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Spin-labeled pig heart cytochromrs c singly modified at Met-65. Tyr-74 and at one of the lysine residues, Lys-72 or Lys-73. 
were investigated by the ESR method under conditions of different ligand and redox states of the hrmr and at various pH 
values. Replacement of Met-80 by the external ligand. cyanide. was shown to produce a sharp increase in the mobility of all the 
three bound labels while reduction of the spin-labeled ferricytochromes c did not case any marked changes in their ESR 
spectra. In the pH range 6-13, two conformati.mal transitions in ferricytochrome c were observed which preceded its alkaline 
dmaturation: the first with pK 9.3 registered by the spin label a: the Met-65 position, and the second with pK II.1 registered 
by the labels bound to Tyr-74 and Lys-72(73). The conformational changes in the ‘left-hand part’ of ferricytochrome c are most 
probably induced in both cases by the exchange of internal protein Iigands at the sixth coordination site of the heme. 

1. Introduction 

In order to understand the manner of function- 
ing of protein molecules, detailed studies of their 
conformational properties are required_ Incorpora- 
tion of spin labels into a definite part of the 
molecule surface allows one to gain information 
concerning conformational changes in the region 
of interest induced by various factors. Similar tes; 
ing of different parts of the structure enables one 
to describe, in principle, the conformational be- 
havior of a rather large portion of the molecule or 
even a macromolecule as a whole. 

The present work deals with the effects of pH, 
the valence and ligand states of the heme in pig 
heart cytochrome c on the mobility of the spin 
labels bound covalently to Met-65. Tyr-74 and to 
one of the lysine residues, Lys-72 or Lys-73. The 
chemical modification of the methionine residue 
was done using a paramagnetic analog of 
bromoacetate, and that of the tyrosine and lysine 
residues using a paramagnetic analog of ZV- 
acetylimidazole. The residues modified by the spin 
labels are situated in the left-hand side of the 

cytochrome c molecule, in the conventional repre- 
sentation of its structure shown in fig. 1. 

No marked changes in the conformation of the 
region studied were found to occur on transition 
from ferricytochrome c to ferrocytochrome c. 
However, replacement of the sixth ligand of the 
heme, Met-SO, in ferricytorhrome c by the external 
iigand, CN-, leads to a sharp increase in the 
mobility of all three labels, indicating a significant 
change in the conformation of this region. In the 
pH range 6-13, the spin labels registered two 
pH-induced conformational transitions in ferricy- 
tochrome c which preceded its alkaline denatura- 
tion. The first transition with pK 9.3 was caused 
by the replacement of Met-SO by another protein 
ligand, most probably Lys-79. This conforma- 
tiona! change does not seem to be significant, since 
it was registered only by the label at the Met-65 
position whereas the mobility of the two other 
labels at the position of Tyr-74 and Lys-72(73) 
remained unchanged. These labels registered a new 
conformational transition with pK 11.1. This tran- 
sition was probably induced by ionization of the 
‘buried’ Tyr-67 residue and resulted in substantial 
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ckangrs in the conformation of the Ieft-hand side Preliminary resul;s of the present work have 
of the molecuIr. been reported in brief elsewhere 121. 
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2. Materials aud methods 

Z_ I _ Materials 

Ferricytochrome c from pig heart (Biomex, Po- 
iand) was dissolved in water. the PI; of the solu- 
tion was rapidly adjusted to 11.5-12.0 and after 
5-10 min returned to pH 7. After extensive dialf- 
sis against 0.01 M Tris-HCI buffer, pH 8.5, the 
cytochrome c solution was passed through a 
DEAE-cellulose column equilibrated with the same 
buffer. The ferricytochrome c thus purified was 
additionally fractionated on CM-Sephadex C-25 
with a stepwise gradient of phosphate buffer. pH 
7. from 0.01 to 0.2 M. The main fraction of fer- 
ricytochrome c which was eluted with 0.2 M buffer 
and accounted for 90% of the applied protein was 
then freed from salt by extensive dialysis against 
double distilled water and lyophilized. 

The spin labels, 2,2’,6.6’-tetramethyl-4-bromo- 
acetoxypiperidine-1-oxyl (SL,) and I-(2,2’,5.5’-tet- 
ramethyl-3-carboxypyrroline-l-oxyl)imidazole 
(SL,), were synthesized by methods described 
earlier [3,4]. 

