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SUMMARY 

Horse-heart ferrocytochrome c has been labeled with N-(2,2,5,5-tetramethyl-3- 
pyrrolidinyl-I-oxyl) iodoacetamide at methionine-65. The paramagnetic resonance 
spectrum of labeled ferricytochrome c indicates a weak immobilization of the radical 
(ze = 9.3" lO-I° sec) which becomes stronger upon binding of labeled cytochrome c 
to cytochrome c-depleted mitochondrial membranes (Ze --  3.3"1o 9 sec). The hyper- 
fine coupling constant remains, however, unchanged (16. 7 ± o.I gauss) indicating 
that  the cytochrome c binding site is highly polar. The region where cytochrome c is 
bound to the membrane is insensitive to large variations of medium viscosity. 

INTRODUCTION 

Recently, the interaction between proteins and membranes has been studied by 
labeling either the protein or the membrane with stable free radicals 1-~, termed spin 
labels 4, which can be utilized as "reporter molecules ''5. The nitroxide radical is very 
stable to chemical modifications and its paramagnetic resonance spectrum is sensitive 
to the environment 1, ~. The hyperfine coupling constant A n and the correlation time ze, 
which are functions of polarity and viscosity respectively, can supply important  in- 
formation regarding the microenvironment of biologically interesting molecules 
labeled with the nitroxide. 

Horse-heart cytochrome c is particularly suitable for the study of membrane 
protein interactions: in fact, its three dimensional structure is knownS, 9 and chemical 
methods are available for spin labeling non-functional aminoacids 10,11. Moreover, it 
offers the unique possibility of disrupting and reconstituting the protein membrane 
complex without impairing electron transport  or ATP synthesis is. Furthermore, the 
localization of methionine-65 on the portion of the molecule probably specifically 
involved in the binding with the membraneS, ° , gives additional interest to the study 
of the microenvironment affecting a spin label covalently bound to the side chain of 
this amino acid. 
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METHODS AND MATERIALS 

Mitochondria from rat  liver and cytochrome c-depleted mitochondria were 
prepared as previously described 1", 13. The spin label used was N-(2,2,5,5-tetramethyl- 
3-pyrrolidinyl-I-oxyl) iodoacetamide, prepared according to KABAT et al. 1~, from 
2,2,5,5-tetramethyl-3-aminopyrrolidine-I-oxyP s, iodoacetic acid and dicyclohexyl- 
carbodiimide. Alkylation of methionine-65 was carried out essentially according to 
ANDO et al. 1° for 64 h. I ts  extent was evaluated by amino acid analyses before and 
after performic acid oxidation TM (Erba aminoacid analyzer). No evidence was found 
of alkylation of amino acids other than methionine, which was alkylated more than 
50 o/ / O .  

Protein content was determined by a biuret method ~7. 
Optical measurements were carried out in Hitachi Perkin Elmer spectrophoto- 

meter (Model 124). Paramagnetic resonance spectra were recorded on a Varian E 3 
spectrometer. 

Cytochrome c (Type I I I  from horse heart) was a Sigma product. All other 
reagents were analytical grade products. 

The correlation time re was obtained by the relation4: 

1 [ T2(0) 1] = [ ~ +  4 bA,B 1 Tc 
r2(o) LT2(-T- l) 

using the experimentally determined linewidth parameters T 2 (o) and T 2 (T I) and 
the reported hyperfine interactions and g-factor anisotropies (for values and symbols, 
see refs. 2 and 4). 

The visible absorption spectrum of spin labeled cytochrome c is identical to 
native cytochrome c in the visible region between 4oo and 6oo nm, the contribution 
of the absorption of the label to the spectrum being not detectable as a consequence 
of its low extinction coefficient and concentration. The identity between the spectrum 
of native and alkylated cytochrome c indicates that  alkylation has not occurred at 
residue 8o, which results in a decrease of the extinction coefficient of the e and in an 
increase in that  of the 7 bandl°'lL 

RESULTS AND DISCUSSION 

The rate of oxygen consumption of mitochondrial membranes falls to values 
close to zero when cytochrome c is extracted. Restoration of the activity can be 
obtained by adding cytochrome c 13. 

In Fig. I, the respiratory response of cytochrome c-depleted membranes to the 
addition of a non saturating amount of cytochrome c (native or spin labeled) is 
reported. No appreciable difference is observed when the labeled hemoprotein is used 
instead of the native one. This indicates that the labeled protein has conserved its 
properties intact, as it would be expected from alkylation of methionine-65 but not 
methionine_8ol0,11. Moreover, a reduced minus oxidized difference spectrum of mito- 
chondrial membranes reconstituted with labeled cytochrome c has indicated that  all 
labeled cytochrome c can be reduced enzymatically (succinate in the presence of 
I mM KCN was used as a reductant for cytochrome c). 
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Fig. I. Effect of the addition of native and spin-labeled cytochrome c on the respiration of cyto- 
chrome c-depleted mitochondria.  The incubation medium contained: 0.2 5 M sucrose, 5 mM Tr i s -  
HC1, p H  7.5, 2 plV[ rotenone, and 5 mg protein per ml. Respirat ion was measured polarographi-  
cally wi th  a conventional  Clark p la t inum electrode. 
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Fig. 2. Paramagnet ic  resonance spectra of free nitroxide, 
spin-labeled cytochrome c and spin-labeled cytochrome c 
bound to the mitoehondrial  membrane.  Spectra were 
recorded at  an applied field intensi ty of 338o gauss. 
Spectrum A is t ha t  of a sa tura ted solution of nitroxide- 
iodoacetamide in water  at  24°.The concentrat ion of 
cytochrome c in (B) was io -5 M. In  (C) mitochondrial  

concentrat ion was 5 ° mg/ml and cytochrome c was added in excess. Free cytochrome c was 
then removed by centrifugation of mitochondrial  membranes  at  2oooo × g for io min. 
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In Fig. 2A, the paramagnetic resonance spectrum of nitroxide radical in water 
appears with three almost identical lines as reported previously 4. The calculations of 
the rotational correlation time according to KIVELSON 19 gives a value of 2. 4 • lO T M  sec, 
which is in good agreement with the value of 2.5" lO -11 sec obtained by DROTT et a l3  ° 

from the nitroxidebromoacetamide and STONE et al. 4 for another simple nitroxide 
molecule. The hyperfine coupling constant was 16. 7 ± o.I gauss in a series of 9 
experiments. 

