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temperatures at high salt (7.5%) or high sucrose (40%) concentrations (35). Taken together, these findings provide further evidence for the importance of this abundant cell envelope component for normal cell morphology and physiology.
Pulse-chase experiments have provided strong biochemical
evidence that the glycerolphosphate subunits of LTA are derived from the head group of the membrane lipid phosphatidylglycerol (PG) (7, 8, 12). A rapid and almost complete turnover of the nonacylated glycerolphosphate group of PG into
LTA is observed in S. aureus and other Gram-positive bacteria
that synthesize polyglycerolphosphate LTA (23, 24). It is assumed that the LtaS enzyme cleaves the head group of PG and
uses this glycerolphosphate subunit to polymerize the LTA
backbone chain.
One or more LtaS-like enzymes are encoded in the genomes
of Gram-positive bacteria that synthesize polyglycerolphosphate LTA (14). S. aureus LtaS and all other members of this
enzyme family are predicted to contain five N-terminal transmembrane helices followed by an extracellular C-terminal enzymatic domain (eLtaS) (14, 29). The LtaS enzyme is processed in S. aureus, and the eLtaS domain is released into the
culture supernatant as well as partially retained within the cell
wall envelope (11, 29, 45). The crystal structure of the S. aureus
eLtaS domain, alone and in a complex with soluble glycerolphosphate and the soluble domain of the Bacillus subtilis LtaS
(LtaSBs) enzyme (YflE), identified a threonine as the catalytic
residue. This is based on the location of the glycerolphosphate
head group in the active site for S. aureus LtaS and on threonine phosphorylation in the B. subtilis enzyme structure (29,
37). Replacement of this threonine residue with an alanine
renders the S. aureus enzyme inactive and unable to synthesize
LTA in vivo (29). In addition, a Mn2⫹ ion was detected in the

Lipoteichoic acid (LTA) is a crucial component of the cell
wall envelope in Gram-positive bacteria. Diverse functions
have been ascribed to LTA, including regulation of the activity
of hydrolytic enzymes (4), an essential role in divalent cation
homeostasis (2, 26, 37), and retention of noncovalently attached proteins within the cell wall envelope (20, 41). In addition, functions of LTA in host-pathogen interactions have
been reported (44). D-Alanine modifications on LTA protect
bacteria from killing by cationic antimicrobial peptides (36, 43)
and are critical during the infection and colonization processes
(1, 5, 10). On the other hand, LTA may also play a positive role
for the host in wound healing, by preventing excessive inflammation (25).
In the Gram-positive bacterial pathogen Staphylococcus aureus and in many other bacteria belonging to the Firmicutes,
including Bacillus, Listeria, Streptococcus, Enterococcus, and
Lactococcus spp., LTA is composed of a linear 1,3-linked
polyglycerolphosphate backbone chain that is tethered via a
glycolipid anchor to the bacterial membrane (6, 9). Recently,
the staphylococcal protein LtaS was identified and shown to be
responsible for polyglycerolphosphate LTA synthesis in vivo
(14). An S. aureus strain depleted of LtaS is unable to synthesize LTA and shows severe growth and morphological defects
(14); an S. aureus ltaS deletion strain is viable at 30°C only in
a growth medium containing at least 1% NaCl or at higher
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Lipoteichoic acid (LTA) is an important cell wall component of Gram-positive bacteria. The key enzyme
responsible for polyglycerolphosphate lipoteichoic acid synthesis in the Gram-positive pathogen Staphylococcus
aureus is the membrane-embedded lipoteichoic acid synthase enzyme, LtaS. It is presumed that LtaS hydrolyzes the glycerolphosphate head group of the membrane lipid phosphatidylglycerol (PG) and catalyzes the
formation of the polyglycerolphosphate LTA backbone chain. Here we describe an in vitro assay for this new
class of enzyme using PG with a fluorescently labeled fatty acid chain (NBD-PG) as the substrate and the
recombinant soluble C-terminal enzymatic domain of LtaS (eLtaS). Thin-layer chromatography and mass
spectrometry analysis of the lipid reaction products revealed that eLtaS is sufficient to cleave the glycerolphosphate head group from NBD-PG, resulting in the formation of NBD-diacylglycerol. An excess of soluble
glycerolphosphate could not compete with the hydrolysis of the fluorescently labeled PG lipid substrate, in
contrast to the addition of unlabeled PG. This indicates that the enzyme recognizes and binds other parts of
the lipid substrate, besides the glycerolphosphate head group. Furthermore, eLtaS activity was Mn2ⴙ ion
dependent; Mg2ⴙ and Ca2ⴙ supported only weak enzyme activity. Addition of Zn2ⴙ or EDTA inhibited enzyme
activity even in the presence of Mn2ⴙ. The pH optimum of the enzyme was 6.5, characteristic for an enzyme that
functions extracellularly. Lastly, we show that the in vitro assay can be used to study the enzyme activities of
other members of the lipoteichoic acid synthase enzyme family.
