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INTRODUCTION 

Interest in the occurrence and distribution of hematin compounds** in bacteria 
somewhat dormant since the first researches on this subject some 25 years ago, has 
revived markedly recently. It has been demonstrated that microorganisms, and in 
particular bacteria, provide excellent test material tor tile investigation of biological 
oxidation mechanisms, not only because they are well adapted for exploitation using 
such elegant methods as those developed by Cm~NCE and his co-workers2, 3, but also 
because they are found to be good source materials for the isolation and extraction of a 
large variety of hematin compounds and enzymes associated with such compounds< 5, 6, v, 8. 

In previous papers 7,8, it has been shown that a number of photosynthetic bacteria, 
including two strict anaerobes, contain cytochromes of the "c" type. Although these 
cytochromes possess a porphyrin moiety identical in character and in bonding to that of 
mammalian or yeast cytochrome c, their protein components differ with ensuing 
deviations in physico-chemicaI behaviour from that noted in the cytochrome c of 
mammalian tissue and yeast. As an example, (seea,7), the cytochrome c obtained from 
the photoheterotroph, Rhodespirillum rubrum, differs from mammalian cytochrome c in 
that it is not absorbed on Amberlite resin IR-5o in the ammonia form, has a much 
smaller electrophoretic and ionophoretie mobility at pH 7, possesses an oxidation 
potential some 8o to Ioo mV more oxidizing, and is not activated by mammalian 
cytochrome c oxidase. All of these changes are manifested without any appreciable shifts 
in the characteristic absorption spectra. 

Enzymes associated with cytochrome c, such as the diphosphopyridine nucleotide 
(DPN) linked reductase and cytochrome c oxidase, are also foun&, s. None of the oxidases 
obtained from these bacteria appear to be identical with those prepared from mammalian 
tissues. This observation appears to be fairly general for all bacterial oxidases TM. 

* These researches  have  been made possible by the con t i lmed  financial  suppo r t  of the C. 1;. 
Ke t t e r ing  l ;oundat i (m.  Much of the work  was done a t  the  Hopk i ns  Marine Sta t ion,  Pacific (;rove, 
California,  the faci l i t ies  of which were mos t  k ind ly  placed at  our disposal  by  l ' rofessor C. B. VAN NIEL 
and l ' rofessor  1,. R. BL~NKS. E lec t rophore t i c  and  cent r i fugal  e q u i p m e n t  needed for some of the 
pur i f ica t ion  procedures  was made  ava i l ab le  by 1)r. H..~CHACHMAN, D e p a r t m e n t  of Biochemis t ry ,  
17niversity of California,  Berkeley,  California,  who also was mos t  generous in dona t ing  va luab le  
t ime  for helpful  discussions.  The technica l  ass is tance  of Miss JEAN MIH.ER in Dr. SCm~CH.~AN'S 
l abo ra to ry  is also g ra te fu l ly  acknowledged.  

** The t e rm " h e m a t i n  c o m p o u n d "  is used as defined by  LEMBERG AND I .EGGE l, p .  tO 3. 
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A unique "photo-oxidase" for cytochrome c has been detected in all the known 
genera of photosynthetic bacteria and isolated from two of the facultative photo- 
heterotrophsg, 8. This enzyme exhibits a remarkable heat stability and resistance to 
cyanide. Together with the reductase and oxidase, it provides a rational basis at the 
enzyme level for a partial understanding of the known physiological traits of the photo- 
synthetic bacteria, as they range from strict anaerobes to facultative heterotrophs 8. 

In addition, a remarkable new type of hematin compound has been observed to 
occur in all the photosynthetic  bacteria available in quantity as fresh mass culturesL 
Yields obtained on isolation and purification from two facultative heterotrophs indicate 
that these hematin compounds occur in quantities comparable to those observed for the 
cytochromes of the "c" type. While to() little is known about the chemistry and function 
of these compounds to propose a stable terminology, they have been labeled tentatively 
"pseudohemoglobins" because of their characteristic spectra, oxidation potential and 
auto-oxidizability, even though they are not true hemoglobins in that they fail to 
exhibit oxygen-carrying capacity and react to form hemochromogens characteristic of 
the cytochromes of "c" typC. 

All of these observations dictate the extension of studies, such as the foregoing to 
as many bacteria as possible, so that the metabolic pattern of hematin compounds in the 
photosynthetic bacteria can be assessed as influenced by the photochemical act in 
photosynthesis.  In this paper, there are presented the results of researches on hematin 
compounds in all known genera of the facultative photoheterotrophs (non-sulfur purple 
bacteria, or Athiorhodaceae) as well as in two typical facultative denitrifiers. 

METHODS 

Cultures and other source materials 
(a) Photosynthetic bacteria 

Rhodospirillum (Rsp) rubrum. This bacter ium was represented by the strain, S-I (Van Niel), 
used in previous researchesL I ts  culture and manipula t ion  have been described n.  In addition, it 
was available in quant i t ies  of hundred  of grams as a dry powder*, freed of fa t ty  mater ia l  and photo- 
active pigments  by  exhaust ive  extract ion wi th  various organic solvents. This powder,  as well as 
those obtained f rom other  bacteria described below, had been collected by  VAN NIEL as pa r t  of 
a project  devoted to the s tudy  of the bacterial  pho top igments  (chlorophyll, carotenoids, etc.) stone 
20 years previous to the present  researches. Al though stored at room tempera ture  the powders 
(with one exception) were found to be excellent sources of undena tured  cytochrome c for each of 
the bacterial species involved. To fur ther  a t tes t  the remarkable  s tabi l i ty  of these bacterial cyto- 
chromes, it was found they had remained largely in the reduced form during storage through these 
two decades. 

Rhodopseudomonas (Rps) spheroides. In  addition to s train 241 (Van Niel) used in previous 
researches 7, there were also available large quanti t ies  of an aged dry powder,  prepared from a strain 
laheled 242 (Van Niel) in the same manner  as tha t  described above for Rsp. rubrum. 

Rhodopseudomonas (Rps) capsulatus (Van Niel). A io-day  culture of this bacterium, grown in 
'5 liters of a 5 % yeast  ext ract -mineral  salt medium, was harvested by centrifugation and washed 
twice with tap  water. The yield of fresh cells was 51 g wet  weight. 

Rhodopseudomonas palustris (Strain 5, Van Niel). 45 g dry powder, as described above for 
Rsp. rubrum were available. 

