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Abstract The principal aim of studies of enzyme-mediated reactions has been
to provide comparative and quantitative information on enzyme-catalyzed reactions
under distinct conditions. The classic Michaelis–Menten model (Biochem Zeit 49:333,
1913) for enzyme kinetic has been widely used to determine important parameters
involved in enzyme catalysis, particularly the Michaelis–Menten constant (KM ) and
the maximum velocity of reaction (Vmax ). Subsequently, a detailed treatment of the
mechanisms of enzyme catalysis was undertaken by Briggs–Haldane (Biochem J
19:338, 1925). These authors proposed the steady-state treatment, since its applicabil-
ity was constrained to this condition. The present work describes an extending solution
of the Michaelis–Menten model without the need for such a steady-state restriction.
We provide the first analysis of all of the individual reaction constants calculated ana-
lytically. Using this approach, it is possible to accurately predict the results under new
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experimental conditions and to characterize and optimize industrial processes in the
fields of chemical and food engineering, pharmaceuticals and biotechnology.

Keywords Briggs–Haldane · Cellular growth · Enzyme catalysis · Fermentation ·
Michelis-Menten kinetics · Monod · Optimization · Peroxidase

1 Introduction

The process in which a substrate S undergoes transformation to product P by enzyme
activity E has been extensively studied during the last century. O’Sulivan and Thompson
[1] provided one of the earliest formal studies on enzymology in which they dem-
onstrated that the rate of reaction was proportional to the amount of enzyme [2].
Subsequent analysis by Brown [3] and Henri [4,5] focused on the formation of an
enzyme-substrate complex. Their findings led Michaelis and Menten [6] to realize the
need for additional experiments in order to solve the theoretical divergences between
the Brown and Henri models. The work of Michaelis and Menten led these authors to
propose a model of enzyme action in which S is transformed into P by the action of
E with the formation of an enzyme-substrate (ES) complex. The model proposed by
these authors was formally described by Briggs and Haldane in 1925 [7] by using a
series of reaction parameters. This approach, known as the steady-state treatment, is
still used by several research groups. Currently, the investigation of enzyme kinetics
before the steady-state be reached, i.e., pre-steady-state kinetics, is important for char-
acterization of the first enzyme-substrate contact [8]. The use of special techniques
also allows the study of the enzymatic activity of multi-state molecules, thus providing
details of intermediate reaction steps. Kinetic studies themselves cannot deduce the
mechanism of catalysis, but can suggest possible alternatives that can serve as a basis
for future experiments aiming process optimization.

Peroxidase (EC 1.11.1.7; donor: hydrogen-peroxide oxidoreductase: POD) cata-
lyzes the oxidation of a variety of substrates using hydrogen peroxide (H2O2) [9].
POD is a monomeric, glycosylated protein containing heme as a prosthetic group
[10–13]. PODs are among the main enzymes responsible for the enzymatic dete-
rioration of fruit and vegetable products. These enzymes catalyze the oxidation of
polyphenol substances naturally present in raw materials to yield products responsi-
ble for changes in color and sensory and nutritional characteristics [14] . Peroxidase
is one of the most heat-stable enzymes in fruit and vegetables. The low specificity for
hydrogen donor substrates means that PODs can oxidize a variety of aromatic amines,
e.g., o-dianisidine, and phenols, e.g., guaiacol, as well as other organic compounds,
at the expense of H2O2 [14]. Some novel applications suggested for POD include the
development of biosensors, treatment of waste water containing phenolic compounds,
synthesis of various aromatic chemicals and removal of peroxide from materials such
as foodstuffs and industrial wastes [15].

In this work, we describe an extension of the kinetic solution of [7] and use POD to
corroborate this model of enzyme action. The treatment described here provides sev-
eral important parameters that contribute to our understanding of enzymatic catalysis
and may be useful in the design, optimization and control of bioreactors.
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2 Materials and methods

2.1 Collection of crude enzyme

Pineapple was used as the source of POD. Prior to use, the fruit was washed in tap
water, peeled and chopped into small pieces. Fifty grams of fruit was homogenized in
a blender with 50 mL of 0.1 mol/L phosphate-buffered saline (NaCl, 1.0 mol/L), pH
6.0. The mixture was then filtered and centrifuged at 4,000 rpm for 20 min at 4◦C. The
supernatant solution was stored in a freezer and used as a source of POD.

