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The recently solved three-dimensional structure of
the thermophilic esterase 2 from Alicyclobacillus acido-
caldarius allowed us to have a snapshot of an enzyme-
sulfonate complex, which mimics the second stage of the
catalytic reaction, namely the covalent acyl-enzyme in-
termediate. The aim of this work was to design, by struc-
ture-aided analysis and to generate by site-directed and
saturation mutagenesis, EST2 variants with changed
substrate specificity in the direction of preference for
monoacylesters whose acyl-chain length is greater than
eight carbon atoms. Positions 211 and 215 of the
polypeptide chain were chosen to introduce mutations.
Among five variants with single and double amino acid
substitutions, three were obtained, M211S, R215L, and
M211S/R215L, that changed the catalytic efficiency pro-
file in the desired direction. Kinetic characterization of
mutants and wild type showed that this change was
achieved by an increase in k_,, and a decrease in K,,
values with respect to the parental enzyme. The M211S/
R215L specificity constant for p-nitrophenyl decanoate
substrate was 6-fold higher than the wild type. However,
variants M211T, M211S, and M211V showed strikingly
increased activity as well as maximal activity with
monoacylesters with four carbon atoms in the acyl
chain, compared with the wild type. In the case of mu-
tant M211T, the k. for p-nitrophenyl butanoate was
2.4-fold higher. Overall, depending on the variant and
on the substrate, we observed improved catalytic activ-
ity at 70 °C with respect to the wild type, which was a
somewhat unexpected result for an enzyme with already
high k_,, values at high temperature. In addition, vari-
ants with altered specificity toward the acyl-chain
length were obtained. The results were interpreted in
the context of the EST2 three-dimensional structure and
a proposed catalytic mechanism in which k&, e.g. the
limiting step of the reaction, was dependent on the acyl
chain length of the ester substrate.

Esterases, lipases, and cholinesterases belong to a superfam-
ily of phylogenetically related proteins with representatives in
the domains of Eukarya, Bacteria, and Archaea (1-6). These
proteins are divided into three groups based on their sequence
identity: the C group, which includes cholinesterases and fun-
gal lipases, the L group, which includes lipoprotein lipases and
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bacterial lipases, and the H group, named after the hormone-
sensitive lipase (HSL)! discovered by Holm et al. (7), which
comprises proteins showing sequence similarity with HSL.
Some years ago, Hemila et al. (2) reported a new gene from the
thermophilic strain Alicyclobacillus acidocaldarius, encoding a
protein of unknown function with sequence similarity to the
catalytic domain of mammalian HSL. The identification of
other related sequences allowed the definition of the H group.

We focused on this thermostable member of the family,
which we first identified in a crude extract of A. acidocaldarius
and named esterase 2 (EST2) (5). To study its structure-func-
tion relationships in detail, we overexpressed the functional
protein in Escherichia coli and purified and characterized the
recombinant enzyme, which was demonstrated to be a mono-
meric B-type carboxylesterase of about 34 kDa. The enzyme
displays an optimal temperature at 70 °C and remarkable tem-
perature stability with a half-life of 3 h at 75 °C. Maximal
activity was observed with para-nitrophenyl (pINP) esters with
acyl chains of six to eight carbon atoms (8). Residues belonging
to the catalytic triad were identified as Ser-155, Asp-252, and
His-282 (9). The information concerning the thermostability
within the esterase/lipase family was also interesting (10). To
further address this point, we cloned, overexpressed, charac-
terized, and constructed a model for the related esterase from
the archaeon Archaeoglobus fulgidus (6, 11).

Recently, Wei et al. (12) solved the structure of brefeldin A
esterase from the strain Bacillus subtilis, which turned out to
belong to the H group. This was the first member of the group
to be structurally characterized. More recently, we reported
(13) the crystal structure of EST2 complexed with a substrate
analogue solved by multiple wavelength anomalous diffraction
on a seleno-methionine derivative, at 2.6-A resolution. The two
structures revealed a common topological o/B-hydrolase fold,
which is well known among lipases (14-16). This fold is char-
acterized by a central, mixed B-sheet, flanked by helical con-
nections. Moreover, the catalytic center contains a triad of
amino acids (SH(D/E)) reminiscent of serine proteinases, which
is responsible for the nucleophilic attack on the carbonyl carbon
of the scissile ester bond. However, the two structures differ
from the canonical o/B-hydrolase fold because of the lack of the
helix aD and the presence of a cap that covers and protects the
active site (12, 13); therefore, the H group may well represent
a new family in contrast with a classification previously pro-
posed (17). Actually, in the ESTHER classification (18), the two
structures define the HSL family, which, to date, comprises
more than 64 members.

! The abbreviations used are: HSL, hormone-sensitive lipase; EST2,
esterase 2; pNP, p-nitrophenyl; CD, circular dichroism; IPTG, isopro-
pyl-B-D-thiogalactoside; PAGE, polyacrylamide gel electrophoresis.

This paper is available on line at http://www.jbc.org
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Structural investigations on EST2 were undertaken to study
its structure-function relationships in detail (13, 19, 20). Fur-
thermore, esterases are enzymes of considerable industrial po-
tential. According to a classical definition, esterases are lipo-
lytic enzymes that, unlike lipases, hydrolyze soluble fatty acid
esters without any interfacial activation (21, 22). The resist-
ance to denaturation of thermophilic enzymes coupled with
their ability to hydrolyze substrates that are insoluble at nor-
mal temperatures, makes thermostable lipases/esterases an
attractive alternative to mesophilic enzymes (23). Although a
few lipases have been so far reported from thermophilic
sources (24-26), detailed characterizations have still not
been performed.

The aim of this work was to obtain, through a combination of
site-directed and saturation mutagenesis, variants of the ther-
mophilic esterase with altered specificity, and in particular,
better specificity against esters whose acyl chains were larger
than eight carbon atoms. For the rational design of specific
mutations, we took advantage of the availability of the EST2
structure complexed with a HEPES molecule, covalently bound
to the active site Ser155. Although some variants were ob-
tained with changes in the desired direction, the most striking
result was the enhanced steady-state activity, depending on
mutation and on substrate, of all the variants at 70 °C.

