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Kluyveromyces lactis is an important commercial source of 5-galactosidase, an en-

zyme of major concern for dairy industry. Among the methods for $-galactosidase recov-
ery, cell permeabilization is the best alternative, but it is influenced by a number of oper-
ating conditions that need to be optimized. Aim of this study was to determine the best
experimental conditions for yeast cells permeabilization by physical disruption with
glass beads. Influence of glass beads and dry biomass amounts and process time was in-
vestigated varying these independent variables according to a central composite rotatable
experimental design. A third order polynomial equation was fitted to the experimental
data of permeabilized cells 3-galactosidase activity, and the Response Surface Methodol-
ogy employed for optimization. Optimum permeabilization conditions (0.90 g glass
beads, 2.00 g dry biomass and 8.0 min of treatment) ensured a maximum [3-galactosidase
activity (6,434 mmol L™! oNP min! g'!) in reasonable agreement with the yield repro-

duced under the same conditions (5,585.40 mmol L' oNP min™' g!).
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Introduction

The enzyme p-galactosidase (fB-p-galacto-
hydrolase, EC 3.2.1.23) is a glycosidase, also
known as lactase, which is present in a wide variety
of sources including plants, animals, and microor-
ganisms.' Strains of the yeast Kluyveromyces
lactis are among the well-known microorganisms
able to assimilate lactose due to their 3-galactosi-
dase activity, which cleaves lactose to glucose and
galactose,* thereby enabling them to be used as car-
bon/energy sources.

The yeast K. lactis is an important commercial
source of B-galactosidase,’ and its enzyme is one of
the most used in the dairy industry to obtain lac-
tose-free milk products for lactose intolerant peo-
ple.®® It is also used for whey hydrolysis to obtain
glucose and galactose.” The production of galac-
to-oligosaccharides (prebiotics) from lactose by
reverse hydrolysis or by the kinetically-controlled
synthesis through a transglycosidase reaction has
also become of interest.!%1?
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Most of the studies on f-galactosidase from K.
lactis have been performed with either free!! or im-
mobilized enzymes!® extracted from cultures, or
with whole washed,'* permeabilized,’> or immobi-
lized cells.'® Among the methodologies employed
for B-galactosidase exploitation, cell permeabiliza-
tion appears to be one of the most promising alter-
natives to the processes presently used. In fact, the
process alleviates the permeability barrier of cell
wall, permitting the low molecular mass com-
pounds to pass freely across the cell wall, including
substrate and product. Moreover, the use of
permeabilized cells allows evaluating the activity of
an enzyme in vivo, leaving the interactions with
other biomolecules notoriously influencing the en-
zyme activity unaltered.

Cell permeabilization or disruption can be per-
formed either by physical processes employing
glass beads' or a pressure cell'” or by chemical
ones such as treatments with organic solvents."!¥ In
all cases, it is important to define the action
(permeabilization or disruption) as well as to estab-
lish the variables or conditions to achieve maxi-
mum f-galactosidase activity at a laboratory scale.
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Cell permeabilization is influenced by a num-
ber of experimental conditions that need to be opti-
mized. However, the classical method of optimiza-
tion in which the level of one parameter is varied at
a time over a certain range, while the other vari-
ables are held constant, is generally time-consum-
ing and requires a large number of experiments
to be carried out.' Furthermore, the optimization
studies done according to such a traditional proto-
col do not reflect the interaction effects among the
independent variables and do not depict the net ef-
fect of the various factors on the enzyme activity.?
These restrictions can be overcome by the use of
statistical experimental factorial designs, and the
experimental response is normally fitted by the
so-called Response Surface Methodology (RSM).20:2!

To identify the most suitable operating condi-
tions for K. lactis permeabilization by physical dis-
ruption with glass beads, a central composite rotat-
able design was used in this work, varying time,
glass beads amount and biomass amount as the in-
dependent variables. The resulting 3-galactosidase
activity of permeabilized cells was worked out as a
response by RSM.

Materials and methods

Microorganism and maintenance

The strain Kluyveromyces lactis CBS2359 be-
longing to the Collection of the Federal University
of Vigosa (UFV) was used in this study. The stock
culture was maintained at —80 °C on YPD (10 g L!
yeast extract; 20 g L' peptone and 20 g L' p-glu-
cose) containing 40 % glycerol. Before each experi-
ment, cells were transferred and grown for 48 h at
30 °C on Petri dishes containing Sabouraud agar
(5 g L casein peptone; 5 g L' meat peptone, 20 g L™
D-glucose and 15 g L' agar-agar).