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MATERIALS AND METHODS
Growth conditions and construction of plasmids and strains. Escherichia coli
strains were grown at 37°C in Luria-Bertani (LB) medium with 100 g/ml
ampicillin for plasmid selection when appropriate. E. coli Rosetta strains (Novagen) containing plasmid pProEX-eLtaS (strain ANG571) or pProEX-eLtaST300A (strain ANG575) were used for the expression and purification of Nterminally His-tagged versions of the extracellular enzymatic domain of the S.
aureus LTA synthase enzyme (eLtaS) or the active-site variant eLtaS-T300A,
respectively. The construction of these strains has been described previously (29).
Plasmids pProEX-eLtaPLm (Lmo0644) and pProEX-eLtaSLm (Lmo0927) were
constructed for the expression and purification of N-terminally His-tagged versions of the extracellular enzymatic domains of the Listeria monocytogenes LTA
primase enzyme (eLtaPLm; Lmo0644) and LTA synthase enzyme (eLtaSLm;
Lmo0927). Gene fragments were amplified from L. monocytogenes 10403S chromosomal DNA using primer pairs 5-BamHI-LMO0644-C-term (CGGGATCC
GCCGCAGATATTACTGCCAAAAACGTG)/3-XbaI-LMO0644-with-stop
(CGTCTAGACCAGCAAATCTGGATACTTCTTTTGTTTA) and 5-EcoRILMO0927-Cterm (CGGAATTCAAGATAGTAGTGATGTTACTGAAG)/3XbaI-LMO0927-with-stop (CGTCTAGATTATTTATCGGATGAATCAGTT
GATTTTTTC), containing BamHI/XbaI and EcoRI/XbaI, respectively, and
were cloned into plasmid pProEX-HTb (Invitrogen), which had been cut with
the same enzymes. The resulting plasmids, pProEX-eLtaPLm and pProEXeLtaSLm, were initially transformed into E. coli strain DH5␣, resulting in strains
ANG1448 (pProEX-eLtaPLm) and ANG1449 (pProEX-eLtaSLm). For protein
expression and purification, these plasmids were introduced into the E. coli
Rosetta strain, yielding strains ANG1478 (pProEX-eLtaPLm) and ANG1479
(pProEX-eLtaSLm). The sequences of inserts were verified by fluorescence automated sequencing at the MRC Clinical Science Center Sequencing Facility at
Imperial College London.
Protein purification. Proteins were expressed and purified by Ni affinity and
size exclusion chromatography as described previously, with the modification
that protein expression was induced at an optical density at 600 nm (OD600) of
0.4 by the addition of 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG)
(29). Fractions containing the purified protein were pooled and concentrated
using Amicon Centricon concentrators (cutoff, 10 kDa), and the protein concentration was determined using the bicinchoninic acid (BCA) kit from Pierce. The
purity of proteins was confirmed by analysis on 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gels and Coomassie staining.
Standard eLtaS enzyme assay. eLtaS enzyme activity was measured by following the hydrolysis of a fluorescently labeled phosphatidylglycerol lipid substrate (NBD-PG) (see Fig. 1A). For enzyme assays, the commercially available
16:0–6:0 NBD-PG lipid (Avanti 810163) was further purified on TLC plates.

Typically, 100 g NBD-PG was spotted (five 20-g spots) onto 250-m-thick
60-Å silica TLC plates 250 m thick (Macherey-Nagel) and was run for 15 min
in a 60:20:2.7 CHCl3–MeOH–water solvent system. The major yellow fluorescent
band clearly visible to the eye was excised from TLC plates, silica gel was scraped
into appropriate tubes; and lipids were extracted for 15 min at room temperature
(RT) with 8 ml of a 1:1 methanol-chloroform mixture with frequent vortexing.
Next, 3.6 ml double-distilled H2O (ddH2O) was added; samples were vortexed;
and the mixture was subsequently centrifuged for 10 min at 7,000 ⫻ g for phase
separation. The bottom chloroform phase containing the purified NBD-PG lipid
was transferred to a glass tube, and the silica matrix was extracted a second time
as described above. Chloroform phases containing purified NBD-PG lipid were
dried under a stream of nitrogen and were stored at ⫺20°C until further use.
For our standard enzyme assay, 1.8 ml of 10 mM sodium succinate buffer (pH
6.0; ionic strength, 20 mM or 50 mM [adjusted with NaCl]) was added to
approximately 25 g of purified NBD-PG lipid to give a final lipid concentration
of 17.8 M (assuming that 100% of the lipid was recovered in the purification
step). Lipids were solubilized by sonication for 35 to 45 s at an amplitude of 11
using a Sanyo Soniprep sonicator. Unless otherwise stated, 300 l of these
vesicles (⬃ 4.166 ng lipid) was used per enzyme assay. Next, MnCl2 from a 1 M
stock was added to give a final concentration of 10 mM, and reactions were
initiated by the addition of 1.52 M (25 g) enzyme. The assay mixtures were
incubated at RT on a rotator wheel or in a 37°C water bath for 3 h unless
otherwise stated. Reactions were stopped by the addition of CHCl3–methanol
(MeOH) to give a final assay volume/CHCl3/MeOH ratio of 0.9:1:1. After vigorous vortexing, the reaction products were centrifuged at 17,000 ⫻ g for 5 min.
