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The glucosyltransferase Lgt1 is one of three glucosylating toxins of
Legionella pneumophila, the causative agent of Legionnaires disease. It acts
through specific glucosylation of a serine residue (S53) in the eukaryotic
elongation factor 1A and belongs to type A glycosyltransferases. High-
resolution crystal structures of Lgt1 show an elongated shape of the protein,
with the binding site for uridine disphosphate glucose at the bottom of a
deep cleft. Lgt1 shows only a low sequence identity with other type A
glycosyltransferases, and structural conservation is limited to a central
folding core that is usually observed within this family of proteins. Domains
and protrusions added to the core motif represent determinants for the
specific recognition and binding of the target. Manual docking experiments
based on the crystal structures of toxin and target protein suggest an
obvious mode of binding to the target that allows for efficient transfer of a
glucose moiety.
© 2009 Elsevier Ltd. All rights reserved.
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Introduction

Legionella pneumophila is the causative agent of
Legionnaires disease, which is characterized by
severe pneumonia with high fatality rates.1,2 The
pathogens are intracellular parasites infecting proto-
zoa (e.g., amoebae), as well as animals and humans.
In humans, L. pneumophila is able to invade and
proliferate in phagocytes. The bacteria severely
affect the normal course of phagocytosis, inhibit acidi-
fication of phagosomes, and prevent phagosome–
lysosome fusion.3–5 Moreover, the pathogens alter
phagocytic membrane biogenesis and trigger the
formation of “replicative vacuoles,” which are char-
acterized by ribosome-studded membranes.6,7 After
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replication of L. pneumophila, host cells die due to
induction of apoptosis or necrosis,8–10 and the
pathogens are released for a new cycle of cell invasion
and replication.10,11

Recent studies showed that the complex pathogen–
host interaction of L. pneumophila depends on the
release of a large array of bacterial factors into the
cytosol of host cells.12 Recently, several related
glucosyltransferases from L. pneumophila strain Phila-
delphia-1, which severely affect the protein synthesis
of host cells in vitro and in vivo, were identified.13–15

The bacterial effectors termed Lgt1–Lgt3 mono-O-
glucosylate eukaryotic elongation factor 1A (eEF1A)
at residue S53. The modification of eEF1A blocks
protein biosynthesis and causes the death of target
cells. The prototype of the L. pneumophila gluco-
syltransferase Lgt1 is an∼60-kDaprotein that exhibits
a low sequence similarity with clostridial glucosylat-
ing toxins (21.5%/31.5% sequence identity/similarity
with Clostridium difficile toxin B and 18.4%/31.0%
sequence identity/similarity with Clostridium sordellii
cytotoxin L), which modify small GTPases of the
Rho/RasGTPase family. Lgt2 and Lgt3 are about 24%
d.
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Fig. 1. Three-dimensional structure of the glucosyltransferase Lgt1 from L. pneumophila shown in cartoon
representation. The protein chain is shown from blue at the N-terminus to red at the C-terminus. The typical GT-A
fold of glycosyltransferases forms the central part of the protein, while the N-terminal part constitutes a distinct domain.
The UDP-Glc ligand and the side chains of residues W139 and W520 are shown in stick representation (see Fig. 2).
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and 18% identical with Lgt1, but share the same
eukaryotic substrate (eEF1A) and target site (S53).
Recently, the minimal structural requirements for the
recognition of eEF1AbyLgtshavebeendetermined. It
turned out that the decapeptide 50-GKGSFKYAWV-
59 of eEF1A is sufficient for modification by L.
pneumophila glucosyltransferases. Moreover, with
this small substrate peptide, it was possible to identify
Lgt1 by NMR analysis as a retaining glu-
cosyltransferase.16 Sequence comparison of the gen-
omes of various L. pneumophila strains revealed that
variants of the three Lgt subfamilies of glucosyltrans-
ferases arepresent indifferent strains ofL. pneumophila15

