
9 8 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 4 6 2 1 1  

STRUCTURAL STUDIES OF MODIFIED CYTOCHROMES c BY NUCLEAR 

MAGNETIC RESONANCE SPECTROSCOPY" 

K. W D T H R I C H  a, [. A V I R A M  b AND A. S C H E J T E R  b 

alnstitut f~ir Molekularbiologie und Biophysik, EidgenOssische Technische Hochschule, Ziirich 
(Switzerland) and bDepartment of Biochemistry, Tel-Aviv University, Tel-.dviv (Israel) 

(Received J u n e  9th,  I971) 

SUMMARY 

The binding of methionine to one of the axial positions of the heme iron in 
various modified mammalian-type cytochromes c has been studied by nuclear 
magnetic resonance spectroscopy. The modifications of the protein included 
formylation of tryptophan, alkylation of methionine, and polymerization by 
treatment with ethanol. Comparison of the data on methionine coordination with 
data on tile ability of the modified cytochromes c to restore the respiration of 
cytochrome c-depleted rat liver mitochondria, indicates that the redox carrier 
properties of cytochrome c are maintained only if methionine is bound to the heme 
iron in the oxidized and the reduced form. 

INTRODUCTION 

Cytochrome c, a hemoprotein which functions as an oxidation-reduction 
carrier in the respiratory chain, is presently among the most widely investigated 
protein molecules. The amino acid sequences are known for the cytochromes c of 
over 3o species 1, and the properties of a number of chemically modified cytochromes 
c have been reported ~-10. More recently, the molecular structure in single crystals 
of horse ferricytochrome c was determined by X-ray methods n. Yet relativelv 
little is known about specific correlations between molecular structure and physical, 
chemical, or physiological properties. On the one hand, it has been observed that 
the electron-transferring properties are essentially identical in all mammalian- 
type cytochromes c even though there are quite extensive differences in primary 
structurel2,1a; similarly there are chemical modifications of cytochrome c which 
appear not to influence the redox carrier properties 2. On the other hand, a number 
of rather limited structural modifications are known which seem to destroy this 
physiological property of cytochrome c 2-10. This paper presents an attempt to 
correlate structural properties observed by nuclear magnetic resonance spectroscopy 
with the electron-transferring properties of several modified eytochromes c. 

High resolution nuclear magnetic resonance spectroscopy has been applied 

Abbrev ia t ion :  DSS, sod i um 2,2-dimethyl -2-s i lapentane-5-~ulfonate .  
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to structural studies of various hemoproteins 14. Because of its low molecular weight 
cytochrome c is particularly suited for the application of this technique. In recent 
experiments it was possible to show that the axial ligands of the heine iron in 
reduced and oxidized cytochrome c are histidine and methionine 1~ and the typical 
proton resonances of the iron-bound methionine were identified 15,16. In the experi- 
ments described in this paper the NMR technique was employed to study the axial 
ligands of the heme iron in various biologically active and inactive modified cyto- 
chromes c. The modifications include carboxymethylation of the methionyl residues v, 
formylation of tryptophan-591°, and polymerization by treatment with 6o% 
ethanoW. 

EXPERIMENTAL PROCEDURE 

Horse heart cytochrome c, Type II  (Sigma Chemical Co.) was purified accord- 
ing to MARGOLIASH AND WALASEK TM. The modified cytochromes c were prepared as 
described in the appropriate references 7,10,17. 

For the NMR studies the lyophilized ferricytochromes c were dissolved in 
o.I M deuterated phosphate buffer, p2H 7.0. The concentration was between 
4" Io-3 and 15. lO -3 M, depending on the amount of protein available. The cyanide 
complexes of the ferricytochromes c were obtained by addition of KCN to the 
solutions. Ferrocytochromes c were obtained by reduction with dithionite or ascorbic 
acid. 