EXPERIMENTAL PROCEDURES

Materials—p-Nitrophenyl (pNP) esters, Fast Blue RR, B-naphthyl
acetate, and B-naphthyl laurate were purchased from Sigma Chemical
Co. (St. Louis, MO).

Strains and Plasmids—E. coli Top 10 (Invitrogen, Carlsbad, CA) was
used as host for cloning whereas E. coli BL21(DE3) harbored the re-
combinant plasmids for gene expression. The expression vector utilized
(pT7-SCII-AG) was prepared starting from vector pT7-SCII-MG1 (8).
The est2 gene was amplified by using the pT7-SCII-MG1 vector, as
template, recombinant Tag DNA polymerase, and oligonucleotides est5’
(5'-GGCGACCCATATGCCGCTCGATCCC-3') and est3’ (5'-GCGCGA-
AGGGAAGATCCGCGCGTGTTCG-3') as forward and reverse primers,
respectively, in a 30-cycle polymerase chain reaction (1 min at 92 °C, 1
min at 55 °C, and 1 min at 72 °C). The amplification primer est5’ was
designed to introduce a Ndel restriction site (underlined) upstream
from the initiation site, whereas est3’ was located downstream from the
stop codon of EST2 and from a Smal restriction site located outside the
coding region. The PCR product, eluted from an agarose gel and di-
gested with Ndel and Smal, was ligated into the Ndel-Smal-linearized
expression vector pT7-SCII to create the pT7-SCII-AG construct. The
cloned fragment was completely sequenced on both strands using the
T7 DNA polymerase sequencing kit (Amersham Pharmacia Biotech,
Uppsala, Sweden) to verify that only desired mutations were introduced
during amplification. In this way, the est2 gene was expressed under
the direct control of the IPTG inducible promoter of the ¢$10 gene (27).

Mutagenesis, Cloning, and QOverexpression—Standard molecular
cloning techniques were utilized (28). The site-directed mutants pre-
sented in this study were prepared by the overlap extension method (29)
with the polymerase chain reaction. The plasmid pT7-SCII-AG (this
paper), a derivative of PT7-SCII-MG1 (8) was used as the template for
amplification reactions carried out with the Expand high fidelity PCR
system (Roche Molecular Biochemicals), using two end primers and two
complementary mutagenic primers for each site-specific mutation. The
sequences of the oligonucleotides used were as follows (mismatch sites
for site-directed mutagenesis are in boldface): M211T (+), 5'-CCTGA-
CCGGCGGCATGACGCTCTGGTTCCGGG-3"; M211T(—), 5'-CCCGG-
AACCAGAGCGTCATGCCGCCGGTCAGG-3'; R215L(+), 5'-GCTCTG-
GTTCCTGGATCAATACTTGAA-3'; R215L(—), 5'-TGTTCAAGTATTG-
ATCCAGGAACCAGA-3’; the oligonucleotides used for the saturation
mutagenesis were as follows: M211(+), 5'-CCTGACCGGCGGCATG(a-
tge)(atge)(ge) CTCTGGTT-3'; M211(—), 5'-GGAACCAGAG(ge)(atge)(at-
gc)CATGCCGCCGGTCA-3'. The two external oligonucleotides were:
Ser(+), 5'-TCGGCGGAGACGGCGCCGGAGGGAA-3’; Cter(—), 5'-TT-
GGATCCGCCTTTTGGTCAGG-3'. Each amplification reaction was
performed with 30 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C
for 1 min. The final amplified products were cut appropriately with
restriction enzymes, purified with an agarose gel-extraction kit (Quiaex
II, M-Medical), ligated into pT77-SCII-AG or pT77-SCII-AGM215L, and
linearized with the same restriction enzymes. The cloned DNA frag-
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ments were entirely sequenced to confirm the presence of the muta-
tion(s) and to rule out the possibility that replication errors were intro-
duced during amplification.

The ligation mixtures were used to transform E. coli Top 10. In the
case of site-directed mutants, selected colonies were grown for plas-
midic DNA preparation and mutations were confirmed by DNA se-
quencing. After IPTG-induced overexpression into E. coli BL21(DE3)
cells, partially purified enzymes were assayed with esters of different
acyl chain length (from 4 to 16). As regarding the saturation mutagen-
esis approach, a rapid screening on nitrocellulose filters was devised to
select variants with interesting phenotypes. Briefly, the colonies ob-
tained from plasmid transformation in E. coli Top 10 were replicated on
two nitrocellulose filters and tested for esterase activity on B-naphthyl
acetate or B-naphthyl laurate. The filters were subjected to three cycles
of freezing and thawing to obtain cell disruption. Released proteins
were fixed by 10-min incubation at 70 °C, and then filters were incu-
bated in a solution (100 ml) of 100 mMm Tris-HCI, pH 7.5, containing 5 mg
of B-naphthyl acetate or B-naphthyl laurate (dissolved in 0.5 ml of
methanol) and 25 mg of Fast Blue RR at room temperature. After 10-15
min of incubation, the reactions were stopped by rinsing with tap water.
The activity toward B-naphthyl acetate was adopted initially as control
of enzyme expression, whereas activity toward B-naphthyl laurate was
employed to identify mutants with altered specificity. Successively,
screening with B-naphthyl acetate was used to select mutants with
altered specificity toward esters with shorter acyl chains. The changed
selectivity was further controlled by spectrophotometric standard assay
at 70 °C. DNA sequencing of extracted DNA allowed to identify the
mutations. As a result, the mutants M211V, M211S, and M211S/R215L
were obtained.

E. coli BL21(DE3) cells were transformed with the constructs and
cultured at a large scale in 2 liters of Luria-Bertani (LB) medium
supplemented with 100 ug of ampicillin. Cells were induced with 1 mm
isopropyl-thiogalactopyranoside (IPTG) for 3 h at a cell density corre-
sponding to an optical density of 1 Agy, .- Thereafter, cells were har-
vested by centrifugation (13,200 X g, 4 °C, 10 min), washed with 25 mm
Tris-HCI buffer (pH 8.5)/2.5 mm MgCL,/0.5 mM EDTA and stored at
—20 °C.