KH2P0, and Na2HP0, were twice recrystal- 
lized to prepare phosphate buffer; KCN (Reanal. 
Hungary) and NaOH (purest grade) were used 
without additional purification. 

-7.2. Chemical modification 

The reaction of ferricytochrome c with the label 
SL, was performed in 0.2 M phosphate buffer, pH 
5, in the presence of a IO-fold molar excess of the 
reagent at room temperature according to Azzi et 
al. [5]_ After 3 days, excess reagent was separated 
by gel filtration through a Sephadex G-25 column 
equilibrated with 0.01 M phosphate buffer, pH 7. 
The extent of modification of cytochrome c was 
approx. 10% 

Ferricytochrome c derivatives modified at Tyr- 
74 and Lys-72(73) by the label SL, were prepared 
as described earlier [4]_ The reaction was carried 
out in the presence of a 30-fold molar excess of the 
reagent and 10e3 M imidazole in 0.02 M phos- 
phate buffer, pH 7.5, at room temperature for 
24 h. Low molecular weight substances were re- 
moved by gel filtration through a Sephadex G-25 

column equilibrated with 0.01 M phosphate buffer, 
pH 7, then the reaction mixture was fractionated 
on CM-Sephadex C-25 with elution by a stepwise 
gradient of phosphate buffer, pH 7, from 0.01 to 
0.2 M. 

2.3. Spectral methodr 

ESR spectra were measured on a home-made 
spectrometer EPR-2 (3 cm) equipped with a multi- 
channel analyser LP-4050 (Finland) at room tem- 
perature. Registration conditions were: klystron 
power, 1.6 mW; amplitude of high-frequency mod- 
ulation 1 G; RC, 0.1 s. The concentration of the 
protein-bound iminoxyl radicals was estimated by 
comparing the intensities of central components in 
the ESR spectra of modified cytochromes c at pH 
12 and of a free radical reference solution_ The 
rotatory correlation times (TV) of the bound labels 
were calculated from the formula for weakly im- 
mobilized radicals [6]: 

where J, , and J_ , are the heights of the low- and 
high-field components, respectively, of the ESR 
spectrum in arbitrary units, and AH+, is the line 
width of the low-field peak in gauss. 

The concentration of cytochrome c was mea- 
sured on a spectrophotometer (Specord UV VIS, 
G.D.R.) using e550 = 27700 M-’ cm-‘. The pH 
titration was carried out in 0.01 M phosphate 
buffer in the presence of 0.2 M KC1 in order to 
eliminate the effects of the charge environment on 
ESR spectra of the labels. The pH values were 
measured with a home-made pH-meter (PY-01) 
with an accuracy of kO.05 pH units. 

3. Results and discussion 

3. Z. Characteristics oj rhe spin-iabeled qtochromes c 

According to Azzi et al. [5], under modification 
conditions, the alkylating spin label SL, binds 
only to Met-65 of ferricytochrome c. Any other 
products of the modification of cytochrome c, as 



the amino acid analysis shows. are not formed. 
The low yield of the spin-labeled cytochrome c 

( = 10%) seems to be due to some steric hindrance 
to the reagent reacting with Met-65. 
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Ferricytochromc c spin labeled at Met-65 does 
not differ from the intact protein. as judged by the 
properties of the heme complex. the structure of 
the heme environment and the conformation of 
the molecule as a whole [5.7]. Both native and 
spin-labeled cytochromes c have similar absorp- 
tion spectra in the Soret and visible regions. They 
possess also the same chromatographic mobility 
when fractionated on CM-Sephadex C-25 so that 
they cannot be separated by this procedure. 
Bosweli et al. [S] have shown that chemical modifi- 
cation of Met-65 causes an extremely small per- 
turbation to a part of the molecule close to the site 
of modification. 

