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Legionella pneumophila, the causal agent of Legionnaires’ disease,
is an intracellular parasite and invades and proliferates within
different eukaryotic cells, including human alveolar macrophages.
After several 100-fold multiplication within host cells, the patho-
gens are released for new invasion by induction of apoptosis or
necrosis. Here we report that L. pneumophila produces a glucosyl-
transferase, which selectively modifies an �50-kDa mammalian
protein by using UDP-glucose as a cosubstrate. MS analysis iden-
tified the protein substrate as the mammalian elongation factor
(EF)1A. Legionella glucosyltransferase modifies its eukaryotic pro-
tein substrate at serine-53, which is located in the GTPase domain
of the EF. Glucosylation of EF1A results in inhibition of eukaryotic
protein synthesis and death of target cells. Our findings show a
mode of inhibition of protein synthesis by microbial pathogens and
offer a perspective for understanding of the host-pathogen inter-
action of L. pneumophila.

host–pathogen interaction � coralent modification �
protein synthesis inhibition

Legionella pneumophila is the causative pathogen of legionel-
losis, also known as Legionnaires’ disease, which is a human

multisystem illness with severe pneumonia (1). Each year,
8,000–18,000 people are hospitalized with legionellosis in the
United States with fatality rates of 5–30% (2). The pathogen is
found in a wide variety of aquatic environments. L. pneumophila
is a Gram-negative microorganism that invades and proliferates
within different eukaryotic cells, including mammalian phago-
cytes (1). Natural hosts of the facultative intracellular parasites
are free-living protozoa. Legionellae are able to induce alter-
ations in the normal course of phagocytosis, including inhibition
of acidification of phagosomes, prevention of phagosome–
lysosome fusion, and suppression of oxidative burst (3–5). More-
over, legionellae alter phagocytic membrane biogenesis and
trigger formation of ‘‘replicative vacuoles.’’ These organellae are
associated with ribosome-studded membranes and support mul-
tiplication of the bacteria (6, 7). Eventually, host cells die
because of induction of apoptosis or necrosis (8–10), and the
pathogens are released to invade new pools of phagocytes of the
host (10, 11). During recent years several genetic loci and
bacterial factors have been identified that are suggested to be
implicated in Legionella–host cell interactions (12). Among these
are the type II and Dot�Icm type IV protein secretion systems
(13–16). However, the precise functions of these factors and their
host target proteins are largely still not well understood.

Recently, a 60-kDa glucosyltransferase from L. pneumophila
was identified that modifies an �50-kDa protein in eukaryotic
cells (17). The corresponding gene in L. pneumophila chromo-
some (accession no. NC�002942) has the identification number
lpg1368 and is located in close proximity to coding sequences of
the type II secretion system components. Here we studied the
action of Legionella glucosyltransferase (termed Lgt1) on eu-
karyotic target cells. We report that Lgt1 glucosylates elongation

factor (EF)1� (EF1A) at serine-53, a modification that blocks
protein synthesis and causes death of target cells.

Results
DXD Motif and Cosubstrate Specificity of Lgt1. Comparison of the
amino acid sequence of Lgt1 with those of large clostridial
cytotoxins (e.g., Clostridium difficile toxins A and B), which are
Rho GTPase-glucosylating bacterial protein toxins (18, 19),
showed significant similarities in a region around the DXD motif
(Table 1). The DXD motif is conserved in many prokaryotic and
eukaryotic glucosyltransferases. It is involved in manganese
coordination and cosubstrate binding and essential for enzyme
activity of the toxins (20, 21). Change of the D246ID motif in Lgt1
to N246ID (Fig. 1a, lane 8) or N246IN248 (Fig. 1a, lane 9) inhibited
glucosyltransferase activity. In contrast, substitution in the
D198ID sequence of Lgt1 (data not shown in Table 1), which
possesses no similarity with clostridial toxins, failed to affect
substrate labeling (Fig. 1a, lane 7). To identify the cosubstrate
specificity of Lgt1, different unlabeled activated sugars were
added in 5-fold excess to the UDP-[14C]glucose-containing
reaction mixtures. Only UDP-glucose significantly reduced mod-
ification of eukaryotic substrate, indicating that UDP-glucose
was the specific cosubstrate of Lgt1 (Fig. 1b).

