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LIGHT DRIVEN SCATTERING CHANGES AND INCREASED 515 nm 

ABSORBANCE CHANGES ASSOCIATED WITH FATTY ACID INHIBITION 

OF PHOTOSYNTHESIS IN CHLORELLA 
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SUMMARY 

I. The size and time of half decay of the 515 nm positive and 475 nm negative 
light driven absorbance changes in Chlorella was considerably increased by I .  Io -4- 
5" IO-4 M lipoic, caprylic and iodoacetic acids and by I- IO-5-8 • IO -~ M nitrous acid. 
Salts of these acids at neutral pH, iodoacetamide and HC1 did not affect the ab- 
sorbance changes. 

2. The absorbance changes were restored to their original size and photo- 
synthetic CO s fixation partially restored on washing the cells free of lipoic acid. 

3. Light driven absorbance changes at 350 nm (positive), 405 nm, 425 nnl, 
450 nm and 648 nm (all negative) were unchanged in magnitude on addition of acid 
but their decays were slowed. The greater part of the 515-475 nm changes is therefore 
not due to Chlorophyll b. 

4. Addition of lO -3 M caprylic, lipoic, iodoacetic acids, methyl octonoate and 
hexyl resorcinol caused slow reversible light driven scattering changes which were 
not associated with volume changes of the whole cell. 

INTRODUCTION 

Photosynthesis in Chlorella is rapidly inhibited by acids such as lipoic 1, caprylic 2 
or nitrous 3, the inhibition being readily reversed by washing the cells or raising the pH. 
Transients produced by these acids in the levels of 14C and s2p in intermediates of 
the photosynthetic carbon reduction cycle suggest the main site of inhibition to be 
the hexose and heptose diphosphatases (EC 3.1.3. I I). Carboxydismutase (EC 4. I. 1.39) 
and photophosphorylation are also affected. Similar photosynthetic inhibition is pro- 
duced by addition of n-hexyl resorcinol and methyl octonoate 4, thus eliminating 
acidity and gross chemical properties as a common cause. A search was therefore 
begun to see if these diverse chemical substances produced a common physical change. 
During the initial experiments enlarged light driven 515 nm absorbance changes and 

Abbreviations: CCCP, carbonylcyanide m-chlorophenylhydrazone; DCMU, 3-(3,4-dichloro- 
phenyl)-i, i-dimethyl urea. 

* Present address: School of Biology, Macquarie University, N. Ryde, N.S.W. 2113, Australia. 
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reversible light scattering changes were produced on addition of some of these in- 
hibitors and these observations form the basis of this paper. 

MATERIALS AND METHODS 

Chlorella pyrenoidosa (Emerson Strain) was grown in continuous culture. The 
cells were harvested by  centrifugation at 4 ° (3o00 × g for IO min), washed once and 
resuspended in lO -8 M KH2POa.The cell concentrations used ranged from o.2 to 0.5 % 
v/v. Absorbance changes were measured (I) using a Cary I4 M spectrophotometer  
modified for sample illumination with monochromatic light 5 and (2) a sensitive single 
beam spectrophotometer  worked by  a computer of average transients to allow repeti- 
tive flash experiments 6. 

CO s fixation was measured in the "s teady state apparatus ''7. 3-(3,4-Dichloro- 
phenyl)-I , I -dimethyl  urea (DCMU), carbonylcyanide m-chlorophenylhydrazone 
(CCCP), methyl  octonoate, hexyl resorcinol (i,3-dihydroxy-4-n-hexylbenzene), lipoic, 
caprylic and valeric acids were made up in alcohol, all other reagents in water. Acids 
were added as the free acid unless otherwise stated. 