The chloroform phase or fractions of the chloroform phase were transferred to
a new tube and dried under a stream of nitrogen. Dried lipids were suspended in
10 l chloroform, spotted onto 60-Å silica TLC plates, and separated using a
CHCl3-MeOH-water (60:20:2.7) solvent system. Plates were subsequently dried
at RT; fluorescent bands were visualized using a Fujifilm FLA-5000 imager
equipped with a 473-nm excitation laser and a fluorescein isothiocyanate (FITC)
emission filter; and signals were quantified using Aida software.
If other buffer systems were used (10 mM sodium succinate [pH 6.0] buffer
adjusted with NaCl to the ionic strengths indicated in Fig. 4B, 10 mM sodium
succinate [pH 4.5 to pH 6.5]; or 20 mM HEPES [pH 7 to 8] adjusted to an ionic
strength of 20 mM with NaCl), lipid vesicles were prepared in each buffer
separately. Also, where indicated, assays were set up either in the absence of
metal ions; in the presence of 1 to 250 mM MnCl2 or of 10 mM MgCl2, CaCl2,
or ZnSO4, or combinations thereof; in the presence of 16 mM EDTA; or in the
presence of glycerolphosphate. As a positive control, phospholipase C (PLC)
from Bacillus cereus (Sigma) (EC 3.1.4.3) was used. Twenty-five micrograms of
purified NBD-PG was brought into suspension in 1.8 ml phosphate-buffered
saline (PBS) (pH 7.4) by sonication. Next, CaCl2 was added to give a final
concentration of 10 mM; reactions were initiated by the addition of 2.5 U of PLC
per 300 l of lipid solution (⬃ 4.166 ng lipids); and samples were incubated for
3 to 4 h on a rotator at RT. Lipids were subsequently extracted as described
above. Another lipid used in this study was egg PG (Avanti 841138 or Sigma
P8318). This unlabeled lipid was used in competition experiments in a 5-fold
excess over the amount of NBD-PG (5:1 ratio; 20.8 ng PG to 4.166 ng NBD-PG).
To determine the enzyme substrate specificity, the fluorescently labeled lipids
16:0–6:0 NBD-PC (Avanti 810130), 16:0–6:0 NBD-PE (Avanti 810153), and
16:0–6:0 NBD-PS (Avanti 810192) were purified on TLC plates as described
above for NBD-PG. Reactions with these lipids were set up in 10 mM sodium
succinate (pH 6.0; ionic strength, 50 mM) containing twice the amount of lipid
as in the standard reactions, and samples were incubated for 3 h at 37°C in a
water bath. Two to six independent experiments with duplicate or triplicate
samples were performed for all data presented. Variations between different
enzyme preparations and lipid purifications were observed, and therefore, absolute fluorescence values for the hydrolysis products could be directly compared
only within one experiment, which was performed with the same enzyme preparation and purified lipid substrate. To compare results between different independent experiments and for final data plotting and analysis, the average fluorescence reading for one condition (usually 10 mM MnCl2) was arbitrarily set to
1 in each independent experiment, and all other values from the same experiment were adjusted accordingly. Unless specifically stated otherwise, all normalized data points from the two to six independent experiments were combined for
final data presentation and statistical analysis, and the average values and standard deviations were plotted. The two-tailed, two-sample equal-variance Student
t test was used to determine statistically significant differences between the
enzyme activity under standard reaction conditions (highlighted in dark grey in
each graph) and that under each of the other enzyme reaction conditions shown
in the same plot. Statistically significant differences with P values below 0.001 or
between 0.001 and 0.05 are indicated in the figures.
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active center of the S. aureus LtaS structure, while the B.
subtilis enzyme contained a Mg2⫹ ion.
To provide insight into the enzymatic activity of the S. aureus
lipoteichoic acid synthase enzyme, we developed an in vitro
assay for this enzyme using purified recombinant eLtaS and
fluorescently labeled PG as a substrate. Using thin-layer chromatography (TLC) and mass spectrometry analysis of the lipid
reaction products, we show that eLtaS protein is sufficient to
cleave the glycerolphosphate head group from NBD-PG, resulting in the formation of NBD-diacylglycerol (NBD-DAG).