Identification of the Eukaryotic Protein Substrate of Lgt1. To analyze
the eukaryotic protein substrate of the Legionella transferase, we
glucosylated Caco-2 cell lysate with Lgt1 in the presence of
UDP-glucose. Thereafter, proteins was separated by SDS�
PAGE, cut from the gel, and digested by trypsin. The tryptic
peptides were analyzed by capillary HPLC and tandem MS for
peptide sequencing. In comparison to mock-treated lysate an
additional peptide with the increase in molecular mass of exactly
162 Da could be found, suggesting glucosylation by the Legio-
nella enzyme. Sequencing revealed that the peptide was
glycine-52 through lysine-62 from eukaryotic EF1A (eEF1A)
with mono-O-glucosylation at position serine-53 (Fig. 2 a and b).

To confirm MS data, eEF1A1 was expressed in Escherichia
coli and purified as a GST fusion protein (Fig. 2c, lanes 1–3).
When purified GST-eEF1A1 was used in glucosylation assay,
labeling of an �80-kDa protein corresponding to the molec-
ular mass of the fusion protein was observed (Fig. 2c, lane 5).
The results were essentially the same when eEF1A2, which is
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highly similar to eEF1A1, was used as a protein substrate (data
not shown). To verify further the identification of eEF1A as a
target of the Legionella enzyme, we changed the acceptor
amino acid serine-53 of eEF1A1 to threonine and alanine.
Whereas glucosylation of S53T-eEF1A was reduced, S53A-
eEF1A was not at all modified by Lgt1 (Fig. 2c, lanes 6 and 7).
Altogether, these data confirmed the MS data and showed that
eEF1A is modified by Lgt1 at serine-53.

Cytotoxic Activity of Lgt1 Enzyme. EF1A plays a pivotal role in
protein synthesis (22). In addition, eEF1A appears to be involved
in several other cellular processes (23, 24), including regulation
of the actin cytoskeleton and cell morphology (25). Therefore,
we studied the potential cytopathic activity of Lgt1 in various
eukaryotic cells. When Lgt1 was directly added to medium with
cultivated HeLa epithelial cells, Caco-2 enterocytes or embry-
onic bovine lung (EBL) cells, we did not detect any effects (data
not shown), most likely because of failure of the protein up-take.
However, when recombinant L. pneumophila protein was intro-
duced intracellularly by electroporation, the enzyme caused
major morphological alterations. Approximately 15–18 h after
electroporation, Lgt1 induced rounding up of cells and started
destruction of the cell monolayer. At 40–48 h after electropo-

ration with Lgt1 (3.3 �g�ml), almost total destruction of the cell
monolayer occurred (Fig. 3a). In contrast, introduction of the
double D246N�D248N mutant by electroporation at high concen-
trations (33 �g�ml) (Fig. 3, control) or electroporation without
Lgt1 (data not shown) did not produce any cytotoxic effects.

To confirm that morphological changes in target cells were
conveyed by glucosylation of eEF1A, we performed ‘‘back-
glucosylation.’’ We reasoned that any EF1A molecules that had
already been glucosylated in live cells would not be available as
a substrate in the subsequent in vitro reaction; therefore, enzyme
activity in vivo could be deduced by the failure to incorporate
[14C]glucose in vitro. To this end, EBL cells were electroporated
in the presence of Lgt1 (3.3 �g�ml) and lysed by sonication after
the time intervals indicated in Fig. 3b and subsequently used in
the [14C]glucosylation assay. As shown in Fig. 3b, samples
collected 30 min after electroporation exhibited a slight reduc-
tion of [14C]glucose labeling (Fig. 3b, lane 1). Weak labeling still
could be observed after 1.5 h (Fig. 3b, lane 3), and almost no
glucosylation was detected with cells after 4.5 h of incubation
(Fig. 3b, lane 5), suggesting a causative relationship of glucosy-
lation of eEF1A and morphological changes of EBL cells
induced by Lgt1.

