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The enzymatic hydrolysis of urea by jack bean urease was investigated at 25 °C
over the pH range 4-9. Reaction rate data were found to be well described by a modified
Michaelis-Menten equation with a pH-dependent rate coefficient and a product inhibition
term. The influence of pH on activity was interpreted in terms of perturbation of the en-
zyme distribution among three differently protonated forms. Kinetic analysis yielded a
Michaelis constant of 3.21 mmol I"! and indicated that the inhibition mechanism was of
the fully non-competitive type, with K, = 12.2 mmol I"!. The estimated activation energy
was 35.3 kJ mol!. The resulting kinetic expression was tested by comparing model pre-
dictions with the experimental behaviour observed in unbuffered media and over a

long-term period.
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Introduction

Urease is a nickel-containing enzyme that ca-
talyses the hydrolysis of urea into ammonia and
carbon dioxide.! This enzyme occurs in such differ-
ent organisms as bacteria, algae, fungi and higher
plants. Its primary function is allowing the organ-
ism to use urea as a nitrogen source. In plants,
urease is involved in systemic nitrogen transport
pathways, and is thought to act as a toxic defence
protein.? In humans, bacterial ureases are important
virulence factors in a number of diseases of the uri-
nary tract and gastroduodenal region, including can-
cer.’

The increasing need for specifically removing
urea from far different environments has prompted
a growing biotechnological interest in this enzyme.*
Actual or potential applications range from the
treatment of industrial wastes>® or alcoholic
beverages’ to the design of life-support systems for
manned space missions.® Systems based on immo-
bilised or microencapsulated urease are also being
studied for use in haemodialysis.”!°

For the optimal design and analysis of all of the
above devices an accurate knowledge of the en-
zyme kinetics is required. As revealed by the num-
ber of published papers, the catalytic properties of
urease have been thoroughly investigated, and
many aspects of the molecular mechanisms of ac-
tion have been elucidated.*!'~!3 What is lacking, by
contrast, is the availability of simple but reliable ki-
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netic expressions for the dependence of the hydro-
lysis rate on the solution properties and, particu-
larly, on pH.

The influence of pH on activity is usually de-
scribed in terms of perturbations of the enzyme dis-
tribution among differently protonated forms.'*
Mathematical treatment of the mechanism consid-
ered yields the dependence of the apparent kinetic
quantities, such as the Michaelis constant, Ky, and
the maximum reaction rate, v,,,,, on pH.

Barth and Michel' analysed the activity of the
12 S unit of urease in the pH range 4-9, and found a
sharp dependence of both K, and v,,, on pH. In
particular, K, displayed a minimum at pH 7, whereas
Vmax Was maximal at the same pH. Krajewska and
Zaborska'® investigated the effects of phosphate
buffer on the kinetic behaviour of free urease in the
pH range 5.8-8.1. Their results indicated that this
buffer can act as a competitive enzyme inhibitor.
Furthermore, while the maximum reaction rate ex-
hibited the classic bell-shaped pH dependence, the
Michaelis constant extrapolated to zero buffer con-
centration was only moderately affected by pH. In
another study performed in buffer-free solutions,
K,, was found to be practically independent on pH,
and pH effects on v,,,, were described by an empiri-
cal equation containing five parameters.!” Still dif-
ferent results were obtained for immobilized'®2° or
gel-entrapped?! urease. For these systems, however,
the presence of perturbations resulting from parti-
tioning effects and diffusional limitations should be
taken into consideration.
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In addition to the above points, determination
of adequate kinetic expressions is greatly compli-
cated by the peculiar features of the urea-urease
system. In aqueous solution the reaction products,
ammonia and carbon dioxide, can exist in different
ionic states, each affecting the reaction rate.?> Mo-
reover, urease is subject to, both, substrate and pro-
duct inhibition. Responsible for the latter is the am-
monium ion, which inhibits the enzyme by a non-
-competitive mechanism.!”>3 Results of long-term
experiments indicated that this species can also act
as an irreversible poison to urease.?* Finally, urea is
a powerful protein denaturant, only slightly less de-
naturing than guanidine hydrochloride.”> As a re-
sult, a particular care should be paid to planning ex-
periments and estimating kinetic parameters from
reaction rate data.

