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The reaction mechanism of the esterase 2 (EST2) from
Alicyclobacillus acidocaldarius was studied at the ki-
netic and structural level to shed light on the mecha-
nism of activity and substrate specificity increase pre-
viously observed in its double mutant M211S/R215L. In
particular, the values of kinetic constants (k1, k�1, k2,
and k3) along with activation energies (E1, E�1, E2, and
E3) were measured for wild type and mutant enzyme.
The previously suggested substrate-induced switch in
the reaction mechanism from kcat � k3 with a short acyl
chain substrate (p-nitrophenyl hexanoate) to kcat � k2
with a long acyl chain substrate (p-nitrophenyl dode-
canoate) was validated. The inhibition afforded by an
irreversible inhibitor (1-hexadecanesulfonyl chloride),
structurally related to p-nitrophenyl dodecanoate, was
studied by kinetic analysis. Moreover the three-dimen-
sional structure of the double mutant bound to this in-
hibitor was determined, providing essential informa-
tion on the enzyme mechanism. In fact, structural
analysis explained the observed substrate-induced
switch because of an inversion in the binding mode of
the long acyl chain derivatives with respect to the acyl-
and alcohol-binding sites.

Esterase 2 (EST2)1 from the thermophilic eubacterium Ali-
cyclobacillus acidocaldarius is a thermostable serine hydrolase
belonging to the hormone-sensitive lipase family of the ester-
ase/lipase superfamily (1–3). Members of this family are ubiq-
uitous (see the ESTHER database), comprise true lipases and
amidases other than carboxylesterases, and are still poorly
characterized. For some of them a role in lipid catabolism or
detoxification has been proposed (4, 5).

EST2 hydrolyzes monoacyl esters of different acyl chain
length, triglycerides of short acyl chain, and different com-
pounds of pharmacological and industrial interest (3, 6). The
est2 gene has been overexpressed in Escherichia coli, and the
protein, a monomeric B-type carboxylesterase of about 34 kDa,
was purified and characterized. The enzyme displays an opti-
mal temperature at 70 °C and maximal activity with p-nitro-
phenyl (pNP) esters having an acyl chain of six to eight carbon
atoms (3). Biochemical and mutagenic studies have allowed the
identification of residues of the catalytic triad and oxyanion
hole (7).

The EST2 crystal structure was recently solved by our group
as a covalently bound Hepes adduct (8), thus making it possible
to obtain an unambiguous view of the active site and to detect
the binding pockets for the acyl and alcohol chains of the ester
substrate. On the basis of these structural data, EST2 variants
with preferential specificity toward monoacyl esters with acyl
chain length greater than eight carbon atoms were designed
and generated by site-directed and saturation mutagenesis (9).
M211S and R215L mutants and M211S/R215L double mutant
were obtained, all having the desired properties in a mixed
propan-2-ol/water medium (9). In particular, a 6-fold increase
of the specificity constant of the double mutant for pNP-dode-
canoate was observed; this effect was ascribed to a parallel
increase in substrate affinity (decreased Km) and catalytic ac-
tivity (increased kcat). Interestingly no changes in the temper-
ature optimum and thermostability were measured for these
mutants (9). In addition, preliminary kinetic results suggested
a surprising inversion of the reaction mechanism, depending on
the length of the ester acyl chain.

With the aim to better characterize the reaction mechanism
of these enzymes and to give an explanation of the observed
activation effect, these properties were further analyzed both
at the kinetic and structural level. The three-dimensional
structure of double mutant complexed with a long acyl chain
sulfonyl derivative was solved providing a structural explana-
tion of the enzyme kinetic behavior.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were reagent grade. pNP-dodecanoate, p-
nitrophenyl dodecyl ether, and 1-hexadecanesulfonyl chloride were pur-
chased from Sigma.

Overexpression and Purification of Enzymes—Wild type and double
mutant constructs were used for cell transformation and protein over-
expression as reported previously (9). Purification of the recombinant
enzymes was performed as described previously for the wild type (3, 9).
The purified proteins were stored at 4 °C in 25 mM Tris/HCl, pH 8.3, 2.5
mM MgCl2, 0.5 mM EDTA.

Covalent Binding of 1-Hexadecanesulfonyl Chloride—1-Hexadecane-
sulfonyl chloride (HDSC) dissolved in pure ethanol was incubated over-
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night at 4 °C with M211S/R215L in a molar ratio of 3:1. After incuba-
tion the protein sample was loaded onto a gel filtration column
(Sephadex G-25, Sigma) to eliminate the unreacted inhibitor. The co-
valent adduct of HDSC with the enzyme was assayed to verify the
complete loss of esterase activity. Thereafter the purified complex was
concentrated to 4 mg ml�1 and crystallized at 22 °C.

Enzyme Assays—The time course of the esterase-catalyzed hydroly-
sis of pNP-dodecanoate was followed by monitoring p-nitrophenoxid
production at 405 nm in 1-cm path length cell with a CARY 100 Scan
spectrophotometer (Varian). Initial rates were calculated by linear
least-squares analysis of time courses comprising less than 10% of the
total turnover.