2.2 Determination of peroxidase activity

POD activity was assayed as described by [16]. The substrate solution was prepared
daily by mixing 0.1 mL of guaiacol, 0.1 mL of H2O2 (30%), and 99.8 mL of potassium
phosphate buffer (0.1 mol/L, pH 6.5), with different final concentrations of guaiacol,
according to the experiment. The substrate was mixed well by shaking vigorously
for a few minutes. The reaction mixture consisted of 0.2 mL of enzyme extract and
3.30 mL of substrate solution in a quartz cuvette followed by stirring with a cap-
illary glass rod. Peroxidase activity was measured based on the increase in absor-
bance at 470 nm using a spectrophotometer (Varian Cary 50 Probe). The reaction was
monitored for 10 min. All of the experiments were done four times for each exper-
imental condition and the average values were used for analysis. Enzyme activity
was calculated from the change in absorbance (�A) at 470 nm, using the equation:
Act (U/L) = � A per min×T V ×103/ε×SV ×P L , where�A per min is the change
in absorbance at 470 nm min−1, T V is the total volume (3.50 mL), ε is the molar
extinction of tetraguaiacol at 470 nm (2.66 × 104 L mol−1cm−1), SV is the volume
of enzyme solution (0.2 mL), PL is the light pathlength (1 cm), and 103 is the conver-
sion factor (mL and L−1). One unit of activity was defined as the amount of enzyme
that produced 1 mmol of tetraguaiacol min−1 under the assay conditions described
here.

2.3 Determination of tetraguaiacol concentration

POD is a classic example of a ‘Michaelian’ enzyme since it is a monomer with a
substrate binding profile that resembles the classic non-cooperative protein myoglo-
bin [17]. POD converts guaiacol into the reaction product tetraguaicol, with the color
of the substrate solution changing from transparent to dark red. This color change
results in a continuous increase in absorbance that can be monitored continuously,
with no need to interrupt the reaction. The tetraguaiacol concentration was calculated
by subtracting the absorbance observed at each time interval (Amed ) from the mini-
mum absorbance (Amin) and dividing by ε, the molar extinction of tetraguaiacol at
470 nm(2.66 × 104 L mol−1 cm−1), as follows: CP (t) = Amed−Amin

ε
, resulting in the

experimental data in Fig. 1.
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Fig. 1 a Initial adjustments of Eq. (45) to the experimental results of pineapple peroxidase for increas-
ing substrate (guaiacol) concentration. b Values obtained for the parameters φ1 and φ2 at each substrate
concentration
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2.4 Determination of enzyme concentration

The POD concentration was determined spectrophotometrically (Varian Cary 50 Probe
spectrophotometer) at 403 nm using an extinction coefficient (ε1%) of 1.02 ×
105 cm−1 L mol−1 [18]. The absorbance of the purified solution in the absence of
substrate (guaiacol) was ε1% = 0.025 which yielded an enzyme concentration of
2.45 × 10−7 mol/L.

2.5 The steady-state treatment

According to the treatment proposed by Briggs and Haldane [7] for the Michaelis–
Menten model of enzyme action (described below), the first constraint imposed on the
model is that the initial substrate concentration is much higher than the initial enzyme
concentration, i.e., cS >>> cE :

S + E
k1
�
k−1

E S
k2→ P + E (1)

where S is the substrate, E the enzyme, P the product and ES the enzyme-substrate
complex. The terms k1, k−1 and k2 are the respective reaction rate constants.

