents is

responsible for decline in viability.

4

#

I * - v

B LA



g3

.
3 PR 4 o, ¢
BTy, St sR

® -

PART C . ’

¥

'
Electron flow and photophosphorylation

The pfimary event in photosyﬁfﬂesis can be described as
a light activated transfer of electrons against a chpniéaLi
potential gradient, which results in the splitting of water‘and
the generation of reducing power and ATP. .

At present there are two schemes of electron floQ in
photosynthesis: (i) two light reactions in series (the Hill
and Bendallszighe), (ii) the three light reaction fornuiatian
of Arnon. ’

This section of the ihtroduction is devoted to an outline
of these two schemes, ‘as well as a summary,of more recent
studies which may have some bearing on either or both these
for-ulations. The section also incldﬁes a brief outline of
the sites of action of arfificizl electron acceptors and donors
used in this study, and ginally a discussion of the results

obtained in the field using blue-green algae. Other important

topics such as: | (i} quantum requirements and associated

theories, (ii) t hanism of ATP synthesis, (iii) the

structure of chloroplasfts, and (iv) the physical fractionation

of chloroplasts are ngt discussed as they have no direct bearing
LAY

on the work presented in this thesis.

(1) Historical. The concept that photosynthesis in plants and
algae requires the co-operation of two light reactions arose
from the studies of enhancement by E;erson et al. (1957), i.e.
that the low efficiency of light; between 680 nm and 700 nm

* L
-
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. are then passed down a series of electron acceptors until they

could be increas&h by providing light of a shorter wavelength.
Blinks (1959), found that a sudden substitution of one beam of
light for another of a diﬁferent wavelength caused a distur-

bance in the time course of oxygen evolution (chromatic: transients).
Myers and French (1969),‘§howed that the "Eleréon enhancement
effect" can also be p;oduced by rapidly alternating light sources
;nd concluded that the ‘photochemical products of one light

reaction persisted for several seconds; sufficiently long to

interact with the products of a second light reaction.

(2) The two-light reactions in series formulation (Hill and .

Bendall Scheme). The representation that photosynthesis is

driven by two light reactions was put forward by Hill and Bendall
(1960) and is shown in Figure 1 (Bishop, 1971).

The scheme has been reviewed by Vgrnon and Avron (1965%),
Gibbs (1967), Boardman (196§), and Bishop (1971). The scheme
involves: (i) the photol;sia of water by a short wavelength

. - ——

photoreaction, which results in the increase of the negative

‘ R o
potential of electrons to about 0 volts, (ii) the electrons

reach the donor for the long wavelenigth photoreaction, (iii) )
titis latter photoreaction raises the negatiie potential of the
electrons to about-0.5 volts and this ultimately leads to the
reduction of ferridoxin and NADP. The whole process is called
noncx;lic,electron flow and results in the formation of 1 NADPH
per pil;“Efugféétruﬁijtransfarrod. It also results in the

formation of ATP; noncyclic photophosphorylation.
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ﬁ%he participation of cytochromes between the photoreactions.

) 11

The number of molecules of ATP synthe;}ied per pair of
electrons transferred is commonly believed tokbe 1, but P/2e
ratios of wmore than wmity have been reported by Winget et al.
{1965), Isawa and Good (1968) and others. The specific site(s)
of noﬁkyglic phbtophosphorylatiPn have nbt been conclusively

shown. This is especially uncertain due to recent doubts of

In addition to nonmcyclic electron flow, cyclic electron

~—

flon\dan also take place. This happens at a high ratio of
reduced to oxidized ferridoxin and results in the ‘donation o} -
electrons from photosystem I io some point in the electron ‘
transfer chain (E.T.C.). Cyclic photophosphorylation is of '
physiological significance (Arnon, 1967) since a ratio of ATP:
NADPH of more than one is necessary for C0, fixation, ané K
additional ATP is also needed fai other physio{ogicnl processes.

The site(s) of cyclic photophosphorylation have not been
conclusively shown either. From studies”of Le; et al. {(1969)
and several others, the existence of a sit; specific for cyclic
photophosphorylation was suggested. Studies with specific
inhibitors have led to the same conclusion.

The participation of plastoquiilll in the electron .transfer
chain was shown by Bishop (1959), Krogmann (1961), Henniger and
Crane (1963, a,b), Amesz (1964) and otherg; ghile the partici-
pation of plsstocyanin was_shovn by Katoh (1963), Katoh and
Takamiya (1963), de Kouchkovsky and girk (1964) and many others.
In both cases thg evidence presented included redox. changes
in red and far-red light (* 700 nm) and extraction and recon-

stitution studies.
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Stﬁéies of absorption'chanxes at 420 nm, by Duysens (1962),
indicated the participafion of cytochromes between the photo-
systems., This was confirmed by more detailed studies of the

_redox. changes of cytochromes by several gfbups of workers.
levine and Gorman (1966) demonstrated this very clearly u;ing

\ mutants of Chlamydomonas reinhardii. Cramer and Butler (1967)

provided evidence consistent with Cyt. b-559 and Cyt. f being
between the photo}eagtiuns. They also showed that Cyt. b
{Cyt. b-563) was reduced by photosystem I.

The involvement of ferridoxifi‘as a mediator in the transfer )
of ‘electrons to NADP was shown by What et al. (1963), while
the existence of an acceptor receiving electrons from photosystem
I before ferridoxin was shown gy Yocum and San Pietro {1969), *
and named the Ferridoxin reducing substance (FRS). This is
believed to be similar §? the cytoch:;gg_zggyciﬁg\?ggstance (CRS)
shown by Fugita and Myers (1965, 19667. //

Recent studies have’indicated that a piﬁﬁent, €550, is
either equivalent to the quencher (Q) of ﬁhotoreactipn I or an )
.excellent index for it (Brixspn and Butler, 1971; Butler and

Okayama, 1971).
The Hill and Bendall scheme is also supported by evidence 7

et el e
Az
P

from several other Sources. ) - ~

(3) The three photoreaction formulation of Arnon. A large part

N a
of the above evidence is also consistent with the scheme of Arnon.
The notable exception 1s the evidence relating to the antagonistic
effects of red and far-red light on the re*ox. state of com-

ponents of the electron transfer chain.
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Thes three 1§;h£ reaction fornnidtx&h of Knaff and Arnon
(1969) .can be summarized as follous (Figure 3): (i}%aphotosysten
I and II are not connected, (11) photosystem 11 consists of
two photoreactxons connected by an/dlectron transfer chain.

The chain consists of Q (pigment C550), plastoquinone,: Cyt.
b-559, and plastocyanln. The system is involved in nontyc11c
photophosphorylation, {iii) photosystem I contains Cyt. bg
and Cyt. £ and is only involved in cyclic photophosphorylation.

Evidance ;resented Qy Arnon's group to support the concept
of two unconnected photosystems falls in two categories: (ii
evidence presented to support the original two separate light
reaction hypothesis of Arnon. This included (a) the effect of
an inhibitor of photophosphorylation, desaspidin, (b) the lack
og enhancement of NADP reductlon 1n broken chloroplasts;

(ii) recent evidence from the redox. changes of cytochromes,
Arnonv(1965), Gromet-Elhanon and Aragn (1965) and Arnon
(1967) presented evidence that s specific inhibitor, desaspidin,
inhibited cyclic photophosphorylation and also photophosphory-
lation catalyzed by DCPIP/ascorbate but did not affect photo-y

phosphorylation with water as electron donor. This line of
evidence was tr:tlcizcd by Ayron and Gromet-Elhanon (1966) who
:shouad that nﬁhfﬁitxon by deSuspid;n was related to the redox.
state of the euvirqggcnt (the more reducing the enviromment,

the more effective the imhibitor). Although“the criticism has’
been rejected by Tsujimoto et al. (1966), this line of evidence

\

¢ J\'”
The second line of evidence was the laék of enhghxggpnt

of NADP reduction in broken chloroplasts (McSwain and Arndn, 1968).

cannot be given much weight.

.
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Figure 2, The three light reaction scheme (modified from ‘
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primary acceptor for IIb; PQ, plastoquinone; PC, plastocyanin;
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;‘“ g th:nca-pnt would be expocth on’ the Hill and Bendiu.scheno but
. not oh the Araou-. ‘scheme . Hawever, fecently Sane and Park (1971} .
have repiorted that enhancement of NADP reduction could be ob- )
tained and have proaented evidence to show that it was dependont
on-the- prasence af factors in the PPNR frnction used in these
U studies, "' o
.- lnaff and Arnon (1969, a,b c{fprbvzded evidence for the .
' oxidation of Cyt. e 559, (red 11££tﬂ;as more effoctivo than fh;:
: ' red Iigkt), when the reduction wts blocked Qithor by using low
' t¢-gartture or by washing with tris buffer. They also showed
"$#  that a new pigkent, C550 was reduced by PS 11 at low te-peratures‘
Knaff and Arnon (1969 c) showed that -DCMU jnhibits photo-
SRR oxzdatlon 6f Cyt. b-559 and thyt. plastocyanin was necessary

Lor its photnoxzditioh by red light, Sinilar studies showed that
ustocyqpln was ot rcquined for oither the photoreduction of .
-550 by red light, (Inaff and Arnon, 1971) or the photooxidatioqﬂﬂm
I of Cyt. £ by far- red light (Xnaff and Arnon, 1970). This -

® . " indicated that Cyt. b-559 and cissb did not form a part of the

£

AT same photoreactinn. \ ﬁa‘
o . Kn&ff and Arnon (1971] showed that chloroplasts lacking
plastocyanin reduced é}t. b-559 -nd that photoreduction took
- T place preferehtially in red'light.~ They also showed that DCMU
s;ixulated C-550 reduction but inhibited C-550 oxidation and
Cyt. b-559 reduction. Thus Enaff and Arnon concluded thst Cyt.
- b-559 was further away from photoreaction 11b than C-550 and
that DCMU acts at a sitawhOﬁécon théa. This tonclusion, however,
o , was apparently cmtrfﬁcu’}r;a&m inhibitio& of Cyt. b-559

oxidation by DCMU (Knaff end Araon; 1969). °
- . (] /:
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R;:cnt studies of Knaff and McSwain (1971 have shown
that there was a red rise for Cyt. f oxidation and s red drop
for Cyt. b-559~axidation and C550 reduction. All'this evidence
1ends Support to th;\throa lxtht reactlon scheme and was contrary’

to what is expected from the canvontxonal Hill and Bendall

formulation.

. - = -

® .
(4) Recent developments in electron transport (from laboratories

other than Arnon's). *fonfir-atinn,of”E;;E;;;; of Arnon for

the pigment CS50 was reported by Erixson and Butler (1971).

- They concluded that €550 was eiéhey the primary acceptor for

photoreaction ‘II or an excellent index for it. Bendall and .

Sofrova (1971) reached the same conclusion but they named this

b

pigment P546. These two groups also confirmed the site of

?
PO

action of DCMU; between the primary and s;condar§ acceptor of
photoreaction II. ’ .

The more significant advance however was the confirmation
of Arnon's data on the phbtooxidntion of Cyt. b-559 preferentially
by red light, This confix::tlon was: reported by Erixson and
Butler (1971) and Bendall and Sofrova (1971). Both studies were -
carried out,at -196°, Hiller et al. (1971) wofizhg at- room ‘
temperature, (in the presence of carbonyl cyanide m-chlorophemyl-' *
ydrozone-CCCP), ogtainii“ncarly the same result but in this
case oxidation of Cyt. b-559 took place nearly as well in fars
red light. Hiller mmd co-workers aisc found that if
chlorcplasts of a mutant MMWM b-559
reduction in red light.

inxetprltaziuué”oi thn/rt:ultt‘rqricd« Araon snd co-workers

¥ - -

I L " . ’
Vot ty T al
* VB sl s . v . Pyt e Ly A e 5, r h L
o e B PRI R T b e hmtodgar A L e T, [ L .o
v e g P Sy e ST Ry Sk et



Vet L Lt N 5. %’%&ﬁ ngw‘h
. ‘v’ ,. ’1{"& fw,‘"‘% % fﬁ% r,, . _/ g‘%ﬂ& L '“ﬂ;xj?nﬁ I‘*? :; , ‘ ft‘-p W‘W »;:%'h %ﬂ 5 hh‘éfz E"ﬁg-g? '1353‘"%§

A A L e T » WL PIL ™ - PETI
PR HI WhoovE E . DRSS ¢ ) [t R himg
il ¥ % Ey 4‘3' f\x ﬁﬂ%&ixlﬁ;g‘ o

.

ﬁlﬂ;'-‘
a17 - . 4

¥ b FR

concluded that the data lent support to the thrtg/xight reaction
concept, while the other groups sought to axp;;ig
modification of the Hill and Bendall schéme attributed the ©

data by

data to deviations from the normal prge6ss brought about by
" ‘abhormal reaction conditioms (1 experature, disruption of {
membrane systems by washing with tris and the use of CCCP).

Hiller et al. {1971) suggested thli Cyt. b-559 was not a~

normal component of the electron transport chain and was probably
on a bypass. They stated that under conditions of the primary
oxidant beidg inhibited (either with CCCP oé by washing with
tris), Cyt. b-559, (which'is generally in the reduced state)
directs electrons to either excited stnée and becomes oxidized.

The scheme was represented as follows:

[ b 5§
OH - P P.S. Cyt £-9P.C. .s. I
lecce ¢ ,

lnsh-tris
13

On the other hand, Bendall and Sofrova (1971) placed GOyt.
b-559 between the photolysis of water and photorsaction II.

This- was comsistent with the data of Butler and Okayasa (1971)
and Rrigsom sud lutlor (1971).

Rowever, Briiﬁuu and Butler (1971) thooxi:oa that under
norsal conditions Eyt. b-559 lay between phmsystm i1 ana 1.
but, at low temperatures or after washing with tris, ‘aisctrons
cannot be removed from water. sad under. these comditions qt‘ b*ss!
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functioned as am electran donor. They also argued that‘the
concomitant oxidation of Cyt. b-559 and reduction of Ca§3

!,‘l

indicated that under the conditions both pigments funct;bned
\
as a part of the sawe photoreaction, (which was in effect, the

reverse of the conclusion reached by Arnon). .

Summary. li\;non's conclusions based on evidence from desaspidin
and from lack of enhancement for NADP reduction are no longer
acceptaﬁle. ﬁ;uevcr, recent studies on the redox, éhanges of
cytochromes with red and far-red light have thrown the generally
accepted views on electron flow into a state of confusion. The
net result is that s015/5£ the advantages held by the Hill and
Bendall ége-e over the ’

-~ &

be nullified, Due to this it is not possible to reach a firm

three light reaction scheme appear to

conclusion in deciding which of the two concepts igrmore accurate.

(5) Sites of action of artificial electron donors and acceptors.

(a) Ferricyanide accepts electrons after the site of ATP
synthesis and assays for photosystem II.

{ﬁ) Reduced Cyt A donatas electrons to photosystcn I (Xok

- et al., 1963) and assays for photosyste- I.

(c) There is some disagreement in the literature about the

site of action of DCPIP. According to Sun and Sauer (1971),

;ho studied quantum esfficiencies, pCPIP accepts electrons after -
photosystem II. Hﬁnav‘;. Lien and Bannister (1971) reported

that ‘the slitp df DCPIP reduction was dependent on tk: presence

of plgstocyanin{f ff plastocyanin was presént, then a fast DCPIP
reduction took place sfter photosystem I, but in the absence of

e‘*‘
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plastocyanin s slow DCPIP reduction took place after photo-

system II. B

{d) Methyl viologen kccepts/alectrons after photosystem I, ~
(Vernon and Avron, 1965), and is involved in noncyclic‘alectron
flow.

{e) P!S accepts electrons after photosystem I (Kok and Hoc@,

1961; Hauska et al., 1970) and passes t@ghelectrons down to &
point in the electron transfer éhain, i.g,’it is involved in :

cyclic elegctron flow. It catalyses cyclic photophosphorylation.

(6) Studies on photophosphorylation and electron. flow using

s

blue-green algae. Studies. with blue-green algae indicated that- "%,

ei!ctron transport and photophosphorylation were the same as in

higher plants. However, reports have indicated that the photo- -

. g;gghetic apparatus of blue-green algse was very susceptible to

a

physical disruption; in fact most of the early studies were
carried out 'in the presence of high molecular weight polymers,
Carbowax (Van Baalem, 1957; Fredricks and Jagendorf, 1964) and
Ficoll (Susor and Krogmanm, 1964). t

One feature uh;ch stands out with respect to the photu;fnfhetic
apparatus of blue-green algae is the ease with which components
of electron transport and photosynthétic phosphorylation a
lost. Fredricks and Jsgendorf (1964) with Aucyséis nidul
and Susor and Kro;nnzn {{964) with Anabaena variabilis shonxd
that when photosyntheégc particles were extracted with water, a

loss of Hill activity resulted. Hill sctivity was restored oa
addition of s factor from the extract.
High rates and coupling ratios for noncyclic photophos-

4 % & -
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phorylation (and also in the case of Apacystis nidulans,

reasonable rates of NADP reduction) were not observed in early

studies. However, with the development of the lysozyme technique

of preparing cell-freé extracts of blue-green algde, Biggins

(1967) with Phormidium luridum, and Lee et al. (1969) with

Anabaena vayiabilis, were able to obtain rates of ATP synthesis
£ z
and NADP reduction comparable to those obtained with chleroplasts.

However, results with Anacystis nidulans were not as good,

especially with respect to néncyclic photophosphorylation. Some

of the results from photoche&ical experiments with blue-green

I® was interesting that

'

!

algae are sumpakized on Table 1 and 2.

Tridoxin and ferridoxin:NADP-oxidoreductase was

addition o
Ssary for maximal rates in Phormidium luridum (Biggins,

|

|
1967). f
Biggins (1967), Lee et al. (1969) and others have observed ;

|

that the apparatus for cyclic photophosphorylation.was nuchﬁ Y
more resistant to physical disruption than was the apparat:; }
for noncyclic photophosphorylation, and preparation of cell-freei

’ extracts by grinding, homogenization or sonication caused a f

loss in capacity for noncyclic photophosphorylation. This X

implied a loss or dislocation of a coupling factor in the

phbsphoryla’iing apparatus which was uniquely required for non-

cyclic photophosphorylation,
Biggins (1967), using Phormidium luridum found that if the

photosynthetic lamellae were washed with dflute buffer, a
specific protein factor was lost. There was also a loss in

cyclic photophosphorylation. A similar situati;n was rveported by

v
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Table 1. Studies on electron flow using blue-green ilgao.

Organism/method .
of prepn. of cell-  Subtrate/ Rates (uEq./mg. -
free extract cofactor chl./hr.) Reference
Anabaena )
variabilis . .
. R h Susor § -
Nomogenization KSFQ(CNJG 465 Krogmann ‘
NADP 464 _ (1964)"
DCPIP 172
lysozyme Ispe(CNJ6 257 Lee et al. L
- NADP 275* (1969)
Anabaena
cylindrica ‘
”
hemogenization Cyt.c (Red) 49 Fugita §
- Myers (1968) ’
Phormidium N ’
uridum .
lysozyme ~ . NADP 298 Biggins/

: KgFe (CN) ¢ 386 (1967) L
Anacystis’ d "‘
nidulans fane “ ) - |
grinding K4Fe (CN)6 150 Prodn;lgk; 8§ /

Jagendor
DCPIP,Cyt.c + (1964) '
NADP - |
homogenization DCPIP 170% Van Baalen assp,,
I\' l-y
sonication Cyt.c (Red) ‘17 Fugita §
‘ _ Myers (1966) 7
" " 25% . Brown (1969)
" homogenigation NADP 45 Black et al.
(1963%)
Llyophilization KyFe (CN) ¢ 150* Gerhardt §
& lysozyme Saato (1966)
¢ NADP 100 Pothe (1969)
NADP 160¢ Boths § Berzborn
. (1970)

* Approximste values calculated 5565:5533222::
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. Table 2. Studies on photophosphorylation using blue-greem algae
Organism/method .
of prepn. of cell- Substrate/ Rates (uM ATP
free extract cofactor . mg.chl./hr.) Reference
Anabun; '
varimns ' . '
grinding, ” PMS 200 Petrack (1959)
' homogenization PMMs . - 130-800
FMN ' 240 Duane et al.
DOPIP/ (196%)
. ascorbate 93
' NADP, K.Fe(CN), 0 Lee et al.
sonication NADP, K;Fe(CN), . " 0 (1969)
. A¥sozyme Ky Fe(CN) 171 -
g NADP 107 . 1
’ PMS - 480
Phormidium
ur ] -
grinding PMS 250-350 Biggins (1967)
NADP, K3Fe {CN) 6 0
lysozyme . PMS P 238
PMS/ascorbate 357 .
K Fe (CN) 181 "
NADP 132
. DCPIP/
- ascorbate 187
‘ Anacystis .
niaﬁm .
homogenisation NADP , PMN - Black et al.
». (1963)
PMS +(low)
lyophilization §
lysozyme PNS 150 Gerhardt &
| Nenadione . 70 Santo (1966)
(3] KyFe (CN) ¢ 30¢
32 Bothe (1969)
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Lee et al. (1969) with Anabaens variabilis which underwent a

similar loss after sonication of particles in dilute bduffer.
Another peculiarity of blue-green algad was that nomcyclic

photophosphorylation and electron. transport were so Joosely

coupled that, uncouylers of photophosphorylation, or the presence
or absencc of ABP and inorganic photphato, had no effect on the

e

rate of electron flow {Lee 2t al. 1969).

_ Another point of interest was that H?}ESE and Myers (1963,
1967, a,b) found a low potential & type cytochrome in Anacystis
nidulans. The physiologiggl function of this cytochrome is not

known.
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Photosynthetic carbon dioxide fixation

P

Studies with Anacystis nidulsus heve shown that sugars

were synthesized by the Calvin Cyclé- (Kindel and Gibbs, 1963,
Kandler, 1961). However, these studies“provided no insight
into the primary CO2 accepti?} réaction. The nature of this
reaction was interesting especially in view of (i) the note by
Richter (1961) that aspartate was one of the first labelled

products of CO2 fixation by Anacystis nidulans and (ii) the

current interest in the Hatch-Slack-Kortschak Pathway.

- This section of the introduction outlines the pathways

of C0, fixafton in higher plants and bacteria, with special
hasis on co, incdtpoiating reactionsy i.e RDP carboxylése

\

and “the Hatch-Slack-Xortschak pathway.

~
R .
\'“ -
1) \éﬁgg tive phospho-pentose cycle.
4113
{a) An out f the cycle. -

The main pat;;iy\gf €0, fixation in most higher plants,

algae and photosynthetic bacteria is a cyclic series of reactions
the "Cal;fi\Cycla", or the reductive phospho=pentose cycle,

The cycle was deduced by Calvin and his co-workers during 1946-
1955 and has been discussed by G&l!i‘ and Bassham (1962) and
Bassham (1964). Im its simplest fors theKCq;r{;'cycle copsists
of four stages: (i) The carboxylation of ‘three molecules RDP
to give six wolecules of 3-phospho-glyceric acid (PGA). [ii)
PGA is them reduced to tiiose phosphate. (iii) A series of
resctions then rts five of the six grio;n phosphate molecules
to 3 pestose gaosphnto wolecules. (iv) The po;toso phosphates

v
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was that the order of appearance of labelled compounds reflected

of the relevaat enzymes. ( v P
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are phosphorylated to regemerate RDP. - The net roqu:t is that /
for every turn of the cycle three ml;cules of CO, are fixed and
this carbon is draimed off either as PGA or hexose phosphate to |
form sugar or amino acid. '
.(b] Evidence for ‘thc cycle from kinetic studies and iscolation
of enzymes, !

The primary line of evidence was from kinetic studies of

the labelling of compounds in the living cell following the
introduction of 14002. These studies were carried out under
steady state conditions and proved to be an invaluable tool in
the elucidation of the nature of the cycle. The main princ‘iplg

thre order of their synthesis. Although the technique has .many
limitations it was generally successful.

The second and supporting line of evidemce came from the
;tudy of enzymic activity in cell-free extracts. This was done”
by Racker, Hurwitz, Icissbach Horecker and others, (e.g. m::k-r,
1955, 1957; Hurwitz et a;,,..wss Horecker et al., 1956]. Most
photosynthetic organisms were found to have adequate activity

(c) Some sppareat snomslies.

Barly criticism of the Calvin cycle came mainly from Stiller
(1962) but ome aao-aly pointed out by Kandler and Gibbs (1956)
warranted more atteatiom. They pointed out that the C-4 of
glucose was more highly labelled tham C-3. This was later
explained by Bassham (1964) as being due to a smill highly
radicactive pool of glyceraldshyds 3-phosphate reactiag with s
larger (snd comsequeatly lower specific active) pool of dikydroxy-
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acetone phosphate, A related anomaly was that the label in C-1,
and C-2 of glucose was more than that in C-5 and C-6. This was
explained by Bassham as being iue to the reversibility of the
transketolase f;action.* The above is an illustration of some
of the problems of this type of kinefic study, Problems could
also arise as a result of the presence of: (1) unstable inter-
mediates, (2) more than one pool of a particular intermediate,
(3) muiti-enzyme complexes.

Bassham (1964) has listed several reasons for believing
that some enzymes of the cycle exist as an organized system. As
a result of this some intermediates could not be isolated in
measurable quantities, e.g. 3-pKosphoglyceraldehyde and 4-phos-
phoerythrose. This also allowed considerable quantities of
radioactive material to pass through the cycle withQut saturating
all the free intermediates.

