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ABSTRACT: The unusual architecture of the enzyme (MsAcT) isolated fromMycobacterium smegmatis
forms the mechanistic basis for favoring alcoholysis over hydrolysis in water. Unlike hydrolases that
perform alcoholysis only under anhydrous conditions, MsAcT demonstrates alcoholysis in substantially
aqueous media and, in the presence of hydrogen peroxide, has a perhydrolysis:hydrolysis ratio 50-fold
greater than that of the best lipase tested. The crystal structures of the apoenzyme and an inhibitor-bound
form have been determined to 1.5 Å resolution. MsAcT is an octamer in the asymmetric unit and forms
a tightly associated aggregate in solution. Relative to other structurally similar monomers, MsAcT contains
several insertions that contribute to the oligomerization and greatly restrict the shape of the active site,
thereby limiting its accessibility. These properties create an environment by which MsAcT can catalyze
transesterification reactions in an aqueous medium and suggests how a serine hydrolase can be engineered
to be an efficient acyltransferase.

The ability to catalyze acyl transfer reactions to alcohols
and esters in water is an unrealized goal of biocatalysis. Such
reactions would eliminate the need for protection and
deprotection steps in synthesis and therefore reduce the
environmental impact and cost of such chemistry. The
opportunity to exploit the selectivity and catalytic efficiency
in an economical media could remove cost bottlenecks in
the synthesis of many bioproducts, in particular, commodity
chemicals. Previously, the best candidates have been found
in lipases, which belong to theR/â hydrolase family of
enzymes. Lipases are now widely used for catalytic and
stereospecific transesterification reactions, in both academic
and industrial laboratories. These reactions, described by Sym
(1) and Zaks and Klibanov (2), are alcoholysis reactions run
in anhydrous solvents and have found application in chiral
synthesis, regio-specific protection, and enantiomeric resolu-
tion. In order to promote a desired alcoholysis, these reactions
are conducted in anhydrous solvents to prevent the hydrolysis
of the target ester. A large body of literature has accumulated
to guide the practitioner in the selection of enzyme, choice
of solvent, reaction condition, substrate specificity, chiral
selectivity, immobilization techniques, and reaction kinetics
(3). Such reactions, however, possess limitations due to the
requirement of anhydrous solvents and can become expen-
sive. In this paper, we show that a novel enzyme from
Mycobacterium smegmatiscatalyzes alcoholysis in substan-
tially aqueous media. We have determined the

crystal structures of the apoenzyme and an inhibitor-bound
form to 1.5 Å resolution and postulate that the unusual
architecture of MsAcT1 forms the mechanistic basis for
favoring alcoholysis over hydrolysis in water.

EXPERIMENTAL PROCEDURES

Cloning of the Enzyme with Acyltransferase ActiVity from
M. smegmatis.An enzyme with acyltransferase activity was
purified from Mycobacterium parafortuitumATCC 19686
(4). Two peptide sequences were obtained from the purified
protein. The sequence of one peptide, KVPFFDAGS-
VISTDGVDGI, was determined by Edman degradation from
cyanogen bromide cleavage of the purified enzyme. The
sequence of the second peptide, GTRRILSFGDSLTWG-
WIPV, was determined using N-terminal sequencing. A
BLAST search against the TIGR unfinished genome database
identified a sequence of potential interest inM. smegmatis.
This gene was amplified fromM. smegmatisby PCR using
the primers MsRBSF, 5′-CTAACAGGAGGAATTAA-
CCATGGCCAAGCGAATTCTGTGTTTCGGTGATTCCCT-
GACCT-3′, and MspetBamR, 5′-GCGCGCGGATCCGCGC-
GCTTACAGCAGGCTCCGCACCTGTTCCGCGAGGGCCA-
CCCCGA-3′, which create anNcoI site at the ATG start
codon and add aBamHI site after the stop codon.

The amplification of the gene was done by PCR using
Taq DNA polymerase (Roche) as per the manufacturer’s
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instructions, with approximately 500 ng of chromosomal
DNA from M. smegmatisas the template DNA and the
addition of 1% DMSO to the PCR reaction mix. Ten
picomoles of each of the primers MsRBSF and MspetBamR
was added to the mix. The amplification cycle was 30 cycles
of 95 °C for 1 min, 55°C for 1 min, and 72°C for 1 min.

The fragments obtained from the PCR reaction were
separated on a 1.2% agarose gel, and a single band of the
expected size of 651 bp was identified. This band was cloned
directly into the pCR2.1 TOPO cloning vector (Invitrogen)
and transformed intoEscherichia coliTop 10 cells (Invit-
rogen) with selection on Luria agar (LA) containing 100µg/
mL carbenicillin and X-gal (20µg/mL; Sigma-Aldrich) for
blue/white selection and incubated overnight at 37°C.
Plasmid DNA was purified from a culture of one of the
transformants using the Quikspin kit (Qiagen). The presence
of the correct fragment was determined by restriction enzyme
digest withEcoRI to release the fragment and sequencing
using primers supplied by the pCR2.1 manufacturer (Invit-
rogen). The plasmid was designated pMSATNcoI. The
plasmid pMSATNcoI was digested withNcoI/BamHI (Roche),
and the fragment was gel purified using the Qiagen gel
purification kit. The fragment was ligated into the expression
plasmid, pET16b (Novagen), also digested withNcoI/BamHI
T4 DNA ligase overnight at 16°C. The ligation reaction
was transformed into chemically competentE. coli Top 10
cells (Invitrogen), and transformants were selected on LA
containing carbenicillin after overnight growth at 37°C.
Plasmid DNA was prepared from cultures of a transformant
using the Quikspin kit (Qiagen), and the presence of the
correct fragment was determined by restriction enzyme digest
with NcoI/BamHI. The correct plasmid was designated
pMSATNcoI-1. This plasmid was transformed into theE.
coli strain BL21(λDE3) pLysS (Novagen), with selection on
LA containing carbenicillin (100µg/mL). Cells were grown
overnight at 37°C; one transformant was selected and
designated MSAcTNcoI-1.