Purification of the recombinant enzymes was performed as previ-
ously described for the wild type (8).

Enzyme Assays—The time course of the esterase-catalyzed hydroly-
sis of pNP esters was followed by monitoring of p-nitrophenoxide pro-
duction at 405 nm, in 1-cm path-length cells with a DU 600 spectro-
photometer (Beckman, Fullerton, CA). Initial rates were calculated by
linear least-squares analysis of time courses comprising less than 10%
of the total turnover.

Assays were performed at 70 °C in mixtures of 40 mm Na,HPO,/
NaH,P0,/0.09% (w/v) gum arabic/7.5% propan-2-ol (pH 7.1) containing
pNP esters at different concentrations. Stock solutions of pNP esters
were prepared by dissolving substrates in pure propan-2-ol. Protein
concentration was determined spectrophotometrically using an extinc-
tion coefficient of 43,300 M~ ' cm ! at 278 nm.

Kinetic Measurements—Initial velocity versus substrate concentra-
tion data were fitted to the Lineweaver-Burk transformation of the
Michaelis-Menten equation, by weighted linear least-squares analysis
with a personal computer and the GRAFIT program (30). Assays were
done in duplicate or triplicate, and results for kinetic data were mean of
two independent experiments.

The inhibition by HEPES (sodium salt) and by propan-2-ol was
evaluated by assaying EST2 activity in the standard assay in the
presence of three different inhibitor’s concentrations (0.2, 0.4, and 0.8 M
for HEPES; 0.39, 0.65, and 0.89 M for propan-2-ol) and different con-
centrations of pNP-hexanoate (range 12.5-300 um).

Electrophoreses—Electrophoretic runs were performed with a Bio-
Rad Mini-Protean II cell unit, at room temperature. 12.5% SDS-PAGE
was performed essentially as described by Laemmli (31). Gels were
stained with Coomassie Brilliant Blue G-250. Molecular mass markers
(Prestained SDS-PAGE Standard Broad Range, Bio-Rad) were: myosin
(205 kDa), B-galactosidase (120 kDa), bovine serum albumin (84 kDa),
ovalbumin (52 kDa), carbonic anhydrase (36 kDa), soybean trypsin
inhibitor (30 kDa), lysozyme (22 kDa), and aprotinin (7.4 kDa).

Circular Dichroism (CD)—Far-UV (190-250 nm) CD measurements
were performed in a spectropolarimeter model J-710 (Jasco, Tokyo,
Japan) at 50 °C under nitrogen flow. A cuvette (Helma, Jamaica, NY) of
0.1 cm path-length was used. Photomultiplier absorption did not exceed
600 V in the spectral region measured. A spectral acquisition spacing of
0.2 nm (1.0-nm bandwidth) was used. Each spectrum was averaged five
times and smoothed with Spectropolarimeter System Software version
1.00 (Jasco). Protein concentration of the samples was 0.10 mg/ml in 40
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Fic. 1. HEPES inhibition of wild type EST2. Shown is the Lin-
eweaver-Burk plot of EST2 activity measured in the concentration
range 10-160 puM of pNP-hexanoate in the presence of 0.2 M (O), 0.4 M
(), and 0.8 M () HEPES, at 70 °C. In the inset, the slopes of the three
lines were replotted against the inhibitor concentrations.

mM Na,HPO,/NaH,PO,, pH 7.1. To compare the thermal stability of
wild type and mutant enzymes, spectral acquisition were achieved in
the temperature range of 50-95 °C at 5 °C spacing. Moreover, the
ellipticity readings at A = 222 or A = 290 nm were continuously
monitored as the temperature was raised at 1 °C per min. The compar-
ison was based on the midpoint measurements through the first deriv-
ative transformation of the denaturation curves, which appeared
sigmoidal.

Near-UV (250-320 nm) CD measurements were performed at 40 °C
with a 1-cm path-length cuvette (Starna Brand, Essex, UK). Protein
concentration of the samples was 0.3 mg/ml in 40 mm Na,HPO,/
NaH,PO,, pH 7.1.

Structure Analysis—The visualization of EST2 structure (PDB file:
1EVQ; Protein Data Bank, Rutgers University, Upton, NY), the molec-
ular surface analysis, and the energy minimization to evaluate residues
substitution were carried out with the Swiss PDB viewer program
(Glaxo Wellcome Experimental Research).

RESULTS

HEPES Is a Competitive Inhibitor of EST2—The recently
solved three-dimensional structure of the A. acidocaldarius
EST2 revealed the fortuitous formation of a covalent adduct of
the active site Ser-155 with a HEPES molecule (13). Although
sulfonic esters, such as phenylmethylsulfonyl fluoride, are
known to be irreversible inhibitors of the enzyme (8), the above
finding was unexpected, because HEPES is a sulfonic acid and
therefore the mechanistic explanation for the adduct formation
remained elusive. To address this point, investigations were
carried out to verify whether or not HEPES (sodium salt) may
really be an EST2 inhibitor and thus whether the enzyme-
HEPES complex is actually an example of a mimic of the
second tetrahedral intermediate, corresponding to the de-acy-
lation step of the catalytic reaction. At saturating concentra-
tions of substrate pNP-hexanoate, high concentrations of
HEPES (up to 1 m) did not affect the EST2 activity. Moreover,
prolonged incubations of EST2 with HEPES (up to 12 h) had no
effect on its catalytic activity (data not shown). Fig. 1 reports
the Lineweaver-Burk plots of EST2 activity at three different
HEPES concentrations. In the insert, a re-plot of the slope of
each line against the respective inhibitor concentration is
shown. From this analysis it turned out that HEPES is a
competitive inhibitor of the enzyme with a calculate K; of 0.78 m.

