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SUMMARY 

Rhodopseudomonas spheroides strain Y was grown photosynthetically in a syn- 
thetic medium containing defined amounts of iron. Two chromatophore fractions 
("light" and "heavy")  were prepared by  sucrose density gradient centrifugation of 
CsCl-treated chromatophores. They were found to differ in homogeneity, stability, 
specific bacteriochlorophyll content and infrared absorption spectra. Iron deficiency 
was found to cause excretion of porphyrins by whole cells and accumulation of poly- 
fl-hydroxybutyrate.  Inhibition of bacteriochlorophyll synthesis and decrease in the 
total iron and heme iron contents were also observed in whole cells and light particles; 
the total heine of low-iron cells and the heme bound to light particles were decreased, 
respectively, by factors of 20 and 16 whereas the total iron was much less affected. 
Variations in the infrared absorption of whole cells, light and heavy particles were 
caused by iron deficiency. 

INTRODUCTION 

A number of iron-containing proteins are known to be part  of the photosynthetic 
bacterial electron transport  chain. The variety and abundance of these compounds 
are strikingl, 2. Most of the researches devoted to their s tudy use as starting material 
bacteria grown in media supplemented with excess amounts of substrates and iron. 
However, little is known about their minimal level and distribution in depleted cells. 
LASCELLES ~, 4 has shown that  in iron-deficient Rhodopseudomonas spheroides syntheses 
of both heine and bacteriochlorophyll are inhibited, and porphyrins are excreted into 
the growth medium, but no investigation of the heme and non-heine iron, nor of the 
soluble and membrane bound hemes has been reported. Hence we have grown 
R. spheroides strain Y in media containing defined amounts of iron and report some 
observations on the effects of such growth conditions on properties of whole cells and 
sub-cellular particles. 
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METHODS 

Cultures 
We have used R. spheroides strain Y, a recent isolate by one of us (H. DE KLERK), 

in view of its ready growth on a number of substrates, particularly in the low-iron 
media described here. 

The synthetic medium used in these studies and called "L"  contained per l 
0.02 M potassium phosphate (C. Erba) buffer (pH 6.8): 3.5 g ammonium succinate 
(C. Erba); i g sodium glutamate (Merck); 20 ml of HUTNER'S base 5 in which FeSO 4 
was omitted (all chemicals from Merck) ; 25/*g nicotinic acid; 12.5/,g thiamine ; 0.25 vg 
biotin. Residual iron in this medium was i/zM. We did not try to eliminate it because 
of the difficulty of avoiding recontamination with traces of iron in large scale cultures. 
Preparations derived from this medium are termed "low iron". Iron was added to 
this medium as FeSO~ before autoclaving as required; in these cases, the final molarity 
of iron is indicated. 

Bacteria were grown at 33 ° with continuous bubbling of CO2-N ~ (5:95, by vol.) 
and magnetic stirring, in either 2-1 or IO-1 bottles thermostated in water baths. Illumi- 
nation was provided by incandescent bulbs, and measured at the surface of the bottles. 
Low-iron cultures were inoculated with cells adapted to the L medium by three suc- 
cessive transfers. Sterile aliquots were withdrawn to follow growth, which was rou- 
tinely measured by the absorbance at 12oo nm; at this wavelength optical absorption 
was absent. The absorbance thus was a measure of turbidity and was found to be 
directly proportional to cell mass. 

Particle preparation 
Bacteria were harvested by centrifugation, washed and suspended in o.i M 

potassium phosphate buffer (pH 7.5) (4 vol./wet wt. cells). They were disrupted in 
a Ribi cell at lO-15 ° and 20000 lb/inch 2. After 15 rain incubation with deoxyribo- 
nuclease, unbroken cells and debris were eliminated by a 20 rain centrifugation at 
30000 x g. Usually two passages in the Ribi cell were necessary to disrupt about 80 % 
of the cells (that is, to recover 80 o/,.o of the bacteriochlorophyll in the supernatant of 
the 30000 × g centrifugation). 

