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Abstract

The kinetics of electron-transfer involved in reactions of reduction of 2,6-dichlorophenol indophenol and
Fe(CN)g’ by r-ascorbic acid and reduction of ferric cytochrome ¢ by both r-ascorbic acid and reduced
hydroxylamine oxidoreductase were studied as a function of three parameters: ionic strength, pressure (1-2000
bar) and temperature (4-20°C) using the high-pressure stopped-flow method. From measurements, the
thermodynamic parameters of activation volume (AV®), and, when possible, activation enthalpy and entropy
(AH?* and AS*) have been calculated. We found, for these four systems, that the pressure has revealed
solvation effects involved in electron-transfer. For the reduction of ferric cytochrome ¢ by reduced hydroxyl-
amine oxidoreductase (a cytochrome-to-cytochrome electron-transfer), we have not obtained evidence for a

conformational change.

Keywords: Hydrostatic pressure; Electron-transfer thermodynamics; cytochrome c¢: hydroxylamine oxidoreductase; Activation

volume; Stopped-flow

1. Introduction

The use of pressure as a perturbing physical
variable allows the determination of volume
changes associated with equilibrium and kinetic
constants of reactions [1-4). Thus, high-pressure
biochemical techniques may be powerful tools for
investigating enzyme mechanisms [1,5], macro-
molecular interactions and protein stability [3,6].
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Abbreviations: HAO, hydroxylamine oxidoreductase; DCPIP,
2,6-dichlorophenolindophenol.

In addition, biotechnological applications of the
effects of pressure on biochemical materials have
opened interesting areas of research in chemical
synthesis (drug production) and food processing
[7]. Unfortunately, to date interpretation of pres-
sure effects lacks both experimental data and a
full theoretical basis. For this reason, a systematic
series of investigations of several biochemical re-
actions is neceded. In this context, the present
paper is focused upon protein-protein electron-
transfer.

In biochemistry, the field of pressure depen-
dence of electron-transfer is limited to the pio-
neering work of Heremans [8,9] and Swaddle [10],
although recent work, devoted to the pressure
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dependence of inorganic electron-transfer reac-
tions in solution has demonstrated that pressure
can be a very useful physical parameter in mecha-
nistic studies of such processes [11]. Moreover,
although even in inorganic chemistry only few
results are presently available, they indicate defi-
nite trends and shows promising features.

In this paper we report the pressure depen-
dence of some reactions where electron-transfer
is involved: two chemical reactions, the reduction
of 2,6-dichlorophenolindophenol (DCPIP) and
Fe(CN);~ by v-ascorbic acid, the reduction of
mammalian cytochrome ¢ by L-ascorbic acid and
the intermolecular electron-transfer from re-
duced hydroxylamine oxidoreductase to oxidized
ferric mammalian cytochrome ¢. The choice of
these models was dictated by the time scale of
our apparatus. The approach was thermody-
namic. Rate constants were determined by
stopped-flow as a function of pressure, ionic
strength and, when possible, temperature.

This work is an extension of our previous
cryo-baro-enzymatic studies on various systems
where the thermodynamic activation parameters:
AG?* (free enthalpy), AH* (enthalpy), AS* (ent-
ropy) and AV* (volume) were determined [4,12—
15].

2. Materials and methods

2.1 Enzyme, reagents and solutions

Horse-heart mammalian cytochrome ¢ type VI
and glucose oxidase were obtained from Sigma,
St Louis. Hydroxylamine oxidoreductase (EC
1.7.3.4) from Nitrosomonas eurcpaea was pre-
pared according to published procedures [16].
The other chemical compounds were obtained
from Merck. Tris-HCl and imidazole-HCl were
chosen as buffers, since their H* concentration is
almost pressure-independent [17,18].

2.2 Kinetic measurements

Kinetic measurements at both atmospheric
pressure and high pressure (up to 2000 bar) were
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made using the stopped-flow equipment devel-
oped in the Montpellier laboratory [19,20]. Both
devices were interfaced to Aminco DW2 spec-
trophotometers. Data were stored and analysed
as described previously [16]. At least three mea-
surements were performed at each pressure.

(i) The rate of reaction of 2,6-dichloropheno-
lindophenol with r-ascorbic acid was followed
using the dual-wavelength mode of the Aminco:
Agi7 pm MiNus Ay, - The reaction was initiated
by mixing equal volumes of DCPIP and ascorbic
acid in buffer solution (50 mM Tris adjusted to a
pH of 8 with HCI). The ionic strength was ad-
justed by addition of NaCl.

(ii) The reaction of K;Fe(CN), with L-ascorbic
acid was started by mixing solutions of both com-
pounds, adjusted to pH 3 with HCL. The reaction
was observed in the dual-wavelength mode of the
Aminco: Ay o minus A . Sodium chloride
was used to vary the ionic strength.

