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Abstract

Of the proteins encoded by the three structural genes of thelac operon, the galactoside acetyltransferase (thiogalacto
transacetylase, LacA, GAT) encoded bylacA is the only protein whose biological role remains in doubt. Here, we briefly not
classical literature that led to the identification and initial characterization of GAT, and focus on more recent results wh
revealed its chemical mechanism of action and its membership in a large superfamily of structurally similar acyltran
The structural and sequence similarities of several members of this superfamily confirm the original claim for GAT as
dependent acetyltransferase specific for the 6-hydroxyl group of certain pyranosides, but do not yet point to the ident
natural substrate(s) of the enzyme.To cite this article: S.L. Roderick, C. R. Biologies 328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The genes of the classicallac operon ofE. coli
(lacZ, lacY, andlacA) encodeβ-galactosidase, lactos
permease and thiogalactoside acetyltransferase[1].
Although the catalytic activity of the LacA gene pro
uct was initially inferred from the study of thiogala
toside substrates, the subsequent determination o
broader substrate specificity and the more frequent
of the term ‘acetyltransferase’ in recent years has
to the additional designation of LacA as galactos
acetyltransferase (EC 2.3.1.18, GAT). Here, we brie
note some of the early observations that led to

E-mail address: roderick@aecom.yu.edu(S.L. Roderick).
1631-0691/$ – see front matter 2005 Académie des sciences. Publis
doi:10.1016/j.crvi.2005.03.005
identification and initial characterization of GAT, an
focus on more recent work from the field of structu
biology that has led to a more complete description
the enzymology of GAT and to the confirmation of
membership in a large superfamily of acyltransferas

2. Biological role of GAT

Although the roles of theβ-galactosidase and lac
tose permease of thelac operon are well known, ther
remains some uncertainty about the biological r
of GAT. A hypothesized role for GAT as a detoxif
ing enzyme closely followed the original observatio
that led to its identification and initial characterizatio
In the course of investigating the transport proper
hed by Elsevier SAS. All rights reserved.
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of methyl-1-thio-β-D-galactoside (TMG), Monod an
co-workers reported that about 5% of the extrac
intracellular substance was chemically modified[2].
This observation was subsequently extended to a
tional thiogalactosides, including isopropyl-1-thio-β-
D-galactoside (IPTG), with the identification of 6-O-
acetyl-IPTG as the chemically altered compound[3].
This acetylated compound did not appear to rever
the original galactoside and did not act as an indu
of thelac operon or as a substrate of lactose perme
This acetyl-CoA dependent acetyltransferase acti
was detected only in cell-free extracts obtained fr
permease-containing strains[4] but did not seem to af
fect membrane transport[5,6].

Wilson and Kashket reported thatE. coli lacA+
strains accumulated less radiolabeled TMG relativ
lacA− strains, due to acetylation of TMG, followe
by its efflux from the cell and a reduced rate of
transport of the acetylated compound[5]. The question
of whether such a mechanism could confer selec
advantage tolacA+ strains was examined by Andrew
and Lin [7], who measured the generation times
E. coli lacA+ cultures grown on mixtures of meta
olizable (lactose or lactulose) and non-metaboliza
(TMG or IPTG) substrates. Although IPTG affect
the generation times oflacA+ strains only marginally
the growth rate oflacA− strains incapable of acetyla
ing IPTG for discharge into the medium was sign
cantly reduced. These results were extended to m
culture experiments in which a 15-fold enrichment
lacA+ vs. lacA− cells was observed after 50 gene
tions in the presence of hydrolyzableβ-galactosides
and IPTG, demonstrating a selective advantage c
ferred by thelacA+ genotype under these condition
Taken together, these experiments led to the hyp
esis that thelacA gene serves as a backup device
avoid metabolic congestion, by a mechanism of ac
lation, diffusion of the chemically altered compou
from the cell, and a diminished rate of retranspo
This strategy could allow cells to avoid metabo
predicaments, such as for molecules that are incid
tally transported by the broad specificity lactose p
mease, but which are either non-metabolizable or
as gratuitous inducers. This hypothesis has no sig
icant competition, but has yet to be supported by
identification of any natural high affinity substrate f
the enzyme, although it has been argued that highKm
values for acceptor substrates could be of adap
significance if they enabled the cell to use energy
acetylate compounds for discharge only when the
els of the acceptor substrate were high[7].