Expression of MsAcT.In the following experiments, all
cultures of MSAcTNcoI-1 were grown in solid or liquid
media containing carbenicillin at a concentration of 100µg/
mL unless otherwise stated. Production of MsAcT for
enzymatic analysis was done by inoculating 5 mL of Luria
broth (LB) with carbenicillin with a single colony of
MSATNcoI-1 and grown overnight at 37°C with shaking
at 200 rpm. This culture was used to inoculate 100 mL of
LB containing carbenicillin to an OD600 of 0.1. The cultures
were grown at 30°C with shaking at 200 rpm until they
reached an OD600 of 0.4. The expression of theactgene was
then induced by the addition of 100µM IPTG and the
incubation continued overnight. Cultures were harvested by
centrifugation (10 min at 7000 rpm; Sorvall SS34 rotor), the
supernatant was removed, and the pellets were washed in
50 mM potassium phosphate buffer, pH 6.8. The cells were
centrifuged again, the supernatants were removed, and the
wet weight of the cells was determined. The cells were
resuspended in 100 mM potassium phosphate buffer, pH 8.2,
in a volume that was 4 times the wet weight. The resus-
pended cells were frozen at-70 °C. The cells were thawed
and lysed in a French pressure cell. The MsAcT was purified
as described below in the Selenomethionine Labeling of
MsAcT section.

Preparation of Homologues.The genes encodingSi-
norhizobium meliloti RSM02162, RGAE, andE. coli
thioesterase were synthesized by DNA 2.0 (Menlo Park, CA).
The genes were subcloned into the pET16b T7 expression
vector (Novagen), and expression of the proteins was done
in BL21(λDE3) pLysS cells as described in the Expression
of MsAcT section for the cloning and expression of MsAcT.
The 7-ACA gene was amplified fromM. parafortuitum
chromosomal DNA using the primers ACA-F, 5′-GGT-
GAAGTCGGTCCTCTGCTTTG-3′, and ACA-R, 5′-GCG-
GATCCTCAAAGTCCGAGCATCATGCGAA-3′. The se-
quence was identical to that of theAgrobacterium tumefaciens
(radiobacter) (protein accession number AAD02335). The
primer set addedNcoI andBamHI sites at the 5′ and 3′ ends,
respectively, and the gene was cloned into pET16b and the
protein expressed as described in the Expression of MsAcT
section for the cloning and expression of MsAcT.

Partial Purification of Homologues by Gel Filtration.After
preparation of cell lysates from strains expressing the
homologues, as described in the Expression of MsAcT
section for MsAcT cultures, the homologues were partially
purified by gel filtration. The cell lysates were run on a
Superdex 200 sizing column in 20 mM phosphate, pH 8.0,
at 0.5 mL/min. The column was calibrated prior to running
the samples with molecular mass standards (thyroglobulin,
MW 669 kDa; aldolase, MW 158 kDa; ovalbumin, MW
43 kDa; ribonuclease, MW 14 kDa) and purified MsAcT.
In this method, MsAcT eluted in the same volume as the
aldolase.

Selenomethionine Labeling of MsAcT.A 500 mL precul-
ture of MsAcTNcoI-1 was grown in a baffled 2.8 L Fernbach
flask in LB containing carbenicillin. After overnight incuba-
tion at 37 °C with shaking at 200 rpm, the cells were
harvested by centrifugation and resuspended in M9 medium
containing glucose (2 g/L), Na2HPO4 (6 g/L), KH2PO4

(3 g/L), NH4Cl (1 g/L), NaCl (0.5 g/L), thiamin (5 mg/L),
MgSO4 (2 mM), CaCl2 (100 µM), citric acid‚H2O (40 mg/
L), MnSO4‚H2O (30 mg/L), NaCl (10 mg/L), FeSO4‚7H2O
(1 mg/L), CoCl2‚6H2O (1 mg/L), ZnSO4‚7H2O (1 mg/L),
CuSO4‚5H2O (100 µg/L), H3BO3‚5H2O (100 µg/L), and
NaMoO4‚2H2O (100µg/L) and supplemented with carbeni-
cillin. The resuspended cells were used to inoculate six
Fernbach flasks containing 500 mL each of M9 medium
supplemented with carbenicillin. The cultures were incubated
at 30 °C with shaking at 200 rpm until the OD600 reached
about 0.7, at which time 100 mg/L lysine, threonine, and
phenylalanine and 50 mg/L leucine, isoleucine, valine, and
selenomethionine (EMD Biosciences) were added. After
further incubation for 30 min, IPTG was added to a final
concentration of 50µM. The cultures were then incubated
overnight (∼15 h) at 30°C with shaking at 200 rpm and
harvested by centrifugation. The cell pellet was washed two
times with 50 mM potassium phosphate buffer, pH 6.8. The
yield was 28.5 g (wet weight) of cells to which was added
114 mL of 100 mM potassium phosphate buffer, pH 8.2,
and 5 mg of DNase. This mixture was subjected to two
freeze-thaw cycles (-70 °C and 4°C).

