
A

D
s
s
o
o
o
©

K

1

g
l
l
n
r
i
t
s
t
h
c
h

t
p
p
c

1
d

Available online at www.sciencedirect.com

Journal of Molecular Catalysis B: Enzymatic 52–53 (2008) 178–182

Kluyveromyces lactis �-galactosidase crystallization using
full-factorial experimental design
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bstract

Kluyveromyces lactis �-galactosidase is an enzyme with numerous applications in the environmental, food and biotechnological industries.
espite of its biotechnological interest, its three-dimensional structure has not yet been determined. The growth of suitable crystals is an essential

tep in the structure determination of a protein by X-ray crystallography. At present, crystals are mostly grown using trial-and-error procedures
ince their growth often depends on the combination of many different factors. Testing the influence on crystallization of even only a small number

f these factors requires many experimental set-ups and large amounts of protein. In the present work, a full-factorial design has been used in
rder to find conditions for obtaining good-quality crystals of K. lactis �-galactosidase. With this full-factorial method protein crystals have been
btained.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The microbial lactase or �-galactosidase (�-d-galactoside
alactohydrolase, EC 3.2.1.23) from the yeast Kluyveromyces
actis, the enzyme which is responsible for the hydrolysis of
actose into glucose and galactose, has outstanding biotech-
ological interest. Therefore it has attracted the attention of
esearchers and industries because of its important applications
n the fields of medicine (treatment of lactose intolerance), food
echnology (to prevent lactose crystallization and increase its
weetening power) and the environment (cheese whey utiliza-
ion). Although much of the work on K. lactis �-galactosidase
as dealt with the production [1–4], the use [5] and biochemical
haracterization [6–8], to the best of our knowledge, very little
as been reported about its structure [8].

The growth of suitable protein crystals is an essential step in
he structure determination of a protein by X-ray crystallogra-

hy. At present, crystals are mostly grown using trial-and-error
rocedures, whereby various factors: pH, temperature, salt con-
entration, etc., are systematically varied until crystals are

∗ Corresponding author. Tel.: +34 981167000; fax: +34 981167065.
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btained. Usually, in these experiments, the different factors are
aried only over a narrow range of values. The use of this method
ften requires large amounts of material and is frequently time
onsuming.

Carter and Carter [9] demonstrated that the application of
full-factorial approach to protein crystallization could reduce

ubstantially the number of crystallization trials. Their method,
hich is based on a factorial approach to experimental design

10], permits the assay of a large number of crystallization condi-
ions with as few experiments as possible. This is accomplished
y varying more than one factor at a time in a given experi-
ent; this saves material, and from the analysis of the results,

t is possible to readily determine the factors that are critical
or crystallization. We present here the details of a full-factorial
esign to find conditions for growing good-quality crystals of
. lactis �-galactosidase.

. Experimental
.1. Strains and culture conditions

The following strains were used: Kluyveromyces lactis
RRL-Y1140 (MATa, wild type) and Saccharomyces cerevisiae

mailto:manu@udc.es
dx.doi.org/10.1016/j.molcatb.2007.11.013
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J3505 (pep4::HIS3, prb-�1.6R HIS3, lys2-208, trp1-�101,
ra 3-52, gal2, can1). The BJ3505 strain was purchased from
astman Kodak.

Liquid batch cultures of wild type and transformed cells were
rown in Erlenmeyer flasks filled with 20% volume of culture
edium at 250 rpm and 30 ◦C, unless otherwise stated. K. lac-

is wild type cells were growth in YPL (1% yeast extract, 0.5%
actopeptone, 0.5% lactose) whereas transformed S. cerevisiae
J3505 cells were growth in YPHSM (1% yeast extract, 8%
actopetone, 1% dextrose, 3% glycerol, 20 mM CaCl2). In the
ate case, as inocula, a suitable volume of a stationary phase cul-
ure in complete medium (CM) [11] without the corresponding
uxotrophic amino acid was added to obtain an initial OD600
f 0.2. Samples were taken at regular time intervals to measure
rowth (OD600) and intracellular �-galactosidase activity.

.2. Vectors

The YEpFLAG1-LAC4 [2] containing the LAC4 gene, which
odes for K. lactis �-galactosidase, inserted between the yeast
DH2 promoter and CYC1 terminator was used. This plasmid
lso contains the sequence of the FLAG peptide for the immuno-
ogical detection and affinity purification of the FLAG fusion
rotein.

.3. Molecular biology procedures

Yeast strains were transformed using the lithium acetate pro-
edure [12]. Plasmid uptake and �-galactosidase production
y the transformed strains were identified on plates with the
hromogenic substrate X-gal in the corresponding auxotrophic
edium.