The other type of early criticism was the lack of adééuate
activity in some of the Calvin cycle enzymes in certain organisms,
Among these enzymes were fruttose diphosphate phosphatase (FDPase),
sé&oheptulose diphosphate phosphatase (SDPase) (Peterkofsky and
Racker, 1961). But it has been shown since, that at least in
the case of ﬁnPase, the enzyme was ferridoxin-activated
(Buchanan, 1967). Reports have also been made by Richter (1961)
and Fewson et al. (1962) that FDP aldolase was absent from
Anacystis pnidulans, however this enzyme has been demonstrated
by Van Baalen (1965) and later by Willard and Gibbs {(1968).

In any case, failure to demonstrate enxymic activity is not an

overvhelming argument sgainst the occurence of a reaction in

vivo. T
—— i
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However the most prominent argument against the Calvin
cycle has been the low activity and high K, of RDP carboxylase.
This is discussed below,

(d) Ribulose diphosphate carboxriase and CO; fixation.

The entyme was isolated and purified from many sources. .

& -

Akazawa et al. (1969) and Anderscon st al. (1968) compared the
molecular weights of the enzymes from various sources. 'Its

molecular weight from most plants, algae and some photosynthetic

e
-

bacteria“was in the range of 5-5.5 x 105, but enzymes from

Rhodopseudomonas palutris and R. spheroides, and Hydrogenomonas

facilis and Rhodospirillum ;hbrun were much smaller.,

Wishnick et al. (1970) showed that the enzyme contained
copper, but that the apo-enzyme was fully active. The same .
authors reported the presguce of 8 sub-units in the spinach enzyme,
each divisible into one large and'one small peptide'chain.

The enzyme was activated by ng* {generally a require-ent)~
and was inhibited by inorganic phosphate (gishnick and Lane, =
1971). However, Anderson et al. (1968) r;;ortnd that the 0

Rhodospirillum enzyme did not require magnesium for its activity,

The ;pccificity of the df“?'ht ioqérequired was generally
dependent on the source of the ﬁgi}uir“-lt was suggested by
Wishnick et al. (197() that the divalent jon played a role in
the binding’of the six carbon inter-ndiate.\éqg

Although there is little doubt that thgtienzy.o is the
carboxylating enzyme of the Calvin cycle, an outstanding feature
is its rather high Km for HCO;~. Substrate concentrations for
half maximal activity of the order of 11 mi - 20 mM have been

T
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repqrfad for éhe purified enzyme (Paulsen and Lane, 1966;
* Racker, 1957). ‘ - PR
“Copger .ot al. (1969) showed that the substrate for RDP
carboxylise was CO, and that the Km was 0.45 !g. H;uefbr
this value appears rather high, considering that the concen-“
tration of COy in a solut1on ‘in eqpilxbr1un with air is of the
“ order of 8 WM (Hatch and Slack, 1970). ’ .
In vivo the problem o] co, concent?ation can be resolved
by a CO, concen£rating n?lhaﬁisn at the site of carboxylatiom.
Alternatively, the kinetic.propertiesaof the enzyme (or even
the #echanism-of the reagtion) may differ in vivo due to (i)
allosteric activation of (ii) its env1ron-ent in the chloro-
.-— plast. However there is mo evxdence for thxn type of actrvat1on
of RDP- carboxylase by -etabolxtes. Although ng* reduced the )
Kn for HCOz™. (Sug1yana et al. 1968), the change in Km appoared
to be at the expense of Vmax. which decreased. There was also
an accompanying dohnward‘Ehxft in pH Optllul -
Studies with isolated chloroplasts shou.d that the Km for
Hégs was vexy -uch loweﬁ than that of the free enzyme (Hatch
and Slack, 1970): There wa§ .also an observat:hg that the coz//,
fixing capacity gé chloroplasts varied considerahly wheq d /
[ough there was little differ- °
ence in'the content of ﬁhotosynthntic ey&ynQSa In addition, ¥.

prepared in different yays ev

¢ the rate of CO, fixation in chloroplasts was five-fold that of
RDP carboxylase isolated from them. This ui;it represeny a \\
difference in the kinoti? properties between the free snz
and the chloroplfqt~bau§d species. The difference however tan
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be equally well explained by the operation of a CO; activating

~abchanisa (Latzke and Gibbs, \gsa) » OF an increase in supply of

2.

°©

Recently, thwiguy and !iginiuc‘-l;:lou (1971) and Miginiac-
Nislow and Champigny (1971) showed that ntiuycinkA was antagon-
istic ‘toward the inhibition of carbon dioxide fixation by
hargmi?’phosphnt'e. They suggested on the basis of this and
other. g;idoace that a high energy intermediate took part in the
transport ggiums' into the chloroplast at the expense ‘gf photo-

7
phosphorylation.

°. Another way of incressing the supply of CO; has been
suggested-by the studies of Rped and Grshsa (1968), who
acmeéted‘the Co, fixing capacity of Chloxeila wit}i its carbonic
anhydrase content, They fm;nd that Chlorella grown a;: high CO2
levels®had low carbonic anhydrase levels and whem the organism
was tramsferred to a low CO; atmosphere it could not fix COy’
into, the Calvin cycle until the carbomic anhydrase level ‘
incressed. It was possible that carbomic anhydrase pi'aye:ci some
role in the supply of Oozvto RDP carboxylase.

® .

LJ

can be explained by the roported light activation of this enzyme.

Two theories Jg_f) light activation have been put forward, Wildner
and Criddle (lﬂﬁﬂ%hwed the presence of s light activation
factor. The kinetic effect of this factor was to increase
maximal velocity of the emsyme. dgbsen aud Bassham (1968)
fuggesthll that Mg2’ might be involved ia the light sctivetion

of RDP carhoxylase im vivo. They suggested that light caused

. & WOvEment of H' fyem stromh to thylakeid sad & movemsat of Ng?*
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F ;m the other umctipm " This was based on the data of Diuey
lnd Vernon {(1965) who.showed that there was a 1ighimd‘£ondent
movement of H* into the chloroplast and movement of Mgh* out
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of the chloroplast. Howewer the possibjility suggested by Bassham

and Jensen might not be of significance belause as was earlier

pointed out, MgZ* lowers Km by lowering Vmax. Reéently Jensen

(1971) showed that Mg?* can take the place of light in CO

fixation by broken chloroplasts and that its main effect was on
Ribulose-5%-phosphate kinase which it dctivated 25-100 fold.

He also “provided evidence to show that RDP carboxylase was <

activated 2-3 fold and that the presence of Ng2* lowered the Km

for HCO3™ to 0.4 mM - 0.6 mM. The author suggested that some

factor or orientation- in the 1;cal envirgnment of the carboxylase

in tﬁc chloroplast ga;e the';nzynn more affinity for (O, and
hypothesized that MgZ* could do the same thing in broken ’
chloroplasts.c S

. The jdea that Ng2* was involved in light. activation in ° .
-chloropla‘is was consistent with the studies of Len and Nobel

(1971) who found that chloroplasts isolated from plants kept

in the dark ("“dark plants") were less nctivﬁ in éOz:fixatiOn o
than those in the light ("light plants"). - On addition of 'S mM

Mgl* however, the photosynthetic phosphorylation of "dark, -

plants” increased 3 fold and the rate of GO fixatiopn 2-7 fold o
to briag it to the same level .as the "light) planzs" The ',‘
) autbors also suggested that in’ -ddition to -iflux of H;z* from
thylskoid to strosa, the Mgd* mmuuum would be incressed o
by efflux of water f’?’ the qh}ot«plgpt’. . ‘ » ' ¢§
S , Coe o . 3
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- carboxylase. Bassham (1971) has discussed othsr possible

"tlurebrﬁ;uwmd sucrose synthesis. At the sawe, time NH,*

. uﬂmd Tecently by Welker and cwft,: {1970) and Hatch and .
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In the previous cnctimu some methods of contrel of the
Calvin cycle were discussed. These mainly dealt with RDP

mathods of control of 0, fixation. These included: (i) The

flux of ions, in and out of chloroplasts as well as within the <
chloroplast itself. Simce this involves H* flux too, pH is

affectsd. (ii) Pensport of intermediates across chloroplast
mombrane. (iii) Activation and inhibition of enzymes; (a) light
activation of FDP25® and SDP**® (by reduced ferridoxin),.

(b) light activation of ribulose-S5-phosphate kinase (l(gz” and
production of substrate-ATP), (c) light activation of glyceralide-
hyde 3-phosphate dehydrogenase (Ziegler et al., 1968}, (d) acti-
vation of the production of G‘phoip;hozl_mmté in the dark, .

(iv) Regulation by.!&l{ of the qmt:i.ty of carbohydr;tn and |

Protein synthesized. This last point was shown by Ksmazawa et & 970
in Chlorells, NH,* inhibited PGI;-UBPG-transglycosylua and

also stimulated pyruvate kinase. This had the net effect of

i_'nct‘au‘iggﬁua\niuo acid synthesis.

v

*(2) The C-l dicaxrboxylic acid psthway. The C-4 dicarboxylic
acid patlnuy ‘or tko Hatch-Slack-Nortschek pathway has been

sxack gﬂc). The put.hwqy WAS £ixst ;m-ma by the work-of
l:onwbak (19651. who sl:omd,m, after mhruf GXPUSUYS LD
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On the basis of the studies with sugar came, Hatch and .
Slack (1966) proposed the following mechakism for the pathway.
(1) PEP ‘it‘ﬂ':oxylatod to produce oxaloacetate. (2) The
oxasloacetate formed is rapidly equilibratedk with pools of
aspartate and malate which are in effect the first stable radio- -
active products of the pathway. (3) The C-4 COOH of a dicarboxylic
acid (probably oxaloacetate) is transferred to an acceptor in -
the Calvin cycle (probably RDP or a compound derived from it)
to form PGA and pyruvate. (43§?h8 pyruvate regenerates PEP.
In essence, what the pathway is doing, is providing CO, to the
Calvin cycle in another form, perhaps more efficiently.

_ The presence of the proposed pathway as judged by the
appearance of label i;itially in malate and¥aspartate has been
found in many species of tropical plants and these include
species 8f Graminege, Cyperaceae, Amaranthaceae, Portulaceae,

Chenapodiscese - Hatch et al. (1967), Johnson and Hatch (1968),

Osmund (1967). All plants sharing this type of labelling have
soveral common morphological features. (a) Two types of chloro-
plasts (mesophyll and bundle sheath). (b) Bfjpdle sheath chloro-
plasts have no grana or have poorly developed grana. (c) The
bundle sheath cells sfe tightly packed, (Berry et al. 1970).

(d) The bundle sheath chlaroplasts accumulate st;rch.
(a) Evidence for pathway.

The main line of evidence was the rapid labelling of
aspartate and malste in the C-4 and the transfer of this labgl

during pulse-chase expériments into the C-1 of PGA and subse-
quently to sucrose shd glucose (Hatch and Slack, 1966; Johnson
sad latch, 1960). BRvidence was also praduced suggesting that
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RDP vuﬁiqiicatad as the acceptor of CO, from the &# dicar-
boxylic acids (Johmson and Hatch, 1969). -

A study of enzymic activities revealed that these .plants
had PEP carboxylase acti;rity sufficient to support photosynthesis
(Johnson and Hatch, 1968; Slack and Hatch, 1967). Further,
Hatch and Slack (1970) showed that the sugar cane enzyme had a low
Km for HCO3™ (0.4 mM) and it was likely that the enzy-o.,\{ ke
that of peanut cotyledons (Maruysma and Lane, 1962), used HCOy"
as substrate. However, Waygood et al. (1969) showed that maize
PEP carboxylase used CO; as substrate and had a Km HCO3™ of
0.25 mM.

The C-4 plants also contained 2-10 fold higher levels of

,

aspartate aminotransferase and NADP-specific malate dehydrogenase
than did C-3 plants (Slack and Hatch, 1967). Hatch and Slack
(1969, 195§8) alsgc showed that the C-4 plants also had a pyru-
vate-Pi' dikinase and a pyrophosphatase for the comversion of
pyruvate to ‘l;\m’. However, the transcarngylaso required to
complete the c@ctim with the Calvin cycle was not demon-
strated by this group of workers. The only evidence for a
transcarboxylase enzyme came from Pan and Waygood (1971).

-

(b) Localization of emzymes imvolwed in COz fixatiom in C-4
The localization of yh&tosyntiwtic enzymes in C-4 plants
hes been extensively studied by Slack et al. (1969) and others.
The study wss made possible by methods d:;:loped to separate
bundle sheath snd mesophyll chloroplssts (Baldry, 1968; Slack
et al., 1969). Thess studies showed that the enaymes for
oxaloacetate, mslate snd u;nrgu synthasis as ml{ &S pyruvate- -

udikmuudmhnwmwdyhm
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mesophyll chloroplasts, According to Hatch and Slack (1970),

REP carboiylase was attached to the chloroplast membrane, and

therefore stategically located to encounter HCO3~. Thus, the

nesophyll‘chloropla;ts were clearly equipped to Synthesize C-4
dicarboxylic acids. ) )

On the other hand Calvin cycle enzymes were low in the -
mesophyll chloroplasts. The reverse was true in the bundle ;yeath
chloroplasts, that is, the dicarboxylic gcid synthesizing enzymes
were low whereas enzymes involved in the Calvin c}cle and the
malic enzyme were present in large quantities. The location of
RDP carboxylase in C-4 plants was confirmed by Bjorkman and Gahl
(1969) . - ’

(c) The C-i;ggg;%boxylic acid pathway - a mechanism for
translocation of €0z. -

The lack of evidence for a tramscarboxylation reaction as
well as suggestive evidence from the lpcalization of enzymes
made it likely that the formation .of C-4 dicarbexylic acids was ,

i

a_mechanism to trap CO; in the mesophyll and transfer it in the
form of C-4 dicarboxylic acids to the CO,-deprived bundle sheath
chloroplasts by way of plasmodesmata: The theory was proposed

by Berry et al. (1270) who postulated that once the dicarboxylic
acids passed into the vascular bund;e chloroplasts they were
decarboxylated and th:?COQ utilized by the Calvin cycle., In

a{ier words, the dicarboxylic acid pathway was a mechanism to
circumvent the norphologicsi disadvantage.of having the enzymes

of the main CO, fixing process localized in an area of poor gas
exchsunge.

The theory was supported by several lines of evidence.
¥
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Bjorkman et al. (-1969} demonstrated that two species of Atripex '
fixed O, in different ways. Oue showed the presence of a C-4 -
dicarboxylic acid pathway while the other fixed C0; directly
into the Calvin cycle {C-3 plant). The plants showed the expected
morphological characteristics (the C-3 plut’ having only mesophyll
chloroplasts which were freely asgessible to gas eschange).
Hybrids of.these two plants showed intermediate enzyme a;tivigies,
1sbelling patterns and morphology.

Further evidence came from tl:e work of Dovmtown et \11. (1970)
and Downtown and Pyliotis (1971). They showed that the meso-
phyll cells of C-4 plants, l:ikc all the chloroplast-containing
cells of C-3 plants, could reduce tetrsmitro blue tetrazolium
chloride (TNBT), while the vascular bundle sheath cells could
not. This implied that the latter could not perform a Hill reactionm.
Downtown et al. also showed that the bundle sheath chloroplasts
lost their grana as they lost ;;he power to reduce TNBT during
ontogeny.

Anderson et al. (1971) show¥d that the vascular bumdles of
c-4 \#&mts had poor grana development, low photosystem IX
activity and low pkotosyt-m XX pigments. | .

Arntzen et al. (1971) showed that anly grmvconuhhg
particles were c&publo of the Hill yeactiom ud pﬁ‘oton pmp
activity and thxt in the grans-containing pm;iclcs, ATP for-
mation was iohibited by proton pump inhibitors. This was also »
shown with respect to bundle sheath and mesophyll chloroplasts.

’l‘ho bundle sheath chloroplasts kmm. were sble to carry out

PUS-stimulated photophospherylation, - Put together, this otim
showed that bundle sheath chloroplests’wide ATP but had no - .
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. source of veducing power.
‘ It has been shown by Downtown (1970) that C-4 plants could
be divided into "aspartate formers” end Mmilate ;.’omrs",
depending on which dicarboxylic acid lt.zé't of the label enters.
Downtown also showed that aspartate formers had some grana in
their vascular bundle chloroplasts and were capable of some
photosystem II activity. He propesed Ei:é.: in the "malate formers"
the fixed €O, is transfomxed t§ the bumdle sheath as malate and
that once there, the malate is acted upon by the malic enzyme
(1ocaii.xed in the bumdle sixeat.h) which results in the formation
of the needed reducing power and CO,. While in/the case of the
"gspartate formers", the reducing power is foriad’ in the bundle
sheath ::hloroplasts » and the only function served by the transfer
of uphrtute is the transport of CO;. The enzyme that decarboxy-
lates aspartate was not specified but Edwards et al. (1971)-%
showed that some C-4 plan\gs“ with low malic enzyme (generally
ngspartate formers", Downtown, 1970) had high PEP carboxykinase
levels in their bundle sheath chloroplasts.

Evidence for two different modes of carbonyl transfer in
C-4 plants was presented by Dmr\nﬁ&m (1970) who showed that
“aspartate formers"” showed a post-illuninationr burst of CO,
while malate formers did not. Recently, Downtown (1971) showed
by pulse-chase experiments that both aspartate und malate were
comvertad into Calvin cycle intermediates.

Although oversll evidence secems to indicate that the C-4
dicarboxylic acid pathway is primarily s mode ,qf txansfer of
0z (;ud reducing power too im some cases), ifrom the data of
Hatck amd Gl:ack (1966), the decarboxylation step must result in
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the CO; formed being part of a pool that is preferentially and
quantitatively converted to the Calvin cycle intermediates in a
light-dapendent ruact;on. In spite of all the evidence for “
translocation of €O, it is difficult to distinguish this from a
transcarboxylation, as initially suggested by Hatch and Slack
(1966, 1970). The critical evidence ’°°¥i,33 be the presence
of specific decarboxylating enzymes and the lack of Hill
activity in the bundle sheath chloroplasts. However Pan and
Naygood (1971) concluded that a_transcarboxylating enzyﬁe did
exist. :

»
- s rd b

{3) CO, fixation by photosynthetic bacteria. There is a-pie‘

»

evidence for the operation of the Calvin cycle in several auto-
trophicalfy grown photosynthetic'bacteria (Gibbs, 1967).

Fuller et al. (1961) and Fuller and Anderson (1957) showed
that Chromatium Strain D fixed CO; by the carboxylation of PEP

in addition to the Calvin cycle. Bachofen et al. (1964),

Buchangn and Evans (1965), Buchanan et al. (1967).and Evans

et al. (1966) shoch that the reductive tricarboxylic acid cycle
may contribute to CO, fixation in Chlorobium thiosulfatepifism end
Rhodospirillum rubrum. They proposed that this type of CO;

fixation occurred in parallel with the Calvin cycle, sud served
as a source of amino acids and precursors of lipids and porphyrins, -
Evidence for the reductive tricarboxylic acid cycle was bmsed ;n

the kinetics of labelling of aspartate and glutsmate and the -
detection of ferridoxin dependént pyruvate syPthc;nse sad g-keto-
glutarate synthetase in cell-fres extracts of these orgcgisn:.
Citrate lyase activity was also fotoctnd. Qouuvlr, the relative
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contribution of this mode of CO, fixation appeared to depend on
how the organism was grown. gson and Fuller (1967a,b,c)
showed that pathways other than alvin cycle were doni;ant

in Rhodospirillum tubrun when the organism was grown in the

presence of acetagp or malate, However the GCalvin cycle

predominated when the orgsnism was grown autotrophically.

Ed

(4) CO, fixation in-blua-green algae.,  Anacystis nidulans was

used in the rather short study with blue-green algae. Xandler
{1961) provided data to show that -os£ of the carbon dioxide
fixed by A. nidulans passed through the Calvin cycle. Kindel

and Gibbs (1963) showdd that the glucose-polysaccharide in the _°
organism was synthcsxz&d\by the Calvin cycle, However Richter
(1961) showed that the first labelled products formed when A,
nidulans was-ex;osed to radiocactive CO, were aspartate, glutamate
and PGA. -

Although it wf%“apparont that the bulk of the CO, fixed
and the sugars synthesized arose from the Calvin cycle, the data
of Richter suggested that the C-4 dicarboxylic acid pathway could
be operative. This was of particular intergst since all the
data accumulated using this organism was as consistent with a
C-4 dicarboxylic acid pathway as a conventignal Calvin cycle,

The early label in glutamate too was of interest, because of,
the data on photosynthetic bacteria aad also the presence of & —
large pool of free glutamate in Anacystis nidulaans observed in
thncourse: of this study. —_—
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e L " The scope of the thesis
L} . ,
This thesis is presemted in two parts: Part I, The effect
of cold shock omn Amacystis nidulans; Part II, The €0, incorporating

reactions of Anacystis nidulasmns.- )
The effect of cold shock on Anacystis nidulans was studied

mainly from the standpoint of photosynthesis. The main question
asked was, why does photosynthesis decline after cold shock?
This section of the work was divided into two parts: A, Whole
cell studies; B, Studies‘;ith cell-free extracts.

The whole cell studies included: (i) the overall effects
of cold shock on photosynthesis, (ii) attempts to restore
photosynthesis in cold shocked suspensions, (iii} a study of
the effects of cold shock on viability and the leakage of cell
.constituents in order to determine if they paralleled the decline

1
4

in photosynthetic capacity. * &f%J
Cell-free extract studies were confined to experiments
designed to determine if the decline in photosynthe}ic ctf;city
could be explained on the basis of the effect of cold shgck on
slectron flow and photophosphiorylation. -
These studies showed that am snswer to the n&%n'quostion
could be provided. )
In the secosd part uf the thesis, the OD, incorporstisg ‘
resctions of Anscystis midulass wers studied. This lisé of study
vas undettaken bocause it appeared possible that €O, iﬁcorpurattau
nm__.m___m difforent from that showa by other

algse. This uctiuuqhiuasudy of co, stion by
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whole cells and cell-free extracts of the organism. It was

hoped that this study would show if pathways of CO2 incorporation

other than the Calvin cycle. (such as the carboxylation qf PEP,

Aa "Hatch-Slack type' transcarboxylation or the reductive car-

boxylation of succinic acid) are present in the organism. ~
The study included: (i) the kinetics of EOZ incorporation

into whole célls, (ii) determination of the label in oxalo-

acetate, (iii) determination of the position of label in glutamic

acid and aspartic acid, (iv) attempts to show the above mentioned

enzymic activities in cell-free extracts. '

Results showed that there appeared to be a minor CO,

incorporating pathway in addition to the Calvin cycle.
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PART A ‘ -

Organisms and gereral methods

(1) Organisms, Anacystis nidulans and Anabaena variabilis

were obtained from the laboratory of Professor J. Myers of the
University of Texas. Stack cultures were maintained at room
te.pern.ture under constant illumination on the agar medium of

Allen (1968, a) and sub-cultured every moanth. -

(2) Growth of cultures. The medium of Hughes et al.
(1958), as modified by Allen {1968, a), was used. The modiue ,
centained, (in g./liter), NaNOy, 1.5; K,HPO,, 0.039; MgSO,.7H,0, .
0.075; NazCOS, 0.020; CaClz. 0.027; NaZSiOS.QHZO, 0.058; EDTA,
0.001; citric acid, 0.006; ferric citrate, 0..006; microelements,

1 ml. The mic e-ents consisted of, (in g:/liter), HSMS’

2.86; llnClz.ﬂ-le i il znso‘.mzo. 0.222; Hazloo‘.lllz(}, 0.391;
CuSO4.SH20, 0.79; Co( s)z.wzo, 0.0494; pH of medium 7.8,

The cultures were prown by the msthod of Maclean et al.
(1972) at 37° in a constimt tmutnm TOOM. 'l'hc culture
vessel was a 3 liter Fermbach fluh closed tightly with s rubber
Stopper. The culture (306\ nl.} was stirred rapidly with s
magnetic bar to ensure stilnl spify, thus facilitatiag dllum-
ination and gas exchange. \Illumination was provided by two, .
20 watt "cool white" ﬂnonTcm lamps plzced horizontally
sbout's tn. from the l;hiuid level.
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For generation of%mz. once a day, ‘a candle.was bimlo& in
°  the flask until it extinguished itself. Burning time was\
sbout 1 min. and resulted in 3-5% ¢02 in the atmosphere.
-+ The cultures were innoculated with cells from growing
cultures such that the initial culture density was about 100
- Klett cell units per ml, (to be defined later).. During the
. Eirst day of growthwthe lights were placed about 8 cm. f
the culture and moved td 1 cm. qy;y on the second day. ;;Z
cultures grew linearly with an i;;reaée of about 100 Klett
absorbtion units peé day till it reacﬂed.about 1000 absorbtion
- Klett units. A typical ‘growth curve is shown on Figure 3.
Since the effects under study were affected by the age of the‘
cells and possibly also by the conditions of growth, a strict.
. regimen for the growth of the organism was followed. Cells to
N N be used were harvested after a fixed time, generally 3 days,
and unless otherwise stated, experiments ;;re carriéd out -
using cells of this age. elthough cultures at this stage of
growth had a cell density of only 300-’@0 Klett absorption

units, they were more photdsynthetically active.

Anabaena variabilis was grown in a similar way, however,
, " the culture was not stirred b?;»svirled around a few times a2
ddy.