RESULTS 

When a suspension of Chlorella is illuminated there is an increase in absorbance 
at 515 nm and a corresponding although smaller decrease at 475 nm. Under the con- 
ditions of the present experiments this 515 nm positive light driven absorbance change 
is just visible when using the o.o-o.I  A scale on the Cary spectrophotometer.  On 
addition of an appropriate acid photosynthetic inhibitor the amplitude of this change 
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Fig. I. Light  induced absorbance changes at  515 nm. Chlorella cells (0.33 %, v/v,  in lO .3 IV[ 
KH2PO4) were i l luminated wi th  light of 680 nm (6oo0 erg. cm -s.sec-1). The resul ts  are t racings 
f rom a Cary I4M spect rophotometer  of an experimental  cycle of 3 ° sec l ight followed by 6o see 
dark. A, control;  t3, plus 5" lO-4 M lipoic acid; C, as B bu t  after washing twice wi th  lO -3 M 
KHzPO 4. Photosynthes is  measured as CO 2 uptake,  corresponding to A, B and C respectively 
was 17. 3, 2.0 and I i .2 /zmoles  CO2/ml packed algae per  min. 

Fig. 2. L igh t -da rk  difference spect rum for Chlorella poisoned wi th  5" lO-1 M lipoic acid. Cells 
t rea ted  as in Fig. 1. The points  plot ted are the difference between steady state  levels obtained 
from cycles of 60 sec darkness and 3 ° sec i l lumination at  each wavelength. 
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is g rea t ly  increased (up to  5 t imes  the  magn i tude  of the  control)  (Fig. I).  Af ter  washing  
the  cells b y  twice centr i fuging and  resuspending t h e m  in phospha te  buffer, the  signal 
r e tu rns  to  the  control  level. The presence of the  acid also inhib i t s  CO 2 f ixat ion bu t  
this  can be pa r t i a l l y  res tored  b y  the  washing.  The spec t rum of the  acid increased 
absorbance  changes is shown in Fig.  2 and  is s imilar  to t h a t  p rev ious ly  r epor ted  for 
u n t r e a t e d  ChloreIla cells 8. The  following acids have  been found to increase the  size 
of 515 nm absorbance  change:  I - 5 . I o - 4 M  iodoacet ic  (but  no t  iodoace tamide) ,  
capryl ic ,  valeric,  l ipoic (but no t  the i r  sal ts  a t  p H  6.0) and  2-5" lO -5 M ni t rous  acid  
(added as KNO 2 at  an app rop r i a t e  pH).  

Act in ic  l ight  of 695 , 700 and  705 n m  (i.e. of p h o t o s y s t e m  I) was a p p r o x i m a t e l y  
twice as effective per  absorbed  q u a n t u m  in dr iv ing  the  acid  increased 515 n m  signal  
as was l ight  of 68o n m  or  shor t e r  wavelengths .  

Kine t ic  d a t a  were ob ta ined  from repe t i t ive  exper imen t s  in which the  t o t a l  
running  t ime  of the  CAT was approx .  IOO sec. Thus  the  number  of repe t i t ions  is 
inverse ly  p ropor t iona l  to  the  t ime  of each ind iv idua l  exper iment .  As the  main  effect 
of l ipoic and  s imilar  acids is a slowing the  da rk  decay  ra tes  i t  has been necessary  to  
ca r ry  out  exper imen t s  on a va r i e t y  of t ime  scales. Table  I shows t h a t  the  acid in- 
creased 515 nm signal  can be sa t i s fac tor i ly  observed  wi th  a regime of 2.0 sec l ight  
and  6.0 sec dark .  

TABLE I 

E F F E C T  O F  L I P O I C  A C I D  O N  T H E  S I Z E  O F  5 1 5 - n m  A B S O R B A I q C E  C H A N G E  

Chlorelia cells 0.2 % (v/v) were exposed to 4' lO-4 M lipoic acid for io rain before making the 
measurements. The cuvette was shaken between each experiment to avoid anaerobicity. Actinic 
illumination 675 nm--5ooo erg.cm-~.sec -1. 