(iii) The rate of reduction of ferric cytochrome
¢ was measured by the stopped-flow, mixing solu-
tions of ferric cytochrome ¢ in 10 m M imidazole
buffer, pH 7, with solutions containing L-ascorbic
acid in the same buffer system. The equilibrium
constant was measured with a Varian 219 spec-
trophotometer equipped with a thermostated cell
holder. Kinetics were recorded in the dual wave-
length mode as Assy ,, minus Agg .. The
concentration of ferrous cytochrome ¢ was calcu-
lated using the extinction coefficient at 550 nm,
£550=275 mM~! cm™!. The ionic strength was
varied by addition of NaCl. For the measurement
of the rate and equilibrium constants at atmo-
spheric pressure a concentration up to 1 M ascor-
bic acid had to be used. In order to avoid ionic
strength effects of this concentration on the reac-
tion, the ionic strength was adjusted to 2 M with
NaCl for these experiments.

(iv) Electron-transfer from reduced hydroxyl-
amine oxidoreductase (HAQO) to oxidized cy-
tochrome c¢. Reduction of hemes of HAQ was
achieved by its substrate NH,OH under turnover
conditions as follows. In one driving reservoir of
the stopped-flow, an aliquot of the concentrated
HAO solution was mixed with 20 m M Tris buffer
pH 7.5, previously deoxygenated by bubbling with
oxygen-free argon for 15 min and containing 2
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nM glucose oxidase and 60 mM glucose to re-
move residual oxygen, and NH,OH. The second
driving reservoir of the stopped-flow was filled
with cytochrome ¢ solution in the same buffer as
that of the first driving reservoir (deoxygenated
Tris containing glucose and glucose oxidase).
Heme concentrations of ferrous HAO were calcu-
lated using es5; =27.8 mM ! cm™ ! [16]. Because
of some uncertainty in the oligomeric structure of
HAO, the concentration of HAO is given per
putative active site assuming seven c-type hemes
per P460 center [16]. The final concentrations of
HAO, NH,OH and cytochrome ¢ were 1 pM, 1
mM and 6.3 uM respectively. The ionic strength
was varied by addition of NaCl. Absorbance
changes were recorded against time in the dual
mode Ay g nn MINUS @4 . First-order rate
constants (k) were recorded in a pressure and
temperature range of 1 to 1000 bar and 4 to 20°C,
respectively.

2.3 Treatment of data

The apparent activation volume (AV'¥) was
calculated from the pressure-dependence of rate
constant (k) using the classical equation: (dln
k/aP);= —AV*/RT where P is the hydrostatic
pressurc, T the absolute temperature and R the
gas constant (82 ml atm K™, with 1 atm = 101.3
kPa).

As already suggested for several systems
(11,21], a minimum mechanism for electron trans-
fer between A, and By, follows the equation:

K, ky
Aot Breg = [Aoy — Breal f [Agea — Box]
=2
K3
= Ageg T Box

where K, and K, symbolize rapid equilibria.

By measuring the pseudo-first-order rate con-
stant k_, as a function of By, concentration,
one can obtain K, and k,:

Kovs = k3K [Breal/(Ki[Brea] + 1) +k_, (1)

It is assumed that k_, is small compared to
the other contributions in (eq. 1) and can there-
fore be neglected. When [Bg, ] is increased, a
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plateau for k,,, must be reached. Only in the
case where this plateau is not reached, i.e. [Bg.,]
< 1/K,, kg, 18 given by

k0h5=k+[BRed]7 with k+:K1k2

In that case determination of K, and k, is im-
possible and only k, can be obtained.

3. Results
3.1 Reaction of DCPIP with ascorbic acid

Mixing of DCPIP (0.1 mM) with L-ascorbic
acid (20 mM) at 25°C resulted in a pseudo-first-
order increase of absorbance at 617 nm. The
reaction is thought to proceed by the formation
of radicals which then react with each other [22].
An increase of pressure resulted in a slight in-
crease in the rate constant. An increase of Tris
concentration slightly increased the negative acti-
vation volume of the reaction (see Table 1). The
values obtained (—4.3 and —6.6 ml mol™!) are
close to the value of —3 ml mol™' (pH 6.5,
NaCl =200 mM) measured by Heremans [23].
Variation of the ionic strength (concentration of
NaCl did not influence the rate constant.