(e.g., L. pneumophila strains Philadelphia-1, Paris, Lens,
and Corby). Legionella glucosyltransferases are listed as
members of glycosyltransferase family 88 in the
carbohydrate-active enzymes database CAZy†.
Lgts were initially recognized as glycosyltrans-

ferases through their slight sequence similarity with
regions of the active site of clostridial glucosylating
toxins, including C. difficile toxins A and B and C.
sordellii lethal toxin.13,17 Recent crystal structure
analyses of the catalytic domain of the clostridial
toxins showed that they are members of the type A
glycosyltransferases (GT-A) family.18,19 They have a
typical Rossmann-like folding core, arranged in two
tightly associated adjoining β–α–β domains that
form a central β-sheet that is involved in the binding
†http://www.cazy.org
of the nucleotide sugar. Members of the GT-A family
frequently contain an amino acid signature motif
DXD in which two aspartic acid residues participate
in metal ion binding and catalysis.20,21 This motif is
found in both Legionella glucosyltransferases and
clostridial glucosylating toxins. The second family of
glycosyltransferases is the GT-B family, which also
consists of two Rossmann-like folding units. How-
ever, in the GT-B family, the DXD motif is absent,
and the two β–α–β domains are not tightly
associated, leaving a cleft in between.20

Here we report the 1.7-Å crystal structure of Lgt1
from L. pneumophila strain Lens, which is 89%
identical in sequence with Lpt1 from L. pneumophila
strain Philadelphia-1 (Fig. S1). In spite of a con-
served glycosyltransferase core fold, the overall
structure of Lgt1 differs markedly from that of the
clostridial glucosylating toxins, and the shape of the
molecule itself provides a clear indication as to how
interaction with the target eEF1A might take place.
Results

Structure of Lgt1

Work on the glucosyltransferase Lgt1 started
originally with the enzymes from L. pneumophila
strains Philadelphia-1 and Lens. As we intended to
study the Lgt1 protein-substrate complex, we
decided to start with inactivated enzymes. Earlier

http://www.cazy.org
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mutational studies of the related C. difficile toxin B
revealed that residue N384 is important for enzy-
matic activity.20 This asparagine is conserved in all
clostridial enzymes and also in Lgt1 from L.
pneumophila strains Philadelphia-1 and Lens (Fig.
S2). Exchange of the equivalent N293 with alanine in
Lgt1 caused inhibition of the glucosylation of eEF1A
(Fig. S3). As the yield of expression of the Lgt1
N293A variant in L. pneumophila strain Lens was
very high and was expected not to glucosylate its
substrate, it was subsequently used for crystalliza-
tion trials.
The structure of L. pneumoniae Lgt1 was solved by

SeMAD, and models were obtained for the seleno-
methionine (SeMet)-labeled protein in complex with
the substrate uridine diphosphate glucose (UDP-
Glc) at a resolution of 1.7 Å and for the unlabeled
protein in complex with the nucleotide UDP at a
resolution of 2.3 Å. Both forms were crystallized
under identical conditions and show only minor
deviations, as discussed below. The structure of Lgt1
groups into three distinct domains that yield an
elongated overall shape of the molecule (Fig. 1). The
helical N-terminal domain encompasses amino
acids 5–104. A linker region connects this domain
to the central part of the protein (residues 128–322),
where a mixed α/β fold of complex topology forms
the actual glucosyltransferase domain that also
contains the binding site for UDP-Glc. The third
domain of Lgt1 is less well defined and forms an
extended protrusion between residues 323 and 444,
after which the course of the peptide chain returns to
the UDP-Glc binding site only to subsequently
terminate in an elongated C-terminal loop. The
final part of the peptide chain, beyond residue 513,
was only found to be structured in the UDP-Glc
Fig. 2. Binding of UDP-Glc in L. pneumophila Lgt1. The s
electron density map contoured at 3.0σ around the UDP-Glc
dotted black lines. The relevant residues for UDP-Glc binding
moieties.
complex, where it covers the binding cleft for the
nucleotide-sugar, possibly locking it in place (Fig. 1).
UDP-Glc is bound by Lgt1 at the bottom of a deep