The aim of this study was to derive a simple ki-
netic expression for the enzymatic hydrolysis of
urea over an extended pH range and under con-
trolled reaction conditions. We were also interested
in assessing whether the kinetic quantities so ob-
tained, although determined from macroscopic
measurements, could be related to some aspect of
the enzymatic mechanism of action. Attention was
focused on urease from jack bean seeds, the main
commercial source of the enzyme, and experiments
were carried out in buffered and unbuffered media.

Experimental procedure

Materials

Urease (EC 3.5.1.5) from Canavalia ensiformis
(jack bean) seeds was obtained from Sigma Chemi-
cal Co. (St. Louis, MO) as a lyophilised and chro-
matographically purified powder. The claimed ac-
tivity was 22 U mg™!, where 1 U corresponds to the
amount of enzyme that liberates 1 umol of NH;
from urea per minute at 25 °C and pH 7. The free
ammonia was < 0.05 ug per unit. Urea and ammo-
nium carbamate were purchased from Carlo Erba
(Milano, Italy) with purities greater than 99.5 %.

Ammonium carbonate solutions were prepared
by dissolving known amounts of ammonium
carbamate into bidistilled water. Enzyme solutions
in water or buffer were prepared just before use.
The buffers used were: acetate (0.1 mol I"!, pH 4
and 5), phosphate (0.1 mol 1!, pH 6 and 7) and bo-
rate (0.1 mol I"!, pH 8 and 9). All chemicals were of
reagent grade and used without further purification.

Methods

Kinetic runs were performed in magnetically
stirred 50 ml flasks immersed in a circulating water
bath. The temperature was controlled within + 0.1

°C by an external thermostat equipped with a digital
temperature programmer (Haake, PG 41). In a typi-
cal experiment, about 30 ml of the urea containing
solution were poured into the flask and thermo-
stated, under agitation, for at least 20 min. Reaction
was started by adding 5 ml of the enzyme solution.
At selected times, aliquots were withdrawn, and
analysed for ammonium content by a reagent kit
(Spectroquant® Ammonium, Merck) based on the
indophenol blue method. Optical measurements
were made at 690 nm by a double-beam UV-VIS
spectrophotometer (Perkin Elmer, Lambda 5).

Runs aimed at investigating product inhibition
were carried out by adding known amounts of am-
monium carbonate to the reaction medium. Substi-
tution of ammonium carbonate with ammonium
chloride did not produce any significant change in
the results obtained.

The pH of the reacting system was continu-
ously monitored. In the absence of buffers, the solu-
tion reached almost instantaneously a value close to
9.4.

Plan of experiments

Several sets of experiments were performed, un-
der the conditions summarised in Table 1. The first
set of runs (series 4) was made to analyse the effects
of urease concentration. To investigate the influence
of pH six sets of experiments (series B—G) were car-
ried out. In these runs the temperature was main-
tained at 25 °C and the pH was varied between 4 and
9. A further set of runs was performed at 37 °C and
pH 7 to estimate the activation energy of reaction
(series H). Product inhibition was studied at 25 °C and
pH 7, by adding different amounts of ammonium to
the reaction medium (series /—J). Finally, four sets of
experiments were conducted to validate the kinetic
expression considered: in buffer-free systems (series
K-L) and over a long-term period (series M—N).

Results and discussion

Analysis of kinetic data

The enzymatic hydrolysis of urea can be repre-
sented by the overall reaction:?

(NH,),CO + 2 H,0 - 2 NH,* + CO;>

Assuming a non-competitive mechanism for
ammonium inhibition?* leads to the following rate
expression:

Vi [
1+ [P])
K

P

=

(1
(Ky +[SD
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where [S] and [P] are the substrate and ammonium
ion concentrations, v, is the maximum reaction
rate, K,, is the Michaelis constant, and K, is the
dissociation constant for the enzyme-product com-
plex.

Kinetic data were analysed by the initial-rate
method, calculating reaction rates from the values
of the slope of the concentration-time plots. Data
points were taken over a time period of 0.5 to 2
min.

Parameter estimation was carried out by mini-
misation of the following objective function:

e = maxir; oy = Vicale (2)
i=l,np

where 7, is the number of data points and the sub-
scripts exp and calc denote experimental and calcu-
lated quantities, respectively. Minimum search was
performed by the Nelder-Mead simplex algo-
rithm.?® It is a direct-search method which does not
require gradient calculations or derivative informa-
tion. To find the global minimum the parameter
space was explored by random generation of start-
ing points.

