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ABSTRACT: The lux-specific myristoyl-ACP thioesterase (LuxD) is responsible for diverting myristic acid
into the luminescent system and can function as an esterase and transferase as well as cleave myristoyl-
CoA and other thioesters. The recently elucidated crystal structure of the enzyme shows that it belongs
to thea/p hydrolase family and that it contains a typical catalytic triad composed of*Adpis**, and

Seil4 What is unusual is that the nucleophili€'Sis not contained within the esterase consensus motif
GXSXG although the stereochemistry of the turn involving*$ almost identical to the nucleophilic
elbow found ina/f hydrolases. In contrast to mammalian thioesterases, deacylation of LuxD was the
rate-limiting step, with the level of acylated enzyme formed on reaction with myristoyl-CoA and the
pre-steady-state burst pfnitrophenol on cleavage gf-nitrophenyl myristate both being 0.7 mol/mol.

Cold chase experiments showed that the deacylation rate of LuxD corresponded closely to the turnover
rate of the enzyme with ester or thioester substrates. Replaceméit by @ cysteine residue generated

a mutant (S114C) that was acylated with the same pH dependence as LuxD but had greatly diminished
capacity to transfer acyl groups to water or glycerol. The acyl group could be removed from the S114C
mutant by neutral hydroxylamine, showing that a cysteine residue had been acylated. Mutatiéh of H
creating the double mutant, S114@241N, decreased acylation of the cysteine residue. These results
provide direct kinetic and chemical evidence th&*® the site of acylation linked to #4tin the charge

relay system and have led to the recognition of a more general consensus motif flanking the nucleophilic
serine in thioesterases.

Thioesterases are hydrolytic enzymes involved in a related with a conserved serine nucleophile located in a
multitude of biochemical processes including biolumines- GXSXG motif about 100 amino acids from the N-terminus
cence (Ferri & Meighen, 1991), regulation of the intracellular (Poulose et al., 1985; Randhawa & Smith, 1987; Safford et
levels of fatty acids and acyl-CdAlerivatives (Sanjanwala al., 1987; Yang et al., 1988). The nucleophilic serine is
et al., 1987), dehalogenation of chlorinated aromatics (Schol-believed to be part of a charge relay system along with a
ten et al., 1991), cleavage of acyl groups from palmitoylated conserved histidyl residue in the carboxyl-terminal region
Ras proteins (Camp & Hoffman, 1993), and biosynthesis of of the thioesterase (Pazirandeh et al., 1991; Witkowski et
polyketides (Donadio et al., 1991; Shen & Hutchinson, 1993; al., 1991, 1992); only low levels of the acylated serine
McDaniel et al., 1993; Kratzschmar et al., 1989; Raibaud et intermediate can be detected indicating that acylation is the
al., 1991). Perhaps one of the most important roles for rate-limiting step in the enzyme mechanism (Pazirandeh et
thioesterases involves chain termination and release of fattyal., 1991; Witkowski et al., 1994). Replacement of the active
acids from the phosphopantetheine group that carries the acykite serine by cysteine in rat mammary gland thioesterase I
chain during fatty acid biosynthesis (Libertini & Smith, 1978; followed by cross-linking of the cystyl and histidyl residues
Lin & Smith, 1978; De Renobales et al., 1980; Voelker et showed that these residues are in close proximity (Witkowski
al., 1992). et al,, 1992). The thiol mutant of rat mammary gland

Animal thioesterases involved in release of fatty acids have thioesterase Il as well as that of rat thioesterase | have
been studied in the greatest detail and may be structurallyrelatively high activities, indicating that the position and

orientation of the active site histidine and the nucleophile

t Research supported by the Medical Research Council of CanadalnVolved in the enzyme mechanism are relatively undisturbed
(MT-4314). on conversion of the active site serine to cysteine (Witkowski

* Author to whom correspondence should be addressed. Tel: 514- gt al., 1992, 1994: Pazirandeh et al., 1991; Tai et al., 1993)_

39?‘,;5(73% Eﬁfvefsllg, 398-7384. In luminescent bacteria, a lux-specific thioesterase (LuxD)

$ University of Virginia. that cleaves myristoyl-CoA and myristoyl-ACP is present
® Abstract published irAdvance ACS Abstractduly 1, 1996. and is responsible for diversion of tetradecanoic acid into
1 Abbreviations: CoA, coenzyme A; ACP, acyl-carrier proteiP, the luminescent system (Byers & Meighen, 1985a,b; Ferri

p-nitrophenol; 8-ME, p-mercaptoethanol; VhVibrio harveyi XI, . . . - .
Xenorhabdus luminescen¥f, Vibrio fischeri Pp Photobacterium & Meighen, 1991). This enzyme interacts with a multien-
phosphoreumPl, Photobacterium leoignathi zyme fatty acid reductase complex that reduces the fatty acid
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into the tetradecanal substrate required for the light-emitting Escherichia coliK38. The LuxD gene was excised from

reaction.
transferase activities under some circumstances.