High resolution proton NMR spectra were recorded on a Varian HR-220 
spectrometer equipped with a standard Varian variable temperature control unit. 
The signal:noise ratio was in some experiments improved by data accumulation 
in a Varian lO24 computer of average transients. Sodium 2,2-dimethyl-2-silapentane- 
5-sulfonate (DSS) was used as an internal reference. Chemical shifts are expressed 
in parts per million (ppm) from DSS, where shifts to low field at constant radio 
frequency are assigned negative values. 

Electron paramagnetic resonance (EPR) spectra were recorded on a Varian 
E-3 spectrometer equipped with a standard Varian temperature control unit. The 
samples contained 5" IO-4 M cytochrome c in deuterated phosphate buffer, p2H 7.0. 

RESULTS 

The proton NMR spectrum of the diamagnetic reduced cytochrome c (Fe 2+, 
S o) contains in the spectral region from DSS to - I O  ppm the strongly over- 
lapping resonances of about 650 protons of the polypeptide chain. In addition a 
number of well-resolved resonances with intensities corresponding to one, two or three 
protons are in rather unusual positions between DSS and + 4  PP m15' 16. The resonances 
at 3.7, ~3, 2.7, and 1. 9 ppm (Fig. I) correspond to protons of the iron-bound methionyl 
residue in position 80 of the polypeptide chain n,l~, which are shifted upfield by the 
local ring current field of the heme group 14. I n  particular the resonance at 3-3 ppm 
corresponds to the methyl group of methionine. It  was also observed that dis- 
placement of methionine from the coordination site on the heine iron, e.g. by cyanide 
ion, causes all the four resonances between 1. 9 and 3-7 ppm to be shifted to posi- 
tions downfield from DSS 1~. 
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In Fig. I the spectral region from DSS to + 6  ppm is shown for native horse 
ferrocytochrome c, ferrocytochrome c carboxymethylated at methionine-65, di- 
carboxymethylated at the methionyl residues 65 and 8o, and formylated at tryp- 
tophan-59. In addition the spectrum of reduced cytochrome c polymers is also 
shown. With the exception of the dicarboxymethylated ferrocytochrome c all 
these compounds contain the typical high field resonances of the iron-bound 
methionine. As one would expect from the increase of the particle size upon poly- 
merization the resonances in cytochrome c polymers appear to be somewhat broader 
than in the other compounds. In the dicarboxymethylated cytochrome c there 
are two lines of equal intensity at +2.5 and +4.o ppm. These resonances might 
correspond to an amino acid residue located near the heme in place of methionine-8o. 

The NMR spectrum of the paramagnetic ferricytochrome c (FO +, S = I/2) 
contains in addition to the polypeptide resonances between DSS and - I O  ppm 
a number of well resolved lines in the spectral regions from - 3 5  to IO, and front 
o to +25 ppm 15. These unusual resonance positions arise mostly from hyperfine 
interactions between the protons of heme c and the axial ligands of the iron and 
tlle unpaired electron of the heine group. Particularly prominent are two resonances 
at -35 .0  and -32 .3  ppm at 27 °, which correspond to two of the ring methyl groups 
of heine c, and a resonance at +24.2 ppm, which corresponds to the methyl group of 
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Fig. i. P ro ton  NMR s pe c t r a  a t  220 MHz in the  spec t ra l  region from the in te rna l  reference DSS 
to + 6  p p m  of na t i ve  horse fe r rocytoehrome c (CYT c), fe r rocytochrome c c a r b o x y m e t h y l a t e d  
a t  meth ionyl -65  (MONO CM), fe r rocytochrome c d i c a r b o x y m e t h y l a t e d  a t  the me th iony l  residues 
65 and  8o (DI CM), fe r rocytochrome c fo rmyla t ed  a t  t r yp t ophany l -59  (FORM), and  reduced 
ey tochrome c polymers .  Solut ions  in o . i  M deu te ra t ed  phospha te  buffer, p2H 7.0, were s tud ied  
a t  27 °. The pro te in  concen t ra t ion  var ied  from abou t  4" Io-a (FORM) to abou t  15- io  a (CYT c). 