Preparation of culture medium

Lyophilized cheese whey was supplied by
Conaprole Industry (Montevideo, Uruguay). The
preparation contained w = 70 % lactose, w = 12 %
proteins, w = 2 % fats, w = 6 % salts and 4 % mois-
ture. To obtain a lactose content consistent with that
of whey, 5.75 g of lyophilized cheese whey were
dissolved in 100 mL distilled water. The prepara-
tion was heated at 100 °C for 10 minutes to dis-
solve the crystallized lactose and centrifuged for
5 minutes at 2,000 rpm (Centrifuge series 600,
Beckman, Fullerton, CA, USA) to remove the pre-
cipitate. Reconstituted whey was sterilized by
autoclaving at 121 °C for 15 minutes, centrifuged
(2,000 rpm, 5 minutes) under sterile conditions to

remove the precipitate, and the supernatant used as
culture medium.

Growth conditions

Loops full of cells were transferred from plates
to 500 mL Erlenmeyer flasks containing 200 mL of
whey with approximately 5.0 g L' lactose. The
flasks were maintained at 30 °C under agitation
(150 rpm) for 24 h. Cells from the preceding cul-
ture were harvested by centrifugation (2,000 rpm,
5 minutes) and washed twice with 0.1 mol L' po-
tassium phosphate buffer, pH 7.0. The final pellet
was resuspended in 5 mL of 0.1 mol L' potassium
phosphate, pH 7.0.

Cell permeabilization

Physical permeabilization was performed at room
temperature using glass beads with 425-600 pm di-
ameter (Sigma, St. Louis, MO, USA) by vigorously
stirring at 3,000 rpm in a vortex, model AP-56
(Phoenix, Araraquara, SP Brazil). It was carried out
in 15 mL Falcon tubes containing 5 mL of per-
meabilization mixture. During this procedure, sus-
pension was kept at 4 °C to prevent overheating,
whereas time of agitation, glass beads and biomass
amounts were varied. The supernatant was removed
by centrifugation (2,000 rpm, 5 minutes) and stored.
Cells were washed twice with 0.1 mol L' po-
tassium phosphate buffer, pH 7.0, and re-suspended
in 3 mL of the same washing buffer. Enzyme activ-
ity was determined either in the supernatant or in
permeabilized cells.

Experimental design and statistical analysis

Experimental results were collected from ex-
periments conducted according to a central compos-
ite rotatable design (CCRD) comprising three in-
dependent variables (treatment time, glass beads
amount and biomass amount) at five levels (-, —1,
0, +1, +a). The points having one factor and axial
distance @ were chosen to be 1.682 (274, where n is
the number of variables, i.e. n = 3) to make this de-
sign orthogonal. To estimate the experimental error
as well as check the suitability of the proposed
model, the central point was repeated 5 times (all
factors at level 0), while the remaining runs were
carried out in triplicate. The coded and correspond-
ing uncoded values of the independent variables are
given in Table 1. Therefore, the total number of
tested conditions, corresponding to 2" + 2 x n +
central point runs, was 19, while that of experi-
ments was 47.

The lower and upper borders of variable ranges
were chosen according to Numanoglu and Sungur,'’
as well as previous results (unpublished).
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Table 1 — Factors and levels of the CCRD adopted to per-

form experiments of physical permeabilization of

K. lactis cells

Independent Range and level

variable

Factor

—1.68‘ -1 ‘ 0 ‘ +1 ‘4—1.68

X Glass beads (g) 0.09 0.30 0.60 0.90 1.10
Xy Dry biomass (g) 1.32 2.00 3.00 4.00 4.68

X3 Time (min) 1.30 3.00 5.50 8.00 9.70

The coded levels of each factor were obtained by
the equation:
v = (X i X o)
" AX,

1

i=1,23 (1)

where x; and X, are the coded and actual values of
independent variable i, X the actual value of inde-
pendent variable i at central point, and AX; the step
change of X; corresponding to a unit variation of the
coded value.

The experimental data of §-galactosidase activ-
ity, selected as the response (V) and expressed in
mmol L' oNP min~' g~!, were then analyzed by Re-
sponse Surface Methodology (RSM) with the aim
of finding a quadratic model able to successfully fit
them:

Y =8+ Bx; + Brx, + fix; +
+ﬁ11x12 +ﬁ22x§ +ﬂ33x32 + )
+ Bx Xy + Brax x5+ Bpx,xy + Brx XX,

where S, B, ..., P13 represent the coefficient esti-
mates with 3, having the role of a scaling constant.
The first term in the equation is the intercept, the
second to fourth terms are the individual linear
effects of each independent variable, the fifth to
seventh are quadratic ones, while the others refer to
the interaction effects between the independent
variables two by two, as well as all together.