The thioesterase can also exhibit esterase andhe M13 sequencing vector by restriction wiBad and
Both aBanHl and inserted into the same sites in the pT7 plasmid.

histidine and a serine residue have been implicated in theE. coli K38 cotransformed with the recombinant pT7 plasmid

catalytic mechanism (Ferri & Meighen, 1994), and an
acylated serine intermediate can be readily detected.
At present, LuxD from Vibrio harveyi is the only

and the pGP1-2 plasmid were grown in enriched media (2%
tryptone/1% yeast extract/0.5% NaCl/0.2% glycerol/50 mM
KPQ,, pH 7.2) containing 10@g/mL ampicillin and 4Qug/

thioesterase whose crystal structure has been elucidatednL kanamycin at 30°C until ODgso = 1.0-1.2. The
(Lawson et al., 1994). The molecule of LuxD, as described temperature was increased to %2 for 15 min to induce

at 2.2 A resolution, is a typical/s hydrolase containing a
“nucleophilic elbow” which is a tertiary structure motif
consisting of & strand and an antiparallelhelix connected

by a sharpy turn. The nucleophile is in the center of this

the transcription of the T7 RNA polymerase on pGP1-2.
Rifampicin (200ug/mL) was then added to inactivee coli

RNA polymerase and allow specific transcription of LuxD
by the T7 polymerase followed by incubation of the cells

turn and exhibits a strained secondary conformation of the for 2 h at 30°C. Cells were harvested by centrifugation

e-type (Brady et al., 1990; Winkler et al., 1990; Schrag et

al., 1991; Derewenda & Derewenda, 1991; Ollis et al., 1992;

Noble et al., 1993). The “nucleophilic” serinel'§ is in
close proximity to a histidine residue fH) previously
identified as essential for catalytic activity (Ferri & Meighen,
1994). Surprisingly, the nucleophilic serine did not cor-
respond to a previously identified serine’{Swhich was

and pellets were stored at20 °C. In some cases, the T7-
expressed proteins were specifically labeled witPST|
methionine (Miyamoto et al., 1988).

Enzyme Actiity. The esterase and thioesterase activities
of the wild-type and mutant LuxD enzymes were determined
from the rate of cleavage g#-nitrophenyl myristate and
myristoyl-CoA, respectively. Thioesterase activity was

originally implicated in the catalytic mechanism on the basis measured by the conversion of 4 [3H]myristoyl-CoA
of local sequence similarities to the so-called esteraseinto hexane-solubléffimyristic acid as described previously

consensus sequence GXSXG and mutational studies.

(Rodriguez et al., 1983) in 50 mM phosphate, pH 7.5, 0.1

In the present experiments, the formation and turnover of mM S-mercaptoethanol, and 0.2% glycerol. Esterase activity

the acylated intermediate of thé. hareyi thioesterase

was measured at pH 8.0 in 50 mM phosphate containing

(LuxD) and its S114C mutant were investigated. In contrast 0.05% Triton X-100, 0.7 mMg-mercaptoethanol, 1.4%
to mammalian thioesterases, deacylation was shown to beglycerol, and 10«M p-nitrophenyl myristate by following
the rate-limiting step for the native enzyme, and replacementthe change in absorbance at 405 nm using an extinction
of serine by cysteine greatly diminished the turnover of the coefficient of 16 800 M* cm™* for p-nitrophenol at pH 8.0.

enzyme. These studies have also demonstrated tHaisS
indeed the site of acylation &f. harveyi LuxD and have

All assays were conducted at 2G.
Protein Acylation and DeacylationTo detect the acylated

led to the proposal of a more general sequence for theenzyme intermediates, the purified wild-type LuxD as well
consensus motif flanking the nucleophilic serine in thioesteras- 55 jts mutants was incubated in 50 mM phosphate, pH 7.5,

es.

EXPERIMENTAL PROCEDURES

Materials. [*H]Myristic acid (14 Ci/mmol) was from
Amersham Corp. and was purified by thin-layer chroma-
tography. fH]Myristoyl-CoA (14 Ci/mmol) was prepared
from the radioactive fatty acid as previously described
(Rodriguez et al., 1983). Acrylamid&\,N-methylenebis-
(acrylamide), 5-mercaptoethanol, SDSPAGE molecular
mass standards, apehitrophenyl myristate were all obtained
from Sigma Chemical Co. Stock solutionspshitrophenyl
myristate were prepared in 2-propanol. 3Hance was from
Dupont. Hyamine hydroxide and CytoScint were from ICN.

0.1 mM S-mercaptoethanol, and 0.2% glycerol wittd]-
myristoyl-CoA (14 Ci/mmol) at room temperature. The
acylation reaction was stopped by mixing with an equal
volume of the SDS sample buffer (24 mM Tris-HCI/10%
glycerol/0.8% SDS/10 m\B-mercaptoethanol/0.04% bro-
mophenol blue). Deacylation was conducted under the same
conditions as acylation except the acylated protein was
diluted into cold 2QuM myristoyl-CoA before the reaction
was stopped at different times.

