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SUMMARY

When ferricytochrome ¢ at pH about 9 is reduced by hydrated electrons and/or
CO, 7, it gives rise to an unstable form of ferrocytochrome ¢ whose absorption spec-
trum, particularly in the Soret region, differs from that of normal ferrocytochrome c.
This form changes intramolecularly (life-time about 0.1 s at ambient temperature) to
yield normal ferrocytochrome ¢, and by 0.5 s the change in absorption spectrum in the
range 225-600 nm produced by e, and/or CO, " is identical to the final change pro-
duced by reduction with an equivalent amount of sodium dithionite. This shows that
both e”,; and CO,~ reduce cytochrome ¢ with practically 100 % efficiency. In the
range 600-800 nm the spectrum of the unstable form is the same as that of normal
ferrocytochrome ¢, both having small absorptions at 695 nm as compared with
ferricytochrome c. As the unstable form disappears however a further loss of absorp-
tion at 695 nm occurs. This is taken to imply that the unstable form decays to a second
unstable form which then rapidly donates an electron to the unchanged neutral form
of ferricytochrome ¢, so reducing absorption in the 695 nm band. Subsequent to this
process the absorption in the 695 nm band increases over a period of minutes owing
to re-equilibration between the neutral and alkaline formes of ferricytochrome c.
Between pH 7 and 10 the effect of pH on the absorption changes is consistent with
the hypothesis of a second unstable form of ferrocytochrome ¢. Additional phenomena
arise in more alkaline solutions. The rates of the various unimolecular processes are
thought to be determined by the rates of change of conformation of the protein parts
of the molecule following the change in oxidation state.

INTRODUCTION

Pulse radiolysis experiments have shown that hydrated electrons react rapidly
with cytochrome c in its oxidized form [1-3] in part by direct interaction with the haem
moiety and in part via other parts of the molecule. There is evidence that Tyrosine 67
plays a role in the reaction [4]. Hydrogen atoms [5] and free CO,~ {1] and other
organic [6] radicals also cause rapid reduction. The rapidity of all these reductions
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has permitted direct observation of subsequent intramolecular changes, and processes
with first-order rate constants varying from 1.7 s™* [2] to 10° s™! [7, 8] have been
reported, and attributed to internal transfer of reducing equivalents or to conforma-
tional changes. Further observations have now been made, mainly on mildly alkaline
solutions, with special emphasis on changes occurring at the 695 nm absorption band.
The results provide new information about intermediate stages in the reduction
process.

METHODS

Horse heart cytochrome ¢ was obtained from Koch-Light (90-100 %) or Sigma
(Type VI). Solutions of known concentration were made up by weighing the material,
taking the water content into account. The absorption of the solutions at 695 nm was
checked before the experiments, and direct comparison showed no difference between
cytochrome ¢ from the two sources in the rate or extent of changes in absorbance
produced by giving pulses of radiation to deaerated solutions which also contained
sodium formate at pH 9.2. Water was distilled from alkaline permanganate. Other
chemicals were of Analar quality. Solutions were either deaerated by bubbling with
argon (Air Products) or saturated with N,0 (B.O.C.).

Pulse radiolysis experiments were conducted as in earlier studies in this series
[1], using single pulses (< 1 us duration) of electrons (approx. 10 MeV) from a
Vickers linear accelerator. Solutions were contained in cells of optical path length
I mm (Figs. 1 and 4, Tables I and II) 2.5 cm (Fig. 2) or 5 cm (Fig. 3). A single Bausch
and Lomb monochromator was used in most of the experiments. The bandwidth was
normally 2.5 nm. The accuracy of the wavelength scale was checked using the known
absorption bands of cytochrome ¢ or interference filters.

Absorption spectra of stable solutions were determined with a Uvispek H700
(Hilger), a Spectronic 505 (Bausch and Lomb) or a digital ultraviolet spectrophoto-
meter (Cecil Instruments).