Esterase assays were performed at 70 °C in 40 mM Na2HPO4/
NaH2PO4 buffer, pH 7.1, containing 4% (v/v) acetonitrile and pNP-
dodecanoate at different concentrations. A stock solution of pNP-dode-
canoate was prepared by dissolving substrate in pure acetonitrile.

Kinetic Measurements and Analysis—Initial velocity versus sub-
strate concentration data were fitted to the Lineweaver-Burk transfor-
mation of the Michaelis-Menten equation by weighted linear least-
squares analysis with a personal computer and the GRAFIT program
(10). Assays were done in duplicate or triplicate, and values for kinetic
data were the mean of two independent experiments.

Steady-state rate constants in Scheme 1 are related to the experi-
mental values of Km and kcat by the following equations.

kcat � k2k3/k2 � k3 (Eq. 1)

s � kcat/KM � k1k2/k�1 � k2 (Eq. 2)

Km � k3�k�1 � k2�/k1�k2 � k3� (Eq. 3)

In this system there are four independent rate constants (k1, k�1, k2,
and k3) that define two independent Michaelis-Menten parameters (Km

and s), and thus it is not possible, from experimental measurements, to
resolve the individual steps of the catalytic mechanism (Scheme 1). For
this reason we used a method introduced by Di Cera and co-workers
(11) to determine the individual rate constants in the kinetic mecha-
nism. The method exploits the temperature dependence of s and kcat in
Equations 1 and 2. The temperature dependence of a rate constant
obeys the Arrhenius low,

k � k0exp� � E/R�1/T � 1/T0�� (Eq. 4)

where E is the activation energy associated with the rate constant k, R
is the gas constant, T is the absolute temperature, and k0 is the value
of k at the reference temperature T0 � 298.16 K. Substitution into
Equations 1 and 2 make it possible to relate the measurement of s and
kcat as a function of temperature to the rate constants and related
activation energies (11). Resolution of the system, and opportunely
made simplifying assumptions (see Ref. 11 and “Results”), allowed the
calculation of all parameters.

Determination of Ki and ki for 1-Hexadecanesulfonyl Chloride by
Time-dependent Inactivation—HDSC was dissolved in ethanol at a
concentration of 5 mM and subsequently diluted to 1 mM in 40 mM

sodium phosphate, pH 7.1.
Samples of EST2 or M211S/R215L double mutant (final concentra-

tions, �90 �g/ml) in 40 mM sodium phosphate, pH 7.1, were incubated
in the presence of several concentrations of HDSC. At each time inter-
val, aliquots were removed from the inactivation mixture, opportunely
diluted in 40 mM sodium phosphate, pH 7.1, and immediately assayed
in 1 ml of 160 �M p-nitrophenyl caproate in 40 mM sodium phosphate,
pH 7.1, 4% (v/v) acetonitrile at 30 °C.

The rate constant at each inactivator concentration, kobs, was deter-
mined by plotting the logarithm of the fraction of remaining active
enzyme against time. Ki, the dissociation constant, and ki, the rate
constant for inactivation, were calculated by a non-linear regression fit
(GRAFIT program, Ref. 10) of the observed rate constants to the fol-
lowing expression.

kobs �
ki�I	

Ki � �I	
(Eq. 5)

Binding Studies—The affinity of pNP-dodecyl ether was measured
by following the variation of intrinsic fluorescence of the M211S/R215L
mutant enzyme upon ether binding. All fluorescence measurements
were performed in 20 mM phosphate buffer and 4% (v/v) acetonitrile at
25 °C on a Jasco FP 777 spectrofluorometer. Aliquots of the inhibitor
were added to the enzyme solution (0.015 mg ml�1), and fluorescence
was measured at 339 nm with excitation at 295 nm. After appropriate

corrections for buffer and dilution, experimental binding points were
fitted to a hyperbolic curve by the GRAFIT program (10). The stock
solution of pNP-dodecyl ether was prepared in pure acetonitrile.

Crystallization and X-ray Data Collection—Crystals of M211S/
R215L-HDSC complex were grown using the hanging drop vapor diffu-
sion method setting up 2 �l of complex solution mixed with 2 �l of
reservoir solution consisting of 2 M ammonium sulfate, 0.1 M Tris buffer
(pH 8.5). Crystals of 0.1 
 0.2 
 0.2 mm3 were grown in 2 weeks.
Crystals belong to the space group P41212 with unit cell dimensions a �
b � 85.19 Å and c � 103.58 Å with one complex per asymmetric unit.

A complete data set was collected at 2.3-Å resolution from a single
crystal, flash cooled at 100 K from precipitant solution containing 10%
(v/v) glycerol, on a MAR Research image plate system at the European
Molecular Biology Laboratory beam line X13 at Deutsches Elektronen
Synchrotron, Hamburg, Germany.

Diffracted intensities were processed using the HKL crystallographic
data reduction package (12). Data processing statistics are given in
Table IV.