Because the enzyme is able to catalyze the reverse reaction of
esterification in organic solvents (8), we could infer that the
finding in the crystals of a covalent adduct with HEPES was

Active-site mutants of EST2 from A. acidocaldarius

likely to be due to the particular conditions of “low water
activity” that the protein requires to crystallize. In these con-
ditions, the reverse reaction was favored, and therefore, a sta-
ble HEPES-enzyme complex could be formed. In this way, the
HEPES molecule should be regarded as a substrate analogue,
which was trapped as an acyl-enzyme intermediate on the
synthetic catalytic route. Thus, what we are looking at is the
first half of the reverse synthetic reaction, more than the sec-
ond half of the hydrolytic reaction, even though it is predictable
that the molecular recognition mechanisms of the acyl moiety
are the same in both cases.

Strategy for Protein Engineering—Fig. 2 schematically
shows the protein-ligand interactions with the sulfur atom
covalently bound to Ser-155 and its piperazine ethane moiety
fitting into a long hydrophobic tunnel closed at the end mostly
by the side chains of Met-211 and Arg-215. Detailed analysis of
the solvent-accessible surface of the EST2 structure revealed
the presence of two buried cavities, marked a and b, of 45 and
60 A3 respectively, nearby the active site (Fig. 2B). These two
cavities are constellated with polar and charged residues to
which water molecules are also hydrogen-bonded (Fig. 2C). In
particular, cavity B of 60 A3, located nearby the acyl binding
pocket, is the largest of the 16 cavities found in the EST2
structure, and it is surrounded by the following residues: Trp-
85, Asn-159, Ser-185, Gly-187, Tyr-188, Met-211, Phe-214, Arg-
215, Phe-230, Ser-231, Leu-254, and Val-257. Two water mol-
ecules, 20 and 57, are located inside the buried cavity and form
a network of hydrogen bonds with the surrounding residues. In
particular, Arg-215 forms hydrogen bonds through the NH, of
its guanidinium group to water molecules 20, 38, and 57; more-
over, another hydrogen bond is formed through NE of its side
chain with water 38 that, along with 51, forms a second pair of
water molecules involved in a network of hydrogen bonds with
surrounding residues. Among these residues, Tyr-188 appears
again. In contrast, Met-211 is not involved in hydrogen bonds,
but its side chain participates in closing the hydrophobic tunnel
at the bottom. We reasoned that a reduction in the steric
hindrance afforded by the side chains of Met-211 and Arg-215
and eventually their substitution with residues that increase
local hydrophobicity, could allow for a better binding of an ester
with longer acyl chain.

A visual inspection of a structural alignment in the H group
among EST2, the brefeldin A esterase, the A. fulgidus esterase,
the Moraxella TA144 lipase, the E. coli esterase, and the Au-
man hormone-sensitive lipase (13) indicated that the two
lipases of the H group held the charged residue glutamate and
the small residue glycine, respectively, in place of Met-211.
Both the hydrophobic residue leucine and the shortest residue
methionine were observed in place of Arg-215 in the Moraxella
TA144 lipase and human hormone-sensitive lipase, respec-
tively. We decided to mutagenize residues Arg-215 and Met-
211 to leucine and threonine, respectively, because lipases are
more specific for esters with longer acyl chains.

Site-directed Mutagenesis, Saturation Mutagenesis, and
Screening—The mutagenesis strategy adopted was to intro-
duce first leucine at position 215 and threonine at position 211,
by site-directed mutagenesis, and then to change the second
site by saturation mutagenesis, if either of the two former
substitutions was found to give the desired effect. To this end,
we prepared the expression vector pT7SCII-AG, as described
under “Experimental Procedures,” which contains the est2 gene
under the direct control of the IPTG-inducible promoter of the
$10 gene (29). The availability of this clone yielded an easier
way to handle the gene and to express the protein, which in the
previously described expression system (8) was produced under
the control of its own promoter.

810z ‘9z AInc uo 1s8nb Aq /B10°0g['mmmy/:dny wiouy pepeojumoq


http://www.jbc.org/

Active-site mutants of EST2 from A. acidocaldarius

Fic. 2. View of the EST2 active site
with the HEPES molecule. Shown in A
are the interactions of the HEPES mole-
cule (in pink) with surrounding residues
and, in particular, with Arg-215 and Met-
211 (in yellow), which close the acyl bind-
ing pocket. Also shown (in red) are the B
aromatic residues near the acyl binding
site. In B are shown the two cavities
nearby the active site (marked a and b).
Water molecules marked H located inside
the cavities and around the active site are
shown in C. Arg-215 is hydrogen-bonded
to water molecules 20, 57, and 38. Polar
residues are in cyan.

The Arg-215 and Met-211 residues were therefore changed to
leucine and threonine, respectively, by means of the overlap
extension method in PCR reactions (see “Experimental Proce-
dures” for details). After confirming the mutations by DNA
sequencing, the variant plasmids, together with the wild type
as control, were transformed into E. coli BL21(DE3) cells,
which were cultured in a small scale (100 ml) in LB-rich me-
dium and induced with 0.1 mm IPTG for 3 h at a cell density
corresponding to an optical density of 1 Agpp - The harvested
cells were disrupted with a French pressure cell, and after
ultracentrifugation the clear lysate was taken as the crude
extract. A preliminary screen for desired phenotypes was per-
formed by assaying the crude extracts partially purified by
thermo-precipitation of the E. coli protein at 70 °C for 15 min.
An analysis on SDS-PAGE (not shown) suggested that the
concentration of the two enzyme variants was comparable with
that of the wild type. Equivalent amounts of partially purified
extracts were assayed for esterase activity at 70 °C, with pNP
esters as substrates, varying the acyl-chain length from 4 to 16
carbon atoms. After this preliminary analysis, the single mu-
tant R215L was found to act better (about 2-fold increase in
Vmay) on esters with longer acyl chains (from 8 to 16 carbon
atoms: data not shown), than both the wild type and single
mutant M211T did. However, the mutant M211T displayed
different characteristics from the wild type and was retained
for further characterization (see below).