(b) Chemosynthetic bacteria 
Micrococcus (M) denitrificans. This strain was identical with t h a t  studied by  KLUYVER AND 

\'ERHOEVEN 1~. I t  could be cul tured either autotrophically,  using a mineral  medium with ni trous 
oxide, hydrogen and carbon dioxide as substra tes ,  or heterotrophical ly  under  either anaerobic or 
aerobic conditions. The cul tures examined for hemat in  compounds  were grown heterotrophically,  
employing a medium made according to the following prescript ion:  IO g K2FIPO a, 2o g KNO 3, 
5 ml yeast  autoiysate,  adjus ted with conc. H2SO t to p H  6.5-6.8 after making up i liter with t ap  

* See footnote on following page. 
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wate r ;  a f ter  s te r i l i za t ion  for 20 rain at  ~ co" C, added  12 ml ster i le  80 % glucose solut ion.  For  aerobic  
cul tures ,  the  n i t r a t e  was om i t t e d  and the  m e d i u m  aera ted .  I t  was  possible to ob ta in  read i ly  y ie lds  
of 13o g wet  weight  fresh cells from 18 l i ters  of a 4-5 day  culture.  

Pseudomouas (Ps) detlitrificans. The s t ra in  was t h a t  s tud ied  by  SACKS AND I~ARKER TM. I t  was 
ava i l ab le  as 2. 7 g of a dr}, cell pre t )ara t ion  which had  been s tored frozen ( 2o '  C) for several  months .  
The powder  had  been p repared  from cell sust)ensions grown anaerolf ical ly,  wi th  n i t r a t e  as H-acceptor .  

Biochemical procedures 
A'xtractio~ methods 

The fol lowing procedures  were used singly,  or in c o m b i n a t i o n :  
~. Modified K~HAN-HARTREE inethod,  beg inn ing  wi th  suspens ion  of cells in w a r m  t r ich lorace t ic  

acid (TCA), as descr ibed p rev ious ly  ~. This was the  m e t h o d  of choice for all the  isola t ions  of cyto-  
chrome c comlxments ,  as well as pseudofiemoglobins ,  from the  f acu l t a t i ve  p l m t o h e t e r o t r o p h s  (i.e., 
Rsp. rubrum, Rps. spheroides, Rps. capsulatus, Rps. paluslris). 

2. Manual  g r ind ing  in the  cold with a lumina ,  or glass beads.  The procedure  us ing a l umi na  
has been descr ibed previous ly  1~. The a lum ina  powder  was qF~-I557 AB (levigated) ob t a ined  from 
Buehler, l a d . ,  165 \V. \Vacker  l )r ive,  Chicago, Ill inois.  The glass beads  were ava i lab le  from the 
Minnesota  bl ining aud Manufac tu r ing  C()mt)any, St. Paul, Minnesota  as " p a v e m e n t - m a r k i n g  beads" ,  
grade  l o, sieve size (>o/8o. 

3- Sonic disrupt i (m a t  o 5: C using a O kc Ray theon  magne tos t r i c t i on  oscil lator.  
4- l ) i s ru l ) t i °n  a t  o-5 (7 in a \Varing 131endor using glass beads,  as descr ibed by I,AMANXA 

ANI) MALI.I~;T'rE 1'5. This me thod  proxed  to be the  mos t  re l iable  for general  use. 
For t ) reparat ion of enzyme  e x t r a c t s  for assay  of oxidase  and reduc tase  ac t iv i ty ,  Method No. 4 

was i n v a r i a b l y  employed,  excep t  for some facu l t a t ive  pho tohe te ro t rophs ,  which usual ly  were 
amenab le  to sonic d is rupt ion.  

In i so la t ing  cytocf i rome ~ from the  bac te r i a l  powders,  the first s tep  was usua l ly  ex t r ac t ion  in 
the cold (o 5 C) with o.o 5 ell phost)hate  lmffer, pH  7.0. This s tep  was repea ted  once and the  combined  
e x t r a c t s  then f rac t iona ted ,  as in the I¢.EILIN-HARTREF procedure.  In all the  powders  p repared  from 
the f acu l t a t i ve  t)h()toheterotrot)hs, l i t t le  t)r no hema t iu  c o m p o n e n t  res is ted  the  cold ex t r ac t i on  with 
t)tmsphate.  Both the l)seudohenmglol) in and  cytocf i rome c comt)onents  were usua l ly  recovered in i t ia l ly  
in the  a m n m n i u m  sulfa te  (:KS) fraction be tween  -'.5 and  5 ° % sa tu ra t ion .  On repea t ing  the :KS frac- 
t iona t ion ,  the two compolmnts  g r adua l l y  separa ted ,  exhi l ) i t ing  more usual  so lub i l i ty  re la t ions,  i.e., 
tim pseudohemoglol ) in  was rec(>vered in a fraction be tween 25 and 4 ° "o sa tu ra t ion ,  and  the cyt()- 
chrome c in a f ract ion l)etween 5 ° and 0 o %  sa tu ra t ion .  From this point,  fu r the r  tmrif icat ion was 
ach ieved  by the methods  prev ious ly  descril)edL The final pu r i ty  was e s t i m a t e d  on the basis of r e la t ive  
in tens i t i es  ()f ~l , fi and  T-bands in the  visible and  pro te in  absorp t ion  in the  ul t ra-viole t .  

l )yr idine  and cyan ide  hen~ochromogeils  were p repared  as descr ibed t)reviously 7. 

,%'pt'glYogCOplC measuremet l l s  
Spectra  were de t e rmined  using a l-{eckinann D l; spec t rophntonmter ,  l ' r epa ra t ious  first were 

e x a m i n e d  before t r e a t m e n t  wi th  oxid iz ing  or reduc ing  agents .  The spec t ra  of the  reduced forms 
were de t e rmined  af ter  add i t ion  of sodium hydrosulf i te .  Spec t ra  of oxid ized  forms were ascer ta ined  
af ter  addi t i (m ()f t )otassium ferr icyanide,  or where feasible, af ter  v igorous  aerat ion.  In some cases 
where isolat ion was imprac t ica l ,  the  presence of he m a t i n  comt~ounds was de tec ted  by measur ing  
the di f t ( rence spec t ra  (>f oxidized ;tnd reduced ex t rac t s .  

