Available online at www.sciencedirect.com

° ENZYME and
SCIENCE@DIRECT MICROBIAL
Lol TECHNOLOGY
ELSEVIE Enzyme and Microbial Technology 34 (2004) 33-40

www.elsevier.com/locate/enzmictec

Kinetic models of activity fog-galactosidases: influence of pH, ionic
concentration and temperature

E. Juradd, F. Camacho, G. Luzon, J.M. Vicaria

Departamento Ingenies Quimica, Facultad Ciencias, Universidad de Granada, Granada 18.071, Spain
Received 14 August 2002; accepted 27 July 2003

Abstract

The influence that different experimental conditions have on the activity of two commprgalactosidases (Lactozym and Maxilact)
has been investigated. Two kinetic models have been proposed to explain the behaviour of the enzymatic activity versus pH, implying
the dissociation of one or two protons of the enzyme. The thermal deactivation found for the ghwnateetosidase was fit to a kinetic
model. The kinetic parameters have been calculated.

The models proposed explain the behaviour of the enzyme with different pH and temperature values, and satisfactorily fit the experimental
results obtained in this work as well as the results proposed by other researchers for lactases from different sources.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction One of the most studied factors affecting the activity and
stability of B-galactosidase is the influence of such ions as
The study of the stability of enzymes is an important as- C&+, Mg?*, Na, NH,* and K. Regardless of the origin
pect to consider in biotechnological processes, as this canof the enzyme, in all the works consulted, it is indicated that
provide information on the structure of the enzymes and Ca* ions inhibit the functioning of the enzynié], while
facilitate an economical design of continuous processes inMg?* ions increase their activity. These latter ions are es-
bioreactors. Deactivation mechanisms can be complex, sincesential to avoid the deactivation in certain cafiis On the
the enzymes have highly defined structures, and the slightescontrary, the effect that Nif, K™ and N& ions have on the
deviation in their native form can affect their specific activ- enzymatic activity and stability varies according to the au-
ity. Better knowledge of enzyme stability under operating thor and species analysg2l7]. The effect caused by these
conditions could help optimize the economic profitability of ions appears to be related to the radii of the monovalent ions,
enzymatic processes. so that the smallest ions, such as*Nean enter the struc-
The activity and thermal stability of enzymes is influenced ture of the protein, inducing conformational changes in the
by diverse environmental factors (temperature, pH, reaction enzyme structure which are able to deactivate the enzyme.
medium, shaking, shearing) which can strongly affect the Contrarily, the presence of Nff and K", which have a
specific tridimensional structure or spatial conformation of similar ionic radius, boost the activity of the enzyme. Irre-
the protein[1-5]. The combination of different factors that spective of the influence that these ions can have on enzy-
can simultaneously deactivate the enzyme complicate the in-matic activity, they can also strengthen the resistance of the
terpretation of the activity data. These effects will be more protein to thermal inactivation by reducing the flexibility of
completely understood when the tridimensional structures the polypeptide backbone.
of the enzymes, and how these are influenced by the envi- Among the most widely used models to explain the ther-
ronment, are known. mal deactivation of3-galactosidases is the first-order deac-
Therefore, knowledge of the effects that different envi- tivation model:
ronmental factors has on enzymatic activity and molecular _ kq
; . : . —Eyg (1)
structure would be highly useful to industrial applications.
where E is the concentration of native enzyme in the reaction
* Corresponding author. Tel:34-958-243307; fax:34-958-248992. medium, E the concentration of deactivated enzyme and
E-mail addressejurado@ugr.es (E. Jurado). kg the deactivation-kinetic constant. This model appears to
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Table 1
Deactivation models and activation enerdss) proposed for3-galactosidases by different authors
References Enzyme source Buffer Deactivation T (°C) Ea (kcal mott) Ea (kcal mol?t)
model (sol.) (imm.)
[8] Kluyveromyces lactisells Phosphate buffer Eqg. (1) 7.78
[9] Aspergillus niger Buffer with lactose Eqg. (1) 55-60 82.3 92.5
[10] Kluyveromyces fragilis Eqg. (1) 43
[11] Escherichia coli Eqg. (1) 58-64 184 (in vivo)
108 (in vitro)