Protein Assay.The protein concentration was determined
from the absorbance at 280 nm using an extinction coefficient
of 32000 M cm™ or the Bio-Rad dye binding assay
(Bradford, 1976) with bovine serum albumin as the standard.

Phosphate buffer was made by mixing the appropriate The Bio-Rad protein concentration was multiplied by 1.5 to

amounts of KHPO, and NaHPO,.

Site-Directed MutagenesisA 1.6 kbp Sad—BanHl
restriction fragment containing the entive harveyi LuxD
gene encoding the thioesterase was inserted intGHie
and BanrHI restriction sites of the M13mp19 sequencing
vector (Messing, 1983).
performed according to the method of Kunkel (Kunkel, 1985;
Kunkel et al., 1987) using the M1B Vitro Mutagenesis
Kit (Bio-Rad). Oligonucleotide primers to convert$to
C'* and H*! to N?*! were obtained from the Sheldon
Biotechnology Center, McGill University.

Gene ExpressionThe bacteriophage T7 promoteRNA

give the correct value (Wall et al., 1986).

Gel Electrophoresis and AutoradiographDS-PAGE
was performed by the method described by Laemmli (1970)
with 12% polyacrylamide resolving gels and 5% stacking
gels. Gels were stained in Coomassie brilliant blue R-250,

Site-directed mutagenesis wasdestained, soaked in Btdance, dried under vacuum, and

exposed to Kodak X-OMAT film overnight to 3 days-a80
°C. The dried protein bands were cut from the gels and
dissolved in 90% hyamine hydroxide at 3T overnight,
CytoScint was added, and the radioactivity was counted. The
recovery of protein from the gel was determined to be 87%
by electrophoresis of known amounts of labeled acylated

polymerase system (Tabor & Richardson, 1985) was usedtransferase prepared by SDS electrophoresis and electroelu-

to express wild-type and mutar¥. harveyi LuxD in

tion from the gel.
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Enzyme Purification. The recombinant wild-type and 1M Nacl 1M NH,OH-HC1
mutant thioesterases were purified as previously described
(Byers & Meighen, 1985; Swenson et al.,, 1992) except — «~- T

inactive mutants had to be monitored either by labeling
specifically with F?S]methionine or by SDSPAGE before
and/or after acylation with®H]myristoyl-CoA. The LuxD
proteins gave a single band of 34 kDa with a purity of greater s cr s cr

than 95% on SDSPAGE after purification. The protein  Ficure 1: Effect of hydroxylamine on deacylation of the wild type

was stored in 20% glycerol, 10 mgtmercaptoethanol, and ~ and S114C mutant &f. hareyiLuxD. The purified enzymes (0.46
0.2 M NacCl. uM), V. hareyi LuxD, the S114C mutant of LuxD, ané.

phosphoreuniuxC were reacted with 1.ZM [3H]myristoyl-CoA
in 50 mM phosphate, pH 7.5, for 30 s, 5 min, and 1 min,
RESULTS respectively, before SDSPAGE. After electrophoresis, the gels
. . . . - were soaked overnight in 50 mM phosphate, pH 8.0, containing
Identity of the Actie Site Serine NucleophileThe ability either 1 M NaCl or 1 M NHOH-HCI before autoradiography. The
to readily measure the levels of an acylated enzyme positions of migration of the thioesterase (LuxD) and acyl-CoA

intermediate for lux-specific thioesterase provides an excel- reductase (LuxC) on the SDS gel are indicated by t and r,
lent opportunity to investigate the acylation and deacylation reéspectively. Samples: S, wild-type LuxD; C, S114C mutari,r,

of the serine nucleophile during the cleavage of fatty acyl phosphoreunt.uxC.

esters. Acylation oV. hareyi LuxD with [*H]myristoyl- 1.00
CoA showed that maximum acylation is reached at the first
time point (20 s); the level of acylated enzyme then decreased
after 1-2 min due to the consumption of the acyl-CoA
substrate, which was present initially in only a 4-fold molar
excess over enzyme (data not shown).

Previous studies focused o’ Snitially implicated in the
catalytic mechanism because of its location within a “con-
sensus” sequence, GXSXG, found to contain the nucleophile
in various lipases and esterases (Brenner, 1988). It was
found that site-specific mutations of"dndeed reduce the
activity of LuxD to minimal levels (Ferri & Meighen,1991).
However, the crystal structure of the enzyme clearly showed
that the active site, located as in all3 hydrolases on the 0.00
carboxyl side of the centr@l-sheet and containing a typical
chymotrypsin-like triad, contains'S—not S”. Furthermore,
in spite of the presence of a typical nucleophilic elbow, the Ficure 2: Dependence of the acylation of LuxD and its S114C
y turn Carrying the nuc|eophi|e does not conform to the mutant on pH LuxD and the S114C mutant of LuxD, each at a

; ;< concentration of 0.46M, were reacted with 1.ZM [3H]myristoyl-
GXSXG paradigm but shows a sequence of AXSXS. This CoA for 30 s and 5 min, respectively, in 50 mM phosphate at

anomaly was rationalized in terms of a slight “opening” of gitterent pHs. After SDS gel electrophoresis, the protein bands were
the elbow allowing the accommodation of small side chains excised and dissolved in hyamine hydroxide, the radioactivity was

between thes strand and thex helix. While the crystal- counted as described in Experimental Procedures, and the moles
lographic evidence pointing at8was very strongras there  Of acyl groups per mole of LuxD was calculated. Symbo®;
never has been a case of a fortuitous triad found in any "/ &/P€; 4, S114C.

protein—chemical and kinetic evidence supporting the role
of this serine nucleophile in the charge relay system and the
acylation/deacylation process is still required.

