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ABSTRACT:. The unusual architecture of the enzyme (MsAcT) isolated fidytobacterium 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
agueous 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 A 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 crystal structures of the apoenzyme and an inhibitor-bound
and esters in water is an unrealized goal of biocatalysis. Suchform to 1.5 A resolution and postulate that the unusual
reactions would eliminate the need for protection and architecture of MsAcT forms the mechanistic basis for
deprotection steps in synthesis and therefore reduce thefavoring alcoholysis over hydrolysis in water.
environmental impact and cost of such chemistry. The
opportunity to exploit the selectivity and catalytic efficiency EXPERIMENTAL PROCEDURES
in an economical media could remove cost bottlenecks in
the synthesis of many bioproducts, in particular, commodityci\)A

chemicals. Previously, the best candidates have been found, .. - :
in lipases, which belong to the/8 hydrolase family of urified from Mycobacterium parafortuitunATCC 19686

. ; . (4). Two peptide sequences were obtained from the purified
enzymes. I__|_pases are now yv|dely u_sed f_or catalytic anc_i protein. The sequence of one peptide, KVPFFDAGS-
stereospecific transesterification reactions, in both academ'CVISTDGVDGI was determined by Edman aegradation from
and industrial laboratories. These reactions, described by Sy yanogen brdmide cleavage of the purified enzyme. The

(1) and Zaks and Klibano\2j, are alcoholysis reactions run sequence of the second peptide, GTRRILSFGDSLTWG-
in anhydrous solvents and have found application in chiral \s b\ \was determined using N-,terminal sequencing. A

synthesis, regio-specific protection, and enantiomeric resolu—BLAST search against the TIGR unfinished genome database

tion. In order to promote a desired alcoholysis, these reactions;yanrified a sequence of potential interesin smegmatis

are conducted in anhydrous solvents to prevent the hydrolysis ¢ gene was amplified froml. smegmatiy PCR using

of the target ester. A large body of literature has accumulatedthe primers MsRBSF, 'ECTAACAGGAGGAATTAA-

to guide the practitioner in the selection of enzyme, choice CCATGGCCAAGCGAA'i'TCTGTG'I’TTCGGTGATTCCCT-
of solvent, reaction condition, substrate specificity, chiral 5\~c7.3 and MspetBamR, B5CGCGCGGATCCGCGC-
selectivity, immobilization techniques, and reaction kinetics ~~rac A,GC AGGCTCCGCACCTG‘I‘I’CCGCG AGGGCCA-
(3). Such reactions, however, possess limitations due to theCCCCGA-S which create arNcd site at the ATG start
r(_aquiremer_lt of anhydrous solvents and can become expen 4, and r;ldd BanH| site after the stop codon.

sive. In this paper, we show that a novel enzyme from The amplification of the gene was done by PCR using

Mycobacterium smegmatistalyzes alcoholysis in substan- )
tially aqueous media. We have determined the Taq DNA polymerase (Roche) as per the manufacturer's

Cloning of the Enzyme with Acyltransferase Aityi from
. SmegmatisAn enzyme with acyltransferase activity was

1 Abbreviations: MsACcT, enzyme frorlycobacterium smegmatis
* Coordinates for the native and inhibited enzymes are deposited in with acyltransferase activity; OP-phenylenediamine; NPG, neo-

the Protein Data Bank as entries 2q0q and 2q0s, respectively. pentyl glycol; PCR, polymerase chain reaction; MAD, multiwavelength
* To whom correspondence should be addressed. E-mail: Rick.Bott@ anomalous data; DNA, deoxyribonucleic acid; GC/FID, gas chroma-

Danisco.com. Phone: 650-846-5832. Fax: 650-845-6508. tography/flame ionization detector; GC/MS, gas chromatography/mass
§ Stanford Synchrotron Research Laboratory. spectrometry; IPTG, isopropyp-p-thiogalactopyranoside; DMSO,
'Genencor. dimethyl sulfoxide; LA, Luria agar; LB, Luria broth.
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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 72C for 1 min.

Mathews et al.

Preparation of HomologuesThe genes encodini-
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(ADE3) pLysS cells as described in the Expression

The fragments obtained from the PCR reaction were of MsACT section for the cloning and expression of MSACT.
separated on a 1.2% agarose gel, and a single band of thd "€ 7-ACA gene was amplified fronv. parafortuitum

expected size of 651 bp was identified. This band was cloned
directly into the pCR2.1 TOPO cloning vector (Invitrogen)
and transformed int&scherichia coliTop 10 cells (Invit-
rogen) with selection on Luria agar (LA) containing 10§/

mL carbenicillin and X-gal (2Qtg/mL; Sigma-Aldrich) for
blue/white selection and incubated overnight at %7.
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 withEcadRlI to release the fragment and sequencing
using primers supplied by the pCR2.1 manufacturer (Invit-
rogen). The plasmid was designated pMSATNCcol. The
plasmid pMSATNcol was digested witticd/BarH| (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 viitd/BanH]|

T4 DNA ligase overnight at 16C. The ligation reaction
was transformed into chemically competé&ntcoli Top 10
cells (Invitrogen), and transformants were selected on LA
containing carbenicillin after overnight growth at 3T.
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 Ncd/BanHI. The correct plasmid was designated
PMSATNCcol-1. This plasmid was transformed into tBe
coli strain BL214DE3) pLysS (Novagen), with selection on
LA containing carbenicillin (10@g/mL). Cells were grown
overnight at 37°C; one transformant was selected and
designated MSAcTNcol-1.