In another set of experiments, we studied whether the mod-
ification of host EF1A takes place during intracellular prolifer-
ation of L. pneumophila. For this purpose, human alveolar basal
epithelial (A549) cells were infected with virulent bacteria. Cells
were harvested after different time periods (1–24 h), and cell
extracts were prepared. These extracts were tested in the back-
glucosylation assay with UDP-[14C]glucose as a cosubstrate
similar to the assay described above for intoxication studies. As
shown on Fig. 3c, coculturing of bacterial and A549 host cells for
�8 h resulted in inhibition of subsequent in vitro [14C]glucosy-
lation. Similar results were obtained with EBL cells (data not
shown). Taken together, these data suggested that Lgt1 is
produced during the infection cycle, gains access to the cytosol,
and modifies eEF1A.

Inhibition of Eukaryotic Protein Synthesis by Lgt1. One of the main
functions of eEF1A is participation in protein synthesis. There-
fore, we studied the consequences of glucosylation of eEF1A on
protein synthesis by in vitro transcription�translation and in vivo
methionine incorporation assays.

In vitro transcription and translation of the luciferase gene with
reticulocyte lysate in the presence of [35S]methionine resulted in
production of the corresponding protein. This could be demon-
strated either by luminescence assay (Fig. 4a) or by autoradiography
(Fig. 4b). Increasing amounts of wild-type Lgt1 but not of the DXD
mutant enzyme inhibited synthesis of luciferase (Fig. 4). Essentially
the same inhibition of protein synthesis was observed by autora-
diography with an actin-coding plasmid or with luciferase-coding
mRNA (data not shown). These data suggested that Lgt1 did affect
protein synthesis in vitro. Next, [35S]methionine incorporation into
newly synthesized proteins was studied in intact cells. To this end,
EBL cells were electroporated in the presence of increasing con-
centrations of wild-type or mutant Lgt1. After 2 h of intoxication,

Table 1. Partial amino acid alignment of Lgt1 and typical members of large clostridial toxins family

Protein identification GenBank accession no. Partial amino acid sequence

L. pneumophila Lgt1 NC�002942 (the ORF lpg1368) G223NPAAASDLCRWIPELFNEGFYVDID-LPVDSSKIV257
Clostridium sordellii

lethal toxin
X82638 W275NLAAASDILRISMLKEDGGVYLDVDILPGIQPDLF310

Clostridium novyi � toxin Z48636 N264NLAAASDILRIAILKKYGGVYCDLDFLPGVNLSLF299
C. difficile toxin A M30307 G262NLAAASDIVRLLALKNFGGVYLDVDMLPGIHSDLF297
C. difficile toxin B X53138 W263NLAAASDILRISALKEIGGMYLDVDMLPGIQPDLF298

Amino acids that are identical in all five sequences appear in bold, and DXD motifs are underlined.

Fig. 1. Glucosylation by Lgt1. (a) Glucosylation of target proteins in Caco-2
enterocyte lysate by Lgt1. Lanes 1–4 show SDS�PAGE of purified recombinant
glucosyltransferases (2–4 �g per track, Coomassie staining). Lanes: 1, wild-
type Lgt1; 2, D198N Lgt1; 3, D246N Lgt1; 4, D246N�D248N Lgt1. Lanes 5–10 show
autoradiography of glucosylation caused by the glucosyltransferases. Caco-2
lysate was incubated with recombinant wild-type and mutant Lgt1 in the
presence of UDP-[14C]glucose for 1 h. Lanes: 5, wild-type Lgt1 without Caco-2
cell extract (negative control); 6, wild-type Lgt1 plus Caco-2 cell extract; 7,
D198N Lgt1 plus Caco-2 cell extract; 8, D246N Lgt1 plus Caco-2 cell extract; 9,
D246N�D248N Lgt1 plus Caco-2 cell extract; 10, Caco-2 cell extract without Lgt1
(negative control). Molecular mass markers are indicated on the left. (b)
Cosubstrate specificity of Lgt1. Glucosylation of Caco-2 cell lysates was per-
formed with Lgt1 in the presence of 10 �M UDP-[14C]glucose and without
(lane 1) or with (lanes 2–8) 50 �M each of unlabeled UDP-glucose (lane 2),
UDP-galactose (lane 3), UDP-N-acetyl-galactosamine (lane 4), UDP-N-acetyl-
glucosamine (lane 5), UDP-glucuronic acid (lane 6), GDP-mannose (lane 7), and
glucose (lane 8).
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[35S]methionine was added to the medium. After further incubation
for 3 h, incorporation of radioactivity was studied. As shown in Fig.
5, intoxication of EBL cells with wild-type Lgt1 but not with the
mutant enzyme reduced incorporation of radioactivity in trichlo-
roacetic acid-precipitated proteins. As determined by trypan blue
assay, �95% of cells were viable after this time of incubation (data
not shown). A similar inhibition of incorporation of radioactivity
was observed when EBL cells were treated with Lgt1 for 1 h before
they were pulsed with [35S]methionine for only 1 h (Fig. 7, which is
published as supporting information on the PNAS web site).