[12] Bacillus circulans Eqg. (1) 52-68 43.3
[13] Aspergillus niger Eqg. (1) 25-60 55.7
[14] Kluyveromyces lactis Phosphate buffer with Eqg. (1) 35-55 47.8

Kt and Mt ions
[15] Kluyveromyces lactis Phosphate buffer with Eqg. (2) 45-53

Kt and Mdt ions
[16] Kluyveromyces fragilis Buffer with K+ and Eq. (14% 40-50 77.8

Mg?* ions
This work Kluyveromyces Buffer® K+ and Mg+ Eq. (14} 30-50 108

fragilis/Kluyveromyces lactis

This work Kluyveromyces Buffer® Na* Eq. (14% 25-40 44.7

fragilis/Kluyveromyces lactis
sol.: soluble enzyme; imm.: immobilized enzyme.
2Model proposed in this work.
b Buffer defined in this work.

reproduce mainly the experimental results for immobilised the irreversible step:

enzymes Table ])._The form of flrst-order _deact_lvatlon k|? NoD ol 4)
netics may be attributed primarily to the disruption of a sin-

gle bond or sensitive structure, or the occurrence of a single Nevertheless, most works analysed treat the stability of

lethal event or single hitl7]. lactases under the experimental conditions used for lactose
To explain enzymatic deactivation of the enzymes, a de- hydrolysis. Only a few authors include enzymatic deacti-
activation series model has been propose@hy vation within the kinetic model of lactose hydrolysis by
o1 1 @ B-galactosidas€9,10,13] This may be because the enzyme
ky 21 kp 22 . .
E-BEi—E (2 is stabilised by the substrate (lactose) or the product (galac-

tose), as is demonstrated fy9—-21] This implies that the
enzymatic deactivation does not occur during the hydrolysis
reaction.

Table 1summarises the kinetic models proposed by dif-
ferent authors that have studied the thermal deactivation of
B-galactosidases. The models proposed and activation ener-
gies calculated are shown.

In the present work, we analyse the activity of two
B-galactosidase enzymes from different sources under con-
trasting experimental conditions. We study the influence of
pH on the enzymatic activity and the thermal deactivation
with different ionic concentrations proposing models that
explain the results found. The good fit on applying the ki-
netic models proposed to the experimental data reported by
other authors corroborates the assumptions considered.

This model considers two irreversible first-order steps and
the presence of native enzyme (E) as well as modified enzy-
matic species (E E), the latter two with a specific activity
differing from that of the native enzyme. In the mode|,
anday are, respectively, the relative activities of &nd B

with respect to the specific activity of E. This model has been
applied to experimental results involvirgrgalactosidases
by [15], who determined, ko, o1 andaz of immobilised
lactases fronEscherichia coliand Kluyveromyces lactig
different reaction mediums. The data are calculated for a
single temperature, and therefore the fit of the kinetic con-
stants to the Arrhenius equation cannot be verified.

In the previous model, it; = 0:

ESE 3)
This model was also used j¥5] to explain the enzymatic
deactivation of3-galactosidases.

Another model habitually accepted to explain the process
of the denaturing of the proteins is the one proposed by
[18] and applied byj1-3,17,19] According to this model,
protein can be transformed from an active native state (N)
to a non-active state (D), this process being reversible. Theq | actozym 3000L HP-GEC 3.2.1.23), derived from a se-
enzyme D can also evolve to a non-active state (1), thisbeing  |ected strain of the yeadtluyveromyces fragiligsup-

2. Materials and methods
2.1. Enzymes and enzymatic activity

The enzymes used were two commergigjalactosidases:
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Fig. 1. Influence of pH and [K] on the activity of Lactozym. +2
[Mg™] (M)

