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cally expressed eEF1A at serine 53.
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(Background: Legionella pneumophila glucosyltransferase Lgt1 modifies elongation factor 1A and Hbs1 (Hsp70 subfamily B
Results: In Saccharomyces cerevisiae deleted of endogenous eEF1A and Hbs1, Lgtl inhibits growth by glucosylation of ectopi-

Conclusion: Glucosylation of eEF1A but not of Hbsl1 is essential for Lgtl-induced toxicity.
Significance: Yeast as a model to study the action of Legionella glucosyltransferases.
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Legionella is a pathogenic Gram-negative bacterium that can
multiply inside of eukaryotic cells. It translocates numerous
bacterial effector proteins into target cells to transform host
phagocytes into a niche for replication. One effector of Legion-
ella pneumophila is the glucosyltransferase Lgtl, which modi-
fies serine 53 in mammalian elongation factor 1A (eEF1A),
resulting in inhibition of protein synthesis and cell death. Here,
we demonstrate that similar to mammalian cells, Lgtl was
severely toxic when produced in yeast and effectively inhibited
in vitro protein synthesis. Saccharomyces cerevisiae strains,
which were deleted of endogenous eEF1A but harbored a
mutant eEF1A not glucosylated by Lgtl, were resistant toward
the bacterial effector. In contrast, deletion of Hbs1, which is also
an in vitro substrate of the glucosyltransferase, did not influence
the toxic effects of Lgt1. Serial mutagenesis in yeast showed that
Phe®%, Tyr®® and Trp®®, located immediately downstream of ser-
ine 53 of eEF1A, are essential for the function of the elongation
factor. Replacement of serine 53 by glutamic acid, mimicking
phosphorylation, produced a non-functional eEF1A, which
failed to support growth of S. cerevisiae. Our data indicate that
Lgtl-induced lethal effect in yeast depends solely on eEF1A. The
region of eEF1A encompassing serine 53 plays a critical role in
functioning of the elongation factor.

Legionella pneumophila is a Gram-negative bacterium,
which causes severe pneumonia in humans known as Legion-
naires’ disease (1, 2). The pathogen is able to multiply inside
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eukaryotic cells, including free-living protozoa or mammalian
cells (3). A type 4B secretion system, encoded by dot/icm gene
clusters, translocates hundreds of Legionella proteins (effec-
tors) into target cells and thereby changes the hostile intracel-
lular environment of phagocytes into a niche for Legionella rep-
lication (4, 5).

Among L. pneumophila effectors are cytotoxic glucosyl-
transferases of the Lgt family (6). These enzymes use UDP-
glucose as a cofactor and target eukaryotic substrates by cova-
lent attachment of a glucosyl moiety (7). The crystal structure
of Lgtl has been solved, allowing the characterization of the
Legionella enzyme as a GT-A glucosyltransferase structurally
related to clostridial glucosylating toxins (8, 9). Known sub-
strates of Lgts are eukaryotic elongation factor 1A (eEF1A)® and
eRF3 (eukaryotic release factor 3)-related protein Hbs1 (Hsp70
subfamily B suppressor 1) (10).

Lgtl monoglucosylates eEF1A on serine 53 and yeast Hbs1
on serine 213 (10). These target serine residues are located
within conserved regions, exhibiting significant homology
between the two proteins. Recently, it has been shown that the
preferred substrate for modification of eEF1A is its complex
with charged tRNA and GTP (11). In relation to Hbsl, it is not
known whether any cofactors are able to increase the level of its
modification by Lgt1.

Glucosylation by Lgt1 parallels inhibition of protein synthe-
sis both in vitro and in vivo and leads to death of target mam-
malian cells (12, 13). Thus far, it is not clear whether the lethal
effect of Lgt1 is linked solely to modification of eEF1A or glu-
cosylation of Hbs1 also contributes to toxic effects caused by
the Legionella enzyme. Moreover, it was demonstrated recently
that a short peptide encompassing region of the elongation fac-
tor from glycine 50 to valine 59 was effectively recognized and
glucosylated by Lgtl (10). This fact suggested that other not

3 The abbreviations used are: eEF1A, eukaryotic elongation factor 1A; Hbs1,
Hsp70 subfamily B suppressor 1; SD, yeast synthetic medium with glucose;
SGal, yeast synthetic medium with galactose; 5-FOA, 5-fluoroorotic acid.
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yet identified eukaryotic protein(s), possessing homologous
sequences can be also substrate(s) of Legionella glucosyltrans-
ferases and participate in intoxication mechanisms. In contrast,
natural target selection of a region encompassing serine 53 in
eEF1A for glucosylation by a microbial effector toxin suggests
importance of this area for biological functions of the elonga-
tion factor.

To address these issues, the budding yeast Saccharomyces
cerevisiae was used as a model. This is appropriate because
mammalian eEF1A, which is a target of L. pneumophila gluco-
syltransferase Lgtl, shares >80% of identical amino acid resi-
dues with the yeast analogs elongation factors Tefl and Tef2.
Here, we report that Lgt1 is toxic for yeast. This effect depends
solely on yeast eEF1A, containing the glucose acceptor serine
53 but not on Hbs1. Moreover, we show that the narrow region
of eEF1A, which is recognized by Lgtl, is characterized by sev-
eral functionally essential amino acid residues.