The thawed cell suspension was lysed by disruption in a
French pressure cell at 20000 psi. The unbroken cells and
cell membrane material were sedimented by centrifugation
at 100000g for 1 h. The supernatant crude extract (128 mL)
was then placed in a 600 mL beaker and stirred for 10 min
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in a 55°C water bath to precipitate unstable proteins. After
10 min, the beaker was stirred in ice water for 1 min followed
by centrifugation at 15000g for 15 min. The volume of the
supernatant from this procedure was 118 mL. To this extract
was added (NH4)2SO4 to 20% saturation, and the resultant
mixture was loaded onto a 10 cm× 11.6 cm fast-flow
phenyl-Sepharose (Pharmacia) column equilibrated in
100 mM potassium phosphate buffer, pH 6.8, containing a
20% saturation (109 g/L) of (NH4)2SO4. After the extract
was loaded, the column was washed with 1700 mL of starting
buffer and eluted with a two-step gradient. The first step
was a linear 1900 mL gradient from start buffer to the same
buffer without (NH4)2SO4; the second step was a 500 mL
elution with 100 mM potassium phosphate buffer, pH 6.8,
containing 5% EtOH. The active fractions were pooled,
giving a total volume of 241 mL, diluted 100% with water,
and loaded onto a 1.6 mm× 16 mm Poros HQ strong anion-
exchange column equilibrated in 100 mM Tris-HCl, pH 7.6.
After the pooled fractions were loaded, the column was
washed with 5 column volumes of starting buffer. The protein
was eluted with a 15 column volume gradient from start
buffer to start buffer containing 175 mM KCl. The active
fractions were pooled and concentrated using a Centriprep
30 (Millipore) to 740µL.

Transesterification.Reactions were conducted in single
phase conditions of water dissolved in ethyl acetate or ethyl
acetate dissolved in water. Each reaction contained 100 mM
neopentyl glycol (NPG) in ethyl acetate with the indicated
amount of dissolved water or 100 mM NPG dissolved in
water containing 6% ethyl acetate in a final volume of 0.1
mL. The enzyme was added to a final concentration of 525
ng/mL in 2.5µL of 1 µM potassium phosphate buffer and
incubated at 21°C. Samples were withdrawn at intervals
for up to 30 min, and the product was separated and
quantified by GC/MS on a 30M, BPX70 column (SGE
Incorporated). Specific activity is reported as micromoles
of NPG monoacetate produced per minute per milligram of
MsAcT.

Inhibition of MsAcT with p-Nitrophenyl n-Hexylcarbamate.
The inhibitor, 4′-nitrophenyln-hexylcarbamate, was prepared
as described by Hosie et al. (5). Purification was achieved
by two recrystallizations in hexanes.1H and13C NMR spectra
gave the expected signals.

MsAcT was added at a concentration of 12 mg/mL to 1
mL of 67 mM sodium phosphate buffer at pH 7 also
containing 15% DMSO by volume. The mixture was
incubated at 25°C and stirred with a small magnetic stir
bar. Inactivation was initiated by addition of a 10µL aliquot
of a 400 mM solution of inhibitor in DMSO. Six more
10 µL additions of the same inhibitor solution were made at
19, 51, 110, 166, 180, and 220 min, respectively. The reaction
was terminated at 250 min by treatment of the sample with
a spin column centrifugation through a column packed with
10.7 mL of Bio-Gel P-6. The column had been prepared by
preequilibrating it with 10 mM HEPES buffer, pH 8, and
centrifuging at 2000 rpm for 2 min in an IEC model HN-
SII clinifuge swinging bucket rotor prior to loading the
sample onto the column and centrifuging under the same
conditions of time and speed to effect buffer exchange and
removal of excess inhibitor and DMSO. Enzyme assay with
p-nitrophenyl butyrate showed the enzyme to be>99%
inhibited.

Determination of the Perhydrolysis/Hydrolysis Ratio.The
rate of perhydrolysis was determined in reactions containing
50 mM potassium phosphate, pH 7.5, 10 mM tributyrin, 29
mM hydrogen peroxide, 20 mM potassium chloride, and
10 mM o-phenylenediamine (OPD) in a volume of 1.0 mL.
Activity was measured by monitoring the absorbance increase
at 458 nm of OPD, which was oxidized by perbutyric acid
generated with the enzyme. The OPD solution was prepared
immediately before use in assay buffer and the pH readjusted
with potassium hydroxide. A quenching solution was pre-
pared containing 10 mM OPD and 100 mM citric acid in
70% ethanol. The assay was conducted at 25°C and was
initiated by the addition of enzyme. Aliquots were taken at
intervals over an hour and quenched with 2 volumes of
quenching solution at appropriate times, typically 2, 5, 10,
15, 25, 40, and 60 min, after addition of the enzyme. The
quenched assay samples were incubated for 30 min to allow
any remaining perbutyric acid to oxidize the OPD, and then
the absorbance was measured. The concentration of perbu-
tyric acid was determined by comparison to a standard curve
generated under the same conditions.