Structure Determination and Refinement—The structure of the
M211S/R215L-HDSC complex was solved by molecular replacement
(13). The x-ray structure of the carboxylesterase (EST2) from A. acido-
caldarius (Protein Data Bank code 1EVQ) (8) was used as the molecular
replacement search model. The rotation and translation functions were
calculated using data between 15.0- and 3.5-Å resolutions. The one body
translation search, using centered-overlap function, on the first 50
rotation solutions led to a single solution with a correlation coefficient
of 60.9 and an R-factor of 0.388.

The electron density maps calculated at this stage of the refinement
showed prominent electron density features in the active site region.
After an initial refinement, limited to the enzyme structure (R-factor,
0.233; Rfree, 0.267), a model for the HDSC covalently bound to Ser155

was easily built and introduced into the atomic coordinates set for
further refinement, which proceeded to convergence with continuous
map inspection and model updates. The refinement was carried out
with the program CNS (14), while model building and map inspections
were performed using the program O (15). The final crystallographic
R-factor and Rfree values calculated for the 16,467 observed reflections
(in the 20.00–2.30-Å resolution range) were 0.174 and 0.216, respec-
tively. The statistics for refinement are summarized in Table IV. Coor-
dinates and structure factors have been deposited with the Protein
Data Bank (accession code 1QZ3).

Molecular Modeling—All calculations and graphical analyses were
run on a Silicon Graphics workstation. The INSIGHT/DISCOVER pro-
gram (Biosym Technologies) was used to perform energy minimization
at pH 7.0 using the CVVF force field. In all simulations, Arg and Lys
side chains were positively charged, whereas Glu and Asp side chains
were negatively charged. Energy minimization was carried out using
the conjugate gradient algorithm. These procedures were stopped when
the maximum derivative was 0.01 kcal/mol.

RESULTS

Substrate-induced Switch of Catalytic Mechanism

In a previous study, kinetic constants for wild type EST2 and
mutant M211S/R215L were measured in the presence of pro-
pan-2-ol, which was demonstrated to be a competitive inhibitor
for the enzyme (9). Since propan-2-ol could work as a nucleo-
phile stronger than water, thus interfering with the reaction
mechanism and complicating the interpretation of kinetic re-
sults, we first remeasured the kinetic parameters of these
enzymes in the presence of acetonitrile as reported in Table I.
The analysis of the specificity constants showed a 4-fold in-

TABLE I
Kinetic parameters of EST2 wild type and variants (9) on

pNP-dodecanoate as substrate dissolved in acetonitrile 4% (v/v)
Data reported were the mean of at least two experiments. The S.E.

was not higher than 5%. Assays were performed at pH 7.1. wt, wild
type.

Enzyme kcat Km kcat/Km

s�1 �M
�1 �M

�1 s�1

EST2 wt 340 � 4 4.3 � 0.6 78 � 8
M211S 350 � 3 2.4 � 0.3 146 � 10
R215L 705 � 3 4.6 � 0.3 153 � 9
M211S/R215L 940 � 5 3.4 � 0.5 276 � 12
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crease for M211S/R215L and a 2-fold increase for M211S or
R215L with respect to wild type. These data confirmed the
results obtained previously (9).

The general mechanism of an esterase reaction is shown in
Scheme 1. One simple way to get an 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. In
Fig. 1 we report the same experiment performed for wild type
EST2 and double mutant with the best substrate for wild type,
namely pNP-hexanoate, and with the best substrate for double
mutant, namely pNP-dodecanoate. In the case pNP-hexanoate,
immediate release of pNP increased proportionally to the con-
centration of both enzymes, whereas with the pNP-dodecano-
ate almost no change with the increase of enzyme concentra-
tion was observed. This suggested that, with short substrates,
the rate-limiting step is the acid/ester release (k2 �� k3 and
kcat � k3). The opposite scenario was observed with substrate
pNP-dodecanoate. In fact, the absence of a pNP burst with
wild type and double mutant M211S/R215L indicated that
the reaction mechanism was limited by the alcohol release
(k3 �� k2 and kcat � k2). Again these data confirmed our
preliminary findings that a switch seems to occur in the
rate-limiting step of the reaction induced by the acyl chain
length of the ester substrate.

Measurement of All Individual Kinetic Constants
for the EST2 Mechanism

To measure all constants (k) and activation energies (E)
involved in the multistep hydrolytic reaction, the temperature
dependence of kinetic constants Km and Vmax (Table II) was
analyzed according to the methodology proposed by Ayala and
Di Cera (Ref. 11 and see “Experimental Procedures”). This
method does not require solvent perturbation parameters (i.e.
viscosity changes or solvent isotope effects) that often affect
the substrate-enzyme interaction. It is based on the consid-
eration that the specificity constant s and kcat are temperature-
dependent entities; this dependence obeys the Arrhenius law.
By measuring these constants at different temperatures it is
possible to derive all the rate constants (k) associated with
the single steps and the relative activation energies (E).
Apart from its simplicity and accuracy, it was also interesting
to ascertain the behavior of this method with a thermophilic
enzyme.