EXPERIMENTAL PROCEDURES

Strains, Vectors, and Culture Conditions—Cloning and
recombinant protein production was performed in Escherichia
coli DH10B and BL21(DE3) (Invitrogen). Genomic DNA from
strain D273-10B was used as a source for the amplification of
TRP1, HIS3, and LEU2 marker genes. MH272-3fa (ura3, leu2,
his3, trpl, ade?2) or the diploid MH272-3fa/a (ura3/ura3, leu2/
leu2, his3/his3, trpl/trpl, ade2/ade2) (14) are the parental
strains of the mutant S. cerevisiae employed in this study. (A
summary of all strains is given in supplemental Table S1.) Plas-
mids for cloning and recombinant protein expression in E. coli
are based on pUC19 (New England Biolabs, Frankfurt am Main,
Germany), pBC KS(+), pBluescript KS(+) (Stratagene, Wald-
bronn, Germany), and pET28a (Novagen, Madison, WI). Yeast
expression vectors were constructed in pRS313 (15), pESC-Ura
(Stratagene), YEPLac195 (16), YCPLac444, and YEPLac555
(17). A summary of all plasmids is given in supplemental Table
S2; primers employed for cloning are listed in supplemental
Table S3.

Yeast strains were grown on rich medium containing glucose
(YPD: 1% yeast extract, 2% peptone, 2% glucose) or on minimal
medium (SD: 0.67% yeast nitrogen base without amino acids
(Difco), 2% glucose; SGal: 0.67% yeast nitrogen base without
amino acids, 2% galactose). SD and SGal media were supple-
mented with the appropriate supplements. Yeast transforma-
tions were performed by the lithium acetate method (18).

Purification of Lgt1, Hbs1, and Tefl—The coding sequence of
glucosyltransferase Lgtl was amplified from genomic DNA of
the L. pneumophila Philadelphia-1 strain (19) and was cloned
into the EcoRI/Sacl restriction sites of pET28a. The resulting
plasmid p558 (supplemental Table S2) encodes His-tagged Lgt1
and served as the template for the construction of mutated /gt1
versions. Lgtl containing D246N (plasmid p562), D246N/
W520A (p563), or D246N/W520A/N293A (p578) were pre-
pared stepwise by QuikChange mutagenesis on p558 (Promega,
Mannheim, Germany) using primers 183-184, 923-924, or
548 -549 (supplemental Table S3), respectively. Yeast expres-
sion vectors were constructed by transferring wild type and
mutated versions of Igt1 into pESC-Ura under the control of
GAL promoter. The resulting pESC-Ura series plasmids p569,
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p590, p570, and p591 (supplemental Table S2) encode for
wild type Lgtl, Lgtl-D246N, Lgtl-D246N/W520A, and
Lgt1-D246N/W520A/N293A.

Purification of His-tagged Hbs1 from E. coli and His-tagged
Tefl (eEF1A) from S. cerevisiae was described previously (10,
11). Wild type and mutant versions of His-tagged Lgtl were
expressed from plasmids p558, p562, p563, and p578 (supple-
mental Table S2) in E. coli BL21(DE3). Induction was per-
formed overnight with 0.2 mm isopropyl-B3-p-thiogalactopyra-
noside at 22°C. Proteins were subsequently purified via
nickel-affinity chromatography using HisTrap columns (GE
Healthcare) connected to an AKTA Purifier (GE Healthcare)
according to the instructions of the manufacturer and stored in
10% glycerol/Tris-buffered saline (20 mm Tris-HCI, pH 7.4, 150
mum NaCl) at —20 °C.

Cloning and Mutagenesis of TEFI—TEFI (yeast eEF1A) plus
500-bp regions up- and downstream of the orf was amplified
using primers 518—-492 (supplemental Table S3) and yeast
genomic DNA as a template. The PCR product was cloned into
the BamHI/Sall sites of YEPlac195, YCPlac444, and pRS313.
The resulting plasmids are termed p561 (pYE-TEFI), p815
(pYC-TEFI), and p572 (pRS-TEFI) (supplemental Table S2).
For mutagenesis experiments, a portion of TEFI, containing
the coding sequence of the recognized by Lgtl decapeptide
Gly*°-Val®® (10), was cut from p572 (pRS-TEF1) with Sacl/Clal
and was ligated into pBC, resulting in plasmid p574 (supple-
mental Table S2). QuikChange mutagenesis of p574 was
employed to generate the following substitutions in Tefl: G50A
(p644), S53A (p575), S53E (p688), S53C (p686), S53K (p687),
F54A (p579), K55A (p645), Y56A (p580), W58A (p581), and
V59A (p668) (supplemental Table S2; for primers used, see sup-
plemental Table S3). Sacl/Clal fragments from these pBC-
based mutagenised plasmids were then transferred back to
p572, substituting the wild type portion of the gene. The result-
ing pRS313-based yeast expression plasmids encode Tefl-
G50A (p664), Tefl-S53A (p577), Tef1-S53E (p697), Tefl-S53C
(p701), Tefl-S53K (p696), Tefl-F54A (p584), Tefl-K55A
(p665), Tef1-Y56A (p585), Tefl-W58A (p586), and Tef1-V59A
(p670) under the control of TEFI promoter. To construct a
S53A-mutated variant of p815 (pYC-TEFI), the BamHI/Sall
fragment from p577 (pRS-TEF-S53A) was cloned into
YCPLac444 to give rise p828 (pYC-TEF-S53A). Plasmids p815
and p828 were used in co-transformation studies (see “Results”
and Fig. 5).

Generation of Atefl and Atef2 Deletion Strains—tefl::TRP1
(Atef) was constructed by replacing nucleotides 363 to 967
within the TEFI orf with the TRPI marker gene. tef2:LEU2
(Atef2) was constructed by replacing nucleotides 10 to 1368
within the TEF2 orf with the LEU2 marker gene. The deletion
constructs were integrated into the genome of the diploid
S. cerevisiae MH272a/a strain using standard yeast genetics
methods (18). Disruptions were confirmed via PCR using
genomic DNA of grown transformants. Due to the fact that the
AteflAtef2 double mutation is lethal (20), a diploid strain con-
taining one copy of each tefl:TRPI and tef2::LEU2 disrupted
genes was transformed with p561 (pYE-TEF1) before been spo-
rulated and dissected (Singer Instruments, Somerset, UK).
After tetrad analysis, a haploid AteflIAtef2 strain rescued by
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pYE-TEF1 was selected (S. cerevisiae SC33) and was used for
further 5-fluoroorotic acid (5-FOA) experiments. pYE-TEFI
was replaced with pRS313-based plasmids encoding for the dif-
ferent TEF1 mutants via plasmid shuffling using the 5-FOA
method (21). The resulting yeast strains are summarized in sup-
plemental Table S1. Description of Atefl and Atef2 deletion
procedure is given in the supplemental “Results.”

