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a b s t r a c t

Aspergillus nidulans produces the esterase StcI, which is involved in the biosynthesis of sterigmatocystin,
a precursor of aflatoxins. Analysis of ESTs indicated the presence of an additional 29-amino acid N-
terminal region of the already reported stcI gene. Predicted structural models suggest that this N-terminus
modifies substrate access to the active site. In order to elucidate the role of this N-terminal region, the
complete gene (nstcI) and the truncated reported version of the gene (stcI) were cloned and expressed in
Pichia pastoris. Both recombinant enzymes were tested for their ability to hydrolyze p-nitrophenyl esters
and compounds having a structure similar to the original substrate. We observed differences in the
abilities of these two enzymes to hydrolyze p-NPE. The ratios between the activity of the two esterase
versions (NstcI/StcI) towards different acyl chain-length p-NPE were: 9.3 towards p-NPA (C2:0); 0.76
towards p-NPB (C4:0) and p-NPD (C10:0); 1 towards p-NPL (C12:0) and p-NPM (C14:0); 2.7 towards
p-NPP (C16:0) and 2.2 towards p-NPS (C18:0). Interestingly, NstcI esterase showed the highest activity
(366 U/mg protein) towards p-NPA (C2:0) and StcI towards p-NPS (C18:0) (77 U/mg protein). Different
deacetylation reactions of bioactive compounds were also assayed. The results indicated differences in
chemoselectivity for deacetylation of phenols, kojic acid and flavonoid esters. Acetylated ferulic acid was
efficiently hydrolyzed (96%) only by NstcI, while deacetylation of coumaric acid was done only by StcI
(25%). Deacetylation of kojic acid was carried out only by NstcI (75%). Almost all flavonoids were efficiently

deacetylated by NstcI with 100% of conversion with the exception that epicatechin was hydrolyzed 60%.
In contrast, low conversion of acetylated flavonoids was obtained with StcI (15–20%), the highest value
was observed with catechin, 63%. We also observed differences in regioselectivity for the deacetylation
of kojic acid and flavonoids. This behavior suggests an important role for the N-terminus in the catalytic
properties of this enzyme. In addition, these enzymes showed different versatile catalytic potential in

selec
terms of chemo- and regio
of phenolic compounds.
Abbreviations: ST, sterigmatocystin; VHA, versiconal hemiacetal acetate; VHOH,
ersiconal; VOAc, versiconol acetate; VAL, versiconal; VOH, versiconol; EST, expres-
ion sequence tag; PCR, polymerase chain reaction; DTT, dithiothreitol; �-NA,
-naphthyl acetate; p-NPE, p-nitrophenyl esters; p-NPA, p-nitrophenyl acetate; p-
PB, p-nitrophenyl butyrate; p-NPD, p-nitrophenyl decanoate; p-NPL, p-nitrophenyl

aurate; p-NPM, p-nitrophenyl myristate; p-NPP, p-nitrophenyl palmitate; p-NPS,
-nitrophenyl stearate; RT, room temperature; OD, optical density; SDS, sodium
odecyl sulphate.
∗ Corresponding author at: Departamento de Alimentos y Biotecnología, Facul-

ad de Química, Universidad Nacional Autónoma de México, Ciudad Universitaria,
exico City, D.F. 04510, Mexico. Tel.: +52 55 56225305; fax: +52 55 56225309.
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tivity in carrying out a variety of industrially important biotransformations

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

An esterase/lipase putative gene (stcI) has been reported in the
sterigmatocystin pathway gene cluster in Aspergillus nidulans [1].
This gene is homolog to the estA gene, which was identified within
the aflatoxin pathway gene cluster in Aspergillus parasiticus. The
esterases encoded by the estA and stcI genes share 49% amino acid
identity which is within the range of homology between aflatoxin
and sterigmatocystin biosynthetic pathway genes in A. parasiticus
and A. nidulans [2]. The esterase EstA converts versiconal hemi-

acetal acetate (VHA) to versiconal (VAL) and versiconol acetate
(VOAc) to versiconol (VOH) [3]. The nature of the reaction catalyzed
by this enzyme, i.e. deacetylation, suggests that StcI may have the
biocatalytic potential to perform reactions with high enantio- or
regioselectivity for cyclic substrates.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:farres@servidor.unam.mx
dx.doi.org/10.1016/j.molcatb.2009.07.009
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In the cDNA A. nidulans Sequencing Project [4], there are two EST
equences for StcI protein: CONTIG1592, which corresponds to the
reviously reported C-terminal region [1], and CONTIG452, which
orresponds to the N-terminal region. We found an additional 29-
mino acid region at the N-terminus of the protein, which is not
omologous to any signal peptide [5]. Predicted structural models

or the already reported protein (StcI) and StcI with the additional
9-amino acid region (NstcI) suggest that this N-terminus can mod-

fy the substrate access to the active site. In order to elucidate the
ole of this N-terminal domain, we have cloned and characterized
oth esterase forms in Pichia pastoris.