Citric-phosphate buffer, [P§~] = 0.01 M, fit of [K*] by KCI addition,
[Mg2t] = OM. () pH 6.00, O) pH 6.50, @) pH 6.75, () pH 7.00

and @) pH 7.30. Fig. 2. Influence of [P@~] and [Mg?t] on the activity of Lactozym and

Maxilact. Citric-phosphate buffer: (a) influence of [FFO]: (@)Lactozym,
(M) Maxilact (pH = 6.75, [K*] = 0.2M, [Mg?*] = 0M); (b) influence
of [Mg?*]: (O) Lactozym, () Maxilact (pH= 6.75, [PQ3~] = 0.01 M,
plied by Novo Nordisk), has a protein content of 354! [K*] = 0.035M).
p = 1.2gmli1 and a declared activity of 3000 LAU mt
(1 LAU: commercial enzyme which can producghol
of glucose per minute under standard conditions: 4.7% gnd Maxilact was similar. As an exampléig. 1 shows the
lactose concentration, pH 6.5, 30°C, 30 min, standard  jnfluence that pH and K ions have on Lactozym activity,
milky buffer [22]). indicating that the K concentration do not appreciably al-
e Maxilact-L/2000(EC 3.2.1.23), derived from a selected ter the enzymatic activity. Thuig. 2 shows that there is
strain of the yeasK. lactis (supplied by Gist-Brocades),  an optimal concentration of Mg ion for both enzymes and
has a declared activity of 2000NLU (1NLU: mass of that the increase in the R& concentration considerably
commercial enzyme which producesuthol of ONP diminished the enzymatic activity.
[o-nitrophenol] from a ONPG solutionofnitrophenyl Within the experimental range studied, the highest activity
B-p-galactopyranoside] under standard conditif#8)).  was registered with the buffer called Bufferkand Mg,
having a composition of 0.01 M in#dP0Oy, 0.015 M in KCI

as follows: 1 ml of 50gt! monohydrate lactose solution @nd 0.012M in MgQGJ-6H0, fitted to pH= 6.75 by citric

prepared on the buffer selected was added to 1mlof 1 gl &cid. The activity of both enzymes in this buffer remained
enzyme solution prepared on the same buffer. The test tubecONStant over the entire experimental period. The activity
was incubated at 3@ for 10 min, after which 1 ml was ex-  Values f) were quite similar for both enzymes (7810
tracted. The reaction was stopped by mixing with 1 ml of @nd 77%<10~° molgucoseJenzymeh™* for Lactozym and Max-

0.1N trichloroacetic acid. Afterwards, the glucose concen- 1aCt, respectively).

tration was measured by the GOD-Perid metf@4] using _ In addition, the presence of Na’o_ns was analysed us-
a commercial reagent (Boehringer Mannheim GmbH). The ind a buffer called Buffer Na (0.07 M in NgHPOy-12H,0,

galactose and lactose present in the medium had no influ-Citric acid, pH= 6.5) as a reaction medium. The Lactozym

ence on the glucose determination. and Maxilact activity was similar, and throughout the exper-
imental period remained constant and equal.@X 103

and 304 x 103 molg|ucoseggnlzymeh—1, respectively, values

far lower than those registered with Buffer-kand M¢f+.

The enzymatic activity was measured in test tubes aC30

2.2. Influence of different ions on enzymatic activity

To optimize the conditions under which Lactozym and
Maxilact act, we analysed the behaviour of both at differ- 2.3. Thermal stability of the enzymes
ent pH values and ionic concentrations that maximize the
enzymatic activity, as is indicated §§,7,19] The results, To evaluate the thermal stability of both enzymes, we per-
Figs. 1 and 2show the influence that pH andKPQ43~ and formed experiments in a 250 ml stirred-tank batch reactor
Mg2* ions have on the activity. The behaviour of Lactozym with pH and temperature controls. The enzymatic solution
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was stirred at 700 rpm. At regular intervals, for a maximum

of 3h, 1 ml samples were taken to measure the enzymatic ac-

tivity. The thermal-deactivation experiments were repeated

three times, taking the mean value as the most probable. The

error of the data was less than 5%.