Generation of Ahbsl Deletion Strains—hbsl::HIS3 (Ahbsl)
was constructed by replacing nucleotides 436 to 1212 within
the HBS1 orf with the HIS3 marker gene. The construct was
transformed into the haploid S. cerevisiae MH272« strain. The
hbs1::HIS3 deletion was confirmed by PCR and Western blot-
ting with anti-Hbs1l serum, and the corresponding strain
(S. cerevisiae SC31) was used in subsequent experiments.

AteflAtef2Ahbs1 triple deletion strains were constructed in
S. cerevisiae SC39 (AteflAtef2+pRS-TEFI) or S. cerevisiae
SC40 (AteflAtef2+pRS-TEFI-S53A) (supplemental Table S1).
To that end, HBS1 was replaced with the hbsI::kanMX4 dele-
tion cassette from strain Y16000 (Euroscarf). Recombinant
clones were selected on YPD supplemented with 0.4 mg/ml
G418 (Invitrogen). The HBS1 deletion was confirmed by PCR
and Western blotting with anti-Hbs1 serum and the resulting
strains, termed S. cerevisiae SC200 (AteflAtef2AhbsI+pRS-
TEFI) and S. cerevisiae SC201 (Atefl1Atef2Ahbs1+pRS-TEF1-
S53A), were used in subsequent experiments. Analysis of sbs1
deletion strains is presented on supplemental Figs. S3 and S4.

Yeast in Vitro Translation System—Y east translation extracts
were prepared as described (22). Transcription was performed
using SP6 polymerase (22) and pSP-luc+ (Promega) as a tem-
plate to generate firefly luciferase mRNA. Translation reactions
were performed as described (22-24). To test for the ability of
Lgt1 to inhibit translation in yeast system, purified His-tagged
Lgtl at 9, 90, or 280 nm final concentrations and 10 um UDP-
glucose as a Lgtl co-substrate were added to the translational
mixes lacking luciferase mRNA. The reactions were preincu-
bated for 10 min at 20 °C. Translation was started after this
preincubation step by adding luciferase mRNA and was allowed
to proceed for 50 min at 20 °C. After that, 10 ul of the reaction
mix was diluted into 100 ul of luciferase assay buffer (100 mm
KH,PO,, 1 mm EDTA, 1 mm DTT, pH adjusted to 7.8 with
KOH). The diluted reaction mixes (100 ul) were mixed with
100 wpl of luciferase reagent (20 mm Tricine, 5 mm MgCl,, 0.1
mMmEDTA, 3.3 mMm DTT, 270 um coenzyme A, 500 um p-lucife-
rin, 500 um ATP), and luminescence was determined using a
Lumat LB 9507 device (Berthold Technologies GmbH, Wild-
bad, Germany) (25). Luciferase activity obtained in the absence
of Lgtl was set to 100%.

Spot-test Assay—The toxicity of Lgt1 in different yeast strains
was analyzed on SD or SGal plates. To that end, 5-fold serial
dilutions of cultures were spotted onto agar plates with the
required supplements and either glucose or galactose as indi-
cated on the corresponding figures. Plates were incubated for
the times and at temperatures indicated in the figure legends.
For liquid culture experiments, 3 ml of SGal medium in plastic
tubes (catalog no. 62.515.006, Sarstedt) was inoculated with
yeast cells to a starting A, of 0.1. Cultures were then incubated
at 30 °C for up to 48 h under vigorous shaking.
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Production of Polyclonal Antibodies—Monospecific sera
against Lgtl and Hbsl were produced by injecting 10 ng of
purified recombinant proteins into mice intraperitoneally three
times with 4-day intervals. Sera were collected 5 days after the
last injection. Monospecific anti-Tefl serum was produced by
GeneScript (Piscataway, NJ) in rabbits by injecting synthesized
Tefl-derived peptide (** CGGIDKRTIEKFEK**) conjugated to
keyhole limpet hemocyanin via the first cysteine residue of the
peptides.

Electrophoresis and Western Blotting—SDS-PAGE and
Western blotting were performed according to published pro-
tocols (26, 27). Preparation of yeast cell extracts was accom-
plished by NaOH/trichloroacetic acid procedure or by glass
bead disruption (28).

Glucosyltransferase Assay—Glucosylation was performed
with 167 pmol of recombinant His-tagged wild type or mutated
Lgtl and 67 pmol of GST-tagged target decapeptide in a total
volume of 20 ul (10). The standard reaction was allowed to
proceed at 37 °C for up to 60 min in 20 mm Tris-HCI, pH 7.5,
150 mm NaCl, 1 mm MnCl,, and 10 pum UDP-[**C]glucose
(American Radiolabeled Chemicals, St. Louis, MO). The reac-
tion was stopped at various time points by the addition of SDS
sample buffer and incubation at 95 °C for 5 min. Subsequently,
samples were subjected to SDS-PAGE and autoradiography.
Radiolabeled bands were analyzed by PhosphorImager and
quantified with ImageQuant (version 5.2, GE Healthcare).