Particle preparation was performed following the method used by CUSANOVICH 
AND KAMEN s for Chromatium with minor variations. Soluble components were elimi- 
nated by 3 h centrifugation of the cell-free extract at 350000 × g; lower centrifugal 
fields resulted in incomplete centrifugation of the pigmented particles. The pellet was 
then layered on tubes containing 30 o/ CsC1, and centrifuged I h at 350000 x g. The 
pellet of ribosomes was discarded. Membranes floating in the top layer were recovered 
and washed with o.I M potassium phosphate buffer (pH 7.5), then applied to a linear 
sucrose gradient (o.5-1.5 M) and centrifuged in a Sw-25-2 rotor, at 22000 rev./min 
for 9 ° rain. The piglnented material was separated in two bands, at 0.67 M and 1.o2 M 
sucrose, respectively. These were recovered, dialysed against o.I M potassium phos- 
phate buffer (pH 7-5), concentrated by centrifugation, and stored in the dark at 5 °- 

Chemical analyses 
Bacteriochlorophyll was determined spectroscopically after extraction with 

20 vol. of ice-cold absolute methanol (sm~ at 720 nm = 60, see ref. 7). 

Biochim. Biophys. Acta, 234 (1971) 73-82 



IRON DEFICIENCY IN R. spheroides 75 

Protein was measured by the method of LOWRY el al. s after 12 h digestion of 
the samples in I M NaOH at 35 o, using bovine serum albumin as a standard. 

Heine was determined on acetone-methanol (7 : 2, v/v) residues by the pyridine 
hemochrome method (emM = 23 for zJA (550--575 nm) in a reduced minus oxidized 
difference spectrum). As the total heine content was very difficult to measule in whole 
low-iron cells, it was determined on the cell-free extract obtained after breakage and 
elimination of whole cells and debris (see above). Its value was based on dry weight 
of the original cell suspension. 

Iron was determined by the method of COLLIXS AND DIEHL 9 as a 2,4,6-tripyridyl- 
s-triazine complex, after wet-ashing of the samples in H2SO4-HC104. 

Dry weight of cells was determined after centrifugation, distilled water washes, 
and drying at IOO °. 

Poly-fl-hydroxybutyrate was isolated fromwhole cells by the method of STANIER 
et al. 1°, and measured by gravimetry of its chloroform solution. We confirmed that, 
on heating with concentrated H2S04 it was converted to crotonic acid, as described 
by LAW AND SLEPECKY 11. 

Porphyrins excreted in the growth medium were measured spectroscopically as 
coproporphyrin I I I  (see ref. 3), after centrifugation of the cells and appropriate acidifi- 
cation of the medium (emM = 489 in HC1 1. 4 M). 

Ubiquinone was determined by the method of PUMPHREY AND REDFEARN 12. 

Physical measurements 
Spectra were recorded with a Cary model I4R. Opal glass plates were used to 

record the spectra of whole cells suspensions. 
Electron microscopy was kindly performed for us by Madame A. Cassant. 

RESULTS 

Growth of R. spheroides strain Y as a function of iron, and composition of whole cells 
Iron is a limiting factor when R. spheroides strain Y is grown in the L medium, 

as exemplified by two experiments described in Tables I and II. In the first, cells are 
adapted to the L medium by several transfers, then inoculated into this medium to 
which various amounts of iron have been added. They are grown at 33 °, and 4000 lux. 

T A B L E  I 

GROWTH CHARACTERISTICS OF R. spheroides IN THE L MEDIUM OF VARYING IRON CONTENT 

Expt. r :  g r o w t h  a t  33 °, 4 °oo  l u x ;  i n o c u l u m :  ce l l s  a d a p t e d  to  t h e  L m e d i u m  (see t ex t ) .  Expt. 2: 
g r o w t h  a t  33 °, 8o0o l u x ;  i n o c u l u m :  cel ls  a d a p t e d  in  A to  low i ron ,  in  B to  17/~M i ron.  

Expt. • Expt. 2 

A B 

I r o n  c o n t e n t  of t h e  m e d i u m  (/~M) I 2.2 4.3 6.5 8.6 i 17 
D i v i s i o n  t i m e  (h) 7-5 5 5 5 5 4 .0 2.5 
Y i e l d  (g w e t  wt .  cel ls / l )  a f t e r  44-h  c u l t u r e  4.4 6.3 7.4 8.5 8.7 4.5 8. i 
C o p r o p o r p h y r i n  e x c r e t e d  in  t h e  m e d i u m  59 1.2 0. 4 0. 4 0. 4 51 1.2 

(/*moles/l)  a f t e r  44-h  c u l t u r e  
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In the second experiment, cells are adapted either to the L medium or to an L medium 
containing 17 #M iron/l, and grown at 33 ° and 8000 lux. In both cases, the division 
time is the longer in the low iron medium, and the yield of cells is less (Table I). 