The imidazolide spin label SL, reacts with fer- 
ricytochrome c under the studied conditions to 
form two singly modified derivatives. one on the 
Tyr-74 residue. SL,(Tyr-74)-cytochrome c. and the 
other on one of two adjacent residues Lys-72 or 
Lys-73. SL,(Lys-72/73)-cytochrome c. The pre- 
paration and properties of these spin-labeled de- 
rivatives are described in detail elsewhere [4]. As 
determined by optical spectroscopy, circular di- 
chroism and high-resolution NMR techniques. the 
binding of the label SL, in both cases does not 
produce any marked perturbations in the structure 
of the heme crevice and in the total conformation 
of the protein moiety though there are small 

structural changes at the modification sites. Like 
intact ferricytochrome c. the modified derivatives 
show in the NMR spectra a transition with pK 9.3 

induced by replacement of Met-SO at the sixth 
ligand position of the heme by another protein 
ligand. We have shown that the thermal stability 
of ferricytochrome c at temperatures up to 60°C is 
unaffected by acyiation of Tyr-74 or Lys-72(73) by 
the label SL, [9]. 

3.2. ESR spectra of spin-labeled c~tochro~~~es c. 

Effecrs of the heme iron reduction, addition of gwnide 

und variation itt pH of the rnediltnl 

Fig. 2 (b-d) presents the ESR spectra of fer- 
ricytochrome c modified by the labels SL, and SL, 
at Met-65, Tyr-74 and Ly*-72(73); the values of 5; 
are (5.1 _t 0.5) x IO-“, (7.1 + 0.7) x lO-‘o and 
(6.4 f 0.6) X IO-” s. respectively_ In all cases the 
covalent binding gives rise to weak immobilization 
of the radicals_ The movement of the label SL, 
bound to the tyrosine and lysine residues is re- 
stricted to a greater extent than that of the label 
SL, attached to the methionine residue. since SL, 
has a longer and a more flexible ‘leg’ (see left 
column). When comparing the two SL, derivatives 
of cytochrome c. the rotatory diffusion of the 
radical SL, bound to Tyr-74 is more impeded. 

Upon reduction of SL,(Met-65)-cytochrome c. 
SL,(Tyr-74)-cytochrome c and SL,(Lys-72/73)cy- 
tochrome c by LiBH, in O-1 M phosphate buffer. 
pH 7, the rotatory correlation times of the labels 
remain unaltered within the limits of experimental 
error. and are (4.8 + 0.5) x lo-“. (6.9 t 0.7) X 
IO-” and (6.5 + 0.6) x lO-‘O s, respectively. Simi- 
lar results were obtained on reduction of ferricy- 
tochrome c spin labeled at Met-65 with 
oxymyoglobin in 0.01 M phosphate buffer: the 
derivatives of ferricytochrome c modified at Tyr-74 
and Lys-72(73) cannot be reduced with 
oxymoglobin [lo]. 

Replacement of Met-80 by CN- in ferricytoch- 
rome c causes a sharp increase in the mobility of 
all the three labels (Fig. 2e-g) which approaches 
the mobility of a free label in solution. 7;- = 3 X 
lo-” s (Fig. 2a). For cyanide complexes of 
SL,(Met-65)-cytochrome c. SL,(Tyr-74)-cyto- 
chrome c and SL?(Lys-72/73)-cytochrome c, the 
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Fig. 2. ESR spectra of the free iminoxyl radical in solution (a). of the ferricyrochmme c derivatives spin Iabeted on k&-65. Tyr-74 and 
LYS-72(73) (b-d). and of cyanide forms of these derivatives (e-g): 0.1-0.2 M phosphate buffer. pH 7_ 

T, values are (7.0 &- I) x 10-‘i_ (5.8 St: 0.6) x IO-” 
and (4.3 & OS) x IO- I’ s, respectively. It should be 
noted that in weak buffer solautions. the addition 
of KCN to a concentration of 0.1 M produces a 
shift to alkaline pH values. Because of this, ail the 
measurements were taken in 0.2 M phosphate 
buffer, pH 7. 

Fig. 3 (a-c) demonstrates the pH-dependent 
changes in the parameter characterizing the rota- 
tory mobility of the labels in spin-labeled ferricy- 
tochromes c over the pH range 6- 13. Also given 
are the values of this parameter for the reduced 
and cyanide forms of the studied spin-ia%eied 
cytochromes c at pH 7. 

