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SUMMARY 

When ferricytochrome c is reduced by H atoms (produced by pulse radiolysis) 
at neutral pH where it is in a closed protein configuration, a considerable percentage 
of the reduction proceeds through electron equivalent transfer via the protein. 

At pH 2.0, where cytochrome c is in an open configuration, H atoms reduce by 
adding directly to the heme porphyrin. The intermediate then observed is identified 
through similarity with that formed on ferriheme alone. 

INTRODUCTION 

Do organic macromolecules in biological systems, particularly proteins as 
distinct from metal-containing components, actively participate in conveying electron 
equivalents in redox reactions? If they do, by what mechanisms? This central question 
of bioenergetics has frequently been discussed and those favoring a positive answer 
proposed in some cases mechanisms involving tunneling or intramolecular free- 
radical transfer as possible interpretations of some experimental facts. Clear demon- 
strations of protein moiety participation in redox processes remain to be desired. 

The protein polypeptide chain of the electron carrier enzyme cytochrome c [1 ] 
is covalently bound to the heme. When the enzyme is reduced the oxidation state of 
its heme-iron changes from Fe (III) to Fe (II). Extensive studies on the physicochemi- 
cal 12] and structural [3, 4] properties of CIII and CII led to two possible mechanisms 
for its reduction. In one, the region of the heme site itself is believed to be the key 
point for interaction in the electron equivalent transfer [5-7]; in the other, the polypep- 
tide chain of the protein moiety is believed to play an active role in the transfer of the 
electron equivalent to and from the metal prosthetic group [8]. Recently the second 
mechanism has been subjected to severe critical re-evaluation [1 ] and doubts expressed 
whether it does operate. 

We report our results on the kinetics of the reduction of ferricytochrome c 
(CIII) by I-I atoms using the fast-kinetic spectroscopy-pulse radiolysis technique [9] 
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on a time scale extending from approx. 100 ns to seconds. Our results show, for this 
very reactive, non-physiological reagent, two reaction pathways depending on the pH, 
which affects the conformation of the protein moiety of the metallo-enzyme. In one, 
where the protein at neutral pH is in the close conformation, an appreciable part of 
the reduction proceeds via the protein. In the other, at acid pH, where the open con- 
formation of the protein permits easier direct access to the iron porphyrin prosthetic 
group, protein participation is not apparent and direct interaction with the heine 
region prevails. 

Previous studies of such reduction near neutral pI-I by hydrated electrons, 
eaq- , [10-15] showed that all eaq- produced react rapidly with CIII, but only some 
70-80 ~ of these cause reduction of CIII to CII [14, 15]. The rest probably form 
peripheral radical adducts on the protein, which end up without reducing ferri to 
ferro. The mechanism of the observed 70-80 ~ reduction of native CII1 at neutral pH 
by eaq- may involve electron transfer processes through the protein as well as more 
direct reaction of this reducing substrate with the heine region [14, 15]. A clear sepa- 
ration between the two mechanisms could not be obtained. The very fast diffusion 
limited bimolecular reduction (k = 2 • 101°-6 • 10 l° M -I • s -1 at pH ~ 7, depen- 
dent on ionic strength) by hydrated electron is followed by two slower intramolecular 
processes [14, 15] with first-order rate constants of approx. 105 and approx, l02 s -1. 
These are probably due to conformational changes. For example, experiments from 5 
to 35 °C on the temperature dependence of these gave activation energies of 7.5 and 
14 kcal/mol, respectively, for the fast and slow first-order intramolecular processes. 
These values are of the order previously observed for macromolecular conformation 
changes [16]. 

Another class of reducing substances, organic radicals, showed (ref. 17 and 
Shafferman, A. and Stein, G., unpublished) approx. 100 ~ efficiency of reduction 
of native CIII in a reaction the rate of which showed small activation energy but a pre- 
exponential factor smaller than the possible maximum. This decrease could be due to 
the requirement of reaction with a specific region, for example that of the heme, or 
with at least one of two or more equilibrated conformations. These reducing agents 
showed no evidence of reacting via the protein. 