To further improve the phenotype obtained with R215L, we
attempted a saturation mutagenesis approach. To this end, we
took advantage of the availability of a filter assay for the rapid
screening of mutants produced (see “Experimental Proce-
dures”). The saturation mutagenesis was applied at position
211 to both the wild type and the R215L mutant. Clones were
selected based on the activity ratio on B-naphthyl acetate and
B-naphthyl laurate in the filter assay at room temperature,
picked up and treated as described above. Variants with higher
activity on B-naphthyl acetate were obtained, all derived from
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the wild type and displaying phenotypes similar to that of
M211T (mutants M211S and M211V). A double-mutant
M211S/R215L with a behavior slightly better than the single
mutant was also obtained from R215L (data not shown).
Purification of EST2 variants and wild type and structural
characterization by CD—The five variants and the wild type
est2 gene were transformed into E. coli BL21(DE3), cells were
cultured at a large scale (2 liters) in LB medium, and the
proteins were overexpressed and purified to homogeneity ac-
cording to a described procedure (Ref. 8 and data not shown).
The protein purity was checked by SDS-PAGE and found to be
more than 98% as shown in Fig. 3. The protein yield and the
chromatographic behavior for the variants was roughly compa-
rable with that of the wild type, and, because the proteins were
subjected to a thermo-precipitation step of purification, it was
inferred that the introduced mutations did not significantly
alter the three-dimensional structure of enzymes. In fact, it
cannot be ruled out that the observed activity’s increase was to
be ascribed to destabilization in the structure (see “Discus-
sion”). To ascertain the latter point, we compared the far (Fig.
4A) and near (Fig. 4B) UV spectra of the wild type and the five
variants by CD measurements. Their thermal denaturation in
the range 50-95 °C was monitored by the decrease in the CD
signal at A = 222 nm (Fig. 4C) and at A = 290 nm (Fig. 4, inset
of panel B). The far-UV spectra of variants were roughly su-
perimposable to the wild type spectrum, thus suggesting no
significant changes in the secondary structures. The near UV
spectra (Fig. 4B) showed no differences in the range 280-320
nm, although there were some differences in the 260- to
280-nm region for mutant M211S (red spectrum), and for mu-
tants R215L (green spectrum), and M211S/R215L (magenta
spectrum). The thermal denaturation of wild type EST2 (Fig.
4C) monitored by changes in the a-helix content had a sigmoi-
dal profile, with a temperature midpoint (see “Experimental
Procedures”) of 89.5 °C (inset of panel C) and without a com-
plete denaturation at 95 °C, in agreement with previous results

810z ‘9z AInc uo 1s8nb Aq /B10°0g['mmmy/:dny wiouy pepeojumoq


http://www.jbc.org/

37486
a b ¢ d e f

EST2 —|uw @& @ W w W

Fic. 3. SDS-PAGE of purified wild type EST2 and mutants.
Amounts corresponding to 2.5 pg of wild type EST2 (lane a) and 5.0 pug
of mutants R215L, M211S, R2151/M211S, M211T, and M211V (lanes b,
¢, d, and e, respectively) were loaded onto a 12.5% SDS-PAGE and
stained by Coomassie Brilliant Blue G-250.

(9, 19). However, we did not observe any significant change in
the thermostability of variants compared with the wild type
(Fig. 4, inset of panel C) except for the M211T (blue spectrum),
which displayed a temperature midpoint shifted of 1-2 °C to-
ward lower temperatures. The same results were obtained by
following the denaturation at A = 290 nm (Fig. 4, inset of panel
B and data not shown).

Kinetic Analysis of Wild Type EST2 and Variants at 70 °C—
The kinetic constants of wild type and variants were measured
against seven substrates and are reported in Table I. We pre-
liminarily checked the pH dependence and the thermophilicity
of all mutants and observed that these properties were un-
changed (70 °C and pH 7.1) compared with the wild type (as-
says with substrate pNP-hexanoate; data not shown).

Enzyme kinetic constants were measured by using pNP es-
ters of different acyl chain length. As reported previously (8),
wild type EST2 showed maximal activity with pNP-hexanoate
at 70 °C and pH 7.1.

Concerning the effect of mutations on &, we observed that
values for pNP-hexanoate slightly increased (for example, 30%
with M211T) or decreased (33 and 54% with the double mutant
and M211V, respectively). However, with other substrates the
effect was considerably more impressive. In the case of mutant
M211T, the k., for pNP-butanoate was 2.4-fold higher (5240
s™1) than with wild type with the same substrate (2180 s 1)
and even increased (1.5-fold) when compared with wild type
with its better substrate, pNP-hexanoate (3420 s™1). A similar
result was obtained with variants M211S and M211V, except
that the latter had the same behavior as M211T with pNP-
butanoate but not with pNP-hexanoate (1500 s~ 1). In the case
of mutant R215L, the activities with pNP-butanoate (3200 s™h
and pNP-hexanoate (3660 s 1) were comparable with the wild
type, but activity was substantially higher on longer sub-
strates. Notably, with C,,-C4 esters activity almost doubled.
The same result, an increase of ~2.5-fold in &,,, was obtained
with the double-mutant M211S/R215L on substrates C;5-Cyg.
It is worth noting that the described activity enhancements all
occurred at 70 °C, the optimal temperature for the enzyme
activity.

The analysis of the K,, values indicated that wild type affin-
ity for pNP-hexanoate was 20-fold higher than the previously
reported value (8). Because this value represents an assay
mixture without solvents and detergents, we argued that the
higher value found here was due to the presence of propan-2-ol
in the assay mixture. The use of this solvent was essential to
dissolve substrates and compare all enzymes in the same assay
conditions. The observation that higher K, values were ob-
tained essentially only for substrates with acyl chains of four
and six carbon atoms suggested a competitive effect toward the
acyl chain. To ascertain this point, the EST2 activity was
analyzed at three different concentrations of propan-2-ol and

Active-site mutants of EST2 from A. acidocaldarius

increasing concentrations of substrate pNP-hexanoate (Fig. 5).
It turned out that the propan-2-ol behaves as a competitive
inhibitor with an effect on K,, but not V., and the measured
K; was found to be 0.13 m. This experiment indicates that the
measured K, values shown in Table I are apparent values,
thus they cannot be used to draw conclusions about the differ-
ent substrate specificities and k., values, especially with
shorter substrates. However, we confirmed that, for the M211T
mutant, using pNP-butanoate as substrate, propan-2-ol still
acts as a competitive inhibitor (data not shown) and measured
a K, value of 73 um in its absence. This suggested a k.,/K,,
value of 42, which is about 1.4 times the value obtained for wild
type in “water only” (8).