RESULTS

Toxicity of Lgtl in Wild Type S. cerevisiae Background—First,
we studied whether expression of /g¢1 in the cytosol of S. cerevi-
siae produces toxic effects. To this end, we generated mutated
variants of the glucosyltransferase with gradually decreased
enzymatic activity. Such Lgtl mutations included the single
replacement D246N, the double substitution D246N/W520A
and the triple mutant D246N/W520A/N293A. Aspartate 246
represents an important element of the DxD motif and has been
shown to participate in orienting the distal part of glucose moi-
ety of the co-factor UDP-glucose. Tryptophan 520 represents a
critical residue of a flexible C-terminal loop, which is suggested
to fix the co-substrate into the correct position for catalysis.
Finally, asparagine 293 appears to be involved in the guidance
and/or binding of the protein substrate eEF1A (8, 9). The pro-
teins with described mutations were initially purified from
recombinant E. coli cultures and tested in the **C-glucosylation
assay. As shown in Fig. 14, substitution of D246N resulted in a
drastic decrease of glucosylation activity of Lgtl. The double
D246N/W520A mutant demonstrated further diminished
enzymatic activity, whereas the triple mutation produced a pro-
tein with catalytic activity below the detection limit of the
method.

Next, coding sequences of the wild type and mutated Lgt1
variants were cloned into a galactose-inducible yeast expres-
sion vector and were transferred into wild type S. cerevisiae.
Wild type Lgtl was severely toxic and resulted in cell death
upon induction in the presence of galactose (Fig. 1B). Yeast cells
demonstrated a slow growth even under glucose-repressing
conditions, possibly due to “promoter leakage.” Similar to wild
type Lgtl, the enzyme with the D246N substitution also inhib-
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FIGURE 1. Toxic effects of Lgt1 in wild type yeast. A, "*C-glucosylation of
GST-tagged target decapeptide *°GKGSFKYAWV>° of eEF 1A by wild type Lgt1
(circles), Lgt1 with D246N substitution (diamonds), Lgt1 with D246N/W520A
substitutions (squares), and Lgt1 with D246N/W520A/N293A substitutions
(triangles). The amount of the '*C-glucosylated eEF1A-derived peptide at
indicated time periods is given. Left and right panels represent graphs with
different Y-scales to accommodate different glucosylation activities of wild
type Lgt1 and its mutated forms. Reaction with the wild type Lgt1 is not
shown on the right panel. B, spot-test assay of Lgt1-accomplished yeast tox-
icity. S. cerevisiae MH272a was transformed with the vector pESC-Ura or
pESC-Ura-based plasmids, coding for different variants of Lgt1 (wild type and
mutated), titrated 5-fold and spotted onto supplemented SD agar (with glu-
cose, Glc) or SGal agar (with galactose, Gal). Variants of proteins, coded by the
plasmids, are indicated on the left. C, Western blotting analysis of Lgt1 pro-
duction in yeast, transformed with vector pESC-Ura or pESC-Ura-based plas-
mids, coding for different variants of Lgt1 (wild type and mutated). S. cerevi-
siae were cultivated in liquid SD. (i.e. with glucose, lanes 1-5) or SGal (i.e. with
galactose, lanes 6-10). Lanes 1 and 6, pESC-Ura; lanes 2 and 7, Igt1-WT; lanes 3
and 8, Igt1-D?*N; lanes 4 and 9, Igt1-D246N/W520A; lanes 5 and 10, Igt1-
D246N/W520A/N293A. Nitrocellulose membranes were probed with anti-
Lgt1 serum overnight at 4 °C and anti-mouse horseradish peroxidase conju-
gate for 1 h at 22 °C. The position of reacting protein bands is marked by an
asterisk.

ited S. cerevisiae plated on galactose-containing medium,
whereas growth on glucose-supplemented agar was restored to
control level. Decreasing enzymatic activity in the double
D246N/W520A and the triple D246N/W520A/N293A
mutants paralleled with a diminished toxic phenotype (Fig. 1B).
However, even the triple Lgtl mutant exhibited reduced
growth on galactose-containing medium as compared with
control yeast transformed with the empty pESC-Ura vector
(compare the upper and lower rows on Fig. 1B).

Next, we tested Lgtl production by Western blotting using
anti-Lgtl serum. As expected, no protein production was
observed when yeast strains were cultivated in the presence of
glucose (Fig. 1C, lanes 1-5). Wild type Lgtl and Lgt1-D246N
were also not detected when the respective strains were culti-
vated in the presence of galactose (Fig. 1C, lanes 7 and 8). Low
toxicity of the double and triple mutants allowed production of
Lgt1 detected by Western blotting (Fig. 1C, lanes 9 and 10).

Using a reticulocyte-based translation system, we recently
showed that Lgt1 effectively blocks mammalian protein synthe-
sis in vitro (12, 13). Similar results were obtained, when trans-
lation extracts from S. cerevisiae were programmed with
mRNA coding for firefly luciferase. In the presence of UDP-
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FIGURE 2. Influence of Lgt1 upon protein synthesis in S. cerevisiae trans-
lation extracts. A, synthesis of luciferase in yeast translation extracts in the
absence (bars 1 and 5) or presence of 9 nm (bar 2), 90 nm (bar 3),and 280 nm (bar
4) Lgt1. Bar 5, experiment without luciferase-coding mRNA (i.e. no transla-
tion). Each bar represents means of two experiments * S.D. Data are shown as
percentage of maximal translation without added Lgt1. B, modification of
eEF1A in yeast translational extracts by Lgt1. The reaction conditions were
exactly the same as for in vitro translation but with 10 um UDP-["*C]glucose
instead of unlabeled UDP-glucose. Subsequently, the reaction mix was sub-
jected to SDS-PAGE and autoradiography.Lanes 1and 2,9 nm Lgt1; lanes 3and
4,90 nm Lgt1; lanes 5 and 6, 280 nm Lgt1. Lanes 1, 3, and 5, incubation time of
10 min; lane 2, 4, and 6, incubation time of 60 min.

glucose, increasing concentrations of purified Lgt1 resulted in a
dose-dependent inhibition of luciferase mRNA translation,
observed already at 9 nm Lgtl (Fig. 24, bar 2). Inhibition of
translation was paralleled by glucosylation of Tefl/2 (the
homologs of elongation factor 1A in yeast) as shown in "*C-
glucosylation assay (Fig. 2B).