Using I-I atoms as the reducing agent near neutral pH we found (refs. 17 and 
18, and Shafferman, A. and Stein, G., unpublished) that all of these reacted with CIII 
in a very fast diffusion-limited bimolecular reaction with k ----- 1.1 • 1010 M-1 .  s- 1 
Of the total I-I atoms which were taken up some 60 ~o are utilized in reducing CIII to 
CII, the rest probably forming such peripheral radical adducts on the peptide chain as 
do not transfer to the berne. Of the 60 ~o of H atoms which reduce ferri to ferro, about 
a third do so by reacting directly with the heme region with the observed bimolecular 
rate constant. Some two-thirds were shown to reduce ferri to ferro in an intramolec- 
ular electron equivalent transfer, involving fast primary addition to sites on the pro- 
tein followed by slower transfer to the heme. 

In the present study we investigated the effect on the reduction mechanism of 
cytochrome c by hydrogen atoms of changes in the conformation of CIII caused by 
going from the native to the acid form by varying the pH. The pH changes lead, inter 
alia, to an opening of the polypeptide structure [1, 2] and an easier access to the heme. 
The following results show the kinetic consequences of these changes in protein con- 
formation. 
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EXPERI MENTAL 

Apparatus, procedures and materials. Apparatus,  procedures and materials 
were the same as those employed previously [9, 18] with the following exceptions: 
Ferri-heme-chloride (approx. 99.5 % pure) purum C H R  of  Fluka was used without 
further purification. We used Kremer ' s  procedure [23] for the preparation of  ferri- 
heme solutions, by which the highest polymer content was always less than 8 ~o of  the 
total ferri-heme monomers at the final p H  of  7.0. The ferri-heme was dissolved in 
0.01--0.04 M HPO42-  and HCIO4 added (rather than HCI, which interferes in radia- 
tion chemistry) to set the final pH. The ferro-heme was obtained by reduction of the 
ferri-heme with Na2S204 at p H  7.0. 

Difference spectrum between 2" 10- 4 M C I I I  and CII  at p H  2.0 were mea- 
sured in a Cary 14 spectrophotometer on stringent deaerated solutions. The reduction 
(by dithionite) was carried out as described previously [18] at p H  6.8, and deaerated 
solutions under N 2 (oxygen free) were brought to p H  2.0 by addition of  HCIO 4. Mea- 
surements on pulsed solutions at ;t > 680 nm were obtained using R-406 Hamamatsu  
photomultiplier instead of RCA IP28, at 2 < 680. 

RESULTS AND DISCUSSION 

( a) Reduction of  ferricytochrome c ( CIII) by hydrooen atoms at p H 3.0-3.2 
First we report  the extension of  our study (refs. 17 and 18, and Shafferman, A. 

and Stein, G., unpublished) of  the reduction of  CI I I  by hydrogen atoms at p H  3.0-3.2 
(where the protein configuration and our results were similar to that at neutral pH)  to 
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Fig. 1. Difference spectrum between reduced and oxidized cytochrome c at pH 3.2. 0 --O, difference 
spectrum between 1 • 10- 5 M CIII in the presence of 0.1 M tert-butanol (light path, 12.3 cm) and the 
same solution 500 ms after a 100 ns pulse of approx. 300 rad; -- ,  difference spectrum (measured in a 
Cary 14 spectrophotometer) between 1.5 • 10 -4 M CIII at pH 6.8 (light path, 4 cm) before and after 
complete reduction with dithionite (phosphate buffer, 5 • 10 -2 M). Insert: intramolecular processes. 
Variation of AdA~ (A = 640 nm)withlogtatpH 3.2, [CIII]o = 3" 10 -5 M. O, ~, 300radperpulse; 
A, ~ 700 rad per pulse. 
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spectral changes in the region of 580-750 nm, beyond the previously covered range of 
320-580 nm. This extension was required since much of the new information from the 
reaction of hydrogen atoms with acid, CIII (pH ~ 2.0) in which the clearest results 
were obtained, was in the spectral region above 600 nm. Fig. 1 shows the difference 
spectrum from 600 to 750 nm obtained 500 ms after a pulse of 100-300 ns given to a 
solution of CIII. The results show (refs. 17 and 18, and Shafferman, A. and Stein, G., 
unpublished) that the product of the reaction between H atoms and CIII is CII produc- 
ed at this pH with a yield of approx. 55 % of all H atoms that reacted with CIII. This 
yield accords with the values we obtained previously from the results in the shorter 
wavelength region. 