3.2 Reaction of K;Fe(CN), with ascorbic acid

The reaction of K;Fe(CN), with ascorbic acid
showed a single exponential decay of the ab-
sorbance at 420 nm. The temperature depen-
dence of the reaction was measured at a concen-

Table 1

Values and activation volume for k., for the reaction of
DCPIP with ascorbic acid. [DCPIP] = 50 u M, [Asc]= 10 mM,
Tris pH 8. Temperature: 25°C. Values of k,, and AV *
(means+ S.D.) were obtained by computer fitting

Tris con- K obs Pressure Activation
centration at 1 bar range volume
(mM) ™ (bar) (AV¥ in
mol mol 1)
50 0.21+0.02 1-1500 —-43+1
400 0.25+0.02 1-1500 -6.6+1
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tration of 0.25 mM and 20 mM for K,Fe(CN),
and ascorbic acid, respectively, in the tempera-
ture range 3.1 to 35°C. From the Arrhenius plot
AH*=244+08 kI mol™! and AS¥=—156+
2.6 J K™' mol™! were obtained. The reaction
showed a pronounced acceleration with increas-
ing ionic strength. The pressure dependence
showed a negative activation volume, i.e. the re-
action rate is augmented when the pressure rises.
The activation volume did not vary with increas-
ing ionic strength (up to 1 M). In all cases AV * =
—16+ 1.5 ml mol ™%,

3.3 Cytochrome c reduction

The reaction of cytochrome ¢ and L-ascorbic
acid was studied under pseudo-first order condi-
tions, where the concentration of L-ascorbic acid
greatly exceeded the concentration of cytochrome
¢. The reaction was first examined at atmospheric
pressure. The apparent overall equilibrium con-
stant, determined by a spectrophotometric titra-
tion, was: K;=2.7+0.3 10° M~! with: K} =K,
K,; K, =[Cyt ¢"™-Asc]/[Cyt ¢™] [Asc] and K, =
[Cyt c"-Deh.Asc]/[Cyt c'™-Asc] where Cyt ¢™ is
ferric cytochrome c, Cyt ¢! ferrous cytochrome
¢, Asc ascorbic acid and Deh. Asc the reduced
forms of ascorbic acid.

In Fig 1 the dependence of the observed rate
constant (k) on the concentration of reductant
is shown. The curve can be described by eq. (1).
When fitted to a hyperbolic function, values of
K,=0.774007M "and k, =42+ 045" were
obtained (ionic strength, 2 M).

Table 2
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0 0.5 1.0
ascorbic acid, M

Fig. 1. Dependence of k., on the reductand concentration
for reaction of cytochrome ¢ with ascorbic acid in 10 mM
imidazole buffer pH 7 at 25°C. [Cyt c]=20 u M.

The temperature effect on &, determined in
the temperature range from 5 to 30°C, led to the
activation parameters: AH*=25+3 kJ-mol !
and AS*= —168 + 10 I mol~! K™, The reaction
showed a significant decrease in reaction rate as
the ionic strength was increased (by the addition
of NaCl). These results are presented in Fig. 2
together with data for the ionic strength depen-
dence of the reduction of DCPIP and K ;Fe(CN)
by ascorbic acid.

Table 2 and Fig. 3 illustrate the dependence of
k s on pressure. In all cases the plot of In kg,
versus P was linear and led to a mean negative
activation volume, —16.6+1 ml mol~'. This
value was independent of the temperature, the
concentration of ascorbic acid and the ionic
strength.

Values and activation volume for k, for the reaction of cytochrome ¢ with ascorbic acid. [cyt ¢]=20 uM in 10 m M imidazole
buffer, pH 7. Uncertainty on the k., values is 5%. Values (means+ S.D.) were abtained by computer fitting

Temperature Na(Cl Ascorbic acid k e at 1 bar Pressure range Activation volume
(°C) (mM) (mM) ™ (bar) (AV#, in ml mol~1)
10 0 2 0.115 0-1900 -16.4+0.8

10 100 2 0.0330 0-1800 -173£13

25 0 2 0.212 0-1700 -16.0+0.7

25 10 2 0.150 0-1800 -17.7+04

25 100 2 0.0627 0-1900 —16.8+0.6

25 0 10 0.960 0-1800 -16.7+£0.6
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30 0.36

A

1/ kgps (s)

NaCl (M)

Fig. 2. Reduction of cytochrome ¢, K;Fe(CN), and DCPIP by
ascorbic acid (Asc) at various concentrations of NaCl. The
concentrations were respectively: [Cvt ¢]=20 uM, [Asc]=2
mM; [K,Fe(CN) ]=250 uM, [Asc]=20 mM; [DCPIP]= 50
wM, [Asc] =10 mM. Left hand scale: Cyt (W), DCPLP (®) and
right hand scale: K ;Fe(CN), (4 ). Temperature; 25°C.

3.4 Electron-transfer between reduced HAQO and
mammalian cytochrome c

Mammalian cytochrome ¢ can serve as an
electron acceptor in the in vitro assay of HAO
{24,25]. In the present work, then, the reduction
of cytochrome ¢ by HAO during turnover of

In kObS

0 1 2
pressure, kbar

Fig. 3. Dependence of k,, on pressure for the reduction of

cytochrome ¢ by L-ascorbic acid at 10 and 25°C at various

concentrations of NaCl with [Cyt c¢]=20 uM, [Asc]=2 mM

(o), (W) and (a) at 25°C and 0, 10, 100 mM NaCl, respec-

tively; (0) and (&) at 10°C and 0 and 100 mM NaCl respec-
tively. Lines were computer fitted.
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pressure, kbar

Fig. 4. Dependence of k. on pressure for the reduction of

cytochrome ¢ by reduced HAO at 20°C at various concentra-

tions of NaCl. Final concentrations: [Cyt ¢]=3.15 uM,

[HAO] = 0.5 oM, [NH,OH] = 0.5 m M. The final salt concen-

trations (in mM) are indicated on the figure. Lines were
computer fitted.