3. Kinetics and substrate specificity

The partial purification of GAT was first reporte
in 1962, and permitted a confirmation of its activ
against a panel of galactosides as well as the ide
fication of lactose, maltose, galactose and glucos
poor substrates[8]. Subsequent high-level purificatio
of the enzyme led to its crystallization from solutio
of ammonium sulfate[9]. The introduction of Ell-
man’s reagent (dithiobis(2-nitrobenzoic acid), DTN
improved the sensitivity of the assay for GAT by abo
100-fold [10], and remains the primary means for t
assay of GAT today.

The detailed kinetic mechanism of GAT was fi
studied by Musso and Zabin and found to be c
sistent with a sequential ordered bi-bi addition p
tern, with acetyl-CoA as the first substrate to assoc
with the enzyme and CoA as the final product to
part [11]. Galactosides and, to a lesser extent, glu
sides (epimers at C-4) were acceptors, but mannos
were not – indicating that the epimeric configurati
of the C-2 glycosyl moiety that differentiates the
sugars is an important determinant for substrate re
nition. These authors also confirmed that the enzy
requires a thioglycoside or a hydrophobic aglycone
activity, in agreement with previous results[8,10]. The
measuredKm value for IPTG of 0.77 M based on con
centrations of IPTG below those for which substr
inhibition was observed (about 1.5 M) immediate
raised suspicion that additional structural features
the biological acceptor for GAT had yet to be iden
fied [11].

The pattern of substrate specificity has more
cently been studied by Shaw and co-workers in
course of a kinetic, mutagenic and spectrosco
investigation [12]. This work identified PNPβGal
(p-nitrophenyl-β-D-galactopyranoside) as the be
substrate, with aKm value about 10-fold less tha
IPTG (cf. 63.4 mM vs. 0.77 M). The similarKm and
kcat values for the PNPβGal and phenylβGal sub-
strates suggested that the hydrophobic phenyl gr
and not thep-nitro moiety of PNPβGal was the pri-
mary specificity determinant responsible for the low
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Km values of phenyl galactosides relative to IPTG
molecule bearing an isopropyl aglycone.

4. Structure

4.1. Primary structure

The amino acid sequence of GAT was initia
determined by chemical methods[13] and later con-
firmed in the course of completing the DNA sequen
of the lac operon [14]. Based on the sequence
thenodL gene ofRhizobium leguminosarum, Downie
detected significant sequence similarity between
amino acid sequence of NodL and the acetyltra
ferases encoded by thecysE (serine acetyltransferas
and lacA genes ofE. coli [15]. NodL acetylates
the 6-hydroxyl position of the non-reducing termin
sugar of a variety of lipo-oligosaccharides, chitin fra
ments andN -acetylglucosamine[16].

Further analysis of these and additional sequen
available several years later allowed two groups
identify a previously unrecognized six residue
peated motif in the sequences of these proteins, as
as several other acyltransferases. This repeating
quence theme was termed an ‘isoleucine patch’[17]
or ‘hexapeptide repeat’[18]. Imperfect copies o
this hexapeptide repeat motif, generally describ
as [LIV]–[GAED]–X–X–[STAV]–X, have since been
found as an easily identifiable and characteristic f
ture of an expanding family of acyltransferases. Th
hexapeptide acyltransferases catalyze the transfer o
acetyl, succinyl or R-3-hydroxy fatty acyl groups fro
their corresponding thioesters to amino acids, sug
metabolic intermediates or natural product accep
bearing free hydroxyl or amine groups. These
zymes participate in the processes of cell wall bios
thesis, amino acid metabolism and detoxification a
are represented in all three kingdoms of life, but h
yet to be found in animals.