The results again show in the microseconds to seconds region intramolecular 
consecutive overlapping processes. Temperature effects (5-35 °C) did not lead to 
sufficient resolution to separate the processes for detailed kinetic analysis. By a proce- 
dure which we have described in detail [18] we could draw some general conclusions 
about the kinetics involved in the reduction processes. In this procedure we plot the 
relative absorbance AJA ~ (At, absorbance at time t; A oo, final absorbance) versus the 
logarithm of time. A typical example is given in Fig. 1 (insert) measured at 640 nm. 
Such plots at different dose rates and shorter wavelengths were found to be invariant. 
Changes in the initial CIII concentration produced a variation only on the short time 
scale of 10- 6-10- 5 s in these plots. From such plots we deduce [18] that all processes 
ranging from > 10- 5 s are intramolecular and more specifically that the processes at 
10-5-10-3 s are mainly intramolecular electron transfer processes, while the intra- 
molecular processes at times > 10 -a s are probably due to conformational changes. 
We reconfirmed in a detailed analysis of the results in the extended spectrum from 600 
to 750 nm that at least 70 % of the observed reduction of CIII to CII occurs via these 
intramolecular processes. 

(b) Reduction o f  CIII by hydrogen atoms at pH 2.0 
The final spectra (Figs. 2 and 3) at pH 2.0 differ from those at pH 3.2 and 6.8 as 

expected [1 ]. The agreement between the two curves (Fig. 2) is not as good above 
660 nm as below. We do not account for this small discrepancy and the general picture 
is that at pH 2.0 reduction of CIII by H atoms produces finally CII. However, in con- 
trast to the higher pH range of 3.2-6.7 at pH 2.0 the final product is obtained much 
faster, in several milliseconds after the pulse, rather than several hundred milliseconds 
as is the case at pH 3.2 or 6.7. At this acid pH the faster formation of CI1 is preceded 
by the formation of an intermediate with a distinctive absorption spectrum. In Fig. 3 
the spectrum recorded 5 • 10-6-10" 10-6 s after the pulse shows a change in absorp- 
tion produced between 458 and 436 nm with positive sign. The phenomenon is simi- 
larly pronounced at 600-750 nm. Here both ferri- and ferrocytochrome c absorb 
weakly so that the kinetics of formation and decay of the absorbing intermediate are 
clearer. In this region the spectral changes measured 5.10-6-10 • 10-6S after the 
pulse show that the transient (Fig. 4) has a gradual increase in absorption going from 
600 to 750 nm with 8750 /> 3300 M -I • cm -1. This absorbing species decays (insert 
Fig. 2) and finally produces the absorption of the ferro-enzyme. At higher pH (3.2 or 
6.7) there were only re!nor spectral changes due to intermediate stages of the reduction 
which did not follow those expected from a direct transition from ferri to the ferro 
state of the enzyme. At higher pH values the continuous change inthe spectrum mea- 
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Fig. 2. • -  • ,  difference spec t rum between 1 • 10-5  M CIII  at p H  2.0 (HCIO4) in the  presence o f  
0.1 M tert-butanol (light pa th ,  12.3 cm)  and  the  same  solut ion 20 ms  after a 100 ns  pulse o f  approx.  
400 rad;  - - ,  difference spec t rum (measured  in a Cary  14 spectrometer  on  str ingently deaerated solu- 
t ions)  between CIII  and  CII (2 • 10-  4 M)  at p H  2.0; light path ,  4 cm. Insert:  Oscilloscope traces at 630 
n m  on  1 • 10-  5 M CIII,  pI-I 2.0, 0.1 M tert-butanol, approx.  400 rad. Ordinate  scale, 2 mV/divis ion;  
photomul t ip l ie r  ou tpu t ,  200 m V  at t = 0. Absc i ssa  scale: upper  curve,  20 ms/divis ion;  lower curve,  
10 #s/division.  
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Fig. 3. Difference spectrum due to the intermediate at p H  2.0. - © - ,  measured ( l ight path, 2 cm) 10/~s 
after a I00 ns  pulse o f  400 rad  to 1 • 10-  s M CIII  in the  presence o f  0.1 M tert-butanol; • --  • same  
condi t ions  bu t  absorp t ion  m e a s u r e d  50 m s  after pulse showing  difference spec t rum between CII  
ob ta ined  and  original  CIII ;  - - ,  difference spec t rum at p H  2.0 between CIII  and  CII solut ion obta ined  
by di thionite  reduc t ion  by procedure  as in Fig. 2. Insert :  p H  dependence o f  absorbance  at 438 n m  
measu red  10 # s  after 100 ns  pulse o f  approx.  400 rad. 
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Fig. 4. Difference spectrum due to the intermediate at pH 2,0 measured 10/~s alter 100 ns pulse. 
Other conditions as in Fig. 3, except light path is 12.3 cm. Insert: pH dependence of absorbance at 
690 nm. 