Discussion
Here we show that eEF1A is mono-O-glucosylated by Lgt1 at
serine-53, a modification that blocks protein synthesis. eEF1A is

an �50-kDa GTP-binding protein possessing GTPase activity,
which is necessary for recruitment of aminoacyl-tRNA to the
A-site of ribosomes. The GTPase activity of eEF1A is stimulated
by interaction of the mRNA codon with the anticodon of the
aminoacyl-tRNA at the decoding center of the 30S subunit of the
ribosome and allows dissociation of eEF1A from the tRNA (26,
27). No direct structure of mammalian eEF1A is available;
however, recently, the very similar EF1A from Saccharomyces
cerevisiae was crystallized in a complex with the EF1B� (28).
eEF1A consists of three domains: domain 1 (or G-domain)
harbors the nucleotide binding site and has a typical Ras

Fig. 2. Analyses of target proteins of Lgt1 by MS and mutagenesis studies.
(a and b) MS analysis of proteins in Caco-2 cell lysate glucosylated by Lgt1. (a)
The fragment spectrum of the nonglucosylated peptide GSF(K-dimethyl)YA-
WVLDK of eEF1A1. (b) The fragment spectrum of the glucosylated peptides
that were only found in samples exposed to Lgt1. The peaks labeled bn (b-ions)
indicate N-terminal fragment ions, and the peaks labeled yn C-terminal
fragment ions. The total mass of the glucosylated peptides is precisely 162 Da
higher, consistent with a covalent modification by a hexose. The fragment
spectrum in b demonstrates that all fragment ions that contain the N-terminal
serine (the b-ions) are shifted by 162 Da in comparison to the nonglucosylated
peptide fragment spectrum in a. Each of these b-ions is accompanied by a
satellite fragment marked with an asterisk, representing a loss 162 Da corre-
sponding to a hexose group. Such an additional fragment often is seen for
covalent modifications by a single hexose group. The vertical arrows indicate
that ion intensity was cut for adaptation to figure size; X2 and X4 indicate
multiplication of ion intensity for better presentation of data and (M�2H)2�

indicates that the doubly charged peptide had been fragmented. (c) Glucosy-
lation of recombinant GST-tagged wild-type and mutant eEF1A1 by Lgt1.
Lanes 1–3 show SDS�PAGE of purified recombinant EF1A (Coomassie staining).
Lanes: 1, wild-type eEF1A1-GST; 2, eEF1A1-GST with S53T mutation; 3, eEF1A1-
GST with S53A mutation. Protein load is 3–4 �g per track. Lanes 4–8 show
autoradiographic analysis of substrate activity of purified recombinant EF1A.
Wild-type and mutant eEF1A1-GST fusion proteins were incubated with Lgt1
for 1 h in the presence of UDP-[14C]glucose. Lanes: 4, Lgt1 without eEF1A1-GST
(negative control); 5, Lgt1 plus wild-type eEF1A1-GST; 6, Lgt1 plus eEF1A1-GST
with S53T mutation; 7, Lgt1 plus eEF1A1-GST with S53A mutation; 8, wild-type
eEF1A1-GST without Lgt1 (negative control). The position of GST-tagged EF1A
is marked on the right. Please note the weak autoglucosylation activity of Lgt1
in lanes 4–7.