NH,OH was investigated under various condi-
tions. The kinetics of electron-transfer (as seen by
the change in A4, ,,, indicating the reduction of
mammalian cytochrome ¢) consisted predomi-
nantly of a first-order kinetic (k). First, the
values of activation volume associated with the
reaction (k) were studied at 20°C at four val-
ues of ionic strength (20 mM Tris pH 7.5 con-
taining (, 80, 200 and 40 m M NaCl, respectively).
Under each condition, k., remained first-order.
Plots of In k, versus pressure were linear over
the pressure range explored (Fig. 4). Table 3 and
Fig. 5 give the dependence of both k. and AV}
on ionic strength.

obs

Table 3

Values and activation volume for k,, (at atmospheric pres-
sure) at different ionic strengths for the HAO-cytochrome ¢
reaction. Temperature: 20°C. Conditions as in Fig. 4. Values
(means + $.D.) were obtained by computer fitting

Salt concentration K os Apt

mM) ™ (ml mol~ ")
20 5.7 +0.1 —-243404

100 2 +005 -225+1

220 0.033 +0.001 -17.1+07

420 0.007 £ 0.0001 —-56103
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The values of AV* obtained in 20 mM Tris
were virtually independent of temperature:
-22742, =20.6+2 and —24.3 + 0.4 ml mol~!
at 4, 10 and 20°C, respectively. Within experi-
mental error the values of AH* were not af-
fected by change in temperature, pressure or
ionic strength. Activation encrgies at pH 7.5 were
42+2kImol~'and 425 +4kImol™! in 20 mM
Tris and 20 mM Tris containing 200 mM NaCl,
respectively. These data are close to the value
obtained in previously determinations in 20 m M
phosphate buffer, pH 7.5 containing 0.1 M NaCl
(50 + 1 kJ mol ~* [25]).

3.5 Effect of pressure on the rate of reduction of
hydroxylamine oxidoreductase by hydroxylamine

The kinetics of reduction of c-heme of the
enzyme by its substrate were previously deter-
mined as a function of pressure at one ionic
strength [14]. The dependence of AV* on ionic
strength is reported here, Experiments consisted
of mixing enzyme contained in one syringe of the
stopped-flow (concentration before mixing: 4.5
uM) with NH,OH contained in the second sy-
ringe (concentration before mixing: 40 m M). The
buffer was 20 mM Tris, pH 7.5, containing NaCl
when necessary. Due to the very high velocity of
the reaction followed at 552 nm, the temperature

=
(j-1ourqun) S99, Ay

25

0 200 400

salt concentration in mM NaCl + Tris

Fig. 5. Effect of salt concentration on reaction rate (left hand

scale, ———) and on activation volume (right hand scale, -) on
the reaction of cytochrome ¢ by reduced HAQ. Conditions as
in Fig. 4.
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Table 4

Values and activation volume for k; for the reduction of
HAO by NH,OH at different salt concentrations (concentra-
tions of HAO and NH,OH were 2.25 uM and 20 uM,
respectively). Temperature: 3.5°C. Values (means +5.D.) were
obtained by computer fitting

Salt concentration ky Ayt
(mM) ™D (ml mol 1)
20 14.040.1 =0.7+03
100 14.140.1 -18+404
420 13.14+0.5 -1 +1

was fixed at 3.5°C. The value of k_,, (14 57! in
NaCl-free buffer at 3.5°C) corresponds nicely with
published values [14]. The kinetics consisted of
two first-order phases, the fast phase k, (which
was used for calculations) represented 90% of the
change in absorbance of the reduced c-hemes
(see ref 14). Data are in Table 4. The previously
determined value of AV* in 100 mM Tris, pH
7.5, was —1.8 + 0.5 ml mol ! at 3.5°C [14].

4, Discussion

Investigation of electron-transfer between
HAOQO and cytochrome ¢ was chosen for the ease
of assay using the high pressure stopped-flow
method. Furthermore, the reaction can be used
as a model for the physiological reaction of HAO
with cytochrome ¢554 [25), which will be investi-
gated later,

Due to the complex nature of the interpreta-
tion of the activation volume parameter in bio-
chemical electron-transfer reactions {9], we first
investigated simple chemical reactions as models.
In order to facilitate comparisons we first studied
the chemical reduction of DCPIP by ascorbic
acid, the same reductant as in the first biochemi-
cal example studied in this work (ascorbic acid-
cytochrome c¢). In the second chemical example
(ascorbic acid-K,;Fe(CN),) we chose an iron
complex as being somewhat analogous to cy-
tochrome ¢, which also contains Fe as tts redox
center. The reaction of cytochrome ¢ and ascor-
bic acid was also studied, since it may reflect on
the biochemical electron-transfer (HAO to cy-
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tochrome ¢). The choice of ascorbic acid as the
reductant was imposed by the fact that reduction
with available iron complexes (like K,Fe(CN),) is
too fast to be monitored using stopped-flow
methods. The comparison between the two cou-
ples (ascorbic acid-K;Fe(CN), and ascorbic
acid-cytochrome ¢) permits the analysis of the
role of the polypeptide chain of the protein.