Polettlial Dle(fsltvutllut*[s 
Fer ro- fe r r i cyan ide  ox ida t ion- reduc t i (m buffers were used as descr ibed by  I)AVENPORT AND 

H1Ll) ". All pH  l)uifer sys t ems  used in these d e t e r m i n a t i o n s  were a t  a final conceu t ra t ion  of 0.02 M. 
The following bufl:er sys t ems  were emp loyed :  pH 5, sodium ace ta te -ace t i c  acid;  pH 6, sodium mouo- 
hydrogen  t)host)hate-t)otassium d ihydrogen  t)fiOsl)hate; pH 8 to 9, " t r i s "  ( t r i s -hydroxy  nmthyl  
a m i n o - m e t h a n e ) :  p l I  io )~, sodium te t ra l )o ra te - sod ium hydrox ide .  

Rvage~ls 
D P N I t  (reduced (lit)hosl)hot>yridfim nucleot ide)  and cy toch rome  c: (horse hear t )  were ob ta ined  

froin the  Sigma Chemical  Company,  St. l.ouis, Missouri. Cvtocf i rome c ox idase  from pig hea r t  ~a s  
made  by the  l ) e p a r t m e n t  of t~iochemistry,  Un ive r s i ty  of {Talifornia, Berkeley*.  All o ther  r eagen t s  

* The dried bac ter ia l  powders  used in these  researches were p rov ided  us by Professor C. H. 
VAN NI>:L, to  whom we are thus  doub ly  indebted .  \Ve also wish to record the  gif t  of a dried prepa  
ra t ion  of Ps. denilrificans from Dr. C. C. DELWICHE, D e p a r t m e n t  of P lan t  Biochemis t ry ,  Univers i ty  
of California,  Berkeley,  California.  in  addi t ion ,  Dr. M. E. \VINFI>.'LD, in residence a t  the  H o p k i n s  
Marine Stat i(m as a t r a v e l i n g  Fellow of the Aus t ra l i an  C.S.I.R.O.,  unself ishly made  ava i l ab le  to us 
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were of C . P .  reagent  qual i ty ,  as obta ined from commerc ia l  sources,  and were used w i t h o u t  further 
purification,  except  for the  po tas s ium ferricyanide which  was recrystal l ized twice  from w a t e r .  

Enzyme assays 
Only cv tochrome  c oxidase and the D P N H - l i n k e d  c y t o c h r o m e  c reductase  act ivit ies  were 

assayed in tt~is series of researches. The methods  employed  have  been described previouslyS, 9. 

Preparation o/bacterial enzymes 
Oxidase and reductase  act ivi t ies  in M. denitrifieans were studied in extracts  prepared as f o l l o w s :  

13 g wet  weight  of fresh washed  cells from anaerobic  cultures  were blendorized wi th  glass b e a d s  
for Io minutes  (all operat ions  being conducted  a t  o ° C). The cell debris and beads were removed  
b y  centr i fugat iou at 12oo g for io  minutes ,  and discarded. The intact  cells remain ing  in the  s u p e r -  
n a t a n t  l iquid were removed  by  centr i fugat ion at  2o,ooo g for one hour.  The supernatant  l iquid (S) 
a n d  the  residue (H) were both  tested for e n z y m e  act iv i ty ,  mos t  of which  was found to remain in (S). 
This "soluble" mater ia l  was  stored at  - 2 0  ° C and used in exper iments  described b e l o w .  

Terminology 
The sys tem proposed by  SCARISBRICK 17 was adopted thus,  the h ema t in  c o m p o u n d  was named 

according to source and locat ion of the a -band of the  reduced form. This practice was extended 
to Rsp. rubrum cy tochrome  c as well  as other  bacterial  cy tochromes  which  prev ious ly  had been 
referred to as "c" cy tochromes  7. 

RESULTS 

Cflochrome c components o/the/acultative photoheterotrophs 

I. Rsp. rubrum cytochrome-55o. The properties of this compound, as prepared from 
fresh cell suspensions, have been describe&. No changes were noted when this cytochrome 
was prepared from the aged bacterial powders. A yield of approximately 0.2 mg per g 
dry weight of fresh cells was noted. This yield was approximately 20% of that found 
using fresh cells. 

The spectra characteristic of Rsp. rubrum cytochrome-55 o, as well as those of horse 
heart cytochrome c, are indicated in Table I which exhibits the characteristic spectro- 
scopic data for the various cytochromes of the "c" type, obtained from the facultative 
photoheterotrophs. 

2. Rps. spheroides (242, Van Niel) cytochrome-55o. This cytochrome was obtained in 
rather poor yields from the powdered material prepared from the strain labeled 242 
(Van Niel). Considerably less than o.oi  mg per g dry weight was recovered. However, 
this material appeared to be identical with the cytochrome c obtained in our previous 
researches using fresh cell suspensions of Rps. spheroides (see Table I). It is not known 
why this low yield occurred in this strain, inasmuch as the yields from the 24~ strain were 
very similar to those noted for Rsp. rubrum. 

3. Rps. palustris cytochrome-552. Yields closely comparable to those found for the 
Rsp. rubrum powder were also noted using powder prepared from Rps. palustris. The 
spectroscopic purity of the material, data for which are presented in Table I, was 25-3o %. 

4. Rps. capsulatus cytochrome-55o. Forty g wet weight of fresh cells were employed 
as starting material. The final yield of cytochrome was approximately 0. 5 mg per g dry 
weight. The purity estimated on the basis of spectroscopic data was 4o-5o°'o. The 
characteristic absorption maxima for this cytochrome, together with those for its cyanide 
and pyridine hemochromogens,  are shown in Table I. 

his cultures  of 3I. denitrificans and Rps. capsulatus and also cooperated in he lping us obtain mass  
cultures  of these bacteria.  A c y t o c h r o m e  c oxidase,  prepared from pig heart  by  the  usual  I~EILIN- 
]:{ARTREE procedure,  was  obta ined through the courtesy  of Professor J. NEILANDS, Univers i ty  of 
California, Berkeley,  California. 
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Rsp. rubrum-cy tochrome-55  o 55 ° 521 416 
Rsp. rubrum-cytochrome pyridine hemochromogen 55 ° 5 2 o  4 1 4  
Rsp. rubrum-cytochrome cyanide  hemochromogen  554  5 " 5  4 zo  