Expression of MsAcTIn the following experiments, all
cultures of MSACTNCcol-1 were grown in solid or liquid
media containing carbenicillin at a concentration of 100
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
MSATNCcol-1 and grown overnight at 37C with shaking
at 200 rpm. This culture was used to inoculate 100 mL of
LB containing carbenicillin to an O3, of 0.1. The cultures
were grown at 30°C with shaking at 200 rpm until they
reached an OFyoof 0.4. The expression of thectgene was
then induced by the addition of 100M IPTG and the
incubation continued overnight. Cultures were harvested by

chromosomal DNA using the primers ACA-F,-GGT-
GAAGTCGGTCCTCTGCTTTG-3 and ACA-R, 5-GCG-
GATCCTCAAAGTCCGAGCATCATGCGAA-3. The se-
guence was identical to that of tAgrobacterium tumefaciens
(radiobacter) (protein accession number AAD02335). The
primer set addebtlicd andBanH| sites at the 5and 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 Filtratiofter
preparation of cell lysates from strains expressing the
homologues, as described in the Expression of MsAcCT
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 MSA& 500 mL precul-
ture of MSAcTNcol-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), NEPO, (6 g/L), KHPO,

(3 g/L), NH,CI (1 g/L), NaCl (0.5 g/L), thiamin (5 mg/L),
MgSOy (2 mM), CaCh (100 uM), citric acid-H,O (40 mg/

L), MnSQO4-H,0 (30 mg/L), NaCl (10 mg/L), FeSErH,0O

(1 mg/L), CoC}6H,0 (1 mg/L), ZnSQ-7H,O (1 mg/L),
CuSQ:-5H,0 (100 ug/L), H3BO5-5H,O (100 ug/L), and
NaMoOy+2H,0 (100ug/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 Qg 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 5«M. The cultures were then incubated
overnight ¢~15 h) at 30°C with shaking at 200 rpm and

centrifugation (10 min at 7000 rpm; Sorvall SS34 rotor), the harvested by centrifugation. The cell pellet was washed two
supernatant was removed, and the pellets were washed irtimes with 50 mM potassium phosphate buffer, pH 6.8. The
50 mM potassium phosphate buffer, pH 6.8. The cells were yield was 28.5 g (wet weight) of cells to which was added
centrifuged again, the supernatants were removed, and thel14 mL of 100 mM potassium phosphate buffer, pH 8.2,
wet weight of the cells was determined. The cells were and 5 mg of DNase. This mixture was subjected to two
resuspended in 100 mM potassium phosphate buffer, pH 8.2 freeze-thaw cycles {70 °C and 4°C).