Phenolic derivatives are found in both edible and non-edible
lants, may act as antioxidants, chelating agents, and free radi-
al scavengers, and may have anti-inflammatory, antiallergenic,
ntimicrobial, antiviral, anticarcinogenic, and UV filtration prop-
rties [6,7]. Along with flavonoids, they have been considered
mportant agents in the prevention of cancer and heart disease
8,9]. Applications for these natural antioxidants in oil-based food
rocessing and cosmetics are limited because of the relatively low
olubility of phenolic acids in aprotic media. To increase biolog-
cal activity, it is necessary to chemically modify the naturally
ound compounds by acetylation, deacetylation or glycosylation.
s such, the hydrophobicity of phenolic acids can be enhanced
y chemical or enzymatic lipophilization by esterifying the car-
oxylic acid function of the phenolic acid with a fatty alcohol
o obtain an amphiphilic molecule, which should keep its origi-
al functional properties [10]. Chemical modification is not highly
elective, while among industrially important enzymes lipases and
sterases are particularly valuable because of their chemo-, regio-
nd enantioselective capabilities [11–13] with the added advan-
age that unwanted functionalization of phenolic hydroxyl groups
s avoided [14]. This enzyme reaction has been reported specifically
or some flavonoids, but only a few biocatalysts can deacetylate
henolic compounds, to render them more bioactive [15–19]. As
uch, the most widely used enzyme is produced by Candida antarc-
ica (Novozym 434). Therefore, it is important to evaluate new
nzymes to perform lipophilization, regioselective reactions and
otential reverse reactions to obtain more interesting compounds
r to increase yields. In this work, the behavior of both recombi-
ant forms of StcI esterase during the deacetylation of interesting

ndustrial compounds is also analyzed.

. Materials and methods

.1. Microorganisms, plasmid, media and culture conditions

The stcI and nstcI genes were isolated from a 24 h developmen-
al A. nidulans cDNA library in �-ZAPII constructed by R. Aramayo,
vailable from the Fungal Genetics Stock Center, Kansas City, KS.

E. coli DH5� (F− �80dlacZDM15� (lacZYA-argF) U169 endA1
ecA1 hsdR17(rK−mK+) deoR thi-1 supE44 �-gyrA96 relA1) was used
or cloning. P. pastoris X-33 (wild type) (Invitrogen, Carlsbad, CA)
as used for enzymatic expression. Plasmid pPICZ�B was supplied

rom Invitrogen (Carlsbad, CA).
P. pastoris growth, media and selection of recombinant clones

ere performed according to the techniques described in the man-
al of EasySelect Pichia expression kit (Version G) (Invitrogen,
arlsbad, CA). Enzyme-producing clones were selected on YEPD
edium supplemented with 0.5% (w/v) dextrose, 1% (v/v) tribu-

yrin and 100 �g/mL zeocin (YEPT medium).
.2. Construction of the plasmids pPICZ˛stcI and pPICZ˛nstcI

The vector pPICZ�B was used to achieve extracellular expres-
ion in P. pastoris. Two restriction sites (PstI/NotI) were introduced
nto the fragment by PCR. The nstcI gene was amplified from cDNA
talysis B: Enzymatic 61 (2009) 225–234

with the primers nstcI-F and stcI-R to generate the desired gene
region which contains the additional 29 amino acids in the N-
terminal end. The Hotstart Taq DNA polymerase (Qiagen, Valencia,
CA) was used in these PCR experiments. The sequences of the
primers were: Forward-1, nstcI-F, 5′-CCT CTG CAG CAG ATT CCA
AGC TAT CAG AGC CAT G-3′ and reverse, stcI-R, 5′-TGA GCG GCC
GCT TAC TCA CAA ACC CAG C-3′. The PCR amplification was car-
ried out as follows: an initial denaturation step at 95 ◦C for 2 min,
followed by 95 ◦C for 1 min, 55 ◦C for 40 s and 72 ◦C for 1.5 min for
30 cycles; and a final extension step at 72 ◦C for 10 min. The PCR
fragments were cleaved with restrictions endonucleases PstI and
NotI and inserted into the respective sites of pPICZ�B, resulting in
pPICnstcI vector.

In order to clone the truncated version of the stcI gene (without
the additional 29 amino acids in the N-terminal region) into P. pas-
toris, the same restriction sites were used. For PCR amplification,
the forward primer stcI-F was used instead of nstcI-F. Primers had
the following sequences: Forward-2, stcI-F, 5′-CCT CTG CAG CAC
AGG GAT GGA AGA CGA TAG-3′ and reverse, stcI-R, 5′-TGA GCG
GCC GCT TAC TCA CAA ACC CAG C-3′. Recombinant Pfu polymerase
(Fermentas, Hanover, USA) was used in these PCR experiments. A
gradient PCR was performed with the following cycle conditions:
an initial denaturation step at 95 ◦C for 2 min, followed by 95 ◦C
for 1 min, 50–60 ◦C gradient for 40 s and 72 ◦C for 1 min 30 s for 25
cycles; and a final extension step at 72 ◦C for 10 min.

2.3. Recombinant DNA techniques

Standard recombinant DNA methods were carried out as
described by Sambrook et al. [20].

2.4. Cloning into E. coli

DH5� competent cells were freshly transformed with the
vectors pPICZ�stcI and pPICZ�nstcI by electroporation. Selected
recombinant clones were grown at 37 ◦C in 50 mL LB media for
vector extraction with a plasmid midi kit (Qiagen, Valencia, CA).

2.5. Expression of StcI and NstcI in P. pastoris

P. pastoris X-33 cells were freshly transformed with the
expression vectors pPICZ�stcI and pPICZ�nstcI by means of elec-
troporation. Negative control cells were also transformed with
pPICZ�B. All cultures were incubated at 30 ◦C. Recombinant clones
were selected on YEPD medium, and halo-producing clones were
selected on YEPT medium. For negative control cells, we have
obtained nonhalo-producing clones. Negative control cells and
positive transformants were cultured in 25 mL of buffered glycerol-
complex medium (BMGY) shaken at 28 ◦C and 250 rpm in 250 mL
glass flasks. When cultures reached an OD600 = 2–6, the cells were
centrifuged (3000 × g, 15 min) and resuspended in 50 mL buffered
methanol-complex medium (BMMY) to an OD600 of 1, shaken
at 28 ◦C and 250 rpm in 250 mL glass flasks for 96 h. Induction
of esterase expression was achieved by daily addition of 100%
methanol to a final concentration of 0.5%. After induction, Pichia
cells were removed by centrifugation (3000 × g, 15 min), and super-
natant was collected. Desalting, concentration (42-fold) and buffer
exchange to PBS, pH 7.4 of supernatant was done by ultrafiltra-
tion (Amicon, Beverly, MA) through a 10-kDa membrane (Millipore,
USA). The concentrated solution was used for SDS-PAGE and
esterase activity assay.
2.6. Purification of recombinant proteins by immunoaffinity
column