Fig. 3. Effects of Lgt1 on host cells. (a) Morphological changes in EBL cells
induced by Lgt1. EBL cells were electroporated in the presence of Lgt1 at
concentrations of 33, 3.3, and 0.33 �g�ml, with double D246N�D248N Lgt1
mutant at 33 �g�ml (control). Thereafter the cells were replated. After 48 h
of incubation, microscopic pictures of cells were taken. (b) Back-
glucosylation of the protein substrate of Lgt1 in lysate of EBL cells previ-
ously electroporated with Lgt1. Shown are samples from cell lysates elec-
troporated with Lgt1 (3.3 �g�ml; lanes 1, 3, and 5), double D246N�D248N
Lgt1 mutant (3.3 �g�ml; lanes 2, 4, and 6), or without Legionella proteins
(lane 7). EBL cells were collected 30 min (lanes 1 and 2), 1.5 h (lane 3 and 4),
and 4.5 h (lane 5, 6, and 7) after electroporation and used in the glucosy-
lation assay with Lgt1 and UDP-[14C]glucose. Labeled proteins were ana-
lyzed by SDS�PAGE and phosphorimaging (shown). (c) Back-glucosylation
of the protein substrate of Lgt1 in lysate of A549 cells, previously infected
with L. pneumophila. A549 cells were infected with L. pneumophila at a
multiplicity of infection of 10. The cells were harvested 1, 2, 3, 4, 8, and 24 h
after start of the infection and lysed as described in Materials and Methods.
Cell lysate was glucosylated with Lgt1 (4 �g) in the presence of UDP-
[14C]glucose. Labeled proteins were analyzed by SDS�PAGE (see Fig. 6,
which is published as supporting information on the PNAS web site) and
phosphorimaging for [14C]glucosylation (shown). Lanes: 1, noninfected
cells; 2–7, infected cells 1, 2, 3, 4, 8 and 24 h after start of the infection,
respectively. Shown is a representative experiment that was repeated
several times with similar results.
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GTPase-like structure (29); domains II and III have �-barrel
structure and are directly involved in aminoacyl-tRNA
binding (28).

Serine-53 of eEF1A, which is modified by Lgt1, is located in
the G-domain near the switch-1 region of the GTPase. Switch
regions show major conformational changes dependent on
GDP or GTP-binding (30). In the functionally equivalent
prokaryotic EF-Tu, the switch-1 region (in EF-Tu amino acids
53–59) undergoes a dramatic change from a �-structure in the
GDP form to a �-structure in the GTP-bound form (31).
However, the switch-1 region is not well defined in eEF1A,
because two additional helices (A* and A�) are inserted in this
region of the EFs. So far no functional changes in the switch-1
region have been reported for eEF1A. In addition, serine-53
of eEF1A has to be compared with alanine-42 in E. coli EF-Tu
and no major structure change occurs with this residue upon
nucleotide exchange in EF-Tu (31). However, our findings
show that the attachment of a glucose moiety at serine-53
inhibits the function of eEF1A and blocks protein synthesis. At
least two explanations are possible. First, glucosylation of
serine-53 prevents a conformational change in the switch-1
region, which is essential for the function of the EF. Second,
attachment of glucose onto serine-53, although not directly
inf luencing the structure of the switch-1 region, prevents
protein–protein interaction by sterical hindrance. The name
‘‘effector region,’’ which is used for the switch-1 region of
many GTPases, illustrates that this part of the protein often is
important for GTPase-effector interaction. The large clostrid-
ial cytotoxins like C. difficile toxin A and B, which glucosylate
threonine-37 in the switch-1 region of the GTPase RhoA,
block the conformational change required for activation and
prevent interaction of the GTPase with effectors by sterical
hindrance (32, 33).

Thus, although we cannot precisely explain how glucosyla-
tion of eEF1A inhibits protein synthesis, our findings indicate
that the region around serine-53 is important for the function
of eEF1A in protein synthesis. Notably, eEF1A is posttrans-
lationally modified by various mechanisms, including phos-
phorylation (34), methylation of lysine residues, attachment of
glycerylphosphorylethanolamine (35), and carboxymethyla-
tion (36). Of special interest is the fact that methylation occurs
at lysine-55 (35), which is in the vicinity of the glucosylation
site. So far, the functional consequences of lysine methylation
are not clear.