4.2. Overall three-dimensional structure

Although the crystallization of GAT from solution
of ammonium sulfate was first reported by Zabin a
co-workers in 1963[9], the production of crystals sui
able for a three-dimensional structure determina
(also obtained from solutions of ammonium sulfa
l
-

was described 36 years later[19]. These crystals led
to an X-ray crystallographic structure determination
GAT in several complexes with substrates and pr
ucts at resolutions ranging from 3.2 to 2.5 Å[20].
Crystallization of the GAT apoenzyme could not be
produced to form crystals suitable for crystallograp
analysis, nor could back soaking of crystals prepa
in the presence of acetyl-CoA be used to yield crys
that were free of cofactor. Hence, the structure of
GAT apoenzyme remains unknown.

The overall structure of GAT is trimeric (Fig. 1)
[20]. Its appearance is dominated by a coiled struct
domain in the residue range 58–173 of the 203 res
polypeptide that corresponds to its tandem-repe
copies of hexapeptide repeats. This left-handed pa
lel β-helix (LβH) structural domain[21] is intimately
related to the active sites of all of the enzymes
longing to the hexapeptide acyltransferase superf
ily of enzymes[20–27]. Although some reports hav
suggested a weak amino acid sequence similarity
tween GAT and the classical CATIII chloramphenico
acetyltransferase, their overall conformations are
similar [20,28].

Each six-residue hexapeptide repeat is used to f
one side of a triangular coil with a canonical 18 resid
length (Fig. 2). Because each coil is composed of
integral number of residues, they are spatially rela
to one another by simple translations. The overall
pearance of the LβH structural domain is that of a
equilateral prism, with each flat surface represen
a single untwisted parallelβ-sheet[21]. The active
sites of these trimeric enzymes are invariably loca
at the junction between two adjacent LβH domains
and frequently incorporate one or more polypept
loops that project from the vertices of their triang
lar coils. The LβH domain of GAT is composed o
approximately 5.3 coils and is interrupted by an
tended loop (residues 112–131) (Fig. 2). This loop of
20 residues substitutes for a two residue turn and
have arisen by an evolutionary mechanism by wh
a single coil of the LβH was expelled from the coile
domain, perhaps by mutation of a residue that viola
the hexapeptide repeat sequence rule.

4.3. Active-site structure and catalytic mechanism

The structure of GAT has been determined in
nary complexes with CoA or acetyl-CoA, and
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Fig. 1. Ribbon diagram of GAT bound to IPTG and CoA. Two IPTG and one CoA molecules are present in each of three active sit
trimeric enzyme. Left: Viewed perpendicular to the molecular threefold axis. Right: Viewed parallel to the threefold axis, emphas
triangular LβH helical domains.

Fig. 2. The LβH domain and the hexapeptide repeat sequence motif. Left: Structure-based sequence alignment of the LβH domain of GAT.
Residues corresponding to six complete or partial coils (C1 to C6) are depicted as are the residues in this range that lack coiled co
(boxed), including the extended loop (residues 112–131). Each complete coil is composed of three flatβ-sheets (PB1, PB2, PB3) separat
by three turns (T1, T2, T3). The residue types repeated within each coil are termedi, i + 1, . . . , i + 5 and corresponding to the canonic
hexapeptide sequence motif [LIV]–[GAED]–X–X-[STAV]–X, respectively. The most highly conserved residues at thei position are reverse
shaded. Right: Coil C4 of the LβH domain with labeled residue types. Residues at thei andi + 4 positions project into the lumen of the LβH.
Each side of the triangular coil corresponds to a single parallelβ-strand.
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ternary complexes with IPTG/CoA and PNPβGal/
CoA [20]. The GAT trimer contains three apparen
independent active sites, each receiving contributi
from two subunits, here termed A and B. The co
formation of the cofactor resembles a fishhook. Its′-
phospho ADP moiety is located nearest the C-term
coils of the LβH and its pantetheinyl arm is directe
toward the NH2-terminal coils (Fig. 1). The panteth-
einyl arm of the cofactor accepts hydrogen bonds fr
adjacent coils of the LβH, promoting its extended con
formation.

