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Summary 

We have prepared and characterized resealed erythrocyte  ghosts in which the 
only discernible pigment is cytochrome c. The resealed ghosts have the normal 
orientation and are free of  ' leaky'  species; t h e y  are stable and can be main- 
tained at 4°C for many days wi thout  lysis. 

The internal cy tochrome c participates in redox reactions with both  soluble 
and insolubilized cytochrome c present externally, and with external cyto- 
chrome bs. No reaction was observed with plastocyanin, cy tochrome c oxidase 
or NADPH-cytochrome c reductase. 

A s tudy has been made of  the reaction of  the internal cy tochrome c with the 
low molecular weight reductants,  ascorbate and glutathione. Complex kinetics 
are observed with both  reagents: with ascorbate the results are best explained 
by assuming the existence, in the membrane,  of  a redox-active species able to 
undergo dedimerization. A protein bound disulfide bond would satisfy the 
requirement.  

Introduct ion 

The mechanisms whereby oxidation-reduction proteins undergo electron 
transfer is a topic of  considerable interest and a substantial amount  of  informa- 
tion is now available on the reactions of  small, weU-characterized redox-active 
proteins such as cy tochrome c with a variety of  redox-active reagents including 
proteins and unphysiological but  nonetheless informative reagents such as 
dithionite and potassium ferricyanide [1]. Cytochrome c, in particular, has 

Abbreviations:  CM-52, microg~anular cazboxymethyl  cellulose; DTNB, 5,5t-dithiobis(2-rfitxobenzoic acid). 
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been studied in a variety of ways and the quantitative aspects of its reaction 
with suitable redox active species is well documented [2]. Despite such inten- 
sive effort, however, the microscopic details of the process of electron transfer 
in this and other proteins are unclear; there are frequent suggestions for a 
special role of the protein in effecting electron transfer though there does not 
appear to be any unequivocal evidence for this viewpoint [3]. 

The situation becomes even more complicated when one considers that the 
natural habitat for many of these proteins is lipophilic, either embedded in or 
attached to a membrane. There has been relatively little attention paid to the 
properties of a physically well~iefined system in which oxidant and reductant 
are separated by a lipophilic barrier, in contrast to the intensive spectro- 
scopic and kinetic characterization of physiologically meaningful systems, in 
particular mitochondria and chloroplasts, for which the structural parameters 
are lacking. 

In initiating an approach to this problem we looked for a system whereby 
an oxidation-reduction couple could be separated by a barrier of defined 
physiological dimensions. We originally planned to employ synthetic mem- 
branes made from phospholipids, but discovered objections to such systems, 
and eventually resorted to exploiting the property of erythrocyte membranes, 
the resealing phenomenon. When red blood cell ghosts are placed in a medium 
of appropriate tonicity they reform osmotically competent vesicles which 
contain as their internal volume the components of the resealing fluid. By 
introducing cytochrome c into the resealing fluid we have been able to prepare 
red blood cells in which the only discernible pigment is the cytochrome and in 
this paper we describe the preparation and characterization of these artificial 
cells and the reactivity of the entrained cytochrome c with a variety of redox 
active systems. 

Materials and Methods 

Materials 
Type A+ human blood was obtained from the Institute for Hemotherapy, 

University of Texas Medical School, Houston, TX. [{educed nicotinamide- 
adenine dinucleotide (NADH), reduced nicotinamide-adenine dinucleotide 
phosphate (NADPH), cytochrome e (Type VI), serum albumin (bovine Frac- 
tion V), giutathione reductase, 5,5'dithiobis~2-nitrobenzoic acid) (DTNB), 
dithiothreitol, Triton X-100, cholic acid, reduced (GSH) and oxidized (GSSG) 
glutathione, and cysteine • HC1 were obtained from Sigma. The following were 
obtained as indicated: egg lecithin (Supelco), 8~nilino-l-naphthalene sulphonic 
acid and cyanogen bromide (Eastman), sodium ascorbate (Calbiochem), azo- 
lectin (Associated Concentrates), [ 1-~4C] ascorbic acid (New England Nuclear), 
and carboxymethyl-cellulose (Whatman, Inc.). All other chemicals were of the 
highest purity commercially available. Cholic acid was recrystallized from 50% 
aqueous ethanol and used as a 20% solution of its potassium salt. 8-Anilino-1- 
naphthalene sulphonic acid was recrystallized by the method of Azzi et al. [4]. 
Cobalt tris(o-phenanthroline) chloride was prepared according to Pfeiffer and 
Werdelmann [5]. 

Cytochrome b5 and NADPH~ytochrome c reductase were prepared by tryp- 
sin extraction of calf liver microsomes by the method of Omura and Takesu 
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[6]. Plastocyanin was isolated by  the method  of  Sato et al. [7].  
Reduced cytochrome c was prepared by  t reatment  of  the protein with excess 

ascorbate followed by chromatography on Bio-Gel P-6; reduced cy tochrome b5 
was made the same way, substituting dithionite for ascorbate and performing 
the chromatography anaerobically. This reduced protein was kept  under an 
atmosphere of argon. 