Furthermore, we provide experimental evidence that LtaS requires Mn2⫹ for enzyme activity, while Zn2⫹ inhibits enzyme
function. Our results suggest that LtaS has a narrow substrate
specificity, with PG serving as a substrate while phosphatidylethanolamine (PE), phosphatidylcholine (PC), and phosphatidylserine (PS) do not. Lastly, we show that this in vitro
assay can be used to study the enzyme functions of other
members of this protein family, such as the Listeria monocytogenes LTA synthase (LtaSLm) and LTA primase (LtaPLm) enzymes. This study is the first in vitro characterization of lipoteichoic acid synthase enzymes and an important first step
towards the development of an assay to screen and identify
enzyme-specific inhibitors for this new and important class of
bacterial enzymes.
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RESULTS
In vitro enzyme assay using purified eLtaS protein and a
fluorescently labeled PG lipid substrate. To gain insight into
the LtaS enzyme mechanism, we set out to develop an in vitro
assay for the S. aureus eLtaS enzyme. The fluorescently labeled
NBD-PG lipid substrate was used in previous studies to follow
phospholipase C-type degradation reactions (39), reactions
that are similar to that proposed for LtaS. Phospholipase C
(PLC)-dependent cleavage of NBD-PG results in the production of fluorescently labeled diacylglycerol (NBD-DAG) (Fig.
1A). To determine if the purified soluble enzymatic domain of
the S. aureus lipoteichoic acid synthase enzyme (eLtaS) is able
to hydrolyze the glycerolphosphate head group of PG, we
purified this enzyme as an N-terminally His-tagged version
from E. coli extracts (29). The fluorescently labeled NBD-PG
lipid substrate was brought into suspension by sonication, and
enzyme reactions were initiated by the addition of purified
eLtaS and MnCl2, the metal ion observed in the eLtaS crystal
structure. Reaction mixtures were incubated for 3 h at RT;
lipids were subsequently extracted and separated by TLC; and
plates were scanned using a fluorescence imager. Two major
fluorescent lipid bands were detected: one with the mobility of
the NBD-PG input lipid and a second band for a lipid with
faster mobility (Fig. 1B). The faster-migrating lipid had the
same mobility as the lipid obtained in positive-control reactions, which were set up with the B. cereus PLC enzyme. This
enzyme is known to hydrolyze the glycerolphosphate head
group of PG (38), and the top lipid band therefore presumably
corresponds to NBD-DAG (Fig. 1B) (see also the mass spectrometry analysis below). This faster-migrating lipid was not
detected in the products of reactions set up with the active-site
variant eLtaS-T300A or with no enzyme. Taken together, these
results show that NBD-PG is hydrolyzed by eLtaS in an enzyme-specific manner and that the released hydrolysis product
is presumably NBD-DAG (see also below). Besides the two
main fluorescent bands (Fig. 1B, NBD-PG and hydrolysis
product), a few additional minor fluorescent bands were ob-

FIG. 1. eLtaS in vitro assay. (A) Chemical structures of the fluorescently labeled phosphatidylglycerolphosphate lipids NBD-PG and
NBD-DAG. The B. cereus phospholipase C (PLC) cleavage site is
indicated on the scheme, as is the mass reduction following the release
of the glycerolphosphate lipid head group. (B) TLC analysis of eLtaS
in vitro reaction products. NBD-PG lipid suspensions were incubated
with either eLtaS, the eLtaS-T300A protein, or no enzyme (negative
control). Reaction products were separated by TLC, and plates were
scanned using a fluorescence imager. As a positive control, a reaction
was set up with B. cereus PLC. Note that only 10% of the PLC reaction
mixture was run on the TLC. Arrows on the left indicate the positions
of the NBD-PG input lipid, the main hydrolysis product, and a lipid of
unknown structure (lipid X). The proteins added to each reaction
mixture are shown at the top. (C) NBD-DAG standard curve. Twofold
dilutions of PLC control reaction mixtures were separated by TLC
(inset); the signal for the hydrolysis product was quantified; and the
average values and standard deviations from two plates were plotted.

served. One of these lipids (Fig. 1B, lipid X) appears to be an
eLtaS-specific reaction product, since this lipid is not produced
in the eLtaS-T300A or the PLC control reaction. However,
because of the small amounts, we were not able to obtain any
additional structural information on this lipid or on any of the
other minor lipid bands.
It has been reported that the intensity of the fluorescence
signal of NBD-labeled lipids increases linearly with the con-
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Mass spectrometry analysis of lipid enzyme reaction products. Twelve and a
half micrograms of NBD-PG lipid was dried under a stream of nitrogen and was
used for subsequent mass spectrometry analysis. As a positive control, PLC
reactions were set up as described above; however, assays were scaled up 2.5fold, and reaction mixtures were incubated for 3 h at RT. For the analysis of
eLtaS, eLtaS-T300A, and no-enzyme (negative control) lipid reaction products,
assays were scaled up 8-fold and were set up in 10 mM sodium succinate (pH 6.0;
ionic strength, 50 mM) containing 10 mM MnCl2, and reaction mixtures were
incubated for 3 h at 37°C. Lipids were extracted and dried as described above.