StcI PAb were generated in rabbits by Sigma-Genosys and tar-
geted to the StcI sequence, using a synthetically designed peptide
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ig. 1. StcI genomic and deduced amino acid sequences. stcI DNA and coding sequen
re numbered on the right side. In the promoter region, the aflR binding consensus
s denoted by cursive lowercase letters. PCR primers are bold and labeled. The amino
nd Ala-153) are bold and underlined. Designed peptide sequence is enclosed.

s the antigen by Sigma-Genosys (The Woodlands, TX) (Fig. 1).
pecificity was assayed by western blotting as described in manual
f polyscreen PVDF transfer membrane improved (Perkin–Elmer
ife Sciences, Boston, MA), using semi-dry method. StcI antiserum
fter 77 days of immunization was tested at dilution of 1:40,000.
reimmune serum had no reactivity. Antibodies were purified
sing the Montage Antibody Purification Prosep-A kit, according to
he techniques described in the manual (Millipore Corp., Bedford,

A). Purified antibodies (20 mg) were immobilized to Affi-Gel-10
Bio-Rad, Hercules, CA), as recommended by the manufacturer.
urification of recombinant proteins was done according to the
anual for activated immunoaffinity supports (Bio-Rad, Hercules,

A) using an acid elution with sodium citrate, 0.15 M, pH 3. Briefly,
mL of concentrated supernatant was applied to immunoaffinity
olumn pre-equilibrated with PBS buffer. Non-bounded proteins
ere eluted with 3 bed volumes of Triton X-100 (0.5%) in PBS.
ecombinant protein was eluted with 2 bed volumes of sodium
itrate buffer. Collected fractions were neutralized to pH 7. Desalt-
ng, concentration and buffer exchange to sodium phosphate, 0.1 M,
H 7.5 of the collected fractions was done by ultrafiltration using a
embrane with a molecular mass exclusion limit of 10 kDa (Milli-

ore Corp., Berford, MA). Sample was assayed for esterase activity.
ffinity column was regenerated by 5 bed volumes of PBS and 2 of
odium azide (0.02%) in PBS.

.7. Fast hydrolase activity assay

Esterase activity of the crude extracts and purified enzymes was
easured spectrophotometrically towards p-NPA in accordance
ith Isobe et al. with some modifications [21]. Esterase, 100 �L, was

dded to 900 �L of reaction buffer containing 50 mM potassium

hosphate, pH 7.2, 1% Triton X-100 and 2.5 �M of p-NPA. The reac-
ion was carried out at 25 ◦C and 1 U of enzyme activity was defined
s the quantity of enzyme that releases 1 �mol of p-nitrophenol
er minute at 37 ◦C. Absorbance was continuously measured
t 410 nm.
e deduced amino acid sequence is presented under the corresponding codons. They
anonical TCGn5CGA binding site), CAAT sequences are underlined. Intron sequence
from the catalytic triad (Ser-152, Asp-255 and His-285) and oxyanion hole (Gly-86

2.8. Protein determination

Protein concentration was determined by Bradford assay (Bio-
Rad, Hercules, CA) using the enhanced method according to the
manufacturer’s instructions and bovine serum albumin as the stan-
dard.

2.9. Polyacrylamide gel electrophoresis

SDS-PAGE on a 12% polyacrylamide slab gel was used to assess
the purity and molecular weight of the enzyme according to the
method proposed by Laemmli [22]. Low molecular weight markers
(BioRad) were used as standards.

2.10. Zymogram

Esterase activity was assayed and visualized using zymograms.
After SDS-PAGE, the acrylamide gel was washed by immersion in
phosphate buffer 0.1 M, pH 7.5 for 30 min with constant agitation.
For renaturation of the enzyme, a second wash was performed in
the same conditions, with the exception that the buffer contained
5% Triton X-100. Finally, the gel was subjected to a third wash in
the same buffer with only 0.5% Triton X-100 for 4 h. For detec-
tion of esterase activity, the gels were incubated at RT in substrate
solution for 10 min (3 mM �-naphthyl acetate, 10% (v/v) acetone
and 100 mM sodium phosphate buffer, pH 7.5) and then incubated
for 5 min in developing solution (1 mM Fast Red TR, 0.1% (v/v) Tri-
ton X-100 and 100 mM sodium phosphate buffer, pH 7.5). Esterase
activity was visualized by the appearance of purple-colored bands
in the gels.
2.11. Bioinformatics

stcI gene sequence data were manually compiled from GenBank.
BLAST searches were performed within the A. nidulans initia-
tive genome database of the Whitehead Institute [23]. StcI ESTs
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ere identified using BLAST searches within the A. nidulans cDNA
equencing Project [4]. The sequences were analyzed using the fol-
owing programs: DNA strider [24], ClustalW [25], BioEdit Version
.0.7 [26], Genefinder [27], Genescan [28] and Expasy Translate
ool [29]. The prediction of signal peptides was done using Sig-
al P v3 [5]. Prediction of the structure model was performed using
he EsyPred3D Program [30]. The predicted structure was verified
ith the program WHAT IF [31].