In agreement with LASCELLES 4, w e  have confirmed that the excretion of por- 
phyrins is enhanced in stationary phase, as measured by the amount of coproporph~rin 
I I I  excreted by 44-h cultures. As shown in Table I, this excretion is greatly enhanced 
in the low-iron medium. During the various stages of growth the pigmentation of 
the ceils is markedly lower in the low-iron medium. This is confirmed by the bacterio- 
chlorophyll content of stationary phase cells given in Table II. There is indeed an 
inhibition of the bacteriochlorophyll synthesis in this medium; yet it may be noted 
that the bacteriochlorophyll synthesis still depends on the light intensity (compare 
Expts. ~ and 2). One may note also in the first experiment that the critical range 
leading to iron deficiency is below IO ,aM which is in good agreement with the obser- 

T A B L E  I[  

C O M P O S I T I O N  O F  S T A T I O N A R Y  P H A S E  C E L L S  (44-h C U L T U R E )  G R O W N  IN  T H E  L M E D I U M  AT V A R I O U S  

I R O N  C O N T E N T S  

Conditions as indicated in Table I. 

Expt.  t Expt .  2 

I ron  content  of the mediunl (#M) 
Bacteriochlorophyll  (/,inoles/g protein) 
Polv-f l -hydroxvbutvrate  . . . .  (%, of dry wt.) 
Protein (% of dry wt.) 
Total  iron (/~moles/g protein) 
Heme iron (/~moles/g protein) 

I 2.2 4.3 6.5 8.6 I 17 
27 72 76 8I 80 22 7 I 
25 12 7 6 25 7 
34 32 4 ° 36 38 32 42 
. . . .  1.8 5.2 
. . . . .  0.04 0.8 

vations of LASCELLES 3 and WIESSNER 13 on another strain of this species. Consequently 
we have used throughout the L, 17/~M iron medimn as a control for growth in presence 
of an excess of iron. 

We observed that, after breakage, the cells grown in the low-iron medium re- 
leased a large amount of a white waxy material. This prompted us to measure the 
amount of the reserve polymer, poly-fl-hydroxybutyrate, in stationary-phase cells. 
This polymer was found to accumulate in the low-iron cells. No such accumulation 
was noted when iron was added to the L medium. One may see that the protein 
content (expressed on a dry weight basis) was slightly lower in the low-iron cells 
(Table II). 

Cells grown in the low-iron L medimn, and in the L, 17/~M iron medium and 
harvested in stationary phase, were analysed for their bacteriochlorophyll, total iron 
and total heine iron contents; results are given in Table II. It is striking that the 
total content of iron decreased only by a factor of 2.5 in the low-iron cells, whereas 
that of the heine iron decreased by about 20. As judged from the position of the 
hemochrome maximunl, most if not all the heInoproteins were of the c type in the 
two culture conditions. Their nature is presently under investigation. 

General properties of the light and heavy fractions 
Tile fractionation of the bacterioehlorophyll-containing membranes was done 

on cells grown either in the low-iron L medium, or in the L, 17 #M iron one. These 
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Fig. I. (a) U l t r a th in  sect ion of bacter ia l  cell g rown at  8000 lux  in the  L, 17 #M iron m e d i u m ;  
f ixat ion by o s m i u m  te t rox ide  according to R y t e r ' s  and  Kel lenberger ' s  procedure.  Direct  magnif i-  
ca t ion:  × 6oooo. (b) U l t r a t h i n  sect ion of the  l ight  f ract ion der ived from the  cells shown in (a); 
f ixat ion by  o s m i u m  te t rox ide  as in (a). Direct  magni f ica t ion :  × 6oooo. (c) Same  l ight  f ract ion 
af ter  nega t ive  s ta in ing  by  2°/  p h o s p h o t u n g s t i c  acid. /O 
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membranes separated into two fractions on the final sucrose gradient. The upper 
fraction (called "light") was devoid of appreciable turbidity and did not aggregate 
over weeks if kept in the dark at 5°; the lower one (called "heavy")  was turbid and 
floculated after a few days. The heavy fraction was at equilibrium in the gradient at 
a density of 1.15 g/cm a after 9 ° rain eentrifugation; the light required 15 h to equi- 
librate at a buoyant  density of 1.12 g/cm a. The light fraction contained about 7 ° oo 
of the total bacterioehlorophyll initially layered on the gradient. All these values were 
the same for preparations derived from either medium. 

In both cases, the electron microscopic observations on ultrathin sections of 
isolated particles revealed that  the light fraction was composed of spherical vesicles 
about 700 A in diameter (Fig. Ib). Their morphological features corresponded per- 
fectly to those of the chromatophores observed in situ in fixed bacterial cells (Fig. ia). 
As shown also on negatively stained preparations (Fig. IC), it was remarkably devoid 
of contaminating material, such as ribosomes or larger pieces of membranes. The 
heavy fraction (not shown) also contained such small vesicles, mostly clumped; in 
addition, larger and irregular pieces of membrane or cell debris were found. 