The general location of the IPTG or PNPβGal ac-
ceptor substrates is near the CoA thiol or acetyl-C
thioester group and the galactosyl moieties of these
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Fig. 3. Active-site structure of GAT bound to IPTG and CoA. H
drophilic interactions are depicted by dotted line segments.
proximal IPTG that participates as the acetyl acceptor is depi
as is the additional distal IPTG molecule.

ceptors utilize a conserved pattern of interactions w
the enzyme (Fig. 3). The structure of GAT in com
plex with CoA and IPTG revealed two molecules
IPTG per active site, separated by 8 Å. These m
cules are termed proximal or distal, based on their
tance to the cofactor thiol. The proximal IPTG form
hydrogen bonds to the enzyme from each of its f
hydroxyl groups. The active site of GAT is simila
to that of the recently determined structure ofE. coli
maltose acetyltransferase (MAT)[27]. The interaction
of the C-4 hydroxyl group of IPTG with Asp 93B

of GAT may confer substrate preference for galac-
tosides over glucosides, since the active site M
which preferentially acetylates the 6-hydroxyl gro
of glucosides, substitutes valine at this position,
does the NodL acetyltransferase capable of acet
ing glucose-derivedN -acetylglucosamine[16].

The distal IPTG is too far from the cofactor to pa
ticipate as a substrate. Although the concentratio
IPTG used to prepare the ternary complex crystal
GAT with IPTG/CoA was high, 156 mM, the exis
tence of the distal IPTG binding site might nonethel
indicate the existence of an extended acceptor b
ing pocket that could accommodate larger substra
Whether this distal binding site is also related to
observed phenomenon of kinetic substrate inhibit
is unknown.

The hydrophobic binding pocket responsible
binding the aglycone moiety of the acceptor su
strate is formed by Tyr 83A, Leu 103A and Met127
(Fig. 4). A biologically important feature of this
pocket may be to discriminate against molecules
are not to be acetylated – such as disaccharides
glycosides that bear hydrophilic groups at the sa
position as the hydrophobic aglycones of IPTG, TM
or PNPβGal. Among the molecules that are po
substrates of GAT are lactose (4-β-D-galactosyl-D-
glucose) and two natural inducers of thelac operon-
allolactose (6-β-D-galactosyl-D-glucose) and the plan
product, 2-β-D-galactosyl-glycerol, all of which bea
hydrophilic substituents at this position.

GAT catalyzes the acetyl-CoA dependent acety
tion of the 6-O-methyl position of a variety of pyra
nosides. The 6-hydroxyl group of the proximal IPT

in the IPTG/CoA complex interacts with His 115B

bunits A
Fig. 4. Superposition of GAT in complex with acetyl-CoA and IPTG (blue bonds). The residues referred to in the text are labeled. Su
(yellow) and B (orange) are depicted.
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from the extended loop, Asn 85A, and the thiol gro
of CoA. His 115 had been previously implicated in t
iodoacetamide inactivation of the enzyme and its
placement by alanine reducedkcat by 1800-fold[12].
His 115 and Asn 85 are also conserved in the
quences of MAT and NodL. In GAT, this histidin
donates a hydrogen bond to the peptide carbonyl o
gen of Glu 126B, which identifies its imidazole ND
nitrogen as protonated and presumably increases
basicity at NE2 (Figs. 4, 5). The distance between th
phenyl ring of PNPβGal or the isopropyl group o
IPTG to His 115 is only 4 Å, and so it remains pos
ble that some molecules may bind at or near the ac
site of the enzyme, but do so in such a manner a
alter the orientation of this histidine residue to prev
efficient catalysis.