Effect of urease concentration

Experiments made at 25 °C, pH 7 and constant
urea concentration, showed that, up to 0.2 g I!, re-
action rate is proportional to urease concentration
(Figure 1). This result indicates that the specific en-
zyme activity remains constant, within the urease
concentration range considered, and that protein de-
naturation does not occur.

3
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Fig. 1 — Effect of urease concentration on the rate of urea

hydrolysis at 25 °C and pH 7. Other experimental conditions
are given in Table 1 (series A).

Effect of pH

Since the kinetic data were analysed by the ini-
tial-rate method, the term [P]/K, in eqn. (1) was as-
sumed to be much smaller than 1, so as to obtain:

r= Vmax [S] (3)

Ky +[S]

From a physical viewpoint interpreting rate
data by the above equation means to say that, at
short reaction times, product inhibition phenomena
give a negligible contribution to the overall kinet-
ics. To determine the pH dependence of v, and
K,;, we assumed the mechanism described by
Tripton and Dixon,'* which is illustrated in Figure
2. In this scheme K, and Ky, are the molecular
dissociation constants for the free enzyme, and K
and K, are those for the enzyme-substrate com-
plex.

EH; EH.S
Ke 1 Kes,1

EH +S <> EHS™ ——> EH +P
Ke2 Kes,2

E* ES?

Fig. 2 - Schematic diagram of the mechanism assumed to

describe pH effects on the enzymatic urea hydrolysis (E, S and
P represent the enzyme, substrate and product species, with the

former distributed among three differently protonated forms)

Steady-state treatment of the mechanism yields:

k-[E
Vi = H+[ ]°K “)
1_|_[ ]+ EJsr,z
Kgsy  [HT]
[H"]  Kg;
K HT
Ky =Ky [Hil] 5< ] (5)
1+ E52
Kgsy [HT]

where £ is the rate coefficient, [E], is the total en-
zyme mass concentration and [H*] is the concentra-
tion of hydrogen ions.

We first estimated the quantities v,,,, and K, at
each pH, obtaining the results presented in Figure 3.
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Fig. 3 - Estimated v, , and K,, at 25 °C and various pH
values. Other experimental conditions are given
in Table 1 (series B-G)

The plot indicates that pH effects on K, are much
smaller than those on v, at least over the pH
range considered. Accordingly, the Michaelis con-
stant was assumed to be pH independent (K =

Kyo) and eqn. (3) was written as:

L k[E], °[S] ©

14 ] Keso (Ky +SD

+7+
Kgsy  [HT]

This equation contains four variables: k, Ky,
Ky, and K ,. They were determined by minimisa-
tion of the objective function defined by eqn. (2),
obtaining the results reported in Table 2. Represen-
tative examples of experimental and calculated ki-
netic curves are shown in Figure 4. As apparent, the
agreement is very good.
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Fig. 4 — Experimental and calculated hydrolysis rates at
different pH and temperature conditions. Experimental condi-
tions are given in Table 1 (series E, F and G). Solid curves are
calculated from eqn. (6) using the quantities listed in Table 2.

The Michaelis constant estimated by us falls
within the range of values reported in the literature
for this type of urease.*!” It should be noted, how-
ever, that most of published results were obtained in
unbuffered media, or with buffers at neutral or near-
-neutral pH. Our results indicate that K, can be
taken as a constant over the pH range 4-9, and that it
is not influenced by the nature of buffer components.

According to eqn. (5), constancy of K, implies
Ky, = Ky and Ki, = K, i.e. that the ionisation
constants are not affected by substrate binding. This
suggests that the effect of hydrogen ions on activity
is fully non-competitive. From the resulting dissocia-
tion constants the following pK values are obtained:
pK, = 6.12 and pK, = 7.90. They correspond to an
optimal pH of 7.01. As regards the molecular signifi-
cance of the observed pK’s it seems interesting to
note that pK; is close to 6.5, the pK, of free histidine,
and that pK, could be reasonably ascribed to a
metal-bound water.'? If the observed pH dependence
is interpreted in terms of the reverse protonation mo-
del,’2% the involvement of a protonated histidine
residue and a deprotonated water, would then result.