Engineering of S. cerevisiae Strains with Mutations in Elonga-
tion Factor 1A Gene—Because Lgtl has been reported to use
eEF1A as a protein substrate both in vitro and in vivo through
the recognition of a 10-amino acid peptide (10), we wanted to
know whether amino acid residues comprising this recognition
sequence were essential for eEF1A function. Therefore, we
engineered S. cerevisiae strains by disrupting both chromo-
somal copies of eEF1A (TEFI and TEF2). The lethal phenotype
of the AteflAtef2 mutation was rescued by plasmid encoded
TEFI or mutated versions of it (see “Experimental Procedures”
and supplemental “Results”).

As shown in our previous investigations with mammalian
eEF1A, substitution of the glucose-accepting serine 53 of the
elongation factor by an alanine residue resulted in a variant
protein, which is not glucosylated by Lgt1 in vitro (12). More-
over, F54A, Y56A, and W58A substitutions severely affected
glucosylation efficiency of mutated eEF1A-derived peptides,
whereas G50A, K51A, G52A/K55A, and V59A produced only
minor effects (10).

Based on this information, we developed a panel of pRS313-
based plasmids, containing as an insert TEFI-W'T, TEFI-
G50A, TEFI-S53A, TEFI1-S53E, TEFI1-S53C, TEFI-S53K,
TEF1-F54A, TEFI-K55A, TEFI-Y56A, TEF1-W58A, and
TEF1-V59A under the control of the TEFI promoter. These
constructs were transformed into S. cerevisiae (Atefl1Atef2+
pYE-TEFI). After cultivation of yeast on 5-FOA-supplemented
medium, causing elimination of L/RA3-containing pYE-TEF1I,
plates were inspected for growth of the resulting strains. As
expected, S. cerevisiae, containing pRS313 vector without the
TEF1I insert, failed to grow (Fig. 3A), whereas the strain with the
wild type TEF1 produced numerous colonies on the plate. Sur-
prisingly, yeast strains containing eEF1A with S53A, S53C, and
S53K mutations were viable, whereas substitution of S53E was
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FIGURE 3. Growth phenotypes of yeast strains expressing wild type (WT) and mutated TEF1. A, Atef1Atef2 yeast strain expressing TEF1 on a URA3-
containing plasmid p561 (pYE-TEFT) was transformed with different variants of TEF1 cloned into pRS313. Strains harboring both plasmids were cultivated on
5-FOA-containing plates for 1 week at 30 °C. Only strains that had lost the URA3-containing plasmid and in addition harbored a functional variant of TEF1 as an
insert in pRS313 vector were able to form colonies. Constructions resulting in non-functional Tef1 are shown in boldface type. The experiment was repeated
twice with identical results. Representative plates are shown. B, spot-test assay of growth phenotypes of selected TEFT mutants grown on YPD at 30, 10, or 40 °C

$>3K

40°C

NaCl

and in the presence of 0.9 m NaCl. TEF1 mutants, encoded on pRS313-based plasmids, are shown on the left.

lethal for S. cerevisiae. Remarkably, analysis of the growth phe-
notype in the other mutated strains displayed critical impor-
tance for functional activity of eEF1A amino acid residues Tyr>®
and Trp®®. Substitution of these amino acids by alanine residues
precluded growth of yeast. In addition, a strain with F54A sub-
stitution demonstrated growth on agar plates under favorable
conditions but displayed a growth-limiting phenotype under
conditions of cold and heat stress (Fig. 3B). By contrast, alanine
substitutions of Gly®°, Lys*®, and Val®® in Tef1 failed to produce
growth defects under the cultivation conditions tested.

Toxicity of Lgtl in S. cerevisiae Tefl Mutants—As demon-
strated in the above experiments, yeast expressing exclusively
TEFI1-S53A was viable. Therefore, we were able to test the toxic
activity of Lgtl in this yeast mutant, in which eEF1A could not
be modified by Lgtl. To this end, S. cerevisiae (AteflAtef2+
pRS-TEFI) and (AteflAtef2+pRS-TEFI-S53A) strains were
transformed with galactose-inducible /gtI-containing plas-
mids. In line with our previous findings with wild type S. cerevi-
siae, transformation of [g¢] into yeast strain (Atefl Atef2+pRS-
TEFI) produced a lethal effect on galactose-containing
medium and a partial defect on glucose-containing agar. Igt1-
D246A/W520A was less toxic when expressed in this yeast var-
iant (Fig. 4A). In contrast, S. cerevisiae (Atefl Atef2+pRS-TEFI-
S53A) was protected against the toxic activity of Lgtl and
demonstrated an improved survival rate (Fig. 44). Western
blotting analysis with anti-Lgt1l serum demonstrated that good
growth of S. cerevisiae (AteflAtef2+pRS-TEFI-S°3A) was
accompanied by high level of Lgtl production, whereas even
undetectable amounts of the wild type glucosyltransferase effi-
ciently killed yeast strain (AteflAtef2+pRS-TEFI) (Fig. 4B,
compare lanes 2 and 6).