sured from the shortest times, approx. 500 ns, to about 300 ms, showed some 3-6 % 
contribution by the new intermediate, the remaining 94-97 % showed changes in 
absorption at wavelengths as expected from the conversion of the spectrum from that 
of ferricytochrome directly to ferrocytochrome. The rate of formation of the new 
absorption produced at 600-750 nm or 440-450 nm was (2.84-0.4) × 101 o M-  1. s- 1, 
obtained by dividing the observed pseudo first-order rate for the formation of the 
absorption by the initial CIII concentration. This value is higher by a factor of approx. 
3 than that obtained for the reaction of I-I with CIII at higher pH. Analysis of the 
kinetics of absorption changes around 550 nm showed that plots of At /Ao o vs. log t 
were independent of changes in dose. Changes in initial CIII concentration affected 
the kinetics up to approx. 10 .10-6  s only. As discussed before the independence of 
kinetics of initial CIII concentration and of dose in the time range above 10-5 s 
indicates that the reactions observed there are intramolecular. 

Final reduction yields calculated from results at 580, 550, 520 and 460 nm gave 
85, 70, 75 and 85 ~o efficiency, respectively. 

Thus, changing the conformation of CIII from the neutral to the acid state 
affects the reduction mechanism by H atoms, increases the bimolecular rate constant 
and increases the percentage of reduction. 

We attribute the new intermediate observed to the reaction of hydrogen atoms 
with the porphyrin ligand. This is supported by the following facts: (a) metal porphy- 
rins and radicals of metal porphyrin have an intense absorption band at approx. 600 
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nm [19, 20]. (b) Acid CIII is known to have an "open" conformation, that is to say 
that the heme is more exposed to the solution while at higher pH (neutral) only one 
edge of the porphyrin is exposed to the solvent [1-4]. Thus at low pH the heine is more 
accessible to the reducing hydrogen radicals. (c) A titration of the absorption (insert, 
Figs. 3 and 4) either at 430 nm or at 690 nm recorded 10 #s after the pulse yields a pK 
of 2.4. This value agrees well with the pK [21 ] for the transition of CIII from type III 
(cytochrome c at neutral pH) to the type II (acid cytochrome c). (d) NMR studies on 
the reduction ferri-heme by labeled hydrogen (2H and all) show that the ferro-heme 
produced is labeled by either isotope in the methinic position of the porphyrin, prob- 
ably due to intermediate addition to the double bond there [22]. All these facts 
suggest that the transient absorption in question found in the reduction of CIII by 
hydrogen atoms at pH 2.0 is due to the product of the reaction of the porphyrin ligand 
with the hydrogen atoms. The reduction of ferri-heme itself by organic radicals or 
hydrated electrons produces ferro-heme with no detectable intermediates [20], i.e. if 
an intermediate is formed at all, it is transformed to the stable product with 
-r~ < 1.4- 10 -6 s. In the present work we observe an intermediate stable for several 
microseconds when CIII at pH 2.0 is reduced by H atoms. We have therefore carried 
out some experiments on the reduction of ferri-heme by H atoms. 