in a volume that was 4 times the wet weight. The resus- The thawed cell suspension was lysed by disruption in a
pended cells were frozen at70 °C. The cells were thawed  French pressure cell at 20000 psi. The unbroken cells and
and lysed in a French pressure cell. The MsAcT was purified cell membrane material were sedimented by centrifugation
as described below in the Selenomethionine Labeling of at 10000@ for 1 h. The supernatant crude extract (128 mL)
MsACT section. 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  Determination of the Perhydrolysis/Hydrolysis Rafite
10 min, the beaker was stirred in ice water for 1 min followed rate of perhydrolysis was determined in reactions containing
by centrifugation at 150@Pfor 15 min. The volume of the 50 mM potassium phosphate, pH 7.5, 10 mM tributyrin, 29
supernatant from this procedure was 118 mL. To this extractmM hydrogen peroxide, 20 mM potassium chloride, and
was added (NSO, to 20% saturation, and the resultant 10 mM o-phenylenediamine (OPD) in a volume of 1.0 mL.
mixture was loaded onto a 10 cm 11.6 cm fast-flow Activity was measured by monitoring the absorbance increase
phenyl-Sepharose (Pharmacia) column equilibrated in at 458 nm of OPD, which was oxidized by perbutyric acid
100 mM potassium phosphate buffer, pH 6.8, containing a generated with the enzyme. The OPD solution was prepared
20% saturation (109 g/L) of (NBLSO,. After the extract immediately before use in assay buffer and the pH readjusted
was loaded, the column was washed with 1700 mL of starting with potassium hydroxide. A quenching solution was pre-
buffer and eluted with a two-step gradient. The first step pared containing 10 mM OPD and 100 mM citric acid in
was a linear 1900 mL gradient from start buffer to the same 70% ethanol. The assay was conducted af@5and was
buffer without (NH,).SOy; the second step was a 500 mL initiated by the addition of enzyme. Aliquots were taken at
elution with 100 mM potassium phosphate buffer, pH 6.8, intervals over an hour and quenched with 2 volumes of
containing 5% EtOH. The active fractions were pooled, quenching solution at appropriate times, typically 2, 5, 10,
giving a total volume of 241 mL, diluted 100% with water, 15, 25, 40, and 60 min, after addition of the enzyme. The
and loaded onto a 1.6 mm 16 mm Poros HQ strong anion-  quenched assay samples were incubated for 30 min to allow
exchange column equilibrated in 100 mM Tris-HCI, pH 7.6. any remaining perbutyric acid to oxidize the OPD, and then
After the pooled fractions were loaded, the column was the absorbance was measured. The concentration of perbu-
washed with 5 column volumes of starting buffer. The protein tyric acid was determined by comparison to a standard curve
was eluted with a 15 column volume gradient from start generated under the same conditions.
buffer to start buffer containing 175 mM KCI. The active The rate of tributyrin hydrolysis was measured in reactions
fractions were pooled and concentrated using a Centriprepcomprised of 50 mM potassium phosphate buffer, pH 7.5,
30 (Millipore) to 740uL. 10 mM tributyrin, 29 mM hydrogen peroxide, and 20 mM
TransesterificationReactions were conducted in single potassium chloride and an amount of enzyme that would
phase conditions of water dissolved in ethyl acetate or ethyl generate 2Q«M butyric acid/min at 25°C. Aliquots were
acetate dissolved in water. Each reaction contained 100 mMtaken at intervals over an hour and quenched with 4 volumes
neopentyl glycol (NPG) in ethyl acetate with the indicated of methanol. The methanol-quenched samples were then
amount of dissolved water or 100 mM NPG dissolved in analyzed by GC/FID (Zebron FFAP, 30 m long, 2bth
water containing 6% ethyl acetate in a final volume of 0.1 diameter, 250 nm film thickness). This assay was conducted
mL. The enzyme was added to a final concentration of 525 under the same conditions as for perhydrolysis, i.e., in the
ng/mL in 2.5uL of 1 uM potassium phosphate buffer and presence of hydrogen peroxide, but with no trap for the
incubated at 2°C. Samples were withdrawn at intervals perbutyric acid (OPD). Injection into the GC for analysis
for up to 30 min, and the product was separated and converts perbutyric acid to butyric acid; thus, the observed
quantified by GC/MS on a 30M, BPX70 column (SGE butyric acid signal represents enzymatically generated prod-
Incorporated). Specific activity is reported as micromoles ucts, butyric acid and perbutyric acid. The actual amount of
of NPG monoacetate produced per minute per milligram of butyric acid generated in the assay was calculated by
MsACT. subtraction of the concentration of perbutyric acid (deter-
Inhibition of MsAcT with p-Nitrophenyl n-Hexylcarbamate. mined by OPD analysis) from the total butyric acid deter-
The inhibitor, 4-nitrophenyln-hexylcarbamate, was prepared mined by GC/FID analysis.

as described by Hosie et ab)( Purification was achieved The amount of enzyme used to determine the perhydroly-
by two recrystallizations in hexanésl and'*C NMR spectra sis/hydrolysis ratio reported in Figure 2 was that required to
gave the expected signals. give a measurable and linear rate of tributyrin hydrolysis as

MsAcT was added at a concentration of 12 mg/mL to 1 described above. The enzyme source and concentration of
mL of 67 mM sodium phosphate buffer at pH 7 also each enzyme used were as follows: MsAdJ, @ ug/mL;
containing 15% DMSO by volume. The mixture was AcT from M. parafortuitum (MpAcT) (6), 4 ug/mL;
incubated at 25C and stirred with a small magnetic stir Pseudomonas mendociratinase 7), 2 ug/mL; Candida
bar. Inactivation was initiated by addition of a &0 aliquot cylindraceacholesterol esterase (Roche Diagnosticg)g2
of a 400 mM solution of inhibitor in DMSO. Six more mL; Rhizopus oryzadipase (Biocatalytics), 18&g/mL;
10uL additions of the same inhibitor solution were made at Pseudomonas cepacipase (Biocatalytics), 3Qug/mL;

19, 51, 110, 166, 180, and 220 min, respectively. The reactionPseudomonas fluorescelysase (Biocatalytics), 2@g/mL;
was terminated at 250 min by treatment of the sample with Candida antarcticalipase B (Biocatalytics), 4g/mL; C.

a spin column centrifugation through a column packed with antarcticalipase A (Biocatalytics), &g/mL; Pseudomonas
10.7 mL of Bio-Gel P-6. The column had been prepared by sp lipase (Biocatalytics), 14g/mL; porcine pancreatic lipase
preequilibrating it with 10 mM HEPES buffer, pH 8, and (Biocatalytics), 5Qug/mL; Thermomyces lanuginodipase
centrifuging at 2000 rpm for 2 min in an IEC model HN- (Biocatalytics), 3ug/mL; Mucor mieheilipase (Biocatalyt-
SlI clinifuge swinging bucket rotor prior to loading the ics), 3 xg/mL; andAlcaligenessp. lipase (Biocatalytics),
sample onto the column and centrifuging under the same 14 ug/mL.