The rate of tributyrin hydrolysis was measured in reactions
comprised of 50 mM potassium phosphate buffer, pH 7.5,
10 mM tributyrin, 29 mM hydrogen peroxide, and 20 mM
potassium chloride and an amount of enzyme that would
generate 20µM butyric acid/min at 25°C. Aliquots were
taken at intervals over an hour and quenched with 4 volumes
of methanol. The methanol-quenched samples were then
analyzed by GC/FID (Zebron FFAP, 30 m long, 250µm
diameter, 250 nm film thickness). This assay was conducted
under the same conditions as for perhydrolysis, i.e., in the
presence of hydrogen peroxide, but with no trap for the
perbutyric acid (OPD). Injection into the GC for analysis
converts perbutyric acid to butyric acid; thus, the observed
butyric acid signal represents enzymatically generated prod-
ucts, butyric acid and perbutyric acid. The actual amount of
butyric acid generated in the assay was calculated by
subtraction of the concentration of perbutyric acid (deter-
mined by OPD analysis) from the total butyric acid deter-
mined by GC/FID analysis.

The amount of enzyme used to determine the perhydroly-
sis/hydrolysis ratio reported in Figure 2 was that required to
give a measurable and linear rate of tributyrin hydrolysis as
described above. The enzyme source and concentration of
each enzyme used were as follows: MsAcT (4), 4 µg/mL;
AcT from M. parafortuitum (MpAcT) (6), 4 µg/mL;
Pseudomonas mendocinacutinase (7), 2 µg/mL; Candida
cylindraceacholesterol esterase (Roche Diagnostics), 2µg/
mL; Rhizopus oryzaelipase (Biocatalytics), 18µg/mL;
Pseudomonas cepacialipase (Biocatalytics), 30µg/mL;
Pseudomonas fluorescenslipase (Biocatalytics), 20µg/mL;
Candida antarcticalipase B (Biocatalytics), 4µg/mL; C.
antarcticalipase A (Biocatalytics), 8µg/mL; Pseudomonas
sp. lipase (Biocatalytics), 17µg/mL; porcine pancreatic lipase
(Biocatalytics), 50µg/mL; Thermomyces lanuginosalipase
(Biocatalytics), 3µg/mL; Mucor mieheilipase (Biocatalyt-
ics), 3 µg/mL; and Alcaligenessp. lipase (Biocatalytics),
14 µg/mL.

Crystal Preparation.Crystals were grown by the hanging
drop vapor diffusion method. Native crystals were grown
by mixing 4 µL of protein solution at 12.7 mg/mL concen-
tration in 20mM HEPES buffer pH 8.0 with 6µL of a
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reservoir solution (2M ammonium sulfate, 2% polyethylene
glycol 400, 0.1M Tris pH 8.1). Inhibited crystals were grown
by mixing 2µL of protein solution at 15 mg/mL in the same
buffer with 4µL of a reservoir solution (0.2M lithium sulfate,
30% polyethylene glycol 4000, and 0.1M Tris pH 8.5).
Crystals appeared in 1 week and reached their maximum
size within 3 weeks. Crystals of the selenomethionine
derivative of MsAcT were obtained from hanging drops
mixed with equal volumes of 22.7 mg/mL protein solution
in 20 mM HEPES, pH 8.0, and a reservoir solution
comprising 1.0 M ammonium dihydrogen phosphate and 100
mM sodium citrate, pH 5.6. The crystals were transferred to
a reservoir solution and mixed in a 3:1 ratio with glycerol
before cryocooling by immersion in a liquid nitrogen bath.

X-ray Data Collection. Multiwavelength anomalous dif-
fraction (MAD) data were collected for the apoenzyme at

the Advanced Light Source (ALS, Berkeley, CA) onbeamline
8.2.1 at wavelengths corresponding to the inflection (λ1), low-
energy remote (λ2), and the peak (λ3) of a selenium MAD
experiment. Later, a data set (λ0) was collected on beamline
8.2.2 to 1.5 Å resolution. The data sets were collected at
100 K using Quantum 210 CCD for the MAD data set and
Quantum 315 CCD for the high-resolution data set. Data
were integrated using Mosflm (8) and scaled with the
SCALA program from the CCP4 suite (9). Data statistics
are summarized in Table 2.

Diffraction data for the inhibitor-bound form were col-
lected at the Stanford Synchrotron Radiation Laboratory
(SSRL, Menlo Park, CA) on beamline 9-1. Crystals diffracted
to better than 1.2 Å resolution. However, a complete data
set was collected to only 1.5 Å resolution. The data set was
collected at 100 K using Quantum 315 CCD and processed
using the HKL2000 program suite (10). Data statistics are
summarized in Table 2.

Structure Solution and Refinement.The initial structure
was determined using the 2.5 Å selenium MAD data (λ1,2,3)
using the CCP4 suite and SOLVE/RESOLVE programs (11).
Model building was performed using O (12). The traced
model was then refined with the 1.5 Å data set (λ0) using
REFMAC (9). Refinement statistics are summarized in
Table 2. The final model includes a protein octamer, 8 sulfate
ions, 8 glycerol molecules, and 1608 water molecules in the
asymmetric unit. No electron density was observed for the
firstmethionineresidueinanyof themolecules.PROCHECK11
(13) indicates that 94% of the residues in all of the monomers
are located in the core regions of the Ramachandran plot
(14) with no residues in the disallowed or generously allowed
regions.