binding cleft (Figs. 1 and 2). The nucleotide base
stacks against the indole moiety of W139, and the
protein assures base specificity through two hydro-
gen bonds from uridine-N3 to the backbone
carbonyl of F140 and from the backbone amide
nitrogen of the same residue to uridine-O2. The
ribose moiety forms only a single hydrogen bond
between its 2′-OH group and the side chain of S229,
while the 3′-OH group only contacts two water
molecules. The α-phosphate of UDP-Glc is hydro-
gen-bonded to S519, and the β-phosphate of UDP-
Glc is hydrogen-bonded to the indole nitrogen of
W520. Both coordinating residues are located in the
very C-terminal part of the protein, and the correct
binding of UDP-Glc may be a necessary prerequisite
for an ordered conformation of this region. The
glucopyranose moiety of UDP-Glc is firmly locked
in the binding pocket, with the 2″-OH, 3″-OH, 4″-
OH, and 6″-OH groups of the sugar in direct
hydrogen-bonding contact with the side chains of
a characteristic triad consisting of D230, R233, and
D246. Lgt1 is thus able to probe the conformations of
all hydroxy groups on the sugar and confirm its
identity. Galactose, as an example of another sugar
that is activated by uridylylation, is the C4″ epimer
of glucose. To distinguish glucose from galactose,
the enzyme ascertains the equatorial positioning of
the 4″-OH group of glucose by short hydrogen
bonds to both D230 (2.6 Å) and R233 (2.8 Å).
The C1″ atom of glucose faces the solvent and will

be the site of an attack by S53 of the target eEF1A.
However, Lgt1 has most recently been shown to
retain the α-conformation of the anomeric C1″ atom,
tereo representation shows an experimental Fo−Fc omit
molecule. Hydrogen bonds to the protein are depicted as
are highlighted, and Mg2+ coordinates the two phosphate
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as seen in UDP-Glc also in the glucosylated target.16

The same has been found for clostridial glycosylat-
ing toxins (e.g., C. sordellii lethal toxin),22 and it has
been suggested that an internal nucleophilic substi-
tution (SNi) proceeding through a short-lived oxo-
carbenium intermediate allows for the retention of
the α-anomeric conformation.18,23

In the UDP-bound form of Lgt1, only minimal
structural changes are observed in the protein chain.
The triad of residues that coordinates the glucosyl
moiety in the UDP-Glc-bound form of Lgt1—D230,
R233, and D246—retains its exact position in the
absence of the carbohydrate, indicating that the side
chains are fixed within the protein in order to fulfill
their role and to ascertain the exclusive binding of a
glucosyl nucleotide (Fig. 3). The stabilization of the
glucose moiety by Lgt1 is further underlined by the
observed displacement of the two phosphates in the
Fig. 3. Ligand binding in Lgt1. (a) Binding of UDP-Glc. In
specifically coordinated by a triad consisting of D230, R233
phosphate groups of the ligand, and this stabilized the confo
glucosyl moiety in the UDP complex, the phosphate groups a
bonds to D248. The C-terminus of the protein is disordered. T
Lgt1.
UDP-bound form: The β-phosphate moves signifi-
cantly within the binding cleft and forms two weak
hydrogen bonds of 2.9 Å and 3.0 Å to the β-carboxy
group of D248. Accordingly, the phosphates are also
not in a position to stabilize the C-terminus of Lgt1
by hydrogen-bonding with S519 and W520, leaving
the entire region of the protein beyond residue L513
in a disordered state (Fig. 3b).

Structural relation to other glycosyltransferases

A DALI24 search using L. pneumophila Lgt1 as
search model yields the highest homologies with
GT-A toxin B from C. difficile [Protein Data Bank
(PDB) ID 2BVL]19 and cytotoxin L (‘lethal toxin’)
from C. sordellii (PDB ID 2VKH).18 The Z-scores
from DALI were 16.0 for cytotoxin L and 15.3 for
toxin B. The structural similarities of these two
particular, the equatorial hydroxy groups of glucose are
, and D246. Residues S519 and W520 interact with the
rmation of the C-terminus of Lgt1. (b) In the absence of
re not held in place and relocate to form weak hydrogen
he stereo figures are shown with identical orientations of



Table 1. Glucosylation by wild-type L. pneumophila
glucosyltransferase Lgt1 and mutants

UDP-Glc (%)

Wild type 100.0
D246A 0.2±0.3
D246N 0.4±0.3
D248A 72.8±6.5
D248N 84.4±3.2
D246A/D248A 0.7±0.5
D246N/D248N 0.0
W520A 0.4±0.6
W520F 11.4±1.9
W520H 6.5±3.3