.4. β-Galactosidase activity assays and protein
eterminations

The method of Guarente [13] as previously described [2]
as used. One enzyme unit (EU) was defined as the quantity
f enzyme that catalyzes the liberation of 1 �mol of ortho-
itrophenol from ortho-nitrophenyl-�-d-galactopyranoside per
in under assay conditions.
Protein was determined by the method of Bradford [14] using

ovine serum albumin (Sigma) as a standard.

.5. Preparation of crude protein extracts

Crude protein extract was prepared as described previously
7] from cells cultured in 1 l of YPL or YPHSM up to an A600nm
f 2 (about 3 mg dry wt/ml).

.6. Purification of β-galactosidase
The purification of �-galactosidase from a crude protein
xtract of the strain of K. lactis NRRL-Y1140 and from a
EpFLAG1-LAC4 transformed S. cerevisiae BJ3505 strain was
erformed using different chromatographical techniques.

o
r
e
1
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In the first trial, a column with 5 ml agarose-p-aminopheyl-�-
-thiogalactoside (Sigma Chemical, USA) was equilibrated with
0 mM phosphate buffer pH 7, and the enzyme was eluted with
.1 M sodium borate, pH 10. Fractions of 1 ml were collected at
flow rate of 100 �l/min. The pH of the collected fractions was
eutralized to avoid denaturation.

In the second purification method assayed, a column with
.2 ml of ANTI-FLAG M2 affinity gel (Sigma Chemical, USA),
seful for purification of FLAG fusion proteins, was equilibrated
ith TBS (150 mM NaCl, 50 mM Tris–HCl, pH 7.4) and the elu-

ion of the bound FLAG fusion protein was by competition with a
olution containing 100 �g/ml FLAG peptide (Sigma Chemical,
SA).
All purification steps were carried out at 4 ◦C. The �-

alactosidase activity was assayed in the eluted fractions
btained from chromatographic steps. Active fractions were
ooled and, when required, concentrated by filtration in Amicon
LTRA-4 (Millipore, UFC 803024).

.7. Polyacrylamide gel electrophoresis

This was performed as described in Becerra et al. [1].

.8. Protein crystallization

Crystals were grown at several conditions at 20 ◦C by vapour
iffusion in hanging drops containing 1–3 �l of protein solution
9 mg/ml) and 1 �l of reservoir solution.

.9. Experimental design and statistical data analysis

Factorial experimental design was created and data were ana-
yzed with the aid of version 5.1 of the STATGRAPHICS Plus
oftware for Windows (Statistical Graphics Corporation).

The statistical significance of differences between means was
etermined by Student’s t-test performed with the same soft-
are. P-values <0.05 were considered significant.

. Results and discussion

.1. Purification of K. lactis β-galactosidase

The success of the crystallization process starts at the pro-
ein purification level. In a previous work, the expression
nd purification of K. lactis �-galactosidase in E. coli as a
is-tagged recombinant enzyme was tried but left out, due

o the formation of insoluble inclusion bodies and the irre-
ersible inhibitory effect of imidazole on the enzyme [15]. In
ur study, K. lactis �-galactosidase purification was achieved
y two different procedures: affinity chromatography on
garose-p-aminophenyl-�-d-thiogalactoside and immunoaffin-
ty on ANTI-FLAG M2 affinity gel.

The purification of the enzyme from a crude protein extract

f the K. lactis strain NRRL-Y1140 by affinity chromatog-
aphy resulted in a purification factor of 2.7 over the crude
xtract, having an overall yield based on total enzyme units of
7.4%. Values are comparable to those previously reported for
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Table 1
Summary of the purification procedure of K. lactis �-galactosidase by affinity chromatography (A) and of K. lactis �-galactosidase fused to the FLAG peptide by
immunoaffinity (B)

Step Total protein (mg) Total EU Yield (%) Specific activity (EU/mg) Purification factor

A Crude extract 87 137 250 100 1577.59 1
Affinity and microultrafiltration 1.79 23 882 17.4 4259.5 2.7

B 610
980
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Crude extract 133.10 104
Immunoaffinity chromatography 1.91 71

he same enzyme [7]. The results of this purification process
re summarized in Table 1A. K. lactis �-galactosidase was also
urified from a S. cerevisiae BJ3505 strain transformed with
EpFLAG1-LAC4 by affinity purification of the FLAG fusion
rotein. In this case, a 1.43% protein recovery with a yield of
8.8% and an increase in specific activity of 47.98-fold was
btained (Table 1B).

The homogeneity of the isolated �-galactosidases was exam-
ned by SDS-PAGE of the purified enzyme (Fig. 1), both
reparations show a main protein band with the approximate
olecular weight of 124 kDa that agreed with the one pre-

icted from the sequence of LAC4, the unique gene coding for
-galactosidase present in the K. lactis genome [16].