For mass spectrometry analysis, dried lipids were suspended in 6 to 10 l of a 0.5
M 2,5-dihydroxybenzoic acid (DHB) matrix-assisted laser desorption ionization
(MALDI) matrix dissolved in 1:1 methanol-chloroform, and 1 l was either
spotted directly onto a MALDI plate or diluted 1:10 using a 0.5 M DHB matrix,
after which 1 l was spotted. Spotted MALDI plates were run on a MALDI
micro MX machine (Waters, United Kingdom), available at the Proteomics
Facility at Imperial College London. Using an automated program, 20 spectra
were recorded for each spot in the reflector positive-ion mode. The machine was
calibrated with polyethylene glycol (PEG) standards, and as an additional calibration standard, 25 to 50 pmol of a bradykinin peptide standard (Sigma) with an
absolute mass of 757.3997 (M ⫹ H⫹) was spotted in an ␣-cyano-4-hydroxycinnamic acid (CHCA) matrix, which was suspended at 10 mg/ml in 75% acetonitrile–0.1% trifluoroacetic acid (TFA). Mass signals for lipids were manually
corrected for the observed mass difference of the internal peptide standard.
Experiments were performed twice, and representative results are shown in the
figures.
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centration of the lipid over a wide range, allowing the quantification of enzyme reaction products (28). To test if our experimental setup would allow us to quantify enzyme reaction
products, we ran 2-fold dilutions of the PLC control reaction
mixture on TLC plates (16⫻ to 1⫻) and quantified the NBDDAG signal using Aida software (Fig. 1C). A linear relation
between the amount of lipid and the fluorescence signal was
observed over the range tested, allowing us to use this assay to
quantify enzyme activities.
eLtaS-dependent NBD-PG hydrolysis results in the production of NBD-DAG. The eLtaS reaction product runs on TLC
plates with a retention time identical to that observed for the
B. cereus PLC reaction product, indicating that NBD-DAG is
formed upon the hydrolysis of NBD-PG. To provide further
experimental evidence for this notion, we subjected the lipid
products of scaled-up eLtaS, eLtaS-T300A, no-enzyme (negative control), and PLC (positive-control) reactions to MALDI
mass spectrometry analysis. Dried lipids were suspended in a
DHB matrix and spotted onto MALDI plates, and mass spectra
were recorded in the positive reflector ion mode (Fig. 2). The
sodium adduct of the NBD-PG input lipid (C34H56N4O13PNa)
has a calculated absolute mass of 782.25. The mass we observed
for the NBD-PG input lipid was 718.4 (Fig. 2B), considerably
smaller than the calculated mass. This is presumably due to fragmentation at an unknown position within the NBD fluorescence
group, since MALDI mass spectrometry analysis of other NBDlabeled lipids gave a similar mass reduction, while unlabeled lipids
showed the expected absolute mass (data not shown). The peak at
718.4 is clearly NBD-PG lipid specific, since it was not observed in
the sample containing the DHB matrix only (Fig. 2A). Cleavage
of the glycerolphosphate head group results in the production of

NBD-DAG and a calculated absolute mass reduction of 154.0
units (minus C3H7O5P) (Fig. 1A). In agreement with this predicted mass reduction, the observed mass of the B. cereus PLC
reaction product was 564.2 (Fig. 2C), 154.2 mass units smaller
than the 718.4 signal for the NBD-PG input lipid. A similar mass
signal of 564.3 was observed for the eLtaS reaction product, in
addition to the mass signal of 718.4 for the NBD-PG input lipid
(Fig. 2F). This lower mass signal was absent from samples obtained from no-enzyme (Fig. 2D) and eLtaS-T300A (Fig. 2E)
reaction products; and only signals at 718.3 and 718.4, respectively, identical to the mass signal of the NBD-PG input lipid,
were obtained for these samples. In sum, these mass spectrometry
data provide further experimental evidence that the S. aureus
eLtaS enzyme cleaves the phosphodiester bond of NBD-PG, resulting in the production of NBD-DAG, a reaction similar to that
of phospholipase C-type enzymes.
eLtaS is a Mn2ⴙ-dependent metal enzyme. Structural analysis of the S. aureus eLtaS domain and the soluble enzymatic
domain of the B. subtilis LtaS (YflE) enzyme revealed the
presence of a Mn2⫹ and a Mg2⫹ ion, respectively, in their
active centers (29, 37). Since the ion was present in the crystallization buffer in both cases, these may not represent the
relevant metal ions for enzyme activity. To test if a metal ion is
required for enzyme activity and, if so, which one is required,
we set up in vitro assays in the absence and presence of different divalent cations. As can be seen in Fig. 3A, addition of
Mn2⫹ resulted in the highest enzyme activity. Addition of
MgCl2 or CaCl2 resulted in low enzyme activity, while no
enzyme activity was observed in the presence of ZnSO4. Increasing the concentration of MnCl2 revealed that the highest
in vitro enzyme activity was observed in the presence of 50 to
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FIG. 2. MALDI-TOF mass spectra of eLtaS lipid reaction products. For mass spectrometry analysis, PLC (positive control), eLtaS, eLtaST300A, and no-enzyme reactions were set up, and lipids were extracted and dried as described in Materials and Methods. Dried lipids, as well as
12.5 g of the NBD-PG input lipid, were suspended in a 0.5 M DHB MALDI matrix and were spotted onto a MALDI plate. Spectra were recorded
in the reflector positive-ion mode on a MALDI micro MX machine (Waters, United Kingdom), and m/z signals were plotted for the DHB matrix
only (A), the NBD-PG input lipid (mass signal, 718.4) (B), the PLC reaction (mass signal, 564.2) (C), no enzyme (mass signal, 718.3) (D), the
eLtaS-T300A reaction (mass signal, 718.4) (E), and the eLtaS reaction (mass signals, 564.3 and 718.4) (F). Presumed NBD-lipid-specific signals
are shown in red.