3. Results and discussion
3.1. Influence of pH on enzymatic activity

The influence of pH of3-galactosidases activity is gener-
ally analysed only to determine the optimal pH range, with-
out proposing kinetic models that might explain this depen-
dence. The effect of pH on enzymatic activity is usually ex-
plained by a kinetic model in which the enzyme undergoes
deprotonation, according to the model:

EH' < E4+H* (5)

(6)

The equilibrium constants of the reactio&, and Ko,
were defined as:

_ [EHY] _[ETJH]
[EHF] [E]

Making an overall balance for the enzyme, and consider-

ing that only the native enzyme (E) is active, we found that

the activity A (mol ggpyymeh ™) under substrate-saturation
conditions would vary with pH according to the expression:

E< E +H'

K1 (7)

A= Vmax
14 10PK1—PH | 10PH-PK>

Another model that may explain the behaviour of the en-
zymatic activity with pH is the one that considers the disso-
ciation of two protons according to the following equations:

EHo*t < E + 2HT (9)
(10)

(8)

E<E +H'

For this model, the equilibrium constants of the reactions,
K1 andKy, are defined as:

_ [EIH*? _ [ETIH]
 [EHZ] [

Making an overall balance for the enzyme and consider-
ing that only the native enzyme is active, we found that the
activity A (mol ggnlzymeh‘l) under substrate-saturation con-
ditions varies with pH according to the expression:

K1 (11)

Vm ax

A= T 1K 2R 1R ks

The activity data versus pH was similar in Lactozym and
Maxilact in a citric-phosphate buffer (ionic concentration
similar to Buffer Kt and Mg+ with pH altered by citric
acid addition). Both models were applied to the activity data

(12)
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Fig. 3. Influence of pH on Lactozym and Maxilact activit{D) Lactozym,
(O) Maxilact.

determined experimentally and the fit by non-lineal regres-
sion enabled us to calculate the parameters showilialie

2. Fig. 3 shows that the difference between the two pro-
posed models is not very significant, although thealue
found on applying the modeld#ble 2 would indicate that
the model which assumes the dissociation of two protons
(Egs. (9) and (1Q)reproduces the experimental data better.
Nevertheless, it would be useful to increase the number of
experiments to test the conclusions drawn.

The model proposed was applied to the experimental data
of activity versus pH obtained by other researchers with
B-galactosidases in free state as well as immobiliseégl ¢
[16] and Fig. 2 [25]). The two proposed models accept-
ably reproduce the experimental results. The parameters are
shown inTable 2 and ther? value indicate that there were
no significant differences between the two models.

3.2. Thermal deactivation ¢#-galactosidases

Figs. 4 and 5show the relative activity versus time for
Lactozym and Maxilact at different temperatures, both in
Buffer Kt and Mg+ as well as in Buffer N&. The relative
activity is defined as:

- (13)

a
where for each temperature analyséd,is the enzymatic
activity andAg is the initial enzymatic activity.

In the activity experiments conducted at 30 and'@5n
Buffer Kt and Mg, it was found that both enzymes pre-
served practically all their activity after 3 h of analysis, while
at higher temperatures both enzymes underwent appreciable
deactivation Fig. 4). When the reaction medium was Buffer
Na™, their activity declined rapidly with temperature and
time, becoming practically null after 1 h at 40 (Fig. 5).
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Table 2
Kinetic parameters in the models proposed
Author Enzyme source/buffer Kinetic model proposed Kjp pK2 Vimax r2
This work  Kluyveromyces fragiligsol.)/buffer with Kt and Mgt ions  Egs. (5) and (6) 7.40 6.46 0.486 0.889
Egs. (9) and (10) 12.8 7.47 9.42«x 10722 0.970
Kluyveromyces lactigsol.)/buffer with K- and M¢®* ions Egs. (5) and (6) 7.07 6.74 0.293 0.900
Egs. (9) and (10) 12.7 7.49 9.72x 10722 0.980
[16] Kluyveromyces fragiligsol.)/phosphate Egs. (5) and (6) 5.87 7.64 20.5x 1075b 0.997
buffer with K+ and Mgt ions and ONPG
Egs. (9) and (10) 11.6 7.77  17.0x 1075 0.970
[25] Kluyveromyces fragiliells (imm.)/phosphate Egs. (5) and (6) 6.46 6.99 2.28 0.955
buffer with K+ and Mr?+ ions and lactose
Egs. (9) and (10) 12.0 7.38 1.39 0.967