Invasion of phagocytic cells by Legionella and its intracellular
replication depend on the ability of bacteria to control numerous
functions of the host. Recent studies indicate that manipulation
of vesicular traffic of eukaryotic cells is an important property of
many invasive microorganisms (37). Thus, phagosome remod-
eling and defects in endocytic fusion events observed during
intracellular proliferation of L. pneumophila have been shown to
be altered by the so called Dot�Icm type IV secretion system
(13–15, 38). Such a secretion apparatus is responsible for export
of a set of bacterial effector proteins with an ultimate aim to
promote development of a replicative vacuole, which is a spe-
cialized organelle permissive for intracellular growth of Legio-
nella (15).

Another critically important target, attacked by various patho-
genic bacteria, is the eukaryotic protein synthesis machinery.
Inhibition of mRNA translation on ribosomes is known to be
accomplished by several mechanisms. Shiga- and Shiga-like
toxins act as rRNA N-glycosidases (39), whereas diphtheria toxin
and Pseudomonas aeruginosa exotoxin A inhibit protein synthesis
by ADP-ribosylation of eukaryotic EF2 (40). Here we describe
modification of eEF1A by Lgt1 as a mode of inhibition of
translation by bacterial effectors and demonstrate that such
glucosylation takes place during proliferation of the bacteria in
target cells. It should be noted that the inhibition of protein
synthesis induced by L. pneumophila was observed 15 years ago
(41), although its molecular mechanism was not investigated.

Fig. 4. Inhibition of transcription�translation by Lgt1. (a) Luminescence
assay. A transcription�translation reaction was performed in the absence
(columns 1 and 2) or presence of recombinant wild-type (column 3) or D246N-
mutated (column 4) Lgt1 (each at 2.4 �g�ml). In these experiments, matrix
DNA was luciferase gene-containing plasmid (columns 1, 3, and 4). Column 2
is a negative control without matrix DNA. All measures were done in triplicate.
Error bars indicate standard deviations. Differences in the values of columns
1 and 2 with those of columns 3 and 4 are statistically significant (P � 0.01).
White columns show control results, the gray column shows wild-type Lgt1,
and the black column shows mutated Lgt1. The y axis represents logarithmic
scale. (b) Autoradiographic assay. A transcription�translation reaction has
been performed in the absence (lanes 1 and 2) or presence (lanes 3–8) of
recombinant wild-type (lanes 3–5) or D246N-mutated (lanes 6–8) Lgt1. Con-
centrations of L. pneumophila proteins were 2.4 �g�ml in lanes 3 and 6; 240
ng�ml in lanes 4 and 7; and 24 ng�ml in lanes 5 and 8. Matrix DNA present in
lanes 1 and 3–8 was luciferase gene-containing plasmid coding for an �60-
kDa protein. Lane 2 is a negative control without matrix DNA.