Methods 

1. Quantitation 
Protein was assayed according to Lowery et al. [ 8]. GSH was determined 

with DTNB [9] using an extinction coefficient of  13.6 mM -1 • cm -1. Both free 
cytochrome c and protein contained in resealed ghosts were determined 
spectrophotometrical ly from the difference in absorbance between the reduced 
and oxidized forms at 550 nm [10].  The hemoglobin content  of  the erythro- 
cyte  ghosts was determined from the optical difference spectrum generated 
from the dithionite-reduced form by the addition of  CO using an extinction 
coefficient of  210 mM °1. cm -1 for the peak at 420 nm. The N A D H c y t o -  
chrome c reductase of  erythrocyte  membranes and the NADPH~ytoch rome  c 
reductase activity of  microsomes were assayed by  the methods of  Steck and 
Kant [11] and Masters et al. [12],  respectively. Oxidized glutathione (GSSG) 
was determined using GSSG reductase monitoring the oxidation of  NADPH 
spectrophotometrical ly at 340 nm [13].  Cytochrome oxidase activity was 
assayed by the method  of  Smith and Conrad [14],  superoxide dismutase by the 
method of  Fridovitch and McCord [15],  and catalase as described by  Beers and 
Sizer [16].  All enzymatic activities were measured at 25°C and corrected for 
the rate in the absence of  enzyme. 

Cytochrome c was bound to Sepharose 6B by  the method  of  Cuatracasas and 
Anfinsen [19].  The final product  contained approx. 5 nmol of  cy tochrome d 
per ml of  gel. The immobilized cy tochrome c was reduced at 4°C in 0.1 M Tris- 
HC1, pH 7.6 (at room temperature),  0.1 mM EDTA, by  exposure to  a 60 wat t  
incandescent light source (filtered through Pyrex heat  absorbing glass) for 12 h. 
As judged by  optical spectra of  the gel suspended in 50% glycerol, reduction of  
the cytochrome c was at least 90% complete.  

Anaerobic spect rophotometry  was carried ou t  as described by  Palmer [17] 
and Lambeth and Palmer [18].  

The fluorescence enhancement  of  8-anilino-l-naphthalene sulphonic acid 
upon binding to membranes was measured by  the method of  Azzi et al. [4] 
using a Hitachi-Perkin Elmer MPF-2A spectrofluorimeter.  Optical spectra were 
measured on a Cary 17 spect rophotometer  and EPR spectra of  the ghost prepa- 
ration were recorded on a Varian E-6 spectrometer  under the following condi- 
tions: 0.2 mwat t  power  at 21 K with 20 gauss modulation.  

Stopped-flow spectrometry was carried out  on a home-made apparatus. The 
instrument had a dead t ime of  2--3. 0 ms and was interfaced to a minicom- 
puter  for data acquisition and manipulation. 

2. Preparation of erythrocyte ghosts 
The following solutions were used in the preparation: 310 ideal milliosmolar 
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sodium phosphate buffer pH 7.4 (buffer I); ideal milliosmolar sodium phos. 
phate buffer pH 7.4 (buffer II); 2 parts of 0.9% NaC1 plus 1 part of buffer I 
(medium I); 0.1 mM CaCI2 in buffer II (medium II). 

The isolation of the erythrocyte ghosts is a modification of the method of 
Dodge et al. [20]. All steps are carried out at 6--8°C. 15 ml of whole blood is 
mixed with 15 ml of 0.9% NaC1 and centrifuged in a Beckmann J-20 rotor at 
6000 rev./min (2800 X g at average radius) for 15 min. The supernatant is 
decanted carefully and the floating layer of white cells is removed by aspira- 
tion. The pelletted cells are then swirled with 30 ml of 0.9% saline and 
decanted into a clean tube, leaving behind any coagulated cells that may have 
formed. This step is repeated twice resuspending the cells in medium II in the 
first wash and buffer I in the second. Finally the cells are lysed by suspension 
in 30 ml of buffer II. After incubation on ice for 30 min the lysate is centri- 
fuged at 17 000 rev./min (23 000 × g) for 30 min and the sediment resuspended 
by swirling in 30 ml of buffer II and recentrifuged at the same speed for 17 
min. Resuspension and centrifugation are repeated at least 4 times or until the 
membranes are completely white. After each centrifugation it is essential that 
the resuspended material be transferred to a clean tube in order to avoid con- 
tamination of the ghost preparation with proteases shown by Steck and Kant 
[11] to be present in the hard, white, leukocyte pellet. 

Erythrocyte ghosts prepared by this procedure are colorless and translucent. 
Hemoglobin cannot be detected by difference spectroscopy (deoxyhemo- 
globin + CO at heme/mg protein. EPR spectra (X-band) of the oxidized or 
dithionite-reduced ghosts at 21 K are featureless indicative of a very low con- 
tamination with paramagnetic impurities such as iron(III) and copper(II). A 
signal at g = 6 in the oxidized state for high-spin ferric heme could only be ob- 
served after the ghosts were concentrated 30-fold by lyophilization and resus- 
pension in a minimal amount of water. Altogether, these physical methods 
imply a very low contamination of the preparation by hemoglobin, its degrada- 
tion products and other paramagnetic species. 

Ghost protein at 10 mg/ml had no superoxide dismutase activity (less than 
1% inhibition of the rate of cytochrome c reduction), and possessed no detect- 
able catalase or cytochrome oxidase activity. 

Resealing of erythrocyte ghosts 
Resealing of t h e  erythrocyte ghosts was performed according to the method 

of Bodemann and Passow [21]. 
The quality of the resealing was determined using the criteria and methods 

of these workers [21]. 
The rate of spontaneous lysis of the preparation was estimated by incubating 

a known amount of cells (0.5 mg ghost protein/ml, 12.5 ~M cytochrome c) in 
medium II at 4°C. Samples were removed at various times, centrifuged and the 
supernatants analyzed for cytochrome c content spectrophotometrically. The 
maximum amount of lysis observed was less than 5% per week. 