The Student’s #-test permitted us to check the
statistical significance of the regression coeffi-
cients, while the Fisher’s test for analysis of vari-
ance (ANOVA), obtained by PROC GLM (General
Linear Models) procedure in “SAS” software (ver-
sion 9.0, SAS Institute Inc., Cary, NC, USA), was
used in the regression analysis of experimental data
to evaluate the statistical significance of the model.
The “Design Expert” software (trial version 7.0.0,
Stat-Ease, Minneapolis, MN, USA) was employed
for graphical optimization procedure. The model
for the response was expressed in terms of coded
variables, without taking into account the statisti-
cally non-significant terms.

Analytical methods

The optical density at 600 nm (ODgy,) was
determined by a spectrophotometer, series 600
(Beckman, Fullerton, CA, EUA), and then related
to cell concentration, X (g dry mass L), through a
calibration curve (ODg,, = 4.2194 X). 3-galactosi-
dase activity was determined as previously de-
scribed,'® with modifications. Yeast cells were re-
covered by centrifugation (2,000 rpm, 5 minutes)
after permeabilization or disruption. Samples (0.1 mL)
of the supernatant or the permeabilized cells sus-
pension were mixed with 2.0 mL of 0.1 mol L' po-
tassium phosphate buffer containing 0.1 mmol L™
MgSO, (pH 7.2) and 0.5 mL of 4 mg mL"!
o-nitrophenyl-3-D-galactopyranoside solution (ONPG,
Sigma, St. Louis, MO, USA). After incubation for
7 minutes at room temperature, the reaction was
stopped by addition of 1.0 mL of the previous mix-
ture to 0.5 mL of 1.0 mol L™ of Na,CO; and the
absorbance determined at 420 nm. -galactosidase
activity was expressed in mmol L' of o-nitro-
phenol (oNP) released per minute according to a
standard curve. To normalize the effect of cell con-
centration, the enzyme activity was also expressed
as grams of cell mass when needed. All the activity
tests were performed in triplicate and expressed as
mean values.

Results and discussion

Table 2 lists the results of [-galactosidase
(B-gal) activity in Kluyveromyces lactis cells per-
meabilized by physical disruption varying the
amount of glass beads and dry biomass, as well
as treatment time according to the Central Com-
posite Rotatable Design (CCRD) presented in
Table 1.

One can see from these results that all three in-
dependent variables influenced the selected response.
The maximum S-gal activity (6,434 mmol L' oNP
min! g'!) was obtained with 0.90 g of glass beads,
2.00 g of dry biomass and after 8.0 minutes of treat-
ment, whereas permeabilization with 0.60 g of glass
beads, 1.32 g of dry biomass for 5.5 minutes
yielded the lowest $-gal activity (163.1 mmol L
OoNP min! g!) (Table 2). To confirm the efficiency
of the proposed cell permeabilization procedure,
p-gal activity was also assayed in the supernatants
collected from the first centrifugation, where it was
found to always be lower than 1.0 mmol L' oNP
min~! g! (data not shown). This result was indica-
tive of the expected alteration of cell wall, in the
absence of complete disruption.

The experimental §-gal activity of permeabili-
zed cells recovered from experiments carried out
according to the CCRD were then submitted to
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Table 2 — Design matrix for experiments of K. lactis cells
permeabilization and  average results of
B-galactosidase activity of permeabilized cells

Independent variable B-gal activity

Run % ‘ % ‘ % (mmol L' oNP min! g')
1 -1 -1 -1 535.5
2 -1 -1 +1 740.6
3 1 41 1 1,451
4 -1 +1 +1 493.5
5 +1 1 1 1,786
6 +1 1 +1 6,434
7 +1 +1 -1 165.3
8 +1 +1 +1 1,035
9 —1.68 0 0 187.1

10 +1.68 0 0 3,362

11 0 —1.68 0 163.1

12 0 +1.68 0 913.9

13 0 0 —-1.68 482.6

14 0 0 +1.68 824.6

15 0 0 0 380.1

16 0 0 0 693.6

17 0 0 0 302.7

18 0 0 0 1,322

19 0 0 0 555.7

multiple regression analysis by the third order poly-
nomial eq. (2), which provided the regression coef-
ficients and standard errors listed in Table 3, to-
gether with the Student’s #-test and the p-value esti-
mated to check the statistical significance.