The glutathione S-transferase fusion peptide (eEF1A fragment 29
Y-73I; 3 μM), which is a preferred substrate, was incubated with
wild-type Lgt1 from L. pneumophila strain Lens, and the indicated
mutant enzyme protein (1 μM)was incubatedwith UDP-[14C]Glc.
Incubation was performed for 2 min (at 37 °C) to meet the linear
phase of the glucosylation reaction. The labeled proteins were
then analyzed by SDS-PAGE and PhosphorImaging. Data are
given as percentage of wild-type enzyme activity (100%) ±SD
(n=3).
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proteins have been discussed in detail previously,18

and their folds are virtually identical, with a root-
mean-squared deviation (rmsd) of 1.04 Å for 483 Cα

atoms. However, upon first inspection, the overall
shape of Lgt1 differs drastically from that of the
other two enzymes (Fig. 4a and b). The similarities
found by DALI are limited exclusively to the central
domain of Lgt1, which shows homologies to the
common fold of GT-A, although sequence homolo-
gies to the members of this family are very low. A
structure-based alignment of Lgt1 and toxin B
reveals their kinship for approximately 230 amino
acid residues in the central part of both proteins,
albeit with a relatively high rmsd of 3.42 Å for the Cα

atoms (Fig. 4c). Like most members of the GT-A
family, Lgt1 shares the DXD motif (D246-X-D248 of
Lgt1) with clostridial glucosylating cytotoxins. In
clostridial glucosylating cytotoxins, this motif is
involved in Mn2+, UDP, and glucose binding. The
same holds true for Lgt1, with the exception that
Lgt1 was crystallized with a magnesium ion bound.
However, D248 does not have the same functional
importance as D246, as the D248A or D248N
variants exhibited only 70% and 80% of wild-type
glucosyltransferase activity, respectively, whereas
Fig. 4. Structural comparison of Lgt1 with toxin B from C
representation of C. difficile toxin B. (c) Stereo representation o
Lgt1 in red andwith toxin B in black. Orientations are identical
to the central glycosyltransferase module of both proteins.
D246A and D246N were almost completely inactive
(Table 1). Another example of structural similarity is
that between residues D230 and R233 within the
. difficile. (a) Cartoon representation of Lgt1. (b) Cartoon
f the superposition of the Cα positions of both toxins, with
with (a) and (b). The structural homology is fully restricted



Fig. 5 (legend on next page)
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glucose recognition triad of Lgt1 (Fig. 3), which are
structurally and functionally equivalent to residues
D270 and R273 of C. difficile toxin B, a clostridial
glucosylating cytotoxin. Moreover, in toxin B, W520
was shown to belong to a “flexible loop,” which
undergoesmajor conformational changes dependent
on the cosubstrate bound, indicating an open and
closed conformation of the glucosyltransferase. The
equivalent W520 of Lgt1 that binds to the α-
phosphate in the UDP-Glc-bound form (Fig. 3a) is
in a disordered state in theUDP form of Lgt1 (Fig. 3b)
and appears to swing out to form an open
conformation. It has been suggested that W520 is
involved in the mechanism of the glucosylation
reaction catalyzed by clostridial glucosylating
toxins,18 but our data on Lgt1 do not support a
similar mechanism in this case. Exchange of W520
for alanine resulted in a reduction in enzyme activity
by N95%, but residual enzymatic activity was
retained in the W520F and W520H mutants. W520
may therefore be important for substrate binding
and possibly for the formation of specific interactions
with the substrate, but it is not directly involved in
catalysis (Table 1). The binding mode observed for
UDP and glucose in C. difficile toxin B was found to
be analogous to the one for UDP-Glc in Lgt1 (Fig. S4).
In the glycosylating toxins cytotoxin L and toxin B,

the inserts and protrusions in which the proteins
differ from the basic glycosyltransferase fold have
been suggested to be the structural determinants for
the recognition of target proteins.18 While both
clostridial toxins have been shown to glucosylate
human Rho/Ras GTPases,25,26 the target of Lgt1
differs substantially, and the structural changes in the
protein fold likely constitute an adaptation to eEF1A.
Both toxin B and Lgt1 contain a distinct α-helical