The inhibitor structure was solved by molecular replace-
ment with MOLREP (13) using the coordinates of the
apoenzyme. Refinement statistics are summarized in
Table 2. The final model includes a protein octamer, 8
inhibitor molecules, 1 sulfate ion, and 2134 water molecules
in the unit cell. No electron density was observed for any of

FIGURE 1: Catalytic activities of MsAcT: Transesterification of
the acetate moiety from ethyl acetate to NPG in the presence of
varying concentrations of water. Reactions were conducted under
conditions yielding single phase mixtures of water dissolved in ethyl
acetate or ethyl acetate dissolved in water; NPG was used at a
concentration of 100 mM.

FIGURE 2: Selectivity of perhydrolysis to hydrolysis catalyzed by MsAcT and other lipases in the presence of 10 mM tributyrin and 30 mM
hydrogen peroxide. MsAcT shows a high degree of selectivity for perhydrolysis over hydrolysis compared with other enzymes known to
hydrolyze tributyrin.
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the first methionine residues. PROCHECK (13) indicates that
94% of the residues are in the core regions with no residues
in the disallowed or generously allowed regions of the
Ramachandran plot.

Figure Preparation.All graphic figures were prepared with
PyMOL (25).

Coordinates.Coordinates have been deposited in the
Protein Data Bank (accession codes 2q0q and 2q0s).

Determination of the Size of MsAcT in Solution.The
solution size of MsAcT was determined by dynamic light
scattering using a Malvern Zetasizer, NS.

RESULTS AND DISCUSSION

Enzymatic acylation in water was first observed while
investigating the selective oxidation of various alcohols by
lyophilized whole cells ofM. parafortuitum. In the presence
of prochiral diols, when ethyl acetate is used as a solvent, a
facile transesterification reaction results in the stereospecific
acylation of the diols (6). The purified protein responsible
for this acylation activity is fully active in aqueous reactions
containing only millimolar concentrations of ethyl acetate.
The sequence of two peptide fragments obtained by cyanogen

FIGURE 3: Structure of MsAcT. (a) Organization of the MsAcT octamer. The dimer pairs are colored green and blue. (b) Structure of the
MsAcT monomer. The five-strandedâ-sheet is labeled. (c) Schematic view of the SGNH hydrolase fold showing five parallelâ-strands
labeledâ1-â5 and helices labeledR1-R7. The location of the catalytic triad residues is shown. (d) Comparison of the MsAcT monomer
(colored green) with the thioesterase structure (colored red). (e) Interactions at the dimer interface. Insertion loop 3 (residues 122-130)
from one dimer is shown in orange and insertion loops 1, 2, and 4 of the dimer mate are shown in magenta. Some of the key residues are
labeled. (f) Interaction in the octamer. Insertion loop 4 that interacts with the dimer mate is highlighted in orange. Some of the residues
discussed in the text are labeled.

Table 1: Characterization of Acyltransferase and Perhydrolysis Activity of MsAcT-Related Enzymesa

acyltransferase
activityb

perhydrolysis
activityb soluble aggregatec

sequence
identity (%)d structure

MsAcT ++++ ++++ octamer 100 SGNH hydrolase
S. melilotiRSM02162 nd ++ apparent octamer 63.3 unknown
A. tumefaciens7-ACA + + tetramer (14, 15) 42.5 unknown
E. coli thioesterase - - monomer (17) 14 SGNH hydrolase
A. aculeatusrhamnogalacturonan acetylesterase - - monomer (18) 13.8 SGNH hydrolase

a Either by sequence or structural homology.b Acyltransferase and perhydrolysis activities are presented as relative to the activity of MsAcT
(++++) in the indicated assay. Assays were done as described in the Experimental Procedures.c Formation of multimers in solution was determined
by gel filtration (MsAcT and RSM02162) or gathered from the literature. RSM02162 eluted in the same volume as MsAcT in the gel filtration
analysis (Experimental Procedures).d Identity was determined using Vector NTi (informax/invitrogen) and full-length protein sequences.
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bromide cleavage of the enzyme isolated fromM. parafor-
tuitum eventually led to the identification of the complete
gene sequence from the unfinished genome sequence data-
base ofM. smegmatis, MC2155. The protein encoded by the
identified gene had physical and catalytic properties similar
to those of theM. parafortuitumprotein and was designated
MsAcT.

The acyl transfer reaction described above is a replacement
of the usual hydrolytic deacylation with an alcoholytic one.
A similar reaction involving perhydrolysis would result in
the formation of aliphatic peracids and would be an effective
source of in situ generated bleaching agents. Lipases that
catalyze the formation of peracids for in situ bleaching have
been reported previously (15), but one of the issues with
the commercialization of lipases for this purpose is their
inability to efficiently catalyze the reaction in an aqueous
environment. MsAcT, however, in the presence of an
appropriate substrate (for example, ethyl acetate or ethyl
acrylate) and acceptor (for example, neopentyl glycol),
preferably catalyzes transesterification at high yield (6)
(Figure 1). The corresponding hydrolysis reaction was not
measured.

To determine whether MsAcT would use hydrogen
peroxide as an acceptor, the perhydrolysis:hydrolysis ratio
of MsAcT was compared to that of several commercially
available lipases. Figure 2 shows the log ratio of perbutyric
acid to butyric acid generated by the enzymes in the presence
of tributyrin and hydrogen peroxide in an aqueous environ-
ment. The specific activity of perhydrolysis by MsAcT was
determined to be 700 units/mg of protein at 21°C with
propylene glycol diacetate as the acetate donor and hydrogen
peroxide in 100 mM potassium phosphate buffer, pH 7.1.
These data demonstrated that in the presence of an acceptor,
such as hydrogen peroxide, MsAcT preferably catalyzed the
perhydrolysis rather than the hydrolysis reaction, as much
as 50-fold over that of the lipases. The ability to produce
peracids rapidly in aqueous solution made MsAcT interesting
as a potential source for in situ generation of peracids for
commercial applications. It was therefore interesting to solve
the structure of MsAcT to determine whether there were
structural features that contributed to the novel catalysis
reactions.