Rps. spheroides-cytochrome-55o * * * 55 ° 5 z°  410 4 1 7  
Rps. spheroides-cytochrome pyridine hemochromogela 55 ° 520  4~4 
Rps. spheroide,~-cytocllrome cyanide  hemochromogen  5 5 4  525  420  

l@s. slSheroides-cytochrome-55o§ 55 ° 5 1 9 - 5 2 o  414  4t() 

leps. cupsulalus-cytochroine-55 o 55 ° 52 i 4 I() 
Rps. capsulalus-cytochrome pyridine h e n l o c h r o m o g e n  55 ° 5 -'0 4 I4  
Rps. capsulatus-cyt~,chrnme cyanide  hemochromogen 555  5 2 0  421 

t¢ps. /Salush' is-cytochrome-55,  55-" 523  418  

Chromatium l ) - c y t o c h r o m e - 5 5  z 55- '  525  4 1 7  - 4 ~ 8 

(']llorobium l imicola-cytochrome-553 553  5 ~ °  415  

T A  B I A £  1 

\VAVF. LENGTHS OF ABSORPTION MAXIMA FOR *~C '~ FERROCYTOCHROM~S 
OF PHOTOSYNTtIETIC BACTERIA (II1/*) 

a httml** fl-band** Norel band** 

* All these cy tochromes  upon oxidat ion show the characterist ic  fusion of the a- and /3 bands 
i n t o  a broad band in the  green with m a x i m u m  between 53o and 535  m/*  as well  as the broadening 
of  the Sorer band with shifts toward the blue (maxima at 395-41o  m/t). 

** Corresponding values (m/~) for mammal ian  cy tochrome  c: eL-band,  5 5 o ;  fl-band, 5 2 o ;  S o r e r  
b a n d ,  410 .  

*** Isolated from strain 24 r ( V a n  N i e l ) .  
§ I s o l a t e d  f r o m  s t r a i n  242 ( V a n  Nie l ) .  

Cytochrome c componel#s o~ denitri/iers 

I. 3I. de,itri/icans-cytochrome-55o. The yield of eytoehrome c was not appreciably 
affected by whether the cells were grown under strictly anaerobic, or under aerobic 
conditions. The cvtochrome c content appeared to be an order of magnitude less than that 
encountered in the photobeterotrophs. However, this posed no difficulties, as the 
amounts of this micro-organisna obtainable were so great that quantities of cytochrome 
sufficient for purification procedures were readily obtained. 

it t)roved necessary to disrupt these organisms by method 4 (see METHODS). Attempts 
to homogenize the cell suspensions by sonic vibration (with or without glass beads), by 
inanual grinding with various abrasives and by phosphate extraction of acetone powders 
achieved onh" 5 to zo% disruption. Blendorizing with glass beads resulted in recovery 
of 8o-9o% of the original cell protein in the form of a cell-free extract. 

The crude eytochrome resulting from the first AS fractionation was subjected to 
repeated cvcles of AS fractionation until no further purification was obtainable by this 
means. Further purification by absorption on calcium phosphate geF brought the sainple 
to a spectroscot)ic purity of r5--2o %. This material was then subjected to electrophoretic 
analysis, using ammonium acetate buffer (o.z N, pH 7.o). Shortly after initiation ot 
electrophoresis, two boundaries appeared both migrating toward the anode. Most of the 
colored component was concentrated in the slower moving boundary. It was noted that 
this direction of migration for the cytochrome was opposite to that observed for 
tnammalian cytochrome c or R@. r.uhr~,m-cytochrome-55o, both of which exhibit 
I&/ercmcs p. ,e. 
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cathodic mobili ty at pH 7. Thus, it appeared that  M. denitrificans-cytochrome-55o was 
negatively charged at neutral pH, indicating an isoelectrie point at acid pH. 

The anodic mobility was of an absolute magnitude (IO -5 cm 2 see 1 volt-l) associated 
with cytochrome c. 

By continuously displacing the buffer at the anode to compensate for the movement  
of the faster-moving colorless anodic impurities, it was possible to hold back most of the 
cyt~chrome in the cathode compartment.  After 5-6 hours, the anode compartment  
showed little or no color, while the cathode and middle compartments  were highly 
colored-  indicating a good separation of the colorless impurities from the cytoehrome 
component. The purest material (in the cathode compartment) exhibited a spectrospopic 
puri ty of approximately 5 ° %. This material was used for establishing the nature of the 
visible absorption spectrum and the oxidation potential. The less pure material from the 
middle compar tment -  of spectroscopic purity approximately 35°./o was used for 
preparation of the pyridine and cyanide hemochromogens. Spectroscopic data for wave 
lengths of absorption maxima are given in Table II.  

TABLE I I  

WAVE LENGTHS (m/A) OF ABSORPTION MAXIMA FOR "C" CYTOCHROMES 
OF DEN [TRIFIERS 

Compound a-band fi-band Sorer band 

(a) Reduced form 
34. denitrificans-cytochrome-55 o 
M. denitrificans-cytochrome pyridine hemochromogen 
M. denilrificans-cytochrome cyanide hemochromogen 

Ps. denitrificans-cytochrome-552 
Ps. denitrificans-cytochrome pyridine hemochromogen 
Ps. denitrificans-cytochrome cyanide hemochromogen 

(b) Oxidized form 
M. denitrificans-cytochrome-55 o 
Ps. denilrificans-cytochrome-552 

55 ° 522 416 
55 ° 520 414 
554 525 420 

552 525 418 
551 52o-521 415 
556 527 422 

- ( 5 2 6  52S) - 41o-4 i t  
--(526 5 2 8 ) -  412 413 

2. Ps. denitrificans-cytochrome-552. 2.7 g of a dry powder were used as starting 
material. It  was found, as with 3i. denilrificans, that  blendorizing with glass beads was 
most effective in extraction of the cytochlome component. However, all of the cy- 
tochrome initially precipitated in the first AS fraction (o-25% saturation) rather than 
at the more usual higher concentrations of AS. Resnspension of the precipitated cy- 
tochrome and repeated AS fractionation resulted in normal solubility behavior, i.e., the 
major fraction of the cytochrome precipitated in the fraction 33-5o°o saturated AS. 
This material was refractionated a number of times with AS and finally reached a 
spectroscopic puri ty of lO-15 %. This preparation was used for establishing the character 
of the visible absorption spectrum (see Table I I  for wave lengths of absorption maxima) 
and for determinations of oxidation potential. 