-~

T

[
organisms giving rise to white colonies on agar were detected. (\2J///
« These colonies were indistingpishable from Anscystis nidulans . ‘

by microscopic examinstion. In some instances, the white

- Occasiomally during routine tests for contamisatiom,

>>/

N cnloniQa eventusily became blue-greea after lomger periods
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Figure 3. Typical growth curve of Anacystis nidulans.
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For details, see text. w——
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(5 days) of ineuiuiu,ma su}" 'im'evé'.se?a vksia colony purified
by a secoad :trbakin oa agat shouaé on the third streating

lonies. CGultures used hnd either

no white colonies or s low white colony c0unt‘ﬁless than .1%). '

v (3) Nousuxunnnt'qf celi mass. Cell mass was measured

routinely on a Klett chorinetéi equipped with a NG~ 66 red \
filter. Thers was & Yinear relatxonship between cell masi

‘and Klett reading-to 250 absorption units (uaclean et al., 1972).
One Klett unit of gplls was the.trell mass in 1 nl. of a sus-
pension of one Klett absorptzonf Five hundrod fifty Klett ‘
cell units was equlvnleht to 1 ng. dry ut. (Maclean &t al., 19872).

. flo packed cell volume of 100, 000 Klett unlts was 0.5 ml. The
-latter was determined by cantrifuglng a concentrated call
suspcnsian in a narrow-stcuned centrifuge tube ‘until thers was '
no -further cﬁn;racbion in* vo;gna of the cell peilct (ahout
40 -in at 6000 g} Thlrfysthousapd Klett units cpntaincd
apptnxtnutely 1 ng._chlorophyll. Chlorophyli was dotermined
spectroscopxcally at 553 nm after extraction with 80% acetone

(Hycrs and Kratz, 1955). .
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PART B

Y

Cold shock experiments I - whole cells

, i
- *

| ) Preparation of cold-shocked cells. Cells were harvestedq,|

washed twice with, and suspended in, growth medium at cell S
8

' densities varying from 10° cells per ml. to 5x107 cells per

(less than 5 ml.) in test "tubes I~1 1/2 diameter were

ml., (5000 Kiett units per ml.). Sanple‘i this suspension
immersed in an ice-water bath (in the dark]’till the temperature
fell to 0° and then kept in a cold room at 3°. For other
temperatures, centrifuge compartments were used as constant .
temperature bat;s (after the cells were b t down to the .
required temperature by immersing in ice]!ntrol samples

were kept in the dark at 37°. A similar procedure was followed

for cell-free extracts. ~_

{Z) Measurement of viability. Two methods were used.
(i) The method of Allen (1968, a) i.e. the direct

determination of viable counts by growth of single colonies.

Colony counts were made after incubation for three days at 379,

A few drops of water were added daily to the cover plate to

compensate for evaporation. Illumination wugngrovidad by two,

20 watt "cool white" fluorescent lamps placed 10 c-: away from

the plates. The nethod was fq.n& to be satisfactory by #

conpnring viable counts with total counts (in a hc-ocytoioter),

Table 3. . » ; .
' Viability of cold-shocked cells was tested by cold tra(tf

1

3
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$obdy 3. Determination of viable counts by the method of
Allen. Observed standard deviations calculated from multiple

sets of plates.
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Number of cells
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Calculsated Experimental "
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ment at 10°

100-400 colonies peg)plat.. -
(ii) The optical demsity method of Maclean et al. (1972).

cells per ml. followed by serial dilutions to give

Cold-shocked cells wers grown at 16® colls per cup and their
optical density compared (after two days) with coatrol éups
containing 12?, 107, 10% and los'cells per cup. Percent.
viabiliiy was calculated by plotting a standard curve of log.
(cqll conc.) against optical density and expressed as a per-
centage of that of the 108 sample, after two days growth. This
standard curve is shown on Figure 4. The plot was made in this
way in order to correct for the varistion in rates of growth
of cell suspensions over a series of exporincnts. The via-
bility in cold-shockgd suspensions was then estimated from

the standard curve by using the optical demsity of its cués

and that of the(corresponding 10® control.

(3) Measurement of Photosynthesis. Photosynthesis was

measured by (i) oxygen evolution, (a) manometric method,
(b) pqlarographic method; (ii) carbon dioxide fixationm.
Manometric method. The gesmeral procedure of Kratz and

AR

Myers (1855) was followed using a Gilsom Differemtial
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0 50 100
% REFERENCE O.D. o
Figure 4. Standard curve for optical density method of
Zilgure 2% ;

estimating viability; optical density taken after two days

growth at room temperatuse.
8

Reference optical density was

that of 10 cells/innoculum. For details, see text,



cwbuater NI I I N o o ST P e T L NPT < S €x !
R LI T 3"“}?“- «:ﬁw ¢ g.;faj*‘??i‘ LS R ‘?E'&!J* o iy ® ":’—}""E&ﬁg\%
- e * & - s W

1 I SN
,

v
2
.8

no gas exchange. Values showm are corrected for dsrk
- respiration, which was of the order of S% photosynthuis.’ ‘The
rate of photosynthesis was a linesr function of cell mass.
This was established by measuring photosynthesis with mixtures
of active and inactive cells. The latter was obtained by i
exposing cells to a temperature of 557 for 30 min., which
treatment destroyed photosynthetic activity but did not alter
pimntatifon. This is shown in Table 4. Generally about 3000
Klett units of 3 day old cells per flask were ased and the
rate of oxygen evolution was about 600 pl/hr. This was less
/ than the rates:obtaincd by Kratz and Nyers (1955), but was
considered satisfactory as the physit;lozical rate of photo-
/ synthesis of the cells growing under these culture conditions
Mwas approximately 150 ul/hr. (assuming 36 hr‘. doubling time).
The activity of cells from cultures oldc? than 3 days was
{ found to be somewhat less. Estimations of the rate of photo-
synthesis of duplicate samples was found to correspond to
within 5%. Photosynthesis was measured E;ver a period of
| 10 min., and time course studies over thig i)eriod showed that
the rate of oxygen evolution was linear. -
In earlier experiments due to s u%sca}culation of the
/ percent. CO, in equilibrium with the buffer, the reaction
vessels were pre-gassed with 5% coz before equilibration. This
resulted in a owering'of pH. However, using this method, a
linear standsrd curve «’)tuud up to about 7000 Klett unit;
} per f}ask (Figure 5) with similar rates of photosynthesis to

the ww. Some of these results are retained in the
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Table 4. Standard curve for manometric oxygen evolution.
s For details see text. .
Klstt units per flask . en evolved (ul/hr.) ‘
(viable gglls) Oxyg
1200 144 f .
2400 ¢ 336 ]
" 3600 ‘ ‘ 504 -
]
4800 708
6000 888
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Figure 5. Standard curve for Manometric estimation of
photosynthesis (Method II). For details, see text.
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text and are marked as beia;\hqj; by method II. Percent.
photosynthesis of cold-shocked cells calculated using each

method was similar.

»
o

i
Pojarograpliic method. The apparatus was an Interscience

Corp. oxygen polarograph, thermostated at room temperature and
equlpped with a Yellow Springs Co. teflon-protected platxnun

: electrode connected to a 10 mV re;:;g§§?\ The rate of diffhsion
of oxygen through the teflon membrane was proportional to
concentration of dissolved oxygen and &;iy a small fraction
of the oxygen was used in the production of current. To pre-
vent oxygen loss to the at-osphere during photosynthe51s
measurements, the reaction chanber had to be well seated with
vaseline applied to the smooth surfaces. Also the set screw
(which otherwise allowed considerable gas leakage) was per-
manently sealed to the transéarent lucite chamber. After each
photosynthesis measurement the "addition chamber" was removed
thereby exposing the reaction mixture to the atmosphere and,
while stirring continued, excess oxygéi was allowed to diffuse
from the suspension. The value recorded by the apparatus
depended on the state of the teflon membrane, the rate of
stirring and the position of the sensitivity é;ntrol, all of
which made it desirable to restrict detailed comparison to
result; obtained in one day. The instrument w;s calibrated
with water containing known concentrations of oxygen. These
different concentrations of oxygen in water.were obtained by
equilibrating sir with water at 3%, 25° and 37° and oxygen with

water at 25°. A value for zero oxygen content was determined

.
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with dithionite. Limearity of voltage vitﬂlnxygél concentration
was observed. As a result absolute rut.s/of photo:ynthesis

\ could be calculated. ITI nation was provided by a 100 watt
tungsten lawp placed about 7 cm. away from the reaction
chamber. Cells were suspended in a -ixtprnrnf 1.3 ml. ,of '

0.1 !_NaﬂCDSII2C03‘bnffer (pH 9) and 1 ml. of growth medium. s
Linearity between photosynthesis and number of viable cells

was observed. This is shown in Figure 6. Again, as in manometry
each point represents a mixture of lfye and dead cells. Routinely

3000-3500 Klett units of cells were used. Rates of photosynthesis

were in the renge of 200 ul/3000 Xlett units/hr.

" Carbon dioxide fixation. Cells were suspended in growth

medium (S ml1.} in 50 ml. Erlenmeyer flasks and shaken in a

wrist action shaker for 2-4 hr. at 37° under illumination

similar to growth. The gas phase was 3% CO, (comtaining 6 uCi
\E\\\\ogll‘coz) in air. The cells were harvested and washed in

distilled water umtil there were pegligible couats in superna-

tant. The cells were then bleached for 2 hr. at 45° with

10% H,0, to yield a colourless suspension which had no quenching
ch;;acteristics when counted in a scintillation counter (Unilux
1, model 6850). As in other methods of photosynthesis dis-
cussed, a nearly linear standard curve was obtained on plotting
Klett units of live cells agsinst photosyathetic activity. This
is shown in Figure 7. Pot.c;ld shock stndies: 3600 Klett units

o

of cells were used. . '}

has

(4) Cell autorsdiography. Cells (approximstely 10,000 Klett
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Figure 6. Standard curve for Polarographic estimation of

photosynthesis, For details, see text. ‘ .
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units) were exposed to 30-80 uCi 1‘002 for 5 hr. under com-
ditions similar to 1‘coz fixation. The cells were washed
twic¢e in water affsrésuspended in water to a final congzifration
. of 107 cells per ml. A drop of this suspension was smeared

on a microscope slide, air-dried and fixed in 95% eghaiol.

The slide was dipped in a ‘mixture of Illford Liquid Nuclear -
Emnlsion and water (1:3) at\40-4#°, dried in air and sealed in

a dark box for 1, 2 or 3 days. The slides were developed by
dipping in a 25% solution of Kodak Ectaflow Reagent for 75 sec.,
washed twice in water, fixed for 2 min. using 15% Xedak Fixer
and washed again twice with water [the second wash containing

one drop of Xodak Photoflow per 10 ml.).

The slides were then examined under the microscope for

radio;ctivity, which appeared as spots (grains) over the cells.

The number of inactive cells per 1000 cells was determined. <i:::::

Random fields of the slides were photographed and the number of
spots for each cell counted. There was @sually no difficulty

in observing cell outlines but océasionally in doubtful in-
stances ciarification was accomplished by taking two photographs,
one in the plane of focus of the cells and another in that of

the grains.

I‘C,

(5) Preparation of uniformly labelled cells. For cultures

vere grown in 5% €O, (containing 0.5 mCi '%c0,) in air. For
33? the cultﬁrcs were grown for one day and on the second day,
1 =Ci HSSSPO‘ (c;rrior-frao) was added. cultnro{ were growa
under the usual conditions (page 41). Isgtapg incorporation

e
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- . into the washed cells wus determined by the procedure described o
' under “éaz fixation. Total dialysable matorial wai determined

- - after killing the cells by heating for 30 min. at 65°. Radic-
Qctiv.ity in the supernadtants of cold-shocked suspeasions was

detersined after passing- the supei{utant through a 0.5 g
filter £0 remove any 'rcuitning whole cells and cell debris.

- 4 ~

(6) BEstimstion of pteridines. Pteridines were estimated by
’ ) .»aﬂu elethodénf »Nacwlcan et al. (1965 a, 1966 ) and Patterson
s - et al. (1956). This invplved adding acetic acid to pH 4,
) wn'-lng for a few ui:iutea_, followed by oxidation of the pteridine
side chain to pterin-6-COOH. acid vigh slkaline psrmanganate.
The product was cstinﬁte& (after the precipitation of KMaO,
as Mn0,)- in 1 N borate buffer, pH 9 by fluorescence im an
< - *  Aminco- Bomnn spectrbphotofluommter {excitation 360 nm,
t emission 450 nm). Frequent clhecks for quonching were mntive.
. Gsnarally, samples of 4000-20,006 Ilctt units . wore u;ed for
, pteridine estinti’o;g. Flmrescenw m linear with pttridina
3 -cdatent im the range of pteridice :ontontrttims estimated -
. : 0.02-0.05 umoles/S ml. (Maclean smd Norton, 1970). Im the
: " .. present study it was confirmed t!ta'!; the errer at these comesm—
b trations ims sbout 10%. Pteridines were estiiated in the cells or
;“- in the su;»mtuts, as indicmtod m the vesults. e

{7 The mg_az; gngc& - Mehler ms_t_j._«n.wm reaction was
‘ stadied mtriully in s Gilgm m:m:r by ionwinx

gas uptake, at 50°. The resction mixtire (modified from Chna,
‘. 1971) m}:ninod ECN, 1 q% xathyl vigiom, 2 ul, Phosphate T
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buffer, 12 ay_ cells {W w 2000 Xlett cell
units in § ml, of growth medium, fing¥ pH 7.2. Gas exbhange
was followed after 30 win, uc;uii:iﬁﬂtion.' The reaction time
was 14Q m with {1lymination foliowed by a further 10 min. in

the dark. -
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PART €

Cald shock u_pr:lmnts 1T « tell-free &xfra;cts

(1) Preparatioa nf‘ﬂn«fmo extracty. '!'he method was basdd
on procedures of Vuc! and Ward (1969}, Biggim (1967} and

Lee et al. (1969) for the preparation of call free oxtracta~
by lysozyme digestion. Freshly hmastod cens EIOG 000 Xlett
cell units) were washed twice in water and suspandod in 5 =1,
of 0.4 M sucrose - G.03 § phosphate buffcr,; pH 6.8, containing
10 mg lysozyme and 3-4 mg. EDTA {Mahler and Fraser, 1956) .

The cells were shaken in a Gils?l; nespi‘rmtbr at 37° for 3 hr.
This gave ‘s protoplast 'prcpu:,ation, vhi:‘hl was' cen'trifuged and
washed 4 times with mrosovp!msphut& buffer or sucrese-Tris
buffer (depending «m‘; the experiment) tg stininate inhipitors
of photosynth;sis in commercial rysagyu. {Ma' at al,, 1969},
and also BM‘A.' Some lysis took ;:‘,inca during the washing.

The protopluts were lysed by uddin; gnh' qmbitius of waler
(4 ll.) followed by viprm nixing forl nim. solid smcrose.
was added such thagMhe £imel. comcontration ves 0.4 N and the _
appropriate bpffer then mdded [the exact strength and p& of ’ .
the ‘buffer dépended bm the system to be assayed). The.pxtract
was then ceatrifuged st 6000 g, ‘for 5 min. and the sapamtmgz
docanted- (the scrm over the residue was usually reta.{m}.

The treatment resulted ip thcdwum of abant.40-608 of
the total cuoremu m& Wnim ‘The miao of wtimi
dauit:lns of pﬁymcmin:.c&lomhyu (620 1m; 4u u) iz the. \
oxtract vas appmmny «h&zm mt&-i.ss} , the phycocysmin .
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.btini slightly higher than that for nhol; cells. This
* preparation will be referred to as the “protoplast lysate".

L)

A second/hxtiaft'af the residue gave aglmost 90% .lysis, but was -
" not used in experiments. Optical densities of extracts were
: ncasured at 678 rim, 620 nm and 740 nn and the volume of ex-
. ttact ro be used in the experxnents calculated.by the method
of th Baalen (1957]3 mare }ccurate chlorophy}l content in
reaction Iixtureg were Jeteznined by the formula of Myers and
Kratz (1955), (assuning that the extinction coefficient of
. chlorpphyll in water at’ 678 nm is approxinately equal to that
in acetone at 663 nm). - ‘ ,
The phutugynthetlc Ianallae could be separated from the -

extract by centr1fhgat10n qt 100, 000 g- fbr 30-60 lln. This

gave a.pellet referred to as the "lamellae fractiom".

¥

(2} issays for élpction flow and-pﬁotopha:phorylation.
- @ -

Protoplasts were washed in sucrose-phosphate buffer for
electron fluu experiments and sucrose-0.1M tris for photophos—
phcrylatxon experi-ents.‘ The change in buffer for the latter
. ha&oto.bé made. in order to calculate accurate specific '
acfigig}os of inorg§pic plosphate.

hd “

Assays for electron flow were done gither manometrically.
(ferricysnide reduction), or spectrophotometrically (ferricyanide

¢
°

and DCPIP reduction-snd Cyt. c oxidation), -

«

For manometric exporiments, iilumination conditioms wers . -~
s for anasnmanaat‘of,phntosru;hnsis, while for spectyophoto-
netric dutox:ﬁnttion of alectron flow and photophesphorylation,
- iiluniaatiua vat'nwiﬁdel by & 650 watt tungsten lamp placed

7 o . -
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© 40; chlorophyll, 0.06-0.25 mg.; KsFe (CM)4, 10-20; 0.05 ml.'
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25-30 cm. distant. ﬂ;niu was pr‘mtﬂ} by filtering the
light through a Roux bottle filled with Hn;ur. Some photo- »?
phosphorylation experiments ucre also c:rrit& out with p
iliuniuatxon providcd by threc, 20 watt "cool white" fluorescent

lamps placed 4 cm. anuy.

- ad

Reaction vessels were either 3 al. curettes (DCPIP
reduction and Cyt. ¢ oxgdatiouﬁ, or 5 ml. glass syringes
(photophosphorylutiou) Both types of vessels were used for
ferricyanide reduction. All spectrophnto-atric measurements
were made with a Cary-14 recording Spoctrophotoleter. The
assays were dose at room temperature (except iaum-btr1c
determination of sxygen evolution, which was done at 30°).

" When OMU.was used, it was introduced fnto the extract
by mixing 0.5-1 mg. of the pure powder with the extract (20 ml.)
for about 15 min. usimg a Vortex mixer. ~0u1y a part of the
CMU dissolved, but the treatment resulted in almost complete
inhibition of ferricyanide reduction and no inhibition of PNS
nediated pygtophosphorylution. The procedure was followed to
avoid the use of ethyl alcohol, which was not desirsble. All
assays were done with -crnde extracts in 0.3-0.4 ¥ sutunsa.
Specific details for each method are given balow. )
(a) Assays for electron flow. -

{i) lbrricrunzda rbdqption. " Manometric. (Adapted fran

Susor and Kro;nann; 1964). Ra;;;ihn mixture (5 ml.) contained

(in .unolos), phosg?qxo buffer (pH 7.8), 80} NzCl,, 30; NaCl,

Hughes and Gornhem wicroelememts. Oxygea evelution wss
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followed over a period of about 20 min. in a Gilsom Respiro-
neter, i

 Spectrophotemetric sstimation. (Adapted from the method
of Susor and Krogmann, 1964). Reaction mixtures (3-4 nl.)
contained Tris-HC1 (pH 7.8), 40 wM; MgCl,, 20 mM; K3Fe(CN)g,
0.5-1 mN; Phosphate buffer, (pH 7.8), 5 mM; NaCl, 5 mM; ADP,
5 mM; chlorap‘lwﬁ/, 15-40 pg. Ferricyanide reduction was

es;t:inated at 420 nm either d:irectly when reaction mixture was
contained in cuvettes or from the TCA-precipitated superna-
tants (see noncyclic photophosphorylation). Reaction time
was 3-6 min. and all” readings were corrected. for dark ‘s
reduction of K3Fe(CN)g¢. . ’ . v

(ii) DCPIP reduction. (Adapted from the method of
Van Baalen,1957). Reaction mixtures (3.0 ml.) contained

(in pmoles) DCPIP,‘G.Qi;NaC1, 40; phosphate buffer, (pH 7.5),

150; chlorophyll, 10-30 ug. The extracts were equilibrated
for about 3 minutes until the rate of dark reduction of’ -3
" DCPIP decreased to a very low level. All readings were
corrected for dark reduction. Reaction time was 4-5 min.
Neasurements were made at 550 am and/or 600 nm. There wére
signs of a low level of sutooxidation of DCPIP.
(ii1) Cytechroms ¢, oxidation. (Adapted from Fugita and
Myers, (1965i sad Brown, 19697, The reaction mixtures (3 ml.)
contained (in pmoles) phosphute buffcr, (pH 7.3), ,150'
mothyl v:lalogm, 0.5; 50% reduced €yt. c,0.14-0.2; llthlz, 3'
CaCIZ, :r' chlorophyll, 10-30 y§; and CMil. The cxtrgct was o
’ oquilibrated in the dark untii sndogenous reduction of Cyt.c, -
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decreased to an insignificant level. Generally samples to be e

compared were given axac%hr\ the same par},od aof dark preincu-
bation before the light:was turned om., Cyt. ¢ reduction was
followed at 550 nm. The reaction time was 9 mim. ‘ )
(b} Assays for photophm%horxlatim.

(i) PMS-Ascorbic depeadent (cyclic) photophosphorylatiom.
The methods of Avron (1960), Biggins (1967), and Krogmann °
(1965 and 1969) were used as guides in the choice of reageat

and co{factor concentrations. The reaction mixtures (3 ml.)
consisted of (in wumoles) Tris-maleate buffer, (generally pH
<" 7.6), 200; NaCl, 15; MgClz, 35; ADP,.15; phosphate buffer,
20; PMS, 0.1; ascorbate, 100; S%By, 0.5-1 uCi; chlorophyll,
540-5‘;5’ pg; and CMU. All reagents were a:{justed to the
appropriate pH. The reactiom was i;zitiated by injecting the
u‘Piand phosphate buffer into the syringe (from the needle end)
% and terminated by ejecting 0.5-0.7 ml. aliquots into 0.1 ml.
of ice-cold 30% TCA at 2-3 min. intervaly. The total reaction
’ _time was 8-10 min. BEach sample was centfrifuged for 10 min.
and 0.6 ml, 'of the sypernatant ‘Was assayed for ATP. A
° typical time course is shown in Figure 8. ) ‘
(ii) Nongcyclic photophesphorylation., Reaction mixtures
were as for the spectrophotometric estimatiom* for I;Fo (N)g
~ reduction but the reaction was initiated by injecting the w
KgFe ((N)g (final conc. approximately 'l mM) phosphate buffer
{(containing 0.5 pCi 32!’) and ADP into the syringes. Samples
were taken at 2, 4 and 6 min. As in cyclic photophosphoryls-
tion, ATP (and KsFe ((N)g) wore determined -in TCA supernatamts.
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Figure 8. A typical time course for incorporation of

32? in PME-Ascorbate catalysed photophosphorylation. For

details, see text.
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(i11) Ass . ATP (incorporstion of¥32p, tmto .
organic phosphate) was assayed by the method of Avron .(1960).
tone (1.2 ml.) was added and the mixture
allowed to stand for 10 min, The following were then added in

To each sample,

order: water satursted with a mixture of iscbutanol:bén

1:1 (to ingrease ‘the vkl&xgo of supernatant to 2.5 ml,);
ischutanol:benzens, 1l:1 saturated \’rith water (6 ml.) and
miuyf molybdate, (8.8 ml. of 5% solution in 4 N H,S504). co
3 The mixture was then shaken gnnj:ly and’ allowed to gtand for 5

min. at room temperaturs, The rest of the procedure was

carried out at 09.' This involved sxtracting the phosphomoly- , . .
bdous acid into the organic layer by./.’m sec, of vigorous nixoing‘ >
in a Vortex mixer. After a second extraction with solvent,

0.6 ml. of the aqueous phase was transferred to a stainless -

steel planchet 2.0 cm. in diameter and counted with a Geiger-

Mullex/ counter {probe, 235 cm. end window diameter}. One
unextracted suuple was routinely ng,dc up to the same "final
“volume as the extracted agueous phuse (3.3 ml.) and 0.6 ml,
counted in order to determine total coumts per smlb. Sinca
tha ‘wmoles in inorgamic phosphate (?1) amd yg thlorphyll

(eh ) per sampls were known, the rate of ATP fom)ioa in R
wmoles/mg, chl./br. could be deteruiaad by the f«omwing \
- formula (Avrou,.1960). e

. umoles ATP/mg. chl./hr. _
- C.p.m./win itlumimation x ym Pi x 1080 x 60

L ,crr

c.p.m. totallx ug ﬁl. C P
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“ . Carbon dioxide fixation I - whole cells

(1) Short term labelng with 1M}‘ﬂ:is was .done adopting
\the general procedure of Cslvin co-workers. The washed
. ©eolls were suspendad in a special medium consisting of 1/10 .
strength ne(hun of Allen (but less Na GO, Na,Si0, and 17100
strength with respect to NaNO3) together with 300 uM potassium ‘
plms;qhate buffer (pH 7.8) per 100 ml. The salt content in the C
medium was lowered to facilitate subsequent chrmtuiraphy.
“fwo general procedures were adopted. Method A. ' The cells were
placed i';nﬂa “lollipop™ of dimensions 200 Qq. cm. surface area
and 1 cm. thic%. Illumination was provided by two tungsten lamps
' (650 wagts) placed on eithker side 20 cm. away., Two Roux bottlcs‘
fil;pdéwith’ water were placed between the lights and the
) '»'bl,plj:inm" t9 act as a heat filter. The suspension (50,000
Klett cell mmits) was\i;lluninated for 10 ?:in. , the light
switched off, and tﬁeu,asy wCi (12.8 éu‘nles) of Nazufms
was added amd a dark cm;twl sample takew immediately. (The
entire dark period lasted about 1.5 wmin.). The light was
then switched o and samples removed gt fixed intervals. The
samples were drained into boiling ethanol such that the ethanol
. in the extrict was 30%. The residue was washed successively
in ethanol, ethsmol:wstes:zlil aad water and the combined -
extract was flash evaporated st 35-40° to 1 ul. final volume.
Nothod.B. The cell msym{ieg"s '(xs,m:m Kiett cal?. anits'ii 2 o
¢ ke
20 ml.) were placed in & serivd of Erleapeyer flasks equilibrated
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\Q,J‘; light for S min. and them 150 nCi (2.3 wmoles) of oY

" Na,00; added. THe light used was a 650 watt tungsten lamp )
placed 20 cm. away (vith & Roux bottlse placed in betweaen as
heat shield). After the requifed time, boiling eth&uu
poured into the cells to give an 80% alcoholic extract. ‘l'!w
rest of the pmdnrc was ns in Method A. The ndmtages of
Method B were that (n) shortor periods of labelling time

were achieved and (b) the dark period was eliminated.
B . \ )
(2) Estimation of oxaloacetate tft;\dt short-term labelling.