RESULTS

Previous experiments have indicated that in mildly alkaline solutions, hydrated
electrons and CO,~ appear to react with cytochrome ¢ to form a product whose
absorption in the Soret region differs from that of normal reduced cytochrome ¢ [1].
The product then seemed to disappear slowly (with a rate constant at 19 °C of 7.3 s 7%,
activation energy 85 kJ/mole) apparently to form normal reduced cytochrome ¢. To
establish the stoichiometry of the reduction, careful measurements have now been
made in the wavelength range 225-600 nm of the difference between the absorbance of
cytochrome ¢ solutions before the pulse and the absorbance (a) after hydrated
electrons and CO, ™ have reacted but before the onset of the subsequent slow process
(about 1 ms) and (b) after completion of the slow process (0.5 s). The solutions con-
tained 9.3-107°M cytochrome ¢, of which 8.4 - 1073 M was in the oxidized form,
together with 0.1 M sodium formate, and were buffered to pH 9.2 with 1072 M
borate buffer. Air was removed from the solutions by bubbling with argon. Each
pulse delivered 3.2 - 103 rad so that most of the hydrated electrons and CO,~ would
react with the cytochrome c rather than with each other. From the rate constants for
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Fig. 1. Changes in absorption in the range 225-600 nm produced by delivering a pulse of radiation
to a solution containing 8.4 - 10~° M ferricytochrome ¢ and 10~* M sodium formate (buffered to
pH 9.2 with 10-2 M borate). x, immmediately after e,q~ and CO,~ have reacted (& 1 ms); O, after
completion of the subsequent slow reaction (0.5 s); —, absorption changes produced on reduction
by dithionite of an amount of ferricytochrome c equivalent to that reduced by the pulse (1.75+ 10" M
cytochrome c).

theit reactions with cytochrome ¢ and with each other it was estimated that 90 9/ of
the e,,” and CO, "~ reacted with cytochrome c. It was found by giving repeated pulses
that in these solutions hydrated electrons react at equal rates with oxidized and reduced
cytochrome c. If it is assumed that CO, ~ also reacts equally with oxidized and reduced
cytochrome ¢, then if the combined yield of hydrated electrons and CO, ™ isG = 6.5 [9],
where G is defined as the number of species produced per 100 eV of energy absorbed
in the system, it follows that G = 5.3 of these species produce reduction of cytochrome
¢, so that 3.2 - 10° rad reduces 1.75 - 10~ 3 M cytochrome ¢ (i.e. about 20 %, reduction).
If CO,” does not react with reduced cytochrome ¢, then 3.2-10°rad reduces
1.85- 10> M cytochrome ¢. Absorbance differences produced by the reductions are
shown in Fig. 1, together with the difference between the absorption spectrum of
1.75+1073 M oxidized and reduced cytochrome ¢ obtained by addition of sodium
dithionite to a solution like that used in the pulse radiolysis experiments. The presence
of absorbing species resulting from the addition of the sodium dithionite itself
restricted determinations in solutions containing dithionite to wavelengths above
400 nm. It can be seen that immediately after the hydrated electrons and CO, ™ have
reacted the difference spectrum in the Soret region is different from what it is by 0.5 s.
By 0.5 s the difference spectrum is indistinguishable from that produced by dithionite
reduction. It can, therefore, be concluded that the ultimate spectroscopic changes
produced by hydrated electrons and CO, ™ are the same as those produced by sodium
dithionite to within about 10 9. In order to compare the effects produced by hydrated
electrons and CO, ™, the same solutions were on the same day on the one hand deaer-
ated by bubbling with argon and on the other hand saturated with N,O so as to
convert hydrated electrons into CO,~ through the reactions:

e q+N,0 5 N,+OH (1)
OH-+HCOO~ ~—> H,0+CO0,". @)
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Absorbances were then measured at a number of wavelengths both immediately after
the hydrated electrons and/or CO, ™ had reacted and at 0.5 s, with as little disturbance
to the apparatus as possible. Results normalized to the same dose are shown in
Table I from which it can be seen that both the wavelengths where the maximum ab-
sorptions take place (417.5 and 552.5 nm)and the change in absorbance at the maxima
are the same for the two solutions, showing that hydrated electrons and CO, ™ produce
indistinguishable effects. From the errors in the measurements, these effects must,
therefore, be the same to well within 10 9/.

TABLE 1

Change in absorbance at various wavelengths produced by delivery of a pulse (approx .3 - 103 rad)
to a solution containing 9.3 - 10~5 M cytochrome ¢ and 0.1 M sodium formate at pH 9.2.