In this work we have tried to progressively
complicate the experimental systems in order to
allow interpretation of the action of pressure on
protein—protein electron-transfer.

4.1 DCPIP~ascorbic acid

The reduction of DCPIP by ascorbic acid oc-
curs in a biochemical pH range. At pH 8 the
reaction proceeds via the mono deprotonated
ascorbic acid and a mono deprotonated species of
DCPIP [22]. The reaction involves the initial for-
mation of radicals of both substrates which then
decay to give final products, It is assumed that
the formation of the radicals is the ratelimiting
step. The reaction rate is not influenced by ionic
strength in the range of 10 to 200 mM (see Fig.
1). This is in keeping with the absence of electro-
static interactions in reactants. The reaction shows
a small negative activation volume (—4.3+1 ml
mol~! in 50 mM buffer), which slightly increases
when the buffer concentration is raised from 50
to 400 mM (-6.6+1 ml mol™! in 400 mM
buffer). However, given the small value for the
observed activation volumes and the rather large
experimental error (which is more than 20% in
this case and is always at least in the order of
magnitude of 1 to 2 ml mol~' regardless of the
absolute value of the measured volume changes)
we cannot interpret these changes. For this reac-
tion which involved only radical species, the small
negative activation volume found experimentally
can be attributed to solvent reorganization, as
already concluded in other systems [8].

4.2 K ;Fe(CN)s-ascorbic acid
The reaction of ferricyanide and ascorbic acid

was measured far from physiological values (pH
3) because the reaction was too fast to be ob-
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Table 5

Rate constants for the reaction of cytochrome ¢ with ascorbic
acid

T pH Buffer concentration & Reference
(°C) (mA) [M~ts™1}

20 7.4 Phosphate, 10 300 40

20 7.4 Phosphate, 67 60 40

20 7.4 Phosphate, 300 25 40

25 7.3  Hepes, 10 50 27

25 7.0 Cacodylate, 1 240 41

25 8.0 Tris, 10 1300 42

25 8.0 Tris, 100 450 42

25 7.0 TImidazole, 10 200 This work

served at pH 7. At this acidic value, the ascorbic
acid should be completely protonated but it is not
known which form of ascorbic acid is the reactive
species. The reduction step is the rate-determin-
ing step in this reaction. Taking into account the
overall concentration of ascorbic acid, the calcu-
lated second order rate constant is 160 M~! s~ 1,
This value is in the same order of magnitude than
rate constants for the reduction of cytochrome ¢
by ascorbic acid (see Table 5).

The reaction is strongly accelerated by increas-
ing ionic strength. In the ionic strength range of
0.01 to 2 M the rate constant changed from 2.86
s~! to 8.49 s~ L. This is due to the fact that ions of
the same sign of charge are involved in the reac-
tion.

The observed activation volume of —16 + 1.5
ml mol™! and the other activation parameters
(small AH?* and negative AS*) support an outer-
sphere mechanism for this reaction [11,26).

4.3 Cytochrome c-ascorbic acid

4.3.1 Kinetic and thermodynamic parameters at
atmospheric pressure

The following minimum reaction scheme can
be suggested for the reaction between cy-
tochrome ¢ and ascorbic acid:

K,
Cyt ¢+ Asc = Cyt "M - Asc

k
= Cyt ¢! - Deh.asc

2
k_

Ks 1
= Cyt ¢ + Deh.Asc
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where Cyt ¢'" is ferric cytochrome ¢, Cyt ¢"
ferrous cytochrome ¢, Asc ascorbic acid and
Deh.asc the reduced forms of ascorbic acid. K,
and K, represent fast equilibria, in which colli-
sion complexes are formed ([Cyt ¢! - - Asc] and
[Cyt ¢!+ - - Dch.asc], respectively). This minimum
reaction scheme was also given by Heremans [8]
and Van Eldick [11] for similar electron-transfer
reactions,

The reduction step &, is the rate-limiting step,
where a conformational change of cytochrome ¢
could be involved. From both the measurement
of the equilibrium constant K5(K;=K,K,) as
well as the fitting of the kinetic data to eq. (1),
which gave the values of K, and k,, we calcu-
lated K,=351+04" 10° and k,=42+04 s L.
The value of k_, = k,/K, is very small (1.5- 107>
s~ 1). This small value can therefore be neglected
in eq. (1). The observed rate constant is then
described by:

ks =k, K [Asc] /1 + K [ Asc] (2)

(K, has not been determined since no significant
spectral change was obscrved between the com-
plex [Cyt ¢! - - - Deh.asc] and Cyt ¢'').