Composition of the light particles 
I t  was observed in a number of experiments tha t  the specific bacteriochlorophyll 

content (bacteriochlorophyll/protein ratio) was about twice as high in the light as in 
the heavy fraction prepared from the same cells, an observation which recalled results 
with another strain of R. spheroides 14 and with other organisms 6,15. On the basis of 
the greater puri ty and stability of the light fraction, the analyses were performed on 
this fraction only. Cells harvested in stat ionary phase (44-h cultures) grown at 8000 lux 
either in the low-iron L medium, or in the L, 17 #M iron medium, were used. 

We determined the contents of bacteriochlorophyll, heine iron and total iron, 
as well as of ubiquinone, a possible electron-transport component which might be 
expected to be independent of the iron supply. Results are expressed on a protein 
basis, and as molar ratios to bacteriochlorophyll (Table III) .  As anticipated, the iron 
supply did not markedly affect the ubiquinone level, whereas the bacteriochlorophyll, 
the heine iron and the non-heine iron levels (calculated by difference) were depressed 
in the low-iron particles. 

The nature of the bound hemoproteins is under investigation ; most of them are 
of the c type as indicated by the hemochrome spectra. As in the whole cells, it is 

T A B L E  I l I  

COMPOSITION OF LIGHT PARTICLES {FROM CELLS GROWN FOlK 44 h AT 8000 LUX) 

Va lues  e x p r e s s e d  as t~moles /g  p ro te in .  

I r o n  c o n t e n t  of t h e  L m e d i u m  (/tM) 1 17 

B a c t e r i o c h l o r o p h y l l  i 27 162 

U b i q u i n o n e  32 25 

H e i n e  o. 15 2.5 

T o t a l  i ron  3.3 6.8 

Mola r  r a t i o  

B a c t e r i o c h l o r o p h y l l  : ub iq  u i n o n e  : he ine  : i ron 1 oo : 25 : o. ~ : 2.6 1 o o : I 5 : I . 5 : 4 . 2  

Biochim. Biophys. Acta, 234 ( t971)  73-82  



IRON DEFICIENCY IN R. spheroides 79 

quite obvious that  the level of heine iron bound to the membrane is much more 
depressed than that  of the non-heme iron. 

Absorption spectra of whole cells and particles 
During this work it became evident that  iron deficiency was affecting the infra- 

red spectra of whole cells and particles. Fig. 2 shows the absorption spectra of whole 
cells grown 44 h at 80o0 lux and 33 ° either in the low-iron L medium, or in the L, 
17/~M iron one, in the range 7OO-lOOO nm. These spectra were taken just after har- 
vesting the cells and resuspending them in buffer (pH 7-5), after centrifugation. In 
the low-iron cells, the 855-nm main maximum was broadened by a strong secondary 
maximum located at about 87 ° n m .  In the L, 17/~M iron cells, this secondary maxi- 
mum was much weaker. We observed that  this last type of spectrum was also obtained 
when low-iron cells were readapted to an L, 2.2 #M iron medium. 

In Fig. 3, the absorption spectrum of light particles prepared from the low-iron 
cells is given, together with that  of the heavy particles, in the infrared region. In the 
visible range (not shown) the light and the heavy fractions had the same spectrum 

0.2 

A 

800 900 

1pM F e 

? 
800 900 

k (nm) 
Fig. 2. Absorpt ion spectra of cell grown 44 h at 33 ° and 8000 lux in either the L medium (on the 
right) or the L, ~ 7 / TM iron medium (on the left). 
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Fig. 3. Absorpt ion spectra of the light ( ) and the heavy ( - - -  --) particles from cells grown 
44 h at  33 ° and 8ooo lux in the L medium. Bacteriochlorophyll  concentrat ion in both  cases: 
7.2 nmoles/ml. 
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a p a r t  from var ia t ions  owing to the  t u r b i d i t y  of the  heavy  fract ion,  and  to i ts lower 
specific bac ter iochlorophyl l  content ,  which increased its absorpt ion  in the  28o-nm 
range. In the  infrared region, differences were ev ident :  the  secondary  m a x i m u m  at  
87o nm was much higher in the  heavy  f ract ion spec t rum (Fig. 3). No such large 
difference was found when l ight  and  heavy  fract ion were der ived  from the L, 17/~M 
iron grown cells (Fig. 4). If corresponding f rac t ions  were compared  for the  two iron 
condit ions,  one noted t ha t  iron deficiency corre la ted  with  increase of the  87o-nm 
max inmm,  as observed on the whole cells. 