conditions of time and speed to effect buffer exchange and Crystal PreparationCrystals were grown by the hanging
removal of excess inhibitor and DMSO. Enzyme assay with drop vapor diffusion method. Native crystals were grown
p-nitrophenyl butyrate showed the enzyme to H89% by mixing 4 uL of protein solution at 12.7 mg/mL concen-
inhibited. tration in 20mM HEPES buffer pH 8.0 with GL of a
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1000 1/ the Advanced Light Source (ALS, Berkeley, CA) onbeamline
HiC. O~ 8.2.1 at wavelengths corresponding to the ianec_thm (ow-
800 - Howw 8 Hofc)@o\/% energy remote/(), and the peakig) of a selenium MAI_D
- MsAcT I experiment. Later, a data séb( was collected on beamline
s - 8.2.2 to 1.5 A resolution. The data sets were collected at
EE’ 600 1 T=e 100 K using Quantum 210 CCD for the MAD data set and
OE Quantum 315 CCD for the high-resolution data set. Data
’§§400- were integrated using Mosflm8)( and scaled with the
& SCALA program from the CCP4 suit®); Data statistics
200 - are summarized in Table 2.
Diffraction data for the inhibitor-bound form were col-
0l oo . . . — lected at the Stanford Synchrotron Radiation Laboratory

(SSRL, Menlo Park, CA) on beamline 9-1. Crystals diffracted
0 0.5 1 01'5 2 25 95 to better than 1.2 A resolution. However, a complete data
7o Water set was collected to only 1.5 A resolution. The data set was
FiGUrRe 1. Catalytic activities of MSACT: Transesterification of  gjlected at 100 K using Quantum 315 CCD and processed

the acetate moiety from ethyl acetate to NPG in the presence of  _. . -
varying concentrations of water. Reactions were conducted underS'N9 the HKL2000 program suitd@. Data statistics are

conditions yielding single phase mixtures of water dissolved in ethyl SUmmarized in Table 2.
acetate or ethyl acetate dissolved in water; NPG was used at a Structure Solution and Refinemeithe initial structure
concentration of 100 mM. was determined using the 2.5 A selenium MAD datg@)
using the CCP4 suite and SOLVE/RESOLVE prografris. (
Model building was performed using A2). The traced
reservoir solution (2M ammonium sulfate, 2% polyethylene model was then refined with the 1.5 A data skf) (using
glycol 400, 0.1M Tris pH 8.1). Inhibited crystals were grown REFMAC (9). Refinement statistics are summarized in
by mixing 2uL of protein solution at 15 mg/mL in the same  Table 2. The final model includes a protein octamer, 8 sulfate
buffer with 4uL of a reservoir solution (0.2M lithium sulfate, ions, 8 glycerol molecules, and 1608 water molecules in the
30% polyethylene glycol 4000, and 0.1M Tris pH 8.5). asymmetric unit. No electron density was observed for the
Crystals appeared in 1 week and reached their maximumfirstmethionine residue in any ofthe molecules. PROCHECK11
size within 3 weeks. Crystals of the selenomethionine (13) indicates that 94% of the residues in all of the monomers
derivative of MsAcT were obtained from hanging drops are located in the core regions of the Ramachandran plot
mixed with equal volumes of 22.7 mg/mL protein solution (14) with no residues in the disallowed or generously allowed
in 20 mM HEPES, pH 8.0, and a reservoir solution regions.
comprising 1.0 M ammonium dihydrogen phosphate and 100  The inhibitor structure was solved by molecular replace-
mM sodium citrate, pH 5.6. The crystals were transferred to ment with MOLREP {3) using the coordinates of the
a reservoir solution and mixed in a 3:1 ratio with glycerol apoenzyme. Refinement statistics are summarized in
before cryocooling by immersion in a liquid nitrogen bath. Table 2. The final model includes a protein octamer, 8
X-ray Data Collection Multiwavelength anomalous dif-  inhibitor molecules, 1 sulfate ion, and 2134 water molecules
fraction (MAD) data were collected for the apoenzyme at in the unit cell. No electron density was observed for any of
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o § 8% i : i
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FiGUure 2: Selectivity of perhydrolysis to hydrolysis catalyzed by MsSAcT 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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c

Insertion 1 Insertion 2

Insertion 3

Ficure 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-strandgtisheet is labeled. (c) Schematic view of the SGNH hydrolase fold showing five patateands
labeledf1—45 and helices labeled1—oa7. 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 (restd3@3 122