In the literature the reaction of cytochrome ¢
with ascorbic acid was studied at ascorbic acid
concentration as high as 250 mM [27]. Only in
one publication a saturation effect at much lower
concentrations of ascorbic acid was observed [28].
This effect was shown to be due to changes in the
ionic strength [27]. In our investigation we tried
to rule out the possibility of an ionic strength
effect by adjusting the ionic strength with NaCl
(1:1 electrolyte fike Na Asc, the ascorbic acid
should be totally present in the mono-protonated
form at pH 7). We observed a linear dependence
of the rate constant on the concentration of re-
ductant up to 250 mM as observed by Williams
[27). Only at higher concentrations a deviation
from linearity was observed which led to the
calculation of K.

In order to compare our rate constant with
literature (see Table 5) a simplified reaction
scheme had to be used.

Cyt ¢! + Asc = Cyt ¢ + Deh.Asc

I. Heiber-Langer et al. / Biophys. Chem. 43 (1992) 265-277

With this reaction scheme &, is described by
kobs = k[ASC]

where [Asc] is the total concentration of ascorbic
acid. We obtained a value of 200 M ! s~ which
is in good agreement with the data presented in
Table 5. The reaction proceeds via the double
deprotonated species Asc?™ [26]. In order to get
a rate constant with the real concentration of the
reactive species (Asc”~) the concentration of this
species had to be taken instead of the overall
concentration of ascorbic acid. This led to a value
of 310%° M~ s~ which is in the same order of
magnitude as the values obtained at other ionic
strengths by Williams (8- 10° M~ s~ 1) [27] and
Al-Ayash (3.1-10° M~! s7!) [26]. These values
are in the same range as values for other reac-
tions of cytochrome ¢ proceeding via an outer-
sphere mechanism [29—31].

Electron-transfer reactions involving metal
complexes can generally be classified proceeding
via inner-sphere or outer-sphere mechanisms de-
pending on whether a ligand exchange is involved
in the reaction or not [11]. It has been pointed
out that the reaction of cytochrome ¢ with ascor-
bic acid proceeds via an outer-sphere mechanism
[26] which is characterized by a small activation
enthalpy and a negative activation entropy. The
data presented here confirm this statement (see
Table 6).

A decrease of the observed reaction rate (k ,,)
from 0.212 to 0.0627 s~! with increasing ionic
strength (NaCl concentration in the range of 0 to
100 m M, see Table 2) is similar to that observed
previously [27,32,33]. This classic effect of ionic
strength can be interpreted in terms of the in-
volvement of electrostatic interactions [34].

4.3.2 Pressure effect
Differentiation of equation (2) with respect to
the pressure yields:

obs

dlnk,, AV}

ap RT
AV} 1 AV, 3
~ RT 1+K,[Asc] RT G)
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Table 6

Comparative activation parameters for the reduction of differ-
ent cytochromes

System AH? AS? Ref.
(kImol™!) (JK!
mol 1)
Cytochrome ¢,
(1I1)-asc. acid 29.7 —-163 25
H. h, cytochrome ¢
(III)-asc. acid 11.5 -92 25
Cytochrome ¢55;
(11I)-asc. acid 1.5 -178 25
H.h. cytochrome ¢
(VI)-asc. acid 25 —168  This work
H.h cytochrome ¢
(TID-Fell (EDTA) 21 -8 29

H.h. = horse heart.

At low ascorbic acid concentrations K,[Ast] < 1.
The above equation is then simplified:
AV

obs

= AV} + AV,

At high ascorbic acid concentrations the con-
tribution of AV, decreases, thus allowing the
evaluation of the two terms AV, and AV}. Unfor-
tunately, in the present experiment, the ascorbic
acid concentration was limited by technical prob-
lems to the range of 2 to 10 mM, a range where
AV} did not vary. The measurements at ascorbic
acid concentrations higher than 10 mM failed
because diffusion can occur at the level of the
mixing chamber of the high-pressure stopped-flow
device since the two driving syringes are not
closed by valves [19,20]. At ascorbic acid concen-
trations above 10 mM, then concentration differs
by a factor of at least 2000 so that a slight
exchange occurring between the two solutions
and diffusion at the mixing chamber level can
rapidly lead to complete reduction of the cy-
tochrome c.