Wavelength (nm) Absorbance (x10?%)

Argon saturated N,O saturated

Immediate 0.5s Immediate 05s
410 2.12 2.52 1.85 2.19
412.5 7.47 6.00 7.89 5.94
415 13.6 8.86 14.2 9.36
417.5 15.6 10.3 15.9 10.9
420 12.0 9.24 12.6 9.10
422.5 7.73 6.91 6.85 6.40
547.5 1.94 1.77 2.00 1.79
550 3.09 2.90 2.94 2.92
552.5 3.46 3.29 3.48 3.33
555 2.50 2.24 2.28 2.02

Ferricytochrome ¢ possesses a weak absorption band around 695 nm which is
believed to be caused by a charge transfer interaction between the sulphur atom of
Methionine 80 and the ferric iron atom. This absorption is lost when the iron atom
is reduced to the ferrous state. Determination has now been made of the change in
absorbance at 695 nm produced by delivering single pulses of fast electrons (approx.
3-10° rad) to deaerated solutions containing 2 - 10™* M cytochrome ¢ and 0.1 M
sodium formate buffered to pH 9.2 with 1072 M borate buffer. Absorbances at
695 nm were found to increase after the pulse owing to the formation of hydrated
electrons (g5 pm = 1.8+ 10* M1 - cm™1!) and then to decrease within about 1 us
in a first order manner with a half-life corresponding to the rate of reaction of hydrated
electrons with cytochrome ¢ (1.8 - 10'® M~! - s™* in this solution [1]). The absor-
bances of the solutions after disappearance of the hydrated electrons were consistent
with a concurrent decrease in the absorption at 695 nm of the cytochrome ¢ molecule
itself. Following these changes, slower first-order decreases in absorbance were found
to take place over several microseconds, the half-life being equal to that for reaction
of CO,™ with cytochrome ¢, showing that this reduction too was accompanied by a
decrease in cytochrome ¢ absorption at 695 nm. Still further first-order decreases
then took place over some hundreds of milliseconds, following which the absorbance
showed little change over seconds. In separate experiments it was found that the
absorbance at 695 nm increased again over periods of minutes.
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Fig. 2. Changes in absorption in the range 600-800 nm produced by delivering a pulse of radiation
to a solution containing 8.4 - 103 M ferricytochrome ¢ and 10~! M sodium formate (buffered to
pH 9.2 with 1072 M borate). x, immediately after e™,q and CO,~ have reacted (= I ms); O, after
completion of the subsequent slow reaction (0.5s); —, absorption changes produced on reduction
by sodium dithionite of an amount of cytochrome ¢ equivalent to that reduced by the pulse (1.9 - 10~3
M cytochrome c).

Measurements have been made in the wavelength range 600-800 nm of the
difference between the absorbance of cytochrome ¢ solutions before the puls~ and the
absorbance (a) after hydrated electrons and CO,™ have reacted but before the onset
of the subsequent slow process and (b) after completion of the slow process (0.5 s).
The solutions were like those used for Fig. 1. The dose delivered in each pulse was
3.5 10* rad which on assumptions like those above corresponds to the reduction of
1.9 - 1073 M cytochrome ¢. Absorbance differences produced by this reduction are
shown in Fig. 2, together with the difference between the absorption spectrum of
1.9- 1073 M oxidized and reduced cytochrome ¢ obtained by addition of sodium
dithionite. It can be seen that the absorbance differences after completion of the slow
process differ from those obtained after reduction with dithionite. In order to test
whether this might be due to errors in the spectrophotometric measurements, a solu-
tion containing 5 - 10~ * M cytochrome ¢ and 0.1 M sodium formate was reduced by
sodium dithionite at pH 9.3, and the difference between the spectrum of the reduced
solution and the original solution was measured using both the optical system of the
pulse radiolysis apparatus and a laboratory spectrophotometer. The difference spectra
in the range 600-800 nm were found to be identical, showing that in Fig. 2 the differ-
ences between reduction by radiation at 0.5 s and by dithionite must be real. It was
found that saturation of solutions with N,O produced no significant effect on the
absorption changes in the range 600-800 nm produced by a pulse of radiation con-
firming still further that changes produced by CO,~ are the same as those produced
by hydrated electrons to within 10 9.