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 Erfzymes

acyltransferase perhydrolysis sequence
activity? activity? soluble aggregate identity (%) structure
MsAcT ++++ ++++ octamer 100 SGNH hydrolase
S. melilotiRSM02162 nd ++ apparent octamer 63.3 unknown
A. tumefacien3-ACA + + tetramer 14, 15) 42.5 unknown
E. colithioesterase - - monomer 17) 14 SGNH hydrolase
A. aculeatushamnogalacturonan acetylesterase  — - monomer 18) 13.8 SGNH hydrolase

aEither by sequence or structural homolo§ycyltransferase and perhydrolysis activities are presented as relative to the activity of MsAcT
(++++) in the indicated assay. Assays were done as described in the Experimental Pro¢dehmaation of multimers in solution was determined
by gel filtration (MsAcT and RSM02162) or gathered from the literature. RSM02162 eluted in the same volume as MsACcT in the gel filtration
analysis (Experimental Procedure$)dentity was determined using Vector NTi (informax/invitrogen) and full-length protein sequences.

the first methionine residues. PROCHECK3) indicates that RESULTS AND DISCUSSION
94% of the residues are in the core regions with no residues _ o _ .
in the disallowed or generously allowed regions of the Enzymatic acylation in water was first observed while

Ramachandran plot. investigating the selective oxidation of various alcohols by
Figure PreparationAll graphic figures were prepared with  lyophilized whole cells oM. parafortuitum In the presence

PyMOL (25). of prochiral diols, when ethyl acetate is used as a solvent, a
Coordinates. Coordinates have been deposited in the facile transesterification reaction results in the stereospecific

Protein Data Bank (accession codes 2q0g and 2q0s). acylation of the diols&). The purified protein responsible
Determination of the Size of MsSACT in Solutiofhe for this acylation activity is fully active in aqueous reactions

solution size of MsAcT was determined by dynamic light containing only millimolar concentrations of ethyl acetate.
scattering using a Malvern Zetasizer, NS. The sequence of two peptide fragments obtained by cyanogen
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bromide cleavage of the enzyme isolated frivmparafor-
tuitum eventually led to the identification of the complete Refinement Statistics for the Apoenzyme

Table 2: Summary of Crystal Parameters, Data Collection, and

gene sequence from the unfinished genome sequence data-
base oM. smegmatisMC,155. The protein encoded by the

carbamate-inhibited

’ _' 2 ! g e native enzyme enzyme
identified gene had physpal and ca_talytlc properties similar space group P2 P1
to those of theM. parafortuitumprotein and was designated  5(A) 98.163 67.754
MsACT. b (A) 98.163 80.096
The acyl transfer reaction described above is a replacement (3) 29209-0896 ?%f714
of the usual hydrolytic deacylation with an alcoholytic one. g(dgg)) 900 1151
A similar reaction involving perhydrolysis would result in =, (geg) 90.0 97.4
the formation of aliphatic peracids and would be an effective monomers/asymmetric unit 8 8
source of in situ generated bleaching agents. Lipases thatesolution range 30:01.5 50.6-1.5
: ; P . meanl/o(l) 14.9 (2.6} 30.8 (8.03
catalyze the formation of peracids for in situ bleaching have Ron])" 0.087 (0208)  0.042 (0.13)
been reported previousiyi§), but one of the issues with 14l reflections 327138 302271
the commercialization of lipases for this purpose is their completeness 94.7 95.4
inability to efficiently catalyze the reaction in an aqueous Rcrysf 0.175 0.134
environment. MsAcT, however, in the presence of an Rree” 0.196 0.160
. protein atoms 13072 13072
appropriate substrate (for example, ethyl acetate or ethyl g fate molecule atoms 40 5
acrylate) and acceptor (for example, neopentyl glycol), glycerol/inhibitor molecule atoms 48 72
preferably catalyzes transesterification at high yie® ( SO|V§rtl)t mgleculles (1)600185 315,146
H H H i rms onad angle . .
(Figure 1). The corresponding hydrolysis reaction was not rmsd bond angle 1508 1627

measured.
; aHighest resolution shelb. Rym = Y |li — VY |li|, wherel; is the
To determine whether MsACT would use hydrogen scaled intensity of théth measurement andiClis the mean intensity

peroxide as an acceptor, the perhydrolysis:hydrolysis ratio o 4t reflections Reyst= S |IFol — |Fdll/S|Fol, WhereF, andF, are
of MsAcT was compared to that of several commercially the calculated and observed structure factor amplitudes, respectively.