Number of Time (sec) 515 nm light-dark Time of half decay 
repetitions (A × zo -4) (sec -1) 

Light Dark 

ioo 0. 5 0. 5 Control 14 22 
Lipoic 18 17 

25 o.5 3.5 Control 12 25 
Lipoic 25 4 

6 o. 5 15. 5 Control i i  13 
Lipoic 23 3 

12 2.0 6.0 Control 12 13 
Lipoic 35 3 

6 2.o 14.o Control 12 13 
Lipoic 37 2 

The  effect of l ipoic acid  on the  kinet ics  of all the  ma jo r  l ight  dr iven absorbance  
changes (except  p 700) is shown in Table  I I .  When  the  reac t ion  schedule is 0.25 sec 
l ight  and  o.75 sec da rk  l ipoic acid  causes a smal l  increase in the  rise ra tes  compared  
to  those  in the  cont ro l  whils t  the  magn i tudes  of all signals are  not  g r e a t l y  affected. 
Longer  exper imen t s  (2 sec l ight ,  6 sec dark)  show t h a t  l ipoic acid  causes a threefo ld  
increase in the  size of 515 n m  and  475 n m  signals,  the  size of the  o thers  being un-  
changed.  The t ime  of half  decay  of these  signals  is l i t t le  affected bu t  those  of 515 n m  
and  475 n m  approach  I sec. Similar  effects have  been observed  wi th  capryl ic ,  iodo-  
acet ic  and  n i t rous  acids. 
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A comparison was made between the acid increased 515-nm signal and the 
control as affected by a number  of well documented inhibitors. The photophospho- 
rylation uncoupler CCCP completely abolishes the lipoic acid increased part  of the 
signal at IO -e M but has no effect on the control signal (Table III). DCMU (lO -5 M) 
an inhibitor of electron flow from system II, does not affect the initial size of 515-nm 
signal but the steady state level is half that  with lipoic acid alone. In the absence of 
lipoic acid DCMU reduces the signal by  50-70 %. 

TABLE I I I  

EFFECT OF CCCP ON 5 I S - r i m  ABSORBANC]~ CHANGE ENLARGED BY 4 "  IO--4 M LIPOIC ACID 

Conditions as for Table I. Each result  is the average of 12 repeti t ions of 2 sec l ight and 6 sec dark. 
CCCP at  the same concentrat ions in the absence of lipoic acid is wi thout  effect on any of the 
parameters  of the signal. 

c c c P  (M) 

0 0 10 7 3 . i o - 7  5 . 1 o - 7  7 . i o - 7  lO-6 
No lipoic 

515-nm signal 
(A × lO -4) 36 12 34 27 20 i6 13 

Time of half 
decay (sec -1) 2.0 25.o 3.2 4.2 6.2 IO.O 12.5 

b 

v 

+Q02  

+ 0.01 oF_O•o_o//f°°•o 
'%°'~ o / " - , . . j  

I I I I 
400 450  500  550 

detect ing light (nm) 

Fig. 3. L igh t -da rk  difference spect rum for slow absorbance (scattering) change induced by  lO -3 M 
iodoacetic acid. The points  are the difference between absorbance after 3 min i l lumination and 
6 rain subsequent  darkness. 

On raising the level of lipoic acid to lO -3 M it was observed that  an additional 
light driven apparent absorbance change was produced. This slow change (rise and 
decay times are of the order of I rain) which was positive at all wavelengths, was 
superimposed on the usual fast absorbance changes. At higher concentrations only 
the slow changes remained. Their spectrum (Fig. 3) closely ressembles that  of light 
scattering by  Chlorella cells and studies with an Aminco spectrofluorimeter showed 
unequivocably that  the reversible slow "absorbance" changes are in fact changes in 
light scattering. In addition to lipoic acid, caprylic, valeric and iodoacetic acids at 
lO -3 M or above induced the scattering changes as did hexyl resorcinol (5" Io-a M) 
and methyl  octonoate (5" I0-4 M). Measurements of cell volume made with a Coulter 
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counter indicated tha t  these scattering changes did not result from large changes in 
cell volume. No real indication of the respective contributions of the two photosystems 
in driving the scattering changes can be given since the rate was not linear with light 
intensity but S-shaped at all wavelengths studied. 