The selection for the template was performed using the fold
ecognition and identification of distant homologues method,
GenTHREADER [32]. This program makes use of profile–profile

lignments and predicted secondary structure (using PSIPRED)
s inputs [33]. This increases both the sensitivity of the method
nd enhances the accuracy of alignments. According to this pro-
ram the closest homologues of NstcI are the heroin esterase
rom Rhodococcus sp. (19% amino acid sequence similarity) [34]
nd a thermophilic esterase from Alicyclobacillus acidocaldarius
30% amino acid sequence similarity) [35]. Therefore, the crystallo-
raphic structure of the heroin esterase and carboxylesterase (PDB
ode 1LZL and 1QZ3) were used as templates for homology model-
ng of NstcI and StcI enzymes.

.12. Biochemical characterization

Temperature and pH optima for the assayed conditions
ere determined by a spectrophotometric method as previously
escribed by Isobe et al. [21] and by a pH-stat assay accord-

ng to Peled and Krenz [36], using 200 mM ethyl butyrate, which
nsured a large excess of substrate, in a pH-stat apparatus (Titrino®,
etrohm, Switzerland). To study the effect of temperature, enzy-
atic activity was assayed at 20, 30, 40, 50 and 60 ◦C at pH 7.5 (0.1 M

hosphate buffer) for 15 min with applicable controls. Thermosta-
ility of the esterase was investigated by quantifying the remaining
ctivity after incubating the enzyme without substrate in 0.1 M
hosphate buffer, pH 7.5, at various temperatures (20–60 ◦C) dur-

ng 30 min and then assaying its activity at 25 ◦C. Triplicates were
erformed for each reaction, and the values were corrected for the
on-catalyzed hydrolysis of the substrate.

The pH optimum was assayed during 30 min at 37 ◦C in a pH
ange from 5 to 10 in the following buffers: 50 mM acetate (pH
), 50 mM sodium phosphate buffer (pH 6–7) and 50 mM Tris–HCl
pH 8–10). The effect of the pH on enzyme stability was deter-

ined by incubating esterase solution in buffers (50 mM, pH 5–10)
or 12 h at 37 ◦C. After incubation, the pH values remained con-
tant, and residual activity was evaluated by spectrometric and
H-stat methods. Triplicates were performed for each reaction, and
he values were corrected for the non-catalyzed hydrolysis of the
ubstrate.

.13. Chain-length specificity of recombinant esterases

Fatty acid p-nitrophenyl derivatives and ethyl esters were used
s substrates. (i) Spectrophotometric analysis: For p-nitrophenyl-
atty acyl esters, acyl group chain-lengths from C2:0 to C18:0 were
ested as previously described [21]. (ii) pH-stat assay: It was per-
ormed using different ethyl esters with acyl group chain-lengths
rom C4:0 to C16:0 and aromatic groups at optimum assay condi-
ions as described previously [36]. Triplicates were performed for
ach reaction and were corrected for the non-catalyzed hydrolysis
f the substrate.
.14. Preparation of acetylated compounds

The acetylated compounds were prepared under standard con-
itions using acetic anhydride and pyridine. Specifically, a mixture
f phenolic compound (100 mg), acetic acid anhydride (3 mL) and
talysis B: Enzymatic 61 (2009) 225–234

pyridine (3 mL) was warmed at 60 ◦C for 45 min. The reaction mix-
ture was evaporated to dryness under N2, was poured into ice-cold
dilute hydrochloride acid (5 mL) and was extracted with ethyl
acetate (2× 5 mL). A fraction was used for the hydrolysis reactions.

2.15. Enzyme conditioning

The crude extracts from recombinant P. pastoris (transformed
with pPICZ�stcI, pPICZ�nstcI and pPICZ�B) were centrifuged
at 3000 × g for 15 min and the supernatant was collected and
lyophilized. An enzyme solution containing 2 mg/mL of protein
was prepared by the dissolution of the lyophilized extract in phos-
phate buffer pH 7 at a concentration of 50 mM and was tested
for its esterase activity by spectrophotometry using p-NPA as
substrate.

2.16. Enzymatic deacetylation

Acetylated compounds were divided into three groups accord-
ing to their structure: phenols (I), aliphatic alcohols (II) and
flavonoids (III). For this, 15 mg of the acetylated compound were
dissolved in 1.1 mL of solvent (acetone or toluene), and 400 �L of
enzyme was then added. The volume was adjusted to 3.5 mL with
0.05 M sodium phosphate buffer, pH 7. The reaction mixture was
stirred for 48 h at 37 ◦C and 200 rpm. The degree of conversion
was monitored by thin layer chromatography and HPLC. A reac-
tion without enzyme was evaluated for autohydrolysis of all tested
acetylated compounds. Upon completion, 2 mL of ethyl acetate was
added for product extraction. The organic phase was separated, and
the solvent was evaporated to dryness at 37 ◦C.

2.17. Identification of compounds

All reaction products were fully characterized on the basis of
their physical and spectral data. Melting points were determined
using a MEL-TEM and were uncorrected. Thin layer chromatogra-
phy (TLC) was used for analysis of product formation. A solvent
system was chosen according to the substrate. The plates were
developed using a saturated iodine chamber or by spraying with
10% H2SO4, when aliphatic alcohols were tested. A free radi-
cal scavenging assay to test antioxidant activity of phenols was
performed using the stable free radical DPPH (1, 1-diphenyl-2-
picryhydrazyl) [37]. Gas chromatography (GC) was performed in
an Agilent Technologies 6890N Network GC system, Injector 7683,
using a 30 m DB-5MS column with 0.25 mm inner diameter and
0.25 �m film thickness. The temperature range was 60–325 ◦C.
Acetylated and non-acetylated standards were also assayed. HPLC
was performed in a Waters 1525 HPLC system, and the reaction
mixture was separated on a 3.9 mm × 155 mm Waters Symmetry®