To confirm that Lgtl was not only produced but was fully
functional in S. cerevisiae with plasmid-born Tef1-S53A, we
prepared extracts of yeast cells and tested them in the '*C-
glucosylation assay. As shown in Fig. 4C, extracts obtained
from S. cerevisiae (AteflAtef2+pRS-TEF1-S53A) displayed
no endogenous glucosylation of eEF1A in line with the fact
that the major substrate Tefl did not contain the acceptor

ACEEVEN
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Atef1Atef2+pTEF1-WT

Atef1Atef2+pTEF1-S°3A

5-fold dilution 5-fold dilution

12 34

FIGURE 4. Toxic effect of Lgt1 in S. cerevisiae variants expressing wild
type and mutated TEF1 genes. A, spot-test assay of growth phenotypes of
S. cerevisiae containing plasmid-born wild type Tef1 and Tef1-S53A as the
only eEF1A present in yeast cells. Yeast variants were transformed with pESC-
Ura or pESC-Ura-based plasmids coding for wild type Igt7 and Igt1-D246A/
W520A. Strains were analyzed as described under “Experimental Procedures”
on SD (left panel, glucose, Glc) and SGal (right panel, galactose, Gal). The trans-
formed variants of Igt 1 and types of Tef1 in recipient yeast strains are indicated on
the left. B, Western blotting, demonstrating Lgt1 productionin S. cerevisiae strains
transformed by pESC-Ura-based plasmids coding for wild type Igt1 and Igti-
D246A/W520A. Yeast cultures were grown in SD liquid medium (i.e. with glucose,
lanes 1, 3, 5, and 7) or SGal (i.e. with galactose, lanes 2, 4, 6, and 8). Lanes 1 and 2,
Igt1-WT in S. cerevisiae expressing wild type TEF1; lanes 3 and 4, Igt1-D246A/
WS520Ain S. cerevisiae expressing wild type TEF1; lanes 5 and 6, Igt1 in S. cerevisiae
expressing TEF1-S53A; lanes 7 and 8, Igt1-D246A/W520A in S. cerevisiae express-
ing Tef1-S53A. Western blotting was probed with anti-Lgt1 serum. The position
of the glucosyltransferase is labeled with an asterisk. C, In vitro glucosylation of
yeast extract prepared from S. cerevisiae containing Tef1-S53A and transformed
with wild type Igt1. After cultivation in SGal, yeast cells were collected, disrupted
by glass beads, and tested for Lgt1-dependent glucosylation in the "*C-glucosy-
lation assay without (lane 7) and with (lane 2) addition of purified His-tagged Tef1.
Coomassie-stained purified His-tagged Tef1 (lane 3) and molecular mass markers
(lane 4) are shown. Molecular masses of used markers are shown on the right. The
position of a protein band representing glucosylated Tef1 is labeled with an
asterisk.

serine 53 in this strain. However, addition of purified wild
type Tefl to the reaction mix resulted in "*C-glucosylation of
the substrate.
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FIGURE 5. Rescue of toxic effects of Lgtl in the S. cerevisiae
(Atef1Atef2+pRS-TEF1-WT) strain by pYC-TEF1-S53A. A, growth of yeast
strains in liquid SGal. S. cerevisiae (Atef1Atef2+pRS-TEF 1-WT) co-transformed
by pESC-Ura and pYC-TEF-WT (squares), by pESC-Ura and pYC-TEF1-S53A (dia-
monds), by pESC-Igt1 and pYC-TEF1-WT (triangles), or by pESC-Igt1 and pYC-
TEF1-S53A (circles). B, spot-test assay of strains as in A on SD (left panel, glu-
cose, Glc) or SGal (right panel, galactose, Gal). C, Lgt1 production in
S. cerevisiae strains grown in SGal. S. cerevisiae (Atef1Atef2+pRS-TEF1-WT) co-
transformed by pESC-Ura and pYC-TEF-WT (lane 1), by pESC-Ura and pYC-
TEF1-S53A (lane 2), by pESC-Igt1 and pYC-TEF1-WT (lane 3), and by pESC-Igt1
and pYC-TEF1-S53A (lane 4). Western blots were probed with anti-Lgt1 serum
(upper panel) or anti-eEF 1A antibody (lower panel).

5-fold dilution

Next, we investigated whether expression of TEFI-S53A
would rescue the lethal effect of Igz] expression in the strain
(AtefiAtef2+pRS-TEFI). To that end, we transformed
S. cerevisiae (Atefl Atef2+pRS-TEFI) with pYC-TEF1-S53A, or
as control with pYC-TEFI. Then, these strains were trans-
formed with the plasmid, containing wild type gt under the
control of galactose promoter or, as a control, with pESC-Ura
vector. All four engineered S. cerevisiae strains were tested for
growth on galactose-containing liquid and solid media.

As illustrated on Fig. 5, additional copies of Tefl-S53A
reduced the lethal phenotype in comparison with the strain
expressing an additional copy of wild type Tefl. The rescued
phenotype was observed even despite high production of Lgt1,
detected in Western blotting with anti-Lgtl serum (Fig. 5C).
Semiquantitative investigation of Lgt1-positive yeast extract in
Western blotting suggested that single S. cerevisiae cell may
contain up to 160,000 molecules of the glucosyltransferase
(supplemental Fig. S1).

Toxicity of Lgtl in HBS1-deleted S. cerevisiae—The experi-
ments described above indicated that glucosylation of eEF1A
causes a toxic effect in the S. cerevisiaze model. However, to
clarify whether modification of the other Lgtl substrate, pro-
tein Hbs1, also influences yeast cell growth, we generated Ahbs1
S. cerevisiae strains by disrupting the gene either with the HIS3
marker or with geneticin antibiotic cassette. Next, we trans-
formed the wild type or mutated [g¢] genes into the engineered
S. cerevisiae strains and compared the toxic effects observed in
Ahbs1 strains with that of the yeast strains containing an intact
copy of chromosomal HBS1.