The effects of mutation of*$*to cysteine (S114C) provide

— — <« t

0.754

O.SOJ

0.25

Mol acyl group/mol enzyme

9.0

least two times that of the thioesterase (data not shown). A
significant decrease in the level of acylation occurs at higher
myristoyl-CoA concentrations presumably due to the forma-

direct chemical evidence that®8is the site of acylation. tIOE ?f tmm\s)alles onteﬁcefgérjlg the solubility limit of the
The S114C mutant can be acylated as shown in Figure 1 Substrate (Jaeger et al, ):
However, on treatment of the denatured S114C mutant with  The dependence of acylation of the purified wild-type and
1 M neutral NHOH, the acyl group is readily removed as S114C mutant thioesterases on pH are very similar, with
shown for cleavage of the acyl thioester linkage from the maximum acylation of both proteins being observed at pH
control enzyme, acyl-CoA reductase (r, Figure 1). In 7 and higher (Figure 2). A stoichiometry of 0.7 mol of
contrast, the acyl group covalently linked to serine in the myristic acid/mol of protein was found for the native enzyme
wild-type enzyme is stable in the presence of JOH. The upon acylation while the level of acylation of the S114C
cleavage of the acyl group by neutral BMPH provides direct mutant reached only 0.45 mol/mol. However, the time
evidence for an acyl thioester bond in the S114C mutant dependence of acylation of these two enzymes is strikingly
and provides strong evidence that residue 114 is the site ofdifferent (Figure 3). In contrast to the wild-type enzyme
acylation. from which the acyl group is removed within a few minutes,
Acylation. To determine the optimum conditions for the acylation of the S114C mutant increases slowly after an
acylation, the thioesterase was reacted with different con- initial rapid phase and then remains at a relatively constant
centrations and molar excesses®f]nyristoyl-CoA. Maxi- level for at least 1 h. This result indicates that the rate of
mum acylation occurred between 0.9 andi myristoyl- deacylation of the mutant must be very low, as the level of
CoA, provided that acyl-CoA was in a molar excess of at acylation of the wild-type thioesterase decreases after only



9970 Biochemistry, Vol. 35, No. 31, 1996 Li et al.

1.00 1 F 1.00

£ 3
E 0801 & "+
& s 0759
5 i 3
3 i e
E 0.60 E &
=y g 050k
E ah. E l"'-
S 0.40- & % &
S A =3 i
<9 b
= . 3 025 T
=] — 12
S 0204 < %,
A ‘X ..
“~° .........................
000 T T T T T"’?-. T 1 000 T ) ! ? |°
0 2 4 6 8 1015 45 75 105 0 50 100 150 200 250 300
Time (min) Time (s)
FicURe 3: Dependence of acylation of LuxD and its S114C mutant Ficure 5: Effect of glycerol on deacylation of LuxD. Acylation
on time. The enzymes were incubated with AM [3H]myristoyl- was performed as described in Figure 4 for the wild-type LuxD.

CoA in 50 mM phosphate, pH 7.5, for different times before SDS The acylation mixture was diluted into four parts of 28 cold
gel electrophoresis and analysis of the level of acylation as describedmyristoyl-CoA and 50 mM phosphate, pH 7.5, containing the
in Figure 2. Symbols:@, wild type; a, S114C. indicated amount of glycerol, and the level of acylation was
analyzed with time as described in Figure 2. Symbd@swithout

=3
=3

g glycerol; <, 2.5% glycerol;x, 5% glycerol;a, 10% glycerol.
-
E 0754 %8 Table 1: Kinetic Parameters of LuxD and Its S114C Mutant
=]
£ deacylation rate__ activity (Kea) (Min™)
2 0507 constant (min') p-NP myristate myristoyl-CoA
o0
= - wild type 0.90 0.72 0.7
g o254 LS T +20 mM g-ME 1.9 1.4
= Wiige +10% glycerol 5.0 5.6
= - S114C 0.021 ~0.02 0.02

0.00 T T T T 1 T T T T 1 +20 mM g-ME 0.12 0.08

0 60 120 180 240 300 0 60 120 180 240 300 +10% glycerol 0.022 ~0.02
Time (s) Time (min)

@ The rate constants were corrected for the additional glycerd¥§
Ficure 4: Deacylation of LuxD and its S114C mutant at different v/v) introduced by the high levels of enzyme in the assay with
pHs in cold chase experiments. The (a) wild-type LuxD (M) p-nitrophenyl p-NP) myristate as substrate. Assay procedures are
and the (b) S114C mutant (1:8V) were incubated with 6.kM described in Experimental Procedures.