C185 �m column. An elution system consisting of methanol and
acetic acid (1%) was used. The products were purified by silica col-
umn chromatography (mesh size 100–200 �m) and analyzed on
the basis of nuclear magnetic resonance (NMR). The nuclear mag-
netic resonance (NMR) spectra were measured in CDCl3 a 300 K
on a VarianVXR-300S spectrometer operating at 300 MHz (1H) and
100 MHz (13C). Approximately 25 mg of 1a–1j (Fig. 8) were dis-
solved in CDCl3, with tetramethylsilane (TMS) as internal standard.
The structures were identified by direct comparison of spectral
properties. MS and 1H NMR are in agreement with those of the
authentic compounds in the literature. The 13C NMR data obtained
for acetylated compounds (1a–1j) (Fig. 8) were compatible with

the literature data. We include the 13C NMR data for all acetylated
compounds (1a–1j) but they were characterized also on the basis
of 1H NMR, EM and melting point.

13C NMR for 4-O-acetyl-ferulic acid (1a): ı = 169.12, 167.75,
148.15, 146.43, 145.42, 126.31, 123.22, 115.14, 109.45, 56.07, 20.65.
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Fig. 2. Predicted structure models of StcI and NstcI. The additional 29 amino acids
forming an �-helix are denoted in green. Amino acids from the active site (catalytic
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13C NMR for 2-O-acetyl-�-naphtol (1b): ı = 169.51, 146.72,
34.72, 128.12, 126.51, 126.51, 126.09, 121.21, 118.16.

13C NMR for 1,4-O-diacetyl-2-ter-butyl-hidroquinone (1c):
= 169.42, 169.35, 147.81, 142.46, 124.69, 120.35, 119.74, 34.58,
9.97, 21.59, 21.11.

13C NMR for 4-O-acetyl-coumaric acid (1d): ı = 171.30, 169.10,
52.88, 131.75, 129.51, 122.23, 117.27, 21.13.

13C NMR for 1,4-O-diacetyl-hydroquinone (1e): ı = 169.47,
47.72, 120.75, 21.16.

13C NMR for 1-O-acetyl-2-phenylethanol (1f): ı = 170.96,
37.83, 128.89, 128.50, 126.56, 64.92, 35.10, 20.94.

13C NMR for 5, 1′-O-diacetyl-kojic acid (1g): ı = 172.06, 169.53,
67.49, 162.18, 147.69, 141.01, 114.19, 60.72, 20.31, 20.14.

13C NMR for 3-0-acetyl-�-amyrin (1h): ı = 170.98, 145.19,
21.63, 80.93, 55.25, 47.55, 47.23, 46.78, 41.71, 39.81, 38.26, 37.71,
7.14, 36.84, 34.73, 33.33, 32.59, 32.49, 31.08, 28.39, 28.03, 26.93,
6.14, 23.57, 23.53, 21.30, 18.26, 16.80, 16.69, 15.55.

13C NMR for 3-O-acetyl-dihydrocholesterol (1i): ı = 170.69,
3.78, 56.42, 56.27, 54.24, 44.66, 42.58, 39.99, 39.52, 36.76, 36.17,
5.48, 35.46, 34.04, 31.96, 28.24, 28.01, 27.48, 24.21, 23.84, 22.81,
2.56, 21.47, 21.20, 18.67.

13C NMR for quercetin pentaacetate (1j): ı = 170.54, 169.76,
68.35, 168.31, 168.29, 168.23, 157.32, 154.75, 154.28, 150.86,
44.86, 142.68, 134.52, 128.19, 126.89, 124.40, 124.31, 115.23,
09.46, 21.64, 21.50, 21.13, 20.98.

13C NMR for hesperetin tetraacetate (1k): ı = 189.05, 169.24,
68.84, 167.94, 163.14, 155.89, 151.58, 151.18, 139.89, 130.54,
24.84, 121.02, 112.47, 111.72, 110.51, 109.08, 78.77, 56.01, 44.87,
1.13, 21.02, 20.68.

13C NMR for (+)catechin pentaacetate (1l): ı = 170.23, 169.05,
68.46, 168.16, 154.50, 149.99, 149.55, 142.24, 142.22, 136.26,
24.52, 123.83, 121.90, 110.31, 108.90, 107.80, 77.78, 68.40, 24.96,
1.22, 21.08, 20.91, 20.77, 20.75.

13C NMR for (−)epicatechin pentaacetate (1m): ı = 170.42,
68.98, 168.42, 168.09, 168.04, 154.96, 149.73, 149.67, 142.00,
41.88, 135.84, 124.36, 123.29, 122.03, 109.68, 108.74, 108.03,
7.36, 66.64, 26.03, 21.09, 21.05, 20.76, 20.64.

. Results

.1. Prediction of structural models

The closest homologues of NstcI were used as templates for
omology modeling of NstcI and StcI enzymes. They were a heroin
sterase from Rhodococcus sp. with 19% amino acid sequence
imilarity to NstcI [34] and a thermophilic esterase from A. acido-
aldarius with 30% amino acid sequence similarity [35]. In spite of
o significant sequence identity, this procedure was justified by the

act that all esterases belong to the same �/� hydrolase fold super-
amily. Additionally, the positions of the amino acids from catalytic
riad are in agreement with templates. This suggests that folding of
oth variants is correct.