Preparation of cytochrome c: lipid dispersions 
0.1 g of azolectin was homogenized in a teflon-and-glass homogenizer with 

14 mg of cytochrome c in 1.6 ml of 20 mM sodium phosphate 1 mM EDTA pH 
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7.4 and the suspension transferred to a 15-mi glass centrifuge tube and capped 
with a serum stopper. The stopper was pierced with a syringe needle connected 
to a vacuum/argon manifold and the contents of the tube made anaerobic as 
already described. The anaerobic suspension was placed in 5 cm of water in a 
Branson Sonifer cleaning bath and sonicated at 4°C for 150 min. Exogenous 
cytochrome c was then removed by passage of the sample through a 1-ml 
syringe column of CM-52 cellulose equilibrated with the same buffer. 

Egg-lecithin liposomes were prepared and sized on Sepharose 4B in medium 
II according to Huang [22]. The phospholipid concentration (organic phos- 
phorus) was determined by the method of Bartlett [ 23]. 

Radioisotope counting 
[1- '4C]Ascorbic acid was dissolved in medium II and standardized spectro- 

photometrical ly from the reduct ion of  potassium ferricyanide (A420nm = 1.02 
mM -1. cm -1 [24]) .  Aliquots were diluted to 5 raM, sealed under argon and 
stored at --20°C. Before an experiment,  the [1-'4C]ascorbic acid solution was 
diluted with unlabelled sodium ascorbate and added to  the assay. 

Up to 0.1 ml samples of  whole resealed erythrocytes  or ghosts were added to 
10 ml of  scintiUant (toluene solution: 5.5 g PPO/liter, 0.1 g POPOP/liter and 
333 ml Triton X-114/liter) and automatically counted  to 0.2% error. 

Results 

Erythrocyte  ghosts resealed in the presence of  cy tochrome c are red and pos- 
sess the normal discoid shape when viewed by  phase contrast  microscopy. To 
determine the fraction of  cells with normal right-side-out orientation, the prep- 
aration was assayed for a marker enzyme of  the inner half of  the bilayer, 
NADH-cytochrome c reductase [2],  before and after lysis with 0.1% potassium 
cholate. In the absence of  detergent,  less than 0.01% of  the total  activity could 
be detected whereas unresealed ghost protein had the same specific activity as 
the detergent lysed preparation. These data indicate that  greater than 99.9% 
of the resealed cells have normal orientation. 

To test  whether  cy tochrome c is bound to the exterior of  the ghost mem- 
brane to any significant degree, resealed cells (0.5 mg ghost protein/ml) were 
incubated for 12 h at 4°C in the presence of  1 mM cytochrome c, centrifuged, 
the pellet washed three times with a 10-fold excess of  buffer  and then analyzed 
for cy tochrome c content  by  difference spectroscopy;  less than 0.5% of the 
cytochrome entrapped by  the ghosts during resealing could be detected in the 
washed cells. 

The possibility that  the cy tochrome c might be inserted into the membrane,  
was studied using the method  developed by  Azzi et  al. [ 4].  

Preparations of  unresealed ghosts, albumin-sealed ghosts and ferricyto- 
chrome c-sealed ghosts were incubated with 10 ~M 8-anilino-l-naphthalene sul- 
phonic acid and fluorescence emission spectra recorded before and after the 
addition of  ascorbate. The emission maximum in the presence of  ghosts, 470 
-nm, was unaffected by  the presence or absence of  reduced or oxidized cyto- 
chrome c. Whereas this evidence is not  conclusive, it implies that  an 8-anilino-1- 
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naphthalene sulphonic acid-detectable protein : lipid interaction ctoes not  occur 
between cy tochrome c and the red cell membrane. 

Washing the lysed cells with buffer  II can remove cy tochrome c from the 
membranes until it is below the limit of  detect ion (0.025 nmol  cytochrome 
c/mg protein). It thus seems that  cy tochrome c has been entrapped in a rela- 
tively stable system, behind a. membrane of  known characteristics, free from 
unwanted contaminants.  

Reactions of  the entrained cytochrome c with redox proteins 
The reactivity of  the cy tochrome was probed with various impermeable oxi- 

dants and reductants,  the first class of  which were proteins. In the following 
experiments, the standard concentrat ion of  cy tochrome c~ealed ghost prepara- 
tion used was 0.5--0.8 mg ghost protein/ml, giving an average concentration of  
12 pM cytochrome c in the final solution. At 25°C the internal p ro te in  is 
reduced by  the exogenous fer rocytochrome with kinetics that  are reasonably 
first order (Fig. 1); however,  at 4°C, the kinetics deviate from first order as 
indicated by the nonlinear semi-logarithmic plot  which exhibits the convex 
curvature of  a second-order reaction (Fig. 1). The half-life for the reduction at 
25°C varies from 30 to 60 min depending on the batch of erythrocytes;  this 
corresponds to a second-order rate constant  o f  from 0.38 to  0.76 M -l • s -1. The 
reaction is insensitive to the presence of  a CO atmosphere (up to 2 mM CO in 
solution), and is unaffected by  pretreatment  of  the cells (at 5 mg ghost protein/  
ml, 125 ~M cytochrome c) with 1 mM N~thylmaleimide,  fol lowed by  multiple 
washes to remove the excess reagent. This implies that  neither the residual high 
spin ferric-heme nor membrane sulphydryl groups can account  for the reduc- 
tion. If  high spin ferric-heine were an intermediate, it would bind CO as soon as 
it became reduced and become non-reactive. Likewise, alkylation by N~thy l -  
maleimide should remove active sulphydryls if indeed they  are involved. This 

T A B L E  I 

T H E  O X I D A T I O N  R E D U C T I O N  O F  C Y T O C H R O M E  c C O N F I N E D  W I T H I N  R E D  B L O O D  C E L L  

G H O S T S  W I T H  E X T E R N A L  O X I D O - R E D U C T A N T S  

cy t ,  c y t o c h r o m e ;  N E M ,  N - e t h y i m a l e i m i d e .  