When oxaloacetate was to be estimated, the cells were killed

by’ pouring the comtemts of ;u:lt Exrleameyer flask (20 ml.) into 90%
/ethy‘I alcohol containing 9.25 N HC1 and 0.04% 2,4-dinitrophenyl-
hydrazine cooled to ‘~7l°. Approximately 1 mg. of carrier
oxsloacetate was added and the extract ailowed to warm to room
- temperature., After 1 hr. at 25°, the cell debris was removed
by centrifuging, mhd as bef;re, tlw pooled extracts con-
centrated to 10 ml.(, then extracted snd purified by the method
of Friedmtan and (194%), i.e, first by Oxtmting uith
3 ;;ortions ethyl acetate (1S ml.}, tm 1N Nazms {20 ml1.)
was ulded to the cowbined ethyl acetate fxaction to extract
the keto acids into the aquecus phase. m water oxtract was
* washed with ethyl‘scetate, acidifisd and p-axinam into
- Gﬁut&yl acetate (3, 10 ‘-.l‘. portions). The gthyl acetute was
i svaporated at room t rature and ths keto qéiis separated
by paper chromatog ing burempisethanciif.S N Wi :: S
7:1:2.. The recovery of ier nulmttg ncid wes complete.
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{3) Separstion of radigactive compounds.
(3) &hhl%’fractiun.
Aliquots Eu:ually 50 §1) canta:ning 20,000 to 900,000 c.p.m.

were spotted on dﬁ{onqiograns {!hatnan no. 1) and run in two
dimensions with (i) phenol saturat ith water and (ii)
butanol:acetic asid:water 4

run (1 inch) of :zg

:1:5. In most cases a, short
wis performed hefore the first dimension,
to clear the spotting area of chlorophyll. This was found to
help considerably inétha separation of phosphate esters.

. .
{b) Insoluble fraction. .
| The er and othanol unextractable residue was hydrolysed 1
1-2 hr. with 1 N HC1 by the method of K1nde1 _and Gibbs
(1%@3). Thewgqpcrnatnnt and water washings of the hydrolysa%g ,
- "
were combined and the amount of radioactivity }n it and the q

residue determiped. The supernatant was flash evaporated to
: 1 ml, and chrouatOgrapheé using the same solvents as in (a).
The suparnatant was also run through an amino acid exghange
column (Beckman Amino ac1d Analyser, model 120c), and dxstribution ’
of radioactivity in eluate deterglnaq by collecting samplgs

every 2 min. with a fraction collector.

%

(4) Quantitation of radioactivity. The Tadioactive areas on

£z

the chromatogram were detected by.au%zradio#rapﬁy (Benson’ et

al., .1950) with "Kodak' “"No Screen" &-ray film. Spots with
N~ ‘t
. about 4000 c.p.m. per sy. inch could b# observed after 4

-

days of exposure. Radiocactivity onm the spots was determined
quantitatively.by two.méthods. (1). Counting rudinacti%ity .
directly off the paper with a Gelger-Muller counteﬁ/(xucloar
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Chicagqg model 183) equipped with a probs of end uiuéun »
ditneter, 2.5 cm. and (2) by cutting /hﬁ pager and counting

4
ékh radioactivity with a liquid scintillation coumter using

19 ml. of scintillation fluid (0.3 g POPOP and § g PPO per

nik

. A liter of toluene). Several precautions were taken when
égé?“rjdloact1vlty was estimated by these methods. \Counting
7 efficiency, when the liquid scintillation system was used,
was 85~90% as determined with standard samples of 1‘8 toluene,
¥hen radioactive standards were spotted on wf;t-nn'no. 1
- chromatography paper of 7 sq. cm. or i:;s{ actiyity detected
: was‘found to be propertional to a§3q1 e activity and counting
efficiency was/;b;ut 65%. This allowed the chromatography-

~F

paper to b cut up and counted directly. When the Geiger-

Muller unter was uscd areas of 2 cm. square were counted at

Trials with standards (after chromatography) showed

t’dount; were proport}hnal to tldiotcti;ity. The validity ) .

. of these two methods of co;nting was further tested b&

1//// ° comparing results of the two methods for thg same chromato-

/////// graphed samples. One such comparisom is shoim in Figure 9.

The linear rtiation:hip with low percemt eyror axtaﬁt at

very low radioactivity -levels emabled results to e intercoam-
verted withoyt significant error. The efficiency of the -
Goigcr-ﬂullgr coqaf%rjwas lpyrqxilctoly’§%,of that of the liquid
scintillation couni.r. However, above characteristics of
‘the Gi%;or;ﬂuller countsr htld true omly after chzauu;o;rapﬂy;
diréct“gppii?atian and counting gave a spuriously higﬁ activity,
closer to 5§ and was not as reproducible.. This was probably
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C.P.M. x 10 ~ 4 SCINTILLATION COUNTER

°
A3

“',
0 10 20
C.P.M. x 10 ~ 2 GEIGER COUNTER

Figure 9. Relaticaship betwben radtoectivity cstintui by
., +8 Geiger-Mullar countey and by scimtillation coumtér. For
details, see text. ) . 4
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ﬂuejto unéven distributife of radioactivity throughout the

thickness of the paper. 1t was also nOticed»that the origin

"of the chronatograu gave a spur;ous{/,h{gh activity both on
¢  X-ray flin and on the Ge1ger counter. This was found to hi&

)
dye to material sitting on top of thtapaper a*d was easily ‘ o

dryness in a stream 'of hot air. - The radioactivity. in the
) . N L s .
samples was determined using a scintillation counter. -~ -

i, . -

(5) Identifitation of labelled compounds. Labelle
were ideniified by their Rg galues in the two solvent

, deséri;;d above. O, _some occasions re—chroiato&rﬁ?h
‘ third 501vent (propanol:1% NH3::2'1) was doike. The iden
of the more inportant dompounds was confxrued by’ co-chromato-
; graphy with radzoact1ve of &henlcal standqrds. Radaoactlve

?standards were used for (a):phosphoglyteric acxd, (bl/ralate.

(2)
a:kgtgglutarate. The ninhydrin test was uscd for amino acxds,

‘ . (c) d&trate, (4)7 3 glucose, (d) funarate, (£) succ1nat

© mainly (a) aépl ate} (b) glutu-ato.‘(qf alanine. The

‘o

S phosphomolybdic aciyd test (Bloci et al., 1958d) was perfornbd
L] ‘ . *
. . for: the glycéraldehyde-3-phosphate standard.

3 . - * “ )
N . . tow . . "oah AY 3

»
L
L 3
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(6)‘ Tests for recovery. Authentic 14C containing bitraté,

lalate, fularatg, succlnate, a-ketoglutarate and ﬁhosphoglycerlc

acid were put through the entire isolation procedure of the

¥

LN

short-time labelling method in order to evaluate their Tecovery.

. A similar recovery was done for non-radiogctive glutdmate and °

aspartate. Table 5 gives the results of these recovery experi-

Al

ments. In these recovery experiments ahout 1=3% of whe total {
- 5 4. activity was found t?,renain at_the origin. Ig:all cases "
- v except citrate and a-ketoglutarate nearly aligthg_radioactivity
- redpvered was Yocalized in one spot. In the éase of citrate .
r  the radioactiéii& was conecentrated in 3 closely placed spots
conta;ning 60, 33 .and 5 per cent respect1ve1y of .the total
. L radiocactivity recovered Due to th1s, in all experlpants,

the sum of the radioactivity im thesé areas was counted as

¢ . .
* eitrate. The radivactivity from a-ketoglutarate spread out

" into a numbeér of spots whose position was not reproducible.
[ i ~

" ~
Al " %
.

(7) Est1-at10n of total glutamate. The chemical estimation

was adapted from. the general procedure of Block et al. (1958a)

.e. by spraylng with 1% n1nhydr1n in acetone, followed by

heatlng in an oven for 20 min. at 100".° Thie spot was then -

dlssolvad in 70% acetone and the glutamate determined spéctro-

photonetr 1ly-at 570 nm. Absolute values were determined

by co,parison of the ‘optical densities with'-a standard curve

(shown in Figure 10). .

PR
ol 4

»
1

. 4 - . 0t
€8) Estimation of radioictivity in C-1 of glutamate. The st
‘ 14
C

- - glutawic acid was, chromatographed in parallel with 1-
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Table 5., Percent recovery of radioactive compounds. For

details see text. °°

-

—d X
Compound . % Recovery.-
- -
PGA , 90—1b0 .
Citrate ’ » 62 N
Malate 60'
Fumafate : . 72
Succinate ' 70
a-ketoglutarate ) - ) P
Aspartate 90-100 )
Glutamate - 90-100
e .o 4
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0.D. (570 nm)

g GLUTAMATE )

v

a L3

Figure 10. Standard curve for Glutamate determination.
o o

Estimation done og ninhydrin reaction produgt it 70% acetane.’
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For details, see text. : e ere
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C labelled glutamate (all ssmples contained the same

E 2l 74

and 5»1‘

\ . 2 )
chemical quantity of glﬂ;a-ate - 50 ug). Thé&-papers were
« $ &,

then sprayed with 1% ninhydrin in acetone, dried in a fume

* hood for about 36 ﬁr. and ‘then held in+a tank saturated with.

.

ﬁcet1c acid vapcurt for 6-1I8 hr. The dxoacttw? areas were
counted,*gefbre and after the treatuent,.with a Geiger- q

Muller counter: Under tiese conditions|standard glutamate-1-
14C Teta1ned only 2-3% of its radioacti 1ty, while glutamate-
s-14¢ reta1ned 80~ 90%3of its ra&xaactlvxty. Using this data

L
the isotope in C-1 of glutauic acid wq;gdeternlned. *

v s 3 ® =
{(9) Deteruxnat1on of radioactivity in J 4 of aspart:c acld.

_The labelled aspart:c acxd was. pur1f1ed'by paper—chronatography,

the paper cut up and mixed with cold’ aspartic,ac1d (1 mg.) to'
give g §htg§e of known §pe;ifig activitﬁ. This gas disiolved
in 0.1 M phos;‘ihate ‘buffer, pH 7.5 (7.5 wl.), a-kétoglutaric. »
acxd, (2 lOIanrexcess) and 50- 100 units of glutamic- -oxdloacetic
transanlnase Has addedm& ‘The -1xtu;e uas,allowed to stand®

for 8 hr. at 37d and excess 2,4 dxnltrophenylhydrizlne (in 3

N HC1) was added. The mixture was then heated for 75 min. -
at 85%° to éonvert thefrenalnxng oxalohcetate phenylhydrazogz-:>
to” the corresgopdlng pyruvate‘derlvatx#e (Hatch et al., 1967).
The pyrqu;e‘phfnylhydrazone was pur1f1ed by the nethod of

Block et al. (ﬁ958c) i:e. by solvent extraction successively

“into CﬁCl NajCO, and CHGl,, the chloroforl contdined,goi

_ethanol. The f1nal CHC1 4 extract w%s evaporated at room

&

tenperatufe, an aliduot ch;onatographed with butanol: gthanol.
0.3 N NH3..7.1.2 and the hydrazone 1dent1f1g§ by»ebipa51son
4 PN ’ .

- LY * R /
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with a standard
The major pyruvate spot (0 S -1 ymole) was marked off
and, counted with aDGeiger—Muller counter’ (samples of low
radidactivity were counted on parallel samples with a
scintillatibn counter). The qngnlcal pyrurate was determined
a“’by“tﬁe method of Block et al. (1958c) i.e. a spot was cut up

"+ into small pieces and mixed, thoroughly with 1 N NaOH (10-20

ml.) and estimated spectrophgotometrically at 455 nm with the
use of a standard curve for py -phenylpydraépne (Figure

11). The overall yield was 30-50%.
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PART E

°* Carbon dioxide fixation II -~ cell-free extracts

(1) Assay for RDP garboxylase%(carboxydisnutase). This was

done’ by the method of Slack and Hatch (1967), on the unfrac-
tionated protoplast Iysatey In the preparation of the proto-
plasts the use of phosphate buffer was avoided and trls buffer
-was used since inorganic phqsphatekwas a known inhibitor of the

- enzyme. A degree of purification could be achieved by

s

o

= centrifuging out the chlorophyll containing particlps at 6,000

g for 30 min. and using the suéernatant. co, was introduced
as Na,CO; and the concentrétion and pH of the buffer were
chosen such that the finalSpH of the reaction mixture was
8.00-8.20. Unless other?ise ;tated, reaction mixtutes
contained (mM), Tris-HC1l, 100; Na2603,25 (containing 5-7 uCi
14c); Mgc1,, 7.5-10; mercaptoethanol, 4.6; RDP, 0.5-0.8; ]
in 1.25-1.6 ml. extract cégtaining 40-65 ug chlorophyll. When
the concentration of Nazco3 was varied, the cencentration of
-e————"the buffer iaé raised to 200 mM. The light source Wwhen used,
was three, 20 watt fluoresCent lamps placed 5 cm. distant.
The reaction was 1n1t1ated by injecting sodium carbonate’into
the react1on vessel Ca 2 ml, glass syrlage) The reaction =
system was mixed for 30 sec. and the timing started This

procedure was adopted in order to allow for a short lag which

has been observed (Nishnick and Lane, 1971). The reaction -—

_was terminated by eJect1ng nlxquots (0. 25 0.5 m1.) into 0.05

ml. of 40% TCA. A part of the aliquot was placed on aluminium

“% A

b

% i
+ -

»
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pliichet, (2.5 cm, in diameter), covered with a disc of tissue
paper ("Kleenex") of weight 1.4 ng./cn.z; dried with a heat
lamp for 10 min. and couﬁted with a Geiger-Muller probe of the o
same dia-eter.\\Coénting efficiency*was 3% and the duplicate
aliquots agreed to within 10%. Up@nke of 4C was nearly - ﬁ
linear and a typical time course is shown”in Figura 12, R;;es‘
were calculated from samples taken at 3,6 and Q'min. Very
occasionally a lag was still evident, and in fhage instances . -.
_ calculations were based on incorpq;ation from 3-9 min.

Products were identiéiad by two dimensional chromatography -
usiggrthe same solvent§ as ianart C (3). Sinéem;he ratio of

’ chi;r;phyll to phycocyanin (phyco) in the extract was about
10% less than in the &ells, rates were calculated in.terms of

corrected chl&rophyll‘in extract where,

. ) . ‘ b S s
Chl* 0.D. = Corrected chl* 0,D. ° - ~
. ' = 0.D. phyco in extract x 0.D. chl-cells
. phyco. cells
B ) . “l 3 — ﬁ
| -
] ~The second term was generaIly,J *' } : T .
The weight of ¢hl* can then be calculated from'the extinction
.. coeéfficient of chlorophyll. . * P BN
@ °  Rates were then estimatéd by the following formula: )
- . %{ . ) — 4
' uaoles of coz f1xed/mg chl! min. / «
» c.p.‘h./nm. Vol. raaction mixture x 100 x ymoles COlz' x 1000 °
~¥ .+ Vol. “sample“ 3 C.PuBy COS ug chis

ra
‘ "

The purity of RDP was checked by chroiatography in BAi‘(4:1:§)
Y ©
© Y < . oot

-
) . s v
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‘" Figure 12-.
Figure 12

* "Ac in the

\ a

TIME (min.) .

i o

A typical time coufsé for incorporation of »

S ¥ !
RDP carboxylaseé assay. For details, see text.
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, and the phospho-olybdié ;cid test. This showgd ogly,one spot

which corresponded to a sugar diphosphate,

(2) Assay for ‘PEP carboxylase. The general experilegfiT

procedure was as in the RDP carboxylase assay. Unless other- ‘
wise stated reaction mixtures éénsiste&&of (in mM) Tris HC1,
.169* HgClz, 7.5; -Mercaptoethanol, 4, Na;C0z, 12.5-15; PEP

2-53. Glutamate, 352 Glutanxc oxaloucetlc transa-1nlse, 17.5 '
units; coutaxned 1& a volume of 1.45-1.65 al. (40 -65 ug
chlorbthII). The;ianal pH was 8.0-8.1. Hhen the Na2003 or-
PEP concentratzon was varied the concentrat1on of the buffer
wxs raised to ZGD -H. React;on rates were, generally nearly
llnear over’;'ﬁtactlon t1ne of 9 min. (Figure 13), although
occasxonally the rate decré;sed hetween 6 to 9 min. The
'reaction yaé*;git}ated"by adding sodium carbonate (2.5-5.0
WCi lchi Thé»rcat of the procedure was as in the RDP
‘car%ogfiise assay. The purity of PEP was assayed by the
i&thdd r;éun-ended by "Sigma" Chemical Company by converting
the PEP to pyruvate by pyruvate kindse and deternfhlng NADH

ox1dat10n at 340 nn.using lactic dehydrogenase.

4




COUNTS/S -min. x 10

.

TIME ¢min.) :
R+

v - -

Figure 13. Typical time course for'14c incorporation in

the PEP carboxylase assay.

For details, see text.
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PART l? ’ .

Materials

® - e—— - 3

Whenever posiiﬁle reagent grade chemicals were used.
Distilled water was used in all experiments and all glassware
was cleaned in chromic-sulphuric acid. )
533§P04, gluta-ate~1»14€ glntanate*5~1‘c were purchased
from New.England Nuclear Corp.; Na214C03 and 8332P0‘ were
purchased from Atomic Energy of Canada; aspartate-4*1‘c,
succinate—1~14c, funarate-2,3—1‘c and PGAaU;l‘C were all
P rchﬁsgd from Calgioche-.; l;late-4~1‘c 353 a-ketoglutarate-
'Qlﬁc were purchased from Calatomic; citrate-1,5-14C and
gludbse-u~14c were purchased from Amersham-Searle Corp. All ]
radioché-icalg except Na,CO; and H332P0‘ wereachro-atogr;phed
two dimensionally (using 50,000 c.p.m.) and their purity
tested by detection of the radioact?ve areas wfthﬁxodak "No
Screen" X-ray filﬁ. The radiochemicals except a-ketoglutarate
(which spread out into a nu-ber of spots) gave rxse to only
one main spot, J-purltles (if any) contdained less than a few
percent of the total radioactivity‘ " '
ADP (d1 Na salt equxn@ muscle, Catalog. No. A 0127),
d1 glcetaldehyde -3- phosphate (G 5251), PEP (tri Na salt, p 7002), h
NADP (mono Na*T 9102), NADPH (di Na, T 1003), RDP (tetra Na, ]
R 8250), ATP (dx ﬁ;, A 3127), cis oxaloacet;c acid (hydroxy-. ,(:\\
fumarate 340~ 581, ﬁCPIP (D 1878), MV (N 2254), and PMS (P~96ZS)

were all purchased from Sigma Chemical Co. CMU was obtained

by the coﬁrtesy of E.L.dﬁ Pont de Nemours gnd Co.:

™ 3

’
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Pyruvate kinase (rabbit'%keletal muscle, type II; p 1506},

lactic dehydrogenase (beef heart, type III, L 2635), glutamic-
oxaloacetic transaminase (G 275f), lysozyme (egg-white grade
III, L 7661), Cytochrome-c (horse heart type IV, C 7752), apd

Ferridoxin (spinach, type III, F 5875) were all purchased
[
from Sigma Chemical Co. . :
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S RESULTS
. | %
: B PART I

Effect of cold shock on Anacystis nidulans .

“ {A) Whole cell studies.

(1) Effect of cold shéék on photosyﬁthesis. The‘first set of
qxperineﬁts was designed to determine the effect of cold shock
onﬁghotosynthesis. Phot8synthesis was mea;ured by -(i) oxygen
evolution, (a) manometrically, (b) polarographically; and by’

(ii) €o, fixation, .o

E

Mano.?tric estimation of oxygen evolution. This was essentially
a repetition of the studies of Van Baalen (1957) ‘and Forrest et .
(1957). * _

Results of this experiment (Figure 14), showeqvqhat photo-
synthesis declined r;pidly to about 35% }he Fontrol value after
15 min. at 0°9-39, Further cold treatment caused a further
decline in photosynthesis and after 2 hr. the photosynthetic S
capacity was only 15% of the control. Cell suspensions held
at 379 showed no decllne in photosynthesis.

Several experlnents of this type with three’ day old
cultures gave similar results, with the photosynthetif capacity
after 15 min. cold shock being in the range of 35-50% contfol.
However, it was observed that older cultures were fore resistant

to cold ghock for exanple one old culture yielded' 85% and 27%

control rates of photosyﬂthesxs after 15 and 60 min. of cold

-~ shock respec@lely. S
1)", "
g R -
i
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Figure 14. Effect of cold shock on photosynthesis.
Estimation, manometric at 37°, Time refers to time in
the cold (0-30)., Rate of photosynthesis of control,
660 ul/3000 Klett cel}\ un:‘;ts/hr. For experig{enéal
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Photosynthesis was usually measured 45 min. after the
ceils were cold-shocked. In the case of cells cold-shocked
for 15 n1n. or less, the rate of photosynthesis showed no
51gn1f1cant decline during the following 1-2 hr, at 37°,
Howeve;>\cells cold-shocked for longer periods of time (1—2
?r.) showed a further slight éecline in photosynthetic rate
after the cells were removed from the cold.

Carbon dioxide fixation. Carbon dioxide fixation was studied

next in order to determine whether gas exchange was a true

reflect:on of the photosynthetlc capacity -of cold-shocked cells.

JThlS was done by comparing 14602 1ncorporat1on in control and
cold-shocked cells. Results (Table 6) showed that there was’

reasonable agreement between photosynthesis measured by Co, ¢

uptake and oxygen evolution. The experiment was conducted

with an old culture.

Measurement of photosynthesis by polarographx.' Thié type of

measurement allowed the determination of photosynthesis soon
after cold shock. Results followed the same general pattern
as for the manometric method, Figure 15, shows that the
effect of cold'shPck (15 min.) on photosynthesis was fully

expressed within 5 min. af;er removal of cells from the cold.

(2) Short terl~C02 fixation by cold-shocked cells, The

experiment was designed to determine if cold shock affected
the extent or the path of CO, f1xatzon after short perjods of
photosynthesis. The experiment was done using the same tech-
‘nique as CO, fixation studies (Methods, pg. 66). %

i

1
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Table 6. Decline of oxygen evolution and CO, uptake after
W———— N

cold shock, expressed as a percentage of a control kept a

379. Manometric oxygen evol¥tion measured by Method .
(pg. 49). For experinentai'details see Methods., - .
Cold shock Oxygen evolution CO, uptake
time (min.) (% control) ($"control)
2 97 86
15 85 91
) 30 64 55

60 ) ) 27 ¥2’
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ELAPSED TIME AFTER COLD SHOCK ( mi

F4d

Figure 15. Polarographic estimation of photosynthesis to
determine the effect of holding cold-shocked cells at room
temperature. Adapted from the original tracing. T Reaction

chamber sealed, light on. l Chamber opened, light off and

solution agitated to remove oxygen.* ¥

changed. Control suspensions were measure& before and after

cold-shocked suspensions.

Methods.

cell suspension

For experimental details see
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Table 7. Short term labelling of cold-shocked cells.
Duration of cold shock, 15 min. Control cells kept at 37°.
* jdentified by R; only. t identified by co-chromatography.

For experimental details see pg. 66.

’ 7

4

' C.P.M. x 1072
Cold shock Fontrol
. . 17 sec. 60 sec. 17 sec. 60 sec.

Hexose* and Pentose P

and PGA ‘ 401 . 3408 1529 8027
Trioge P' 8 119 3 : 284
PEP* 7 30 45 289
Aspartate’ 27 217 76 1026~
Glutamate® .3 96 8 203
Citrate’ 14 209 13 296
Malate' ﬂ <1 a 55 <1 .50
Alanine® - <1 14 <1 117
Insoluble matérial 54 1354 237 4468

- s %
.




91
-

Results of the experiment (Table 7) showed that cold-
shocked cells, as expected, incorporated less isotope than
Eontrol cells: However, the general pattern of labelling in
control and cold shocked cells was similar. The only compounds
that did not show a proportionate decline in 14C incorporation
wenagiiihte and malate but the label in these two compounds

-

was low.

£ .