Fig. 2. P ro ton  NMR spec t ra  a t  22o MHz in the  spect ra l  region from - - lO to --25 ppm of cyano-  
fe r r icy tochrome c d i c a r b o x y m e t h y l a t e d  a t  the  me th iony l  residues in posi t ions  65 and 8o. The 
compounds  were s tud ied  in o . i  M deu t e r a t ed  phospha te  buffer, p=H 7.o, a t  27 °. The s igna l :no i se  
ra t io  was improved  by  d a t a  accumula t i on  in a compu te r  of average  t r ans i en t s  for several  hours.  
The  c a r b o x y m e t h y l a t e d  pro te in  was ob ta ined  by  reac t ing  fe r r icy tochrome c wi th  o.18 M bromo- 
acet ic  acid a t  pH  7.o in the  presence of o. i  M KCN. The reac t ion  was t e r m i n a t e d  af ter :  A, io  h 
a t  25°; B, 24 h a t  25 ° . 
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the iron-bound methionine 1~. The positions of these resonances are intimately 
related to the environment of the heine iron. For example, they vary greatly when 
the axial methionine is replaced by cyanide ion in cyanoferricytochrome c 15. When 
the oxidized forms of the modified cytochromes c of Fig. I were studied, only the 
monocarboxymethylated ferricytochrome c displayed the typical resonances of 
the native protein. In formylated ferricytochrome c several apparently hyperfine- 
shifted lines were observed between - -9  and - - I I  ppm. Our experiments so far do 
not allow unequivocal assignments of hyperfine-shifted resonances in oxidized cyto- 
chrome c polymers and in dicarboxymethylated ferricytochrome c. 

The NMR spectrum of cyanoferricytochrome c contains at 27 ° four hyperfine- 
shifted resonances at -23.8,  21. 7, -16.5 ,  and --11. 4 ppm 1~. When KCN is 
added to the solutions of the modified cytochromes c very similar spectra are ob- 
served. Fig. 2 shows the spectrum of dicarboxymethylated cyanoferricytochrome 
c. I t  is seen that  Spectrum A corresponds exactly to the resonances observed in 
the cyanide complex of native ferricytochrome c. Depending on tile specific condi- 
tions for the carboxymethylation more than one set of hyperfine-shifted resonances 
may be present (Fig. 2B). The most likely explanation for Spectrum B appears to 
be that  there are two magnetically non-equivalent species, one being identical 
to the derivative observed in Spectrum A. This is further supported by the observa- 
tion that  the relative intensities of the two sets of resonances are different in different 
preparations. Investigation of the ferricyanide forms of monocarboxymethylated 
and formylated cytochrome c, and of cytochrome c polymers, yielded similar 
results. 

The absorption spectra of the ferric cytochrome c derivatives at pH 7.o in- 
dicate that  all of them are in the low-spin (S + 1/2) state. In order to ascertain 
this fact the electron paramagnetic resonance (EPR) spectra of these compounds 
were recorded in the spectral region from g = 1.5 to g = 6.5. The typical resonance 
signal of high spin ferric heine compounds at g values around 6.019 could be detected 
in all the cytochrome c derivatives. From comparison with ferrimyoglobin (S - 5/2) 
and cyanoferrimyoglobin (S = 1/2) it was found that  at - 1 4  °° all the modified 
cvtochromes c contained less than I ° o high spin heme iron. 

DISCUSSION 

The above NMR observations indicate that  methionine coordination to the 
heine iron is preserved in ferricytochrome c carboxymethylated at methionine-65, 
whereas other ligands seem to have displaced methionine-8o from the heme group 
in the ferric forms of dicarboxymethylated cytochrome c, cytochrome c formylated 
at tryptophan-59, and cytochrome c polymers. On the other hand methionine 
binding to the heine iron seems to be maintained in the reduced form of all these 
modified cytochromes c, with the exception of the protein which had been di- 
carboxymethylated at the methionyl residues in positions 65 and 80. This excep- 
tional behavior of the dicarboxymethylated compound is not surprising since the 
modification of methionine-8o should prevent methionine coordination to the heme 
iron in both oxidation states 7. 