These data demonstrate the usefulness of both tested purifica-
ion procedures for obtaining K. lactis �-galactosidase protein.
lthough the second procedure gave the highest purification

actor and turned out to be more effective.

.2. Initial crystallization screens

Crystallization of macromolecules is usually performed by
somewhat organized trial-and-error procedure using avail-

ble kits. However, use of these kits locks the experimenter

o a relatively narrow set of historical conditions. In our case,
he search strategy to get optimal crystallization of K. lactis
-galactosidase was based on the use of conditions that have
lready rendered useful for obtaining crystals of a homologous

ig. 1. SDS-PAGE of purified K. lactis �-galactosidase. Lane 1, molecular
eight markers; lane 2, 60 �g of a crude extract from K. lactis NRRL-Y1140;

ane 3, 1.5 �g of K. lactis �-galactosidase purified by affinity chromatography
rom K. lactis NRRL-Y1140, lane 4, 90 �g of a crude extract of S. cerevisiae
J3505 transformed with YEpFLAG1-LAC4; lane 5, 3.5 �g of K. lactis �-
alactosidase purified by immunoaffinity. �-Galactosidase is indicated by an
rrow.
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rotein with similar size and function, the �-galactosidase from
. coli [17]. Reproducing these conditions, small protein crys-

als were obtained in presence of 0.1 M Tris pH 8.0 and different
oncentrations of (NH4)2SO4 (0.02 and 0.2 M) and PEG 6000
5% and 10%) (Fig. 2A).

.3. Optimization of the crystallization conditions

The formation of crystals depends on the concentration of
acromolecule and precipitant. At higher concentrations of
acromolecule, less precipitant is required for crystallization.
he function of the different precipitants such as polyethylene
lycol and ammonium sulphate in the crystallization drop is
o alter the protein–solvent or protein–protein contacts so that
he protein molecules precipitate out of solution, preferably as
rdered crystals and not as disordered aggregates. In our case, in
rder to identify optimal conditions for crystal growth, includ-
ng crystal volume and shape improvements, we studied, by

eans of a full-factorial design, the influence of three vari-
bles (% PEG 6000, (NH4)2SO4 and protein concentrations),
nd their interactions on the response. The range and coding
riteria of the variables used are given in Tables 2 and 3 shows
he experimental matrix and the results obtained for the ana-
yzed response, the quality of crystals. The quality obtained was
uantified taking into account three parameters: morphology,
ize and amount of crystals. A score of 2 points was given to
rystals with regular morphology and 1 point to crystals with
rregular morphology. In the center of the experimental domain

0 coded value to the three variables), crystals showed a similar
ize, and therefore were considered as average size and scored
ith 2 points. Bigger crystals than those obtained in the center
f domain were scored with 3 points, and smaller crystals with

able 2
xperimental domain and codification of the variables used in the full-factorial
esign

atural values

oded values PEG 6000
(P, %)

(NH4)2SO4

(A, M)
Protein concentration
(PRO, �g)

1 5 0.02 10
0 10 0.1 15
1 15 0.18 20

odification: Vc = (Vn − V0)/DVn; decodification: Vn = V0 + (�Vn × Vc) where

c is the coded value, Vn is the natural value, V0 is the natural value in the
enter of the experimental domain and �Vn is the increase in the natural value
orresponding to 1 U of growth in the coded value.
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between the three variables present influence in the response:

Quality of crystals = 3.83333 + 1.375 × PRO − 0.875 × P

×A + 1.375 × P × A × PRO

Table 4
Analysis of variance for the response (quality of the crystals) in the full-factorial
design (23) studied before (A) and after (B) removing the no significant coeffi-
ig. 2. Photography of one K. lactis �-galactosidase crystal obtained in presenc
btained using the full-factorial design approach (B and C). Photographs were

point. Finally, 1 point was given to conditions which showed
ultiple crystals, and two points were given to conditions with

ew crystals.
The ANOVA table (Table 4A) divides the variability in the

esponse into separate pieces for each of the effects. It then
ests the statistical significance of each effect by comparing the
ean square against an estimate of the experimental error. In this

ase, three effects have P-values less than 0.05 (with asterisk in
able 4A), indicating that they are significantly different from
ero at the 95.0% confidence level.

After removing the no significant coefficients, the P-value
or lack-of-fit in the ANOVA table (Table 4B) is greater to 0.05
0.1149) and the model appears to be adequate for the observed
ata at the 95.0% confidence level. The lack of fit test is designed
o determine whether the selected model is adequate to describe
he observed data, or whether a more complicated model should
e used. The test is performed by comparing the variability of the
urrent model residuals to the variability between observations
t replicate settings of the factors.