A 

0.4 

0.2 

400 600 800 1000 

k ( n m )  
Fig. 4. Absorption spectra of the light ( - - - - - - )  and the heavy (-- -- ) particles from cells grown 
44 h at 33 ° and 8ooo lux in the L, 17 t ~ ' I  iron medium. Bacteriochlorophyi1 concentration: light: 
6.1 nmoles/ml. Heavy: 4.1 nmoles/ml. 

All  these spec t ra  were very  reproducible ,  once the  growth condi t ions  ( tempera-  
ture,  in tens i ty ,  medium),  were control led.  

DISCUSSION 

From the d a t a  presented  here, large var ia t ions  in the  composi t ion  and proper t ies  
of R. spheroides s t ra in  Y are seen to be l inked to iron deficiency. 

The to t a l  heme iron, as well as the  m e m b r a n e - b o u n d  heine iron show grea t ly  
depressed levels in low-iron cells. Expressed  on a prote in  basis, the  to ta l  heine iron 
decreases by  a fac tor  of abou t  2o, and  the membrane  bound  heme iron b y  about  16. 
This m a y  be compared  with  t i le  fac tor  of 4 given by  LASCELLES 4 for the  to ta l  heine 
iron decrease expressed per  uni t  d r y  weight.  In  t h a t  case, however,  another  R. sphe- 
roides s t ra in  was used and  res idual  iron in the  low-iron cul ture  was not  measured,  
so t h a t  an a t t e m p t  to compare  these resul ts  wi th  those of our exper iments  is not  
indicated.  Increases in the  to ta l  heme content  of bac te r ia  dur ing t rans i t ions  between 
da rk  aerobic and  l ight  anaerobic  growths  have been repor ted  not  to exhibi t  evidence 
for preferent ia l  var ia t ion  of a pa r t i cu la r  heme typelG; in our exper iments ,  more de- 
ta i led  s tudies  now in progress should show if this  is indeed the case. 

More surpr is ing is the  high propor t ion  of iron in the  non-heine s ta te  (such an 
observa t ion  has  a l r eady  been no ted  b y  CUSANOVICH AND KAMEN 6 with Chromagium) 
and its re la t ive ly  minor  decrease in low-iron cells. This  is also found when non-heine 
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iron is measured either in the whole cells or as membrane-bound. Such behavior would 
indicate that  in the non-heme state iron is part  of component(s) indispensable for 
growth. As knowledge about these components is still scarce, more detailed investi- 
gations are needed. 

The decrease in the gross bacteriochlorophyll content found for the low-iron 
cells confirms the previous results of LASCELLES a. Moreover, the specific bacterio- 
chlorophyll content of the light particles also shows a decrease. This indicates that  
the pigment content of the chromatophore membrane itself is modified, and not 
merely the total amount of membrane. If one assumes that  the whole of the bacterio- 
chlorophyll is contained in the light particles, this amount may be roughly estimated 
by dividing the specific bacteriochlorophyll content of the whole cells by that  of the 
particles (Tables I I  and III) .  Thus 17 O/:o of the total cell protein would be in the 
membranes of low-iron cells (grown at 8ooo lux) against 43 °o in the L, 17/,M iron- 
grown cells. Such a variation indicates a complete reshaping of the iron-deficient cells. 
The accumulation of poly-fl-hydroxybutyrate during growth in iron deficient media 
is another aspect. 

The separation of the bacteriochlorophyll-containing membranes into two frac- 
tions and their characteristics confirm similar results already published for R. sphe- 
roidesa4,1~, is, and other species 6,a5,19. Here too, the light fraction may be considered 
as the purest chromatophore material, and could originate from the comminution of 
the intracellular membrane system. The heavy fraction would appear to contain pieces 
of the outer cellular membrane, either poorly or not pigmented ~s, 20 The modifications 
observed in the infrared spectra of whole cells and particles remain to be explained. 
Differences between light and heavy particles of another R. spheroides strain have 
already been described by WORDEN AND SISTROM ~ and seen to be dependent on light 
intensity during growth. In our experiments, the differences may  be ascribed wholly 
to the iron supply in the growth medium, all other culture parameters being the same. 
As the nature of the bacteriochlorophyll moieties giving rise to the 8oo-, 855- and 
87o-nm absorption bands is unknown, these variations for the present may  be taken 
merely as indications of local changes in the bacteriochlorophyll environment when 
the iron content of the membrane is modified. 
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