Expression of galactose-inducible /gt1-D246N resulted in a
lethal phenotype in the wild type as well as in the Ahbs1 strain
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FIGURE 6. Toxicity of Lgt1 in wild type and Ahbs1 strains. Wild type and
Ahbs1S. cerevisiae, containing pESC-Ura or Igt 1-D246N or Igt 1-D246N/W520A
within pESC-Ura-based plasmids, were analyzed on SD (left panel, glucose,
Glc) or SGal (right panel, galactose, Gal). Description of strains is indicated on
the left.
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FIGURE 7. Toxicity of Lgt1 in Ahbs1, expressing exclusively plasmid-born
TEF1-WT or TEF1-S53A. Growth of S. cerevisiae (Atef1Atef2Ahbs1+pRS-
TEF1-S53A) harboring pESC-Ura, pESC-Ura-coded Igt1, or pESC-Ura-coded
Igt1-D246N/W520A/N293A was compared with growth of the corre-
sponding strain expressing wild type HBS1. A, growth of engineered yeast
strains in liquid SGal. Atef1Atef2Ahbs1+pRS-TEF1+Igt1 (closed triangles),
Atef1Atef2Ahbs1+pRS-TEF1-S53A+pESC-Ura  (circles), Atefl1Atef2+pRS-
TEF1-S53A+Igt1 (squares) and Atef1Atef2Ahbs1+pRS-TEF1-S53A+Igt1 (open
triangles). B, growth phenotypes of yeast strains on SD and SGal plates. A
description of the strains is indicated on the left. Igt1-mut indicates Igt1-
D246N/W520A/N293A. A strain expressing firefly luciferase (lucifer) served as
an additional control. C, expression of Igt1 in SGal by engineered S. cerevisiae
strains: AteflAtef2Ahbs1+pRS-TEF1+Igt1 (lane 1), AteflAtef2Ahbs1+pRS-
TEF1+Igt1-D246N/W520A/N293A (lane 2), AteflAtef2Ahbs1+pRS-TEF1-
S53A+pESC-Ura (lane 3), AteflAtef2Ahbs1+pRS-TEF1-S53A+Igt1 (lane 4),
and Atef1Atef2Ahbs1+pRS-TEF1-S53A+Igt1-D246N/W520A/N293A (lane 5).
Western blots were probed with anti-Lgt1 serum (upper panel) or anti-eEF1A
antibody (lower panel).

on galactose but not on glucose-containing medium (Fig. 6).
Lgt1-D246N/W520A, the enzymatically less active glucosyl-
transferase mutant, produced moderate toxic effects in
S. cerevisiae also irrespective of the presence or absence of
HBSI. These results indicate that deletion of HBSI in a wild
type yeast background, ie. in S. cerevisiae containing intact
chromosomal TEF1/TEF2 genes, did not influence toxic effects
caused by Lgt1.

Next, we studied the impact of Hbsl upon Lgtl-caused
toxicity in S. cerevisiae with plasmid-born Tefl-S53A or
Tefl-WT as sole elongation factors, i.e. in the yeast strains
(AteflAtef2+pRS-TEFI) and (AtefIAtef2+pRS-TEFI-S53A).
As shown in Fig. 7, deletion of HBSI did not alter the growth
phenotypes of and Lgtl production by the corresponding
Hbsl-engineered S. cerevisiae. Strains without HBS1 but con-
taining wild type TEFI on a plasmid were efficiently killed by
Lgt1-WT. In contrast, HBSI-deleted strains containing Tefl-
S53A were protected against lethal effect of the highly pro-
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duced wild type glucosyltransferase (Fig. 7C, lane 4) similar to
that of HBS1-containing S. cerevisiae (Fig. 4B, lane 6). Interest-
ingly, the S. cerevisiae strain lacking Hbs1 and containing non-
modifiable eEF1A (i.e. lacking all known catalytic substrates for
glucosyltransferases of L. pneumophila), still demonstrated a
moderate growth-limiting phenotype even in the presence of
triple-mutated Lgt1-D246N/W520A/N293A (Fig. 7B, Igtl-
mut, lower row).

DISCUSSION

As afirst step toward elucidation of S. cerevisiae as a model to
study the toxic activity of Legionella glucosylating enzymes, we
checked the effects of Lgtl in in vitro translation using yeast
extract. Addition of purified glucosyltransferase to S. cerevisiae
translational extract inhibited protein synthesis in a dose-de-
pendent manner. These results were similar to those obtained
with mammalian reticulocyte lysates recently (12, 13). Also
similar to experiments with mammalian cells, expression of Igt ]
in the cytosol of S. cerevisiae resulted in severe toxic effects. A
slight inhibitory growth phenotype was observed already in the
presence of glucose in the medium (i.e. under non-inducing
conditions) precluding overexpression of the recombinant pro-
tein. Induction of Igz] gene with galactose completely stopped
growth of yeast. Such inhibition was observed despite very low
synthesis of the toxic protein because Lgtl was not detected by
Western blotting with the monospecific anti-Lgtl serum.
Transformation of yeast with mutated /gtI genes produced
toxic effects proportional to glucosylation activity of the pro-
teins. These results demonstrated that S. cerevisiae is an ade-
quate model to study Lgt activity in intact cells.

As shown in our previous studies, substitution of serine 53 by
alanine turned elongation factor into a protein not modifiable
in vitro by L. pneumophila glucosyltransferases Lgt (12, 13). In
the current study, we engineered S. cerevisiae strains, which
contained such non-modifiable Tef1-S53A as the only elonga-
tion factor present. In contrast to S. cerevisiae with modifiable
wild type Tefl, Tefl-S53A-containing yeast cells were pro-
tected toward toxic action of Lgt1. The positive impact of Tefl-
S53A upon survival of S. cerevisiae is even more evident when
the high level of Lgtl production in the Tefl-S53A-possessing
yeast strains is compared with the very low amount of toxic
protein that produced lethal effect in yeast with wild type
eEF1A. These results demonstrated that eEF1A is a major tar-
get responsible for toxic effect after its glucosylation by Lgt1.