O u t s i d e  In s ide  H a l f - t i m e  fo r  r e a c t i o n  ( t l f  2 ) 

1 c y t  c 2+ ( a r g o n )  c y t  c 3+ 3 0 - - 6 0  ra in  

(CO)  30---60 m i n  
( N E M  p r e t r e a t m e n t )  30---60 ra in  

2 c y t  c 3+ c y t  c 2+ 30---60 ra in  
3 c y t  c 2+ S e p h a r o s e  * c y t  c 3+ 3 0 - - 6 0  ra in  

4 c y t  b ]  + c y t  c 3+ 300  ra in  
5 p l a s t o c y a n i n  2+ c y t  c 2+ no  d e t e c t a b l e  r e a c t i o n  
6 c y t  c o x i d a se  c y t  c 2+ no  d e t e c t a b l e  r e a c t i o n  
7 N A D H  c y t  c 3+ n o  d e t e c t a b l e  r e a c t i o n  
8 N A D H - c y t  c reductase cyt c 3+ no  d e t e c t a b l e  r e a c t i o n  

* O n e  m l  o f  f e r r i c y t o e h r o m e  e-sealed ghos t s  ( ave rage  20  ~M c y t o e h r o m e  ( c y t )  c in  f ina l  s o l u t i o n )  was  
applied to  an  0 .8  X 10  c m  Sephasose  6B c o l u m n  to  w h i c h  c y t o c h r o m e  c had been c ova l e n t l y  coup led ,  
reduced, and e q u i l i b r a t e d  w i t h  m e d i u m  II .  T h e  c o l u m n  was  s lowly  e lu t ed  w i t h  m e d i u m  II ,  t he  r e sea led  
cells appearing after 30 m i n  o f  e x p o s u r e  to the Sepharose. The a m o u n t  o f  r e d u c t i o n  o f  the cytoehrome,  
q u a n t i t a t e d  b y  d i f f e r e n c e  s p e c t r o s c o p y ,  w a s  f o u n d  to  be  a p p r o x .  60%. 
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redox reaction appears to be quite reversible and external, oxidized cyto- 
chrome c could be reduced by the internal ferrocytochrome with approxi- 
mately the same half-time as observed for the reaction in the reverse direction. 

In addition to the reaction of  the entrapped protein with external soluble 
cytochrome,  reduction by external insoluble reductant has also been observed. 
Using a column technique ferricytochrome c-sealed ghosts were reacted briefly 
with ferrocytochrome c covalently attached to Sepharose (Table I). 

After 30 min of  exposure of  the ferricytochrome c-sealed ghosts to the 
insolubilized reductant approx. 60% of  the soluble protein was reduced. The 
reduced, soluble cytochrome c was still confined to the erythrocyte ghosts as 
the degree of  cell lysis was established to  be very much less than 1%. This was 
concluded from two observations. Firstly the partially reduced cells were sedi- 
mented and the supernatant examined for soluble protein; less than 0.1% was 
detected. Secondly,  all o f  the cytochrome c eluted with the intact cells in the 
void volume of  the column and there was no detectable color migrating 
more slowly than the cells. Due to technical difficulties, quantitation of  the 
kinetics with the insoluble cytochrome c has not  been attempted; however the 
similarity of  the degree of  reduction of  the entrapped cytochrome to that ob- 
served over a similar time in the reaction of  the cells with soluble ferrocyto- 
chrome c suggests that both reactions may have a similar rate determining path- 
way. In the reaction with the Sepharose~ytochrome c, the external reductant 
is unambiguously impermeable; leakage of  the cytochrome from the gel could 
not  be detected during control runs using an equal volume of  either medium II 
or albumin-sealed cells in place of  the cytochrome c-sealed ghosts. 
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Fig.  1.  T he  r e d u c t i o n  o f  en trapped  c y t o c h r o m e  c ( 1 2  n m o l  c y t o c h r o m e  c / m l  and 0 .5  m g  g h o s t  pro te in /  
m l )  b y  0 . 5  m M  e x o g e n o u s  f e r r o c y t o c h r o m e  c: 4 ° C  (upper  trace )  and 2 5 ° C  ( l o w e r  trace) .  C y t o c h r o m e  
c-sea led  ghos t s  w e r e  i n c u b a t e d  anaerobica l ly  w i t h  0 . 5  m M  r e d u c e d  c y t o c b x o m e  c for  various  t i m e s  and 
t e m p e r a t u r e s .  T he  reac t ion  w a s  s t o p p e d  b y  centr i fuga t ion  o f  the  mater ia l  f o l l o w e d  b y  wash ing  the  cel ls  
3 t i m e s  w i t h  a lO- fo ld  e x c e ~  o f  m e d i u m  II.  Th e  f inal  pe l l e t s  w e r e  re suspended  in a k n o w n  v o l u m e  o f  
m e d i u m  II and the  degree  o f  r e d u c t i o n  o f  th e  e n tr ap p e d  c y t o c b x o m e  c d e t e r m i n e d  s p e c t r o p h o t o m e t r i -  
cal ly .  