As reported in Table II, Km values for substrate pNP-dode-
canoate were similar in the mutant with respect to the wild
type; this finding was true irrespective of the temperature used
for the assay. In addition, the Km values rose steadily with
increasing temperature, showing almost a doubling going from
25 to 77.5 °C. The kcat values instead showed a difference of
2.5–3-fold in the overall temperature range for the mutant with
respect to wild type. Data were replotted in Fig. 2, A and B, as
Arrhenius plots. From the slope of these curves it was possible
to calculate k1,0, E1, k2,0, and E2 by assuming that the mecha-
nism with longer substrates is rate-limited by k2. Unfortu-
nately, due to technical difficulties that prevented the accurate
measurement of kinetic parameters at high temperatures (such
as enzyme instability in aqueous acetonitrile and high back-
ground for substrate), it was not possible to draw the plot of log

s against 1/T over 70 °C where information on k�1,0 and k3,0

should be gathered (11). To obviate to this difficulty we ex-
ploited the availability of an ether analog of substrate pNP-
dodecanoate. This compound was able to inhibit the activity of
M211S/R215L at a non-saturating concentration of pNP-dode-
canoate, whereas no inhibition was observed with non-saturat-
ing concentrations of pNP-hexanoate. Moreover short chain
pNP-ethers were able to compete with pNP-hexanoate (data

SCHEME 1

FIG. 1. Instantaneous ‘bursts‘ of pNP measured after addition
of wild type or M211S/R215L enzymes to the assay mixtures.
Shown are the readings at 405 nm and at zero time of assay mixtures
containing pNP-hexanoate (C6) or pNP-dodecanoate (C12) after the ad-
dition of the indicated amounts of wild type (empty circles for C6 and
empty squares for C12) or M211S/R215L (filled circles for C6 and filled
squares for C12). 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 substrate and to read the absorption.

TABLE II
Temperature dependence of M211S/R215L

and EST2 kinetic parameters
Assays were performed with substrate p-nitrophenyl dodecanoate in

40 mM phosphate buffer, pH 7.1, and 4% acetonitrile (v/v).

Temperature Specific activity kcat Km kcat/Km

°C units/mg s�1 �M �M
�1 s�1

M211S/R215L
25 133 76 2.3 � 0.1 33
30 178 103 2.5 � 0.1 41
35 240 138 3.0 � 0.2 46
45 370 212 3.1 � 0.2 68
55 787 452 3.2 � 0.2 141
65 1465 842 3.2 � 0.2 270
70 1747 940 3.4 � 0.5 276
72.5 1650 950 3.6 � 0.4 264
75 1435 825 3.8 � 0.4 217
77.5 1415 810 4.0 � 0.3 203

EST2
25 51 30 3.0 � 0.4 10
30 63 37 2.8 � 1.5 12
35 76 45 3.5 � 0.15 14
45 155 85 3.9 � 0.3 21
55 207 118 4.0 � 0.2 29
65 340 205 4.1 � 0.35 50
70 600 340 4.3 � 0.6 78
72.5 580 333 4.6 � 0.5 72
75 570 327 4.7 � 0.3 70
77.5 580 333 4.9 � 0.2 68
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not shown). We observed a dose-dependent tryptophan fluores-
cence increase at 339 nm when the substrate analog was added
to the wild type or the M211S/R215L protein. The saturation
curves (Fig. 3) allowed KD values of 0.320 and 0.395 �mol s�1

for the wild type and double mutant, respectively, to be calcu-
lated. From these values, since k1,0 was available, it was pos-
sible to calculate k�1,0. The k3,0 values were easily obtained
from the Equation 3 of Km (see ‘Experimental Procedures‘) and
their experimental values at 25 °C together with E3 values
from the temperature dependence of kcat according to Equation
4. Finally the E�1 values were obtained from the temperature
dependence of log s at high temperature (Equation 4) and from
the consideration that the point at 70 °C should belong to both
the curve with slope �E1/R and with slope (E�1 � E1 � E2)/R
(11). In Table III we report all the computed values.

Kinetic Analysis of Inhibition with HDSC

EST2 is sensitive to the action of alkylsulfonyl chlorides (3).
These inhibitors, as already observed for other lipases and
esterases (16, 17), irreversibly inactivate the enzyme generat-
ing an analog of the second intermediate of the reaction path-
way (Scheme 1). To start crystallographic trials with the co-
valently modified species, we performed a study of kinetic
inactivation of double mutant with HDSC (Fig. 4). Incubation
of wild type EST2 and M211S/R215L with HDSC resulted in
time-dependent inactivation according to pseudo-first-order ki-
netics (Fig. 4, A and C). The reciprocal replot of these slopes
(kobs) against inhibitor concentration is shown in Fig. 4, B and
D. Values for inactivation parameters for wild type EST2 (ki �
0.013 s�1 and Ki � 0.35 �M) and for M211S/R215L double
mutant (ki � 0.020 s�1 and Ki � 0.55 �M) were obtained by a
non-linear regression analysis of the data.

Crystallographic Studies

To provide a detailed structural explanation of the kinetic
data measured for EST2 and its single and double mutants
with long acyl chain esters, the high resolution structure of
M211S/R215L complexed with HDSC was solved by x-ray dif-
fraction studies. The protein complex was prepared and crys-
tallized as described under “Experimental Procedures.”