(3) Cell-autoradiography. Observations made up to this stage

raised the possibility tha‘!f the culture was composed’*ff two
kinds of cells; those sensitive to cold ‘shock and those -
resistant to it, Such a situation would have importanpt bearing
on the interpretation of results and infoiﬂftion was needed to
determine whether,for‘an individual cell, the effect was all
or none,

The answer to this guestion was provided by cell auto-
radiography where photosynthesis,as measured by incorporation
of 14C02, could be assessed for individual cells.

Control and cold*shécked ce1i§ were allowed a period of}
photosynthesis; following which cell-autoradiography was
performed. A typical autoradiogram is sh;wn in Figure 16.

It shows the grains over the cells and in sonevéases the cells
_too, The grains over the individual cells were then counted
(Figure 17). When the number of grains per cell was more than
12, accurate counting was impossible and because“of this, high
counts were grouped together as in Table 8. !

The fraction.of inactive or poorly active cells (those

with no grains over them) was higher in cold-shocked cells
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Figure 16. A typical cell autoradiogram. For experimental
details see Methods. .
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Figure 17. Distribution of grains over cells after 3 days
autoradiography. Grains of cold-shocked cells (A) and

control cells (B). The remainder of the distrijbution pattern
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Table 8. Number of grains per céll when grain count was high.
The table represents the upper part of the distribution curve
shown in Figure 17. Number of occasions are expressed as
a percentage of the total number of cells counted in each

case. Duration of cold shock, 30 min., |

D

Grains per cell No. aof occasions

Control, Cold shock
13-15 K 14 6
16-20 17 2
»20 / 9 4 i
»#20 ‘ 6 1
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than in control cells,

It was clear, however, that the major effect of cold
éhock was to decrease the average value for grain§ over each
cell and this showed that the effect was not "all or none?
with respect to each cell, The average ﬁumber of grains per
cell was 6.8 and 14 for cold shock and control cells
respectively, ;;e. ﬁust-less than 50%. Calculations based on
total incorporation of radiocactive carbon dioxide into”the
cells gave a value of 41%. The correlation was considered
satisfactory especially in view of the approximations made in

counting grains,

»-.

(4) Effect of cold shock on viability, The effect of cold

shock on viability was studied in or&er to determine if the
effect of cold shock on photosyiithesis was accompanied by a
loss in viability.

The method of Allen (1968 a) for growing colonies from
single cells proved satisfactory (Methods, pg. 45), cells
grew rapidly with a doubling time of 3-5 hr. Results (Figure
18) showed that there was a dramatic loss in viability after
cold shock at 0°-3°, The Figure shows that after 15 min,
exposure to the cold, viability declined to 2%, Zero time on
the figure represents the time taken for the temperature to
fall to 3° (about 1.5 min.). This loss in viability was
reproducible, generally Sjgay old cultures showed less than
10% viability after’IS min. cold shock., <Tontrol samples held

at 37° showed no loss in viability over the period of the

¥
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Figure 18. Effect of cold shock on viability. Time refers
to time in cold. 00, cold shoc; go-sé); s——e, control
(370). Vertical bars represent standard deviations calculated
from total number of cells counted. Experimental procedure ~
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as in Methods.,




, ’ experiment, but it was noticed that; if the 'cells were held

. .in phosphate buffer (instead of growth medium). at 37°, there ‘

- i

was some loss, of viability. o

@ y

As with photosynthesis, oldér cultures were more resistant
to the cold ;han.ygg?ger ones and with an older culture, .
. viability af 50% was observed after 15 min. cold,shock, . ‘

xhe age of culture effect on viability was canflrmed

v

. uszng ‘the optical dens1ty method (Hethods, pg. 47). Results ’
(Figure 19) ‘showed that acqu151t1on of re51stance w1th age
was a gradual process, The,conc1u51on was based on the .

o ’ asshqption that cold-shocked cells grew at the sape rate as
: I’ Jm ’ »

v
[3

control "cells. y

. Cold shock of cells at a cell density“of‘dolo cells/ml, -
instead of the customary 108 cells/ml. resulted in approxi-
mately the same percentage survival. :

K

Since cold sen51t1v1ty varled sonewhat from culture to

Je

<

culture, a str1ct compar1son of the decline in photosynthetic
capacity and viability could be made only if cold shock wagps
performed using the same cell ;uspension. Photos&nthesis

was measured manometrically by method I1I (ﬁg.‘49). The

- results (Table 9) showed that for g given cell suspension,

»

the effect of cold on viability was much more pronouncéd than A~
«qn photosynthesis, Repeated experiments gave the same

o L o ‘

conclusion., This supported the conclusion drawn in the cell ;

,autoradiography experiment, which showed that all the cells

'

R

were affected by cold shock.

The effect of teuperafhre on viability was next studied.
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Table 9. Effect of cold £hock on photosynthesis and viability

using the same cell suspension. For experimental .details see

“Methods, pg: 47, 49, - N
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Results indicated that there was sigqéficant loss in viability
L \

at 10° and at lower temperatures there was a furtherf loss in

viability. Tiwe of cold shock in each case was 60 min.

Results are shown in Figure 20.

(5) Release of cell components after cold shock. It was

known that pteridines and glutamic acid were released from
cold-shocked cellsiLVan Baalen, 1957). The main objective
of this set of experiments wds to classify the types of
co-poun&s released after cold shock and to Hetermine what
fraction ‘of the total cell material they comprised. =
(a) Gengral aspects.
The release of 14¢ and 3% from labelled cells during

cold shock is shown in Figure_él. The figure s;ows that about
25% of the dialysable -;terial is quickly lost from the cell,
Further time in the cold did not lead to increased excretion.

 What waigﬁgfgrred to as "total dialysable material"™ was
the dimlysable material lost from the cells when they were
held at 65° for 30 min. This was generally about 2% of the
total incorporated 14c, It was assumed that the "total
dialysable material" consisted of nearly all the available small.
molecules. However, it was possible that the val&e fé; "total
dialysable material™ was high, since the-fraction could hav&
contained some small molecules that arose as a result of
degradation.

About 0.4-0.6% of the total cell carbon was lost during

cold shock, This vallbe was in close agreement with the value
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LOSS OF DIALYSABLE MATERIAL (%)

0 -
{ | |
; 60 % 120

TIME (min,)
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Figure 21. Excretion of material following cold rshock,

expressed as a percentage of "total dialysable" material;-".

0—0, excretion of 4C from uniformly labelled cells.

33

X—X; excretion of P from uniformly labelled cells.

100% is 2.04x10% c.p.m., for 4c; and 2.86x10° c.p.m., for

331’;1:00,-1- unit aliquot. For experimental details see Methcfds.

of
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of 0.6% which was arrived at by the chemical estimation,of

glutamate lost from .the tell (glutamate accounts fo; approxi-

mately half the carbon excreted - see below), . > .

At least 99% of the cold shock supernatant was dialysable,

which indicated that all the excreted nateéialtconsisted of

small molecules. . | .
- The -leakage of material was also‘ followed as a function
of time after cold shock using 33P labelled cells. This is
shown in Table 10,

. (b).Classification of labelled products and §xtent of

1eakag9 of radicactive fractions. k
¢

The supernatant from the 15 min, -cold-shocked samﬁle of
the 1%c labelled cells was separated by fﬁo dimensional
chromatography and identified by autoradiography (Methods,
.pg. 68). Table 11 shows the composition of the material lost g

b

after cold shock. " .

The main excretion product was glutamic acid which
constituted almost half of the radioactive carbon lost. Other
ninhydrin pos;tive spots made up a further 20.6% of the 14¢
‘material. The only notable noq-amino acids were PEP, citrate,
malate and pteridines., There was notably a lack of label
in areas Where phosphate esters (other than PEP) normally .
zan, although some of the phaosphate esters may have remained
at the origin. ,

The rénaining radioactivity was not idgntified'épd Bf
this only 4% was marked on the autoradiqQgram as definite spots. ’

Amino acids were identified usidE”EFinisgl standards and
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Table 10. Excretion of.33P ‘from labelled cells after 15 min.
cold shock, when cold shock cells were held at 37°, Time
refers to that at 37°, Centrifugation time of 10 min. was
not included. 100% ‘dialysable was 2.86.x, 1075 c.p.m./aliquot,

For experimental details see Methods.

Time after cold shock Excretion of 33p
(min,) . ’ {% total dialysable)
0 . 28.5
k4
40 ‘ 35
80 33 ’
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Table 11. Rﬂdi&nﬁtttity in excretion products expressed as

a percentage of 14¢ 1ost from labelled cells. Time of cold
shock, 15 min. *‘identified by RF’ pteridines identified

by fluorescence in U.V. light. ¥ ident;fied by co—chron;tography.

L 4

For experimental details seeiMe%hods.

Compound ™™ ¢ jost (4 Total)
Glutamate® 46
Asparéats* 3.8
Cystine®* ) 2.7
1‘.1emine;f 1.0
- -
Ser. gly. aspNHz* 1.0
Other ninhydrin positive spots 12.1
Pteridines /J - 2.5
¢  PEP* 2,7
Citrate \and malate® 2.5
vather phospHatp esters* - <1

Origin ) 2.0
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were chemically quantitated by the ninhydrin reaction. The
ratio of optical deamsity at 570 nm of gluianié acid to other
ninhydrin positiv; areas was 1:0.52, which was in the same
order of magnitude as determined by 14¢ leakage.

aChelical tests for leakage of ninhydrin positive material
also showed that about 65% of the total ninhydrin positive
material leaked out of the cell within 60 min. of cold shock.
Controls kept at room temperature released only 3-5% of
ninhydrin positive material into the supernatant, in the same
period of time. Of the free glutamic acid, 50-80% was lost
during cold shock, but only a small fraction of the available
alanine was lost from the cells. Glutamic acid was not
excreted in detectable quantities (5%} from control samples
kept at rdom temperature. ‘ N

On separation of the 33P-labai1ed supernatants by one
dimensional chrolaxuggpphy (BAW::4:1:5), the 33p compounds
separated into 4 radioactive areas which are called fractionms
F1, F2, F3, F4 in order of increasing Rg. The fractioms,
{Table 12) contained - Fl, sugar diphosphates; F2, sugar
monophosphates; F3, triose-P and PGA; F4, inorganic phosphate
and PEP. (Fractions F2 and F3 merged into one another and i
were best considered topgether.,)

It was interesting to note that the composition of the
fractions did not change much with cold shock time. A similar
distribution of radicactivity was observed when the sample
cold-shocked for 15 min. was allowed to stand at 37° for 80
min.

!

] .-‘%,.uﬁ
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Table 12. Distribution of radioactivity in 33p fractions for
different cold shock times. 100% represents (in counts x 10'5/
4 min./aliquot): 2 min., 1.55; 15 min., 3.14; 60 min., 2.81;

120 min., 3.41; For experimental details see Methods. _

Fraction Radioactivity 2%)
- 2 min. 15 min. 60 min. 120 min.
F1 6 8.5 " 5.5 7.5
F2 - 34 27.5 30 30
F3 5 6 5 4
F4 55 58 58.5 58.5

Table 13. 33P material released as a function of total
available material in each fraction. 100% represents (in’counts.
x 10"5/4 min./aliquot): F1, 2.36; F2, 0.94; E3, 0.30; F4,

5.89. For experimental details see Methods.

Fraction Radioactivity
(% total available)
F1 . 11
F2 , 64
F3 Yo
F4 27.5

Fl1, 2, 3 and 4 27

.
. .
W e AN B . i ‘
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If the fractions of the 15 min. cold sliock supermatant
were expressed as a percentage of the total available material
in each fraction tian }t was evident- that there was selective
loss of some fractions (Table 13). This table showed that F2
was lost selectivaly\apd Fl retained selectively. ‘This could
reflect some compartmentation. The same conclusion was
reached when the loss of glutamate was considered. Glutamate
was lost to the extent of 50-80%, while overall 14¢ was Jlost
to the extent of only 25%. i

Two dimensional chronitogr;ihy of 33p material resulted
only in the resolution of a ?riose~phosphate spot, v

It was concluded from these experiments that cold caused ;
a lesion which resulted in the loss of about 0.5% of the .total
carbon which probably represented about 25% of the total
dialysable material, The material lost was probably qualitatively
representative of the small molecules of the cell. However, -
it appeared that quantitatijgly there was some selectivity in

the loss.

-

(6) Attempts to restore photosynthesis in cold-shocked cells.

The observation that a large fraction of low molecular weight
'éo-pounds was lost from the cell following cold shock suggested
experiments to determine if concentrated supernatants froms
cold-shocked cells could restor$ photosynthesis. In order to
do this supernatants from many cold shock cell suspensions

were pooled and concentrated by freeze-drying. The final

concentration of the extract was approximately equal to the
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intracellular concentration of intermediates (as calculated
from packed cell volume). This extract was tested for its.
effect on photosynthesis, - The concentrated cold shock super-
natants completely inhibited pho;osynthesis in cold-shocked ’
cells. Control cells were inhibited to the extent of 18%.

Other attempts to westore photosynthesis included the
study of the effects of specific additives. Compounds added
included, (1) electron acceptors, NADP and K3Fe(CN)6; (2) €Oz
acceptors, PEP and RDP. The rationale for using electron
acceptors was that, if electron flow was not affected directly
by cold and if the loweriep of photosynthetic capacity was ,
due to the loss of intermediates, then the addition of an
electron acceptor might increase oxygen evolution. The
ratiog;le for using CO, acceptors was similar but in this
case any recovery in photosynthetic capacity was dependent
Aot only on eléktron flow but also on the generation of ATP,
Other attempts to restore photosynthesis included the addition
of ATP and also the major excretion product, glutamic acid.

All these additions failed to restore photosynthesis.

The results are, shown in Table 14, ‘

The Cpnceﬁiration of reagents used was sufficient to
support measurable photosynthesis over the reaction time. 5
Other studies using manometric wmethod II (pg. 49) gave similar)
results. No change was observed at varying concentration of
reagents but in some cases high concentrations (e.g. 9 mM
glutamate) inhibited.

One exception was KiFe((N)g which seemed to increase gas




Table 14.
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w

The effect of additives on the photoéyn?hetic

capacity of cold-shocked cells. Photosynthesis measured

. manometrically (Methods, pg. 47).

Reaction volume, 5 ml.;

; Xlett cell units per flask, 2650; time of cold shock, 20 min.

r

I3

Conc. 6@9

Oxygen evolved
(ul./10 min.) ,

Additive Control Cold shock
a)
' L' - ) - ” 94 , 40
PEP 1.5 97 41
Glutamate 2.5 - 41
&
(b)
- - 88 36
NADP - | 3 89 Sﬁaiﬁ
KsFe(CN)6 20 90 34
" RDP 1.5 92 38
ATP s 91 . 36
2
t ‘;""mﬁ\
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evolution when tipped into the reaction vessel immediately
before beginning the measurement of photosynthesis. yHowever
P,

»

-% it was not possible to repeat this and the effect obtained
7 - ! ’

. -Was believed to be an artifact. d

Results of experiments in this section indicated that

-
these compounds could not restore photosynthesis in cold-

- ™

shocked cells. . i

-

(7) Variation of cold shock medium and‘its effect onAphéto-

synthetic capacity. Studies with bactefial systems have shown
g ’

‘that the cold shocﬁ ;cdiun has a profound effect on viabiiity
(see Introductlon Pg- 4) and\as a result it was interesting
to deternzne xf the use of medida that protect bacteria from
loss of viability, could also P Egct the photosynthetic
capacity of Amacystis nldulans fr;;’fhe cold.

. In these studies 5 qE,MkCIZ,:gv1IT§trength Ringers-

solution (g/1 : NaGl, 9.0; CaCl,,0.25; KC1,0.42), 03 and 0.4 M

¥

sutfﬁke were used as cold shock media wWith growth meédium as
control Results -of these experinents showed that cold shock

in any ﬁf thesé media did not result i on of photo-

slight}y lower r

ynthe:iﬁ capa es of photo-

/M

synthesis\}thon conpared to cold shock in growth, ned1u-0 were

observed in each case. b -

-

The conclusion is- that these media have no protective

effect on photosynthesis. ’ !

A}
£,

' (8) Excretion of pteridines. One of tpe reasons for Eyder—

taking the study of excretion of pteridimes was to find out

wr ¥ o RE

— 1
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whether, from the c tant declime in photosynthesis and k
loss of ptcridines from the cell (Forrest et al., 1957; Van < E
. i

Baalen, 1957) evidence cnuld.be uncovered which would liak .
_thsse ‘compounds to photosynfhesxs. The experiments were '
nodalled on those of Forrest and coworkers and pteridine loss

was neasured in the supernatant after vnrions periods of =
cold shoc&.=€§§wcvar, }t was soon noticed that more pteridtnas
escaped from th; cell“during the period of manometry. Results
vshaued (Fxgurc 22) that there was a progressive increase of
pterxdine in the supernatant vith time of cold shock. However,
~if the pteridines were nn:sured in the cell nbout 1 hr, aftor
cold shock (coinciding w1th the tluo phatosynthosis was
measured), less pteridines were found to be rptninaddih the
cell.,jéont?ols kept at 37° did not excrete pteridines.

The progressive loss of ptegidfhes from the cell‘aiter
cold shock was interesting and this was studied further.
Results showed that there was in fatt-a loss of pteridines
during nnn?netrx, esppq;:;ly just aftor tipping the cell )
suspension into the main vessel. Several experiients gave
similar results. On the other hand plotosynthesis of cold- +
gﬂ;Eked cells remained nearly constant. A plot;of the minimum )
ﬁércant pterédines in tﬁc coll and photosynthosi; (pc;$cnt .
control) showed that than W8S 3ome rela:imhip betveen
’hotosynthoslc decline E’ﬁcnridinaslo:t from thn‘ctll o :

- ' "

However, work on this line uqx‘discuntinaak”fui luvutai “

reasans, (1) It was feund that all the %ptrﬁdtﬁhﬁ lost fnyn
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Figure 22, * Effect of cold shock on pteridine excretion.
0---0,control cells held at 37°; s—we,cold-shacked cells.

*  Percent pteridine in cell determined frem pteridine in

-
v LS
superngtant, immediately after cold shock; X—X, pteridines
determined in cell 1 hr. after cold shock, coinciding with
. ' the time photosynthesis was generally measured. For
) experimental details see Methods. . '
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% RATE QF PHOTOSYNTHESIS
3
l

i
0 .50 100
MINIMUM % PTERIDINE IN CELLS

&

Figure 23, Relationship between percent rate of pnotosynthesis
and percent minimum pteridine remaining in the cell. Data
from different experiments. For experimental details see

Methods.
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the cell could not be recovered in the supetnatant (pgssibly
due to photolysis during manometry). (2) Pteridige: in
contact with cold-shocked cells tended to produce”a yellow
fluorescent derivative and it was uncertain whether tﬁis
p;pridine could be assayed quantitfdtively by the methods of
analzsis ufaé: Other theoretical reasons for the discontinuation

of this approach are given in the Discussion.

{9) Effect of cold shock on Anabaena variabilis. Similar

cold treatment of Ansbaena variabilis showed that the photo-

synthesis of this organism was not susceptible to cold shock.

No pteridines were detected in the supernatantk-

o

(10) Summary of observations made using whole cells. (a) It

was confirmed that cold shock had a marked eﬁfect on photo-

synthesis (0; evolution and CO; fixation) in Anacystis nidulans.

(b) Anabaena variasbilis did not show thiseffect. (c) It was
found that the effect of cold on photosynthesis was ;ot "all
or none" with respect to individual cells of the population.
(d) The efféct of cold was rapidly manifested and also shown
over very short periods of photosynthesis. (e) Cold shock
caused a loss of viability and a breakdown of selective
permeability. (f) There was no special reason to believe that
ptoridini lgss was the cause of photosynthesis decline. (g)
Electron acceptors and COz acceptors could not restore photo-
synthesis. ’ C
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{B) Ccll—frée extract studies, -~

A P

Since cold had song‘cffect on the lilitin;_pnubrane, it
was possible that it might also have some effect on the photo-
synthetic membranes. Studies of Van Baalen (1957), who found
that cell-f{ee extracts prepared from cold-shocked cells had
lower Hill activity (as measured by DCPIP reduction) andjthése

of Gerhardt and Santo (1966) who advised that cell-free extracts

-of Anacystis nidulans be kept at room temperature in order to

observe photophosphorylation, supported thisﬁ?ussibility As

AT

a result it was decided to study the effect-of coid shock on

electron flow and photophosphorylation in cerl free extracts

u‘

of Anacystis nidulans. ) .

Cell-free extracts were pre d by lysozyuQ digestion in

the presence of EDTA. Three hr. of incubation a; 37° resulted
7

P |

in protoplasts, most of which retained the chnracterxst1c shape

" of the cell. When the osmotic pressure of the medium was

lowered, most of the cells lyggdy It was of interest that
vhen these protoplasts ug;a//ubjected“tONQOId shock even i

the presence of 0.4 ﬁrsucrose, there was some lysi

the release of phycocyanin.
R
Cold shock was performed after the preparation of cell-
free extracts, in 0.4 N sucrose, thus the effect observed

could be interpreted as a direct effect of cora.f

(1) Effect of cold shock on electron flow.

(a) Electrom flow using ferricyanide as acceptor. -

hd '

Photosystem II.

-

e . -
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Preliminary studies were performed by measuring oxygen

119

evolution. Rates of oxygen evolution were in the range of 120-
190 uEq./mg.chl./hr. The gas evolution was light catalyzed
and inhibited by CMU (Figure 24).

A study of the effect of cold shock on the system showed
(Figure 25) thag cold had very little effect on oxygen evolution
and the apparent lower activity of the cold-shocked samples
was due to the slight lag at the start of the reaction. Repeti-
tion of this experiment confirmed the conclusion that cold
shock, had no effect on the system.

Further experiménts using ferricyanide as electron acceptor
were done by following ferricyanide reduc;ion spectrophoto-
metrically at 420 nm. Rates of reduction observed in these
experiments were high (generally in the range of 450-550 uM/
mg.chl./hr. and on one occasion a rate as high as 700 was

observed). These rates were similar to those obtained with

.
Phormidium luridum (Biggins, 1967) and Anabaena variabilis
(Susor and Krogmann, 1964) but .higher than those previously

obtained uitp Anacystis nidulans {(Introduction, pg. 21).

Ehecks were made to determine if there were any inherent
errory in the procedure. It was observed that there was some
dark reduction at 420 nm but this was small (Figure 28), and
results were corrected for it. It was also observed that
there was some loss of phycocyanin absorption (620 nm) during
the experiment, however, this was of little significance since
phycocyanin had very low abserption at 420 nm. Further,

determination of ferricyanide reduction in trichloroacetic acid

W
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Figure 24. OUxygen evolution in a cell-free extract using
KyFe((N)g as electrom acceptor. K;Fe(CN)g, 20 umoles;
chlorophyll, 120 ug; in § ql.l,Light off. For further

experimental details see Methods,
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OXYGEN EVOLVED Wil. )

TIVE {min)

Figure 25. Effect of cold shock on photosystem II.
KFe((N)g, y umoles; chlorophyll, 60 ug;d,Light off;
#—38, control (room temperature); e———e, 15 min.
cold shock; 0-=-0, 60 min., cold shock. For furtuer

experimental details see Metnods.
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supernatants (which has a blank optical density of less than
0.04) gave results similar to:direct determination of optical
. density changes in the axtract. Further evidence that absorbence )
at 420 nm measured true physiological photoreduction of ferricyanide
was its 80-90% inhibition with CMU and the high P/2e ratios
obtained (see section (2) (b)).
Preliminary experinent&fShow&d that the rate of ferricyanide
reduction was proportional tgyconcentration of eiiract (Table
15).
Other prelininar& experiments showed that:
{1} pH could be varied between 7.2 and 8 without significantly
changing the rate of ferricyanide reduction. ;
{2) The presence of ADP did not increase the rate of ferricyanide
reduction (Figure 26). ‘
-is) Sucrose conceptrations from .04 M - 0.4 M had no effect
on the reduction of ferricyanide.
{4) ng* stimulated the rate of reaction almost two fold
(Figure 27). .

Similar overall results have been obtajmed by Susor and

Krogmann {1964) using Anabaena variabilis.

.The effect of cold shock on ferricyanide reduction was
studied next. Resulgs (Figure 28) showed that 30 min. cold
shock had no effect on ferricyanide reduction.: Similar results
were obtained }n the absence of ADP and inorganic phosphate. -
In addition, extracts and protoplasts could be stored in a
refrigerator (spproximately 6°) for more than 24 hr. with

retention of more than 75% of their activity.

A3
L3
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Table 15. Effect of concentration of extract on the rate
of ferricyanide reduc%}on. KgFe(CN)¢, 2 umoles; reaction

time, 3 min, For experimental details see Methods.

<,

Chlorophyll Ferricyanide reduced
(ug./3 mi.) (umoles/min.) -
5 0.042
10 0.090
- N7 . 0.166
25 0.254 )
36 0.354
T v
@ \
\\
w
~f
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-KB Fel CN )6 REDUCED (u moles)

’ TIME (min.)

Figure 26. Effect of ADP on ,KSFe(CN)6 reduction. K;Fe(CN)g,
2 umoles; chlorophyll, 40 ug; in 5 ml., @@, +ADP; X—==X,
~ADP; U=—=t}, ADP+CMU. Dbata not corrected for dark reduction.
Ferricyanide was measured in the TCA supernatant, For

further experimental details see Metuods,.
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RATE OF FERRICYANIDE REDUCTION -

Y

A I l I -
0 v 10 20 /r—w 'r

»

Mg 2* CONC (mM) e

. z E)

Figure 27. 'Effect of ng* on KsFe(CN)G reduction. /Rates

~

expressed in umoles/mg.chl. /hr. KsFe(CN)G, 1.5 umgles;
chlorophyll, 20 ug; in 3 ml. Rates calculated ovdr a

(period of 2 min. For other experimental details see Methods.
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0.4

0.3

0.2

s

0.1

REDUCTION IN 0.D. (420 nm)

— -
|
4

TIME 'gpm.)