Fig. 2 .  First-order p lo t  o f  the  reac t ion  o f  a se or b ate  ( 1 0  m M )  w i t h  1 2  # M  i n t ~  c y t o c h r o m e  c as deter-  
m i n e d  s p e e t r o p h o t o m e t r l c a l l y .  Th e  c o n c e n t r a t i o n  o f  gh o s t  pro te in  wa s  0 . 5  m g / m l .  The  r e a c t i o n  was  
carried o u t  at  2 5 ° C  in m e d i u m  II.  
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There is a limited specificity associated with the reaction as indicated by the 
varying degrees of  oxidation or reduction obtainable with other  macromole- 
cules (Table I). In each case, the concentrat ion of  the external protein and the 
condit ions of  the reaction were identical to  those used for the reduction of  the 
entrapped protein by  soluble fer rocytochrome c. Of all the other  proteins 
tested only fer rocytochrome bs was able to reduce the entrapped cy tochrome 
c. Again the kinetics were firsl~ order; however the half-time for the reaction was 
10 times longer than that  observed with a comparable concentrat ion of  ferro- 
cy tochrome c. 

Neither cy tochrome oxidase nor oxidized plastocyanin were able to accept 
electrons from cells which had been resealed in the presence of  ferrocyto- 
chrome c. With cytochrome oxidase, the reaction was carried ou t  under both  
aerobic and anaerobic conditions wi thout  any difference observed. In both  
cases the reaction is not  limited thermodynamical ly  as there is a difference of  
100 mV in the midpoint  potentials be tween cy tochrome c and plastocyanin, 
while in the case of  cy tochrome oxidase oxygen is the ult imate acceptor. The 
microsomal enzyme, NADPH-cytochrome c reductase, in the presence of  10 
mM NADPH, was unable to reduce the heme-protein in 14 h (~0.1% reduction 
of  cy tochrome c). However, upon lysis with detergent (0.1% potassium cho- 
late), the internal cy tochrome was completely reduced within seconds. 

Reactions of  internal eytochrome c with ascorbate and glutathione 

Ascorbate 
The reaction of  cy tochrome c-sealed cells with excess ascorbate is pseudo- 

first order for five half-lives over the range of  ascorbate concentrations from 
0.5 mM to 10 mM (Fig. 2). Each first order reaction is preceded by a small, 
finite lag. The observed rate constant  (kobs), is an order of  magnitude slower 
than for the corresponding solution reaction and is a nonlinear function of  the 
ascorbate concentrat ion (Fig. 3); a double reciprocal plot  of  the data is also 
nonlinear. Thus the reaction of  cy tochrome c in the ery throcyte  with the exo- 
genous ascorbate does not  conform to the solution reaction. However, kobs is 
seen to be a linear funct ion of  the square roo t  of  the ascorbate concentration, 
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F i g .  3 .  The  dependence  o f  hob  s o n  [ascorbate]  1/2 for  the react ion  described in the legend to  F i g .  2 .  

F i g .  4 .  Hyperbo l i c  dependence  o f  the  react ion o f  ascorbate  w i t h  1 2  # M  f r e e  c y t o e h r o m e  c a t  2 5 ° C  i n  

m e d i u m  n .  T h e  d a t a  are p lo t ted  a s  l / h o b  s v s .  1 / [ a s c o r b a t e ] .  



408 

suggesting that  a de<limerization reaction is initially rate limiting to the reduc- 
tion of the entrained cytochrome (Fig. 3). As is observed with the reductant  
fer rocytochrome c, reaction of  ascorbate with the  entrapped protein is insen- 
sitive to CO or to pretreatment  of  the cells with N-ethylmaleimide. 

The solution reaction of  cy tochrome c with excess ascorbate was studied in 
medium II over the range of  47 ~M to 500 mM ascorbate; kobs depends hyper- 
bolically on the ascorhate concentrat ion (Fig. 4), with a second~rder  rate con- 
stant of  40 M -1 • s -1, and a limiting first order rate of  14 s -1. 

There are two mechanisms for the reduction of  cy tochrome c by  the exter- 
nal ascorbate: (1) diffusion of  the ascorbate into the red cell ghost or (2) inter- 
action of  ascorbate with a compound  in the membrane that  in turn reacts with 
the internal cytochrome.  In order to  quant ify the uptake  of  ascorbate from the 
external fluid, the efflux of  ascorbate f rom the ghosts into the medium, and 
the dependence of  the equilibrium, [ascorbate]in/[ascorbate]out on ascorbate 
concentrat ion was studied using [1-14C]ascorbic acid. The specific activity of  
the ascorbate used in each experiment  was adjusted with unlabelled ascorbate 
in order to obtain a difference of  at least 5000 cpm between the lowest detected 
ascorbate concentrat ion and the highest. 