The kinetic mechanism of GAT is best describ
as sequential ordered bi-bi[11,12], consistent with
a chemical mechanism whereby the thioester gr
of acetyl-CoA is attacked directly by the 6-hydrox
group of the substrate. This is supported by the c
tal structure of GAT in complexes with acetyl-Co
and IPTG/CoA (Fig. 4). A superposition of thes
structures places the 6-hydroxyl group of the acc
tor within 1.7 Å of the acetyl-CoA thioester ca
bonyl carbon atom, indicating that this hydroxyl gro
may indeed be close enough for direct attack in
SN2 ternary complex mechanism. Taken together w
kinetic data and the structure of GAT in compl
with acetyl-CoA, a chemical mechanism of action c
be proposed in which His 115B acts to extract
6-hydroxyl proton from the acceptor prior to or co
comitant with attack of this group on the thioest
The observed interaction of Asn 85A with the acet
CoA thioester oxygen may indicate that this side ch
plays a role in stabilizing the oxyanion intermedia
His 115B may also function to donate a proton fro
the NE2 position to the resulting CoA thiolate co
comitant with or subsequent to the collapse of
tetrahedral intermediate.

4.4. Relationships to other hexapeptide
acyltransferases

It is now well-established that GAT is a memb
of the hexapeptide acyltransferase superfamily of
zymes bearing tandem-repeated copies of a six-res
periodicity theme. These hexapeptide repeats enc
Fig. 5. The proposed SN2 reaction mechanism of GAT derived fro
kinetic and structural studies. His 115B functions to abstract a
ton and perhaps to protonate the resulting thiolate. A tetrahe
intermediate is formed by the attack of the IPTG 6-hydroxyl gro
on the thioester carbonyl carbon acetyl-CoA and is stabilized by
carboxamide group of Asn 85A.

folding of an unusual coiled LβH domain which is
intimately involved in the construction of the activ
sites of these enzymes. However, the active site
these enzymes also accept contributions from port
of the polypeptide chain external to the LβH and so
the detailed arrangements of active site residues
fer significantly within this superfamily[20–27]. Of
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the hexapeptide acetyltransferases of known th
dimensional structure, GAT is most similar to MA
with 42% amino acid sequence identity and an r
deviation for 169 selected Cα coordinates of only
1.0 Å [27]. Although MAT does not belong to an obv
ous operon, its proposed role is also as a detoxifica
agent, with preference for non-metabolizable glu
sides bearing a hydrophobic aglycone[27,29]. The
best known substrate for MAT is isopropyl-1-thio-β-
D-glucoside (IPTGlu), the C-4 epimer of IPTG, with
Km value of 17.2 mM[27]. In addition, the GAT, MAT
and NodL members of the hexapeptide acyltransfe
superfamily all acetylate the 6-hydroxyl group of he
ose sugars and conserve His 115 and Asn 85 at
active sites.

5. Conclusions

Recent structural characterization of GAT has
vealed its overall three-dimensional structure, s
strate binding modes and catalytic mechanism. C
sideration of its amino acid sequence and the c
tal structures of a variety of acyltransferases
confirmed its placement in the hexapeptide ac
transferase superfamily of enzymes. The similari
of its sequence, substrate specificity and active
structure to MAT and NodL define a subgroup
the hexapeptide acyltransferase superfamily wh
members transfer acetyl groups from acetyl-CoA
the 6-hydroxyl group of hexose sugars, probably
a common catalytic mechanism. A current gap
knowledge exists for GAT as it is not known whic
substrates the enzyme encounters in vivo. Until
gap is filled, it is likely that some doubt will remai
concerning the biological role of this member of t
lac operon.
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