In addition to this constraint, there is the requirement for a steady-state in which
the concentration of the ES complex does not change significantly with time. In this
view, the concentration of any species in solution at any time is given by the extent of
reaction (xT ) for the model in Eq. (1) as follows:

CS(t) ≈ cS (2)

CE (t) = cE − xT (t) (3)

CE S(t) = xT (t) (4)

where C is the concentration of the species indicated by the subscript term at time t .
Since the substrate concentration is virtually constant, CS(t) is considered to be

unchanged with respect to time. Since xT represents the net number of moles of
enzyme that in a specific time forms enzyme-substrate complex, the steady-state con-
dition implies that:

vT (t) = v1(t)− v−1(t)− v2(t) = 0, so that

v1(t) = v−1(t)+ v2(t) ⇒ k1cS(cE − xT (t)) = k−1xT (t)+ k2xT (t) (5)

where νT (t) is the total velocity of complex change at a given concentration, ν1 is the
velocity of complex formation, ν−1 is the velocity of complex dissociation and ν2 the
velocity of product formation in accordance with Eq. (1).

Rearranging for xT in Eq. (5) yields:

xT (t) = k1cE cS

k−1 + k2 + k1cS
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Since the velocity of product formation is given by:

v2 = k2CE S(t) = k2xT (t)

we obtain the following relationship:

v2 = k1k2cE cS

k−1 + k2 + k1cS

This relationship can be rewritten as the classic Michaelis–Menten equation if the
following is assumed

v2 = VM cS

KM + cS
(6)

where KM = k−1+k2
k1

is the Michaelis–Menten constant and VM = k2cE is the maxi-
mum or limiting velocity.

Inspection of Eq. (6) shows that its integral form with respect to time and the initial
conditions furnishes a straight line with the intercept at zero, as follows:

x2 = VM cS

KM + cS
t (7)

Theoretically, this means that at cS >>> cE the product concentration (x2) versus
time is a straight line that intercepts the zero point of product and time. However,
the intercept at the zero point is generally not observed in experimental conditions
because of the assumed steady-state constraint. This in turn means that it is not pos-
sible to determine the kinetic behavior of the enzyme at early time intervals. Thus,
despite numerous studies in this field, an analytical solution of this model without the
steady-state constraint has so far not been reported. In what follows, we describe a
general treatment reached by our group that allows characterization of the Michaelis–
Menten model without the steady-state constraint. The solution described here makes
it possible to assess many other important aspects of the behavior of the Michalis-
Menten model and allows the optimization of industrial processes involving enzymes
and microorganisms such as bacteria and yeast.

2.6 The proposed treatment

The Laplace transform is a tool that allows the conversion of differential equations
systems into algebraic equations systems written in terms of the parameter ‘s’. Thus,
after solving the algebraic equations, we used inverse Laplace transforms to find the
differential solution. The solution proposed here also considers cS >>> cE but starts
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as follows for the model in Eq. (1):

CE (t) = cE − x1(t)+ x−1(t)+ x2(t) (8)

CE S(t) = x1(t)− x−1(t)− x2(t) (9)

CP (t) = x2(t) (10)

where x represents the extent of reaction with the subscript indicating the orientation
of the reaction. Therefore, if xL(t) = x1(t)− x−1(t), then it follows that

CE (t) = cE − xL(t)+ x2(t) (11)

CE S(t) = xL(t)− x2(t) (12)

CP (t) = x2(t) (13)

For xT (t) = xL(t)−x2(t), Eqs. (11) and (12) reduce to Eqs. (3) and (4). Thus, without
the steady-state restriction, we can solve this system by first considering the reaction
velocities:

v1(t) = dx1(t)

dt
= k1cS(cE − xL + x2(t)) (14)

v−1(t) = dx−1(t)

dt
= −k−1(xL(t)− x2(t)) (15)

v2(t) = dx2(t)

dt
= k2(xL(t)− x2(t)) (16)

Subtracting Eq. (14) from (15) yields:

νL(t) = dx1(t)

dt
− dx−1(t)

dt
= k1cScE − (k1cS − k−1)xL(t)+ (k1cS − k−1)x2(t)

(17)

Rearranging for xL(t) in Eq. (16) yields:

xL(t) = 1

k2

dx2(t)

dt
+ x2(t) (18)

Differentiating Eq. (18) with respect to time yields:

vL(t) = dxL(t)

dt
= 1

k2

d2x2(t)

dt2 + dx2(t)

dt
(19)