The uptake of  radioisotope from the solution into the cells was assayed by 
mixing resealed ghosts at 1 mg ghost protein/ml (25 ~M cytochrome c average 
in solution) with a known concentrat ion of  ascorbate. Samples were removed 
at various times, centrifuged and a port ion of  the supernatant counted.  The 
initial point  was obtained by  counting an aliquot of  the mixture prior to cen- 
trifugation correcting for the volume occupied  by  the cells. This volume could 
be derived by adding a known amount  of  the  impermeant,  cy tochrome c, to a 
suspension of  cells followed by  centrifugation and quanti tat ion of  the concen- 
tration of  cy tochrome c in the supernatant,  and a parallel sample run in the 
absence of  cells. 

Efflux of  ascorbate from the cells into the medium was studied by  an ana- 
logous method.  The resealed ghosts were incubated as just  described for 6 h in 
order to achieve equilibrium with respect to the ascorbate. The cells were then 
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Fig.  5 .  T h e  f i r s t - o r d e r  b e h a v i o r  o f  t h e  i n f l u x  a n d  e f f l u x  o f  a s c o r b a t e  t o  a n d  f r o m  c y t o c h r o m e  c-sea led  
e r y t h z o c y t e  g h o s t s .  (o)  0 . 5  m M  a s e o r b a t e ,  e f f l ux :  (o )  1 m M  a s c o r b a t e ,  i n f l ux ;  (~) 1 raM a s c o r b a t e ,  e f f l ux .  
C y t o c h r o m e  c - w a s  p r e s e n t  a t  a n  ave rage  concentrat ion  of  2 5  # M  (1 .0  r ag  g h o s t  p r o t e i n / m l )  and the  r eac -  
t i o n s  p e r f o r m e d  a t  2 5 ° C  in  m e d i u m  II .  

Fig .  6.  S a t u r a t i o n  o f  t h e  b i n d i n g  o f  a s c o r b a t e  t o  c y t o e h r o m e  c r e sea l ed  g h o s t s  a t  t w o  t e m p e r a t u r e s .  
1 m g / m l  o f  r e sea l ed  g h o s t s  w e r e  equil ibrated for  six h o u r s  w i t h  i n c r e a s i n g  concentza t ion  o f  [ 1 - 1 4 C ] -  
a s c o r b a t e  in  m e d i u m  II a t  e i t h e r  4 o r  2 5 ° C .  T o t a l  r a d i o a c t i v i t y  was  d e t e r m i n e d  o n  a s a m p l e  w i t h d r a w n  
a t  the  end of  the  incubat ion  p e r i o d .  T h e  r e a c t i o n  m i x t u r e  w a s  t h e n  e e n t r / f u g e d  and the  radioact iv i ty  o f  
the s u p e r n a t a n t  m e a s u r e d .  
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centrifuged and resuspended in a known volume of medium II. At various 
times, samples were removed, centrifuged, and the supernatants analysed for 
radioactivity. The influx and efflux measurements both yield a kob s of 1.2 ± 
0.1 • 10 -3 s -1 at 0.5 mM and 1 mM ascorbate (Fig. 5). Although this is good 
evidence in favor of an equilibration of ascorbate across the erythrocyte mem- 
brane, it does not rule out a slow binding phenomenon. 

The equilibrium for ascorbate 'binding' was assayed by incubating resealed 
ghosts (1 mg ghost protein/ml) with different concentrations of ascorbate for 
6 h, the time necessary to achieve equilibrium. The samples were centrifuged 
the supernatants counted and the concentration of ascorbate in the supernatant 
was corrected for volume lost to the cells. The total ascorbate concentration in 
the solution before removal of the cells was determined by counting known 
amounts of the samples before centrifugation. The data obtained from the 
distribution experiments indicate that the process is saturable. A plot of 
1/[ascorbate]boun d vs. 1/[ascorbate]free gives a straight line implying a hyper- 
bolic dependence of these two parameters at the two temperatures studied 
(Fig. 6). This saturation behavior indicates that the equilibrium of ascorbate 
across the membrane, if it does indeed occur, must be carrier-mediated. The 
data are also consistent with a slow binding of ascorbate to the resealed vesi- 
clea 

The data obtained from the ascorbate reduction of cytochrome c-sealed vesi- 
cles have been simulated using a digital computer by numerical integration of 
the appropriate differential equations. No simple mechanism explains the 
experimental result. 

However the data is well described by a mechanism that requires the exis- 
tence of the membrane of species capable of accepting 2 electrons in the oxi- 
dized state and dedimerizing to two, independent, one,electron donors when 
reduced. One possible candidate is an inter-peptide disulphide bond. Ascorbate 
reduction would produce two independent reactive sulphydryls, each capable 
of reducing cytochrome c. The data would be consistent with the results from 
pretreatment of the cells with N-ethylmaleimide since this reagent cannot 
alkylate the disulphide, and hence cannot inhibit the reaction. 

Glutathione 
Three thiol compounds were tested for their reactivity toward the entrained 

cytochrome; these were cysteine, glutathione and dithiothreitol. In each case, 
100 #M thiol reduced cytochrome c in a first~)rder process with a half-time of 
approx. 20 min. The glutathione reaction was subjected to further characteriza- 
tion because the erythrocyte membrane is known to be impermeable to GSSG 
[24,25] and assumed to be impermeable to GSH. In addition, the disulphide 
(GSSG) is actively extruded into the surrounding medium by the intact ery- 
throcyte [25]. The permeability of the ghost membrane to oxidized gluta- 
thione was tested. Oxidized glutathione was incorporated into the cells by 
resealing. After the incubation at 37°C and subsequent centrifugation, the 
ghosts were resuspended in a known volume of medium II, aliquots removed, 
centrifuged and the supernatants assayed for oxidized giutathione using giuta- 
thione reductase. The amount of the disulphide in the external medium reaches 
a stable level which was 30% lower than that obtained upon lysis indicating 