Sequence analysis of StcI and NstcI performed at Lipase Engi-
eering Database, LED [38] indicates the presence of the typical
mino acid residues of the catalytic triad found in �/� hydro-
ases (Ser-152, Asp-255 and His-285) and the amino acid residues
f the oxyanion hole (Gly-86 and Ala-153). The putative catalytic
erine of both enzymes is predicted to reside in the amino acid
equence Gly-Ala-Ser-Ala-Gly (residues 150–154). The predicted
tructural models of the enzymes are clearly related to other

sterases. NstcI has a single domain displaying the canonical �/�
ydrolase fold, common in esterases with a Ser/Cys-Asp/Glu-His
atalytic triad. The comparison of the putative structural mod-
ls for both forms shows that the additional N-terminal peptide
orms a helix–loop–helix motif that partially covers the active
triad and oxyanion hole) are shown in blue and red. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of the
article.)

site of NstcI (Fig. 2). The N-terminal motif covering the active-
site pocket is characteristic of several esterases, as the heroin
esterase (PDB 1LZL), some thermophilic esterases from Archaea
(PDB 1EVQ, 1QZ3, 2C7B, 1JJI) and other esterases as brefeldin-A
esterase from B. subtilis (1JKM). The structural model of StcI, in
contrast, has not this motif covering the active site, thus expos-
ing a large hydrophobic surface composed by residues from loop
88 to 92 and helix 216 to 223. Furthermore, helix 216–223 found
in NstcI is lost in StcI, presumably by the lack of contacts with the
N-terminal residues. In addition, loops 188–204 and 156–171 are
completely disordered as a result of the collapse of helix 216–233
in StcI.

3.2. Expression in P. pastoris of stcI and nstcI genes

The RT-PCR products (945 bp for nstcI and 858 bp for stcI)
were ligated into the pPICZ� vector, generating pPICZ�nstcI and
pPICZ�stcI plasmids. The identity of the cloned products was veri-
fied by sequencing. BLAST analysis revealed that the sequences of
the RT-PCR products were identical to the corresponding nstcI and
stcI gene sequences in Fig. 1. In the case of nstcI, we found the cDNA
sequence without intron.

While high catalytically active protein was never obtained
despite several attempts in E. coli (data not shown); an alternative
host for heterologous expression was sought, P. pastoris. Plasmids
were linearized with PmeI and P. pastoris X-33 was transformed.
On the plates containing tributyrin, colonies harboring nstcI gene
showed a bigger halo ring than clones harboring stcI gene. The pres-
ence in P. pastoris of the stcI or nstcI genes was corroborated by PCR
using DNA from clones as template with AOX universal primers and
sequencing. The results showed that the fragments corresponded
to the stcI gene and nstcI gene and that they were in frame with the
�-factor secretion signal sequence on the vector for extracellular
expression.

For StcI expression, P. pastoris harboring the plasmid pPICZ�stcI
as integrating in its genomic DNA was cultivated in BMGY medium
and then transferred to BMMY medium. At different times, sam-
ples were taken from the culture and assayed for cell growth and
esterase activity (data not shown). After 48 h of induction, low

esterase activity towards p-NFA (39 U/mg protein) was found and
it was constant up to 72 h, and then decreased (data not shown).
In the supernatant collected after 48 h of methanol induction, we
have measured 13.9 U/mL with 0.355 mg protein/mL.
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Fig. 3. Protein pattern and zymogram of extracellular extracts of recombinant
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lone expressing StcI protein. (a) Protein pattern on SDS-PAGE gel after coomassie
taining. M, low molecular weight marker; StcI, crude extract of the recombinant
lone expressing StcI protein. (b) Esterase activity after renaturation of StcI protein
xpressed by recombinant clone.

The ultrafiltered preparation was used for the purification of the
ecombinant enzyme. SDS-PAGE and zymogram analysis showed
single protein band having a molecular mass of 31 kDa which

orresponds to the theoretically calculated value (31.19 kDa) with
sterase activity (Fig. 3). The identity of the enzyme was corrob-
rated also by western blot of native gel using specific antibodies
anti-StcI), which confirmed also the antibody specificity (Fig. 5).
he enzyme has a pI of 5.3 which differs slightly from theoret-
cally calculated value (4.91) (data not shown). Zymograms of
ative gel revealed two esterase activity bands, a stronger band
ith higher molecular mass and a weak band near to 31 kDa

Fig. 5).
For NstcI expression, P. pastoris harboring plasmid pPICZ�nstcI
as cultivated as before described. After 24 h of induction, high
sterase activity towards p-NFA (360 U/mg protein) was detected
nd it was constant up to 96 h and then decreased (data not shown).
n methanol induction phase, the maximum esterase activity mea-

ig. 4. Purified NstcI protein of extracellular extracts of recombinant clone. (a) Puri-
ed protein on SDS-PAGE gel after coomassie staining. M, low molecular weight
arker; NstcI, purified recombinant NstcI protein. (b) Western blot analysis against

ecombinant NstcI protein on SDS-PAGE gel.
Fig. 5. Analysis of purified recombinant NstcI and StcI proteins on native gels. (a)
Western blot analysis against purified recombinant NstcI and StcI proteins on native
gels. (b) Esterase activity of purified recombinant proteins on native gels.

sured in the supernatant was 189.7 U/mL with 0.527 mg protein/mL
after 24 h of induction. SDS-PAGE and western blot analysis showed
a single protein band having a molecular mass of 35 kDa which cor-
responds to the theoretical mass, 34.558 kDa (Fig. 4). The observed
pI was approximately 4.5 lower to theoretical pI (4.84) (data not
shown). Activity was detected only on native gels as a single band
near to 35 kDa (Fig. 5).