Introducing Eqs. (18) and (19) into Eq. (17) yields

1

k2

d2x2(t)

dt2 + dx2(t)

dt
= k1cScE − (k1cS − k−1)

(
1

k2

dx2(t)

dt
+ x2(t)

)

+(k1cS − k−1)x2(t)
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and simplifying with respect to x,
.
x,

..
x in the previous equation results in:

d2x2(t)

dt2 = k1k2cE cS − (k1cS − k−1 + k2)
dx2(t)

dt
(20)

Now, from the Laplace transforms and the initial conditions we obtain:

L

(
d2xi (t)

dt2

)
= s2 Xi − sxi (0)− dxi

dt
(0)i (21)

where xi (0) = dxi
dt (0) = 0. It follows that:

L

(
d2xi (t)

dt2

)
= s2 Xi

L

(
dxi (t)

dt

)
= s Xi − xi (0) = s Xi (22)

L (xi (t)) = Xi (23)

L (a) = a

s
(24)

where a is a constant
These equations can be applied to Eq. (20) to obtain the following relationship:

s2 X2 = k2k1cScE

s
− (k1cS − k−1 + k2)s X2 (25)

so X2 corresponds to

X2 = k2k1cScE

s2(s + (k1cS − k−1 + k2))
(26)

Since the term on the right of Eq. (26) does not appear in inverse Laplace transform
tables it needs to be separated in terms of its partial fractions that are a function of the
‘s’ terms, such that:

X2 = k2k1cScE

s2(s + (k1cS − k−1 + k2))
= A1

s
+ A2

s2 + B

s + (k1cS − k−1 + k2)
(27)

By calculating the parameters A1, A2 and B based on the selection of appropriate
values for ‘s’ to make both sides of Eq. (27) equal [19] we obtain:

A1 = − k1k2cE cS

(k1cS − k−1 + k2)2
; A2 = k1k2cE cS

(k1cS − k−1 + k2)
;

B = k1k2cE cS

(k1cS − k−1 + k2)2
(28)
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Taking the inverse Laplace transform (L−1) of Eq. (27) with the parameters in Eq. (28)
yields:

L−1
(

A1

s

)
= A1 (29)

L−1
(

A2

s2

)
= A2.t (30)

L−1
(

B

s + a

)
= B exp(−at) (31)

where a is a constant, in this case equal to (k1cS − k−1 + k2)

Thus, the differential solution for the parameter x2(t) can be obtained by using the
right term of Eq. (27) and appropriate tables of inverse Laplace transforms to give:

x2(t) =
− k1k2cE cS

(k1cS − k−1 + k2)2
+ k1k2cE cS

(k1cS − k−1+k2)
t+ k1k2cE cS

(k1cS − k−1 + k2)2
e−(k1cS−k−1+k2)t

(32)

Differentiating Eq. (32) yields the velocity of product formation, v2(t):

v2(t) = k1k2cE cS

(k1cS − k−1 + k2)

(
1 − e−(k1cS−k−1+k2)t

)
(33)

By applying the definitions for VM (Eq. 6) and KG (Eqs.32 and 33) we finally obtain:

v2(t) = VM cS

(KG + cS)

(
1 − e−k1(KG+cS)t

)
(34)

where

KG = k2 − k−1

k1
(35)

is the ‘global’ constant, so that

x2(t) = − VM cS

k1(KG + cS)2
+ VM cS

(KG + cS)
t + VM cS

k1(KG + cS)2
e−k1(KG+cS)t (36)

Inspection of Eq. (35) and comparison with Eq. (6) for KM shows that these equa-
tions differ with respect to the sign of the rate constant k−1. However, in this case,
despite this difference in sign, the constant KG is numerically equivalent to the KM

(KG ≡ KM ) when k2 > k−1. The negative signal used here only indicates that the
direction of the reaction is the opposite of that for the remaining reactions. Conse-
quently, the global constant has the properties of a partition constant. Therefore, if
KG is negative, complex dissociation is greater than product formation. Similarly,
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if KG = 0, then complex dissociation and product formation have the same rate
constants and, consequently, the same velocities and probability of occurrence. For
KG > 0, the rate of product formation is greater than that of complex dissociation.
Consequently, since the literature values for KM in many enzymatic processes are
positive, we conclude that the rate of product formation in these cases will represent
the slow stage of reaction when vL > v2 and xL > x2.