For the reaction of ascorbic acid with cy-
tochrome ¢ the deprotonation of the mono-pro-
tonated form of ascorbic acid to the totally de-
protonated form has to be taken into account
when discussing volume changes [8,26]. The ob-
served activation volume, AV, thus can be de-
scribed by
A]/o:tibs = Aljrzaction + AV, [H+/KAH + H+]

asc
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where AV, is the reaction volume for the depro-
tonation of ascorbic acid and AV}, = the real
activation volume of the reaction. The reaction
volume of ascorbic acid dissociation has been
estimated from other thermodynamic parameters
to be —12 ml mol~! [8]. In our experiments
H*/K,y+H* =1, so AV, contributes a factor
of 1 to the observed volume changes. The AV,
term has to be added to eq. (3). Subtraction of
this value leads to —4.6 ml mol™! for the elec-
tron-transfer reaction. Heremans [8] calculated
the total theoretical value for this activation vol-
ume taking into account first, the electrostatic
work to bring the reactants together, second, the
activation volume for the solvent reorganization,
and third, a reaction volume related to a com-
pressibility factor of the solvent. He obtained a
value of —1 ml mol~!. The term for the solvent
reorganization was calculated to be —4.7 ml
mol~'. Heremans and van Eldik calculated this
term also for other electron-transfer reactions
proceeding via an outer-sphere mechanism, where
the solvent reorganization term is always in the
order of —2.5to —7.5 ml mol ..

The activation volume determined in this work
(—16.6 + 1 ml mol ') is smaller than that deter-
mined by Heremans (—23 ml mol™!) [8]. This
difference may be due to differences in the exper-
imental conditions of the Heremans experiments:
Tris was used as buffer and Na,SO, used to
adjust the ionic strength whereas, here, the buffer
and salt were imidazole and NaC(l, respectively.
Correcting the obtained activation volumes for
the contribution of ascorbic acid leads to a value
of —11 ml mol~! for the Heremans experiment
whereas here a value of —5.6 ml mol™! is ob-
tained. This value is somewhat nearer to the
theoretically determined value of —1 ml mol~".

Within experimental errors, no dependence of
volume change on ionic strength (range 10 to 200
mM) or temperature (10 to 25°C) was observed
(see Table 2).

The reaction of cytochrome ¢ and ascorbic
acid proceeds via an outer-sphere mechanism
where a ncgative activation volume is predicted
(whereas positive reaction volumes are expected
for inner-sphere mechanisms) [35]. However,
Heremans [8] showed that the sign of the activa-
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Table 7

Comparative activation parameters for the reduction of cy-
tochrome ¢ and K4Fe(CN), (see text for conditions)

System AH? ASH AV?*
(kImol™" XK 'mol™Y) (mlmol-b)

H.h, cyt.c (VI)-

asc.acid 25 —168 —-16.6
K;Fe(CNy)-
asc.acid 24.4 - 156 -16

H.h. = horse heart.

tion volume is a doubtful criterion to distinguish
between outer- and inner-sphere mechanisms
since the measured activation volume includes
both the reaction volume of the complex forma-
tion (term AV,) and the reaction volume related
to the electrostatic interaction (term AV}). He
calculated a AV, value for the complex formation
of 1.5 ml mol ="' [8]. Depending on the contribu-
tion of K, and k, for k., the AV}, will reflect
either AV, or AV},

All activation parameters for the reductions of
K,Fe(CN), and cytochrome ¢ by ascorbic acid
are shown in Table 7.-These values are very close
together and may indicate that in these two reac-
tions the rate-determining step (reflected by the
measured activation parameters) is the same. The
protein shell does not seem to influence the reac-
tion. A similar behaviour is observed for the
reaction of cytochrome ¢ with Fe(IT) EDTA [29].

4.4 Electron-transfer from NH,OH-reduced HAO
to cytochrome ¢

This reaction, commonly used as a test of the
activity of HAQ, is a model reaction for the
periplasmic physiological electron-transfer from
reduced HAO to tetraheme cytochrome ¢554 in
Nitrosomonas europaea. The isoelectric points of
HAO (pl 4.7) and cytochrome ¢ (pJ 10.8) are
complementary. At atmospheric pressure, the
strong dependence on ionic strength previously
observed in the rate of reaction was interpreted
as typical for a simple electrostatic interaction
between the two proteins [25]. Present data (see
Fig. 5) extend this observation to include a de-
pendence of AV'* on salt concentration. We note

I. Heiber-Langer et al. / Biophys. Chem. 43 (1992) 265-277

that in the range of ionic strength explored (20—
420 mM), In k, varies linearly with pressure
over the entire range of pressure used (1 to 1000
bar), indicating that no pressure-induced denatu-
ration nor variation of rate-determining step oc-
curred [14]. We must note that, in spite of its
multiheme structure, between 1 bar and 1.5 kbar,
the HAO did not undergo detectable structural
changes in high pressure polyacrylamide gel elec-
trophoresis [36].

An apparent activation volume, AVOf,S, can be
considered as the sum of several components [4]:
AVE =AVE  +AVE

hem con

(+AVE

solv

involving chemical, conformational and solvation
terms, respectively. The solvation term includes
also the solvation term of the electron-transfer
process itself. In the present experiments, the
chemical term is related to the electron-transfer
itself.