It is evident that the inhibitory effect of propan-2-ol is less
severe, if at all, on longer substrates. In fact, the K,, measured
for wild type with pNP-octanoate (28.5 um) is lower than that
measured previously in “water only” (43 um (8)). If the above
reasoning is correct, then the catalytic efficiency (¢ ,/K,,) for
acyl chains with greater than six carbon atoms represents the
true enzyme preference for the substrate. As reported in Table
I, higher values were obtained for R215L with pNP-decanoate
and pNP-octanoate (2.3- and 1.8-fold the value of wild type with
pNP-octanoate, respectively) and for double-mutant M211S/
R215L with pNP-decanoate and pNP-dodecanoate (1.7- and
1.75-fold the value of wild type with pNP-octanoate, respective-
ly). However, it is worth noting that the specificity constant of
double-mutant M211S/R215L on substrate pNP-dodecanoate
displayed a 6-fold higher value than the wild type with the
same substrate.

EST2 Reaction Mechanism—To explain the above results,
knowledge of the EST2 reaction mechanism was thought to be
crucial. The general action mechanism of an esterase is shown
in Fig. 6. Shortly, the enzyme (£) combines with ester substrate
(S) to form the enzyme-substrate complex (ES), which is con-
verted into the acyl-enzyme (EA) upon release of the alcohol. In
the second part of the reaction, the attack of a nucleophile
(water or alcohol) and the release of the acyl moiety, as such or
as new ester, follow. If the alcohol release is the rate-limiting
step, then %, corresponds to k,. Alternatively, if the release of
the acid/ester is slow, therefore % ,, = k5. Because the muta-
tions are located at the acyl binding pocket, it is predictable
that they could affect the binding and/or the acid/ester release;
in this circumstance, k5 should be altered. However, we cannot
dismiss the possibility of a long range effect resulting in an
unusual binding of the pNP ester and an altered release of the
alcohol (e.g. k5 might also be affected). It was therefore vital to
ascertain the action mechanism of both wild type EST2 and the
mutants. The measurement of all the constants involved in the
multistep reaction mechanism was outside the scope of the
present paper, although it will be the subject of future work.
However, one simple way to get a general idea about the
reaction mechanism is to measure the pNP burst, which is
supposed to occur when the enzyme is added to the reaction
mixture before the onset of the catalytic reaction, provided the
release of the acid/ester is slow compared with the release of
the alcohol (32). Fig. 7 shows the results of such an experiment
for the wild type and M211T with pNP-butanoate, for the wild
type and R215L with pNP-decanoate, and for the wild type and
the double-mutant M211S/R215L with pNP-dodecanoate. The
pNP burst for the wild type was dependent on the substrate
used. In fact, the immediate release of pNP increased propor-
tionally to the concentration of the enzyme with pNP-butano-
ate, whereas with pNP-decanoate and pNP-dodecanoate, there
was almost no change with the increase of enzyme concentra-
tion. This suggests that, with short substrates, the rate-limit-
ing step is the acid/ester release (k, => kg). Given that with
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FIG. 4. Structural characterization by CD of wild type EST2 and EST2 mutants. A, far-UV CD measurements were performed in the
range 250—-190 nm, at 50 °C, and at a protein concentration of 0.10 mg/ml in 40 mm Na,HPO,/NaH,PO, buffer. Spectra colored gray, blue, green,
cyan, red, and magenta correspond to wild type, M211V, M211T, R215L, M211S, and R2151/M211S, respectively. B, CD measurements in the
near-UV range were performed in the range 300-250 nm, at 40 °C, in 40 mM Na,HPO,/NaH,PO, buffer, pH 7.1. The protein concentration was
0.3 mg/ml. The color code is as reported in A. In the inset the thermal denaturation curves of wild type EST2 and variants, which were monitored
by following the ellipticity change at A = 290 nm, in the conditions outlined in A and in the temperature range 50-95 °C, are reported. C, the
thermal denaturation of wild type EST2 and variants was monitored in the range 50-95 °C by reading the ellipticity change at A = 222 nm in the
conditions outlined in A. The color code is as reported in A. In the inset, the first derivative transformations of spectra were reported.

TABLE 1
Kinetic parameters of EST2 wild type and mutants

Data reported were mean of at least two experiments. The standard error was not higher than 5%.

Substrates
Enzymes Constants pNP- pNP- pNP- pNP- pNP- pNP- pNP-
butanoate hexanoate octanoate decanoate dodecanoate tetradecanoate exadecanoate

Wild type Fee (571 2180 3420 1960 950 390 105 21
K, (uMm) 760 220 28 18 19 31 42

keo/K,, (s tumh) 3.0 15 69 52 21 3.0 0.5

R215L Boe (571 3200 3660 3080 1670 705 232 35
K, (um) 750 90 25 11 21 22 31

koo /K, (s tum ) 4.0 41 126 158 34 10.5 1.1

M211S Bege (571 4230 3890 1855 860 350 105 15.6

K, (um) 1770 410 37 8.0 10 17 20.5

ke /K, (s tum ) 24 9.0 50 107 35 6.0 0.8

M211S/R215L Peas (871 2750 2300 1645 970 940 235 44
K, (uM) 1060 99 22 8.0 8.0 22 34

keodK,, (s 'um™ ) 3.0 23 75 116 120 11 1.3

M211T By (571 5240 (3040)* 4440 1740 626 110 40 8.3
K, (uMm) 1860 (73) 510 100 19 7.0 20 23

keo/K,, (s tumh) 3.0 (42) 9.0 17 33 16 2.0 0.4
M211V Pee (571 4000 1500 1376 465 112 27 7
K, (um) 1270 210 60 21 15 19 26

koo /K, (s tum ) 3.0 7.0 23 22 7.0 14 0.3

“ Numbers in parentheses refer to assays without propan-2-ol.