Inspection of Eq. (34) shows that its expression is more general than those obtained
by Briggs and Haldane [7]. However, when the reaction time increases (t → ∞) and
the steady-state is reached, this equation reduces to the Briggs and Haldane solution
and to the Michaelis–Menten equation for enzyme kinetics. Eq. (34) also shows that
in the steady-state that is reached when the third term on the right of Eq. (32) is zero or
negligible, the straight line that fits the experimental conditions will only pass through
the zero point of product and time if the intercept parameter is equal to zero. In this
case, from Eq. (34) we have:

− VM cS

k1(KG + cS)2
= 0

For cases where this intercept parameter is not zero, Eq. (36) becomes useful for
calculating the other kinetic parameters that are not provided by the Briggs and Hal-
dane treatment. The Monod equation for fermentation [20] also expresses this time
dependency since the theoretical foundation of the Monod equation is the same as the
Michaelis–Menten equation. This, in turn, makes it possible to access information that
is not provided by the Michaelis–Menten and Briggs–Haldane treatments.

Since we have now characterized the model, we can now introduce Eqs. (36) and
(34) into Eq. (18). The resulting equation allows us to obtain xL(t) and, after differ-
entiation, to calculate vL(t), as follows:

xL(t) = cE cS(k1cS + k−1)

k1(KG + cS)2
+ VM cS

(KG + cS)
t − cE cS(k1cS + k−1)

k1(KG + cS)2
e−k1(KG+cS)t

(37)

vL(t) = VLcS

(KG + cS)
+ cE cS(k1cS + k−1)

(KG + cS)
e−k1(KG+cS)t (38)

By using a similar procedure for the other properties and equations, the remaining
relationships were calculated as follows:

v−1(t) = k−1cE cS

(KG + cS)
− k−1cE cS

(KG + cS)
e−k1(KG+cS)t (39)

x−1(t) = k−1cE cS

k1(KG + cS)2
− k−1cE cS

(KG + cS)
t − k−1cE cS

k1(KG + cS)2
e−k1(KG+cS)t (40)
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and,

v1(t) = (k−1 + k2)cE cS

(KG + cS)
+ k1cE c2

S

(KG + cS)
e−k1(KG+cS)t (41)

x1(t) = cE c2
S

(KG + cS)2
+ (k−1 + k2)cE cS

(KG + cS)
t − cE c2

S

(KG + cS)2
e−k1(KG+cS)t (42)

3 Results and discussion

3.1 Application and validation of the model

Figure 1a shows the non-linear adjustment of Eq. 36 (line) to product formation
(tetraguaiacol) as described in the Methods. By recalling that x2 represents the product,
a non-linear adjustment was done with this equation, as shown below, where:

x2(t) =
− k1k2cE cS

(k1cS − k−1 + k2)2
+ k1k2cE cS

(k1cS − k−1+k2)
t + k1k2cE cS

(k1cS − k−1+k2)2
e−(k1cS−k−1+k2)t

Considering that:

φ1 = k1k2cE cS and, (43)

φ2 = k1cS − k−1 + k2 (44)

the previous equation becomes:

x2(t) = −φ1

φ2
2

+ φ1

φ2
t + φ1

φ2
2

e−φ2t (45)

Thus, to obtain the values for the fitting parameters φ1 and φ2 in Eq. (45), we ran
a non-linear adjustment of the experimental data (Fig. 1a) using Eq. (45) for each
substrate concentration to yield φ1 and φ2 for each condition. This figure also shows
that the parameters φ1 and φ2 are dependent on the substrate concentration. Based
on this finding, we introduced a second adjustment of the data, as shown in Fig. 1b
(always done with MatLab software). In this case, we used Eqs. (43) and (44) to fit
the data in Fig. 1b in order to express the dependence of the φ parameters on sub-
strate concentration. However, since the reaction mixture consists of enzyme and other
biological compounds, we concluded that the free substrate concentration in solution
should be different from the total substrate concentration added to the solution. The
total substrate added to the solution should be given by the following equation:

cT S = cF S + cL S (46)
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where cT S is the total substrate concentration added in the experiment, cF S is the free
substrate concentration and cL S is the ‘loosed’ substrate concentration in the medium
due to the action of others proteins in solution.