The covalent binding of nitroxide radical with cytochrome c to form a carbamido- 
methylated product results (Fig. 2B) in a decrease in the magnitude of both the high- 
and the low-field lines, which are also broadened. This result indicates that the radical 
bound to the protein is weakly immobilized. From the experimentally determined 
spectrum it is possible to calculate a correlation time of 9.3" lO-l° sec, in agreement 
with a value of I.O. lO -9 obtained with a yeast cytochrome c with the label attached 
to the cysteinyl residue 2°. A ~c -- 2-1o -1° has been found by BARRATT et al. 21 for 
eytochrome c randomly spin labeled at NH 2 groups. 

The rotational correlation time of the protein at 24 ° in 0.25 M sucrose calculated 
by means of the Stokes-Einstein equation was 5.o"Io 9 sec assuming Dickerson 
values for the diameters of the molecule (30 × 34 × 34 A) ~2. The difference between the 
rotational correlation time calculated from the spin label spectrum and that calculated 
with Stokes-Einstein equation, indicates that the motion of nitroxide radical is, to a 
large extent, independent from that of the protein. BARRATT et al31 and DROTT et al. 2° 

have arrived at a similar conclusion on the basis of analogous experiments. 
In Fig. 2C the spectrum of spin labeled cytochrome c bound to the membrane 

of cytochrome c-depleted rat liver mitochondria is shown. A further immobilization 
of the radical with respect to free cytochrome c is evident from the broadening of the 
spectral lines and the decreased intensity of the low and high field lines with respect 
to the central line. The correlation time under these conditions is 2.3" lO -9 sec. This 
value can be compared with that of Fig. 2B and indicates that the motion of nitroxide 
radical becomes more hindered when cytochrome c is bound to the mitochondrial 
membrane. It  is worth mentioning that a c of 2.5" IO -~ sec has been found by DROTT 
et al. 2° for membrane-bound bakers yeast cytochrome c selectively spin labeled at the 
cysteinyl residue by nitroxide homoacetamide. The hyperfine coupling constant 
remains practically unchanged with respect to both free label and cytochrome c 
bound nitroxide (16.8 :~ o.I gauss, 9 experiments). This value should be compared 
with the hyperfine coupling constant of nitroxide iodoacetamide in deeane which is 

I4. 5 gauss. 
If the viscosity of the medium in which cytochrome c is dissolved is increased 

by changing sucrose concentration 23 (Fig. 3) the correlation time of spin labeled cyto- 
chrome c is also increased. This indicates that methionine-65 and its label are exposed 
to the solvent, since the tumbling of the protein is already slower than that of the 
label (see above and BARRATT et al. ~1 and DROTT et al.2°). Upon binding of eytochrome c 
to cytochrome c-depleted mitochondria the correlation time of the label becomes 
insensitive to the viscosity of the medium. This result, together with that reported in 
Fig. 2C, suggests that the label is facing or interacting with tile membrane. An alter- 
native possibility can also be considered, that the cytochrome c region containing 
methionine-65 does not interact with the membrane, but with the solvent. In this case 
one must assume that the motion of the label reflects the motion of the protein, in 
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order to account for the result of Fig. 2C, and consider the decreased motion of the 
label as a consequence of the decreased motion of the bound protein. This interpreta- 
tion would not be in agreement with the above conclusion and that  of DROTT et al. 2° 

and BARRATT et al. ~1, that  the motion of the label is independent of the motion of the 
protein. Moreover, if the label were exposed to the solvent, in case of bound cyto- 
chrome c, on top of the increased correlation time due to protein immobilization, still 
the viscosity of the medium should affect the mobility of the nitroxide. 
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Fig. 3. Re la t ionsh ip  be tween the  correlat ion t ime  of n i t roxide  radical  a t t a c h e d  to free and  b o u n d  
cy toch rome  c as a func t ion  of m e d i u m  viscosity.  E x p e r i m e n t a l  condi t ions  as in Fig. 2C. Viscosi ty  
was  var ied by  resuspend ing  the  m e m b r a n e s  or d issolving cy tochrome  c in sucrose solut ions  of 
known concent ra t ions .  Viscosi ty  va lues  were those  repor ted  in ref. 23, in te rpo la ted  for t he  t em-  
pe ra tu re  of the  expe r imen t s  of 24 ° . 

In conclusion, the region of cytochrome c which x-ray analyses have indicated 
as one of the probable candidates for binding to the mitochondrial membrane has 
been labeled with the free radical nitroxide iodoacetamide at residue 65. The inter- 
action of the cytochrome c site which includes methionine-65 appears to occur with 
a polar region of the membrane. This region is, however, partially shielded from the 
suspending medium. Finally if cytochrome c is considered a portion of the mito- 
chondrial membrane, and not simply a ligand, the general conclusion may be drawn 
that biological membranes contain in their interior, not only hydrophobic structures, 
but also hydrophilic regions. 
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