available lipases. Figure 2 shows the log ratio of perbutyric 9 Rree = as for Ruyst but for 5.0% of the total reflections chosen at
acid to butyric acid generated by the enzymes in the presencgandom and omitted from refinement.
of tributyrin and hydrogen peroxide in an aqueous environ-
ment. The specific activity of perhydrolysis by MsSAcT was lographicR factor is 17.5%, andRyee is 19.6% (using all
determined to be 700 units/mg of protein at 20 with data without any cutoff). The percentages of non-glycine
propylene glycol diacetate as the acetate donor and hydrogenesidues in the most favored and allowed Ramachandran
peroxide in 100 mM potassium phosphate buffer, pH 7.1. areas are 94.2% and 5.8%, respectively, as assessed by
These data demonstrated that in the presence of an acceptoPROCHECK (3).
such as hydrogen peroxide, MsAcT preferably catalyzed the A structural homology search performed with MsAcT
perhydrolysis rather than the hydrolysis reaction, as much using the program DALI, which is based on a distance
as 50-fold over that of the lipases. The ability to produce criterion and does not use sequence information for the
peracids rapidly in agueous solution made MsACT interesting comparison, revealed five closely related proteir®.(These
as a potential source for in situ generation of peracids for are (1) thioesterase | (PDB code 1livr)7), (2) platelet-
commercial applications. It was therefore interesting to solve activating factor, an acetylhydrolase (PDB code 1wab), (3)
the structure of MSACT to determine whether there were a protein annotated as a hypothetical protein (PDB code
structural features that contributed to the novel catalysis 1vjg), (4) esterase (PDB code lesc), and (5) rhamnogalac-
reactions. turonan acetylesterase (RGAE, PDB code 1dd®). (All

We have determined the structures of MSAcCT without and of these proteins, along with MsAcT, share a common
with an inhibitor bound. Crystals of the apoenzyme were structural motif (Figure 3b) having a five-stranded parallel
obtained in the tetragonal space grotd with eight p-sheet structure sandwiched byhelices on either side,
molecules in the asymmetric unit. The three-dimensional characteristic of the SGNH hydrolase fold family
structure of theM. smegmatienzyme was determined to (Figure 3c). The active serine resides in a short helical
1.5 A resolution by MAD techniques using selenomethion- segment following the firsB-strand, and the aspartic acid
ine-labeled protein (32 Se in the asymmetric unit). The crystal and histidine residues, which form the catalytic triad, are in
structure shows that the enzyme is an octamer with eighta loop preceding the C-terminal helix (Figure 3c). In many
identical subunits (216 residues per subunit). The octamerSGNH hydrolase structures, the helical segment with the
can be thought of as a tetramer of closely associated dimersactive site serine is part of an elbow bend. The various SGNH
that form a blocklike structure of roughly 72 & 72 A x hydrolases can be differentiated on the basis of the pattern
60 A dimensions (Figure 3a) with a large channel in the of insertions and deletions from the basic fold that is best
center running from the “top” to the “bottom” and crevices exemplified by theE. coli thioesterasel(?).
on the “sides” between pairs of dimers. Each monomer has As found in other SGNH hydrolase structures, the nu-
a five-stranded paralleB-sheet structure sandwiched by cleophile Serl1 in the catalytic triad of MSACT is located in
a-helices on either side (Figure 3b). The catalytic triad is the GDS sequence motif on the short helical segnoeint
composed of Serll, Aspl92, and His195. The refined (Figure 3c), which represents the SGNH block | sequence
MsAcCT octamer model contains 1720 residues (residuesmotif (19). The sulfate ion bound at the active site is well
2—216 for all monomers), 8 sulfate ions, 8 glycerol defined in the electron density map and makes hydrogen
molecules, and 1608 water molecules (Table 2). The crystal-bonds with Ser11 and His195. The sulfate oxygen involved
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Table 3: Sequences of Selected SGNH Hydrolases