Recalling that the substrate concentration in all of the previous equations was
assumed to be the free substrate concentration, it follows that:

φ1 = k1k2cE cF S = k1k2cE cT S − k1k2cE cL S (47)

and from the parameter φ2 the substrate dependency is given by

φ2 = k1cF S − k−1 + k2 = k1cT S − k1cL S − k−1 + k2 (48)

By performing a second linear fit of φ versus cT S using Eqs. (47) and (48), the respec-
tive slopes (ψ1, ψ

′
1) and intercepts (ψ2, ψ

′
2) can be obtained for each parameter, as

well as the residuals of these fittings (Fig. 2). Thus, for Eq. (47), we have:

φ1 = k1k2cE cT S − k1k2cE cL S = ψ1cT S − ψ2, so that (49)

ψ1 = k1k2cE and (50)

ψ2 = k1k2cE cL S (51)

Similarly, for Eq. (48), we obtain:

φ2 = k1cT S − k1cL S + k−1 + k2 = ψ ′
1cT S − ψ ′

2, so that (52)

ψ ′
1 = k1 and (53)

ψ ′
2 = k1cL S + k−1 − k2 (54)

After the linear adjustment of Eqs. (49) and (52), we finally obtain the ψ properties
of parameters φ1 and φ2 that allow calculation of the kinetic properties of the sys-
tem. From the slope and intercept of Fig. 2a, b using φ1 and φ2 (Eqs. 49 and 52,
respectively), the ψ properties can be obtained. The results obtained are given in the
respective legends, which also describe the conditions necessary to determine all of the
parameters of the Michaelis–Menten model. For pineapple POD, this analysis yielded:

k1 = ψ ′
1 = 1.0993 s−1 (55)

ψ1 = k1k2cE ⇒ k2 = ψ1

k1cE
= 2.6166 s−1 (56)

ψ2 = k1k2cE cL S ⇒ cL S = ψ2

k1k2cE
= 7.9537 × 10−3(mol/L), and (57)

k−1 = k2 − k1cL S + ψ ′
2 = 2.6009 s−1 (58)

KG ≡ KM = 1.4330 × 10−2 (59)

VM = 6.4134 × 10−7(mol/s) (60)

Equations (55–60) allow calculation of all of the properties of the Michaelis–Menten
model and the Monod model for fermentation. Hence, for the first time it is possible
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Fig. 2 (a) Upper panel
non-linear fitting of Eq. (49) to
the theoretical data obtained for
φ1. Lower panel residuals of the
fitting. b Upper panel non-linear
fitting of Eq. (52) to the
theoretical data obtained for φ2.
Lower panel residuals of the
fitting
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to obtain all the rate constants of this model as well as the amount (in this case) of
loosed substrate. In this view, when the amount of loosed substrate is close to zero,
i.e., cF S ∼= cT S , the medium in which this occurs does not cause significant loosening
of the total substrate concentration added due to the absence of others compounds
that bind the substrate. In addition, the results obtained here allow the calculation of
any three dimensional surface from the average point of view since the second fitting
furnishes the mean behavior of the parameters φ1 and φ2. Thus, all the velocities,
extent of reactions and, consequently, the species concentration are dependent only
on the previous parameters. Analysis of the results obtained here clearly shows how
this approach can be used to optimize catalytic processes, including fermentation. For
instance, analysis of Figs. 1a and 3a shows that while Fig. 1a furnishes the individual
behavior of product formation that best fits the experimental data, Fig. 3a provides
results based on all of the data collected.