The above view is consistent with the mecha-
nism proposed by Karplus et al.!?> for K. aerogenes
urease, according to which one of the two nickel
ions in the active site of urease co-ordinates urea
via its carbonyl oxygen, while the other binds and
activates a hydrolytic water molecule (Wat-502).
Their results also indicate that all four urea protons
are hydrogen bonded to four active-site residues
(Alal67, Cys319, Gly277 and Ala363). This binding
mode, along with considerations on the nature and
position of the active-site residues, leads to a very
efficient mechanism of reaction, where Wat-502 at-
tacks the carbonyl carbon of urea to form a hy-
drated urea intermediate, and His320 protonates the
urea nitrogen. Once the N-protonated intermediate
is formed, ammonia is eliminated and the bound
carbamate dissociates from the enzyme.

It seems interesting to point out that the reverse
protonation model predicts an active enzyme frac-
tion, at the optimal pH, equal to 102PX with ApK =
pK, — pK,. Substitution of the values calculated by
us gives a ApK of 1.78 and an active enzyme frac-
tion of 1.66 %. This means to say that at the optimal
pH only one in 10'7® enzyme molecules have the
correct protonation state for urea hydrolysis. Such a
small amount of active urease must, of course, be
largely counterbalanced by the enhanced reactivity
of the active species.!?

Effect of temperature

The activation energy of hydrolysis was esti-
mated from reaction rate data at 25 and 37 °C (se-
ries £ and H in Table 1). We assumed that k was the
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Table 1 — Outline of the experimental conditions (np is the number of data points, [E],, [S] and [P] are the concentrations of

urease, urea and ammonium, respectively)

. . r [Elo [S] [P]
Data set np Reaction medium pH — — ] I
°C gl mmol 1™ mmol 1~
A 15 Phosphate buffer 7 25 0.02-0.2 25 —
B 13 Acetate buffer 4 25 0.1 12-70 -
C 17 Acetate buffer 5 25 0.1 5-70 -
D 17 Phosphate buffer 6 25 0.1 5-45 -
E 26 Phosphate buffer 7 25 0.1 3-45 -
F 17 Borate buffer 8 25 0.1 5-52 -
G 16 Borate buffer 9 25 0.1 2-57 -
H 22 Phosphate buffer 7 37 0.1 3-39 -
I 11 Phosphate buffer 7 25 0.1 5 5-80
J 11 Phosphate buffer 7 25 0.1 30 5-80
K 29 Water - 25 0.1 0.7-40 -
L 21 Water - 37 0.1 855 -
M 8 Acetate buffer 5 25 0.1 20 -
N 8 Borate buffer 8 25 0.1 20 -
only temperature-dependent parameter in eqn. (6) 10
and used the following expression:
i [S] = 5 mmol I
E (1 1 8
k(T)=exp|——~| -~ = (7
R\T T £
E 6
where E, is the activation energy and 7" is the tem- 2
perature at which £ = 1 mol g! min~!. Fitting eqn. =4 ;
(7) to the experimental data yielded: E, = 35.3 kJ = [S] = 30 mmol |
mol ™! and 7% = 414.6 K 2
The activation energy falls between the values
of 32.6 kJ mol™ and 35.8 kJ mol!, reported by 0 . ‘ ‘ ‘
Huang and Chen® and by Martins et al.* respec- 0 20 40 60 80 100
tively. Such values were obtained in buffer, and are [P]/ mmol | 1
slightly higher than that (E, = 29.1 kJ mol™") ob-
served in buffer-free systems.!” Fig. 5 — Linearised plot showing the influence of ammo-

Product inhibition

Product inhibition data were interpreted by
considering a fully non-competitive inhibition me-
chanism. Fitting eqn. (1) to the experimental data,
with the values of k, Ky, Ky ; and Kig ,, determined
previously, gave: K, = 12.20 + 1.09 mmol I!. Fig-
ure 5 shows the good agreement between experi-
mental and calculated results. The fact that the data
points, when plotted as 7/ vs. [P], lie along a straight
line, clearly supports the assumption of non-com-
petitive product inhibition. The value of K, found
by us is lower than that obtained in buffer-free sys-
tems,!” indicating that phosphate buffer increases
urease sensitivity to inhibition by ammonium ions.

nium concentration on the rate of urea hydrolysis at two differ-
ent urea concentrations. Experimental conditions are given in
Table 1 (series I and J). Straight lines are calculated from eqn.
(1) using the quantities listed in Table 2.