The R2 statistic indicates that the model, as fitted, explains

1.7017% of the variability in the response. The adjusted R2

tatistic, which is more suitable for comparing models with
ifferent numbers of independent variables, is 88.5898%. The

able 3
xperimental results of the full-factorial design (23) for the study of K. lactis
-galactosidase crystals quality obtained taking into account three parameters:
orphology, size and amount of crystals

P A PRO Quality of crystals

1 1 1 1 6
2 −1 1 1 4
3 1 1 −1 0
4 −1 1 −1 5
5 1 −1 1 5
6 −1 −1 1 5
7 1 −1 −1 4
8 −1 −1 −1 0
9 0 0 0 5
0 0 0 0 4
1 0 0 0 4
2 0 0 0 4

ariables are according to Table 2.

c

A

B

(
(
e

.1 M Tris, pH 8.0, 0.02 M (NH4)2SO4 and 5% PEG 6000 (A). Protein crystals
with the objective 40×.

tandard error of the estimate shows the standard deviation of
he residuals to be 0.64145. The mean absolute error (MAE) of
.423611 is the average value of the residuals.

The Durbin–Watson (DW) statistic tests the residuals to deter-
ine if there is any significant correlation based on the order

n which they occur in the data file. Since the DW value is
reater than 1.4 (2.05063), there is probably not any serious
utocorrelation in the residuals.

The system can be represented by the following codified
quation (significance tested by Fisher F-test) in which only
he concentration of protein, the interaction between the % PEG
000 and ammonium sulphate concentration and the interaction
ients and analysis of the significance and adequacy of the proposed model

Source Sum of
squares

Degree of
freedom

Mean square F-ratio P-value

P:PEG 0.125 1 0.125 0.50 0.5305
A:ammonium 0.125 1 0.125 0.50 0.5305
PRO:protein 15.125 1 15.1250 60.50 0.0044*
P × A 6.125 1 6.125 24.50 0.0158*
P × PRO 1.1250 1 1.125 4.50 0.1240
A × PRO 0.125 1 0.125 0.50 0.5305
P × A × PRO 15.1250 1 15.1250 60.50 0.0044*
Lack-of-fit 1.04167 1 1.04167 4.17 0.1339
Pure error 0.75 3 0.25
Total (corr.) 39.6667 11

PRO:protein 15.1250 1 15.1250 47.06 0.0002
P × A 6.1250 1 6.1250 19.06 0.0033
P × A × PRO 15.1250 1 15.1250 47.06 0.0002
Lack-of-fit 1.04167 1 1.04167 3.24 0.1149
Pure error 2.25 7 0.321429
Total (corr.) 39.6667 11

*) Significant coefficients. Variables according to Table 2. R2 = 91.7017%; R2

adjusted for d.f.) = 88.5898%; standard error of est. = 0.64145; mean absolute
rror = 0.423611; Durbin–Watson statistic = 2.05063 (P = 0.4610).
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Fig. 3. Response surfaces obtained to identify optimal conditions for K. lactis
�-galactosidase crystal growth according to the experimental plan defined in
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[15] C.S. Kim, E.-S. Ji, D.-K. Oh, Biotechnol. Lett. 25 (2003) 1769–1774.
able 2. Crystals score = response (quality of crystals taking into account: mor-
hology, size and amount of crystals). Variable values and nomenclature can be
een in Table 2.

Some of the more representative surface responses cor-
esponding to the mentioned equation are represented in
ig. 3. These surfaces are planes defined by pairs of vari-
bles having the third variable fixed (values −1, +1). As
an be seen in Fig. 3, the response increases in each sit-
ation of our experimental domain when the concentration
f the protein is increased (positive coefficient). The effect
f % PEG 6000 and ammonium sulphate concentration, for
he same protein concentration, is more complex because
esponse increases in the corners, high % PEG 6000 and
mall ammonium sulphate concentration and vice versa small

PEG 6000 and high ammonium sulphate concentration.
herefore, the highest values of the response are obtained

n the corners: P = +1, A = −1, PRO = + 1 or P = − 1, A = + 1,

RO = + 1.

Some of the K. lactis �-galactosidase crystals obtained with
he optimal conditions obtained by this approach are shown in
ig. 2B and C.

[

[

lysis B: Enzymatic 52–53 (2008) 178–182

. Conclusions

A methodical and efficient approach has been carried out
o growth K. lactis �-galactosidase crystals. The full-factorial
creen with response surface optimization allowed us to find con-
itions for growing good-quality crystals with a small number
f experiments to be performed. Optimal crystallization con-
itions for 20 �g of K. lactis �-galactosidase were obtained
n the presence of 0.1 M Tris–HCl, pH 8, 15% PEG 6000
nd 0.02 M (NH4)2SO4. Advantages obtained in this approach
nclude improvements in �-galactosidase crystal volume and
hape and also in reproducibility. Similar designs could be of
nterest to get crystals from other proteins which have special
ifficulties to solve.
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