3.3. Effect of temperature and pH on esterase activity and
stability

NstcI esterase was more active in temperature ranges of
30–50 ◦C, showing a maximum activity at 40 ◦C; while StcI esterase
was more active in a range of 20–40 ◦C, showing a maximum activ-
ity at 30 ◦C. The thermostability of each enzyme was examined by
measuring its residual activity after 30 min at pH 7.5. In these con-
ditions, both enzymes retained up to 70% of their initial activity in
the range of 20–40 ◦C. However, when the temperature was ele-
vated to 50 ◦C, NstcI lost 50% of its initial activity, and StcI kept
only 20% of its initial activity. Both enzymes were stable through-
out 30 min incubation at the temperature where maximum activity
was reached, 40 ◦C for NstcI and 30 ◦C for StcI (Fig. 6).

The effect of pH on NstcI activity at 37 ◦C was studied with
p-NPA as the substrate. NstcI was active in the pH range of 7–9,
while StcI was active between pH 6 and 8; the highest activity
was found at pH 9 for NstcI and pH 8 for StcI. Using the pH-
stat method for measuring activity, NstcI lost 80% of its activity
at pH 10 (data not shown). The NstcI enzyme showed the high-
est activity at 37 ◦C, following 12-h incubation at pH 9, and was
more stable in the pH range of 8–10. On the other hand, following
12-h incubation, StcI conserved its activity better at pH 9 than at
other pH values, while its stability was better in the pH range from
7 to 9.

3.4. Different chain-length specificity for recombinant enzymes
The NstcI esterase was able to hydrolyze all p-nitrophenyl syn-
thetic substrates evaluated showing higher activity than StcI in
all cases. The highest activity (366 U/mg protein) was observed
towards C2:0 chain-length p-nitrophenyl ester (p-NPA). In contrast,
StcI esterase was able to hydrolyze all p-nitrophenyl synthetic sub-
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Fig. 6. Dependence of enzyme activity on temperature. NstcI (�) and StcI (�). (a) Effect of temperature on esterase activity. (b) Effect of temperature on stability of the
enzyme. Effects were determined by the spectrophotometric method using 50 mM phosphate buffer, pH 7.5. Results are the mean of three replicates.

Table 1
A. nidulans esterase-mediated deacetylation of different compounds in 48 h at 37 ◦C.

Group Compound Acetylated
structure
(Fig. 8)

Melting point (◦C)
of acetylated
compound

m/z acetylated
compound (g/mol)

m/z deacetylated
compound (g/mol)

% conversion NstcI % conversion StcI

Phenols I Ferulic acid 1a 187 236 194 96 0
�-Naphthol 1b 113 186 144 100 100
TBHQ (tert-butyl
hydroquinone)

1c 49 250 N/H 0 0

Coumaric acid 1d 198 206 164 0 25
Hydroquinone 1e 50 194 110 100 98

Aliphatic alcohols II Phenyl ethanol 1f 105 164 122 0 30
Kojic acid 1g 75 226 184 75 0
�-Amyrin 1h 220 468 426 47 33
Dihydrocholesterol 1i 87 428 N/H 0 0

Flavonoids III Quercetin 1j 181 512 302 95 15
Hesperetin 1k 108 485 302 100 20
(+)Catechin 1l 102 500 290 100 63

44

N

s
p

3

s
N
a

F
(
t
o

(−)Epicatechin 1m 135

/H = no hydrolysis by StcI variants.

trates displaying the highest activity towards long chain-length
-nitrophenyl ester (p-NPS) (C18:0) (Fig. 7).

.5. Deacetylation profile
Compounds having a structure similar to VHA (the original sub-
trate of the enzyme) were tested as substrates for recombinant
stcI and StcI proteins. The structures of acetylated compounds
re shown in Fig. 8. The results indicate that both recombi-

ig. 7. Substrate preference. Substrate preference towards p-NP esters for NstcI
black) and StcI (light gray). Esterase activity on p-NPE was determined by the spec-
rophotometric method using 50 mM phosphate buffer, pH 7.5. Results are the mean
f three replicates.
4 290 60 23

nant enzymes, NstcI and StcI, have broad substrate specificity,
but their substrate affinities are different. The results are sum-
marized in Table 1, where the substrates are divided into three
groups.

Group I (phenols), consists of compounds having higher
structure similarity to VHA like p-NPA, �-naphthyl acetate and
hydroquinone acetate. They were deacetylated with high efficiency
(100%) by StcI and NstcI enzymes, as expected. This group includes
also hydroxycinnamic acids. A difference in hydrolysis of these
compounds was found: surprisingly, acetylated ferulic acid was
hydrolyzed efficiently only by NstcI (96%), while StcI was shown
to hydrolyze only acetylated coumaric acid (25%). In both cases,
antioxidant activity was recovered after deacetylation of the com-
pounds (data not shown). Hydrolysis of acetylated TBHQ was not
detected under our assay conditions.

Among the substrates found in group II, both enzymes
hydrolyzed �-amyrin with low yield. None of them hydrolyzed
dihydrocholesterol. Phenyl ethyl acetate was hydrolyzed only by
StcI with low yield (30%) and; interestingly, only NstcI hydrolyzed
kojic acid (75%). This hydrolysis product was not fully deacetylated
(data not shown). NMR analysis revealed that incomplete deacety-
lation was regioselective at position C5, which is the position

that is regarded as important for recovery of antioxidant activ-
ity [39], a behavior that was observed with the stable free radical
DPPH.

Flavonoids (group III) were efficiently hydrolyzed by NstcI
(95–100%), with the lowest yield observed for epicatechin (60%).



232 C. Peña-Montes et al. / Journal of Molecular Catalysis B: Enzymatic 61 (2009) 225–234

f acet

S
e
t
p
r

4

p
c
p
w
t
c
m
e
t
i
a
o
p
t
f
t
t
t

Fig. 8. Structures of compounds modified by NstcI and StcI. (1) Structure o

tcI deacetylated flavonoids less efficiently (15–20%), and the high-
st yield was found for catechin (63%). TLC experiments showed
hat the hydrolysis of quercetin produced different patterns of
roducts for each enzyme. Antioxidant activity of flavonoids was
ecovered after deacetylation (data not shown).