Oxidation potentials o~ "c" cytochromes 

The oxidation potentials at various values of pH for the bacterial cytochromes are 
shown in Table I I I .  I t  was noted that  the "c" cytochromes of the photochemically active 
bacteria had potentials much more oxidizing than those observed for cytochrome c, as 

lee/erences p. 22. 



z6 xI. D. KAMEN, L. P. VERNON VOL. 17 (z955) 

i s o l a t e d  f r o m  y e a s t  or  m a m m a l i a n  t i ssue .  (All t h e  v a l u e s  g i v e n  in  T a b l e  I I I  were  d e t e r -  

m i n e d  in  e x p e r i m e n t s  us ing ,  as a s t a n d a r d ,  c y t o c h r o m e  c f r o m  h o r s e  h e a r t ,  w h i c h  a l w a y s  

g a v e  v a l u e s  for  E 0 in  good  a g r e e m e n t  w i t h  t h e  a c c e p t e d  q -o .265  v. a t  p H  7.o.) On  t h e  

o t h e r  h a n d ,  t h e  n o n p h o t o c h e m i c a l  t a c u l t a t i v e  a n a e r o b e s  (deni t r i f ie rs )  s h o w e d  b o t h  

" n o r m a l "  a n d  h i g h  va l ue s .  C o n s i d e r a t i o n  of t h e  E '  0 v a l u e s  i n d i c a t e d  t h a t  t h e  c y t o c h r o m e  

f rom M .  denitri/icans m i g h t  be  s i m i l a r  to  m a m m a l i a n  c y t o c h r o m e  c, w h e r e a s  t h e  

c y t o c h r o m e  f r o m  Ps. den.itri/icans a p p e a r e d  to r e s e m b l e  t h o s e  o b t a i n e d  f rom t h e  

f a c u l t a t i v e  p h o t o h e t e r o t r o t ) h s .  

"l':\ I~IA,2 I l I  

OXIDATION POTENTIALS (1S0) OF BACTERIAL CYTOCttROMES OF " C "  TYPb; (v{}lts) 

( ' o m p o l o l d  

5 . o  h.:~ 7 . 1 ~  io,o 

Rps. capsulalus-cytochrome 55 ° o.332 
]¢ps. pah¢stris-cytochrome-55, o. 3 i 0 
Rsp. rubrum-cyt{}chrome-55o 0.380 
.ll. de~Htrificans-cytochrome-55o* o.2{>; 
Al. de~Htrificans-cyt0chrome-55o** 
l's. deuilrificans-cytochrome-55 e 

* from anaerobic culture. 
** f roI l l  a e r o b i c  c u l t u r e .  

{).320 

o . 3 3 0  o.3-% o . 3 '  a o . 3 1  s 
o.32 r 0.3% 0.320 0.3% 
o-35:~ o.338 o.3% 0.3% 

0.250 0,255 0 .223 
o.247 
0.320 o.32 a 

o.3t t 

I t  s h o u l d  be  n o t e d  t h a t  31. denilri/icans c y t o c h r o m e - 5 5  o is t h e  f i rs t  b a c t e r i a l  

c y t o c h r o m e  of "c" t y p e  to b e  i s o l a t e d  w h i c h  shows  s p e c t r o s c o p i c  a n d  e l e c t r o c h e m i c a l  

p r o p e r t i e s  i d e n t i c a l  w i t h  t h o s e  of m a m m a l i a n  c y t o c h r o m e  c. As r e m a r k e d  be low,  i t s  

e n z y m i c  p r o p e r t i e s  a re  a lso  s i m i l a r  to  t h o s e  of m a m m a l i a n  c y t o c h r o m e  c. 

Enzymic  properlies o~ the bacterial cylochromes 

Activation by mammal ian  cytochrome-c-oxidase 

T h e  r e s p o n s e s  of v a r i o u s  b a c t e r i a l  c y t o c h r o m e s  of t h e  "c" t y p e  w h e n  i n c u b a t e d  w i t h  

a p ig  h e a r t  c y t o c h r o m e  c o x i d a s e  a n d  a i r  are  s h o w n  in  Fig .  x. I t  was  f o u n d  t h a t  n o n e  of 
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Fig. i. Effect of pig heart  cytochrome c oxidase on 
bacterial cytochromes. Test system : o. 1,1l phosphate 
troffer pH 7, o.1 ml; o.t % ascorbate-reduced horse 
heart  cytochrome c, o.-, ml, distilled water, o. 3 ml 
(Curve A). For other curves, water omitted and 0. 5 
ml each of appropriate cytochromes added as follows : 
Curve B, Rsp. rubrum ferrocytochrome-550; Curve 
C, Rps. capsulatus ferrocytochrome-55o; Curve D, 
Ps. denitrificans ferrocytochrome-55z; Curve F, M. 
denilrifica~s ferrocytochrome 55 ° . Total \olume of 
all test  systems was o.8 ml before addition of enzyme 
(o.2 ml). Experiment  commenced, after 3 minute 
period (arrow). After 5 minutes, potassium ferri- 
cyanide added, as indicated. The rate of oxidation 
was determined by following the change in optical 
density at the wave length of maximal absorption 
for the c*4)and. This wave length uas  55 ° m~ in all 
eases, except for the Ps. denilrificans pigment for 

which maximal absorption occurred at 552 m/~. 
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the cytochromes of high potential tested were oxidized in the presence of the mammalian 
oxidase. This included not only the samples from photosynthetic bacteria (Curves B and 
C) but also that  from Ps. denitri/icans (Curve D). The cytochrome from M. denitri/icans, 
which exhibited an oxidation potential similar to that  of the horse heart cytoehrome 
(Table I I I ) ,  was oxidized readily (Curve E). 

Activation by bacterial cytoc/~rome-c oxidases and reductases 

I t  had been shown s that  the oxidases and reductases derived from either Rsp. 
rubrum or Rps. spheroides, could activate cytochrome c, whether prepared from mam- 
nialian sources or from the bacteria themselves. A similar s tudy of the enzymic activities 
associated with cytochrome c, in extracts of 3I. denitrificans, revealed that  the oxidase 
and reductase could activate both horse heart cytochrome c and 3I. denitri/icans 
cytochrome-55o, in addition, it was ascertained that  Rsp. rubrum-cytochrome-55o was 
oxidized in the presence of the oxidase from M. denitri/icans. 

The relative levels of oxidase and ieductase activity in M. denitrHicans were 
determined using both horse heart cytochrome c and 3I. denitri/icans-cytochrome-55o. 
With either cytochrome, closely identical rates were obtained. The oxidase levels were 
from 3~5 times greater than those for the reductase, after correction for a heat-resistant 
non-enzymic reducing component which appeared to be present in the bacterial extracts. 