To demonstrate how optimization can be reached by this new approach, consider
two situations presented in the level diagrams. In the first situation (based on the data
in Fig. 3b), when the total substrate concentration is 0.03 mol/L and the reaction time

Fig. 3 Surface adjustment of the overall experimental data for product (P) versus time at different sub-
strate concentrations. a Individual adjustment obtained from fitting Eqs. (45) and (49) to the theoretical and
experimental data obtained for the plot of product versus time at different substrate concentrations. b Level
diagrams obtained from cuts of the surface data for the plot of substrate versus time at different product
concentrations. c Level diagrams obtained from the surface data for the plot of product versus substrate
concentration at different reaction times
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Fig. 4 Surface response of the overall data for the velocity of product formation (v2) versus time and
substrate concentration. a Level diagrams obtained from the theoretical plot of cuts of the surface data for
velocity of product formation versus time at different substrate concentration. b Level diagrams obtained
from cuts of the surface data for the plot of substrate versus time at different velocities of product formation.
c Level diagrams obtained from cuts of the surface data for the plot of the velocity of product formation
versus substrate concentration at different reaction times

is 120 s, the total product formation obtained is 3.70×10−5 mol/L (Fig. 3b). Using the
same substrate concentrations and times in Fig. 4a shows that for these conditions the
velocity of product formation (v2) is ∼3.85 × 10−7 mol/L/s. Similarly, Fig. 5a shows
that the total amount of complex (ES) is ∼1.47 × 10−7 mol/L and from Fig. 6a the
amount of free enzyme observed (E) is ∼9.78 × 10−8mol/L. These results lead to the
conclusion that the total amount of enzyme needed in solution is the sum of ES and E,
i.e., 2.45 × 10−7 mol/L. For fermentation processes, the total biomass needed in solu-
tion is obtained by the same procedure as described above. Figure 6 shows the remain-
der of the reaction and the corresponding velocities which, in this case, were x1 =
7.54 × 10−5mol/L, v1 = 7.74 × 10−7 mol/L/s, x−1 = 3.82 × 10−5 mol/L, v−1 =
3.88 × 10−7 mol/L/s, xL = 3.72 × 10−5 mol/L and vL = 3.85 × 10−7 mol/L/s.

This first analysis provided data from which it was possible to obtain the desired
amount of product (3.7×10−5 mol/L) (Fig. 3b). However, inspection of Fig. 3b shows
that this is not the only way to reach this concentration. When one is interested in pro-
ducing this amount of product using the cheapest process it is necessary to know what
makes this process more expensive.
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In the second situation, in which the substrate concentration makes product forma-
tion more expensive, optimization of the process will lead to conditions in which a
low substrate concentration is used. Figure 3b shows that the same amount of product
formation can be obtained using a total substrate concentration of 0.02 mol/L and
reaction time of 160.5 s. This will require only 67% of the substrate concentration
used in the first case. Using these new values for substrate concentration and time in
Fig. 4a, the velocity of product formation (v2) is 2.90 ×, 10−7 (mol/L/s). Similarly,
Fig. 5a shows that the total amount of ES formed is 1.11 × 10−7 mol/L, and from
Fig. 5d the amount of E is 1.34 ×10−7 mol/L. As before, these results lead to the con-
clusion that the total amount of enzyme needed in solution is the sum of the amount
of ES and E, which is 2.45 × 10−7 mol/L. Comparison of the total amount of enzyme
calculated here with the first case shows that the amount required is the same in both

Fig. 5 Surface response of the overall data for complex (ES) formation versus time and substrate con-
centration. a Level diagrams obtained for the theoretical plot obtained from cuts of the surface data for
ES formation versus time at different substrate concentrations. b Level diagrams obtained from cuts of the
surface data for the plot of substrate versus time at different amounts of ES formation. c Level diagrams
obtained from the surface data for the plot of ES formation versus substrate concentration at different reac-
tion times. Next, surface response of the overall data for the free enzyme (E) concentration versus time
and substrate concentration. d Level diagrams obtained for the theoretical plot obtained from the surface
data for the concentration of E versus time at different substrate concentrations. e Level diagrams obtained
from the surface data for the plot of substrate versus time at different concentrations of E. f Level dia-
grams obtained from the surface data for the plot of the concentration of E versus substrate concentration
at different reaction times
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Fig. 5 continued