As seen from fig. 3a. over the pH range 6-10 
the spin label at the Met-65 position registers a 
conformational transition with pK 9.3. In the same 
pH range, the spin labels at the positions of Tyr-74 
and Lys-72(73) experience no marked alterations 
in mobility (Fig. 3b and c). However, at pH > IO, 
the latter two labels register a conformational 
transition with pH 11.1. That the observed in- 
crease in the mobiiities is not related to hydrolysis 
of the radical SL2 is confirmed by the absence of 
any changes in the ESR spectra of sperm whale 

myoglobin modified with the same radical SL, 
[I I]_ In the present work the OCCUI rence of the 
hydrolysis products in the titrated samples at high 
pH va?ues was tested by rapid back-titration to 
neutra! pH values. 

It has been shown that a variation in the va- 
lence state of the heme iron produces changes in 
the stability of the cytochrome c molecule to tem- 
perature, pH and denaturing agents, in the ion-ex- 
change properties of the protein as well as in the 
ability of cytochrome c to react with specific chem- 
ical reagents, antibodies and its partners in the 
mitochondrial respiratory chain, cytochrome c 
oxidase and cytochrome c reductase (refs. 1 and 
12 and references cited therein)_ 

The origin of the differences between the two 
redox forms of cytochrome c has long been ob- 
scure. The point is that the X-ray analysis of 
crystals of ferricytochrome c and ferrocytochrome 
c From tuna heart at a resolution of 2 A [13] and 
1.8 A [ 141 has not revealed any substantial redox 
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Fig. 3. pH-dcpcnden: changes in rotaray mobility of the lahals 

in spin-Iahrled ferricytwhromes c ( 3 - 0); 0.01 M phos- 

phate buffer. (a) SL,(Mer-65)-cyt~~hrome c. (b) SLZ(Tyr-74)- 

c>!ochromr c. (c) SLZ(Lys-72/73)-CytOchrOmc c. (x) The corre- 

sponding vzdues of the pnramrtrr characterizing mcbility of the 

lahels afwr reduction of the spin-Ltbeled ferricytochromes c by 
LiBH, (a-c) or by oxymyoglobin (a): 0.01-0.1 M phosphate 
hurler. pH 7. (A) The same afccr addition of 0.1 M KCN to 
SL-ferricytochromes c (0.2 M phosphate buffer. pH 7). 

conformational changes at the periphery of the 
molecule. Small conformational differences were 
found only in the lower part of the heme crevice in 
the environment of the buried H,O molecule hy- 
drogrn bonded to Asn-52, Tyr-67 and Thr-78 [ 141. 

The NMR [ 171 and chemical data [15] evi- 
denced. however. that in solution there are some 
differences in the conformation of the oxidized 
and reduced molecules at the bottom of the cyto- 
chrome c structure where Lys-39. Lys-53. Lys-55 

and Ile-57 are situated (see fig. I). According to 
NMR data, the region in the vicinity of Ile-57 
where the main antigenic site in cytochrome c is 
known to be localized is more flexible than other 
parts of cytochrome c. 

A recent refinement of the two X-ray structures 
of tuna cytochrome c at high resolution made with 
an increased accuracy, and their detailed compari- 
son [16] did reveal a small concerted shift of the 
side chains and even the main chain at the bottom 
of the molecule along with conformational changes 
on the Met-80 side of the heme. The differences in 
the atom postions of the two redox forms of 
cytochrome c did not exceed 0.1 A. 

In the present work no redox-dependent changes 
in mobility of the spin labels bound to Met-65. 
Lys-72(73) and Tyr-74 of cytochrome c were relia- 
bly established. 

The Met-65 and Lys-72(73) residues of cyto- 
chrome c are separated from the region discussed 
above by a rather large distance (J 15 A). there- 
fore the spin labels attached to them may not ‘feel’ 
the events occurring there. On the contrary. Tyr-74 
is situated very close to the region mentioned: the 
distance to Lys-55 is about 5.7 A and to Ile-57 
approrc. 4 A. The spin label at Tyr-74 must have 
registered conformational changes in the surround- 
ings of Ile-57 if these changes were the case. The 
similar 7, values for both ferri- and ferro-SL,-(Tyr- 
74)-cytochromes c indicate that redox conforma- 
tional changes at the bottom of the molecule in 
solution. if any. are very small. This results agrees 
with the X-ray analysis data for the crystals [ 161. It 
should be taken into account that introduction of 
the label by itself gives rise to small local pe.turba- 
tions in the cytochrome c structure [4]. 