Quality of the Model and Overall Structure—The structure
of the complex M211S/R215L-HDSC was solved by molecular
replacement (AmoRe) (13) using the x-ray structure of EST2
(8) as a starting model. The complex structure was refined
using the CNS program (14) to a crystallographic R-factor of

17.4% and an Rfree of 21.6% in the 20.0–2.30-Å resolution
range.

The final model consisted of 2431 non-hydrogen atoms, in-
cluding the HDSC molecule covalently bound to the catalytic
serine and 253 water molecules. Poor electron density was
observed for the first two N-terminal residues. The refined
structure presented a good geometry with root mean square
deviations from ideal bond lengths and angles of 0.008 Å and
1.53°, respectively. The average temperature factor (B) for all
atoms was 27.68 Å2. The stereochemical quality of the model
was assessed by Procheck (18). The most favored and addition-
ally allowed regions of the Ramachandran plot contained 91.1
and 7.8%, respectively, of the non-glycine residues. The statis-
tics for refinement are summarized in Table IV.

As expected, the three-dimensional structure of M211S/
R215L within the complex was very similar to that of EST2
observed in the complex with the Hepes molecule. When su-
perimposing all the mutant C� atoms with those of native
protein a root mean square deviation of 0.55 Å was calculated.
The largest deviations were localized in the protein region
Ser33–Pro38, which appeared disordered in EST2 and with well
defined electron density maps in the complex under investi-
gation. Focusing our attention on the protein region encom-
passing the two mutations, we observed that the two models
superimposed well, and no structural rearrangements were
found. In both structures, residues 211 and 215 were well
defined in the electron density maps and constituted part of
the acyl-binding pocket (8). Finally the catalytic triads dis-
played geometry virtually indistinguishable within the ex-

FIG. 2. Arrhenius plots of the kcat (A) and specificity constant
s � kcat/Km (B) for hydrolysis of pNP-dodecanoate by EST2 wild
type (empty circles) and M211S/R215L (filled circles) variant in
the temperature range from 25 to 77.5 °C. The best fit of data points
was performed with the GRAFIT program.

FIG. 3. Binding curves of wild type EST2 and M211S/R215L
mutant with pNP-dodecyl ether. Reported is the fluorescence
change of 0.015 mg ml�1 M211S/R215L (empty circles) or wild type
EST2 (filled circles) upon binding of pNP-dodecyl ether at 25 °C in 20
mM phosphate buffer, pH 7.1. The solid line is the best fit of the data to
a hyperbolic saturation curve.

TABLE III
Individual rate constants and activation energies of wild type EST2

and double mutant M211S/R215L at the reference temperature
(25 °C) with pNP-dodecanoate as substrate

Parameters EST2 M211S/R215L

k1,0 (�M�1

s�1)
9.5 � 0.3 31.0 � 1.0

k�1,0
a (s�1) 3.8 � 0.16 1.3 � 0.1

k2,0 (s�1) 27.0 � 0.2 71.0 � 2.0
k3,0 (s�1) 334.0 � 9.0 490.0 � 10.0
E1 (kcal/mol) 8.8 � 0.6 10.2 � 0.8
E�1 (kcal/mol) 18.7 � 0.6 30.2 � 0.9
E2 (kcal/mol) 10.6 � 0.5 11.7 � 0.6
E3 (kcal/mol) 9.2 � 0.6 7.5 � 0.7

a Estimated by measurements of KD as described under “Experimen-
tal Procedures.”
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perimental error, thus indicating that binding of inhibitors to
the active site does not affect significantly the enzyme
structure.

HDSC Binding in the Active Site—Inspection of the electron
density within the mutant active site, at various stages of the
crystallographic refinement, demonstrated the occurrence of
the bound hexadecanesulfonyl derivative (Fig. 5). The main
protein-inhibitor interactions are schematically depicted in
Figs. 5 and 6. According to these figures, the inhibitor, co-
valently bound to Ser155 O� with a tetrahedral conformation
around its sulfur atom, presents a peculiar spatial arrange-
ment with respect to the structure of the EST2-Hepes complex
(8). In particular, the HDSC O-1 atom is hydrogen-bonded to
the water molecule HOH41 (2.87 Å), which in turn interacts
with Ser211 O� (3.04 Å), while the O-2 atom is located in the
oxyanion hole being hydrogen-bonded to the NH groups of
Gly83 (3.06 Å), Gly84 (2.64 Å), and Ala156 (2.95 Å) (Fig. 6). Quite
surprisingly, the hexadecane moiety is not located in the
previously identified acyl-binding pocket, which is occupied
by a series of water molecules, but perfectly fits in the long
and narrow hydrophobic tunnel defined by three �-helices
(�1, �2, and �7), two 310 helices (Ser35–Leu36 and Phe284–
Phe287), and the loop regions Asn15–Ser26 and Gly82–Val87

(Fig. 7). In previous studies, part of this tunnel was identified

TABLE IV
Data collection and refinement statistics

Data collection statistics (20.00–2.30 Å)

Temperature (K) 100
Total reflections 177,515
Unique reflections 17,707
Completeness (%)

Overall 98.8
Outermost data shell 94.1

Rsym
a (%)

Overall 8.9
Outermost data shell 42.6

Mean I/�(I)
Overall 14.4
Outermost data shell 2.2

Refinement statistics (20.00–2.30 Å)
R-factorb (%) 17.4
Rfree

b (%) 21.6
R.m.s.d.c from ideal geometry

Bond lengths (Å) 0.008
Bond angles (°) 1.53

Number of protein atoms 2,431
Number of water molecules 253
Average B factor (Å2) 27.68

a Rsym � �Ii � I�/Ii, overall reflections.
b R-factor � �Fo � Fc�/Fo; Rfree calculated with 5% of data withheld

from refinement.
c Root mean square deviation.