Table 3 — Estimated regression coefficients for K. lactis
cells permeabilization

Term ‘ Coefficient ‘ Standard error ‘ t-value ‘ p-value

Intercept 794.72 117.21 6.78 <0.0001
X 844.98 106.28 7.95 <0.0001

X, —372.65 106.28 -3.51 0.0010

X3 391.06 106.28 3.68 0.0006

x; 492.74 104.28 4.73 <0.0001

Xp X, -961.13 138.86 —6.92  <0.0001
Xp X3 783.76 138.86 5.64  <0.0001
Xy X3 —617.57 138.86 —4.45  <0.0001
XX, x5 —326.95 138.86 -2.35 0.0277

One can see that the three factors x,, x,, and
X5, the interaction among all the factors, and
the quadratic term of x, were statistically signifi-
cant at 5 % (p-value < 0.05) for -gal activity of
permeabilized cells. The amount of dry biomass
(x,) had a negative effect, which means that using
it at the highest level (+1.68), corresponding to
4.68 g, would cause a decrease in enzymatic
activity. On the other hand, both the amount of
glass beads (x,) and the treatment time (x;) exerted
positive effects on the response, being the former
stronger, as suggested by the higher linear coeffi-
cient (844.98). The amount of glass beads also
showed a significant positive quadratic effect on
p-gal activity. All interactions among entire factors
were significant, as shown by a p-value < 0.05 for
interactive terms, and led to a decrease in the re-
sponse, except for the association of x, with x;. The
results gathered in Table 3 indicate that x,, x;, x,?
and x,x; showed significant positive effects, whilst
X,, XX, and x,x; and x,x,x; had significant negative
effects, hence highlighting that $-gal activity in-
creased as the levels of factors of the former group
increased, the opposite taking place with those of
the latter above certain values.

The results of analysis of variance (ANOVA)
for B-gal activity are summarized in Table 4. Even
though the F-test value for lack of fit was statisti-
cally significant (27.06), this fact does not in-
validate the model for predictive purposes, because:
a) the determination coefficient (+*) was 0.8185, in-
dicating that the fitted model explained more than
75 % of the variability in -gal activity and that
there was a sufficient correlation between experi-
mental data and the model; b) the model was sig-
nificant according to the F-test (p-value < 0.0001)
(Table 4), which means that the regression was sta-
tistically significant at 99 % confidence level; and
¢) the regression coefficient was significant accord-
ing to the #-test (p-value < 0.05) (Table 3).

Figs. 1 to 3 show the contour plots of 3-gal ac-
tivity from K. lactis cells submitted to different
permeabilization conditions.

Table 4 — Results of analysis of variance (ANOVA) for
K. lactis cells permeabilization performed ac-
cording to the CCRD

Source ‘ SS ‘ DF ‘ MS ‘ F-value ‘ p-value

Model 1.0017-10% 8 1.2521-107 27.06 <0.0001

Residual  2.2212-107 48 4.6275-10°
Lack of fit 1.6905-107 6 2.8175-10° 22.30 <0.0001
Pure error 5.3071-10° 42 1.2636-10°

Total 1.2238 - 108 56

SS = sum of squares, DF = degrees of freedom, MS = mean square.
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1 — Contour plots of f-galactosidase activity of K. lactis

permeabilized cells obtained at a treatment time
of (a) 3.0 min, (b) 5.5 min, (c) 8.0 min

To better visualize the combined effects of
the three independent variables on the enzymatic
activity, the treatment time was maintained constant
at three levels (-1, 0 and +1). Performing the
permeabilization treatment for 3 minutes (Fig. 1a),
the maximum enzymatic activity was obtained at
the highest level of dry biomass with the lowest
level of glass beads, or vice versa, whereas the min-
imum value of the response was found at the lowest
levels of both factors. Thus, a low permeabilization
time combined with high and low amounts of glass
beads and dry biomass, respectively, resulted in an
increased f-gal activity of K. lactis permeabilized
cells. On the other hand, when the permeabilization
time was progressively increased to 5.5 minutes
(Fig. 1b) and to 8 minutes (Fig. 1c), the higher the
level of glass beads and the lower that of biomass,
the higher the -gal activity.