Insettion 1
M _swegmatisAT M. .AKRILCF GD3LTWGWEF VEDGAFPTERF APDWVRUWTGVL AQQLGADFEWV
S meliloti RIMZ162 MVEKERSVLCF GD3ILTWGWIF VEESIPTLRF PYEQRWTGAM AARLGDGYHI
A radiobacteriCi MV..KSVLCF GDSLTWGSpA ET....GGRH SHDDLWPSVL QEALGPDVEV
E ColiTAiP «..ADTLLIL GDSL3AGY| . «vevennn 1 JASAAWPALL NDEWOQIKTIV
A Aculeatus_ldeo .. TTVYLAL GDSTHMAE.|l . ...... > SGTHNGWGEYL A3YL..3ATV
Insettion 2
M _swegmatisiT IEEGL3ARTT NIDDPTDPE. LMNGASYLP3C LATHLP.LDL WIIMLGTHDT
S weliloti RSM2162 IEEGLSARTT ELDDPNDAR. LN[GSTYLPMA LASHLP.LDL WIIMLGTNDT
A radiobacterACh IHEGLGGRTT AYDDHTADCD RN[GARLLPTL LHZHAP.LDL VIIMLGTHNDL
E _ColiTAP VNASISGDTS L......... QOGLARLPAL LEKQHQP..RW VLVELGGNDG
L leuleatus ldeo VNDAVAGRS. [...... AR. SY¥[TREGRFEN IADVWTAGDY VIVEFGHNDG
M swegmatisiT KAYFRE. ... et vnnnnns vannnnnns T PLDIALGMSV LVTQVLTS
5 meliloti R3MZ162 ESYFHR. ... et tinnnns vannnnnns T PYEIANGMGK LVGQWLTCRG
A radiobacterACh EP3IHG. ... .+t irrinnns caeannans 3 AIVAMEGVER LVELVENHMNW
E_ColiTAiP LEGFQ. .ttt vt ittt tavannnans « .. PQOTEQ TLRQILOQDN.
A Aculeatus_1ideo GSLSTDNGRT DC3GTGAEVC YSVYDGVNET ILTFPAYLEN AAKLFTA.| .
Insertion 3 Insertion 4
M _swegmatisdT GVGTTYPAPE VLVVIFPPLA PMPHPUWFQLI FEGGEQETTE LARVYIALAS
5 meliloti R3MZ162 GVGTPYPALPE VLVVAFPPLAL PMPDPUWFEGM FGEGYEESKE LIGLYEALLALD
A radiobacterACA QV.PDWELPD VLIVAPPQLC ETANPVMGAI FEDAIDESAM LAPVYRDLAD
E ColiTaP ... KALAN AEPLLMOQIFL P......... AFGRRYNEL FSAIVPELLE
L dculeatus_ldeo ..., KGAK VILSIQTPMN PWETGTF... VNEPTR.... FVEYAELALE
M _swegmatisiT FMEVPFFDALG .......... . 3VISTDG VDGIHFTEALN WRDLGVALAE
S meliloti RIM2162 FMEVEFFLAG ....vuuens ..DCISTDG IDGIHLSAET NIRLGHAIAD
A radiobacterACh DLDCGFFDAG ... ....u. . «3VARTTF VDGVHLDAEN TRAIGRGLEP
E ColiTAiP EFDVPLLFFF MEEVY .« LEPQUMQ DDGIHFNRDA QPFIALDWMALE
4 _Aculeatus_ldeo VAGVEYVDHW SYVDSIYETL GWATVNIYFP IDHTHTSFPAG AEVVAEALFLE
M _smegmatisiAT QVRSLL. ... «ovvvvnnns
S meliloti R3M2162 EVAALF . ..0 viivnnnnns
A radiobacteriACi VVRMMLGL.. ..........
E ColiTAiP QLOPLVMNHDS .......... e
A Aculeatus_1ldeo AVWCTGTSLE SVLTTTSFEG TCL

in hydrogen bonding with Ser11 also participates in hydrogen perhydrolysis or transesterification, respectively. Indeed,
bonding with the amide nitrogen of Ala55 and the side chain RSM02162 had a significant rate of perhydrolysis, about 50%
ND2 of Asn94. Asn94 is the conserved residue present in that of MSAcT (data not shown). From the literature it is
the block Il sequence motif (GXND) of SGNH hydrolase. known that theA. tumefacieng-ACA is a tetramer Z0),
Unlike the conserved asparagine, Asn94, MsAcT deviates while E. colithioesterase and the RGAE are monomers. From
from the SGNH hydrolase by having alanine rather than gel filtration data, it was determined that MSACT was an
glycine at position 55, which represents the block Il region. octamer and. melilotiRSM02162, an apparent octamer. It
Therefore, while we refer to MSAcT as having the SGNH was also demonstrated by dynamic light scattering that the
hydrolase fold, it is actually a SANH hydrolase. It is MSACT octamer was very stable. The protein was diluted in
important to note that both alanine and glycine residues 10-fold dilutions from 21 mg/mL to 2Lkg/mL in 100 mM
function equally well in contributing the amide N to form potassium phosphate buffer, pH 7.1. The observed size of
the oxyanion hole (comprising the N of Ala55, N of Serll, 9.3 nm is in good agreement with the dimensions of the
and ND2 of Asn94). The sulfate ion in the MsACT structure octamer reported in this paper determined by X-ray defrac-
occupies a similar location as that found for the sulfate ion tion. The observed size of the protein was unchanged by
in RGAE (18). Although the overall topology of MSAcT is  dilution of 4 logs in concentration. The protein was also
identical to that of SGNH hydrolases, there are several subjected to incubatiomi2 M urea (10Qug/mL) at 50°C
insertions and one deletion in the MSACT relative to the and the size measured for 48 h. No change in the size of the
general SGNH hydrolase fold (Figure 3d and Table 3) as protein or evidence of subunit separation was observed. It
represented by thioesterase. appeared that the oligomerization state was a significant
Table 1 compares and contrasts what is known about structural difference between MsAcT-like enzymes and other
enzymes that share some of the properties of MsAcT and SGNH hydrolases and could contribute to the activity.
other structurally related enzymes that do not. Of the The oligomeric nature of MSACT restricts access to and
homologues tested, two proteins, RSM02162 f®@rmeliloti redefines the overall topology of the active site pocket. The
(63.3% identity, 75% similarity) and 7-aminocephalosporanic structural comparisons show that the monomeric structure
acid arylesterase (7-ACA) (42.5% identity, 52% similarity) of MSAcT superimposes well with the thioesterase structure,
from A. tumefaciens(radiobacter) Z0, 21), catalyzed with an rmsd of 1.5 A for 130 & atoms (Figure 3d). The
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Ficure 4: Inhibitor bound to the active site. () A schematic of the reaction between thig@phenyln-hexylcarbamate inhibitor and