' 'Pseudohemoglobins" 

In our previous studies 7, it was noted that  both Rsp. rubrum and Rps. spheroides 
contained large quantities of a CO-binding heme protein tentatively identified as a 
"psendohemoglobin".  Evidence for the occurrence of this type of hematin compound was 
obtained for representative species of other photosynthetic bacteria:. In the present 
studies, "pseudohemoglobin" was recovered in good yield from the Rsp. rubrum powder, 
but none could be detected in the powders of the other facultative heterotrophs available. 
Examination of fresh cell cultures of Rps. capsulatus revealed the presence of a "pseudo- 
hemoglobin" apparently closely identical (spectroscopically) with those of the other 
facultative photoheterotrophs. As in the other "pseudohemoglobins", the "pseudo- 
hemoglobin" from Rps. capsulatus exhibited an absorption maximum in the reduced 
form at the same wave length as that  for the a-band of the corresponding cytochrome c 
component (Table IV). 

T A B L E  I V  

SPECTROSCOPIC PROPERTIES OF "PSEUDOHEMOGLOBINS" 

A bsorption maxima (mlO 
.go,tree 

Reduced lorm Oxidized ]orm 

Rsp. rubrum 
Rsp. rubrum, p y r i d i n e  h e m o c h r o m o g e n  
Rs#. rubrum, c y a n i d e  h e m o c h r o m o g e n  
Rsp. rubrum, C O - c o m p o u n d  

Rps. spheroides ( :~:24I)  
Rps. capsulatus 
Chromatium 

423,  55 ° 393,  4 9 0  5 ° 0  , 6 3 0  
415,  520  , 55 ° 406 ,  53 ° 
420,  526,  555  4o4  
416  , 535,  560  565  

423,  55 ° 3 9 5 - 4 0 0 ,  4 9 0 - 5 0 0 ,  63o  
425,  55 ° 3 9 5 - 4 0 0 ,  4 9 5 - 5 0 0 ,  640  
425,  552 400 ,  49  ° , 6 3 0  

As will be made apparent  (see D I S C U S S I O N ) ,  this "pseudohemoglobin" component 

l~e/erences p. 22. 
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may he of considerahle importance for both the light and dark metabolism of the 
facultative photoheterotrophs, and possibly for the light metabolism of the strict 
photoanaerobes. It  is desirable to adopt a name less likely to cause confusion than 
"t)seudohemoglol fin". 

I) ISCUSSION 

The results of the present researches re-enforce the previous findingsr, 8 that  all 
photosynthetic hacteria contain modified forms of cytochrome c, together with at full 
complement of associated enzymic activities, the levels of which can be correlated 
with the overall physiology of these bacteria. The presence of other heme proteins, such 
as cytochromes of the "b" type and the new "pseudohemoglobins", indicates that  in the 
facultatiw~ photoheterotrophs, at least, a numher of electron transport systems are 
available for coupling with cytochromc c s. 

Spectroscopic examinations by DuvsuNs ~9 of actively metabolizing cell suspensions 
of Rsp. rubru,m have indicated that  the major effect of illmnination under normal 
physiological conditions is photo-oxidation of a cytochrome component with a difference 
spectrum (oxidized-reduced) very similar to that  expected to arise owing to oxidation 
of a modified form of cytochrome c. More detailed observations bv CHANCE AND SMITH 20 
working with ceil suspensions of Rsp. r~tbrltm, incubated under a variety of conditions 
(anaerobic, aerohic, presence of respiratory inhibitors), have shown that the action 
spectrum is complex, appearing to arise from photo-oxidation of the whole cytochrome 
system, including a major contribution from a CO-binding pigment which has spectro- 
scopic properties identical with those of the Rsp. r~tbrum "pseudohemoglobin"-55o. i t  
will be recalled that  in the previous studies 8 it has been postulated that the shift from 
light to dark metabolism in the faeultative t)hotoheterotrophs invoh'es a competitive 
interaction between two oxidase systems. One of these is light activated (photo-oxidase'~ 
and cyanide-insensitive. The other is light-insensitiw~ and cyanide-sensitive. The steady 
state oxidation level of the bacterial cytochrome c is correlated with the relative levels of 
these oxidase activities in the various photoheterotrophs. ( 'HANCE ,\ND SMITH ';0 suggest 
a similar competition mechanism. However, they propose the CO-binding pigment as the 
terminal oxidase in the dark metabolism and as the focal point for light mediation of 
the electron transport by cytochrolnes. Inasmuch as it has been shown that these heine 
proteins are capal)le of coupling cnzymically or nonenzynfically in a numher of ways s 
it is not possible to deduce an unambiguot~s pathway for electron transport from the 
data available at present. In particular, the locus for introduction of the excitation 
energy absorbed through chh)rot)hyll remains uncertain. 

In connection with extension of this "cytochrome-mediation" hypothesis to photo- 
synthesis in general, it is pertinent to examine data on (a) the distribution of hematin 
compounds in all t)hotosynthetie systems, and (b) occurrence of enzymic activities 
associated with hematin compounds in these systems. Comparisons should also be made, 
where possible, with non-photosynthetic systems. 

As regards (a), it may be stated with reasonable certainty that  all photosynthetic 
systems examined to date contain a cytochrome c, which differs physically and chemi- 
cally, and is distinguishable enzymically from the typical cytochrome c encountered 
in mammalian tissue or in yeast. It is less certain whether cytochromes of the "b" type 
are inwtriably associated with photosynthetic systems. The presence of the "pseudo- 

Re/crevices p. 22. 
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hemoglobins" has been established in all tile photosynthetic bacteria available in fresh 
mass cultures. It is not known whether corresponding hematin compounds are present 
in green plant tissues. However, the occurrence of cytochrome "/",  which may be 
considered a modified cytochrome c, appears to be quite general in green plants ~6. Thus, 
no data are in existence which contra-indicate the suggestion that a system of hematin 
compounds, modified from those encountered in mammalian tissues or in yeast, is a 
characteristic component of photosynthetic tissues. 

I)ata on point (b) indicate that reductases and photo-oxidases for bacterial "c" 
cytochromes are found in all the photosynthetic bacteria, regardless of their ability 
to tolerate or utilize oxygen s. It is not clear what corresponds to a photo-oxidase in the 
green plant. However, data have been presented by LUNDEG.\RDH 21 which are claimed 
to provide evidence for photo-oxidation of cytochrome / during active photosynthesis in 
green plants and algae. The outstanding difference between bacterial and green plant 
photosynthesis is the production of molecular oxygen in the latter. This may be ration- 
alized by supposing that the "photo-oxidase" in the green plant chloroplast is itself a 
catalase or is coupled with a catalase, whereas the bacterial photo-oxidase is coupled 
with a peroxidase. 