. Discussion

The structural models suggest that the active site of StcI is com-
letely accessible to the solvent, while that of NstcI is partially
overed by the additional residues at the N-terminus that builds up
art of a lid or an elaborate active site cleft. These findings, together
ith the differences in activity towards several substrates, confirm

hat one of the roles of the N-terminus in NstcI is to modulate or dis-
riminate substrate access to the active site. Thus, the lack of this
otif will modify the chemo-, regio- and stereospecificity of the

nzyme. In addition, this N-terminal motif may also play an essen-
ial role in stability. The hydrophobic surface exposed in StcI may
nduce protein aggregation as a result of hydrophobic interactions,
s we have seen on native gels. Above and beyond, the overall lose
f structure predicted for the StcI may dramatically reduce the core
acking of the molecule, which keeps the enzyme folded for long

ime. Differences in expression levels for both clones and slight dif-
erences in their response to pH and temperature changes support
his idea. Furthermore, yields for almost all acetylated products
ested and activity on typical esterase substrates were higher for
he NstcI form.
ylated compounds. (2) Structure of products obtained after deacetylation.

There were no reports about biochemical and catalytic prop-
erties StcI enzyme. It has been reported by Brown as a putative
lipase/esterase [1]. We have found that the NstcI variant is an
esterase, while the StcI as reported by Brown present lipase-like
features. This finding is strongly correlated with the role of the N-
terminus. Few investigations have been undertaken on the role
of N-terminal region in enzyme substrate specificity. Sayari et
al. found a shorter form of the 32 kDa lipase of Rhizopus oryzae
after storing the culture medium at 0 ◦C for several months. This
29 kDa lipase lacked 28 amino acids from the N-terminal region
and showed different regio- and stereoselectivity from the 32 kDa
form [40]. Mandrich et al. reported an interesting structural study
on the role of the N-terminus in the hormone sensitive lipase
family highlighting the importance of the cap domain in several
enzyme functions. They found different catalytic properties for a
mutant of a thermophilic esterase belonging to the hormone sensi-
tive lipase family, in which 35 amino acids from its N-terminal end
were removed. This 35-amino acid region formed a cap domain
that covered the active site in the wild type enzyme. They have
found that after the removal of a cap domain it was clear that
this deletion open the access to the active site and therefore
should favor activity against long chain triglycerides which con-
fers lipase-like features [41]. Interestingly, we have found also

differences in the hydrolysis of p-NPE after removal of residues
1–29 of NstcI as NstcI displayed the highest activity towards short
chain-length p-NFE (p-NPA) while StcI displayed the highest activ-
ity towards long chain-length p-NFE (p-NPS). Similar results were
obtained with ethyl esters with acyl group chain-lengths from
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4:0 to C16:0. Our results are in accordance with the previously
btained by Mandrich with other esterase. The structural model
or NstcI showed also this cap domain at the N-terminus cov-
ring the active site. Moreover, it has been reported that in the
ydrolase family of enzymes, insertions are commonly observed

n the canonical structure at the amino and carboxyl termini. Such
nsertions are believed to modulate the substrate specificity of the
nzyme [34]. NstcI has one predominantly helical, 29-amino acid
nsertion at the amino terminus ant it modulate substrate speci-
city.

In the case of phenols, it was clear that the presence the tert-
utyl group is a steric impediment for the hydrolysis, as the results
ere negative for both forms and in the absence of this, the hydrol-

sis was very efficient. Another important functional group is the
ydroxyl group in the case of ferulic and coumaric acids. Its absence

n coumaric hinders deacetylation by NstcI.
The yield percentages were generally higher for flavonoid com-

ounds, and in all cases, the complete form (NstcI) displayed more
ctivity. Interestingly, these compounds have at least three rings
bulky part), which have a structure similar to VHA, the substrate
n the biosynthetic via. As TLC showed different products for this
roup, the pattern of deacetylation needs to be determined. In TLC,
e could observe that this was different from C. antarctica.

In the case of aliphatic alcohols and phenols, the results were
ore heterogeneous for both enzymatic forms. As such, cholesterol

nd the TBHQ nucleus were not recognized by either. Amyrin is the
ulkier form, and this was hydrolyzed by both enzymes in similar
roportions. In order to clarify the differences in these behaviors, it

s important to carry out crystallization of the enzyme and perform
ocking experiments.

The difference in chemoselectivity of these enzymes may be
seful for biotechnological processes, and an interesting example

s the selectivity difference found between substrates of group II
hydroxycinnamic acids). This result strongly suggests that protein
ngineering may be used to modify the N-terminal segment of NstcI
o change the regio- or chemoselectivity of this or other enzymes.
n case of flavonoid deacetylation, an industrially important bio-
ransformation, where few enzymes capable of this function have
een reported, it must be noted that the products obtained with the
stcI form are comparable to those reported for C. antarctica lipase

16]. Assay conditions may be manipulated in order to increase
ields.

. Conclusions

We found an additional 29-amino acid N-terminal region of the
lready reported stcI gene. Predicted structural models suggested
hat this N-terminus modifies substrate access to the active site,
his was corroborated after experimental work; as we observed
ifferences in the hydrolysis of p-NPE, in chemoselectivity for
eacetylation of phenols, kojic acid and flavonoid esters and also in
egioselectivity for the deacetylation of kojic acid and flavonoids.
oreover, this region is also important for the stability of the

nzyme, as we have always obtained higher activity for NstcI pro-
ein and we observed slight differences in their response to pH and
emperature.
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