(c) Reduction of ferri-heme 
We reduced at neutral pH ferri-heme using hydrogen atoms, or, alternatively, 

ethanol radicals. The results are summarized in Fig. 5. In Fig. 5B we compare the 
difference spectrum obtained from the reduction of ferri-heme by ethanol radicals ~ 
with that of chemical reduction with Na2S20~. The product of the reduction by 
ethanol radicals is ferro-heme obtained in a bimolecular process with k = 7.7- 10 a 
M - 1 .  s-1, without any detectable formation of intermediates (insert Fig. 5B). Harel 
and Meyerstein [20] reported that isopropanol radicals reduce ferri-heme at pH 13 in 
a bimolecular process with k ---- 9 • 10 a M-1 .  s-1, without any detectable formation 
of an intermediate. 

The difference spectrum of ferri- and ferro-heme had maximum and minimum 
in absorbance, at approx. 560 and approx. 620 nm. The small shift in the spectrum 
obtained in the pulse radiolytic method relative to the one obtained in the chemical 
reduction may possibly be due to some ligation by dithionite. In Fig. 5A the results for 
the reduction of ferri-heme by H atoms at pH ~ 7 are presented. The difference 
spectrum measured 1 ms after a given pulse is very similar to that shown in Fig. 5B and 
indicates that at this time the final product, ferro-heme, is present. 

In contrast to the organic radical system in the H atoms system one can clearly 
see an intermediate absorption in the microsecond region. This absorption is different 
from that expected from the conversion of ferri-heme to ferro. From 500 to 700 nm the 
intermediate shows an absorption which is always positive in sign. The intermediate 
absorption in question decays with complex kinetics involving at least two consecutive 
processes and produces finally the reduced ferro-heme, (insert, Fig. 5A). We conclude 
that reduction of ferri-heme itself by H atoms produces initially an intermediate which 
we attribute to an H atom adduct on a methinic position on the porphyrin ligand [22]. 
From the similarity of the results obtained in the ferri-heme and CII systems it seems 
that in the latter, reduction by hydrogen atoms occurs also through the porphyrin 
ligand. 
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Fig. 5. (A) Difference spectrum after reduction of 2 .10-5  M ferri-heme by l-I atoms at pH 7.0, 
5 • 10 -2 M N20 and 0.2 M tert-butanol. Pulse: approx. 1.5/~s, approx. 2700 rad. Difference spectra: 
C)--O, 5/zs after pulse; • - - • ,  1 ms after pulse. Insert: oscilloscope traces at 610 nm. Abscissa 
scale, lower trace, 5/~s/division, upper trace, 200/~s/division. Ordinate scale, 5 mV/division. Photo- 
multiplier output, t = 0, 500 InV. 03) [] --F1, reduction of 1 • 10- 5 M ferri-heme at pI-I 7.0 by ethanol 
radicals (obtained by using 0.1 M ethanol instead of tert-butanol); difference spectrum measured 
500/~s after a pulse of 1.5 Fs, approx. 2700 rad; - - ,  reduction by dithionite of 2 • 10- 5 M ferri-heme; 
difference spectrum measured on Cary 14 spectrophotometer. Insert: Oscilloscope trace of reduction 
by ethanol radicals of 1 • 10-5 M ferri-heme solution measured at 560 nm. Abscissa scale, 100/~s/ 
division; ordinate scale, 5 mV/division. Photomultiplier output at t = 0, 200 mV. 

In  bo th  systems the in te rmedia te ,  s table  for  microseconds ,  shows a g radua l  
increase  o f  ab so rbance  above  600 nm. The  ext inc t ion  coefficients at  640 n m  a r e / >  
350 M -  1. c m -  i and  I> 800 M -  1.  c m -  1 for  the heme and  the C I I I  systems,  respective-  
ly. The  wavelength  o f  640 n m  represents  an  isosbest ic  po in t  o f  the ferr i  and  the final 
fer ro  state in bo th  systems.  The  ra te  o f  f o rma t ion  o f  the abso rp t ion  in quest ion has a 
lower  l imit  o f  3.101 o M -  1. s - 1 for  fe r r i -heme at  p H  7 and  (2.84-0.3) × 1010 M - 1. s - 1 

fo r  f e r r i cy tochrome c at  pI-I 2, respect ively.  
We conc lude  tha t  at  p H  2.0 when C I I I  is in the  more  " o p e n "  confo rmat ion ,  

and  the heme more  accessible  to the solvent ,  r educ t ion  by  I-I a toms  proceeds  th rough  
the heme,  a n d  p r o b a b l y  th rough  p r i m a r y  add i t i on  to the  methinic  pos i t ion  on the 
p o r p h y r i n  l igand.  