In considering comparable phenomena in non-photosynthetic systems, it should 
be remarked that the photosynthetic bacteria are potentially facultative anaerobes in 
the sense that the photochemical "OH"  is an oxygen substitute in electron transport, 
much as is sulfate or nitrate in the metabolism of non-photosynthetic facultative 
anaerobes. It may be noted that in the present researches cytochromes of "c" type 
have been isolated from two typical denitrifiers. Also, the existence of a cy tochrome--  
apparently of the "c" type in the strictly anaerobic sulfate reducer, Desul/ovibrio 
desul/uricans*, has been demonstrated by POSTC;A'I'E ~2. In these three instances, two-Ps. 
de,ziiri/ica,zs and Desul/ovibrio--yield cytochromes with spectra modified from those 
typical of the mammalian form. One--- ; / .  denilrificans--contains a cvtochrome c 
spectroscopically identical with the mammalian compound. 

All the cytochromes of "c" type from the photosynthetic bacteria, the oxidation 
potentials of which have been examined, appear to be "high-potential" cytochromes 
(Table Ill).  This finding lends added significance to the observation by D WENPORT ANI~ 
HILL 16 that the chloroplast cytochrome (cytochrome /) also is a high potential cy- 
tocbrome. It will be necessary to extend the present researches to the cytochromes of the 
photo-anaerobes such as Chromatium and Chlorobium--to test the generality of oc- 
currence of high potential cytochromes in photosynthetic systems. A similar extension 
to non-photosynthetic bacteria particularly the interesting cases of iacultative 
anaerobes--has been effected in only two micro-organisms, the denitrifiers studied in 
the present researches. It is found that Ps. denitri/icans- cytochrome-552 is a high poten- 
tial cytochrome, whereas M. det~ilri/icans-cytochrome-55 o is not. 

These observations can be correlated with the physiology of these two bacteria. 
Ps. de~fftri/icatzs, when grown in the absence of oxygen in nitrate-glucose medium, 
contains much more of its cytochrome c than when grown aerobically ~a. It has been noted 
by S.~ClCS ~ND B:\RI¢ER :3 that cell-free extracts show characteristic absorption peaks at 
552 and 522 m/x, in agreement with the values for the a- and ]3-bands of the reduced 

* One of us (l..P.V.), has isolated an auto-oxidizabie cytochrome, apparently of the "c" type, 
from a strain of Deszd/ovobrio desul/uricaizs. The absorption maxima of this hematin compound in 
the reduced form are at the same wave lengths as reported by POSTGATE 22. 

Re/ere~ces ]). 22. 
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Ps. deni lr i / ica~s-cytochrome-552 found in the present researches. In intact cell suspen- 
sions, it has been shown '2a that  these peaks disappear on aeration and appear  when oyxgen 
is removed. Furth(-r, addition of I,:NO:~ or I(NO 2 (in the absellce of oxygeu) causes thes(' 
bands to fade; after complete utilization of the KNO 2 the bands re-appear. Finally, 
KCN is effective in prev(~nting this oxidation of cvtochrome bv I(NO 2, while still 
permit t ing r('duction by the extract  (presumably through a DPN-linked reduetase of 
the type found in the prest'nt rcsearcht's in M. deJzilri/icatzs.) 

These observations provide a rational basis, if not conclusive proof, for supposing 
that  Ps. de~zilri/icmzs-cytochrome-55~ mediates reduction of nitrate and nitrite, in a 
manner  analogous to that  postulated for the reduction of " O H "  by  Rsp. rztbrum- 
cytochronae-55o in i)hoto-nwtal)olism s. 

On the other  hand, it is ol)served in the present studies that  no change in character  
or amount  of eytochrome c occurs in M. denitri/ica~zs, whether grown aerol)icalh- 
or anaerobically. It appears theft there is no adaptive response to nitrate, or the ne- 
cessity to reduce nitrate, in 3[. dc~zilri/icct~zs as there is in Ps. dem:tri/ica~zs. This raises ttw 
possibility that  reduction of nitrat( ~ does not go through cytochrome c in :1[. denilri/ica~zs, 
whereas it appears to be a favored or required pa thway  in l)s. (te~zitri/ictt~zs. 

Evidence has been presented by POST(;:VrF. recently ~a which indicates participation 
of the cytochrome-c-like compound in sulfate reduction by Dcs,ul/o-oibrio. If this is true, 
it would appear  that  the oxidation potential of this cytochrome nmst  be considerably 
less positive than most cytochromes ot the "c"  type, because any reasonable guess as 
to the oxidation potential  of the sulfate-sulfite couple, or for reduction of sulfate to other 
lower valence forms ot sulfur, indicates a value some Ioo to I5o mV less oxidizing than 
the normal value for mammalian  cytochrome c '~. 

It  is evident tha t  more insight into the factors which govern the oxidation potentials 
in the various hematin compounds  is required before a coherent picture of electron 
t ranspor t  involving such compounds  can be proposed. The availabili ty of a nmch greater 
var iety of cytochromes of the 'c'" type as well as of the new hematin  compounds found in 
the present researches should facilitate further  study. 

It is part icularly impor tant  to investigate the spectra in the near infra-red of the 
bacterial hematin compounds,  and also of cytochrome /, because the nature of these 
spectra bears directly on the question of whether excitationen ergy from chlorophyll  can 
be transferred directly to the hematin compounds.  Thus, the existence of absorption 
bands in the bacterial cytochromes and other hematin compounds  which lie just beyond 
the farthest emission frequencies of the bacterial chlorophylls ( >  9oom/z) would 
indicate strongly tha t  direct transfer by a process such as inductive resonance ~6 could 
occur. In a similar fashion, the existence of absorption bands in cytochrome / in the 
region beyond 69o mt~ would be of significance. 

If it is demonst ra ted  that  light energy affects metabolism primarily through the 
cy tochrome system, then it will be necessary to elaborate mechanisms to explain the 
eventual  appearance of electrons at the potential  of the hydrogen electrode. A scheme 
for achieving this by coupling of oxidized and reduced cytochrome systems has been 
suggested by I)AVENPORT AN1) HILL TM. It  is evident there should be increasing at tent ion 
to the necessity for adapt ing what is known about  hematin chemistry to the problem 
of energy transfer in photosynthesis,  ewm if such speculations run far ahead of the data  
available. 