Fig. 5. Inhibition of [35S]methionine incorporation by Lgt1. EBL cells were
electroporated with wild-type (columns 2, 4, 6, and 8) and double D246N�D248N
Lgt1 mutant (columns 3, 5, 7, and 9) in methionine-free MEM. Two hours after
intoxication, cells were pulsed with 0.5 �Ci [35S]methionine for a further 3 h,
lysed, and assayed for incorporation of radioactivity into proteins. Columns: 1,
control cells electroporated without Legionella proteins; 2–9, cells were elec-
troporated with Legionella proteins at 33 ng�ml (columns 2 and 3), 0.33 �g�ml
(columns 4 and 5), 3.3 �g�ml (columns 6 and 7), or 33 �g�ml (columns 8 and
9). All measures have been done in triplicate. Error bars indicate standard
deviations. Differences between the values in columns 6 and 7 with those in
columns 8 and 9 are statistically significant (P � 0.01). The white column
represents the control experiment, the gray columns represent wild-type Lgt1,
and black columns represent mutant Lgt1.
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Termination of peptide synthesis apparently leads to the
death of intoxicated cells. However, to what extent is cell death
favorable for an intracellular pathogen? At least three conse-
quences have to be considered. First, the rate of cell death due
to protein synthesis inhibition is relatively slow (days), com-
pared with death induced by cytoskeleton-targeting (hours) or
cytolytic membrane-targeting (minutes) toxins. This delayed
rate of cell death could favor unrestricted proliferation of
pathogens within replicative vacuoles of a ‘‘defenseless’’ host.
Second, at the final stages of the intracellular life cycle,
legionellae have to escape the eukaryotic cell, which can no
longer support proliferation of hundreds of bacteria. Induction
of apoptotic processes at late phases of infection has been
suggested to be involved in this process (10, 42). In this
connection, termination of protein synthesis, induced by Lgt1,
could trigger programmed cell death, thus supporting release
of Legionella to the extracellular milieu. Finally, it cannot be
excluded that reduction of protein synthesis is necessary for
fine tuning host cell physiology and synchronizing host cell
metabolism toward parasite requirements.

Materials and Methods
Construction, Expression, and Purification of Recombinant Proteins.
The nucleotide sequence coding for Lgt1 (accession no.
NC�002942; denoted lpg1368) was PCR-amplified by FideliTaq
DNA polymerase (Amersham Biosciences, Moscow, Russia)
with the primers LUT1 and LUT2 (Table 2, which is published
as supporting information on the PNAS web site). As a matrix
we used chromosomal DNA isolated from L. pneumophila
Philadelphia I cells. PCR product was cut with EcoRI�SalI
restriction endonucleases and ligated into pGEX-4T3 vector.
The resulting plasmid p214–4T3 coded for Lgt1 fused N-
terminally to GST tag. Expression and purification of recombi-
nant proteins using glutathione-Sepharose were done as sug-
gested by the manufacturer (Amersham Biosciences) and used as
GST-tagged or cleaved proteins. Site-directed mutagenesis was
performed with QuikChange (Stratagene, La Jolla, CA). The
primers used are listed in Table 2.

Glucosyltransferase Assay. Eukaryotic cell extracts (proteins
at 7–10 mg�ml) used as substrates in the reaction were
prepared by sonication of Caco-2 or EBL cells (17, 28).
Glucosylation reaction was carried out in 20 �l of a mixture
consisting of 20 mM Tris�HCl (pH 7.5), 150 mM NaCl, 1 mM
MnCl2, 2–5 �g of recombinant Legionella enzyme, and 50–70
�g of crude cell extract or 2–4 �g of purified recombinant
eEF1A1 or eEF1A2 (the EF-coding plasmids were gifts from
Charlotte R. Knudsen, University of Aarhus, Aarhus, Den-
mark) and 10 �M of UDP-[14C]glucose (American Radio-
labeled Chemicals, St. Louis, MO). The mixture was incubated
at 37°C for 1 h. The reaction was stopped by the addition of
Laemmli sample buffer and heating at 100°C for 5 min. The
samples were then subjected to SDS�PAGE and scanned on a
PhosphorImager.

MS Identification of Proteins Modified by Lgt1. Caco-2 cell lysate
was exposed to UDP-glucose in the absence or presence of
Lgt1. An aliquot was also UDP-[14C]glucosylated to define the
position of the labeled eukaryotic band. Proteins were ana-
lyzed by SDS�PAGE. Lgt1-treated and untreated protein
bands, which corresponded in size to the [14C]glucosylated
substrate, were cut off from the SDS gel, reduced, alkylated,
and digested overnight with trypsin as described (43). The
extracted peptide mixtures were dried, taken up in 3 �l of 33%
formic acid, their pH adjusted with 3 �l of 25% NH3, and
injected onto a C18 precolumn (300 �m wide, 2 cm long) for
desalting. Afterward, desalted preparations were separated
with a capillary HPLC (Ultimate; Dionex, Idstein, Germany) on

a 75-�m-wide, 11-cm-long column packed with C18 material (C-18
ODS AQ; YMC Europe, Dinslaken, Germany) and analyzed
online with a quadrupole time of flight instrument (Micromass
Q-TOF I, Waters, Elstree, United Kingdom). Fragment spectra of
peptides were preprocessed with our own software package (44)
before they were submitted to a database search to identify the
underlying proteins (Mascot; Matrix Science, London, United
Kingdom) (45).