FIG. 4. Kinetic analysis of inhibition with HDSC. A, plot of logarithm of EST2 residual activity versus time at the following inhibitor
concentrations: 1 �M (empty circles), 2 �M (filled circles), 5 �M (empty squares), 8 �M (filled squares), 10 �M (empty triangles), 12 �M (filled triangles).
B, double reciprocal plot of first-order rate constants taken from A versus inhibitor concentrations. C, plot of the logarithm of residual activity
versus time of M211S/R215L double mutant at the following inactivator concentrations: 1 �M (empty circles), 2 �M (filled circles), 5 �M (empty
squares), 8 �M (filled squares), 10 �M (empty triangles), 12 �M (filled triangles). D, double reciprocal plot of first-order rate constants taken from
C versus inactivator concentrations.
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as the substrate alcohol-binding pocket on the basis of struc-
tural similarity with other esterases and lipases (8). The
alkyl chain of the inhibitor presents an elongated structure
with most of its C–C bonds in a trans conformation and
stabilized by numerous strong van der Waals interactions
well distributed along this tunnel. It is worth noting that

residues Leu36 and Phe37, which are involved in several van
der Waals interactions with the inhibitor, in this structure
are part of a short 310 helix. On the contrary, these residues
in EST2 are part of a flexible loop associated to poorly defined
electron density maps.

A model in which the acyl-binding pocket was hypo-

FIG. 6. Hydrogen bond interactions
between the M211S/R215L active site
residues and HDSC (labeled I).

FIG. 7. Stereoview showing the superposition of the C� trace of EST2 (blue) and M211S/R215L (red). HDSC and Hepes molecules are
also shown. Both structures consist of a core domain, belonging to the �/� hydrolase fold family (constituted in the M211S/R215L-HDSC structure
by strands �1, residues 47–55; �2, residues 58–66; �3, residues 74–80; �4, residues 107–112; �5, residues 144–154; �6, residues 179–182; �7,
residues 244–249; and �8, residues 272–277, and by �-helices �3, residues 94–104; �4, residues 123–137; �5, residues 156–170; �8, residues
255–267; and �9, residues 292–309), and a cap domain (constituted in the M211S/R215L-HDSC structure by �-helices �1, residues 5–14; �2,
residues 27–33; �6, residues 196–199; and �7, residues 208–218). Secondary structure assignments were obtained from Procheck (18).

FIG. 5. Stereoview of the active site
region in the complex M211S/R215L-
HDSC. The inhibitor is shown covalently
bound to the active site serine and asso-
ciated with simulated annealing omit
�2Fo � Fc� electron density map (14) com-
puted at 2.3 Å and contoured at 1.0 �.
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thetically accommodating the hexadecane moiety was built
on the basis of the structural superimposition of this enzyme
with Candida rugosa lipase bound to an identical inhibitor
(19).2 A careful analysis of this model revealed that the
inhibitor should assume an unfavorable bent conformation to
perfectly fit into the acyl-binding site. This finding is strictly
related to the geometrical dimension of this region that can
well accommodate only alkyl chains with less than eight
carbon atoms (8). Thus, inhibitors with a longer alkyl chain
should determine the accommodation of the bound moiety in
the alcohol-binding site to present a more favorable
conformation.

Modeling of Substrates

Kinetic investigations suggested that the substrate-induced
switch observed during EST2- and M211S/R215L-catalyzed hy-
drolysis of long acyl chain substrates was associated to a slow-
ing down of the acylation reaction. Unfortunately, because
EST2-Hepes and M211S/R215L-HDSC are analogs of the sec-
ond tetrahedral intermediate, their x-ray analysis provided us
detailed structural information only on the deacylation step in
the reaction mechanism. To get more insights on the acylation
step of the catalytic reaction, models of the first tetrahedral
intermediate were built using a simplified modeling procedure
based on the EST2-Hepes and M211S/R215L-HDSC struc-
tures. This approach was justified by a large number of biolog-
ical and structural studies on this class of enzymes (19), which
demonstrated that first and second tetrahedral intermediates
present a common acyl chain-binding pocket, oxyanion hole,
tetrahedral geometrical parameters at C-1, and a nearly iden-
tical position of the catalytic triad.

pNP-3-[4-(2-hydroxyethyl)-piperazinyl]propionate and pNP-
hexadecanoate esters were chosen as substrates to build the
corresponding first tetrahedral intermediates with the enzymes.