cases and, consequently, the amount of enzyme needed will not make this process
more expensive. Thus, as in the first case, the total biomass needed in solution should
be obtained in the same was as in fermentation processes. Figure 6 can be used to
determine the extent of reaction and its velocities for this second situation, i.e., x1 =
8.15 × 10−5 mol/L, v1 = 6.24 × 10−7 mol/L/s, x−1 = 4.44 × 10−5 mol/L, v−1 =
3.34 × 10−7mol/L/s, xL = 3.71 × 10−5 mol/L and vL = 2.90 × 10−7 mol/L/s.

Based on the results for these two cases, we conclude that the velocity of product
formation in the second case was lower than in the first case whereas the enzyme con-
centration was identical in both cases. However, a longer reaction time is now required
and must be considered during the optimization process. The reduction in the cost of
product formation will be related to the length of the reaction time and especially to
the substrate concentration used. Such an evaluation can also be made using the level
diagrams presented in the respective figures or directly from the MatLab program.

Another important point in using this approach relates to the number of data points
used in Lineweaver–Burk plots (1/v vs. 1/s) (not shown). The usual procedure in most
analyses is to discard the initial points that are nonlinear. When some initial points are
discarded, i.e., an increase in the number of discarded points makes the plot linear only
at high substrate concentrations. This kind of plot is accurate only for a short interval
of 1/s. This means that the common procedure of eliminating certain points leads to
deviation of the experimental results since the steady-state point that is chosen will
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Fig. 6 a Theoretical results obtained for the extent of reaction (x1) based on the theoretical data of pineapple
peroxidase at different substrate concentrations. The remaining panels show the theoretical results obtained
for b the velocity of reaction (v1), c the extent of reaction (x−1), d the velocity of reaction (v−1), (e) the
net extent of reaction (xL ) and (f) the net velocity of reaction (vL ) at different substrate concentrations

change with time for each substrate concentration. In contrast, the present treatment is
more accurate since all of the points are considered by the fitted equation at any time
point.

To date there has been no report of an analytical solution that describes the initial
Briggs–Haldane approach without assuming the steady-state condition. The possibil-
ity of solving this model without the steady-state constraint but based on the extent of
reaction (x) provides a powerful new tool for understanding the function, energy and
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dynamics of biomolecules and microorganisms. The relationship that describes micro-
organism growth resembles the Michaelis–Mentem approach but was formalized by
Monod [21]. The shape of the Monod curve is identical to that for Michaelis–Menten
enzyme kinetics, which makes sense because in most cases the kinetics of growth is
limited by the activity of a permease responsible for transporting substrate into the
cell [22]. Thus, in processes involving microorganisms, it should be possible to apply
equations derived from the equation proposed by Monod [23,24], thus expanding
our recent concepts. Although solving this model by Laplace transforms may seem
complex, application of the resulting equations is very simple. This is so because to
apply the equations of this method requires nonlinear fitting that involves only two
unknown parameters (φ1 and φ2) in the first adjustment, and, two linear fittings of
the φ parameters in the second adjustment. With regard to improvements in kinetic
theory, the traditional approach based on steady-state kinetics yields only values for
KM and VM based on plots like that of Lineweaver and Burk [25]. In contrast, the
procedure described here generates these two parameters and several others, such as
values for k1, k−1 and k2, thereby allowing complete characterization of this model
when the substrate concentration is much higher than the enzyme concentration.

4 Conclusion

The most important finding of this work is the description of an analytical solution for
the classic Michaelis–Menten and Monod models, with the first of these having been
analyzed by Briggs and Haldane, without their restriction of a steady-state condition.
A classic example of the need for the kind of information provided by the present
treatment is the production of bacteria and yeast for veterinary vaccines and product
formation. From an industrial point of view, the use of this procedure will furnish cru-
cial information on the influence of pH, ions, temperature, enzyme concentration and
other assay parameters that can be used to improve yields in enzyme-based processes.
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