[BH]myristoyl-CoA at pH 7.5 for 30 s and 5 min, respectively. The
acylation mixtures were then diluted with 3.5 parts ofi20 cold
myristoyl-CoA in the appropriate phosphate buffer (50 mM) so that conducted. Figure 5 shows that the rate constant for
the final solution was at the correct pH. The final buffer contained deacylation of LuxD at pH 7.5 increases from 0.9 to 5 mhin

0.1 mM gB-mercaptoethanol and 0.2% glycerol for the wild-type : ; ian i
LuxD and 0.1% glycerol and 0.05 mj#mercaptoethanol for the on increasing the glycerol concentration in the cold chase

S114C mutant. Samples were taken at different times for SDS gel ©XPeriment to 10% (v/v). In sharp contrast, the rate of
electrophoresis and analysis of the level of acylation as describeddeacylation of the S114C mutant was not affected by glycerol

in Figure 2. Symbols:®, pH 6.0; cross-hatched box, pH 65, even at the highest concentration tested.
pH 7.0; x, pH 7.5; A, pH 8.0.

Table 1 compares the first-order rate constants for deacyl-

a few minutes of incubation due to enzymic cleavage of ation of the wild-type and S114C mutant thioestera§es to
myristoyl-CoA. the ratt_a constants fo_r enzyme t_urnoVe;ng mea'_sured with

Deacylation. The high incorporation of acyl groups into ~ S&furating concentrations of myristoyl-CoA gmditropheny|
LuxD indicates that deacylation is the rate-limiting step in Myristate. The rate constants for turnover of the wild-type
the enzyme mechanism. Analysis of the deacylation rate of €Zyme withp-nitrophenyl myristate or myristoyl-CoA as
the wild-type enzyme at different pHs shows that deacylation Substrates (0.7 mi) are very close to the rate constant for
occurs with a rate constant of 0.9 mirat pHs above 7 and ~ deacylation (0.9 min') even though slightly different
decreases by about 4-fold at pH 6 (Figure 4a). In these conditions did prevail in the assays. A pre-steady-state burst
experiments, the enzyme was acylated at pH 7.5 and thenof 0.7 mol of p-nitrophenol/mol of enzyme, in agreement
diluted with cold myristoyl-CoA at the appropriate pH. The With the level of acylation of LuxD by myristoyl-CoA, was
rate of deacylation of the S114C mutant was much slower observed in the assays wipknitrophenyl myristate followed
(Figure 4b) with a rate constant 610.001—0.002 mirr? (ty, by a linear increase (correlation coefficient = 1.000) in
> 5 h) at pH 6. the amount ofp-nitrophenol with time. Both glycerol and

As glycerol and other compounds with hydroxyl or thiol 3-mercaptoethanol stimulated the deacylation rate of the
acceptors can stimulate the rate of cleavage by LuxD of wild-type LuxD and its turnover witp-nitrophenyl myristate
myristoyl-CoA (Carey et al., 1984; Byers & Meighen, 1985a) as the substrate to the same degree (Table 1). These results
and p-nitrophenyl myristate (Ferri & Meighen, 1994), a provide strong proof that deacylation of LuxD is the rate-
comparison of the rate of deacylation of the wild-type and limiting step for the turnover of the enzyme with thioester
mutant enzymes with different concentrations of glycerol was and ester substrates.
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Ficure 6: Environment of the active site of the wild type and the S114C mutavit barveyithioesterase. Atomic coordinates for the wild
type were taken from the X-ray study of Lawson et al. (1994). The putative location of the activéSitd the S114C mutant has been
calculated so as to minimize the nonbonded contacts. Atoms: Gray, carbon; red, oxygen; blue, nitrogen; yellow, sulfuofi$é*@as
two close contacts shown in thin broken lines, a hydrogen bond4bN# of 2.72 A, and a predominantly van der Waals interaction with
its own backbone amide nitrogen of 3.11 A; respective distances in the S114C mutant model (thick lines) are 2.88 and 2.96 A. Given the
significantly larger radius of sulfur, the latter distances indicate a significant potential strain in the structure that may be relieved by
conformational changes, the nature of which remains to be determined.

In contrast to the wild-type LuxD, the rates of cleavage 1994). This specificity is consistent with tetradecanal being
of p-nitrophenyl myristate and myristoyl-CoA are very low the natural substrate for the luminescence reaction (Meighen
for the S114C mutant and close to background levels. et al., 1982; Shimomura et al., 1974; Ulitzur & Hastings,
Glycerol had no effect on the deacylation of the S114C 1978). Second, the rate of turnover is much lower than that
mutant. Howeverg-mercaptoethanol could still stimulate of the mammalian thioesterases, with deacylation rather than
the deacylation of the S114C mutant, and a low level acylation being the rate-limiting step. The slow turnover
ofactivity could be measured witp-nitrophenyl myristate ~ could well reflect the evolution of a system to supply a
as substrate in the presence of this thiol acceptor. limited but sufficient level of free fatty acids for conversion