We have determined the structures of MsAcT without and
with an inhibitor bound. Crystals of the apoenzyme were
obtained in the tetragonal space groupP4 with eight
molecules in the asymmetric unit. The three-dimensional
structure of theM. smegmatisenzyme was determined to
1.5 Å resolution by MAD techniques using selenomethion-
ine-labeled protein (32 Se in the asymmetric unit). The crystal
structure shows that the enzyme is an octamer with eight
identical subunits (216 residues per subunit). The octamer
can be thought of as a tetramer of closely associated dimers
that form a blocklike structure of roughly 72 Å× 72 Å ×
60 Å dimensions (Figure 3a) with a large channel in the
center running from the “top” to the “bottom” and crevices
on the “sides” between pairs of dimers. Each monomer has
a five-stranded parallelâ-sheet structure sandwiched by
R-helices on either side (Figure 3b). The catalytic triad is
composed of Ser11, Asp192, and His195. The refined
MsAcT octamer model contains 1720 residues (residues
2-216 for all monomers), 8 sulfate ions, 8 glycerol
molecules, and 1608 water molecules (Table 2). The crystal-

lographicR factor is 17.5%, andRfree is 19.6% (using all
data without anyσ cutoff). The percentages of non-glycine
residues in the most favored and allowed Ramachandran
areas are 94.2% and 5.8%, respectively, as assessed by
PROCHECK (13).

A structural homology search performed with MsAcT
using the program DALI, which is based on a distance
criterion and does not use sequence information for the
comparison, revealed five closely related proteins (16). These
are (1) thioesterase I (PDB code 1ivn) (17), (2) platelet-
activating factor, an acetylhydrolase (PDB code 1wab), (3)
a protein annotated as a hypothetical protein (PDB code
1vjg), (4) esterase (PDB code 1esc), and (5) rhamnogalac-
turonan acetylesterase (RGAE, PDB code 1deo) (18). All
of these proteins, along with MsAcT, share a common
structural motif (Figure 3b) having a five-stranded parallel
â-sheet structure sandwiched byR-helices on either side,
characteristic of the SGNH hydrolase fold family
(Figure 3c). The active serine resides in a short helical
segment following the firstâ-strand, and the aspartic acid
and histidine residues, which form the catalytic triad, are in
a loop preceding the C-terminal helix (Figure 3c). In many
SGNH hydrolase structures, the helical segment with the
active site serine is part of an elbow bend. The various SGNH
hydrolases can be differentiated on the basis of the pattern
of insertions and deletions from the basic fold that is best
exemplified by theE. coli thioesterase (17).

As found in other SGNH hydrolase structures, the nu-
cleophile Ser11 in the catalytic triad of MsAcT is located in
the GDS sequence motif on the short helical segmentR1
(Figure 3c), which represents the SGNH block I sequence
motif (19). The sulfate ion bound at the active site is well
defined in the electron density map and makes hydrogen
bonds with Ser11 and His195. The sulfate oxygen involved

Table 2: Summary of Crystal Parameters, Data Collection, and
Refinement Statistics for the Apoenzyme

native enzyme
carbamate-inhibited

enzyme

space group P4 P1
a (Å) 98.163 67.754
b (Å) 98.163 80.096
c (Å) 229.896 85.974
R (deg) 90.0 104.1
â (deg) 90.0 112.1
γ (deg) 90.0 97.4
monomers/asymmetric unit 8 8
resolution range 30.0-1.5 50.0-1.5
meanI/σ(I) 14.9 (2.6)a 30.8 (8.0)a

Rsym(I)b 0.087 (0.208)a 0.042 (0.13)a

total reflections 327138 302271
completeness 94.7 95.4
Rcryst

c 0.175 0.134
Rfree

d 0.196 0.160
protein atoms 13072 13072
sulfate molecule atoms 40 5
glycerol/inhibitor molecule atoms 48 72
solvent molecules 1608 2134
rmsd bond angle 0.015 0.016
rmsd bond angle 1.525 1.627

a Highest resolution shell.b Rsym ) ∑|Ii - 〈Ii〉|/∑|Ii|, whereIi is the
scaled intensity of theith measurement and〈Ii〉 is the mean intensity
for that reflection.c Rcryst ) ∑||Fo| - |Fc||/∑|Fo|, whereFc andFo are
the calculated and observed structure factor amplitudes, respectively.
d Rfree ) as for Rcryst but for 5.0% of the total reflections chosen at
random and omitted from refinement.
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in hydrogen bonding with Ser11 also participates in hydrogen
bonding with the amide nitrogen of Ala55 and the side chain
ND2 of Asn94. Asn94 is the conserved residue present in
the block III sequence motif (GXND) of SGNH hydrolase.
Unlike the conserved asparagine, Asn94, MsAcT deviates
from the SGNH hydrolase by having alanine rather than
glycine at position 55, which represents the block II region.
Therefore, while we refer to MsAcT as having the SGNH
hydrolase fold, it is actually a SANH hydrolase. It is
important to note that both alanine and glycine residues
function equally well in contributing the amide N to form
the oxyanion hole (comprising the N of Ala55, N of Ser11,
and ND2 of Asn94). The sulfate ion in the MsAcT structure
occupies a similar location as that found for the sulfate ion
in RGAE (18). Although the overall topology of MsAcT is
identical to that of SGNH hydrolases, there are several
insertions and one deletion in the MsAcT relative to the
general SGNH hydrolase fold (Figure 3d and Table 3) as
represented by thioesterase.