3.4. Replacement of Mer-SO 6~ CN - 

In cytochromes of the c type. as distinct from 
other heme-containing proteins. both axial ligands 
in a six-coordinated heme complex. His-18 and 
Met-80, belong to the polypeptide chain of the 
protein. There is still not sufficient information as 
to what role the binding of the sixth protein ligand. 
Met-80, to the heme plays in the maintenance of 
the native conformation of the protein. The data 
available evidence that the replacement of Met-80 



by the external ligands, imidazole, azide or cyanide, 
affects insignificantly, if at all. such integral char- 
acteristics of cytochrome c as viscosity, o-helix 
content, stability to denaturing agents and temper- 
ature [1,17]. It has been also reported [IS] that the 
fluorescence of the single Trp-59 residue localized 
in the depth of the heme cavity and being in 
contact with the heme increases insignificantly, 
about 1.5-times, upon replacement of Met-SO by 
cyanide. 

Based on the data available, it may be con- 
cluded that the binding of Met-80 to the heme is 
not essential for the maintenance of the integrity 
of the deapest part of the heme cavity and the 
cytochrome c structure as a whole. However. the 
possibility cannot be excluded that the break of 
the link between the sixth protein ligand and the 
heme may result in a disturbance of the conforma- 
tion and a destabilization of some part of the 
molecule next to the ligand-bound amino acid 
residue [17]. In favor of this assumption are the 
data of chemical modification of cyanoferricy- 
tochrome c where. as distinct from ferricytoch- 
rome c, Met-80 can be easily attacked by anionic 
reagents. since, the heme cavity seems to be less 
compact [7]. 

The present study of spin-labeled cytochromes c 
shows that replacement of Met-80 by cyanide is 
accompanied by pronounced changes in the con- 
formation of the region where Met-65, Tyr-74 and 
Lys-72(73) residues are situated, i.e., in a segment 
of the polypeptide chain adjacent to Met-80. In 
spin-labeled cyanoferricytochromes c the mobility 
of all the three spin labels increases markedly 
(7-15times) and approaches that of a free label in 
solution This may oolnt to some destabilization 
and enhanced flexibi!ity of the left-hand side of 
cytochrome c. The conclusion is supported by our 
observations that in the presence of 0.1 M KCN 
the melting temperature of ferricytochrome c de- 
creases by about 3°C and the denaturing con- 
centration of urea by about 1 M, as determined by 
circular dichroism and microcalorimetry methods 

r.91. 

3.5. pH-induced conformational rransirions 

According to classical studies by Theorell and 
Akeson [28], there are five pH-dependent confor- 

mational states in ferricytochrome c as measured 
by optical spectroscopy [l]. The transition from 
one state to another corresponds to dissociation of 
one proton. In the alkaline region two transitions 
are observed (pK values of the transitions are 
given beneath the arrows): 

H- H’ 

II1 + IV -4x-+ v 

Scheme 1 

State III is the native low-spin form of cyto- 
chrome c with Met-W as the sixth ligand; state IV 
is also a low-spin form of the protein. from the 
absorption spectrum of which, however, the band 
at 695 nm is lacking, since Met-80 is replaced by 
another protein ligand; state V is the denatured 
cytochrome c form in which the site of the sixth 
ligand is occupied by OH-. 

In the present work two conformational transi- 
tions in ferricytochrome c were observed in the pH 
range 6-12: the first with pK 9.3 which corre- 
sponds to the transition III-IV in scheme 1 and 
the second with pK 11.1 which is absent in it. 

The spectral transition III-IV has been widely 
studied using different methods and it has been 
shown that the new ligand that replaces Met-80 in 
state IV of cytochrome c is a lysine residue depro- 
tonated with pK 9.35. most probably Lys-79 [l]. 
According to Dickerson et al. [21]. replacement of 
Met-80 by Lys-79 must give rise to a shift of the 
polypeptide chain in the region of residues 78-83. 
which might affect the environment of the loop 
made of residues 70-82. It should be noted, how- 
ever, that the assignment of Lys-79 is not conclu- 
sive [ 19,201. From the analysis of the spatial struc- 
ture of cytochrome c. Lys-72 or Lys-73 and Lys-13 
cannot be completely excluded. Same authors even 
suggest that not lysine but some other residue 
replaces methionine at the sixth coordination site 
at pH 9.3 [1.20]. 