S114CH241N Double Mutant. The differences in the into fatty aldehyde. Consequently, the primary function of
acylation and deacylation of the S114C mutant compared tothe LuxD may be to collect myristoyl groups and act as an
that for the wild-type enzyme presumably reflect the larger acyl carrier and storage form for release of the fatty acid
radius of the sulfur atom, which in turn could distort its under the appropriate physiological conditions.
geometry with respect to other catalytic groups and in  The conversion of the active site serine of LuxD into
particular H*.. The model in Figure 6 shows that the cysteine (S114C) decreased the turnover of the enzyme with
distances between'€ and H** and its own amide nitrogen  p-nitrophenyl myristate and myristoyl-CoA to close to
are relatively close, taking into account the larger radius of background levels. The low activity of the S114C thioesterase
the sulfur atom. Consequently, a double mutant, S214C mutant sharply contrasts with the high activity of similar
H241N, was constructed and expressed, and the mutant wasgnutants for mammalian thioesterase | or Il (Pazirandeh et
purified to homogeneity, to determine if the active site al., 1991; Tai et al., 1993; Witkowski et al., 1994) and
histidine could still assist €% in the catalytic mechanism.  corresponds more closely to the inactivation observed on
Comparison of levels of acylation of wild type, S114C, replacement of the serine nucleophile by cysteine in esterases,
H241N, and S114@1241N gave 0.80, 0.47, 0, and 0.06 mol lipases, and proteases (Neet & Koshland, 1966; Holm et al.,
of acyl group/mol of enzyme, respectively. As mutation of 1994; Leuveling et al., 1994). For the S114C LuxD mutant,
H?4* significantly decreases the level of acylation 6fGn the loss of activity corresponded directly to a decrease in
the double mutant S1148241N (0.06 mol/mol), #must  the deacylation rate. The high stability of the acylated
be required for efficient acylation of the cysteine nucleophile. cysteine intermediate particularly at lower pH and thiol
The ability to acylate €4 to a low level in the S114C  concentrations should prove advantageous for elucidation of
H241N double mutant and not8in the H241IN mutant  its crystal structure.
would reflect the higher nucleophilicity of the cysteine  The |ow rate of deacylation of the S114C mutant appears
residue compared to the serine residue. to be due to a change in the geometry at the active site (Neet

& Koshland, 1966) since the SH group would be a better
DISCUSSION leaving group than an OH group for reactions not limited

The mechanism of the lux-specific myristoyl-ACP by proton transfer to the nucleophile. Small differences in
thioesterase is similar to that proposed for mammalian the orientation of the thiol group in the active site have been
thioesterases utilizing a Ser-His-Asp (or Glu) catalytic triad observed in the crystal structure of thiol trypsin (McGrath
as part of the acylation and deacylation steps (Pazirandeh eet al., 1989; Wilke et al., 1991) compared to the location of
al., 1991; Tai et al., 1993; Witkowski et al., 1991, 1994). the serine nucleophile in trypsin.

However, certain properties of LuxD are quite different from  The presence of the larger thiol group in the S114C mutant
those for the mammalian thioesterases. First, the enzyme isvould result in relatively close contacts with?44and its
specific for 14-carbon acyl esters and thioesters with sulf- own backbone amide nitrogen (Figure 6), considering that
hydryl and hydroxyl groups as well as water being capable the van der Waals and covalent radii of sulfur are ap-
of acting as acceptors of the acyl group (Ferri & Meighen, proximately 0.4 A greater than oxygen (Neet & Koshland,
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--p-> 8 —---0---> an extensive analysis of the sequence of the region extending
across the nucleophilic elbow for esterases and lipases and
Consensus *ohko=8*00-%oN-% related it to the packing of thg strand and thex helix. A
vh IGLIAASLSARVAYEV similar consensus sequence to that of the thioesterases
appears to exist for these two classes of enzymes across the
X1 FGMLASSLSARIAYAS f strand but diverges to some degree in théelix. The
ve IGLIAASLSARIAYEV use of the extended consensus sequence could prove useful
Pl IGLIASSLSARIAYEV in distinguishing nucleophilic serines in thioesterases that
Pp VGLIASSLSARIAYDI are part of a charge relay system from “essential serines”
Duck IT FALFGHSFGSFVSYAL such as 3 located in the standard GXSXG consensus motif.
Rat II FAFFGHSFGSYTALIT The struct_ural motif of the ngc_lgoph|llc ero_w apparently
= shows a higher degree of flexibility than previously thought
Grs T FAFLGHSMGALISFEL and that the changes in the mutual disposition ofxiserand
Chicken I YNATGYSFGACVAFEM and thea helix may modify the requirements for specific
Rat I YRVAGYSFGACVAFEM amino acids buried at the interface.
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. ) Brady, L., Brzozowski, A. M., Derewenda, Z. S., Dodson, E.,
FiGure 7: Consensus sequence for thioesterases extending across podson, G., Tolley, S., Turkenburg, J. P., Christiansen, L., Huge-

the nucleophilic serine at the active site. Thetrand and thex Jensen, B., Norskov, L., Thim, L., & Menge, U. (1990ture
helix flanking S of V. hareyi LuxD along with a consensus 343 767-770.