Figure 28. Effect of cold shotk “"'is"(c")s reduction.

R e e

Ferricyanide, 1.5 umoles; chlorophyll, 21 ug; in"3 ml.
0—0, control (room temperature); X—X, 30 min. cold
shock; e—se, dark re“duc.fion. For other experimental details
see Methdds. ™~
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Cold shock was found to have no effect on ferricyanide
reduction even when it was carried out in water instead of
0.4 M sucrose. - . C

All this shows that cold shock has no effect‘on photo-
system 1I. ..

It was not possiblé to pre?are suitable,cei1~free extracts

from cold-shocked -cells using the lysozyme digestion procedure,

since the protoplasts were found to lyse during digesti L as
well as during waghing, hence losing solghle P oteins:\\Such »
extracts have low Hill reaction capac%ty§fqbs likely dugs to
loss of water soluble nat;rial.

(b) Electron flow using reduced cytochrome-c as electron

~

donor (phgtosysteu I).

#~ "r j’j‘

After preliminary experiments, it was dec'ded to use
concentrations of ‘0.07 wM Cyt. c (§0% reduced) and 0.16 mM
h;thyl viologen as électron donor and acceptor respectively.
Trials showed that these concent;utious gave nearly linear
rates of reductign over the full length of the experiment, with

a maximum rate of 15-20 uM reductant/mg.chl./hr. (using E-max.

Cyt. C, ted.‘OX. - 19’ 00)- '
(2}
Rates were, very'“low compared to ferricyanide reduction

but were comparable to those previously reported in the litera-
ture for Anacystis nidulans by'Fugita and Myers (1966) and
Brown (1969). Interference from the dark reductionsof Cyt. c
was minimized as described in Methods (pg. 62).

The effect of cold shock om the system was next studied
(Figure 29). ?he results showed that cold hsd no effect on the

' .
- 4 d - T,
Y« B e £ LA S !
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Figure 29. -Effect of cold shock on photosystem I. Cyt. c,
0.20 wmoles (50% reduced); Methyl viologen, 0.5 umoles;
cﬁlbrophyll, 20 ui; 4n 3 m}, O0~-=0, 30 min. cold shock;
’l-——-x, control. For further experimental dg;giﬂ;;wgéé -
- rTWetheds. ——— —— -~ 7 :
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nxxd;tion af Cyt. c. This showed that photosystan I was
not. affectad by co!d shock. to-

(c) Blectrom flow y;ing:DCPIP as electron acceptor
"(piotosyste- I + 11, see Introduction pg. 18).

. Preliminary experiments showed that the rates of DCPIP
eductie& over the concentrations used.(0.08 mM - 0.13 mM),
hokcd little var1at10n. In each case, the;react1on was
haracterized by a slight decreas? in rate as the reaction

proceeded, irrespective of the .concentration of DCPIP used.

Interference from dark reduction of DCPIP was minimized by ‘

adopting the procedures described in-Methods (pg. 62). DCPIP . ~ .

reduction was inhibited 80-90% by CMU and about 90% of the

reduction-in optical dénéity at 550 nm could be regenerated

¢3 ferr1cyan1de. This showed that most of the-reduction in
optical density obsqgvad was due to true photoreduction of

DCPIP.

fa‘kstés of reduction were 120-150 uEq. reductant/mg.chl./

hr. during reaction time d% 4 min. but initial rates of 200

have been observed. These rates were similar to th;se

obtained by Van Baalen (1957).

The effect of cold shock on DCPIP reduction was studied
next. Results (Pigure 30) showed that cold shock had no -

effoect on DCPIP reduction. The same result was obtained at .

liuitiqg DCPIP conceitrations, Table 16. This ‘latter experiment

was designed té determime if cold sjock changes the affinity

of ?CPIP’for toduction.\‘kosults clearly showed that this was °

not the case snd. that the rate’ of DCPIP reduction by comtrol

7
e - .’ "7
> 1 ﬁﬁ

"
s
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DCPIP REDUCED (i moles)
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0 | R |
0 ] 2 3 4

‘ TIME ( min.) -
| Figure 30, ‘Bffe*ct‘}of cold shock on DCPIP reduction.
DCPIP, G¢.3 uymoles; chlorophyll, 22 ug; in 3 ml. x-q;;x,
control;, 0—0, 30 min. goid shock. For further
experimental details see Methods.
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Table 16. The effect of cold shock on DCPIP reduction at
limiting DCPIP comc., DCPIP, .15-.17 umoles; chlorophyll,
30 ug.; oxidized DCPIP at end of reaction, .015-.020 umoles.

For further experimental details see Methods. &

¢

Reduction in 0.D. (SSO nm) °

Cold ;hock
(30 min.)

0.135
0.225 ¥
0.285

< Time [(min.) - Control

0.145
0.240
0.300
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0.325 0.340
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7
and cold shock samples were ali;st identical fhroughou: the
time course esven after nearly all the Df?f? (approx. 90%)
was reduced.

s

’ (d) Attempts to estimate methyl viologen and NADP

reduction (combined photoreactions).

Attempts to follow methyl viologen reduction spectrbphcté-
metrically by the method of xokjuure not successful due to
technical difficulties in obtaining an anaerobic atmosphere.

Attempts to follow NADP reduction by the method of Biggins
{1967 b) were not ;uccessful either because no reduction could
be observed even after the &ddition of ferridoxin. It was
probable that th@s,uas due to a deficiency of ferridoxin:NADP
tr;nshydrogeuase. However, the reason why work on this line
was/discontinucd was due to a light-catalyzed oxidation of
NADPH observed in these extracts. This effect could not be
abolished by: (a) washing the partiéies, (b) dialysis (over-

night), (c) rotenone.
4

(2) Effect of cold shock on photophosphorylation, .

(a) Cyclic photophosphorylation. - (PMS-ascorbate mediated).

‘ Prelininar} studies fhoucd that the pH optimum of the
system was 7.5-7.6. It was also found that the formation of
organic phosphate was dapenda;t on the presence of ;ight, ADP
snd PHS. The presence of O did mot inhibit (Table 17).
The low rates of photophosphorylation in Table 17, A and B
wore due to the low light intemsity used. Ascorbate was also
required; in its absemce; only viry low levels of photophos-

phorylation were cbserved (lelc ¥7 C). The results also

- M
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Table 17. Characteristigs of PMS-ascorbate mediated (cyclic)
photophosphorylation. Chlorophyll: A, 41 ng; B, 46 ug;

C, 55 ug; pH: A and C, 7.6; B; 7.2; illumination: A and B,
thivee, 20 watt "cool_wl{ite“ fluorescent lights; C, 650 watt
tungsten lamp (Methods, pg. 63). Tl and T2 refer to
experiments done with extracts held at room temp. for 20 and

40 min. respectively. For further experimental details see

Methads.
Rate-
Expt. Conditiens (uM "‘ATP/mg. chl./hr.)
A complete 98
-ADP o . 0.6
: »
dark 0.6
“B complete 68 -
- CMU 54
-PMS 10
c complete 7 128 °
' LI o1 134
v T2 124
¢
-ascorbate 11
. 4
* t"‘
V&
e HTo——pp———- o - hary "
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sgewcd that the system reatained nctivity when held at room
tclPerature.

Colé shock had a marked effect om PMS-ascorbate photophos-
phorylation, After 45 min. cold sﬁock only about a third of
the total phosphorylating activity remained. In order to find
out if this effect was unique to Anacystis nidulans, a cell-

free extract of Ansbaena vari;pxlis was treated in the same way.
Results (Fzgure 31) shoned th;t PSP in Anacystis nidulans was

much more sensitive to cold shock than Anabaena variabilis.

The rate of photophosphorylation obtained in these
experiments compared favourably with the best in the literature
for Anacystis nidulans (see Intrddnction, pg. 22).

(b) Noncyclic photophosphorylation (with KxFe(CN)g as

electron acceptor).

Assay conditions were the same as those for ferricyanide
reduction. ' Preliminary experiments showed that the system
was inhibited by CMU (Table 18). They ilso showed the stability °
, 9f the system over a period of 45 min. Other trials also
showed that light was a requirement.

In these oxperiments, radioactivity in zero time samples

wgs subtracted. e .
Next, the effect of cald shock was studied. Results/are
shown in Table 19 and Figuve 32. As in cyclic photophos- #

phorylation cold had s marked effect om ATP synthesis. ATP
synthesis declined to gbout 40% after 15 mim. of colddghock.
. ___Samples held at room temperature showed no such loss (Figure 32).

. The rate of photophosphorylation obtained was botter than any
* o
s i, s Y ' " év e : i s‘ﬁ’ ’p
I K w VYRR S S Y‘ &nm“ﬂm el bt j, ¥ 5‘# fr‘*-,." ”‘f«”‘ ww%;?- u ﬁm if &f
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Figure 31, Effect of cold jhock on cyclic PSP. Ascorbate,
100 umoles; PMS, 0.1 umoles, (MU was present. C(hlorophyll,
for Ansbaena, 33 ug; for Anacystis, 49 pg; in 3 ml. X-==X,
Anabaena; O-——0, Anacystis. Time refers to time in cold.
Control rates, 190 and 165 uM ATP/mg.chl./hr., for Rnsbaena
and Anacystis respectively. For further experiment taiis
see Nethods.
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Table 18. Characteristics of noncyclic photophosphorylation.
Chlornphy}l. 18.3 ug; [sFe(CN)G. 1.4 umoles; Tl refers to
time the extract was held at room tengfi#ture before

experiment was performed (45 min.). For. further experimental

details see Methods.

] Rate of PSP
Conditions (uM/mg. chl./hr.)
Iy
Complete 155
T1 : 164
Cm 7. 8

Table 19. Effect of cold on P/2e ratio, Conditions as in

Figure 32. Rates were calculated after 6 min. illumination.

5

% o

Rate Control Cold shock (30 min.)
uM ATP/mg.chl./hr. 190 . . 66
N KyFe(CN) /mg.chl./hr. 459 \ 464
P/2e 0.83 / 0.28
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Figure 32. Effect of cold shock on noncyclic PSP,
Ferricyanide, 0.7 mM; chlogophyll, 34.5 ug in 3.7 ml.
0—0, cold shock (0°);(e—e, control, room temperature.
Control rate, 190 uM ATP/mg,chl. /hr, ?inc refers to time

in cold, For further experimental details see Methods.
x
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data in the literature for the orgamism, and coupling ratias
(Table 19) were high. The effect of cold was to lower the
P/2e ratio, (Table 19); 30 min. cold shock resulted in a /3¢

ratio of about 0.3 (which was similar to the previous best P#/Ze

ratios reported by Gerhardt and Santo, 1966 using cell-free
extracts prepared by lyophilization and lysozyme digestion).

The results suggested that -low P/2e ratios reported in
the literature may be due to exposing cells, protoplasts or

extracts to the cold during some -stage of preparation.

(3) Effect of cold shock on PEP-carboxylase activity. In

Part 11 B the characteristics of the carboxylating enzyme age
reportgd; their sensitivity to cold shock was alsa investigated.
On subjecting the system to cold shock, it was fou;d that it
was semsitive,losing up to 50% of its activity after 15 min, at

0° (Figure 33). A similar system from Anabaena variabilis

showed no cold sensitivity. . Since the effect could not explain

the loss in photosynthetic capacity of Anacystis nidulans, -
Fal

the system was not studied further. It was interesting to
note that the other CDz*fixidg enzyme (RDP carboxylase) was

not cold~sensit§ve. ~

, ~,

{4) Summary of cell-free extract studies. Cell-free extract

studies showed that cold shock had a marked effect on photo-
phosphorylation. The general pattern of the decline in
photophosphorylation was very similsr to those obtnian for
photosynthosisﬂ with ;hol:n cells: Photophosphorylation of
Angbaena variasbilis (whose photosysthesis was not sensitive
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PEP CARBOXYLASE ACTIVITY (%)

01 l - :
0 15 30 L&

, g TIME (min,)
Figure 33. Effect of cold shock on PEP cafﬁuxylase activity.
chl.*: Ansbaens, 22 ug; Anacystis, 41 ug; final pH, 8.1.
Control rates: Anacystis, 0.17 uM.C/mg.chl.*/min.; Anabaena,
0.49 uM.C/mg.chl.*/min.; X—X, Ansbaenas o——o, Anacystis;

time refers to time in cold. For further experimental details
soe Methods. .




L ’ ot e T
2
- 138

&
z

to cold shock) was relatively resistant to gpldnshock.
’ These studies also showed that ;lacfézn*flow was not
affected /by cold shock, at least with the eléb%)on acceptors

and donor used in this stﬁg}. The data showed that photosystems
I and 1I wh tssayed individually were not affected, How-

ever due gg? he ungartalqty of the site of action of DCPIP

(see Introductioni;ithe effeét of cold shock.on the combined
photoreactions was not conclusive, It was felt uh;t the assay
of the methyl viclogen-Nehler reaction could help in this

respect. H
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N (9] Bf%oct of cold shock on the methyl viologem-Mehler

reagction.

The reaction involved the reductiom of methyl viologen -

by photosystem I with the concomitant ewolution of half a
molecule of OXygdh per pair of electrons tramsferred. The
reduced methyl viagogan is then oxidized giving Hy0;. The net
result is the éﬁ%ake of a molecule ofwox§§en per pair of
electrops transferred. As a result the overall process involved
the.uptake of oxygen at half the rate of exygen evolution in
photosynthesis, provided catalase activity was absent. In .-

) ~—
this experiment, KCN was used'to inhibit catalase (Chua, 1971)

and oxygen uptake was followed nan;aetrically (Nethods, pg.
e
This wethod was u;ed to study the effect qﬁ cold sﬂoyk
on electron flow in whole cells, It was useful as it allowed
the study of the combined photosystems, a study that was not
,possible in cell-free extracts. \
The overall characteristics of the system are shown in 55
Table 20. The resultsy showed that -eghyl viologen, KCN and "
light were required /& uptaka.ACThe results also showed
that cold shock did not inhibit thpsnnhler reaction.
The high level of gas evqlnt:jf;m in the dark for the
‘complete' cold shock sample (ngle 20 A) was noélobgervad ‘
in other experiments. The rate of oxygen uptake was in the :)
range of 120 umoles/mg.chl./hr. which was comparable to
rates calculated f}cn whole cel]l photosynthesis.
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Table 20. Characteristics of the methyl viologen-Mehler reaction.
- Time of cold shock, 15 min.; Klett cell wmits/vessel, 2000;
. control celilswere held at room temperature. (For further A
-4
experimental details, see Methods). : )
- - 4 PLI
@ 1 Oxygen uptake "
(vl./10 min.)
o -
+»Expt. Cold shock  Reaction Mixture  Light Dark
» "
A - complete 26 0
o - » KCN omitted T3 0
; .
4 s el
a + + complete : 30 -8 .
B + KCN omitted . * 5 0.5
) B - complete s 32 0.5
8 - - u'v‘ OlittGﬂ - ‘.5 o
. - dark 5 -1 .
o + . complete -7 -0.5
- »
& % : L4
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Table 21, The éffect of cold shock on the methyl viologen
Mehler reaction at low concentrations of methyl viologen.
Conditions same as Table 20, but time of cold shock, 30 min.
In all samples, dark gas.uptake, 2-3 ul/10 min.
. "‘:‘7
‘ Oxygen uptake -
’ (]Ilo /10 li.n.)
Conc, of M.V,
(mi) - Control Cold shock
! 0.2 27.4 35.0
4
0.4 3028 36.5
\
0.6 27'8‘ ’ - 32-2
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The next table shows the effect of cald shock on the
Mehler reaction at lower caudoutragiqﬁs of methyl viologen.
The results {Table 21) shgnvd aggii that cold shock did not
cause & loss in gas uptake, in fact, the cold shock samples
had higher ratesof gas uptake. -

The results of these experiments supported previous
conclusions that cold shock had no effect on electron flow.
The mothod had theoretical complicat and therefore firm
conclusions were difficult to make, but the experiment had
value since the expected rate of gas uptake was observed;

further the observations were in harmony with previous

experiments.
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PART II

B 8 -, .
" Carbon dioxide incorporating reactions of Anacystis pidulans

’
1 -’
Ve
L)
~

{A) Whole cell studies.

X

en
o
The experiments were designed to show the.various paths

W which 14
essentially consisted of the addition of high specific

€O, was incorporated. The experimental procédure

activity 1‘602 (as NaZCOS) to cell suspensions and the
separation and identification of the labelled products formed.
}ncorporation of 14CO2 in giucoseiand phosphate esters were
éssm%o be equ:;ﬁlent to f;ntlon"by the Calun cycle and
" ™ the laBelling in aspartate and glutalaxe were assumed td be due
to possible alterriate routes, subject to the position of lgpel
in the two amino acids. ?j ) ‘
It should be noggd"yoiever, thft‘gho experine;ts were
not done under the steady state and therefore the relative .
physiological sign1f1cance of "the differant routes of CO2
incorporation cannot be evaluated ‘h;re. ) ;
The average rates of phatosynthems were equivalent to .
sbout 1000 ul. CO fixed/mg. f.:hlm /hr. (about equal to that
: observed with standard growth conditions) and at the end of the
experiment approximately 158 of the added Co, was utilized.
Dats in this section is presented in tables rather than
figures, bacause only the libolling in the initial sample was
of critical interest. ) . S
Identities sssigned to compounds were based only on

chromstography. Occasions where authemtic standards were not

.
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_used are indicated in the tables. .
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(1) Distribution of isotope smong compounds im the ethanol-

¥
soluble fraction. A prelimimary experiment designed to evaluate
yool~size of intermediates was flrst done. This involved the

incorporsation of "coz into cell suspcu&ou over a period of
15 min. (Table 22). The expefiment did aot serve its purpose -
because even after that period of time, some of the intef-
mediates (e.g. glutt;ic acida had not attained complete
labelling. This was deduced from knowledge gained previously
in the¥study of the leakage of int;mdiates from the cell
(Part I, (A), (5)9. This indicated that glutamic acid had a
very low turnov:;r rate. '

In the next experiment (which will be referred to hersafter
as E-1) a cell suspcnsionVns mixed with ’*“mz (as uz-um,)
in the dark (Methods, pg. 66, method A) following which the
light was switched on. Results of the experiment showed
(Table 23) that imcorporation in the dark was mainly into
glutamic and aspartic acids (Figure 34) while the phosphate
est;rs contained very little label. Aftg; the light was
switched on, the two amino acids were labelled faster and the
labelling continued through all the samples taken.’ The phos-
phate esters were not labelied to a great extent in the first
fow seconds after the light was switched on (!;ignra 35) but \
became prominent after 21 sec. {(Figire 36) and soon accounted e
for the bulk of the (0, fixed. At the u-,'wn. the label in: - -
the ethanol-insoluble ftactioa incrou“ m;idltlbly‘ (This
wes identified as mainly polmt :im, »ao tqt se&tm).
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1‘(:02 fixation for 15 min. Na 603,’170 pmoles

Table 22. 2

(0.5 yCi). Other conditions as in Methods (method A, pg. 66).
Radioactivity expressed per 50 ul aliquot. (Total voluné

1 ml.). %*identified from R; only. +t identified by co-

chromatography with authentic standards.

A
Compound Radioactivity c.p.m. Xx 1072
pcat 26 ©

Sugar phosphates?* - 171

PEP* 07

Triose P’ 11

Aspnrtate* 40

Glutamate* 39

Alanine’ 06 *
Citrate + Glycolate(%) 10

Funnrate* 16

Succinate+ as

af
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Table 23.

expressed per 50 ul aliquot.

Distribution of radicactivity in B-l1,

S

146

»

Counts
* identification by Rgp only.

+ identified by to-chromatography with authentic standards.
For details see Methods.
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Counts/10 min. 1673

Compound dark 8 sec. 21 sec. 36 sec. 54 sec,
peat 11.2 260 720 1420
Hexose® 4 -

mono P. 16,0 180 938 2000
PEP* 6(1) 4.8 12 62 90
Triose P.T - 5.2 16 34 62
Sugar di P.* - 8.0 36 80 300
Pentose® -

mono P, - 6.5 38 132 266
UDPG area* T 3.2 20 72 . 260
Aspartate’ 55 163 321 530 . 912
Glutamate? 14 41.’5 51 111 128
Citrate’ - 3.0 16 25 84
Ethanol

insoluble - - 13 57 280 1390
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Figure 34. Autoradiogram of chromatogram, 80 sec. pre-
) illumination sample of E-1. 1, :;partate; 2, glutamate; 3,
phosphate esters; 1-—y, phenol-water; 2—=>», BAW. For
. experimental detsils see Nethods.
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Figure 35. Autoradiogram of chromatogram, 8 sec. photosyn-
thesis of E-1. 1, aspartate; Z,pglutamate; 3, phosphate
b}
esters; 1—%, phenol-water; 2~3-», BAN. For experimental
A details see Methods.
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Figure 36. Autoradiogram of chromatogram, 21 sec. photo-

synthesis of E-1. 1, aspartate; 2, glutamate; 3, PGA; 4,
xos& monophosphates; 5, sugar diphosphates; 6, PEP; 7,
1

7 citrate; 8, triose P; 1—>, phenol-water;’§~§, BAW. For
experimental details see Methods.
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The experiment showed that labelled aspartic acid and glutamic
acid could be formed without significant operation of the
Calvin cycle. This type of 1niti¢1flfpe11;ng into aspartate .
and glutamate is called type II labelling. '

In another experiment (which will be called B-Z)N?\dark
preincubation was avoided (Methods, pg. 66, method B) and
radioactive carbonate was added to a preilluminated sample.
The results of this experiment (Table 24) showed tﬁat although
there was some lag in ;EF labelling of the phosphate esters,
the labelling in these compounds exceedéd by far the labelling
in aspartate, even in the earliest sample (Figure 37). This
indicated .that the Calvin cycle could operate without the ’
labelling of aspartate. After 17 sec. the labelling of the
total Calvin cycle intermediates was linear. The labelling
in aspartate in the experiment ;as initially slow but .
ultimately reached the same level as E-1. In later samples a
whole spectrum of intermediates was labelled (;;gure 53).

This type of labelling (initial Calvin cycle ig;er-ediate

@

labelling) is called type 1 labelling. ..
One problem encountered in these experiments was the

large quantityfof radioactivity that remained at the origin.

This was greater in the type I pattern experiments in which

radioactivity at the 3rigin was as much as 15% of the total

isotope in the ethanol soluble fraction. On hydrolysis of

this spot with 1 N HC1 at 100° for 1 hr., followed by chromato-

graphy, a 'smear' of radioactivity va;Aobtainod. It was

believed that this represented a mixture of cell wall poly-
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Table 24. Distributien of radigactivity in E-2. Counts
cxprqizgd in tergt/of a 50 ul aliquot. * identification
by/Rg onli; f”iAantified by co-chromatography with authentic
stindards. For details see Methods.

y
sl i .
h N
e . Counts/10 min,x10%3 .
Compound 4 sec, 17 sec. 52 sec. 60 sec.

Hexose no

P.*+PGA 270 1379 6074 6151
Pentose P.* 12 92 796 N 151

UDPG srea* 2 14 316 70 i
PEP* 1 45 159 289
Aspartate’ 14.5 76 960 1026 -
Glutamate’ 2 - 8 197 203

Citrate' - " 13 221 - 296

Malate' - <1 40 50
Glycolate(?)* - 13 148 248
Alaninet - <1 . 66 17
Hthsnol .

insoluble 35 237 3605 4468
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" Figure 37. Autoradiogram of chromatogram, 4 sec. photosyn-

thesis of E-2. 1, aspartate; 2, phosphate esters; 1-—-—>,

phenol-water; Z-*i*, BAN. For experimental details see

Methods. %'&‘ ‘ -
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Figure 38. Autoradiogram of chromat®gram, 60 sec. photosyn-
thesis of E-2. 1, aspartate; 2, glutamate; 3, PGAt+sugar
phosphates; 4, PEP; 5, pentose monophosphates; 6, alanine; 15
7, UDPG area; B, a,b, citrate; 9, malate; 10, fumarate; &
‘11, unknown (glycolate?); 1—3, phenol-water; 2——>, BAN.
" PFor sxperimental details see Methods. ,
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. Table 25, wpistribution of radioactivity in experiment glone
o at two light intensities. Low light - 3,20 wﬂi{t 'cool ’wizit.e'
fluorescent lights. High light - 650 watt tungsten lamp.
' * jdentification by Rp only. + identification kby co-chromato-
# graphy. Counts expressed per 150 ul aliquot. For experimental
. details see Methods. . '
- e = =
‘ - n ) i Cou‘ntsllo‘nin. 10°3
R : _ low light ' high light
(:f’onpound / 6 sec. 20 sec. 7 sec. 20 sec.
. pGat . 10.5 Y 18.2 201 .
Sug;r phos.* T ‘ )
(mono + di) 24,1 232 30.8 714
9 Triose P.* 1.0 5.7 1.5 s
, PEP* - 1.1 - 37
Glutamate® ‘ - " 0.6 - 7.5
Citrate? ) - - = e 1.5
. Aspartatet - 4.2 .- 447 123.0 366
Malate? - ) 5.7 - 13.5
g Ethanol ) . ’
insoluble 42 3{5 1- 190
o 4
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Figure 39. Autoradiogram of chromatogram, 7 sec. of high

*light intemsity. 1, asp:artate; 2, PGA; 3, sugfnr phosphates;
1-—-3 ,- phenol-water; 2--——-) BAN. For experimental details

see Meﬂzods .
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saccarides, sugar diphosphates and degradatiom products. Due
to possible degradation of key intermsediates during isolationm,
the percent recovery of all these intermediates was determined.
Iﬁ generzl, the recovery of key intermediates was high (see
Nethods) and the data shown was corrected for this loss.