Re[ere~ces ft. 22. 
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S U M M A R Y  

1. All photosynthe t ic  bacteria appear  to contain cytochromes of the "c" type together  with 
associated enzymic actixities, such as DPNH-l inked  reductase, oxidase and photo-oxidase.  This is 
true of strict  anaerol)es as well as facultat ive bacteria. There also appears  to be a general distr ibution 
of other  hematiu  compounds,  such as cytochromes of the "1/' type, as well as of the new hemat in  
compounds  tentat ively referred to as "pseudohemoglobins" .  

2. Two species of denitrifiers (facultative anaerobes) have also been examined and found to 
contain cvtochronles of the "c" type. ()lie of these species yields a cvtochrome c which spectro- 
scopically and enzymically resembles l n a l / l l l l a [ i t / n  cvtocllroule C, whereas the other  contains a 
cytochrome very similar in spectroscopic properties, oxidation potential  and enzvnlie t/ehavior to 
tile cyt<~chromes of "c" type found in photosynthet ic  bacteria. 

3. The oxidatiun potentials of the various cytochromes of " t "  type have been measured over 
a wide range of t114 values. These results indicate tha t  each microorganism examined has a cvto- 
chrome c unique to itself, but  tha t  all the "c" eytochromes isolated from the faeultative i)hotoheter - 
t rophs  have potentials niueh more oxidizing than  those of cytochrome c as prepared from yeast  
o r  l l l ; l l l ln l ld ia l l  tissue. 

4. These results are discussed and correlated with the overall physiology of the bacteria. Their 
significance for tile general problem of transfer and storage of light energy in pho tosyn thes i s  is 
ndieated. 

RESUMfl  

~. Toutes les bact6ries photosynth6t iques  renferment  des cytochromes de type "c" associds 
a des aetivit(,s enzymatiques,  telles clue r~duetase li('e au I )PNH,  oxydase et photo oxydase. Ceci 
est vrai pour  les ana(trobies stricts aussi bien clue pour  les ana6robies facultatives. I1 appara i t  qu'il 
y a aussi une distr ibution g6n(,rale d 'au t res  composds h6matiniques,  tels que des cytochromes du 
type "b", aussi bien que des nouveaux  compos6s h6nlatiniques qu 'on  pourra i t  d6signer par  le t e rm(  
de "' pseu d()h dm oglobines". 

2. Deux est)&ces de bactC, ries d(,nitrifiantes (ana~robies faeultatives) out  ~galement 6tC' ('tudit:es 
e t se  son( rt~v6l('es contenir  des eytochromes du type "c". L 'une  de ees esp&ces produi t  un cytochrome v 
qui ressemble du poiut  de r u e  spectroscopique et du point  de vue enzymat ique  au cvtoehrome c ties 
nlammifbres, tandis que l 'autre contient  un cytochrome don( les propri~t(,s spectroscopiques,  le 
potentiel d 'oxydo-r~duet ion et le compor temen t  enzymat ique  sont  tr&s voisins de eeux des cyto- 
chromes du type "c" t rouvds chez les bactg'ries photosynth6t iques .  

3. t.es potentiels d 'oxydo-r6duct ion des divers cytoehromes du type "c" out  6t6 d(,termin6s 
dans un domain(  6tendu de t)H. I.es r6sultats mon t r en t  clue chaque micro-organism( examin6 possbde 
un cytochrome c qui lui est propre, mais que t o u s l e s  cytoehronles "c" isol6s de photoh6tdrotrophes  
facultatifs out  des potentiels beaucoup plus oxydan ts  clue ceux des cytochromes ( qu 'on  peut prdparer 
~l par t i r  de la levure ou des tissus de mammif6res.  

4. l.es r6sultats son( discut6s en relation avec hi physiologie globale des bact6ries, l .eur signifl- 
caticm pour  le problbme g('n6ra/ du t ransfer t  et du stockage de l'(,nergie lumiueuse au cours de ia 
photosynth( ' se  est indiqu('e. 

ZUSAMMI:.N I:.\SSU N(; 

r. ;\lie photosynthet i schen Bakterien scheiuen Cytochrome yore "c"-Typus,  sowie damit  ver- 
bundene Enzym-Aktivi t t i ten,  wie z.B. DPNH2-Reduktase ,  Oxydase und Photooxydase  zu enthalten.  
Das gilt sowohl fiir strenge Anaerobier, als auch ftir bedingt anaerobe Bakterien. Andererseits 
scheinen auch andere H/ imat inverbindungen,  wie Cytochrome des "b"-Typus,  sowie die neuen 
Hgmat inverb indungen ,  die versuchsweise als "Pseudohi imoglobine" gekennzeichnet wurden,  n i l  
gernein vorzukommen.  

2. Zwei denitrifizierende Arten (bedingt anaerob) wurden ebenfalls gepriift und festgestellt, 
dass auch sie Cytochrome vom "c"-Typus  enthalten.  Eine dieser Bakterieu liefert ein Cytochrom c, 
welches sl~ektroskopisch und enzymatisch dem Cytochrom c aus Sfmgetiergeweben ~thnelt: and(re  
enthal ten ein Cytochrom, welches in seinen spektroskopisehen Eigenschaiten,  seinem Oxydat ions-  
potential  und seiner E n z y m w i r k u n g  denen tihnelt, welche in photosynthe t i schen  J3akterien gefunden 
wurden. 

3-Die  Oxydat ionspotent ia le  verschiedener Cytochrome vom "c"-Typus  wurden iiber einen 
weiten pH-Bereich gemesseu. Die Ergebnisse lassen vermuten,  dass jeder untersuchte  Mikroorga- 
n ismus (in artspezifisches Cytochrom c besitzt, class aber andererseits die "c"-Cytochrome,  die aus 
bedingten Photohetero t rophen isoliert wurden,  ein viel h6heres Oxydat ionspotent ia l  besitzen, als 
die aus Hefe oder aus .%iugetierge~ eben gewonnenen Cytochrome. 
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4. Diese  l ; r g e l m i s s e  w e r d e n  d i s k u t i e r t  u n d  m i t  d e r  a l l geme inen . . l qD ' s i (~ log ie  d c r  I~,aktericn in 
l { e z i e h u n g g e b r a c h t .  I h r e  I~ , edeu tung  fi ir  d a s  a l l g c m e i n e  P r o b l e m  d e r  I ' l ) e r t r a g u n g  u n d  S p e i c h e r u n g  
d e r  1 . i c h t e n e r g i e  in d e r  P h o t o s v n t h e s e  w i r d  e r w t i h n t .  
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