sol.: soluble enzyme, imm.: immobilized enzyme.
a mo'glucoseggr}zymeh_l-
P molonpg! =L min—t.
¢Dimensionless.

0.0 T T T

t(h)

Fig. 4. Fit of the proposed model to the relative activity vs. temperature.
Buffer Kt and M@*. Lactozym: ) 40°C, (J) 42.5°C, (M) 45°C,
(®) 50°C and Maxilact: @) 40°C. (—) Model proposed.
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Fig. 5. Fit of the proposed model to the relative activity vs. temperature.
Buffer Nat. Lactozym: @) 25°C, (O) 30°C, () 40°C and Maxilact:
(O) 30°C, (M) 40°C. (—) Model proposed.

To explain the behaviour of the enzyme with temperature,
we tested different deactivation models that could explain
the data: a first-order deactivation model, a second-order
deactivation model and different deactivation models with
reversible and irreversible reactions in which enzymatic
species have different specific activity from the native state
[17]. However, the kinetic constants found with the models
that fit the experimental results, did not respond satisfacto-
rily to the Arrhenius equation.

We propose a deactivation model:

kn kg
E—E,—SEqy (14)
kin

wherekp, kin andky are individual kinetic constants of the
reaction. This model implies that the native enzyme trans-
forms into a non-active or less active damaged form) (E
although it can transform again into the native enzyme. Af-
terwards F is denaturalised irreversibly togE

In agreement with this mechanism, the deactivation-kinetic
model could be expressed as:

d[E
% = —kn[E] + kin[En] (15)
d[E
B _ o) — o + k) LE] (16)
1=0, [E] = [E]o. [Eln=0 (17)
Introducing dimensionless variables:
[E] [En]
b=—, c=—, T=knt 18
[Elo [Elo " (18)
the system takes the form:
% = —b+ Knc (29)
dr
de
— =b— (Kn+ Kg)c (20)
dr
=0, b=1, c=0 (21)
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Table 3
Parameterd,, K, andKq calculated by applying the model proposedbq. (14)
Author Buffer Enzyme source T (°C) kn (1) Kn Kg
This work Buffer K and M¢*2 Kluyveromyces fragiligsol.) 40 5.07x 1072 2.00 3.27
42.5 0.200 1.35 0.787
45 1.08 0.680 0.613
50 10.3 9.52x 1072 0.147
Kluyveromyces lactigsol.) 40 5.07x 1072 2.00 3.27
Buffer Na™@ Kluyveromyces fragiligsol.) 25 0.490 1.99 0.513
30 1.66 0.784 0.144
40 18.0 5.99x 1072 3.08 x 1072
Kluyveromyces lactigsol.) 30 1.62 0.990 0.177
40 17.3 3.59x 1072 3.31x 1072
Fig. 2 [9] Phosphate buffer Aspergillus niger(imm.) 55 3.64x 1073 2.77 0.711
Fig. 1, [16] Buffer with K+, Mg?*, Kluyveromyces fragiligsol.) 40 3.92x 1072 11.1 0.634
Nat and C&* ions 45 0.208 0.571 0.206
50 1.85 0.109 0.130
Fig. 2 [26] Kluyveromyces lactigsol.) 45 0.875 1.02 0.355
Kluyveromyces lactigimm.) 45 1.37 0.964 5.34 102

sol.: soluble enzyme; imm.: immobilized enzyme.
aBuffer defined in this work.