According to our data Lys-79 rather than Lys-72 
or Lys-73 coordinates to the heme in state IV of 
ferricytochrome c. Actually, in the pH range 6- 10, 
the spin labels at the Tyr-74 and Lys-72(73) posi- 
tions do not register any conformational changes 



(fig. 3) which would be the case if the orientation 
c)f the neighboring lysine residue were changed. 
Besides. as appears from NMR evidence. ferricy- 
tochrornr C’ spin labeled at Lys-72(73) undergoes a 
normal spectral transition with pK 9.3 as does the 
native protein [4]. 

Investigations of spin-labeled cytochromes c en- 
able us also to draw some conclusions as to what 
kind of changes occur in the cytochrome c confor- 
mation ~vhcn Met-80 is replaced by another pro- 
tein ligand. Lvhich regions of the structure are 
involved in these perturbations and ho\\’ great they 
:,rc. 

Ah we could see. the conformational transition 

with pK 9.3 was registered only by the spin label 
at the position of Met-65 hut not of Tyr-74 and 
Lys-72(73). At the sa,ne time. displacement of 
Met-HO by the exteraal liEand CN - caused suh- 
stantial changes in mobility of all three labels. 
iIcIlcr. rcplaccment of Met-80 by Lys-79 produced 
smaller pcrturhations in the structure of the left- 
hand side of cytochrome c’ than does the breakage 
of the hcmt iron-polyneptide chain bond. The 
change in T, of the spin label at Met-65 is the same 
in hoth cases. indicating that this site in the cyto- 
chrome C‘ structure is probably sensitik-e to the 
reorientatic>n of :he side chain of Met-SO. Since no 
conformational changes are observed during the 
III- IV transition in the vicinity of residues 72-74 
included in the loop 70--X2 mentioned above. it is 
c>hvious that the reorientation of Lys-79 upon 
cd><wdinaticm to the heme invo,lves a smaller part of 

the polgpcptide L!lain near Lys-79. 
Of particular interest is a new alkaline confor- 

mational transition with pK 11.1 thnt is registered 
by the spin labels but ;s absent in the scheme 1. 

Kihara et a1. [22]. who studied izomerization of 
ferricytochrome c. in the pi-1 range 8.5-12 by the 
ahsorption stop-flow method. were the first to 
suggest the occurrence of a transient cytochrome c 

form differing from states III and IS. Based on the 
changes in the ultraviolet region. the authors pro- 
posed that ionization of the tyrosine residue is 
inv<*ivcd in the formation of this transient species. 
fi<Jwcver. they considered the final species to be 
the same at pkl values both below and aho\re 10 
wi:h Lys-79 as the sixth lignnd. 

Later. by high-resolution NhlR spectroscop_v at 

220 MHz. Morishima et al. [33] found that in 
neutral and alkaline solutions there are four con- 
formers of ferricytochrome c differing in the ligand 
state of the heme: native form (pH 4-9). lysine 
form (pH 9-1 l), ‘strained-lysine’ form (pH 
1 I-12.5) and hydroxide form (pH 12.6). The na- 
ture of the Lys-79-iron coordination in the 
strained-lysine form was considered to differ from 
that in the lysine form. since at pH > 11 the 
ionization of the buried Tyr-67 takes place fol- 
lowed by breakage of its hydrogen bond with 
Thr-78. The ionization pK of Tyr-67 is known to 
amount to i 1- 11.4 [24.25]. 

Studies of spin-labeled cytochrome c derivatives 
have provided convincing evidence for the forma- 
tion of a new conformer of ferricytochrome c in 
the p-L range 10-12.5. There is no doubt that this 
isomerization of cy!ochrome c is induced by ioni- 
zation of Tyr-67 because the pH interval of the 
conformntional transition corresponds to ioniza- 
tion of one group and the pK value of the trhnsi- 
tion coincides with the ionization pK of this buried 
Tyr residue. As distinct from the transition lvith 
p/i 9.3. the conformational changes in this case 
appear to embrace :he whole left-hand side of the 
molecule, since they were registered by the spin 
iabels at Tyr-74 and Lys-72(73) at a distance of c 
more than 15 A from Tyr-67. The increase in 
mobility of the spin labels which accompanies the 
pH-induced transition with pK 11.1 is &nilar to 
that observed when Met-80 is replaced by cyanide. 
The conformational changes in both cases seem to 
he analogous. which also follows from the circular 
dichroism data [ 171. 