In both models, the carbonyl carbon of the substrate was co-
valently bound to the oxygen of the Ser155 hydroxyl group to form
the tetrahedral intermediate with the proper stereochemistry
and with the oxyanion directed toward the oxyanion hole formed
by the backbone NH atoms of Gly83, Gly84, and Ala156. The
substrate acyl chain was modeled using as template the coordi-
nates of the corresponding inhibitor acyl chain, whereas the
alcohol moiety covalently bound to the carbonyl carbon was man-
ually fitted in the alcohol-binding site (EST2-Hepes) or acyl-
binding pocket (M211S/R215L-HDSC). All geometrical parame-
ters were optimized on the basis of the new introduced chemical
functionalities.

The generated complexes were submitted to energy minimi-
zation procedures. Because of the large number of atoms in
each model, to correctly optimize the complexes the following
constraints were imposed. (i) A subset centered on the ligand
and comprising only the substrate and a shell of residues
delimiting the alcohol- and the acyl-binding pockets was cre-
ated and subjected to energy minimization. The substrate and
all amino acid side chains of the shell were unconstrained
during energy minimization to allow for reorientation and thus
proper hydrogen bonding geometries and van der Waals con-
tacts. (ii) All the atoms external to the subset remained fixed
even if their non-bond interactions with all relaxing atoms
have been calculated. The obtained models were validated by
the Procheck program (18).

The analysis of the minimized models revealed a conserved
orientation of the catalytic triad with all conserved H-bonds for
proper catalytic machinery efficiency. Fig. 8 shows the interac-
tions stabilized between the substrates and the enzyme binding
pockets in the minimized models. It is interesting to note that
in the model generated from EST2-Hepes complex, as observed
in the crystal structure, the alcohol oxygen is hydrogen-bonded
to the catalytic His282, while in the model generated from the
M211S/R215L-HDSC complex, as a result of the peculiar ori-
entation of the acyl chain into the alcohol-binding site, this
hydrogen bond is lacking.

2 G. De Simone, L. Mandrich, V. Menchise, V. Giordano, F. Febbraio,
M. Rossi, C. Pedone, and G. Manco, unpublished results.

FIG. 8. Stereoview representation of the first tetrahedral intermediate models of EST2-pNP-3-[4-(2-hydroxyethyl)-piperazinyl]-
propionate (A) and M211S/R215L-pNP-hexadecanoate (B). The inversion of the substrate orientation in the catalytic site causes a loss of the
hydrogen bond between His282 NE-2 and the alcohol oxygen of the substrate.
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DISCUSSION

In the last decade, intensified structural investigations fo-
cused on proteins belonging to the C and L groups of the
carboxylesterase/lipases superfamily. In contrast, the first
structural information on members of the hormone-sensitive
lipase group was obtained only 4 years ago when the crystal
structure of brefeldin A esterase from Bacillus subtilis was
determined (20). Subsequently the crystal structures of EST2
from A. acidocaldarius (8) and AFEST from Archaeoglobus
fulgidus (21), two novel carboxylesterase members of this fam-
ily, were solved by our group as covalently bound to Hepes.
Hepes was demonstrated to be a competitive inhibitor for both
enzymes in aqueous solution, and its covalent adducts were
formed under crystallization conditions (9). Since these adducts
represented mimics of the second tetrahedral intermediate
formed during the deacylation step in the catalysis, the bound
Hepes molecules identified the acyl-binding pocket of both en-
zymes. At the same time, the structural superposition of EST2
and AFEST with Pseudomonas cepacia lipase complexed with a
triacylglycerol analog (Protein Data Bank code 5LIP, 22) al-
lowed the identification of the alcohol-binding pockets.

Biochemical investigation demonstrated that EST2 opti-
mally hydrolyzes esters with acyl chain length of six or eight
carbon atoms because of the small dimension of its acyl-binding
pocket (6, 8). Kinetic and structural studies allowed us to
propose the mechanism depicted in Fig. 9; although this mech-
anism refers to EST2, it should be common to all members of
the hormone-sensitive lipase family. In particular, acylation of
the enzyme results from the nucleophilic attack of the catalytic
Ser155 on the ester and proceeds via formation of a tetrahedral

intermediate (Fig. 9, TI1). Deacylation results from a nucleo-
philic attack of a water molecule on the acyl enzyme, again
going through a tetrahedral intermediate (Fig. 9, TI2). Hydro-
gen bonds from the backbone amide groups of Ala156, Gly83,
and Gly84 stabilize the negatively charged tetrahedral inter-
mediates occurring during the catalytic reaction.

Recently mutation of residues located in the acyl-binding
pocket made it possible to obtain mutated versions of EST2
with increased enzyme activity and altered specificity (9). In
particular, double mutant M211S/R215L showed with pNP-
dodecanoate a 3- and 6-fold increases of kcat and s, respectively.
These results were confirmed here in the absence of solvents
that could interfere in the reaction mechanism by substituting
water in the deacylation step. Moreover a substrate-induced
change of the kinetic mechanism was also hypothesized for
compounds containing long acyl chains.