On repeating method B at two light intensities, a mixed
pattern of labelling was observed for low light intemsity,
while a type II pattern was observed for high light intensity.
The high light intensity seemed to affect the labelling in
the Calvin cycle intermediates only after 20 sec. (Table 25,
Figure 39).

ch;‘ﬁt was decided to study the composition of the ethanol-
insoluble fractiay.andvdﬂtt!iino the ljrel in C4 of aspartate

and'cl'of iiutanate.

(Z) Components of the ethanol-insoluhlo-fra;tion. On hydrolysis

of the ethanol-insoluble fraction with HC1 and chromatography
(Methods, pa.’éa), it was f;uﬂd (Table 26) that the bulk of
the label im thqkigtor saaples (60 sec.) was in glucose, Glicose
has been shm by Kindel and Gibbs (1963) to be formed by the
Calvin &ycle.

However at, shorter times an unknown -spot. (X) with low Rg
in both solvents was the major radioactive compound. Its
Rx (Rp with refercnceiio”glgco§e) was, in phenol-water, 0.57;
and in BAW, 0.30. Thp nature of this compoumnd{s) was not
studied further. There was considersble activity in another
wnknown spot (T) with Rg, 2.4 in'phenel water, 5.5 in BAN
(Figure 40). This oyof-wa: inadvertantly run off the paper in

s
¥

-
s i
'y " r« e_’gﬁ“’

* - * P .
Lo~ & iy £ :} & - -

- & . - 9 ekl ¥ vy Il

;} X AP NS 3 ‘{ ‘ﬁi‘ ﬁf I N A S S




. [ N . L T R TR 5 o . R N 1

i L. =
| < °
|
P .
Figure 40. Autaradmgra of chromatogram of hydrolyzed
ethanol- insoluble fraction. 60 sec. photosynthesis of E-{2. , ‘
1, glucose; 2, aspartate; 3, unknown X; 4, unknown Y; 1 »
phenol- water, 2—>, BAN. For experimental details see Methods.
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Table 26. HCl hydrolysate of ethanol imsoluble fraction frem
E-1 and E-2, For experimental details see MNethods. ,

° . /

) - C.P.M. x 1072 /
Exp?rinent Cospound 8 sec. 21 sec. 36 sec. 54 sec. /
E-1 - Glucose 1 3 132 834 - /
Aspartate 2 2 10 17
) Unknown X 2 9 34 64 ,
4 sec. 17 sec. 52 sec. 60 sec. .
‘ﬂb%fx*;éﬁ&» - Gluycose - , - 48 - 2110 3620
T Aspartate - 3 50 75
- s X 21 55 ‘ 260 300
Y - 13 320 480

Table 27. Effect of ninhydrin on autheatic 1-150 and 5—146
labelled glutamate and a test sample (mixture of 36 and 54

sec. samples of E-1). For experimental details  see Methods.

Counts/5 "min.

gluta-ate;1-14c glutanate-5~1‘c Unknown
a - \Q a b §
Before spray 3362 ' 1546 3584 2070 . ¥ 2135
After spray 88 1 3024 1707 i13
Label ‘ ‘ 1

-

remaining (%) 2.7 2.9 34 83 ' - 5.3

.
- . >
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the hydrolysate of E-1. There was some label in aspartic
acid. Several other low radioactive spots were present. The
60 sec. sample from E-2 is shown in Figure 40. In E-1 the
hydrolysate of the 54 sec. sample was passed through an amino
acid separation column. This resulted in a major peak in the
15 min. fraction which contained 60-70% og the total activity.
This penk_yiéfprobably glucose and the only radioactive amino
acid was aspartic-acid (41 lin.)(l Aanall peak at 23 min.

was probably one of the unknown spots.

£3) Estimation of labelling in glutamate-1-C. The radioactgve

isotope in C-1 of glutamate was determined by decarboxylatidh

PO
t

with ninhydrin (Methods, pg. 72). Controls used were
14 14

®

glﬁtanate—l- C and glutamate-5-""C. Results showed (Table 27)

that glutanate-s-l‘c retained over 80% of its radicactivity

1‘c retained less than

with this -treatment while glutamate-1-
3% of its radioactivity. The unknown sample, (mixture of

36 and 54 sec. sample of E~1) lost most of its radioactivity
on:. treatment with niohydrin. It was estimated that the
percent of 14C in C-1 of glutamate was at least 95. (Thi;
was consistent with glut;nic acid arising from either the
reductive carboxylation of succinyl CoA or via C-4 labelled

oxaloacetic acid and the citric acid cycle).

(4) Bstimation of labelling in aspartate-4-C. The procedure

involved the conversion of aspartic acid of known spec{fic
activity into pyruvate (resulting in the loss of C-4 of

aspartate). The specific activity of pyruvate (c.p.m./uM)

A %
r Prey:

%
N\
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Table 28. Percent radioactivity in C-4 of aspartate. 95%

confidence limits with respect To counting of radioactivity

are shown. : / &
. Radioactivity in
"Experiment Time (sec.) . L£-4 of aspartate (%)
E-1 . 21 >99
36 96 * 0.8
) 54 91 = 0.9
E~2 17 90 * 2.0
52 82 + 1.2
60 80 + 1.2 ’
b g
. B ¥ -
§ .
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was then determined. Results showed that the pyruvate isolated
(C-1, 2, 3 of aspartate) had very little label, .i.e. most of

the label was lost (as COZ) and thefefore, was in the C-4 of

aspartate. This was consitent with aspartate arising via the

.

carboxylation of PEP.

-

{5) Determinafion of label in oxaloacetate. The reason why

this experiment was done was that if a "Hatch-Slack" traans-

carboxylation” occurred (see fntroduction] in Anacystis nidulans,

it was possible that oxalodcetate would be more highly *
labelled than aspartate. Hence radioactivity in oxaloacetate

{isolated as a phenylhydrazone) Wwas determined after short

14

periods of exposure to radioactive CO,.

Results (Table 29) showed that very little labelled
oxaloacetate was formed. Most of the radioactivity was in the

phqgphate esters. Low label in oxaloacetate was also observed

‘by Hatch et al. (1967) using several plants having a C-4

dicarboxylic acid pathway. It was noticed that although the
counts in oxaloacetate was low they appeared to increase
slightly with time,

- A repeat experiment gave similar results.
3

L

{6) Summary of CO; fixation in whole cells. These experiments

suggested the existence of independent pathways of COz
fixation into sugars and at least aspartate (and possibly
glutalate): This was supported by kinetic studies as well 4s

the pogition of label in aspartate and glutamate.

rd
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Table 29, Label in oxaloacetate compared to total incox-

poration and label in aspartate.

terms of a 50 pl aliquot. OAA was determined in a 250 ﬁl

All counts expresse

aliquot counted for 10 min. For experimental details see

Methods. i
C.P.M. x 1072
Time (sec.) Total Asp. OAA
7 70 2 0.12
16 . 178 7 0.15
30 603 12 0.35.

o
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(B) Cell-free extract studies.

It was decided to examine cell-free exgracts to determine
if the carboxylating enzymes PEP carboxyla%i and RDP carboxy-
lase could be detected, and if.so, whether ‘the enzymes are ~
present in sufficient quantities to support co, fixation'in
whol; cells. The study of PEP carboxylase was of special
interest because (1) the low label in oxaloacetate and (2)
because 0OAA could be involved in a hypothetical transcarboxy-
lation reaction giving CO, to the galvin cycle (Hatéh and
Slack, 1970; see Introduction). The low label in oxaloacétate
did not rule out such a possibility, because thé reaction
might occur through a derivative of oxaloacetate (Pan and
Waygood, 1971) or involve enzyme-bound oxaloacetate. Hence
it was also decided to determine if CO, incorporation by RDP

“could be stimulated by PEP, because if such was the case it

would be strong evidence for a transcarboxyiation reaction.

v o oy

N -

(1) Ribulose-1-5 diphosphate (RDP) carbexylase. The enzyme

was assayed by follawing the incorporation of 14CO2 into fixed
C (Wishnick dnd Lane, 1971; ggr details, see Methods, pg. 78).
A preliminary study (two dimensional chronétoéraphy and auto-
radiography of reaction products with standard radioactive
PGA) established that most of the radioactivity fixed was in
PGA. It was next decided to study the kinetic pprameters of
the enzyme. All Michaelis constants determined are termed
‘"Apparent" since all studies were conducted with cell-free
extracts which were not purified. Results showed that the

LY 4
v - o :

— e
.

§
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(

"apparent” activity of the entyme was in the range of
"0.8-1.1 wM ¢ fixed/mg.chl./min. (1000-1500 ul CO,/mg.chl./
hr.) which was sufficient for the rates of growth observed

in our cultures, but was only 15-25t90f“thé\iaiinu- rate of

photosynthgsis observed in manometry. =

. At aﬁ&early stage it was noticed that protoplasts washed

with phosphate buffer showed lower enzymic zcéivity. This

*}%as probably dye to the known inhibitory action of inorganic <7
&pb?sphate (iishnick and Lane, 1971). All subsequent experiments '
were conducted using tris buffer as the washing reagent. ‘
Preliminary studie; also showed that the system did not lose
enzymic activity over a period of one hour at room tenp;rature.

Studies with this system showed (Table 30, A, B) that
the.énzy-e‘wg§ subject to substrate inhibition;

Preliminary studies also showed that the activity of the
enzyme varied very little (less than 10%) from pH 7.9-8.15.

u The "apparent™ Km for HCO; was determined next. Results
(Figure 41) onalineweaver-Burk plot showed a conéentration for
half maximal activity, of 11 mM. These kinetic characteristics
were very similar to those obtain;; by. others, for plant enzymes

) (see Introdhcfion). No co-operative effects were observed at
these levels of CO, concentration. ”

The "apparent" Km for RDP was also determined from a

Lineweaver-Burk plot (Figure 42). The dats-when fitted into

a hyperbola (by computer) gave an "apparent” Km of 0.063 q!i

which is somewhat lower than what has been previously reported

(Wishnick and Lane, 1971) for the spinach enzyme.
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Table 30. /Substrate inhibition 6f RDP carboxylase. Reaction
mixtures contained, A: NaZCQV, 16-mM; MgClz, 7.5 mM; ~ !
! |
chl.*, 36 ug; final pH, 8.Ffn 1.6 ml. B: same as A
except Na,CO;, 25 mM; chl.*, 40 ug. Inorganic phosphate in

washing medium in A only. For further experimental details

see Methods. -
. &
) Initiél velocity
Expt. Conc. of RDP (mM) (uM.C/mg. chl.*/myg,)
A ] <0.01
0.24 0.38 *
dl
0.48 0.39
1.50 ' . s 0,20
B 0.28 . 0.76
0.42 0.80
0.56 0.73

0.84 0.68
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Figure 41. Lineweaver-Burk plot for HCO%- Enzyme, RDP carboxy-

lase. RDP, 0.5'mM; MgCl,, 10 mM; extract, 64 ug. chl.*; Tris-

HC1, 0.2 M; final pz. 8.1; in 1.6\?&1% V (initial velocity)
Cfi

expressed as puM. xed(ng.chl.*ﬂcig. For further dmperimental
T £ " g iy

details see Methods. I

S
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Figure 42. Lineweaver-Burk
HCOZ, 44 wM; MgCl,, 7.5 mM;
0.2 M; pH, 8.05; in 1.6 ml.
as uM C fixed/mg.chl.*/min.

see Methods.

b

0 4 8 a {Z Kz‘jw

ws D g

plot for RDR Enzymse, RDP carboxylase;
extract, 44 yg.chl.; Tris-HC1;
L
V (initial velocity) is expressed

For further experimental details
. R} - e
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‘Table 31. Location of RDP carboxylase aciivity. Jfonditions

! i 14

»

K

" - .as5 in Table 30B except RDP, 0.66 mM; chl.i 50 ug. For
experimental details see Methods. - \
.. ‘ Lo
X‘ i
Fraction ' ‘Enzyme Activity )
2 . {(uM.C fixed/mg.chl.*/min.)
¢ i
T ’ Y ’
C iy . 0.86,
L3 @ & ©
Supernatant - . 0.25 .8
« t“#& , \
Chlorophyil . s
. particles o © 0.14
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After one wash only 16% of the activity.remained with

the chlorophyll-containing fragments (Table 31). This showed

w

that the ‘enzyme was soluble.

¢

An attempt to determine if the enzyme wasalight—stinulated,
showed that this was not the case. There were, however,
possible reasons why the experinenﬁ was unsuccessful. )

The light used (see pg. 78) may not have peen intense enoughu
bécause the extract-was highly coloured. (2) Mechanisqs of
light activ;tion are believed to occur which may not be

possible in cell-free extracts (Introduction pg. 29).

(2)  Phosphoenolpyruvate (PEP) carboxylase. The enzyme was
14
f

studied by fo}l?ﬁing the incorporation o 6o, into fixed
cirbon by carboxylation of BBP and cbhversion of the oxalor"
acetaieﬂformed into aspartate by transamination (Method;,
igg: #1'Y. A preliminary study (two dimensional chromatography
ahd autoradiography with. an authentic standafa)‘ggowed that
nearly all the radipactivity isolated (>§5%) qgswin aSpariate.‘
Characteristics of the enzyme assay Qére‘sgudied next
and this showed (Figure  43) that the assay required PEP,
glutamate, and grufanic-oxaloacetic&transaminase for maximum -
activity. L -
ﬁreliminary studiés also showed“tﬂét Z mM ﬁﬁ? was
sufficient to give linear teaction rates over the reaction
time with 60 pg chl. .These stu&ies al;o showed that 5 units

-

of transaminase and '3.Z mM glutamate were saturating under

these reaction conditions.
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Naz

3.2 wM; glutamig-oxaloacetic transaminase, 17.5 units;

CO5, 6 mM; PEP, 1.2 mM; Tris-HC1,

TIME (min.)

~

Characteristics of the PEPAcarboxylase assay system.

0.1 M; glutamic acid,

extract,

42 ug chl.*; pH °8§.1;, X-—X, PEP, glutamate and transaminase

omitted; 0~——0 glutamate and transaminase omitted; e—e,

glytanate omitted; m—m, transaminase omitted; A—4&, complete

 reaction mixture.

>

For further experimental details see Methods.
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Figure 44. Substrate curve for Hcogagnz?he:,?EP—carbexyiase;

conditions as in Figure 45¢
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Figure 45. Lineweaver-Burk plot for HCO;. Enzyme, PEP

carboxylase; PEP, 3.4 mM; extract, 39 ug chl.*; pH, 8.0 %n

1.6 ml. ¥ (initial velocity) expressed as pM. C fixed

(aspartate)/mg.chl.*/min., S expressed as- mM. For further -

experimental details see Methods. ;e

-
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fixed (aspartate))mg.chl, */min.

, details see Methods.
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;Figure 46. ancweaverdﬂurk plot for PER. Enzyme, PEP
r carboxylase NaZCO3, 12 5 mM; extract, 55 ug. chl. * pH,
- 8.1, in 1.6 ml. V{initial veloc1ty) expressed as uM. C
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Table 32. Loc&tion of PEP carboxylase activity. The reaction

mixture (L6xl ) contained uazcoa, [ | giutalxc acid,

6.4 mM; glutamic-oxaloacetic trihsanxnase, 10 units; PEP,

)

Fraction \\\\_,k\tnxdﬁnzy;e Activity
.. :C fixed/mg.chl.*/min.)

¢ o

1.2 mM; chl.* . 58“€<; Other conditions as ‘in Methods (pg. 81).

Conﬁlé%e ‘ 0.050
Supernatant ' 0.050

. Chlorophyll . . S
particles 0.004

»

Ry g

&
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The actf;ity of this enzyme varied from extract to -
extr;ct and was in the range of 0.1-0.5 pM C fixed/ng.‘thl.f[
min. Thﬁzg rates were sufficient to account for the asparate
formation shown in whole cell studies.

A substrate curve for Hcog concentration showed hyperbolic
kinetjcs (Figure 44) apd a Lineweaver-Burk plot showed (Figure *
45) an "apparent" Km of 3.6 nu This was higher than that
of plant enzynes e.g. in maize, Waygood et al. (1969) observed
a Km of 0.25 nM. ) ’ :

A Lineweaver-Burk plot for PEP concentration (Figure 46)
gave an "apparent" Ka of 0.7 mM which was similar tothat of
plant enzymes .but much lower than for bacterial enzymes,

(Maeba and Sanwal, 1969). j .

The enzyme, like RDP carboxylase, was soluble and in
this case very I{ttle enzyme activity remained attached to
the particles after one wash (Table 32). In fact, the activity
(.004 uM/mg. chl.‘?mln ) was véry close to the blank value
obtained by n1xIng Na 4 C03“w1th the extract.

The low actlggty in the experiment was probably due to
the sub- optxnalyconcentratlon of PEP and b1carbonate used.

On conpar1son wmth the data on RDP carboxylase, it seemed that

PEP. carboxylase was less firmly boung to the lamellae {qfn

H
A

bound at all).

(3) Assay for a PEP-stimulated transcarbqulation reaction.

The assay medium was that of RDP carboxylase but a lower
‘ )
concentration of HCO;™ (3 mM) was used in order to minimize

direct carboxylation of RDP to form PGA. .The rationale behind

!
* 1 .
l .

o= ) [ »
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Table 33. Analysis of products of carboxylation reactioh

.mixtures. Conditions as .for Figure 47.

P £ s ~
. - g & »
- . Products ’ <.
Counts/]0 min. x 10-3
Reaction mixture . _Aspartate PGA Rp - 0.45
. = .
PEP and transaminating - Ce ©o-
. system 118.0 0.5 <0.1
PEP ' ﬁ 1.4 0.8 1.0
RDP . 0.7 56.1 » 0.4
5 ™~ 14 ) . %
RDP + PEP 3.7 ' 46.6 1.5
4 . ' AN ’
# ’ .
v ‘ '
\ vt
- . ¥
" . ,
- £ 3
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s % ¥ ' £ ¥ .
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Figure 48. Autoradiogram of chromatogram of Table 33. 1,
. - "PEP and RDP;- 2, PGA standard; 3, PEP .and transaminating
' system; 4, RDP; 5, aspartate standard; 6, PEP. For experimental
details see Figure 47. - .
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- the experiment was to Qgtérnine if, at IOW‘cencentratlons,
P?P carboxylase“cou%d stimulate 1ncnrporat1on of 14CO2 into”
PGA. , Such'a’situation would be expected if bxaloacetate”{or
an intermediate of the PEP carboxylation reaction) acted as a
@ Coz‘donor to RDP carboxylase. However, resulfs showed (Figure
47) that even though the extract contained PEP .carboxylase-- .
activity there was no st1nu1at10n of CO inéufporation, showinér h

-

that such a transcarboxylatlon act1v1ty was absent 1n these 2

&

extracts. LThe‘products of the reactlon were chromatographed,
autoradiographed, and counted on a scintillation counter,
(Table 33, Figure 48). This further confirmed that PEP did

' not stimulate thqg formation af PGA.

™
1s

(4) Assay for the reductive carboxylatlon of sucéinic acid, ~

The assay/was nodelled on "that of Buchanan et al. (1967).

e

The reason for, the bxperiment was to find out if the enzyme

{or qonvertiﬁg succinyl-CoA into «-ketoglutarate (a-keto-

. i

glutarate synthetase) was preseﬁf in .Anacystis nidulans.

4

The assay system was provided with a source of reducing

power, substrate and co-factors and a method of tfapping any
s - - ® ’

a-ketoglutarate formed. ( ' x
Reducing’ power was generated in the form of reduced
ferr%doxip {Fd) ﬁ} fiiu-iygting lamellae fragments of Anacystis
n;dulans. ‘DCPIP-ascorbate was ?sed/as the electron dono;
» * rsystem and Fd was used as thg‘ceééptor. CMU was presént’and
a helium atnosphere was ua1nt#1ned to prevent reaxldatmon of
A‘ reduced Fd. NADPH was also prov1ded as an alternate source of

L .
reduc;ng power. . ‘ -

-
.
v
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The reaction mixture was also provided with substrates
for the synthesis of succinyl-C?A, i.e. succinic acid,
cdenzyme A and ATP. It was reasoned that if ;ha—enzyne was
present succxnyl -CoA would be reductxvely carboxylated with
1‘60 in the presence of reduced ferridoxin qu thaan;ne <
pyrophosphate to for- radxoact1ve a-ketoglutaric acid. The -
latter could then be trapped as glutamic acid using gutawic-
oxaloacetic trQnsaﬁinase and aspartic acid.: Reaction times
were 30 and 60 min. . . -

14

Results, however, showed that alihbugh C was incorporated,
“the bulk of the radioactivity was in the phosgh;i& esters.

The total activity was the same in -the presence and abseq;eﬁ

of succinic acid, After one dimeasional chronatogfﬁpﬁ;, the
radioactive glutamate band was cut ;nd the ¥ah§oactivity in

it was estimated. The activify was the sauéﬁin ihe presenceA~

5
*

and absence of ‘succinic acid. ki

3

(5) Summary of ceIl free extract stud;es on €04 f1xatxon.

These studies sbowed that (a) su£f1c1ent PEP’tnxboxylase

-

" was present to account foI the for-atxon of aspartate, at
ates observed in whole cells, (b) extracts had enough 'RDP
carboxylasg activity to account for 15-25% whole cell rates

of p%otosypthgsis. No evidence could be obtained for either

.
. “

(c) the reductive garboxylation of succinic acid or {d]a . -

v 13

the presence of a PEP-stimulated oxaloacetate-RDP transcar-

*  ‘boxylation. ' <i/ﬁ\\\*”
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DISCUSSION
‘ PART I . )
\ ° - L3 ) w‘/
Effect of cold shock on Anacystis nidulans N R

The main queétion asked in this sfu@y was, Why ddés
photosynthesis dec}iue after cold shock? g ‘
X prelgljnary;sxudy confirmed that, cold shock had a
marked effect on 0, evolution, 15 nxn. cold shock caused a

[

;declxne to about 35% control rates. Longer perlods*oflcold
shock (1-2 hr.) cauéed a further slow decline to 15-20%. The
‘ next question asked was, IS oxygen- gvolutlon by cold-shocked
cells a true reflectioh of thelr photosynthetic capac1ty? :
This_was important since gas evolution may not have beéen a .
true reflection‘of €o, %ixatiou because: (1) the observ¢d
rate of oxygen evolution might have been lower than Co,
fixation due to a contribution of a Mehler type reaction
. (autooxidation of a reduced.in;gr-gdiate to form H30,) in cold- Q&[{;
shocked cells, (2) the‘observed rate may have been high due to o
) evolnti;n being coupled to the reduction ef some unknown N
compotind(s)y However, the results showed that C0z fixation

parallelel oxygen evolution (except at’low percent photosyn-

>

'

thesis values).. This showed ;h;t oxygen evolution of cold-
shocked cellerepresentad true COp fixation. The deviations .,
at low percent photosyniheéis are discyssed lat;r.

e The next qtestion asked was, Is the effect of cold

EH shock fully axpressed when the cells are relovod from the
cold? The ansﬁe: was yes, This was shoun by pol;rogvaphy with
cells cold-shocked for 15-30 min, Results showed that cold-

' ]
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shocked cells showed a loss in photosynthetic capacity

immediately’ after being removed from the cold and that this -

ievel of'phot?synthesis continued constant during the next

o 1-2 hr: after cold shock., The same conclusion was reached from

W the nanonetric’ experiments. An exception wgs the case of cells

colq-shock;d for long periods of tiye (1-2 hr.) where photo- /

synthesis tended to decline slightlf (5 percentage units)

dﬁring 1-2 hr. after cold shock. This could explain some of the

deviations between COZ fixation and 0, evolution observed i
. - the later sanples oé‘CDz fixation, as 0, evolutlon was ne;sured
over a period of 10-20 min. while CO; flxatlog'w s megasured
over a period of 2 hr. What the abave experinén[ indicated
was, that the iesion caused by cold was rapid and not dependent

on subsequent incubation at room temperature.

> The next questlon asked was, Is there any/difference in

the extent of labelling or in the labelling pattern of cold-

longer periods of photosynthesis)e This narXowed down the effect
on photosynthesis to a direct one on a photosynthetic process

(i.e. eleétron flow, photophosphorylation or CO, fixation)

as opposed to, for exanpld, the gradual build up of inter- y
.mediates which were not furthur uotabol;zed due to a defect ;ﬁ

(caused by cold) in a pathway not directly involved in

photosynthesis (i ¥. lipid, protein or nucleic acid synthesis), e
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This conclusion is consistent with results from manometric
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and polarographic experiments. T -

The pattern of labelling in control afd cold-shocked ceiis:
was similar; the cold-shocked cells sﬁd%ing lower label‘in"
both the phosphate ‘esters and aspartate, which represent
different carhoxylat1on ﬁathways (see Part II of thesis). The.
label in citrate and malate, however, was higher than expected.
The possible significance of this is discussed later.