Table 1 compares and contrasts what is known about
enzymes that share some of the properties of MsAcT and
other structurally related enzymes that do not. Of the
homologues tested, two proteins, RSM02162 fromS. meliloti
(63.3% identity, 75% similarity) and 7-aminocephalosporanic
acid arylesterase (7-ACA) (42.5% identity, 52% similarity)
from A. tumefaciens(radiobacter) (20, 21), catalyzed

perhydrolysis or transesterification, respectively. Indeed,
RSM02162 had a significant rate of perhydrolysis, about 50%
that of MsAcT (data not shown). From the literature it is
known that theA. tumefaciens7-ACA is a tetramer (20),
while E. coli thioesterase and the RGAE are monomers. From
gel filtration data, it was determined that MsAcT was an
octamer andS. melilotiRSM02162, an apparent octamer. It
was also demonstrated by dynamic light scattering that the
MsAcT octamer was very stable. The protein was diluted in
10-fold dilutions from 21 mg/mL to 21µg/mL in 100 mM
potassium phosphate buffer, pH 7.1. The observed size of
9.3 nm is in good agreement with the dimensions of the
octamer reported in this paper determined by X-ray defrac-
tion. The observed size of the protein was unchanged by
dilution of 4 logs in concentration. The protein was also
subjected to incubation in 2 M urea (100µg/mL) at 50°C
and the size measured for 48 h. No change in the size of the
protein or evidence of subunit separation was observed. It
appeared that the oligomerization state was a significant
structural difference between MsAcT-like enzymes and other
SGNH hydrolases and could contribute to the activity.

The oligomeric nature of MsAcT restricts access to and
redefines the overall topology of the active site pocket. The
structural comparisons show that the monomeric structure
of MsAcT superimposes well with the thioesterase structure,
with an rmsd of 1.5 Å for 130 CR atoms (Figure 3d). The

Table 3: Sequences of Selected SGNH Hydrolases
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deletion in MsAcT relative to the thioesterase and the other
known SGNH hydrolases is between residues 186 and 189.
There are four prominent insertions, namely, insertion 1
(residues 17-27), insertion 2 (residues 59-69), insertion 3
(residues 122-130), and insertion 4 (residues 142-156)
(Figure 3d and Table 3). These insertions form an elaborated
substrate-binding surface and the dimer/octamer interactions
(Figure 3e,f). Figure 3e illustrates several key dimer interac-
tions, the most prominent of which is insertion 3, which
completes the formation of an elaborated substrate-binding
surface formed by insertion loops 1, 2, and 4 of its dimer
mate. Figure 3e also illustrates the interaction of several
residues, conserved in functionally homologous enzymes, that
further stabilizes the dimer. In Figure 3f, the residues in
insertion 4 loop interact with neighboring dimer pairs. These
interactions contribute to the formation and stabilization of
the octamer structure as a tetramer of dimers, with each loop
of insertion 4 of a given dimer interacting with different
neighboring dimer pairs.

The nature of the substrate-binding pocket was investigated
using an inhibitor, 4′-nitrophenyl n-hexylcarbamate. The
inhibited complex was crystallized in a triclinic space group
P1 having an octamer in the asymmetric unit (Table 2).
Diffraction extended beyond 1.2 Å, and the current model
was determined using data collected to 1.25 Å and refined

to 1.50 Å resolution. This form contains 1720 residues
(residues 2-216 for all monomers), 8 covalently bound
inhibitor molecules, 1 sulfate ion, and 2134 water molecules
(Table 2). The crystallographicR factor andRfree are 13.4%
and 16.0%, respectively (using all data between 50.0-
1.50 Å resolution). The percentages of non-glycine residues
in the most favored and allowed Ramachandran areas are
93.8% and 6.2%, respectively, as assessed by PROCHECK.

A schematic of the reaction between the 4′-nitrophenyl
n-hexylcarbamate inhibitor and AcT is shown in Figure 4a.
Electron density was observed for the inhibitor, which is
covalently bound to the active site residue Ser11 (Figure 4b).
The inhibitor is bound in a hydrophobic channel, which
extends to the exterior of the octamer surface, and the
position of the alkyl chain indicates the probable direction
of substrate approach into the active site. Figure 4b shows
that residues forming the hydrophobic channel are derived
from three monomers: residues Trp149, Phe150, Ile153, and
Phe154 (labeled in Figure 4b) along with Trp16, Ala23,
Pro24, and Ala55 (shown in green) from the same monomer,
while Val125 (shown in blue) from the dimer mate part of
the segment, Gly123, Gly124, Val125, and Gly126, that
completes the substrate-binding site (Figure 3e, 4b). The last
segment shown in Figure 4b comes from a neighboring dimer
that includes Phe174 shown in copper color. While there is