M211T and pNP-butanoate we get the same result as that
obtained with the wild type (same slope), we concluded that the
mechanism was unchanged. Therefore, the higher turnover
number of the mutant can be explained by an increase in the
rate of the acid/ester release (k5 = k,,), but this value should
remain very low with respect to the constant leading to the
alcohol release (k). The opposite scenario was observed with
substrate pNP-dodecanoate. The absence of a pNP burst with
the wild type and double-mutant M211S/R215L indicated that
the reaction mechanism, in this case, was limited by the alcohol
release. It is possible to imagine that the longer acyl chain in
some way constrains the pNP moiety of the ester in a different
binding mode that in turn results in a severe reduction in
alcohol release. Again in the mutant, the turnover number

increase should be ascribed to an increase in &, = k,, and, as
in the case of the short substrate, we should consider a high
difference in the values of the constants (k5 >> k).

The wild type behaves in the same way with substrate pNP-
decanoate. The mechanism is still governed by the alcohol
release, therefore &y, = k_,, << k5. Surprisingly, the result was
different with the mutant R215L. It seems that, in this case, a
switch occurs from the alcohol-controlled to the acid/ester-con-
trolled reaction mechanism. In other words, the rate of alcohol
release increases so that the mechanism becomes controlled by
the acid/ester release. We measured an pNP burst, but the
curve progression was not as steep as in the case of wild type
and M211T with pNP-butanoate, thus suggesting a lower dif-

ference between ky,* and ky*, with kg* = k., < ko* (the aster-
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Fic. 5. Propan-2-ol competitive inhibition of wild type EST2.
Shown is the Lineweaver-Burk plot of EST2 activity measured over the
concentration range 12.5-300 puM of pNP-hexanoate in the presence of
0.39 M (O), 0.65 M (o), and 0.98 M ((J), at 70 °C. In the inset, the slope
of each line is replotted against the respective inhibitor concentration.
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Fic. 6. General mechanism of catalytic esterase activity.
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Fic. 7. Instantaneous bursts of pNP measured after addition of
wild type, M211T, R215L, or M211S/R215L enzymes to the assay
mixture. Shown are the readings at 405 nm and at time zero of assay
mixtures containing pNP-butanoate, pNP-decanoate, or pNP-dodecano-
ate after the addition of indicated amounts of, respectively, wild type
EST2 (O) or M211T (4 ); wild type EST2 ((J) or R215L (M); and wild
type EST2 (A) or the double mutant M211S/R215L (A). Data were
corrected for the pNP release due to the onset of the catalytic activity
during the 4 s required to mix the enzyme with substrates and to read
absorption.

isks refer to the changed mechanism). Obviously, in the latter
case the situation should be k23* > k, to account for the higher
activity of the mutant.
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DISCUSSION

The accumulation of crystallographic data on thermostable
and hyperthermostable enzymes (33, 34), together with statis-
tic analyses (35-37) permitted by the rapid advancement of
genome sequencing projects, has substantially improved our
understanding of protein stability determinants. Academic cu-
riosity is now tackling the issue of the relationship among
stability/activity/flexibility of thermophilic proteins. The ques-
tion is whether enzymes are finely tuned in terms of stability-
lability so that this balance is crucial for function (38- 40). In
other words, is it possible to engineer thermal stability in
mesophilic enzymes without loosing catalytic activity or in-
crease the activity, at times low, of thermophilic enzymes at
low temperature, by preserving their thermal stability? The
answer is not clear-cut. Directed evolution studies on psychro-
philic and mesophilic enzymes (41-45) indicate that by accu-
mulating several mutations it is possible to increase stability
without sacrificing activity. The thermophilic thermolysin-like
protease from Bacillus stearothermophilus was made more
thermostable without any reduction in activity at 37 °C (46),
and the activity of indoleglycerol-phosphate synthase from Su!-
folobus solfataricus was improved at low temperature without
loosing stability (47). The same result was reported for the
ribonuclease H from Thermus thermophilus (48). However, in
the B-glucosidase from Pyrococcus furiosus (49), it seems that
stability and flexibility are highly optimized; in fact, mutants
with improved activity at low temperature proved to be less
stable. The same was found in the Thermobifida fusca exocel-
lulase (50). Similar results were reported for several thermo-
stable enzymes, which showed enhanced activity at low tem-
perature in the presence of structural perturbants such as
solvents or detergents, but at high temperature, they showed
no activation and, on the contrary, destabilization (51, 52).

There are very few reports of mutations that increase activ-
ity of a thermophilic enzyme at its optimal temperature. Data
reported in this paper indicate that, at least in this system,
there is still room to improve activity at the optimal tempera-
ture of the enzyme, and this is not correlated with overall
enzyme destabilization or changes in the temperature or pH
dependence of activity.

The most striking result of this mutational approach to the
study of the EST2 active site is the changes in substrate spec-
ificity afforded by single point mutations, as well as the in-
crease in the turnover number with respect to the parental
enzyme with some substrates and at high temperature.

Starting from an enzyme with preference for pNP-hexano-
ate, three mutants- M211S, M211T, and M211V- were ob-
tained, all displaying their maximal activity on pNP-butanoate
and probably, as demonstrated for M211T, similar %,/K,, for
this substrate compared with the wild type. In addition, en-
zyme variants R215L, M211S, and the combination of the two,
in the double-mutant M211S/R215L, showed increased activity
and specificity constants on longer acyl chains compared with
the wild type. The insertion of serine at position 211 was
selected twice, as single and double mutation, from the screen-
ing procedure adopted, thus indicating a prominent role of the
residue at this position for the specificity we screened for. The
general increase in all variants of the turnover number com-
pared with the parental enzyme was somewhat unexpected
given that all assays were carried out at 70 °C, which is the
optimal temperature for wild type activity, and a k.,, value of
3420 (6600 s~ ! in “water only” (8)) is already a remarkable
activity. For example, the acetylcholinesterase, a remote homo-
logue of EST2 (9), has a k., value of 16,000 s~ !, and is consid-
ered one of the most active enzymes known (53).