The rate constant for the slow first-order decrease in absorbance at 695 nm
after reduction of cytochrome ¢ (10~* M)by CO,” at pH 9.2 was found to be
(11.54£2)s™ " at 18.4 °C. The activation energy was determined by the same method
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Fig. 3. Decrease in absorbance at 695 nm produced by delivering pulses of radiation to N,O saturated
solutions containing 8.4 - 10~° M ferricytochrome ¢ and 10~! M sodium formate at various pH.
X, immediately after CO,~ has reacted (& 1 ms); O, after completion of the subsequent slow reac-
tion (0.5 s); A, change produced on reduction by dithionite of an amount of cytochrome ¢ equivalent
to that reduced by the pulse (2.0 - 10~° M cytochrome c¢).

as previously employed for lower wavelengths [1], and found to be (804-12)kJ/mole.

The effect of pH on the magnitude of the absorbance changes at 695 nm was
determined by giving 3.7 - 10° rad pulses to N,O saturated 9.3 - 107> M cytochrome
¢ solutions containing 0.1 M sodium formate at various pH values. The results are
shown in Fig. 3 which also shows absorbance changes produced in similar solutions
on reduction by dithionite of an amount of cytochrome ¢ equal to that reduced by
the pulse. Using 2 - 10™* M cytochrome ¢ solutions it was found at pH 9.9 that after
decreases in absorbance like those in Fig. 3 the absorbance at 695 nm increased again
over some minutes, and that the increase was more marked than at pH about 9.2.
The effect of pH on the change in absorbance at 417.5 nm, the wavelength showing
the biggest difference in absorbance between oxidized and reduced cytochrome ¢, is
shown in Fig. 4. In a separate series of experiments it was found that altering the pH
in the range 10.9 to 12.6 produced little effect on the immediate change in absorbance
at 417.5 nm.

It was not easy to determine the effect of pH on the rate of the slow first-order
decrease in absorbance at 695 nm since little slow change occurred below pH about
8.5, and the amount of absorbance above pH about 10 was extremely small. Within
this range however there seemed to be little effect of pH on the rate. A determination
was made of the rate of the slow process at 417.5 nm. The solutions used were the
same as those employed to obtain the results of Fig. 4, the cytochrome ¢ concentration
being 10™* M. At each pH the slow change was found to follow good first-order kinet-
ics except that above pH 10 there was evidence of a longer-lived component in
addition to the main one. Results obtained at 19.5 °C are shown in Table II. For
pH 9.2 the rate constant of (10-+1)s™! is somewhat above the earlier value of 7.3 s™*
which is now superseded. It can be seen from Table II that there is little effect of pH
on the rate below pH about 10, but that a distinct decrease in rate occurs in more
alkaline solutions. In further experiments it was found that at a constant pH of 9.2
the rate constant for the slow change was independent of cytochrome ¢ concentration
in the range 2 - 10751074 M.
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Fig. 4. Increase in absorbance at 417.5 nm produced by delivering pulses of radiation to solutions
containing 9.0 - 10~5 M ferricytochrome ¢ and 10~! M sodium formate at various pH. X, immediate-
ly after e,q~ and CO.~ have reacted (& 1 ms); O, after completion of the subsequent slow reaction
(0.5s); &, change produced on reduction by dithionite of an amount of cytochrome ¢ equivalent to
that reduced by the pulse (1.9 - 105 M).

TABLE 11

RATE OF CHANGE IN ABSORBANCE AT 417.5 nm AFTER DELIVERY OF A PULSE TO
SOLUTIONS CONTAINING CYTOCHROME ¢ AT VARIOUS pH

pH Rate constant (s™1)
8.75 14 45
9.2 10 +1
9.5 10 +1
9.85 8.64+0.9
10.3 4 41
10.5 5 41
DISCUSSION