410 

* '* 'x  12 ' ' ' ' ' ' l 

- 0 o2 04 06 

~ 2 - 

1 , , . . . . . .  ] 
o ~ ,~ 2, 2a o 2 ~ 6 s 

TIME, rain [GLUTATHK)NE ], rnM 

Fig .  7.  ( L e f t )  F i r s t - o r d e r  p l o t s  o f  t h e  r e a c t i o n  o f  g l u t a t h i o n e  w i t h  c y t o c h r o m e  c:  (e  e )  0 . 3  m M  
g i n t a t h i o n e  w i t h  1 2  #M c y t o c h r o m e  c ,  sea led  in  e r y t h r o c y t e  g h o s t s  a n d  (+ . . . . .  -4-) 0 .1  m M  g lu ta th ione  
w i t h  12  /~M e y t o c h r o m e  c.  ( R i g h t )  C o n c e n t x a t i o n  d e p e n d e n c e  o f  k o b  s o n  g l u t a t h i o n e  f o r  so lub l e  c y t o -  
c h r o m e  c a n d  fo r  e y t o c h r o m e  c-sea led  cells  ( inse t ) .  Th e  r e a c t i o n s  w e r e  p e r f o r m e d  in  m e d i u m  II  a t  2 5 ° C .  

that  the preparation has become impermeable to the GSSG upon resealing. In 
solution, glutathione reduction of  cy tochrome c is autocatalytic with a con- 
t inuous downward curvature of the semilogarithmic plot (Fig. 7). By contrast  
the reaction of reduced glutathione with cy tochrome c in resealed ghosts is 
quite exponential  with linear f i rs t~rder  plots proceeding over four half-lives 
(Fig. 7). However the observed rate is somewhat  slower than tha t  observed 
with both reagents in solution. The observed first-order rate constant exhibits 
an extremely nonlinear dependence on glutathione concentrat ion with the 
rate reaching a maximum at 1 mM, decreasing at higher concentrations of 
reductant .  A qualitatively similar concentrat ion dependence was observed with 
soluble cy tochrome c. However, the quantitation of  these effects varies with 
the preparation of glutathione and has thus not  been pursued further. Neither 
reaction exhibits more than a 2-fold sensitivity to EDTA suggesting that  conta- 
mination by Cu 2÷ is minimal in our reagents (cf. Ref. 26). 

Low molecular weight oxidants 
Both potassium ferricyanide and cobalt tris(o-phenanthroline) chloride will 

oxidize the reduced entrained cytochrome.  When solid oxidants are added,' 
the half-lives of  the reactions are typically 20 to 30 min. These slow kinetics 
are only slightly faster than the rate of  ferricyanide oxidation of  hemoglobin in 
intact cells (Olson, J .S. ,  unpublished data). Because of  the lack of  permeability 
data on the oxidants, detailed kinetic characterization was not  at tempted.  

Reactions o f  cytochrome c trapped between phospholipid bilayers 
To test the hypothesis that  the anomalous behavior of  the entrained cyto- 

chrome may result f rom a property common to all lipid vesicles it was neces- 
sary to trap large amounts  of  cy tochrome c within a lipid matrix ° 

Initial experiments involved at tempts to trap cy tochrome c inside single 
bilayer lecithin vesicles prepared by the sonication method  of  Huang [22]. Un- 
fortunately,  chromatography on Sepharose 4B [22] revealed that  the liposomes 
(more accurately lipid phosphorus) migrated within the fractionation range of  
the gel whereas the cy tochrome c emerged much later as a low molecular 
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weight peak. Despite variations in the buffers, lipid : protein ratio, and sonica- 
tion conditions, cy tochrome c could no t  be entrapped by  this procedure. 

A successful preparation was achieved using the method Yamashita et  al. 
[27,28] through sonication of  a buffered solution of  cy tochrome c and azo- 
lectin. The formation of  superoxide and its subsequent  reduct ion of  cyto- 
chrome c was avoided by  carrying ou t  the sonication under  an argon atmos- 
phere. Yamashita et al. [27] have noted  that  this dispersion produces concen- 
tric lamallae that  trap cy tochrome c be tween the bilayers. This was also sug- 
gested by  the results of  chromatography of  the  vesicles on Sepharose 4B [22].  
The cytochrome and the lipid eluted at the void consistent with the aggregated 
nature and size expected for lamellar material. 

The lipid dispersion, 0.1 mM in ferr icytochrome c, was mixed with 1 mM 
ferrocytochrome c and allowed to incubate overnight (14 h) at 22°C. After  
passage of  the reaction mixture over a column of CM cellulose to remove the 
extent  of  the reduction of  the internal cy tochrome c was quanti tated by  dif- 
ference spectroscopy. Less than 8% of  the total  cy tochrome c of  the disper- 
sion became reduced: the same amount  of  cy tochrome c was found to  be acces- 
sible to ascorbate. In contrast  to the resealed ghosts, the vast majori ty of  the 
cytochrome cannot  be reduced by  external reductants,  implying that  there is 
a particular activity associated with the red cell membrane which gives it its 
unusual characteristics with respect to the reduction of  cy tochrome c. 