where, proposed byf9,16] (who used a buffer with K and M¢#*™
kin kq ions) and[26]. The fit of the model to the experimental
Kp = T Kg = i (22) data is shown irFig. 8 verifying that the model closely

fit the experimental data for thg-galactosidases, both for

If only the native enzyme is active, the relative activily ( free-state and immobilised enzymes.

is given bya = b, and if the damaged form retains residual

activity () by: 3.3. Influence of lactose on enzymatic activity

a=b+ac (23)

To test the influence that the presence of lactose has on

The model proposed can be compared to the experimentathe enzymatic deactivation, we performed experiments of
results by numerical integration of the system defined by lactose hydrolysis at 4@C using Lactozym, with a substrate
Egs. (19)—(21) The best results are found considering that concentration (25gt') in which different initial enzyme
the damaged enzyme is inactive, and therefore 0. As concentrations (0.1-3.0g4) were assayed.
the deactivation shown for Lactozym and Maxilact is similar ~ Fig. 9 shows the conversiow,(defined as the quantity of
in Buffer KT and Mdt, the kinetic treatment of the data at lactose hydrolysed divided by the quantity of initial lactose)
each temperature was made jointly.

Table 3shows the parameteks, Ky and Ky, calculated 4
on applying the proposed kinetic model to the kinetic data
for the two buffers used, arfigs. 4 and Feflect the fit of
the model to the experimental results. Meanwhiegs. 6
and 7present the temperature dependende, oK, andKg.

2
Inkh

Egs. (24)—(26@are proposed to calculakg, Ky, andKg when
Buffer K+ and Mgt is used:

54200

kn = 7.8 x 107gexp(—T> . r2=0.99 (24)

31600
Kp = 4.09 x 1074 exp<T> . r2=0967 (25)

29300
Kg = 5.06 x 10‘41exp<T> , r>=0.948 (26)

For verification, the proposed model to explain the thermal

deactivation of the3-galactosidases studied was applied to
the experimental data proposed by different authdable
3 shows thek,, K andKy values calculated from the data

InKh
InKgy
0 -

-2 4

3.05E-03 3.10E-03 3.15E-03

UT (K™Y

3.20E-03 3.25E-03

Fig. 6. Temperature dependencekgf K, andKq. Buffer K and Mg**.
Lactozym and Maxilact. @) k,, (H) Ky, (®) Kq.
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Fig. 7. Temperature dependencekgfKn andKy. Buffer Na™ (circle = kp,
square= Kp, triangle= Kg; filled symbols: Lactozym; empty symbols:

Maxilact).

1.0 o

0.8

0.6

0.4

0.2

0.0 T T T T
8 10

t(h)

Fig. 8. Fit of the proposed deactivation model to the experimental data

obtained by different authof46] (soluble enzyme):ll) 40°C, ((J) 45°C,
(®) 50°C [26], (@) 45°C, soluble enzyme,@) 45°C, immobilized
enzyme.
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ept (genzyme h Lrl)

Fig. 9. Influence of lactose concentration on Lactozym activity. Buffer

K* and Mg*. Lactose concentratios 25911, 40°C. ep: (O) 0.1g 1,
(@) 0.5gr%, (O) 1.0g?, (M) 3.0g1L

39

versusept (product of the initial enzyme concentration and
time). The experimental results fit the same line, and there-
fore it appears that lactose stabilises the enzyme according to
the postulate by19-21,27] Therefore, the enzyme does not
undergo enzymatic deactivation in the experimental range
tested after lactose hydrolysis.

4. Conclusions

The enzymatic activity of Lactozym and Maxilact present
similar behaviour with different pH and temperature values
and similar kinetic parameter values. This suggests that both

enzymes are probably the same.

Kinetic models were proposed to predict the activity of
B-galactosidase versus pH and temperature. The models pro-
posed have been confirmed with the experimental results in
the present work as well as of other researchers. The depen-
dence of kinetic parameters versus pH and temperature was

determined.
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