In this study, a detailed analysis of all kinetic parameters
involved in the multistep catalytic mechanism, together with a
structural explanation of the substrate-induced switch ob-
served for the hydrolysis of long acyl chain substrates, is pro-
vided. Kinetic measurements for wild type and double mutant
enzymes using pNP-dodecanoate showed that the k2 values
were well below the k3 values, thus indicating that acylation is
the rate-limiting step in both cases. The higher values obtained
for the activation energies E3 with respect to E2 were also
consistent with this conclusion. Moreover the measured bind-
ing constants k1,0 and k�1,0, determined for both enzyme spe-
cies with pNP-dodecanoate suggested that for the double mu-
tant the substrate association is faster and dissociation is
slower than in the wild type enzyme (Table III). Finally the

FIG. 9. Mechanism of ester hydrolysis by EST2. The reaction proceeds through two intermediate transition states: TI1 and TI2. The
hydrogen bonds have been assigned according to the EST2 wild type structure complexed with Hepes and M211S/R215L complexed with HDSC,
which represent mimics of the second intermediate transition state.
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inhibition (data not shown) exhibited by pNP-dodecyl ether
against pNP-dodecanoate but not pNP-hexanoate esters indi-
cate that the binding site for the short chain esters and the long
chain esters are not overlapping.

Inhibition studies indicated that HDSC is a potent inhibitor
for both wild type and M211S/R215L enzymes. Because the
generated covalent enzyme-inhibitor complex is an analog of
the second tetrahedral intermediate formed during the deacy-
lation step (Fig. 9), HDSC was used to investigate the struc-
tural basis responsible for the switch in the mechanism and the
activation observed for the double mutant with pNP-dodecano-
ate. This approach was justified on the basis of the similar
behavior of this enzyme toward pNP-dodecanoate, pNP-tetra-
decanoate, and pNP-hexadecanoate substrates (9).

The structure of the M211S/R215L mutant complexed with
HDSC was solved by x-ray diffraction studies. On the basis of
the three-dimensional structures of other lipase/esterase com-
plexes with alkylsulfonyl derivatives (8, 21), the hexadecane
moiety of the inhibitor was expected in the well identified
enzyme acyl-binding site. In contrast, our data revealed its
surprising localization in the enzyme alcohol-binding pocket.
The unexpected accommodation of the HDSC within this region
could explain the peculiar biochemical behavior of the enzyme
with respect to long acyl chain substrates. In fact, the steric
hindrance of these molecules should determine the localiza-
tion of their acyl chains in the alcohol-binding site and not
in the acyl-binding site, thus generating the inversion of
the rate-limiting step during catalysis that was observed
experimentally.

To provide effective catalysis in the acylation step of the
catalytic reaction, the alcohol oxygen of the ester substrate,
receiving a proton from the active site histidine, must be within
hydrogen bonding distance from the NE2 of this residue (see
Fig. 9). In the model of the first tetrahedral intermediate gen-
erated starting from the EST2-Hepes complex, we found that
the catalytic His282 forms a hydrogen bond with the alcohol
oxygen. On the contrary, in the model generated starting from
the M211S/R215L-HDSC complex, as result of the peculiar
orientation of the acyl chain into the alcohol-binding site, this
hydrogen bond is lacking, thus impairing the acylation step of
the catalytic reaction. However, certain flexibility at high tem-
perature, as suggested by the Km value increase with temper-
ature (Table II) and previous results (23), could reduce the
distance between the alcohol oxygen atom and His282 NE2,
thus allowing catalysis to occur. This phenomenon should gen-
erate the rate-limiting step inversion measured during the
hydrolysis of long acyl chain substrates.

In conclusion, although the interpretation of the substrate-
induced switch in the mechanism fits well with all experimen-
tal data reported, the activation observed in the double mutant
is less clear. This phenomenon could depend on the interaction
of the alcohol moiety sitting in the acyl-binding pocket with
Met211 and/or Arg215 side chains in the wild type enzyme. This
interaction could slow down the alcohol release in the wild type
but not in the mutant. Support for this hypothesis comes from
the consideration that for wild type the ki with HDSC was
higher than in the double mutant, meaning a faster entering of
the acyl moiety. In contrast, in the wild type, substrate pNP-

dodecanoate binds to the active site more slowly than in the
double mutant (see Table IV), thus suggesting a significant role
of the alcohol moiety in determining the rate of hydrolysis.

In this study, the structural reasons explaining the observed
inversion in the mechanism of EST2 from A. acidocaldarius
induced by the growing of the acyl chain in ester substrates is
provided. All kinetic parameters were interpreted on the basis
of an unexpected accommodation of the acyl moiety in the
enzyme alcohol-binding site. There are very few cases in the
literature similar to that described here. For example, some-
thing analogous has been reported to explain the enantioselec-
tivity in some lipolytic enzymes (16) or the different substrate
specificity of human cocaine esterase (24). In both cases, the
switch in the binding mode was just related to a different
chemoselectivity or enantioselectivity and not to the kinetic
mechanism. The results reported here are interesting from
both a theoretical and biotechnological point of view, and they
could enable the design of mutagenic experiments for the de-
velopment of more selective and efficient esterases.
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