Discussion 

The reactivity of  redox active proteins, particularly cytochromes,  the blue 
(Type 1) copper proteins, and ferredoxins with a variety of  oxidants and reduc- 
tants has been examined by  a number  of  laboratories in the past several years. 
The data accumulated so far allows a number  of  useful conclusions. The most  
significant of  these is that  the  requirements of  the Marcus Theory for outer  
sphere electron transfer are no t  met  by  most  biological redox systems and that  
there is a substantial measure of  reactivity which emanates from the specificity 
of  interaction between oxidant and reductant.  Furthermore,  there are a 
number  of  systems in which the redox active center is completely insulated 
from the environment by  the protein and in these cases one most  ask whether  
or not  'long range' electron transfer can occur, and whether  or not  the protein 
per se can have any role in mediating the transfer process. 

The tactic of  compartmentalizing the partners of  a redox reaction using a 
phospholipid membrane offers possibilities of  examining aspects of  electron 
transfer processes not  feasible by  experiments carried ou t  in homogenous  solu- 
tion. 

Our original objective was to encapsulate cy tochrome c in lecithin liposomes, 
however it became apparent that  the internal volume of  these micelles was too  
small to  entrap appreciable amounts  of  protein. Based on Huang's parameters 
[23] and the concentrat ion of  cy tochrome c in solution, one could only hope 
to obtain a maximum of  0.4 tool o f  cy tochrome c in each vesicle. 

Our solution was to exploit  a proper ty  o f~he  red b lood cell which had been 
thoroughly documented  f rom the work  of  Dodge et al. [20],  Morrison et al. 
[30],  Steck and Kant [11] and Bodeman and Passow [21].  When the stroma 
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(or red blood cen ghosts), obtained from the lysis of red blood cells are 
returned to an isotonic medium containing appropriate additional ions cor- 
puscles are reformed with an internal fluid having the composition of the 
medium in which this process is effected. This phenomenon is called "tesealing' 
and the reformed corpuscles are called resealed ghosts. Using established princi- 
ples it is possible to obtain in high yield vesicles with the membrane preserving 
its original sidedness and exhibiting full osmotic competence: These are called 
Type 1 ghosts in the nomenclature of Bodemann and Passow. 

The ghosts that we prepare have no detectable color either visually or spec- 
trophotometrically indicating minimal contamination by hemoglobin, S-protein 
(a P-420 homolo~)  and erythrocyte catalase. From measurements of enzyme 
activity we find only negligible amounts of catalase, superoxide dismutase and 
cytochrome oxidase. Exceptionally concentrated samples exhibit a g = 6 EPR 
signal consistent with the presence of a high-spin ferrihemoprotein, possibly 
methemoglobin. 

Resealed ghosts prepared in the presence of cytochrome c appear to have the 
normal orientation and are free of the 'leaky' Type III species as no NADH- 
cytochrome c reductase activity is observed until the resealed ghosts are 
destroyed by detergent. This observation was made using both internal and 
external cytochrome c indicating that NADH does not cross the red blood cell 
membranes. The cytochrome c containing resealed ghosts, are quite stable and 
can be maintained many days at 4~C without lysis. 

Cytochrome c has thus been trapped behind a membrane of defined compo- 
sition and probed for reactivity using both protein and low molecular weight 
oxidants and reductants. The reaction of the internal cytochrome with exter- 
nal ferrocytochrome c is a first order process at 22°C, however the reaction is 
markedly inhibited at lower temperatures. This may indicate that diffusion of 
a mediating compound within the membrane is the rate-limiting step. Lowering 
the temperature would tend to inhibit such movement. An example of this 
type of temperature behavior is found in the transfer of electrons between 
cytochrome bs and cytochrome bs reductase across the surface of the micro- 
somal membrane [29]. 

A similar reduction of the entrapped cytochrome by the impermeable 
agarose-bound ferrocytochrome has also been observed. The limited specificity 
of the reaction has been demonstrated using other proteins as reductants and 
oxidants. 

The reaction of the entrained cytochrome with ascorbate has been exten- 
sively characterized and a preliminary simulation undertaken. It appears that 
over the course of the experiment, ascorbate either binds weakly or is trans- 
ported by a carrier into the erythrocyte. The data can be accurately fitted by 
assuming that the external ascorbate is in rapid equilibrium with a species in 
the membrane that is capable of de-dimerization into the monomer reductant 
of the internal cytochrome. A likely candidate for this membrane species is a 
disulphide linkage between two membrane proteins. 

The reaction of glutathione with the entrapped cytochrome is not so easily 
explained. The plot of kob~ vs. glutathione concentration indicates that it has a 
similar substrate dependence to the reaction observed in solution, however the 
lack of autocatalysis indicates that the rate-limiting steps are different. Whether 
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or not  this is due to an interaction with a membrane component  cannot be 
decided at this time. 

It would appear that there are undefined species present in the membrane 
that are capable of  transferring reducing equivalents across the bilayer. These 
components  react with certain metaUoenzyme8 such as cytochrome c and cyto- 
chrome bs, and not  at all with others (plastocyanin). Enzymes that use cyto- 
chrome c as a substrate do not  reduce the entrained protein at all (cytochrome 
oxidase, NADPH-cytochrome c reductase). 

In the case of  ascorbate reduction o f  the entrained protein, evidence is 
presented that a candidate for the intermediate is a disulphide. However in the 
case of  the redox-protein oxidants and reductants, the nature of  the inter- 
mediate remains unclear. If this is a natural function of  the red cell membrane, 
the kinetics with natural substrates may be much faster than observed here. 
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