To confirm the maximum [-gal activity obtained
experimentally at the optimum levels of treatment
time and amounts of glass beads and dry biomass
(Table 3), the above third order polynomial model
(eq. 2) was then used to predict values of the response
either under these optimal conditions or slightly
varying them. For this purpose, we conferred to the
independent variables either the same importance or
weight by means of the “Design expert” software
and assumed maximization of the enzyme activity
as the main criterion for constraints optimization.
The results of such a confirmation attempt listed
in Table 5 show that the estimated (-gal activity
ranged between 5,523 and 5,585 mmol L' oNP
min! g, i.e. it was 13-14 % lower than the maxi-
mum experimental value (6,434 mmol L' oNP
min~! g!) obtained under optimum conditions (run
6, Table 3), which confirms the reproducibility of
results.

Finally, an effort was made to compare the re-
sults of this work with those of similar treatments
reported in the literature. In the present work, the
ratio of glass beads to cell suspension volume var-
ied from 0.09 g mL™! to 1.10 g mL!, and the high-
est values of f(-gal activity were observed at the
highest ratios. Numanoglu and Sungur,'> working
on K. lactis ATCC 8583 permeabilization by a
physical treatment with glass beads in a vortex, ob-

Table 5 — Optimum conditions estimated for K. lactis cells
permeabilization and confirmation tests

Number Glasigl))eads Dry t(J;mass ("11“;11111; (r/jl;;gli)ll szfvggp
min! g
1 0.90 2.00 8.00 5585.40
2 0.90 2.00 7.98 5567.46
3 0.90 2.03 8.00 5522.81
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served, using a treatment time of 10 minutes, a pro-
gressive increase in enzyme activity (up to approxi-
mately 2,500 mmol L' min~! g™! of cells) when this
ratio was increased up to 0.6018 g glass beads mL™!
cell suspension, but no significant influence was
observed beyond this threshold. The maximum
pB-gal activity reported by these authors was less
than one half of that obtained in this work under
optimum conditions, which may be explained by
the fact that their amount of glass beads per gram of
dry biomass was much higher (18.36 g g to
321.56 g g') than the one utilized here (maximum
ratio of 0.450 g g'). Such a comparison suggests
that the glass beads/dry biomass ratio is a crucial
parameter that needs to be optimized for a success-
ful permeabilization process.

Conclusions

In this study, Kluyveromyces lactis cells were
permeabilized by a physical disruption process
making use of glass beads to exalt their S-galacto-
sidase activity. The experiments were performed
according to a central composite rotatable experi-
mental design to determine the effects of three im-
portant independent variables (namely glass beads
amount, dry biomass amount, and treatment time)
on f3-galactosidase activity of permeabilized cells,
and the Response Surface Methodology was em-
ployed for optimization. Linear, quadratic and inter-
action effects of these variables were determined,
and a statistically significant third order polynomial
model was obtained by fitting the experimental data.
The maximum S-galactosidase activity predicted by
this model (5,585 mmol L' oNP min! g!) under
optimum levels of glass beads (0.90 g), dry biomass
(2.00 g) and treatment time (8.00 minutes) was only
13 % lower than the experimental one obtained un-
der the same conditions, demonstrating the repro-
ducibility of results. The permeabilization method
developed in this work has the potential to decrease
the cost of (-galactosidase to be used as catalyst
in the food industry, in that it would not require
complex and expensive purification steps to reach
high enzyme activity. In addition, it would prevent
the possible risk of toxicity associated with chemi-
cal permeabilization procedures as well as the ex-
pensive removal of contaminants, which is abso-
lutely necessary in any food application.
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List of symbols and abbreviations

ANOVA — analysis of variance

CCRD — central composite rotatable design
DF - degrees of freedom

MS — mean square

oNP — o-nitrophenol

OD - optical density

ONPG - o-nitrophenyl-3-pD-galactopyranoside
RSM — Response Surface Methodology

SS  — sum of squares

YPD - Yeast Extract Peptone Dextrose

n — number of variables

7 — determination coefficient

w  — mass percentage, %

X — cell concentration, g dry mass L!

x;  —coded values of independent variable i

X;  — actual values of independent variable i

X, — actual value of independent variable i at central
point

X, — amount of glass beads, g

X, —amount of dry biomass, g

X; - treatment time, min

Y  — fB-galactosidase activity, mmol L™' oNP min! g”!

a  — axial distance

Bo» B1s ---» Biaz — coefficient estimates

fB-gal — B-galactosidase
AX; - step change of X;
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