sequence across this region are indicated at the top for the lux-grepner. S (1988Nature 334 528-530
specific thioesterases from. harveyi (Vh), X. luminescengXl), ) : .
V. fischeri(Vf), P. phosphoreunPp), andP. leoignathi(PI) and Byggi’4l_3" & Meighen, E. A. (19853). Biol. Chem 260, 6938

the mammalian thioesterases Il from rat and duck and the ;
thioesterase | domains of chicken, rat (Naggert et al., 1988), rabbit By8e£s,6%)§58i%%g.hen, E. A. (1985Hjroc. Natl. Acad. ScU.S.A.

(Hardie et al., 1985), and goose (Poulose, et al., 1981) fatty acid oy, | “A & Hofmann, S. L. (1993). Biol. Chem268, 22566-
synthetase. The related sequence of a protein in the gramicidin 29574

biosynthetic operon iBacillus bresis (Grs T) (Krdzschmar, 1989) . : :
and another protein encoded by the gene (ORF2) of the Bialaphoscaéiﬁni"zgﬂq’l%g(irs'g_]lljgg'zf" & Meighen, E. A. (1984) Biol.

biosynthetic gene cluster &treptomyces hygroscopic(Raibaud
; % . De Renobales, M., Rogers, L., & Kolattukudy, P. (1980xh.
etal., 1991) are also listed. An * corresponds to a large hydrophobic Biochem. Biophys205, 464-477.

residue (I, F, L, M, V, Y); anO corresponds to a residue with a .
small side chain tH, —CHz;, —CH,OH). Exceptions in the Degswgfg_aészl' S., & Derewenda, U. (19&ipchem. Cell Bial

sequences are underlined. Donadio, S., Staver, M. J., McAlpine, J. B., Swanson, S. J., & Katz,
. . . L. (1991) Science 252675-679.

1966). This potential strain would be expected to cause areri, s, R.. & Meighen, E. A. (1991). Biol. Chem 266, 12852~

perturbation in the conformation and lead to a change in 12857.

alignment of the residues. The lower acylation of the double Ferri, S. R., & Meighen, E. A. (1994). Biol. Chem 269, 6683~

mutant (S114@H241N) compared to the S114C mutant does Ha?g?eS-D 6., Dewart, K. B, Alken, A., & McCarthy A. D. (185)
show, h(_)wever, thaft H _st|II mteract_s with the & _ Biochim. Biophys. Acta 82880382,
nucleophile and assists in the acylation of the cysteine oim . Davis, R. C., Osterlund, T., Schotz, M. C., & Fredrikson,

nucleophile. G. (1994)FEBS Lett 344, 234-238.
In contrast to other serine thioesterases, the nucleophilicJaeger, K. E., Ransac, S., Dijkstra, B. W., Colson, C., van Heuvel,

S'%4of LuxD is not part of the consensus sequence motif of M- & Misset, O. (1994)FEMS Microbiol. Re. 15, 29-63.
GXSXG. The active site serine 9 is located in a Kritgicgznzazr_,gigéuse, M., & Marahiel, M. A. (198R)Bacteriol.
nucleophilic elbow between # strand and amx helix —  kynkel, T. A. (1985)Proc. Natl. Acad. Sci. U.S.A. 8288-492.
(Lawson et al., 1994). Although this residue is not part of Kunkel, T. A., Roberts, J. D., & Zakour, R. A. (198K)ethods
the standard consensus sequence, a comparison of the Enzymol. 154367—382.

sequences extending across fhstrand and through the Laemmli, U. K. (1970)Nature 227 680-685. _
helix of myristoyl-ACP thioesterases from different lumi- La\ézvsoc\,/ D. \'\(A '\D/Ie_ret\?/end%, LL-’ S;rgz, L. Feé“' SZ Fé' Slzggndfer,
nescen_t_bacteria to mammalian thioesterases does result jn Bi'écheer:%istfi/ 33%%839538'8. v erewenda, Z. S. ( )
recognition of a more extended and general sequence motif eyveling, T. M., Bulsink, Y. B., Slotboom, A. J., Verheij, H. M.,
(Figure 7). Out of the 15 positions flanking the active site  de Haas, G. H., Demleitner, G., & Gotz, F. (19%4ptein Eng
serine, 7 positions are restricted to large hydrophobic residues 7. 579-583. . .

and 5 positions contain residues whose side chains are small-iertini, L. J., & Smith, S. (1978)). Biol. Chem. 2531393~
The major differences between the sequences of the Iux-|;,"c"y ¢ smith, S. (1978)1. Biol. Chem 253 1954-1962.
specific thioesterases and the mammalian thioesterases argicpaniel, R., Ebert-Khosla, S., Hopwood, D. A., & Khosla, C.
an arginine residue four amino acids after the serine and the (1993) Science 2621546-1550.

presence of a residue with a small side chain just prior to McGrath, M. E., Wilke, M. E., Higaki, J. N., Craik, C. S, &
the serine in LuxD. Alignment of the sequence flanking the  Fletterick, R. J. (1989Biochemistry 289264-9270.

serine (%) initially proposed to be at the acylation site in M%‘%rl‘fg'z'f A., Slessor, K., & Grant, G. (1982)Chem. Ecol8,
the motif GXSXG' (Ferri & Meighen, 1991) gave mismatches Messing, 3. (1983Methods Enzymol. 102078,

at 5 of the 12 positions with the proposed consensus sequencgjiyamoto, C. M., Boylan, M., Graham, A. F., & Meighen, E. A.
(Figure 7). Dewerenda and Dewerenda (1991) have made (1988)J. Biol. Chem. 26313393-13399.