The results in Fig. 1 and Table I show that in the range 225-600 nm the ultimate
changes produced by hydrated electrons and CO,~ are the same as each other and
the same as the changes produced by sodium dithionite. This conclusion is in agree-
ment with our previous one [1], and with independent experiments (Nilsson, K.,
personal communication), but differs from that reached by some other workers who
have concluded that only 30-70 % [10], 50 % [7] or 70-80 9/ [8] of hydrated electrons
produce changes in the haem moiety like those produced by dithionite, the rest pre-
sumably reacting at other parts of the molecule. Our conclusion is also at variance
with the conclusion that certain organic free radicals produce ferrocytochrome ¢
more effectively than hydrated electrons do [6]. The difference between these conclu-
sions is attributed in part to differences in experimental conditions such as pH and
ionic strength, and in part to the difficulty [8] of making reliable measurements at
narrow bands in strongly absorbing solutions. There seems no reason to doubt that
under the present conditions, and taking all experimental errors into account,
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hydrated electrons, CO,~ and dithionite all produce the same ultimate change in the
range 225-600 nm and, therefore, all produce ferrocytochrome ¢ in practically 100 %,
yield. Now at pH values close to 9 about half of the cytochrome ¢ exists in the neutral
form in which the sulphur atom of Methionine 80 is coordinated to the iron atom,
possessing an absorption band at 695 nm, and half exists in the alkaline form in
which the sulphur of methionine is displaced by another group, perhaps the ¢ amino
group of Lysine 79, with no band at 695 nm [11]. Reduction by hydrated electrons
and CO, "~ takes place at every pH at values which approach the diffusion-controlled
rate [1], so that under normal experimental conditions the reduction is complete long
before the two forms of cytochrome ¢ would have time to interconvert [12-14]. It is
therefore, evident that both hydrated electrons and CO,~ (like dithionite [11]) will
reduce both forms of cytochrome c.

The transient appearance of an abnormally absorbing form of ferrocytochrome
¢ during reduction in alkaline but not neutral solutions [1, 11] has been explained [11]
by representing the two forms of ferricytochrome ¢ as Forms A and C, respectively
(Fig. 5), normal ferrocytochrome ¢ as Form F (independent of pH) and the unstable
form of ferrocytochrome ¢ as Form D. In very alkaline solutions reduction then
proceeds by the rapid conversion of Form C to Form D followed by the slow process
in which Form D eventually gives Form F. In neutral solution Form A gives Form F
directly. At pH 9.2 both processes occur. If absorption at 695 nm is characteristic of
a sulphur—ferric bond, the scheme also explains why at pH 9.2 the difference spectrum
in the range 600-800 nm immediately after the hydrated electrons and/or CO, ™~ have
reacted is almost the same as after addition of sodium dithionite to the solution
(Fig. 2).

This simple representation of the reduction in terms of Forms A, C, D and F
does not however explain why in Fig. 2 the differences in spectrum at 0.5 s are about
twice as great as immediately after reduction, since no further loss of 695 nm absorp-
tion should occur once Form A has given Form F. Now at 19 °C the slow loss of
absorption at 695 nm proceeds at the same rate as the slow loss of absorption at

\an* \s/ \uuz \s/ \NHZ \s/ \NH1 \s/
LT [T [T
A 8 B, G

A V4 \ \Y4 \ N/
NH; T S NH; S NH, s

\ \N/
NH, s
| |
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Fig. 5. Different forms of cytochrome ¢. Structures A and C are the forms of ferricytochrome ¢
which are stable in neutral and mildly alkaline solutions, respectively. Structure F is the form of
ferrocytochrome ¢ which is stable in both neutral and mildly alkaline solutions. Structures B, B, , E,
D, and D are unstable forms ofggytochrome ¢ discussed in the text.
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417.5 nm. Also the activation energy measured at 695 nm ((80- 12 kJ)/mole) is the same
asat417.5 nm (85 kJ/mole) [1]. This could not be because Form D disappears by reac-
ting with Form A to give Form F (and Form C) because the rates of the slow processes
are independent of cytochrome ¢ concentration. It is, therefore, proposed that when
Species D disappears it does not immediately give rise to Form F, but first yields
another intermediate. The intermediate can then rapidly transfer an electron to un-
changed neutral ferricytochrome ¢ (Form A) so as to produce normal ferrocytochrome
¢ (Form F). This transfer is consistent with the easy reducibility of the neutral form
of ferricytochrome ¢ as compared with the alkaline form [12]. The transfer would
result in a loss of absorption in the 695 nm band which at pH 9.2 would be equal to
that which had occurred in the direct reduction of Form A by hydrated electrons and/
or CO, . The electron transfer from the intermediate to Form A must proceed at a
rate which is fast compared with the rate of conversion of Form D to the intermediate
since the latter has to be rate determining. If the rate must be at least ten times the rate
of conversion of Form D to the intermediate (which is 10 s™" at 19 °C) then if the
concentration of Form A at pH 9.2 is half the concentration of cytochrome ¢ in the
solution, i.e. is 5- 1073 M, the rate constant for the electron transfer from the inter-
mediate must be greater than or equal to 2- 10° M ™! - s~'. Rate constants of this
order of magnitude have been recently observed for electron transfer from ferrocyto-
chrome ¢, to ferricytochrome ¢ and ferrocytochrome ¢ to ferricytochrome ¢, [15].
If the intermediate is disappearing in our experiments by transferring an electron to
Form A it follows that the rate of the unimolecular conversion of the intermediate to
normal ferrocytochrome ¢ (Form F) must be slow by comparison, and could, there-
fore, not have a rate constant of greater than 10 s~ 1.