AcT. (b) Electron density omit map for the inhibitor. Tikg — F. omit map of the inhibitor is contoured at 4.0The 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 Serll 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 Serl1 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: Trpl6, Ala23, Pro24, Ala55 Trp149, Phel50, lle153, and Phel54 (labeled in the figure). Residues Vall25 and Gly126
from the dimer mate monomer, which completes the channel, are shown in blue. The side chain of Phel74 from a third monomer is shown
in copper color.

deletion in MsACT relative to the thioesterase and the otherto 1.50 A resolution. This form contains 1720 residues
known SGNH hydrolases is between residues 186 and 189.(residues 2216 for all monomers), 8 covalently bound
There are four prominent insertions, namely, insertion 1 inhibitor molecules, 1 sulfate ion, and 2134 water molecules
(residues 1#27), insertion 2 (residues 5%9), insertion 3 (Table 2). The crystallographk factor andRye are 13.4%
(residues 122130), and insertion 4 (residues 14256) and 16.0%, respectively (using all data between 50.0
(Figure 3d and Table 3). These insertions form an elaborated1.50 A resolution). The percentages of non-glycine residues
substrate-binding surface and the dimer/octamer interactionsin the most favored and allowed Ramachandran areas are
(Figure 3e,f). Figure 3e illustrates several key dimer interac- 93.8% and 6.2%, respectively, as assessed by PROCHECK.
tions, the most prominent of which is insertion 3, which A schematic of the reaction between thenitrophenyl
completes the formation of an elaborated substrate-bindingn-hexylcarbamate inhibitor and AcT is shown in Figure 4a.
surface formed by insertion loops 1, 2, and 4 of its dimer Electron density was observed for the inhibitor, which is
mate. Figure 3e also illustrates the interaction of several covalently bound to the active site residue Ser11 (Figure 4b).
residues, conserved in functionally homologous enzymes, thatThe inhibitor is bound in a hydrophobic channel, which
further stabilizes the dimer. In Figure 3f, the residues in extends to the exterior of the octamer surface, and the
insertion 4 loop interact with neighboring dimer pairs. These position of the alkyl chain indicates the probable direction
interactions contribute to the formation and stabilization of of substrate approach into the active site. Figure 4b shows
the octamer structure as a tetramer of dimers, with each loopthat residues forming the hydrophobic channel are derived
of insertion 4 of a given dimer interacting with different  from three monomers: residues Trp149, Phe150, lle153, and
neighboring dimer pairs. Phel54 (labeled in Figure 4b) along with Trp16, Ala23,
The nature of the substrate-binding pocket was investigatedPro24, and Ala55 (shown in green) from the same monomer,
using an inhibitor, 4nitrophenyl n-hexylcarbamate. The  while Val125 (shown in blue) from the dimer mate part of
inhibited complex was crystallized in a triclinic space group the segment, Gly123, Gly124, Vall25, and Gly126, that
P1 having an octamer in the asymmetric unit (Table 2). completes the substrate-binding site (Figure 3e, 4b). The last
Diffraction extended beyond 1.2 A, and the current model segment shown in Figure 4b comes from a neighboring dimer
was determined using data collected to 1.25 A and refined that includes Phe174 shown in copper color. While there is
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Ficure 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 (Leul05, Leu109, Thrl116, Val118, Leull9, Phel74, Metl175, and Vall77). (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).

ordered internal water seen in the vicinity, no ordered water exception being the third monomer, which comes from a
is seen in the hydrophobic channel. Moreover, when the different dimer pair and also contributes to the restricted
enzyme binds the six-carbon inhibitor, it would exclude access of this channel (colored magenta). The surface relating
access to the catalytic center (see Figure 5). The interior ofto the hydrophobic channel is color-coded for the corre-
the hydrophobic channel is formed by the four large loops sponding monomer. Figure 5b shows a stereoscopic close-
that arise from insertions-14 discussed earlier (Figure 3e up of Figure 5a with the yellow stick figure representing
and Table 3). The restriction of access to the hydrophobic the carbamate inhibitor. Furthermore, it is important to note
channel arising from the oligomerization is illustrated in thatthe access to the active site is controlled by the residues
Figure 5. Figure 5a shows the region forming the hydro- from the “MsAcT-specific” insertion loops (Table 3).

phobic channel leading to the active site of MSACT in the  Other than the platelet-activating factor, an acetylhydro-
dimer. The dimer mates are colored green and blue, thelase, which forms a dimer in the crystal structure, all other



8978 Biochemistry, Vol. 46, No. 31, 2007 Mathews et al.

SGNH hydrolases with characterized structures are mono-SUPPORTING INFORMATION AVAILABLE
meric and do not show any acyltransferase activity in water.

The SGNH hydrolases shown in Table 1 were analyzed by . .. ; S .

. tistics for the apoenzyme. This material is available free of
sequence alignment (Table 3). It may be seen from the charge via the Internet at htto://oubs.acs. or
alignments that the SGNH hydrolases that catalyze transes- 9 P-lpubs.acs.org.
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