Statistical analysis of results

To assess the statistical significance of the re-
sults obtained we analysed the model residuals, de-
fined as the difference between experimental and
calculated reaction rates:

pPi= ri,exp - ri,calc (8)

In order to ensure that each data had the same
statistical weight, residuals were normalised as:
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* Pi

Pi= . oy 05
LS

np — np i=1

©

where np, is the number of data points and 7, is the
number of model parameters. It can be shown’!
that, if the error is normally distributed, 95 % of the
normalised residuals should be in the range + 2.
Calculation for data sets B—G (with n, = 106 and #n,
=4) and [-J (with nj, = 22 and n, = 1) gave the re-
sults displayed in Figure 6. As can be seen, residu-
als are uniformly scattered between —2 and +2, with
just one outlier (p* = 3.826). Moreover, no system-
atic concentration-related effect is observed. Simi-
lar considerations hold when plotting average resid-
uals against pH (see inset in Figure 6).

8

.4
6 <p>§ .
° °
-2
4
4 o 4 5 6 7 8 9
Pj pH
2

0 10 20 30 40 50 60 70 80
[S]/mmol |1

Fig. 6 — Normalised model residuals as a function of sub-
strate concentration. The horizontal lines at p,” = % 2 delimit
the 95 % confidence region. The inset shows the trend of nor-
malised average residuals, <p*>, as a function of pH.

As a further means of assessing the normality
of the error distribution we made use of a normal
probability plot. It is obtained by plotting the or-
dered residuals, p;, against the corresponding nor-
mal order statistics medians, which are defined as

pi=r

I
np + 1) (10)

where F is the standard normal cumulative distribu-
tion function. Data plotted in such a way should
form an approximate straight line, with the intercept
and slope representing, respectively, the location
and scale parameters of the normal distribution.*
By contrast, departures from linearity would be in-
dicative of deviations from the assumed normal dis-
tribution. The diagram shown in Figure 7 illustrates
the results obtained. As apparent, a highly linear
pattern is observed (R? = 0.945), with just limited
deviations in the lower and upper extremes. From

200

150
P = 36.841y + 7.3262

100 R’ = 0.945

00

50 -

0

-50 A

pi/ umol I min'"

-100 -

-150 T T T T
-3 -2 -1 0 1 2 3
Hi

Fig. 7 — Normal probability plot showing the trend of or-
dered residuals (p,) against normal order statis-
tics medians (u,).

the resulting line equation, the following location
and scale parameters are obtained: 7.33 107 and
36.8 - 10 mol I'! min™".

Finally, the Kolmogorov-Smirnov test was per-
formed. To this end we calculated the largest abso-
lute difference (D) between the observed cumula-
tive frequencies and those corresponding to the nor-
mal distribution. We obtained: D = 0.07. For our
sample size (n, = 128) the critical D-value®® at the
0.05 significance level is D, = 0.12. Since D < D,
assumption that the data belong to a population
with a normal distribution cannot be rejected, i.e.,
the interpretation of reaction rate data by the model
developed can be considered statistically correct.

Model validation

To sum up, the kinetic analysis of urea hydro-
lysis by jack bean urease provides the following
rate law:

exp| =L B, 18]
R\T T

The values of the corresponding quantities are
summarised in Table 2. These quantities were deter-
mined from experiments in buffer, analysing the re-
action course at very short times. To evaluate the
predictive capabilities of the kinetic expression so
obtained we compared calculations by eqn. (11)
with the results of runs performed at conditions dif-
ferent from those used for parameter estimation. In
particular, we analysed initial-rate data in unbuffe-
red media (series K and L in Table 1) and the time
course (up to 1 hour) of ammonium formation at pH
5 and 8 (series M and N).
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Table 2 - Estimated kinetic quantities (mean value and
95 % confidence interval) for urea hydrolysis

Quantities Value Units
k (1.83 + 0.05) 1072 mol ¢! min™!
Ky (3.21 £ 0.36) 1073 mol 1!
Kgs (7.57 + 0.41) 1077 mol 1!
Kgso (1.27 £ 0.08) 1078 mol 1!
Kp (122 £0.11) 102 mol 1!

Figure 8 shows experimental data points into
buffer-free systems at 25 and 37 °C, along with the
corresponding predictions. The two curves were
calculated by setting pH 9.4, i.e. the pH measured
in the absence of buffers, in eqn. (11), and assigning
to the various parameters the values determined in
buffer. As can be seen, data points are more scat-
tered than in buffer, but the model accurately repro-
duces the experimental trends.

120

100 °

80 -

60

40

v/ gmol I min?