At low ionic strength, the fact that the activa-
tion volume has a negative value (AV} = —24.3
+0.4 ml mol™! at 20 mM salt concentration)
could suggest the involvement of an outersphere
process. Since this value is relatively close to the
value described above for the reduction reaction
of cytochrome ¢ (—16.6 ml mol ') and to values
published elsewhere [8,9], it seems to indicate
that at this ionic strength, the contributions of
both AV} . and AV}, are small.

solv

4.5 Solvation effect

The absolute value of AV}, decreases as the
ionic strength increases (Table 3). Low and
Somero [37,38] found a similar correlation be-
tween the effect of salts on the rates of enzyme
reactions and their effects on the activation vol-
umes of the reactions. Based on the ¥V, of
kinase and various dehydrogenases, they ob-
served that salts (of the Hofmeister series) that
increase AV* are invariably accompanied by a
decrease of the reaction rate and vice versa. In
the experiments described, a linear relationship
between rate and activation volume at different
salt .concentrations indicated that salts probably
modify volume changes by affecting the degree to
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Fig. 6. Relationship between reaction rate and activation

volume at different salt concentrations (in mM on the figure)

for the reaction of cytochrome ¢ with reduced HAQ. Condi-
tions as in Fig. 4.

which water organizes around amino acid side
chains and peptide linkages located near the ptro-
tein-water interface [38].

For the electron-transfer from NH,OH-re-
duced HAO to cytochrome c¢, phenomena are
different as compared with Low and Somero con-
clusions. Although AV is dependent on the
ionic strength, there is not a linear correlation
between reaction rate and activation volume at
different salt concentrations (see Fig. 6). Due
both to the complexity of the HAO molecule
(Mr = 200000 with an a; subunit composition
which contains 21 c-hemes and three P-460 moi-
eties [39]) and of the processes involved, it is, at
this stage, impossible to propose the details of
the kinetic analysis of the phenomenon of the
sort that can be given for the reduction of cy-
tochrome ¢ with ascorbic acid. However we offer
onc hypothesis. With increasing ionic strength,
the outer-sphere process term AV, is compen-
sated by the solvation term AV% having an oppo-
site positive sign. The non-linearity observed in
Fig. 6 could then be due to an increasing salting-
out effect associated with increasing ionic
strengths as well as the solvation term AV}, dis-
cussed above. From a practical point of view, it
means that under pressure, the velocity of an
electron transfer rate is faster at low ionic strength
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than at high ionic strength and faster than at 1
bar. We must point out that at high ionic strength,
where the complex between the two proteins is
weak, the AV* (—=5.6 ml. mol™! at 3.5°C, see
Table 3) is a macroscopic thermodynamic re-
sponse value close to the expected contribution of
solvent reorganization calculated at room tem-
perature [8,15].

With the present model reaction, we have not
obtained evidence for a conformational change
during the process (as indicated by the AVZ .
term). However, evidence for a conformational
change was previously observed using high pres-
sure methods in the presence of organic cosolvent
for a more specific reaction where intramolecular
electron-transfer takes place between the P-460-
containing site and a series of c-hemes in HAO
[14]. On the other hand, in another series of
experiments at atmospheric pressure, it has been
postulated that HAO exists in two or more con-
formational states having different binding and
kinetic properties [25].

We note that although it is not yet possible to
assign a biochemical counterpart to a given AV},
the present experiments provide example of sol-
vation effects involved in electron-transfer for
both model and enzyme reactions. The study of
the pressure dependence of the physiological re-
duction of cytochrome ¢554 by hydroxylamine
oxidoreductase, where electron-transfer governs
the reaction [25], is in progress.

5. Summary and conclusions

In this work we have examined four different
systems of increasing reaction complexity.

In the first, pure chemical reaction of DCPIP
with ascorbic acid a small negative activation
volume was found which was interpretated in
terms of solvation changes. As this reaction pro-
ceeds via radicals, a direct comparison with the
three other systems which include reactions with
metal complexes can not be made.

In the case of the reactions of K,;FeCN, and
cytochrome ¢ with ascorbic acid, the same activa-
tion parameters were observed indicating that the
same step is rate-limiting in both reactions and
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that both proceed via an outer-sphere complex
mechanism, This implies that the protein chain of
cytochrome ¢ seems not be involved in the rate-
determining step. The changes in reaction rate
with increasing ionic strength are classically inter-
preted by the electrostatic interactions.

In the fourth reaction between reduced HAO
and cytochrome ¢ both reaction rate and activa-
tion volume were strongly influenced by rising
jonic strength. This is interpreted in terms of
changes in solvation of the reacting compounds
and a possible salting out effect with increasing
jonic strength. Conformational changes which
were previously observed for a more specific re-
action could not be detected in this reaction.
Because of the complex nature of HAO a de-
tailed interpretation of the activation volume is
not possible at present,

However, a clear interpretation of activation
volume for reactions involving biochemical com-
pounds is still a problem, as the overall reaction
volumes are not known. As pointed out by Mar-
cus and Sutin similar difficulties exist for other
activation parameters [43],
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