Thus. based on the results of the present work 
and on the literature data. conformational events 
occurring in ferricytochrome c at neutral and al- 
kaline pH values prior to denaturation may be 
described as follows [2]. As the pH increases from 

6 to 10. deprotonation of the e-NH, group of 
Lys-79 with pK 9.3 and replacement of Met-80 by 
this lysine take place. The conformational change 
in the cytochrome c structure induced by such 
e.xchange of the protein ligands does not seem to 
he very large. It involves mostly the close proxim- 
ity of Lys-79 and besides a part of the structure 
near Met-65 lvhich is sensitive to the orientation of 
the side chain of Met-SO. 



The reorientation of Lys-79 will obviously af- 
fect the position of the neighboring Thr-78 residue 
which is hydrogen bonded to the internal Tyr-67 
and to one of the -COO- group of the heme [ 1 ,I 31. 
Partial or complete disturbance of these hydrogen 
bonds due to the III-IV transition provides condi- 

tions favoring the ionization of the buried Tyr-67 
which was impossible earlier but now takes place 
with pK 11.1. 

The Tyr-67 residue is localized in the immediate 
vicinity of the heme (r = 4.8 A) and plays a sig- 
nificant role in stabilization of the heme crevice 
from the side of the sixth ligand and the structure 
of the whole left-hand part of cytochrome c. 

Therefore. its ionization in the pH range 10-12.5 
leads to substantial conformational changes and. 
probably. to some destabilization of this region. It 
should be noted that in this pH range unfolding of 
the polypeptide chain of cytochrome c’ does not 
take place [ 171. The structure of other regions also 
remains essentially unaltered, which is evidenced 
by the fact that the spectral and fluorescence 
characteristics of Trp-59 localized in the deepest 
part of the heme cavity do not vary significantly 
[ 17.181 and that the ionization of the Tyr-48 and 
Tyr-97 residues localized in the bottom and right- 
hand parts of the structure is observed simulta- 
neously with the alkaline denaturation of the pro- 
tein at pH > 12.5 [24,25]. 

Thus. the alkaline isomerization of ferricytoch- 
rome c with pK 9.3 provides preconditions for the 
conformational transition with pK 11.1 and the 
latter. in turn. for global changes of the conforma- 
tion during the alkaline denaturation process. 

This interpretation of the different conforma- 
tional states of ferricytochrome c at alkaline pH 
values [2] is supported by the data on pH-induced 
isomerization of ferricytochrome c obtained by 
circular dichroism and optical absorption stop-flow 
methods [26]. In the work by Hasumi [26] there is 
evidence that during the transition with pK 11.1. 
as also occurs with pK 9.3. an interconversion of 
the sixth ligand takes place. At present. it remains 
unclear which group coordinates to the heme at 
pH > 10 replacing Lys-79. From the analysis of 
the spatial structure of cytochrome c it follows that 
the most probable candidate is the ionized pheno- 
lit hydroxyl group of Tyr-67. The ideas that Tyr-67 

may coordinate to the heme at alkaline pH values. 
even at pH -= 10, have been put forward by several 
authors [l]. Model studies on heme complexes as 
well as the existence of mutant hemoglobins in 
which the proximal or distal histidine is replaced 
by tyrosine [27] have served as the basis for such 

assumption. 
Our findings on spin-labeled ferric:;tochromes c 

as kvell as the changes observed in CD spectra in 
the ultraviolet and Sot-et regions at pH > 10 [26] 
are in favor of the replacement of the sixth ligayd 
by ionized Tyr-67. Indeed. the ionization of Tyr-67 
followed by a break of its hydrogen bond \vith 
Thr-78 and reorientation of the ar~mlatic ring due 

to ligation with the heme may be the reason for 
the observed changes in ESR and CD spectra. 
though the experimental data obtained cannot he 
considered as a direct proof of such coordination. 
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