The  ques t ion  is whether  this  is the  on ly  mechan i sm which cont r ibutes  to  the 
e lec t ron  t ransfer  processes  observed  at  this  low p H  or  whether  there  is a con t r ibu t ion  
to  these by  e lec t ron  t ransmiss ion  processes  f rom the p ro te in  moie ty  as well. We  have 
ca lcula ted  the  poss ible  re la t ive  con t r ibu t ions  o f  each mechan i sm f rom the b imolecu la r  
rates  for  the  add i t i on  o f  H to C I I I  a t  p H  2.0 and  6.7, and  f rom the reduct ion  yields in 
the  two p H  ranges ,  a s suming  tha t  every H a t o m  which a t tacks  the  po rphy r in  adds  an  
e lec t ron equivalent  to  the  i ron.  The  results  o f  these calculat ions  leads us to  conclude  
tha t  the  reduc t ion  yie ld  o f  approx .  80 ~ f o u n d  at p H  2.0 can be accounted  for  f rom 
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the attack of  H atoms only on the porphyrin ligand while at p H  3.0-3.2 and 6.7 the 
contribution of this mechanism to the reduction of CII I  is minor ( < 6 ~) .  

(d) Reduction of  CIII by organic radicals at pH 2.0 
At neutral p H  it was found that organic radicals such as formate, lactate, 

malate and ethanol reduce CI I I  in 100 ~ reduction efficiency; there are no further 
detectable reactions of the reduced enzyme with these radicals (ref. 17 and Shafferman, 
A. and Stein, G., unpublished). The reduction is completed during the bimolecular 
reaction of these radicals with the protein at rates ranging f rom 109 to l0 s M - 1  . s-1.  
From the present study on the reduction of  ferri-heme by one of these radicals (etha- 
nol) we expect in contrast  to the I-I a tom system that  reduction of CI I I  at p H  2.0 will 
have a similar kinetic behavior to that found at neutral p H  (even though the mecha- 
nism may differ) in spite of  the change in the conformation which exposes the ferri- 
heme at the lower pH.  Indeed the kinetics of  reduction of  CI I I  at p H  2.0 by ethanol or 
formate radicals is indistinguishable f rom that found at higher pH. The only difference 
lies in the values of  the bimolecular rates for the reduction of  CI I I  which is slightly 
higher at the low pH,  namely 7.4. l0 s M -  1. s -  1 at p H  6.7 and 9.4.  l0 s M -  1 • s -  ~ at 
p H  2.0 for the reaction of formate radicals ( C O O -  and COOH);  1.8 • l0 s M - 1 .  s-1 
at p H  6.8 and 2.4 • 10 s M -~ • s -~ at p H  2.0 for ethanol radicals. No changes of 
absorption at 2 > 600 nm other than those expected f rom the conversion of ferri- to 
ferro-cytochrome c could be detected. 

In conclusion we may state that using H atoms as the reducing agent, it was 
shown that in the closed configuration at neutral p H  an appreciable percentage of the 
reducing equivalent is transferred in ferricytochrome c by a mechanism involving pri- 
mary  radical addition to sites on the protein, followed by intramolecular electron 
equivalent transfer. At acid pH,  in the open protein configuration H atoms reach the 
ferric-heme directly and react there a, least partly via addition to the porphyrin. It  
seems thus that at a physiological p H  cytochrome c acquires a configuration which 
enables the polypeptide chain to participate in the electron transfer process, this 
ability is abolished in the acid conformation. However, this feature of cytochrome c is 
manifested only by the non-physiological reducing agent H atoms. 
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