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100 mM Mn2⫹ ion (Fig. 3E). However, only low enzyme activity was observed in the presence of MgCl2 over a concentration range of 0.01 to 100 mM (data not shown). This suggests that Mn2⫹ is the metal ion necessary for LtaS enzyme
function. Furthermore, as predicted for a metal-dependent
enzyme, addition of the metal ion chelator EDTA inhibited
enzyme function (Fig. 3B). Removal of EDTA using a NAP-10
desalting column restored Mn2⫹-dependent enzyme function
(data not shown). The use of combinations of metal ions revealed that the addition of ZnSO4 inhibited Mn2⫹-dependent
enzyme activity (Fig. 3C). This effect was specific for Zn2⫹;
addition of MgCl2 or CaCl2 did not affect enzyme activity.
Similar results were obtained by using ZnCl2 in place of
ZnSO4, and enzyme inhibition was found to be Zn2⫹ concentration dependent (Fig. 3D). This result could indicate that
Zn2⫹ can replace the Mn2⫹ ion in the active-site center of
LtaS, but in a nonproductive manner. In summary, these data
suggest that lipoteichoic acid synthase enzymes are Mn2⫹dependent metal enzymes and that Zn2⫹ can act as a competitive inhibitor for enzyme function.
eLtaS enzyme characteristics. To determine additional enzyme parameters for the eLtaS enzyme, we performed in vitro
assays at different pHs and ionic strengths, and we followed the

reactions over time. To determine the pH profile, the NBD-PG
substrate was brought into suspension by sonication in 10 mM
sodium succinate (pH 4.5 to 6.5) and 20 mM HEPES (pH 7 to
8) buffers adjusted to an ionic strength of 20 mM with NaCl. To
determine the optimal ionic strength, reactions were set up in
10 mM sodium succinate (pH 6.0) buffer, and the ionic
strength was adjusted to 20, 50, 100, 200, or 300 mM with NaCl.
As shown in Fig. 4A and B, the highest enzyme activity was
seen at pH 6.5 and an ionic strength of 50 mM. Furthermore,
a time course experiment revealed that in this assay, the level
of product reached a plateau by 3 h (Fig. 4C). However, in
contrast to that in B. cereus PLC control reactions, the hydrolysis of NBD-PG never proceeded to completion (see the example in Fig. 1B). At this time it is not clear whether the
incomplete hydrolysis is due to suboptimal reaction conditions,
the use of a shortened fragment of LtaS, or the absence from
the reaction mixture of an additional component that is required for the transfer of the glycerolphosphate head group.
Glycerolphosphate cannot compete with PG lipid binding.
Structural studies have indicated that soluble glycerolphosphate can enter and bind to the active center of eLtaS (29). To
test if glycerolphosphate could act as a competitive inhibitor of
the enzyme, standard enzyme reactions were set up in the
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FIG. 3. eLtaS requires Mn2⫹ for activity. (A) eLtaS in vitro reactions were set up in 10 mM sodium succinate (pH 6.0) buffer (ionic strength,
20 mM) in the absence or presence of the indicated metal ion at a final concentration of 10 mM. (B) EDTA inhibits eLtaS activity. eLtaS in vitro
reactions were set up in 10 mM sodium succinate (pH 6.0) buffer (ionic strength, 50 mM) containing 10 mM MnCl2 with or without the addition
of 16 mM EDTA. (C) Zn2⫹ inhibits eLtaS activity. eLtaS in vitro reactions were set up in 10 mM sodium succinate (pH 6.0) buffer (ionic strength,
20 mM) in the absence of ions or in the presence of a combination of metal ions at a final concentration of 10 mM each as indicated below each
bar. (D) Zn2⫹ inhibits eLtaS activity in a dose-dependent manner. Enzyme reactions were set up in the presence of 10 mM MnCl2 and of ZnCl2
at concentrations in the range of 0.01 to 10 mM. (E) eLtaS activity is dependent on the MnCl2 concentration. Enzyme reactions were set up in
the presence of MnCl2 at concentrations ranging from 1 to 250 mM. Two to four independent experiments were performed, and normalized
average values and standard deviations were plotted as described in Materials and Methods. Student’s t test was used to determine statistically
significant differences between the enzyme activity represented by a dark grey bar in each graph and the activity with each of the other enzyme
reaction conditions shown in the same plot. Double asterisks indicate statistically significant differences (P, ⬍0.001).