These findings on the coordination of the heme iron were compared to the 
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data on the ability of the modified cytochromes c in restoring the respiration of 
cytochrome c-depleted rat liver mitochondfia. This biological role of native cyto- 
chrome c is preserved in the protein which had been carboxymethylated at methionine- 
65, but it is lost in the other compounds of Fig. I. Within the group of species studied 
it would then appear that the redox carrier properties of cytochrome c are main- 
tained only if one of the axial ligands of the heine iron is methionine in both oxida- 
tion states. Methionine coordination in tile reduced state only is apparently not a 
sufficient structural feature for cytochrome c activity. 

Studies of reactions with ligands have shown that the native cytochrome c 
crevice is a stronger structure in the reduced than in the oxidized form of tile mole- 
cule 2. This may be due to the stronger affinity of the nlethionine sulfur for the ferrous 
than for the ferric heme iron, as shown by studies with heme peptides 20, although 
conformational differences between the oxidized and tile reduced protein may also 
contribute to the different strength of their respective crevices. Our results with 
modified cytochromes c indicate that alterations of the polypeptide chain that do 
not chemically affect the methionyl-8o residue, yet prevent methionine coordina- 
tion in the ferric state, do not necessarily have this same effect upon the struc- 
ture of the ferrous state. 

When used in a similar way as in studies of chemically modified cyanoferri- 
myoglobins 21, the NMR method is a sensitive tool for the investigation of the homo- 
geneity of preparations of chemically modified cytochromes c. For example, tile dis- 
appearance of the hyperfine-shifted ferricytochrome c resonances indicates the 
completion of the carboxymethylation of methionine-8o. A magnetically homogeneous 
species of modified cyanoferricytochrome c is then observed (Fig. 2A), in which the 
hyperfine-shifted resonances are essentially identical with those in the cyanide com- 
plex of native ferricytochrome c 15 was observed when the carbox methylation reaction 
had been continued for IO h under the conditions given in Fig. 2. If the protein is 
reacted for a longer period of time, "side-reactions" with other amino acid residues 
appear to produce sizeable quantities of different magnetically non-equivalent species 
(Fig. 2B). These results agree with the different rates at which residues 6 5 and 8o 
react with the alkylating agent in the presence of cyanide 7. 

The near identity of the NMR spectra in the cyanide complexes of native and 
of dicarboxymethylated ferricytochrome c may be of interest in view of the in- 
tions of native ferricytochrome c and imidazole (I. AVIRAM, A. SCHEJTER AND K. 
Wf)THRICH, unpublished data) or azide ion 22 only partial displacement of methionine 
is observed even at extremely high concentrations of these ligands. This result 
is in keeping with the low affinities of these ligands for ferric cytochrome [;23,24. 
In the dicarboxymethylated cytochrome c the tendency to form complexes with 
these ligands should be increased 7. Therefore a detailed study of the hyperfine- 
shifted resonances in the complexes with a variety of low molecular weight ligands 
should be possible. In analogy to the cyanide complexes it is to be expected that 
suitable conditions will be found under which the heme resonances of the dicar- 
boxymethylated cytochrome c complexes correspond closely to those of tile cor- 
responding complexes of native cytochrome c. 

The EPR measurements indicate that in all the compounds of Fig. I the ferric 
heine iron is in a low spin state (S = 1/2). This suggests that in the place of methionine- 
80 there are other amino acid residues bound to the heme iron in the oxidized form 
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of the modified proteins. Further studies of the NMR spectra of these low spin ferric 
species are in progress. 

NOTE ADDED IN PROOF: (Received September 28th, 1971 ) 

Recent additional studies of dicarboxymethylated eytochrome c in the reduced 
state revealed that this species is in the paramagnetic high spin ferrous state (Fe ~+, 
S = o). It is therefore possible that the unusual positions of the proton resonances 
at +2 .5  and + 4  ppm (Fig. I) are due also to interactions with the unpaired electrons 
of the heme iron (R. M. KELLER, I. AVIRAM, A. SCHEJTER AND K. WOTHRICH, F E B S  

Lett., submitted for publication). 
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