Intoxication of Eukaryotic Cells by Electroporation. EBL cells were
grown in an atmosphere of 5% CO2�95% air at 37°C until
conf luency on a 9-cm Petri dish in MEM (46). Cells from one
Petri dish were trypsinized and resuspended in 2–3 ml of fresh
MEM (the resulting density was 2 � 106 to 3 � 106 cells per
milliliter), to which different amounts of recombinant L.
pneumophila proteins were added. Electroporation settings
were 200 V and 950 �F for 4-mm standard electroporation
cuvette (GenePulser; Bio-Rad, Hercules, CA). Immediately
after the 15–25 msec pulse, cells were seeded into 24-well
cell culture plates or 10-cm Petri dishes and incubated for 1 h
in a CO2 incubator. Afterward, cells were washed with TBS
and incubation continued for up to 3 days in fresh MEM. At
daily time points, cells were subjected to phase-contrast
microscopy.

Infection of Epithelial Cells by L. pneumophila. The L. pneumophila
serogroup 1 strain Philadelphia I was grown on buffered
charcoal-yeast extract agar for 2 days at 37°C before use. A549
cells (American Type Culture Collection, Manassas, VA) were
cultured in HAM’s F-12 medium, plated in 10-cm dishes, and
infected with L. pneumophila at a multiplicity of infection of
10 (i.e., 10 bacteria per cell) in culture medium without FCS.
After the time intervals indicated in Fig. 3, A549 cells were
washed with ice-cold PBS, scraped in PBS containing 10%
glycerol, and stored at �20°C. Immediately before the glu-
cosyltransferase reaction, cells were lysed by 1% Nonidet P-40
detergent on ice for 5 min, and clarified by centrifugation at
14,000 rpm (Eppendorf centrifuge 5402) for 10 min. EBL cells
were cultured as described above and were infected at a
multiplicity of infection in the range of 0.1–100. After up to
24 h of incubation, infected EBL cells were washed with TBS,
suspended by trypsin treatment, washed again, lysed, pro-
cessed as described for A549, and used immediately in the
reaction.

In Vitro Transcription�Translation Assay. For the in vitro transcrip-
tion�translation assay, rabbit reticulocyte lysate system L4610
was used as suggested by the manufacturer (Promega, Mann-
heim, Germany). As a target DNA for transcription�
translation experiments, luciferase gene-contained plasmid or
Drosophila melanogaster actin act88F gene-contained plasmid
(gift from John C. Sparrow, University of York, York, United
Kingdom) were used. In translation experiments, luciferase
mRNA was used. To investigate the inf luence of Lgt1 on
protein synthesis, different amounts of recombinant active
enzyme or site-mutated proteins were added. The mixture was
incubated for 90 min at 30°C. A portion of the reaction mix-
ture (1 microliter per measurement) was read in a lumino-
meter. For autoradiography experiments, 5 �l of the reaction
mixture was subjected to SDS�PAGE and scanned on a
PhosphorImager.

Methionine Incorporation Assay. For the methionine incorpora-
tion assay, EBL cells were harvested into MEM without
L-methionine (MEM-M) and were intoxicated by electropo-
ration (as described above) with wild-type or site-mutated
recombinant L. pneumophila proteins. After 1 or 2 h of
incubation at 37°C, cells were washed and pulsed with [35S]me-
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thionine (0.5 �Ci per well of a 24-well plate) for 1 or 3 h in
MEM-M. After this time, cells were washed with TBS and
lysed by 0.1% SDS supplemented with 0.2 mg�ml BSA.
Proteins were precipitated by 10% trichloroacetic acid and the
amounts of incorporated [35S]methionine were measured by
filter assay and liquid scintillation counting (41). At the time
points indicated in Fig. 5, �95% of cells were viable as
determined by trypan blue assay, and the differences in cell

numbers per well were insignificant, as determined by cell
counting.
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