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Abstract

An extended kinetic model is presented for the process catalysed by two enzymes mutually connected by the
cycling of two reversibly interconvertible chemically relative species. Expressions are derived for the steady-state
velocity, limiting velocity (V) and the half-saturation concentration of the cycling substrate(A ). It is shown that0.5

the velocity depends on the total concentration of cycling substrate hyperbolically if both enzymes have equal
activities. Based on these theoretical considerations, an experimental comparison was made between pseudoazurin
and cytochromec as physiological electron transfer mediators for nitrite reduction in an in vitro reconstituted part550

of the respiratory chain ofParacoccus denitrificans. Pseudoazurin exhibited 1.7-fold higherV and 14-fold higher
A than cytochromec under the experimental conditions used(20 mM Tris chloride, pH 7.3, 308C).0.5 550

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the most simple enzymatic cycling system,
two chemically relative speciesA and A are1 2

interconverted by two enzymesE andE , so that1 2

the substrate ofE is the product ofE and vice1 2

versa, as shown in Eqs.(1) and(2):

E1

A qS ™A qP (1)1 1 2 1
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E2

A qS ™A qP (2)2 2 1 2

The principle of substrate cycling has been
employed to develop sensitive assays for the deter-
mination of very small quantities of metabolites
w1x. Here, the assay mixture typically includesA1

and A at the concentrations well bellow the2

respective Michaelis constants, while the other
substrates(S and S ) are present in excess. A1 2

theoretical treatment of this particular case has
shown that the steady state velocity is directly
proportional to the sumAswA xqwA x, which1 2
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forms a basis for the construction of a calibration
curve w2x.

The condition of sub-saturating values ofwA x1

andwA x may not be met by the naturally occurring2

substrate cycling systems. One example is the
dissimilatory reduction of nitrite, accomplished by
a soluble cytochromecd -type nitrite reductase in1

the periplasmic space ofParacoccus denitrificans
cells. It has been conclusively demonstrated by
reconstitution experiments that the enzyme does
not receive electrons from the cytoplasmic
membrane directly, but requires the participation
of an additional electron transport protein, either
cytochromec w3x or pseudoazurinw4x. However,550

these studies have not involved a comparison of
these proteins with regard to their ability to medi-
ate electron transport.

When working on nitrite reduction inP. denitri-
ficans we realised that the above recyclisation
scheme could be in principle applicable also on
periplasmic redox reactions by identifyingA with1

the oxidised andA with the reduced form of the2

mediator protein. We therefore undertook a more
complete theoretical analysis covering the entire
range of substrate concentrations, with a hope to
obtain a conceptual framework for the intended
kinetic experiments.

2. Experimental

2.1. Material

Preparation of periplasmic and membrane frac-
tions and isolation of nitrite reductase and redox
mediator proteins followed the previously
described proceduresw4,5x.

2.2. Nitrite reductase assay

Eppendorf tubes were used to measure the rates
of nitrite reduction. They were gassed with argon
before being sealed with caps. The reaction was
initiated by addition of nitrite. Samples(50 ml)
were removed at 3-min intervals for 15 min and
placed in the tubes containing 1 ml of sulfanilic
acid–HCl reagent for nitrite determination. The
rate was calculated by linear regression in Excel
as the slope of the time dependence of nitrite

amount and expressed in the units nmol nitrite
reduced s .y1

2.3. Analytical methods

Nitrite was determined spectrophotometrically
after conversion to a chromophoric azo derivative
w6x. The concentrations of stock solutions of cyto-
chrome c , pseudoazurin and nitrite reductase550

were determined spectrophotometrically using the
following absorbance coefficients: 26.8 mMy1

cm (550 nm, reduced form) w7x, 1.36 mMy1 y1

cm (590 nm, oxidised form) w8x and 284y1

mM cm (407 nm, oxidised dimeric form) w9x.y1 y1

Protein content was determined by the Lowry
method with bovine serum albumin as the
standard.