DISCUSSION 

The light driven absorbance changes at 515 nnl (positive) and 475 nm (negative) 
have been at tr ibuted to carotenoids 9, a compound related to plastoquinone 1° or to 
chlorophyll b (ref. i i ) .  The last is based on the absence of the signals from plants 
lacking chlorophyll b and the exact correspondence of the 515-475-nm signals in all 
parameters with those of a further negative signal at 648 nm. In the present experi- 
ments the 515-475-nm signals were increased by poisoning the cells with a number 
of organic acids but there was no corresponding increase in the 648-nm signal. An 
investigation or organisms which lack chlorophyll b might well reveal acid enhanced 
absorbance changes which could be ascribed to particular compounds for example 
carotenoids. Preliminary experiments have indicated that  increased 515-nm changes 
can be observed in Porphyridium. 

In the present work the entry of undissociated acids couples in absorbance 
changes at 475 nm and 515 nm which are not usually visible and which have decay 
times which are much longer than those of absorbance changes at other wavelengths. 
This may  indicate that  the changes are associated with proton movement  or represent 
an enhanced leakage of some component following structural damage. I t  is unlikely 
that  the changes can represent oxidation-reduction changes directly on the electron 
transport  pathway from H20 to NADPH. The extreme sensitivity of these acid en- 
larged signals to the uncoupler CCCP suggests a connection with photosynthetic phos- 
phorylation. However this result must be treated with caution since photoproduction 
of 0 2 by  Chlorella cells using nitrite as oxidant is also extremely CCCP sensitive and 
transient studies of intermediates of the photosynthetic carbon reduction cycle pro- 
duced by CCCP cannot distinguish between an uncoupler or an inhibitor of cyclic 
electron flow *, I t  has previously been shown that  the 515-475-nm signals are larger 
under anaerobic than aerobic conditions apparently due to the bleaching at 515 nm 
by  oxygen 9. The present results might have been due to a similar effect, either by  
acid induced rapid anaerobosis or by  bleaching of 515 nm. As vigorous shaking in 
air failed to effect the results and in the presence of nitrite there was still some photo- 
synthetic O ~ production the first explanation seems improbable. The second possibility 
was investigated by  a survey of difference spectra between normal and inhibited cells 
in the dark. No consistent bleaching at 515 nm or increase in absorbance at 475 nm 
was observed although other unrelated changes in light scattering and absorbance 
may  have obscured it. 

Reversible light driven scattering changes with slow kinetics are well docu- 
mented in isolated chloroplasts 12 as are volume and scattering changes of chloroplasts 
in leaves 1~. They are believed to result from ion movements  across the membranes.  
Such changes do not seem to have been previously reported from whole algae cells 
with a fairly rigid cell wall although decreased chloroplast size has been reported in 
illuminated Nitella 14. The slow kinetics, shape of rate versus light intensity curve and 
sensitivity to CCCP of the scattering changes in Chlorella observed in the presence 
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of t h e  f a t t y  ac id  i nh ib i t o r s  sugges t  t h e y  h a v e  t h e  s a m e  or igin  as t h o s e  p r e v i o u s l y  

r epor t ed .  I t  is of  i n t e r e s t  t h a t  a la rge  n u m b e r  of  r e a g e n t s  will  el ici t  t he se  responses  

in Chlore l la  a n d  t h a t  m o s t  of t h e s e  also i nh ib i t  c a r b o n  f ixa t ion  b y  i nh ib i t i on  of t h e  

hexose  a n d  h e p t o s e  d i p h o s p h a t a s e s  a n d  p h o t o p h o s p h o r y l a t i o n .  Th is  s u p p o r t s  t h e  v i e w  

t h a t  s t r u c t u r a l  i n t e g r i t y  is essen t ia l  for  m a x i m u m  a c t i v i t y  of p h o t o s y n t h e t i c  ca rbon  

r e d u c t i o n  cycle.  
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