The slow increase in absorption at 695 nm during minutes after the pulse is
explained by the re-formation of some Form A from other forms of ferricytochrome
¢ following its depletion by reaction with hydrated electrons, CO,” and the inter-
mediate. Although quantitative studies have not been made, the rate of this reaction
is similar to the rates reported by others for the formation of the neutral form of cyto-
chrome ¢ from the alkaline form [12-14] and to the rate of the similar reaction which
occurs when lyophilized cytochrome ¢ is dissolved in water [16].

No evidence for a stage like the reaction of the intermediate with Form A has
been seen in a previous study of the reduction of cytochrome ¢ by sodium dithionite
[11], and this must be because in that work all of the cytochrome ¢ had been converted
into the reduced form by the addition of dithionite so that no Form A would have
remained in the solution for the intermediate to react with. Under such conditions
the intermediate must convert directly into Form F.

The results of Fig. 3 are in accordance with our proposal of an intermediate
formed in a slow process which rapidly transfers an electron to the neutral form of
ferricytochrome ¢. So is our observation that at pH 9.9 the absorption at 695 nm
increases markedly during a period of minutes after the pulse: this must be the re-
formation of Form A from other forms of ferricytochrome ¢ following removal of a
substantial proportion of the A by hydrated electrons, CO,~ and the intermediate.
The similarity between the pH dependence of the initital changes at 417.5 nm (Fig. 4)
and the initial changes at 695 nm (Fig. 3) suggests that both reflect the same coordina-
tion change in cytochrome ¢ (pK about 9). Just as the kinetic behaviour of the 695 nm
band altered above pH 10 (Table 1I), so does the trend in mpaximum absorption change
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detected at 417.5 nm (Fig. 4): after increasing in the range pH 7 to 10, the 417 nm ab-
sorption begins to fall again above pH 10. This may reflect further changes in cyto-
chrome ¢ structure for which there is also ESR [17] and NMR [18] evidence.

In proposing a formula for the intermediate species, the first possibility to be
considered is the previously proposed Structure E in which the sulphur atom of
Methionine 80 is coordinated to the central ferrous ion, with the amino group un-
protonated [11]. However if Structure E were to transfer an electron to Form A
giving Form F it would be expected to be converted in the first instance into Form B
which still possesses a sulphur—ferric bond, so that no loss of absorption at 695 nm
would result. To account for the loss of 695 nm absorption during the electron transfer
we, therefore, propose that the intermediate may have the Structure D, in which
neither the amino group nor the methionine sulphur atom is coordinated to iron.
Conversion of Structure D, into Form F (and the analogous conversion of Structure
B, into Form A) may proceed via Structure E (or Structure B). It is emphasized,
however, that the structures in Fig. 5 are merely hypothetical, and that other struc-
tures may also be consistent with our findings.

The rates of decay of both Structures D and D, are believed to be determined
by concurrent conformation changes in the protein [1] rather than by simple changes
in the inner coordination sphere of the ferrous atom, which would be expected to be
much faster. The observed rates are within the range found previously for protein
conformation changes in other systems [19, 20] (0.1-10* s !). Similar slow conforma-
tion changes also probably occur in going from Form A to Form F at neutral pH, but
these happen not to be reflected by absorption changes in the wavelength region
studied. It has been pointed out [21] that the normal turnover time for cytochrome ¢
in mitochondria is 500-1000 s~!, much faster than the slow steps found here in
aqueous solution. We believe this may be due to the conformational changes ob-
served here not being fully achieved in the mitochondrion. If this is so it would follow
that either in the oxidized form or the reduced form or both the structure of
cytochrome ¢ in mitochondria is different from what is it in aqueous solutions like
those studied here.
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