Having found variants with higher catalytic activity at high
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temperature, of which some had a change of substrate speci-
ficities, we were then faced with the problem of giving an
interpretation to the above results. The sites for performing
site-directed and saturation mutagenesis were chosen based on
a careful analysis of the EST2 active site (Fig. 14). Both the
side chains of arginine 215 and methionine 211 were found to
close the tunnel occupied by the HEPES molecule bound to the
active-site serine. Because these residues are part of a a-helix
(a7) and not of a loop, the k., increase cannot be interpreted as
a change in loop flexibility due to the introduced mutations, as
suggested for other enzymes in other works. For example, a
change in the flexibility of a loop near the active site was
demonstrated to be the motif of the activation at low temper-
ature of an indoleglycerol-phosphate synthase mutant from
Sulfolobus solfataricus (47). In addition, the change in a flexi-
ble loop was hypothesized to represent an enhancement of the
exonuclease activity in a DNA polymerase mutant from Ther-
mococcus aggregans (54).

The choice of positions for mutations insertion into EST2 was
made based on the above-cited considerations on sequence com-
parison with lipases as well as the observed interactions of
Arg-215 and Met-211 with the HEPES inhibitor. It is therefore
predictable that the observed effects occurred due to an inter-
ference with the binding mechanism and/or the release of the
acyl/ester moiety to/from the active site. Arg-215 was mu-
tagenized in the hydrophobic and smaller residue leucine. The
mutation of arginine into leucine could have an effect on the
bond water, because the side chain of arginine is connected
through hydrogen bonds to water molecules 20 and 57 (both
placed inside cavity b), and by two hydrogen bonds with a
second couple of water molecules (38 and 51) nearby. This
interpretation also stems from the analysis of the near-UV CD
data. The double-mutant M211S/R215L and the M211S mu-
tant spectra deviate from the wild type spectrum, especially in
the 260- to 280-nm range. A minor effect was observed for
R215L. Excluding the contribution of disulfide bonds that are
absent in EST2, in the above-cited region the bands of pheny-
lalanines, tyrosines, and tryptophans overlap. If conforma-
tional effects are related only to the active site as suggested by
structural and kinetic data, it should be observed that Trp-85,
Tyr-188, and Phe-214 participate in forming cavity b (Fig. 2B).
In particular, with its OH group and backbone O, Tyr-188
forms two hydrogen bonds with water molecules 38 and 51,
respectively. In addition, Trp-85 is located very close to Arg-
215, whereas Met-211 is next to Phe-214. It is conceivable that
mutations affecting the binding of water molecules could
switch the lateral chains of these residues, and Tyr-188 in
particular, to less symmetric environments (e.g. more rigid),
thus resulting in the observed enhancement of the CD signal in
the near UV.

The arrangement of buried cavities constellated with polar
and charged residues bound to ordered water molecules found
in EST2 is reminiscent of similar findings in a group of fungal
lipases (55). Two hypotheses were made to explain the role of
these unusual buried polar clusters. Some authors (56) have
suggested they were involved in the catalytic activity to supply
a pool of water molecules for the nucleophilic attack in the
second stage of the hydrolytic reaction. Others (55) have spec-
ulated that these structural anomalies were related to the
interfacial activation mechanism and in particular to the sta-
bilization of the enzyme in the lipid-bound form. Given that
EST2 acts primarily on substrates in solution and does not
show any interfacial activation, the former hypothesis is likely
to be the least appropriate to explain the presence of some
buried cavities nearby the active site. The a cavity could better
fulfill this role, because it is located more closely to the tetra-
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hedral intermediate. However, the mutation does not nega-
tively affect the catalytic activity, as shown here. Because the
arginine is not conserved in the H group but is substituted by
smaller residues, it is also unlikely that these water molecules
are involved in the hydrolysis of the acyl-enzyme complex.
Finally, a molecular modeling approach for the evaluation, by
energy minimization in the absence of water, of the effect of the
arginine substitution in leucine indicates (data not shown) a
dramatic reduction in this cavity. Considering all of this, we
hypothesize that this cavity has a role in the EST2 substrate
specificity. In particular, through water displacement and fill-
ing of the cavity, it could allow for the binding of a number of
different substrates. In fact, a common characteristic of car-
boxylesterases is their broad range of specificity. In the mu-
tant, the reduction in size of this cavity and possibly of the
number of bound-water molecules, together with the reduction
in the side-chain length at position 215 and the increase in its
hydrophobicity, could result in a better binding of esters with
longer acyl chains. This hypothesis is supported by the de-
crease in the K,, values for substrates with longer acyl chains
for the R215L mutant. The better binding at the acyl site can
result, as hypothesized above, in a less constrained binding of
the alcohol moiety at the alcohol-binding site, thus allowing a
higher %,,, with respect to the wild type. To explain the higher
activity of variants mutated at position 211 toward substrates
with shorter acyl chains, the above-cited suggestion of a mech-
anism controlled by the acid/ester release, provided a plausible
explanation. In actual fact, if the methionine has a steric hin-
drance versus the acid/ester release, then substitution with
residues with shorter side chains could allow for a better re-
lease of the acid/ester and consequently for higher %, values.
The K,, values again are lower than in the wild type starting
from pNP-decanoate. In the double mutant, the latter effect is
synergic with the reduced steric hindrance and the major local
hydrophobicity allowed by the substitution of a charged residue
with a hydrophobic one, providing an explanation for the
higher specificity found with longer acyl chains starting from
decanoate.

The results reported in this study provide experimental sup-
port to the idea that the activity of some enzymes must to be
reduced at high temperature, to cope with the metabolism of
the microorganisms (57) and that the modern approach of
evolution in the “test tube” could allow for the production
of such variants, which nature has selected against. This is also
the first report on a mutational analysis of the active site of a
thermophilic esterase and a member of the HSL family, which
could represent a comparative basis for the study of the med-
ically important human homologous HSL (58). By single mu-
tations at the active site, we were able to simultaneously
change specificity and improve activity of a thermophilic ester-
ase without changing its thermophily and thermostability. The
results obtained are intriguing from both an academic and
biotechnological point of view.
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