St14 — C14 Conversion in Myristoyl-ACP Thioesterase

Naggert, J., Witkowski, A., Mikkelsen, J., & Smith, S. (198B)
Biol. Chem. 2631146-1150.

Neet, K. E., & Koshland, D. E., Jr. (196®roc. Natl. Acad. Sci.
U.S.A. 56 1606-1611.

Noble, M. E. M., Cleasby, A., Johnson, L. N., Egmond, M. R., &
Frenken, L. G. J. (1993yEBS Lett 331, 123-128.

Ollis, D. L., Cheah, E., Cygler, M., Dijkstra, B., Frolow, F.,
Franken, S. M., Harel, M., Remington, S. J., Silman, |., Schrag,
J., Sussman, J. L., Verschueren, K. H. G., & Goldman, A. (1992)
Protein Eng 5, 197-211.

Pazirandeh, M., Chirala, S. S., & Wakil, S. J. (1991Biol. Chem.
266, 20946-20952.

Poulose, A. J., Rogers, L., & Kolattukudy, P. E. (19&lipchem.
Biophys. Res. Commun. 10877—382.

Poulose, A. J., Rogers, L., Cheesbrough, T. M., & Kolattukudy, P.
E. (1985)J. Biol. Chem. 26015953-15958.

Raibaud, A., Zalacain, M., Holt, T. G., Tizard, R., & Thompson,
C. J. (1991)J. Bacteriol. 173 4454-4463.

Randahawa, Z. I., & Smith, S. (198Bjiochemistry 26 1365
1373.

Rodriguez, A., Riendeau, D., & Meighen, E. A. (198B)Biol.
Chem. 2585233-5237.

Safford, R., de Silva, J., Lucas, C., Windust, J. H. C., Shedden, J.

James, C. M., Sidebottom, C. M., Slabas, A. R., Tombs, M. P.,
& Hughes, S. G. (1987Biochemistry 261358-1364.
Sanjanwala, M., Sun, G. Y., & MacQuarrie, R. A. (198%ich.
Biochem. Biophys258 299-306.
Scholten, J. D., Chang, K. H., Babbitt, P. C., Charest, H., Sylvestre
M., & Dunaway-Mariano, D. (1991pcience 253182-185.
Schrag, J. D, Li, Y., Wu, S., & Cygler, M. (199Nature 351
761-764.

Biochemistry, Vol. 35, No. 31, 199®973

Shen, B., & Hutchinson, C. R. (1998cience 2621535-1540.

Shimomura, O., Johnson, F. H., & Morise, H. (19”pc. Natl.
Acad. SciU.S.A. 71 4666-4669.

Swenson, L., Ferri, S. R., Green, R., Sharp., A. M., Meighen, E.
A., & Derewenda, Z. S. (1992). Mol. Biol. 227, 572-574.

Tabor, S., & Richardson, C. (198%roc. Natl. Acad. Sci. U.S.A.
82, 1074-1078.

Tai, M. H., Chirala, S. S., & Wakil, S. J. (199Proc. Natl. Acad.
Sci. U.S.A. 901852-1856.

Ulitzur, S., & Hastings, J. W. (197&roc. Natl. Acad. Sci. U.S.A.
75, 266-269.

Voelker, T. A., Worrell, A. C., Anderson, L., Bleibaum, J., Fan,
C., Hankins, D. J., Radke, S. E., & Davies, H. M. (1992)ence
257, 72—74.

Wall, L., & Meighen, E. A. (1986Biochemistry 254315-4321.

Wilke, M. E., Higaki, J. N., Craik, C. S., & Fletterick, R. J. (1991)
J. Mol. Biol. 219, 511-523.

Winkler, F. K., D'Arcy, A., & Hunziker, W. (1990Nature 343
T71-774.

Witkowski, A., Naggert, J., Wessa, B., & Smith, S. (1991Biol.
Chem. 26618514-18519.

Witkowski, A., Naggert, J., Witkowska, H. E., Randhawa, Z. I., &
Smith, S. (1992)). Biol. Chem 267, 18488-18492.

Witkowski, A., Witkowska, H. E., & Smith, S. (1994). Biol.
Chem. 269379-383.

*Yang, C. Y., Huang, W. Y., Chirala, S., & Wakil, S. J. (1988)
Biochemistry 277773-7777.

B19605292