3. Results and discussion

3.1. Derivation of the steady-state velocity
equation

In order to simplify the derivation, we assume
the reactions(1) and (2) catalysed by enzymes
E and E proceed irreversibly. Therefore, the1 2

kinetic equations are:

w x w xvsV A y(K q A ) (3)1 1 m,1 1

w x w xvsV A y(K q A ) (4)2 2 m,2 2

whereK andV (is1,2) stand for the Michaelism,i i

constants and limiting velocities, respectively. Note
that the velocity symbolv is the same in both
equations, which reflects attainment of a steady-
state. If only small fractions ofA and A are1 2

involved in attachment toE and E , the total1 2

substrate concentrationA can be written as

w x w xAs A q A (5)1 2

Eqs. (3) and (4) allow wA x and wA x to be1 2

expressed in terms of the steady-state velocityv,
and insertion of the expressions into Eq.(5) leads
to

K v K vm,1 m,2As q (6)
V yv V yv1 2
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Fig. 1. The cycling ratev at substrate saturation as a function
of the concentration of the enzymeE . The curves were com-2

puted according to Eq.(10) for the indicated values ofV ,1

assuming thatk s2.cat,2

Fig. 2. Theoretical dependencies of the cycling ratev on the
substrate concentrationA in Eadie–Hofstee coordinates {vyA;
v}. The computation was based on Eq.(8), with K s0.5,m,1

K s2, V s1 and As0.2, 0.4,..., 5.0. The different curvesm,2 1

refer to different values ofV , which are indicated in the figure.2

or, after a little rearrangement, to

2 {(K qK qA)v y K V qK Vm,1 m,2 m,1 2 m,1 1

}q(V qV )A vqV V A1 2 1 2

s0 (7)

On solving the quadratic Eq.(7) and neglecting
the second, physically meaningless root, one may
obtain the following explicit expression forv as a
function of A:

2V V A1 2vs (8)
yV (K qA)qV (K qA)q D2 m,1 1 m,2

where

2 2 2 2 2{DsV (K qA) qV (K qA) y2V V A2 m,1 1 m,2 1 2

}q(K qK )AyK Km,1 m,2 m,1 m,2

3.2. Limiting cases

Two limiting cases of our general solution can
be considered.

1. At sufficiently lowA, Eq.(8) reduces to a linear
relationship betweenv andA

V V A1 2vs (9)
V K qV K2 m,1 1 m,2

which is equivalent to that given by Passonneau
and Lowry w2x.

2. Conversely, if A is very large, v reaches a
limiting value

2V V1 2Vs (10)
Z ZV qV q V yV1 2 1 2

The last expression relatesV to the constituent
enzyme activitiesV and V . By increasing the1 2

concentration of one enzyme, sayE , V will vary2

linearly (asV sk =wE x) until it becomes equal2 cat,2 2

to the constant activity of the enzymeE . This is1

illustrated in Fig. 1 for two fixed values ofV .1

3.3. Assessment of the shape of the v(A)
dependence

Eq. (8) predicts that thev(A) relationship will
be generally non-hyperbolic. The deviation from
the hyperbolic law can best be detected as a non-
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Fig. 3. Relationship of the half-saturation concentrationA to0.5

the activity ratio V yV . A was calculated from Eq.(11)2 1 0.5

assumingK s0.5 andK s2.m,1 m,2

linearity in an Eadie–Hofstee-type plot(Fig. 2).
As follows algebraically from Eq.(6) by setting
V sV , and visually from Fig. 2, true hyperbolic1 2

kinetics arise if both enzymes have equal activities.
All the commonly used means of estimating the
kinetic parameters of the hyperbolic law are then
applicable and expected to provide the sum of
both Michaelis constants(K qK ). The satu-m,1 m,2

ration behaviour atV differing from V can also1 2

be formulated in a quantitative way. Since the
considered two-enzyme system is saturable by the
cycling substrate at any combinations of enzyme
activities, one may define the half-saturation con-
centrationA as the total substrate concentration0.5

required to achieve 0.5V under a particular con-
dition of V andV . InsertingAsA andvsVy21 2 0.5

into Eq. (6) and combining it with Eq.(10), we
can expressA as0.5

K V K Vm,1 2 m,2 1A s q (11)0.5 Z Z Z ZV q V yV V q V yV1 1 2 2 1 2

From Eq.(11) and its graphical presentation in
Fig. 3 it can be deduced thatA ™K if V y0.5 m,1 2