FIGURE 4: Inhibitor bound to the active site. (a) A schematic of the reaction between the 4′-nitrophenyln-hexylcarbamate inhibitor and
AcT. (b) Electron density omit map for the inhibitor. TheFo - Fc omit map of the inhibitor is contoured at 4.0σ. The covalently bound
inhibitor and the catalytic serine residue are shown in atom colors with carbon atoms in yellow. Important residues are labeled. The side
chains of Asp192 and His195, which along with Ser11 form the catalytic triad, are shown as stick models and are color-coded by atom
type: green, C; blue, N; red, O. The side chain of Asn94, which along with the amide N atom of Ala55 and Ser11 forms the oxyanion hole,
is also shown. Also shown are several side chains that form the hydrophobic channel leading to the catalytic site. Many are found on the
same monomer: Trp16, Ala23, Pro24, Ala55 Trp149, Phe150, Ile153, and Phe154 (labeled in the figure). Residues Val125 and Gly126
from the dimer mate monomer, which completes the channel, are shown in blue. The side chain of Phe174 from a third monomer is shown
in copper color.
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ordered internal water seen in the vicinity, no ordered water
is seen in the hydrophobic channel. Moreover, when the
enzyme binds the six-carbon inhibitor, it would exclude
access to the catalytic center (see Figure 5). The interior of
the hydrophobic channel is formed by the four large loops
that arise from insertions 1-4 discussed earlier (Figure 3e
and Table 3). The restriction of access to the hydrophobic
channel arising from the oligomerization is illustrated in
Figure 5. Figure 5a shows the region forming the hydro-
phobic channel leading to the active site of MsAcT in the
dimer. The dimer mates are colored green and blue, the

exception being the third monomer, which comes from a
different dimer pair and also contributes to the restricted
access of this channel (colored magenta). The surface relating
to the hydrophobic channel is color-coded for the corre-
sponding monomer. Figure 5b shows a stereoscopic close-
up of Figure 5a with the yellow stick figure representing
the carbamate inhibitor. Furthermore, it is important to note
that the access to the active site is controlled by the residues
from the “MsAcT-specific” insertion loops (Table 3).

Other than the platelet-activating factor, an acetylhydro-
lase, which forms a dimer in the crystal structure, all other

FIGURE 5: Restriction of access to the catalytic site. (a) On the left is an overview of the octamer color-coded similarly to that in
Figure 3a. Each of the dimers contains a green- and cyan-colored monomer. The catalytic triad of one green monomer is represented as a
stick model and is colored red. The boxed area contains the red catalytic triad and the residues that contribute to the restriction of the active
site. The residues are contributed from the catalytic triad parent monomer (green), its dimer mate (cyan), and a third monomer from a
neighboring dimer pair (magenta). The boxed area is shown in close-up and in stereo on the right-hand side. Residues from the cyan- and
magenta-colored monomers contribute to a channel to restrict access to the reactive center of the green monomer. A yellow stick figure
representing the carbamate inhibitor bound to the green monomer is included for reference. One side of the channel is formed by hydrophobic
residues from the cyan monomer (A122, A123, G124, V125, G126). The other side of the channel is formed by hydrophobic residues from
two segments from the magenta-colored monomer (Leu105, Leu109, Thr116, Val118, Leu119, Phe174, Met175, and Val177). (b) A close-
up stereoview of the surface rendering of this restricted hydrophobic channel leading to the catalytic site formed by three monomers shown
in (a).
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SGNH hydrolases with characterized structures are mono-
meric and do not show any acyltransferase activity in water.
The SGNH hydrolases shown in Table 1 were analyzed by
sequence alignment (Table 3). It may be seen from the
alignments that the SGNH hydrolases that catalyze transes-
terification/perhydrolysis reactions in water share a common
pattern that includes insertions 1-4 as described above. In
addition, several specific residues found at dimer and
interdimer interfaces are also conserved. Among these are
Glu51, Tyr73, and His81 at the dimer interface; Arg101 and
Asp106, which form a salt bridge between dimers in the
octamer; and Phe174, which along with Leu105 and Leu109
creates a hydrophobic pocket for Trp149 from the insertion
4 loop (Figure 3e,f). All of the enzymes that catalyze acyl
transfer in water share the property of appearing in solution
as aggregates, either as tetramers or octamers. Moreover, the
residues and loops, which form the dimer and interdimer
interfaces, are conserved in the sequences of SGNH hydro-
lases that show acyltransferase activity in water. Therefore,
the restricted access to the active site through the hydrophobic
channel would be a common feature of these enzymes, and
they may form a subclass of enzymes of the hydrolase family.
The precise nature and magnitude of the contribution that
restricted access provides to favor alcoholysis remain the
subject of further experimentation.

The architecture of the MsAcT enzyme provides a
structural basis for the control of substrate and the exclusion
and partitioning of water that contributes to its ability to
catalyze alcoholysis reactions in vast molar excesses of water.
In MsAcT this appears to arise from an intricate oligomer-
ization resulting in a highly restrictive reactive channel,
which may favor alcoholysis over hydrolysis. This restriction
coupled with the hydrophobic nature of the channel would
disfavor access to water, normally present in vast molar
excess, to allow other moieties such as alcohol and hydrogen
peroxide to react with the acyl enzyme intermediate. This
finding is similar to the results reported for humanâ-tryptase
where the insertion of loops onto a standard serine protease
created an oligomeric enzyme having restricted access linked
to its function (22). It should now be possible to mimic this
natural engineering by modifying other SGNH hydrolases
or even lipases from theR/â hydrolases (23, 24) to form
new acyltransferases that catalyze transfer reactions in water,
creating high value materials for biotechnology and the
pharmaceutical industry.
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