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FIG. 4. pH requirement, ionic strength profile, and reaction kinetics of eLtaS. (A) pH profile of eLtaS. NBD-PG vesicles were prepared
in buffers ranging from pH 4.5 to pH 8 (for the exact buffer composition, see Materials and Methods). Reaction mixtures were incubated
for 3 h at RT in the presence of 10 mM MnCl2, and lipids were
extracted and analyzed by TLC. Data were plotted and analyzed as
described for Fig. 3. (B) Ionic strength profile of eLtaS. NBD-PG
vesicles were prepared in 10 mM sodium succinate (pH 6.0) buffer the
ionic strength was adjusted to the indicated values with NaCl. Data
were plotted and analyzed as described for Fig. 3. Asterisks indicate
statistically significant differences (*, P values between 0.001 and 0.05;
**, P values below 0.001). (C) Reaction kinetics of eLtaS. Enzyme
reactions were set up in 10 mM sodium succinate (pH 6.0) buffer (ionic
strength, 50 mM) containing 10 mM MnCl2, and reaction mixtures
were incubated at 37°C for the indicated times. Three independent
experiments were performed with duplicate or triplicate samples, and
a representative graph is shown.

presence of a 10-fold excess of glycerolphosphate (GroP) over
the NBD-PG lipid. No inhibition of enzyme activity was seen
under these conditions (Fig. 5A). However, a 5-fold excess of
unlabeled PG over fluorescently labeled PG could compete

with the hydrolysis of the NBD-PG lipid (Fig. 5B). These
results suggest that eLtaS binds structural features of the lipid
substrate in addition to the head group.
eLtaS has narrow lipid substrate specificity. The eLtaS enzyme reaction observed in the in vitro assay is similar to that of
the phospholipase C type of enzymes. Some phospholipases,
such as the B. cereus PLC enzyme, have broad substrate specificity with the following order of substrate preference, from
highest to lowest: phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (30). In addition, as
shown here and as determined in a previous study, NBD-PG or
PG can also serve as a substrate for B. cereus PLC (38). To
investigate the substrate specificity of eLtaS, the ability of the
enzyme to cleave NBD-PC, NBD-PE. and NBD-PS was tested.
Hydrolysis of the phosphodiester bond in each of these lipid
substrates would result in the production of an identical NBDDAG-labeled lipid reaction product. As can be seen in Fig. 6,
eLtaS can hydrolyze only the NBD-labeled PG lipid substrate;
no hydrolysis of PC, PE, or PS was seen, indicating a narrow
substrate specificity for this class of enzymes.
In vitro activities of other members of the lipoteichoic acid
synthase enzyme family. Next, we set out to test if the in vitro
assay can also be used to analyze the activities of other members of the lipoteichoic acid synthase family of enzymes. In a
previous study, we have shown that L. monocytogenes encodes
two enzymes of the LtaS family (42). While both enzymes are
involved in LTA synthesis, they have distinct enzymatic functions in vivo. LtaPLm (Lmo0644) serves as the LTA primase
and initiates LTA synthesis by the initial transfer of a glycerolphosphate subunit to the glycolipid anchor, while LtaSLm
(Lmo0927) is the LTA synthase, which polymerizes the glycerolphosphate backbone chain of LTA. However, it is assumed
that both enzymes use PG lipid as a substrate. To test this
experimentally, we purified recombinant N-terminally Histagged versions of the extracellular domains of LtaPLm and
LtaSLm (eLtaPLm and eLtaSLm) (see Fig. S1 in the supplemen-
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FIG. 5. Unlabeled PG but not glycerolphosphate can compete with
NBD-PG as a substrate. (A) Standard eLtaS reactions were set up with
or without the addition of 175 M glycerol-1-phosphate (GroP) (10fold excess over the NBD-PG lipid substrate). (B) Unlabeled PG
competes with NBD-PG. Vesicles containing only NBD-PG (0:1) or a
mixture of PG and NBD-PG (5:1) were prepared, and eLtaS reactions
were performed as described in Materials and Methods. Reaction
products were separated by TLC, and the amount of the hydrolysis
product was quantified. Data were plotted and analyzed as described
for Fig. 3. Double asterisks indicate statistically significant differences
(P, ⬍0.001).
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tal material). These proteins were used in the standard in vitro
assays with the NBD-PG lipid substrate and in the presence of
10 mM MnCl2. Both L. monocytogenes enzymes showed activity (Fig. 7). A total of six independent experiments were performed, and in all experiments, eLtaPLm showed activity similar to that of the S. aureus eLtaS enzyme, while the eLtaSLm
enzyme showed higher activity, though to varying degrees. This
is apparent from the relatively large error bar that resulted
when the combined averages and standard deviations of the
normalized values from all six independent experiments were
plotted (Fig. 7). In sum, these results show that both L. monocytogenes enzymes, the LTA primase and the LTA synthase,
can use NBD-PG lipid as a substrate, and they indicate that the
in vitro assay can be used to study the activities of other members of the lipoteichoic acid synthase family.