V ™`, A ™K if V yV ™0, and A s1 0.5 m,2 2 1 0.5

K qK if V yV s1. Thus, the actual value ofm,1 m,2 2 1

A lies in the interval between min(K , K )0.5 m,1 m,2

andK qK .m,1 m,2

3.4. Analysis of experimental data

The applicability of the above theoretical find-
ings will be demonstrated by an analysis of a real
experimental system involving a proteinous redox
mediator (cytochromec or pseudoazurin) and550

enzymes catalysing its reduction(membrane vesi-
cles) and oxidation(nitrite reductase). A direct
spectrophotometric determination ofK for indi-m

vidual reactions from the changes in the concen-
trations of the oxidised or reduced form of the
mediator poses a problem in that it requires low
mediator concentrations at which the changes in
absorbance are very small so that the initial veloc-
ities cannot be obtained at all or are too inaccurate.
We intended to remove this obstacle by using a
cycling arrangement of the assay that would allow
us to measure nitrite consumption in the steady
state. To this end, nitrite reductase amount had
firstly to be adjusted to the mediator reductase
activity of membrane vesicles by a titration pro-
cedure according to Fig. 1. Experiments examining
the effects of mediator concentration then pro-
duced results summarised in Fig. 4. It is clear that
the experimental data fits well to the hyperbolic
law, in agreement with the theoretical expectation.
The obtained values of limiting velocities suggest
that pseudoazurin is somewhat more effective than
cytochromec in carrying out electron transport550

at saturating concentrations. However, as mani-
fested by a distinctly lower value ofA , cyto-0.5

chrome c binds more tightly to the enzymes550

than does pseudoazurin. In one-enzyme kinetics,
the apparent second-order rate constant,k yK ,cat m

is the parameter of choice to express the relative
rates of competing enzymatic reactions and hence
enzymatic selectivities. If an analogous formalism
were also adopted for the two-enzyme system
studied here, cytochromec would appear to be550

preferred over pseudoazurin as a redox mediator
by a factor of 8.4.

Richter et al.w10x have recently performed a
thorough kinetic analysis of redox reactions cata-
lysed by nitrite reductase fromParacoccus panto-
trophus, a close relative ofP. denitrificans. Both
this study and the present study concur in that the
enzyme has a higher molecular activity with pseu-
doazurin relative to cytochromec . However, the550
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Fig. 4. Cytochromec (squares) or pseudoazurin(circles)-550

mediated reduction of nitrite by succinate in the mixture of
membranes and nitrite reductase fromP. denitrificans. The
samples contained, in a total volume of 0.5 ml, 20 mM Tris
chloride, pH 7.3, 308C, 10 mM sodium succinate, 0.76 mg of
membrane protein, 40.5 or 48.5 pmol of nitrite reductase and
various concentrations of the mediator protein. The rate of
nitrite consumption was measured immediately upon addition
of 10 ml of 50 mM NO as outlined in the Experimental sec-y

2

tion. The results are presented in a form of the Eadie–Hofstee
plot. Displayed are the equations for the regression lines and
the squares of the correlation coefficients. The slopes of the
lines equal toyA and the intercepts on the ordinate giveV.0.5

K value for the reduced cytochromec wasm 550

found to exceed theA value in Fig. 4 by over0.5

an order of magnitude. Possible reason for this
discrepancy include:(i) intrinsic interspecies dif-
ferences,(ii) differences in ionic strength, which
adversely influences interactions between the elec-
tron-transfer componentsw4,9x, (iii ) specific
effects of the involved membrane vesicles(binding
of the soluble proteins, removal of the accumulat-
ing nitric oxide by virtue of the membrane-bound
nitric oxide reductase). Clearly, validity of (iii )
would mean that kinetic data obtained with recy-
clisation systems are more relevant to the actual
situation in intact cells than data form one-enzyme
studies.

4. Conclusions

The main result obtained in this work consists
in clarifying the kinetic behaviour of a two-enzyme

system at increasing concentration of the recycling
substrate and finding the exact physical meaning
of the half-saturation concentration. It is demon-
strated that this quantity can be easily measured
under the specific condition of equal activities of
both enzymes, which leads to a hyperbolic law
familiar in classical enzymology. When obtained
in this manner, the half-saturation concentration
reaches its upper limit and is equal to the sum of
both Michaelis constants. Use of cycling assays
enables simple comparative studies of various
substrates and is especially recommendable if the
kinetic studies of individual enzymes are hampered
by low Michaelis constants.
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