All the abaye-obsetfatiod% could be explained"}f only a
.part of the population of cells was completely inactivated,
Hence the gexi question’ asked was, Are all the cells of the ’
population affected or is the population comprised of cold-
sensitive and cold-resistant fractions? The question was a;swered‘ !
by cell autoridiék}a?py. R;sults showed tliat the distribution
of grains over col&féhocked cells could be explained to a .
large extent by tﬁg randqn decay of isotope. This suggested
that nearly all the cells of the population were affected.

What was shown Wwith certainty was that the effect was not 3r j j/”//
"all or none“ Thils was easily visualized when the data was
considered fron the poxht of view Df inactive or poorly active ’
cells (those thh no graxns) These cells comprised of only
about 10% of the total populatlon in the cold shock suspension,
while ,the overall loss 1n photosynthetlc capaczty in the

2

"uspen51on was over 50%., The conclusxon reached was that
cold shock was not, on 3 ce}l basis an "all or none" effect,
at least with respect to photosynthesis.

The next questions asked were: Does (a) cold shock have

L]
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any effect on viability? dnd (b) If so, how does the decline
in viahilfty compare with decline in photosynthesis? The ’
answer to (a) wis yes, viaﬁility was effected, and to (b} the
answer was €h§t, the effe;} of cold shock,on:viabilitypwas
much more marked than its effect on photosynthesis. This
confirmed the conclusion of autqradiograpﬁ}: viz, nearly all
the cells of the population ﬁé;e affected by Eold shock. ’
" The increased resistance to cold shock with age of culture
was interésting because superficially similar results have

been observed with bacteria, whére the\cells are most

sensitive during exponential grawth (Iﬁtroduction, pg: 4).

However, in Anacystis nidulans, exponential growth was not a

requirement for cold sensitivity (érowth under these culture

conditions was nearly linear), R .
Van Baalen (1957) and Forest et ﬂl' (1957) showed that

ptqpidines and amino acids were excreted with cold shock, The

next questions asked were: (i) What is the Somposit&on of

t&e cold shock super#atant? {ii) (What fraction Bf the cell

material is excreted? (iii}/>Does excretion of cell material

parallel photosynthetic decline? Tﬂe answers t; these”quest%ons

were obtained by studying the excretion of isotope from 14c.

and 53P-1abe11ed.cells. These studies showed that about 0,5%

of the total cell material (25% "total dialysable" nafﬁria&)

was lost from the cell following cold shock; more, than 99%

of this waterial was dialysable. The loss was rapid and

therp was little further increase of isotope in the supernatant

wlien the cells were cold-shocked for more than 15 min. In

-

o
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this rcspect,'the pattern of léakage of cell constituents
Wiffered from that of photosynthesis declise, ., )

When 15 min. cold-shocked Eells were held af room tempera-
ture, there;w?s very lxttle increase in isotope. (33P)%1n the
supernatant. This was 1n harmony with the observations
on photosynthesis (which did not decreaké further when 15 min.
cold-shocked. cells were held at room temperature). These

excretion studief also showed that the major excretion products

_ were amino acids, gluta-atenconprising.of nearly 50% of the

excreted raterial. Other substances, lost from the cell
included phosphate este;s, citric acid cycle iptermediates and -
pteridines. - f

The glutauate lost from the cell was 50-80% of that
available and in fraction 2 of the phosphate esters, the loss was
approxi-ztely 60%' while the average loss of 14C and 33p was
only about 25t. On Fhe other hand, fraction 1 of the phosphate
esters was lost to the extent of about 10% and very little of
‘the available alanine was lost from the cell. J

All this indicated that there might be intracellular
compartmentation which prcvented.the loss of some cdmponents,
or alternatively, the change in the membrane could be complex
leading to selective rélcase of differentnco-poungs from the

same pool. The former alternative is suggested by examination

of electron micrographs of Anacystis nidulans (Allen, 1968 b;

Hansell, 1970’, using cells from these cultures) where the
photosynthetic lamellae coul*be expected to function as a

permeability barrier.
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In spite of ‘he less of a large quantity of s;all ,
molecules, sufficient inte}mediatqs were held in the cell to
support some measure of’ photosyntheszs wh1ch shows that at
least some of these 1ntermed1ates (e.g. Calvin cycle compounds)
must have been retained W1th1n‘the cell after cold shock. It
appeared likely that the reactlons 1nvolved in photosynthesis
were located such that they were not affected by permeability -
changés. Even in the abgehce of compartmentation by the L
photosyn?hetic lamellae?#:he intermediates involved in~cozv
fixatiodlcould'still ge held in the cell by being enzyme-bound.
Further, the products of the reaction might be quiékl converted
to polymé;ized material, This 1s supported by the copcept
that at least some of the enzymes of the Ca1v1n cycle are
present in complexes (Bassham, 1964; Karm and Moudrianakis,
f969) and also‘by the data in thé'second part of this thesis,
Mhich shows that polymer glucose was formed very rapidly from
€Oz. i "

The loss of cell material could"exp#iin (at least in part)
the loss of photesynthetic capacity in céld-shocked cells,
In fact, it is dlfflcult to v1sua11ze a situation where
photosynthesis would not decline despite the/doss of this
quantity of cell constituents. .It was possible, however, that
the effect. on the limiting membrane was not the only effect
of cold shock on photosynthesis, ,

It seems possible that the decline in yiability might be
due toxthe loss of cell material, but conclusions” are more
difficult to draw with respect to viability (Introduction

pg. 4) because organisms with vastly different survival
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following cold shock excrete appr&xi-agely the same quantity
of cell material. It is quite feasible that the viability

of coldrshocked.cells depends mainly, not on the loss of

' -;terial but on the ability of the cell to repair the damage

caused hy cold shock. Sinée the effect on viability.was not
of prlnary‘interest, 1; Qas not studied further.

Jt was suggested«by th Bnal‘p (1957) and Formst et al.
(1957) that loss in photosynthetxc cap:c1ty afteg cold shock’
could be connected to the loss of_pieridines. _The next
question askeé was, Can any eyidgppe be provided to support -
this sug;estion? Experiments yielded ambiguous ggsults.
Althongh\tﬁere was some definite correlation between pteridine
loss and phqtosynthet1c declzne after cold shock, it was found
Jhat pteridines continued to be lost after cells were»renovéd
fron the cold. It was felt that this n}ght be used to show
that pteridine loss and photosynthetic decline did not parallel
each other, but it soon becaqs appa}ent that several theoretical
complications could arise in interpreting this type of result.
(1) It was possibie that there were at least two different .
pools of ptgridines; one active and one inactive and it was
possibl% that only the loss in the active pool night parallel
photosyﬁthetic declipe. (2) It was possible that some of
the pteridines were converted to an inactive form before they
were excreted (e.g. by oxidation) hence decline in photosynthetic
capacity could parallel this inactivation rather than §iiple
excr;tion. Because of this uncertainty there was little reason
to pursue the study, especially since pteridines co-pti;ed .
only about 2,.5% of the carbon lost from' the cell.

4 -

.
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The increase in permeability with cold shock was not

stud1ed any furthfr but the change in selective permeablllty

might possibly beiconnected with the fatty acid conpos1tlz;/2£,

the membranes of Anacystis nidulans. Nichols et 1. (196

v

showed that Anacystis nidulans has no poly-un;aturated fatty

. .
acids in its membranes, while the membranes of

T e

variabilis {which is not cyld sensitive)‘cont ned these fatty
acids. This concept is consistent with the theory of bacteiial
cold sensitivity (Farrell and Rose, 1968)..

Studies with varying cold shock media (those known to
protect bacteria from loss in viability) did not protgci
photosynthe51s. "This was not of afiy great significance, but
it did suggest that it was unlikely that the effec% of-cold
was due to change in activity of water in the cell due to
Jincreased permeability.

Up to this point the study was concentrated on the effect
of cold shock on'the b&erall process of photosynthesis.

’ Conclusions‘thus far were that cold affected nearly all the
cells and that the loss of photosyn;hetic capacity was due to
a decrease in a photoéynt?étié process as Spposed‘to a defect
in a netahglic;process other than that involved in COz fixation.
. One reason why this declﬁqe could take place was the loss of
selective permeability of t élbrane, which could affect :
photosynthesis through eitﬂZ:*.he loss of cell constituents or
-

- the general loss of cellular 1ntegr1ty. Work then proceeded

to deter-1ne if cold shock afﬁected any reaction sequence in

s
f

\ 3 t

: photosynthesis. > £
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The next question asked was, Can electron acceptors )

increase the rate of oxygen evolution in whole celIs,afte?
cold shock? If this was §o, it would mean that electron flow
was not the main cause of p otpsynthétic deqline. However,
this was not the case as’ effect could be obtained either
with. electron acceptors’ (ferricyanide or NADP) or COZ acceptors
{RDP or PEP). The conclusion reached w;s that either electron
flow was affected or that the acceptors were inaccessiblglto
the reaction site. ©

' The studi¢s of Gerhardt and Santo (1966) and Van Baalen .
(1957) suggested that cold shock might have éi independent
effect o? the photosyn;hetic membranes. Hence the next question
" was, What is the effect of cold shock on electron flow and
photophosphorylation? C(Cold shock had no effect on any system
of electipn flow stydied.'fTﬂe resuits in this section have a
different theoretical meaning depending on what scheme of

electron flow is followed. Ferricyanide assays for’P.S.II on
the Hill'qnd Bendall scheme and prpbably for P.S.IIb on the
Arnon scheme (see Introduction for schemes). Cyt. c assays
for P.S.I on either scheme, while DCPIP assays for i.S.II
alone or P.S.II and I on the Hill and Bendall scheme. jhe ,
observed.rates of reduction of DCPIP in this study were such
that if the conclusions of Lien and Bannister (see Introduction,
P8. 18) are correct., the system must have at least sone’ .
" contribution from P.S.I. One might assume that DCPiP can
similarly assay for P.S5.IIb or P.S.1Ib and I1a on the Arnon

scheme but this is not known.

o
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In the light of the above considerations, it was deduced
that P.S.I and P.S.II (IIa, Arnon), when assayed individually,
appeared not affected by cold shock. What could not be said
from these experiments was whether the combination of P.S.I
and II (IIa and IIb, Arnon) was affected by cold shock. It
was hoped that the methyl viologemn-Mehler reaction could
provide a solution for this, as the system should assay for
th; overall NADP-reducing activity. The experiment showed that
;old shock did not reduce the capacity of this system and
suggested that cold had no effect on elEF%ron flow.

This was contrary to the statementé?of Van Baalen (1957),
who observed that cold-shocked cells had a lower éapacity for
the reduction of quinone and also that cell-free extracts
prepared from corﬁ~shocked cells showed a lower Hill reaction
as measured. by DCPIP reduction. In the former case such an
assay could be complex because quinone could have affferent
permeability to cold—shockedkgnd control cells and hence
different substrate ébncentration curves. Secondly, the rate
of quinone reduction in intaci Anaczstis cells is much greater
thaq the whole cell photosynthetic rate (Van Baalen, 1957}
and hence it was possible that if there is an effect of cold
shock on quinone réduction, that this may not have a significant
effect on thefpverall rate of photosyntﬂ;sis.

The second observation of Van Baalen was more puzzling
since in the studies presented here, cold shock had no effect
on the reduction of the same acceptor (DCPIP). It was unlikely

that this was due to a different site of action o£’DCPIP in the

t
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tuoaproceduies, since approximately the same rates’oéﬁieduction
were obser}ed in both cases. A possible explanation ho1§ver,
is'thgt the effect observed by Van Baalen was a cumulative
effect of both cold shock and homogenization of the cold-
shocked cells. This was not investigated further because
marked effects were obtained on photophosphorylation-in cold-
shocked cell-free extracts. )

. With the data of Van Baalen in mind, it may be said that
although cold might have some effect on electron fiow, it is
unlikely that this is a major effect of cold spock.

- Cold shock had a marked effect on photophosphorylation
{(both cyclic and noncyclic). The general pattern of the
effect ;as very similar to the decline in photosynthesis of

whole cells. Photophosphorylation in Anabaena variabilis

{which is nof cold-sensitive) was relatively unaffected (in
addition to this study, the insensitivy of Anabaena photophos-
phorylation to cold shock can he deduced by the experimental
procedures of Duane et al., 1965; and Lee et al., 1969).

Another point that is of significance in this connection is

the data of Gerhardt and Santo (1966) in which cell-free extracts

-

ofslyophilized cells of Anaﬁystis niduians {(exposed to the
cold only as intact cells) showed low P/2e ratios. It appears
more than a coincidence th;t cold-shocked cell-free extracts
gave similar low P/2e ratios. . L

Hence iﬁ)uas highky suggest}ve that the loss in phofo—
synthetic capacity of whole cells was indeed caused by the

decline in photophosphorylat{on. This was theoretically
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feasible as a loss of ATP synthesis would necéssarily cause a
decline in €0, fixation by the Calvin cycleuea}_n} hence decrease
the rate of photosynthesis. s

The mechanism by which cold affects photophosphorylation
was not studied further, but it must represent a direct effect
of cold shock on the photosynthetic membranes, perhaps causing
a changg in their conformation or the loss or dislocation of
a coupling factor. Such an effect on the photosynthetic - .-
membranes was also suggested by the studies of Van Aaalen‘(lQS?).
The effect of cold shock on- PEP carboxylase was also of
interest, It could have been considerably more important had

a Hatch-Slack transcarboxylation occurr (Part II of thesis).

The nature of the effect was not studjfd further, as it was
clear that the pathway to aspartate acgounted for less than 10%
of the total carbon fixed (and therpefore could not explain the
loss of photosynthetic capacity iﬂ whole cells). It could
provide anve 1anatioﬂ, however, for the lower labelling of
asparfate observed during short term photosynthesis in 14Coz.
On the other hand, the lower label in aspartate could also be
explained by the loss of glutamate from the cell. Thg second
\\ explanation was ﬁPre satisfactory as it was in harmony with
the proportionately higher label in citrate and malate.
Further questions originating from the work presented
, here are: (1) How does cold shock affect photophosphorylation?
(2) ﬁow does cold shock affect PEP carboxylase abtivity?
(3) How does cold shock affect viability? Can viability be

%

Jghotected in any way? If so, what is the mechanism of protection?

4
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(4) Are these the only cold-sensitive processes in the organism?

(5) Does protein synthesis and nucleic acid synthesis take

H

place in cold-shocked cells?

Conclusions. The question asked was, Why does photosynthesis
decline after cold shock? The answer provided here is that
either or both (1) theeloss of selective permeability (loss
© of cefg material) ané (2) the loss of photophosphorylakion

can ‘cause the decline in photosynthetic capacity.
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PART II 3

-

V

-

CO, incorporating reactions .of Anacystis nidulans
m*' v e

The main question asked in this section was, ‘How is €0,
incorporated in Anacysgis nidulans? _

1r

The first question asked was, What is the genéral - =

pattern of CO, incorporation in®Anacystis nidulans? Studies
presented here with whole cells §uggestq§:ﬁ§at the bulk of

the CO; fixed in,Anacystis nidulans passed through the' Calvin

~

cycle. This was consistent with'the data of Kandler (1961).
Howevér, it was also observed in these studies th;% under some
conditions, there was an initial high iﬁcdiporation of 1l4co,
into aspartate and sometimes also into glu;ama;e, which has
also geen recorded by Richter (19?;). These studies showed“
that aspartate and glutamate could be formed without the
operation of the Calvin cycle (in type II labelling} and also
that there could be extensive labelling of the Calvin cycle
intermédiates without significant isotope in the two amino.
acids (in type I labelling). This suggested that these two

types of labelling were the result of different carboxylating

-
-
&

reactions. ’
The in;tiﬁé labelling in aspartate is not unique to
Anacystis nidylans as it wié’obsarved by Fu11e£ et al: (1961)
with Chromatium, {fatch and Slack (1966) with C-4 pléntg, and -
<:ngha- (1968) With Chlorella. The initial

by Graham and Witti
labelling of aspartate in C-4 plants is probably due to a

CO, translocation mechanism (see Introduction, pg. 34), wh%le P

»
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fg ' ., that in Chlorella occurs st very lc;v CO; levels and the switch ‘
:,.ga ® . - topthe Calvin cyc’le is observed only after 1-2 hr. vphoto:ynthcsis,
i (unlike Anacystis nidulans where' the change occurs ‘withi‘n a )
E - few seconds). The szzitch“i‘n pattern in Chlorella was believed
o t4 occur in parallel with an induction of the synthasis of

%;1‘ t c;rbonic anhydrase (Read and Graham, 1968; Graham and Wittingham,
¥  1968). It is clear that the last two observations are probably
f,:: 0 not related to the situation in Anacystis nidulsns.

P = The nature of the factors that decide vhich type of
labelling occurred was unknown put could possib'ly involve one

: or more of a number of variableg such as (i) enzyme levels,

iz '(11) availability of substrate, (iili) & control mechanism

5 © involving for example, NH; (Kanazaws et ;{., 1970) or some

% other metabolitg), , .

: , "' Since thd study was conducted’ inder non—stendy stste

k‘* conditiofis, the general physiological signif:lcgco of thc

“‘-‘ Jdnitial label in  aspartate snd glutmtomé“mot ‘be assessed.

”é’ ‘ Although it was likaly that C0; incorporation iato ‘

;, - upartato rop:;esontod truc €O, fization” it was pos:iblo that

5,’" v the lsbel i‘u uparutc reflectad only an :lbrcpim rith €Oy
j" . involving no net fixation. It was oquﬁuy possible thet,

éw . aspartate was just sn index of the flow of 14C through oxalo-

}: . .acetute which could particiyau in a trmcubm!-uien

%’;; reaction (Iutroductim Ps- Q}. i .

T Although the lag in the synthesis &i ums std Calvia

;N ° cycle mumunu was p ly m&?ﬁc& due te non-steady
5 state conditipns, it cen be ‘gise mm ,qn;_ﬁh: Mty of a

¥ . . ° T .
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transcarboxylation’ reaction. -
. The urly 1alel xmlutinte uas rem,mscent o the
situation in- Rhodospirillun rubrum nnd Chlarobi#u th1osu1fatophilun

-

where a reductive citric‘acid cycle is operative (Introductiom .

pg. 37). R

* o

Another 1nte;;st1ng feature in these experlnents was that
mpound(s) X in the ethanol 1nsolub1e fractxon was
labelled extremgly fast. It was possible that this compound
could be the resilt of yet anether independent carbo.xylation
reaction. If this\was not the case it probably arose from an
*nﬂﬁrnadlate closely, cohnected with €0, fixation. .
Studies up to s point indicated that the bulk of the
€O, fixed pa&n;d throygh the Calvin cycle but ‘that there
probably was independeant CO, fixation into aspartate and
possibly also into glytamate,

Tﬁa next questidn asked waé, What is the#ﬂ1str1but10n of
_isotope in aspcrtate? Results suggested that nearly all the
isotope was in C- -4, indicating that aspartate was formed by r ..
the carboxylation of /3~C compound (most likely PEP).

The next questi asked was, What is the disttibution of
isotope in gluta-ati? The results showed that nearly all the
isotope was in C-1 IHT; was consistent with two pathways,
either (1) the reductive carboxylatiom of succinic acid which
is kmown to occur in some ybotosynth;tic bacteria (Buchanan et
al., 1967) md alse suspected to occur to a small extent in
some green algae (Gibbs, 1967) or glternatiwely (2) the -label

" could slso come from nxlloncot;taaC-l‘c which can be stereo-~

$

'Y
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‘stom imcorporated two must be jost,

specifically converted to giutmta-l-“c (Léhn:l.ngor,‘.mm)‘
The latter altdrnative was feasible since uynrtuto‘ms :
labelled in €G- 4 md Lence one would expect oxuloncatntc go be
ladelled in the same position. Secondly, Richu‘r (1?6‘1. b)
found that under conditions of Mp®' starvation the label™in
upart-fce increased-and the label in glutamate decreased snd’
since isocitric dehydrogenase (in yeast) is.stimulated by 1 Ma2*
(Kornberg, 1955) the obscryations were consistent with -
glutamate being formed by thq cltric acid cyele. The only .
observation that was not consistent with this pathway was| the
kinetic data which showed that the lsbel in citrxate was too

low to account for the lab(al in glutamate at early sample .
times (see Redults,E-1), However, this type of ar " nt is )
not entirely free of cou;:licat:lons because there éo d be

?.'e with~

out prior equilibration with the entire pool of citratc (which

ptofe’i‘entinl convet.'tieu of -lsbelled citrate to gl

would not be surprising mﬁd\cring the stereospocifics,ty of
the reactions). Moreover, a shﬂ;ﬁr ntm:lm (low label in ’

citrate, high label-in glutamate), has been abserved by Bus}mm
and Kirk (1960) in Chlorella. :

if glutamate was forded in this way, then the incorporation of

It 'lhould be noted howewr,. that

18¢ inta glutamate actually represents no net fixatiom of co,
but nt.l[er a net loss of Cell material because for every C :

The next question asked’ vas, 1s the hctcpe in oxslo-
acetate higher than is upmuﬂ The answer was ao, in fact
the label in oialoacetate was extremely low (a giﬂilat\\it:tim/ .

.
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was also observed by Hatch et al.(lbé?} using several C-4
plt&t#k This :abund‘to indicate that- (1) oxalo;catate was
not an intoruodiate in.the synthesis of aspattate, or (2) an
vnzyun-bound oxaloacetite existed wﬁich resulted in the
preferential conversion of the newly synthesized oxaloacetate
inte artate, or (3) bxaloacetate has a small pool-size and
is goz:ietelﬁ saturateh with label, The'latter was not
congistent with the pro;ressiv%ly increasing 1label in exalo-
acetate, but could not be ruled out simce non-steady state
conditions prevailed and the increase in radioactivity in
oxa16;cetate could have represented an i;creése in pool-size.
\ Ai“this point it w® decided to terminate whole cell
studies and to look for, in cell-free extracts, the enzymic
activities suggested by the whole cell studies.

Whole cell studles had shown that the bulk of the CO,

was fixed via the Calvin_cycle and a8 a result the next

13

question asked was, Has the organism sufficient RDP carboxylase

activity to account for whole cell rates of photosynthesis?
These sfudies showed that cell-free extracts contained suffi-
Ciont BRP c;rboxylasc activity to account for only 15-25% of
the msnometric photosynthetic rate. A more striking feature
was the high km of CO; for the onzyg::’ However, these obser-

134

vetions are common to most photosynthetic orgsnisms and theories

have been edvanted to reconcile them with the central role of
RBP carbaxylase in photosynthesis.
The naxt gquestion asked was, Is PEP carboxylase present

in sufficiemt quantities to sccommt for the observed whole cell

.
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rates of synthesis of aspartaté? The answer was yes. This
showed that aspartate could be formed by the carboxylation of
PEP.
¥hat is the significance of this pathway? 1Is it an

in nt pathway (as it appears to be, at least to a small
ext in most photosynthetic organisms e.g. Chigrelila,
Smith et ai.,'1961) or is it an index of a tramscarboxylation

involving an intermediate in PEP carboxylation. The former

* alternative could be of s?}nificance since Anacystis nidulans

is belisved to have an incomplete citric acid cycle (Smith et

‘al,, 1967), the break beimg between o-ketoglutaric acid aid

succinic acid. If this is the case, the carboxylation of PEP

could be of considerable significance, because it could acceunt

. for the synthesis of C-4 dicarboxylic acids as well as pre- ¢

coursors of porphyrins. An alternate route for the synthesis

of these compounds is the glyoxalate cycle for which ;nzynes ’
: .

are known to be present (Pearce and Carr, 1967).

The next question ‘asked was, Is there a PEP, stimulated

*transcarboxylation reaction in Amasystis nidulans? Results

showed that no stimulation of RDP carboxyliase can be obtained

even at low (COzl by the addition of PEP, which tends to suggest

that a product of PEP carboxylsse does not donate CO, to RDP
carboxylase. Since the presence of a transcarboxylation
reaction was thus wmlikely, what is the significance 35 the
preferential initial iabcllin; in aspartate? It was possible
that at the low comcentratiom of CO, used, its supply will be
low, at least initially and if the Xm of PEP carboxylase is

. . _ \ .
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less than that of RDP carbéxylase in vivo (as it is in vitro)
then it could be vi?ualized that PEP carbox}lase might use . .
the bulk of the CO, present initially. Alternatively, this

effect could be due to the localization of the enzyme. If

PEP carboxylase is located closer to the periphery of the ’
cell than thie photosynthetic lamellae, the enzyme would be

-~

more strategically located than RDP carboxylase tr encounter
¥ ‘ M

Co,.

Then why the variation in labelling pattern from

experiment to experimemt? To this, there is no answer except

to speculate that slightly differing reaction conditions *
might allow CO, to enter the cell at different rates or

alternatively, the enzymes, the substrates or effectors may

* vary from one batch of cells to another to such an extent that

»

o

such changes in labelling pattern cam occur.
The final question asked was, .Can‘any evidence be g

obtained for the reductive carboxylation of succinic acid?

The answer appeared to be ixo, but complexity of the aésay did

¥
not allow firm gonclusions to be made,

Conglusions. The Calvin cycle appears to be responsible for
the bulk of the CO; fixed by Anacystis nidulans. Although

the quantitative sitﬁificancc of the pathway could not be
assessed, COz could also be fixed by the astwpJAstion of PEP.
The major product of the reaction was aspartate. No evidence

“

could be obtained for 'a "Hatch-Slack transcarboxylation”,
Although' no evidence could be obtained for a-ketoglutarate
synthetase activity, glutalatc~1-1‘c can be ane of the first
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products of photosynthesis. It'is possible that glutu;tg arose

from oxaloacetate-4-1%C via the citric acid cycle.
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