20 A

0 10 20 30 40 50 60
[S]/ mmol I

Fig. 8 — Comparison between experimental initial-rate
data in unbuffered media and model predictions. Experimental
conditions are given in Table 1 (series K and L). Solid curves
are calculated from eqn. (11) setting pH 9.4, [P] = 0 and using
the quantities listed in Table 2.

The results of long-term experiments (up to 1
hour) are presented in Figure 9. To model the time
course of urea hydrolysis the unsteady mass-bal-
ance equations for the substrate and the product
must be solved. Under the hypothesis of constant
reactor volume, and accounting for the stoichio-
metric relationship: 7, = 2 (-7), the two equations
can be written as:

_dis]
di

dre] _
d

= r([SL.IPL[E]o, T, pH) (12)

2r([SL[PL[E]y.T,pH) (13)

35
28 - pH8 o
]
T ]
- 21
<]
£ o
S 14
= 4 pH5
() ° °
77 )
o [+
0 ‘ r ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70
time, t/min
Fig. 9 — Experimental and predicted time course of urea

hydrolysis at 25 °C and two different pH. Experimental condi-
tions are given in Table 1 (series M and N). Solid curves are
calculated from eqns. (11)-(13) using the quantities listed in
Table 2.

and the initial conditions are: [S],—, = 20 mmol I'!
and [P],_, = 0.

The above set of ordinary differential equations
was numerically solved, after substitution of the pa-
rameters listed in Table 2, by a fourth-order Runge-
-Kutta method. An examination of Figure 9 reveals
that the kinetics of product formation at pH 5 and 8
is fairly well described, particularly within the first
20 min. At higher times product-formation rates are
slightly overestimated (at pH 8), or underestimated
(at pH 5). This could be due to the limited buffering
capacity of the two buffers which, by a certain time,
could lead to a pH increase due to the appearance
and accumulation of ammonium and carbonate ions.
In the solution with an initial pH of 5 the active en-
zyme fraction would then increase, with respect to its
initial value. By contrast, in the solution with an ini-
tial pH of 8 the active enzyme fraction would be re-
duced. This effect could, of course, be accounted for
by a more elaborated model considering the
mass-balance equations for all the reacting species,
the acid-base equilibria of buffer components, and
the relations expressing the distribution of gaseous
species between the liquid and the gas phases.

Conclusions

The experimental investigation carried out on
jack bean urease allowed derivation of a simple ki-
netic expression for urea hydrolysis in the pH range
4-9. The parameters appearing in the resulting rate
law were determined by the accurate initial-rate me-
thod. It was shown that a modified Michaelis-Men-
ten equation, including a pH-dependent rate constant
and a non-competitive product-inhibition term, well
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describes the enzyme kinetics. Analysis of pH effects
on activity indicated that the molecular dissociation
constants for the free enzyme are not affected by
substrate binding, provided that the enzyme is dis-
tributed among the three differently protonated forms
considered. The corresponding pK’s are consistent
with the molecular mechanism of action proposed
for K. aerogenes urease, in which a protonated
histidine and a deprotonated water are involved.

The good agreement between model predic-
tions and the results obtained in unbuffered media
and over a long-term period appears to support the
assumptions on which the kinetic analysis was
based. This conclusion is also validated by the sta-
tistical significance of the results obtained.

List of symbols

D - D-value for the Kolmogorov-Smirnov test

D, - critical D-value

[E], - total enzyme concentration, g I!

E, - activation energy, J mol™!

[H'] — hydrogen ions concentration, mol 17!

k - rate coefficient, mol g”' min~!

Ky - molecular dissociation constant for the free en-

zyme, mol I'!
Kgg - molecular dissociation constant for the enzyme-
-substrate complex, mol 1!

Ky — Michaelis constant, mol 1!

Kp - molecular dissociation constant for the enzyme-
-product complex, mol 1!

np  — number of data points

np  — number of parameters

[P] - product concentration, mol 1!

r - reaction rate, mol I"! min™!

R — universal gas constant, ] mol™! K™!

R - correlation coefficient

[S] - substrate concentration, mol 1°!

t — time, min

T - temperature, K

T" - kinetic parameter, K

— maximum reaction rate, mol 1! min’

=

max

Greek symbols

4 — normal order statistics medians
p - residual, mol I"' min™!
® - objective function, mol®> I"' min~?

Subscripts

calc — calculated
exp — experimental
i — generic point
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