DISCUSSION
In this study, we describe the first characterization of an
enzyme belonging to the polyglycerolphosphate lipoteichoic
acid synthesis protein family by using an in vitro assay system
and defined purified components. We show that the extracellular domain of the S. aureus enzyme, eLtaS, is sufficient to
cleave the phosphodiester bond within the substrate NBD-PG,
resulting in the release of NBD-DAG (Fig. 1 and 2). This
reaction requires the active-site threonine residue at position
300, as evidenced by the fact that incubation of NBD-PG with
the active-site variant eLtaS-T300A does not lead to the production of NBD-DAG (Fig. 1 and 2). While all experiments in
this study were performed with the soluble eLtaS lipoteichoic
acid synthase domain, it should be noted that when full-length
LtaS was overexpressed in E. coli, and membrane fractions
were isolated and incubated with NBD-PG, we observed the
production of a lipid with a mobility identical to that of the top
band seen for PLC or eLtaS reactions in Fig. 1B. This lipid
product was absent when membrane fractions from an E. coli
strain expressing the active-site variant LtaS-T300A were used
(unpublished results). This indicates that the full-length LtaS

FIG. 7. In vitro activities of L. monocytogenes LtaS-type enzymes.
Enzyme assays were set up with eLtaPLm, eLtaSLm, and S. aureus eLtaS
using NBD-PG as a substrate. Six independent experiments were performed with triplicate samples. Data were plotted and analyzed as
described for Fig. 3. Double asterisks indicate statistically significant
differences (P, ⬍0.001).

protein can also use the NBD-PG lipid as a substrate in a
membrane environment.
eLtaS-dependent cleavage of NBD-PG is similar to that
catalyzed by the phospholipase C type of enzymes. Detailed
structural studies of the B. cereus PLC enzyme (used as a
control in this study), in addition to an exhaustive biochemical
analysis, established that PLC contains three Zn2⫹ ions in its
active center and provided mechanistic details on the reaction
mechanism (3, 15–17, 38, 40). Structural studies of LtaS enzymes revealed that these proteins also contain a metal ion
within their active sites (29, 37). In the present study, we used
the in vitro assay to provide experimental evidence that Mn2⫹
is the relevant cation necessary for enzyme function and that
Zn2⫹ inhibits enzyme activity (Fig. 3). Hence, the enzymatic
mechanism leading to PG hydrolysis will be quite different for
PLC- and LtaS-type enzymes. The E. coli enzyme encoded by
the mdoB gene is a Mn2⫹-dependent metal enzyme which we
assume has a reaction mechanism similar to that of LtaS (18,
19). MdoB catalyzes the transfer of glycerolphosphate units
from PG to periplasmic oligosaccharides, which are produced
under low-osmolarity conditions (18, 19, 22). Interestingly, like
LtaS, MdoB exists in two forms, a membrane-tethered form
predicted to contain three N-terminal transmembrane helices and a second, soluble periplasmic form, the result of an
internal protein cleavage event (27). The full-length membrane-embedded MdoB protein, also called phosphoglycerol transferase I, uses PG as a substrate and transfers the
glycerolphosphate head group to membrane-linked oligosaccharides, while the soluble periplasmic protein domain,
named phosphoglycerol transferase II, transfers these sugarlinked glycerolphosphate groups to soluble periplasmic oligosaccharides and/or exchanges glycerolphosphate groups between these soluble sugars (13, 18, 19, 27). It is interesting
that the pathway is activated under low-osmolarity conditions (22). The accumulation of high levels of glycans, together with their glycerolphosphate and other modifications,
will greatly modify the physical properties of the Gramnegative periplasm. It has been suggested that this will lead
to an increase in the osmolarity within the periplasmic

Downloaded from http://jb.asm.org/ on October 16, 2017 by guest

FIG. 6. The substrate specificity of the S. aureus eLtaS enzyme was
tested by setting up enzyme assays with NBD-PG, NBD-PS, NBD-PC,
or NBD-PE, as indicated. As a control, no enzyme (no enz.) or the
active-site variant eLtaS-T300A was added to reaction mixtures, as
indicated above the panels. PLC reactions using NBD-PG as a substrate were run alongside to indicate the mobility of the hydrolysis
product. Note that only the portions of the TLC plates that correspond
to the location of the hydrolysis product are shown.
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Gram-positive periplasm, it can be proposed that this polymer plays a role in regulating the local osmotic pressure on
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the physiological function of LTA.
We never detected complete hydrolysis of the NBD-PG lipid
substrate by eLtaS. Possibly, PG is not the preferred substrate
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