Another substrate of L. pneumophila glucosyltransferases,
Hbs1 (Hsp70 subfamily B suppressor 1 (29)), was shown to be
modified by in vitro glucosylation. For Hbs1, the target amino
acid residue was identified as serine 314 (Hbs1-like protein of
human origin, GenBank™" accession no. AK292656) or the
corresponding serine 213 of Hbsl in S. cerevisiae (10).

Both substrates of Lgt, eEF1A and Hbs1, represent important
players in translational processes in eukaryotes. eEF1A is nec-
essary for active translation and represents an essential protein.
In contrast, disruption of HBSI does not cause an obvious phe-
notype, but the protein has been shown to play an important
role during situations of translational stalls due to inhibitory
structures (e.g. strong hairpin loops), premature or lacking stop
codons, and other defects of mRNA or deleterious mutations in
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rRNA (30, 31). Thus far, a role of Hbs1 in toxic effects of Lgtl
was not clarified. To address this issue, we deleted the HBS1
gene in wild type S. cerevisiae or in S. cerevisiae containing
Tef1-S53A. However, when such deletion strains were trans-
formed with the /gt gene, toxic effects produced by Lgtl did
not differ considerably from that of control background strains,
containing Hbs1. Thus, these findings indicate that modifica-
tion of Hbs1 is not essential for toxicity.

Of interest is our observation that the triple mutant of Lgt1,
possessing undetectable level of glucosyltransferase activity,
still demonstrated a noticeable growth-limiting effect toward
S. cerevisiae (TEF1-S53A, Ahbsl) variant. Such an effect cannot
be explained simply by nonspecific action of overproduced for-
eign protein upon cell metabolism because the control yeast
strain, transformed with the similarly highly expressed lucifer-
ase gene-containing plasmid (Fig. 7B) or hyper-producing frag-
ments of Lgtl (data not shown), did not demonstrate a decrease
in growth. One possible explanation for the mechanism of the
observed phenomenon can be non-productive interaction of
catalytically inactive glucosyltransferase with its enzymatically
incompetent Tef1-S53A substrate leading to restraint of eEF1A
functions in yeast cells.

Elongation factor 1A is necessary for delivery of aminoacy-
lated tRNA molecules to the A-site of a translating ribosome
(32). Despite thorough and long lasting investigations, many
aspects of mechanisms of its participation in protein synthesis
and in other processes in eukaryotic cells remain unanswered.
eEF1A has undergone thorough mutational analysis to discover
amino acid residues important for its functioning in yeast (20,
33, 35-38). These studies were successful in identifying muta-
tions that affected fidelity of translation, dependence upon
nucleotide exchange factor, rate of GTP binding, and GTP
hydrolysis. Some of the obtained mutations resulted in non-
functional eEF1A, producing non-viable phenotype of S. cerevi-
siae. Although the mechanisms of lethality remain unex-
plained, the obtained results allow identification of vitally
important regions of the protein.

We studied the decapeptide Gly*°~Val®*® of Tefl, which
includes Lgtl-modifiable serine 53. This region remained a
largely unexplored segment of eEF1A. By using yeast strains
with mutated Tef1 as the only elongation factor 1A, we identi-
fied various amino acid residues within this area, which appear
to be essential, as their mutation to alanine resulted in severely
affected or even non-viable yeast. Such essential amino acids
include Phe**, Tyr®, and Trp®®.

Currently, we are not able to explain the mechanisms of the
functional incompetence of the mutated forms of elongation
factor 1A. Strikingly, in previous studies, we identified the very
similar aromatic residues as absolutely important for substrate
recognition of eEF1A by Lgtl (10). Thus, it is likely that the
mutations in Phe®*, Tyr’°, and Trp®® result in structural
changes or alterations, which similarly affect cellular function
of eEF1A in translation and in recognition by Lgtl. Thus, this
region around serine 53 appears to be a hot spot for functional
efficiency of eEF1A.

Available genome sequencing data allow computer analysis
of this area (supplemental Table S5). Interestingly, representa-
tives of >40 species of mammals, fish, insects, and nematodes
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demonstrated strict sequence conservation in this region
and contained the typical decapeptide *°GKGSFKYAW V>,
Sequences of eEF1A of plant origin also demonstrated consid-
erable homology. However, the structure of this region con-
tained G50N and G52R substitutions. Archaeal phyla displayed
considerable variations in elongation factor 1A sequences.
Although in a few examples Phe>* was substituted by non-aro-
matic amino acid residues, positions 56 and 58 of the protein
were occupied exclusively by phenylalanine/tyrosine/trypto-
phan residues. Thus, in silico data demonstrated evolutionary
conservation of the decapeptide structure and supported in
general our yeast mutational experiments on essential roles of
aromatic amino acid residues at positions 54, 56, and 58 in
elongation factor 1A.

Of interest is also the finding that substitution of serine 53
with alanine, cysteine, or lysine residues did not considerably
affect the growth phenotype of engineered yeast. However, sub-
stitution S53E resulted in non-functional Tefl failing to sup-
port growth of S. cerevisiae.

In numerous published papers, substitution of serine in a
protein by negatively charged glutamate residue has been
attributed to as “pseudophosphorylation” (39—41). Thus, our
data leads to the assumption that the modification of the serine
53 residue by phosphorylation can shut down protein synthesis.
Interestingly, in a recent report, phosphorylation of serine 53
has been demonstrated by a mass spectrometry approach,
although physiological consequences of such modification
remain to be determined (42).
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