N-terminal domain that does not form part of the
general fold of GT-A. It constitutes residues 1–90 in
toxin B and residues 1–104 in Lgt1; however, while
the domain of toxin B folds into an anti-parallel four-
helix bundle, the N-terminal domain of Lgt1 consists
of a total of six helical fragments and is topologically
unrelated. In both cases, the N-terminal domains do
not face the side of the enzyme where interaction
with the target protein takes place; on direct com-
parison, they locate at very different positions with
respect to the glycosyltransferase domain (Fig. 4). A
role for this domain has so far not been assigned, and
further studies will be required in order to clarify its
significance.
The active-site environment of Lgt1 shows strong

similarities with that of toxin B, in particular with
respect to the orientation of the UDP-Glc ligand. A
notable difference lies in the presence of two
Fig. 5. Glucosylation of eEF1A by L. pneumophila Lgt1. (a
electrostatic surface potential [contoured from −10kBT (red) to
E446, line the entrance to the binding site for UDP-Glc. (b) To
protein. UDP-Glc is bound at the bottom of this cleft. (c) Carto
blue at the N-terminus to red at the C-terminus. The structur
(white). Side chains are depicted for the decapeptide 50-GKGS
peptide for Lgt1. S53 is the residue that is glycosylated by Lg
eEF1A. The relative orientation of the proteins was chosen ba
negatively charged residues, E445 and E446, located
at the funnel-like entrance to the active site (Fig. 5a).
This distinct negative patch might play a role in the
recognition and binding of the target protein; indeed,
50-GKGSFKYAWV-59, the minimal peptide frag-
ment of eEF1A required for binding to Lgt1, contains
two lysine residues. Note that exchange of any of the
lysine residues results in only a modest reduction in
the ability of the peptide to serve as a substrate for
Lgt1. Amuch stronger effect was observedwhen F or
W was exchanged for A. This might be due to
rearrangements of the S53 loop of eEF1A upon
removal of these bulky side chains, but it could also
indicate an interaction of the aromatic residues with
Lgt1. This could take place in the form of π-stacking
interactions (e.g., with the indole moiety of W520),
but direct experimental or structural evidence for
this interaction remains to be provided.
In order to elucidate the mechanism of peptide

binding, we attempted the cocrystallization of Lgt1
with the decapeptide and obtained crystals, but the
peptide fragment was not visible in the structure. To
prevent the reaction from taking place in the crystal,
we used an inactive variant of Lgt1, N293A, for
these experiments. The failure to form a complex
with the target peptide may, in part, be due to the
extended conformation of the C-terminus of Lgt1
that may have to be rearranged for complex
formation with eEF1A.
Discussion

The N293A variant of Lgt1

The conserved residue N384 was discussed to be
essential for catalytic activity in C. difficile toxin B,20

and the same is true for its counterpart N293 in L.
pneumophila Lgt1 (Fig. S3). We therefore created a
variant protein N293A with the goal of obtaining a
complex of the glucosyltransferase with a substrate
peptide. However, the structural analysis revealed
N293 not be located in immediate proximity to the
UDP-Glc ligand, but rather in the obvious access
pathway for the substrate eEF1A (see the text
below). It is therefore assumed that the role of
N293 lies in the guidance and/or binding of the
substrate to the active site of Lgt1, and that it does
not participate in the mechanism of glucosyl transfer
itself. Inactivity of the above variants is thus likely
due to reduced binding of substrate, such that a new
strategy for obtaining a Lgt1–eEF1A complex will
have to be devised.
) Surface representation of Lgt1, colored according to the
+10kBT (blue)]. Two negatively charges residues, E445 and
p view of Lgt1 highlighting the binding cleft for the target
on representation of eEF1A (PDB ID 2B7C)27 shown from
e shows a complex with eukaryotic elongation factor 1Bα
FKYAWV-59 of eEF1A, which is the minimally recognized
t1. (d) Hypothetical model for the interaction of Lgt1 with
sed on surface complementarity considerations.
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In toxin B, the role ofN384maywell be different, as
this residue, although corresponding in sequence to
N293 of Lgt1, is located closer to the UDP-Glc moiety
and is placed directly below the sugar ring, albeit
without forming any direct hydrogen bonds. The
finding that this asparagine, although conserved,
might function very differently in both glucosyl-
transferases underlines the importance of studying
other members of this diverse class of proteins.

Glycosylation of eEF1A by Lgt1

In order to perform its physiological function, Lgt1
has to recognize and specifically bind to eEF1A. Sur-
face complementarity is expected to play amajor role
in this specific interaction, and a second important
factormay be the complementarity of protein surface
charges. The electrostatic surface potential of Lgt1, as
calculated with DELPHI,28 is distinctly negative,
surrounding the obvious entrance to the binding site
for UDP-Glc (Fig. 5a). The aforementioned residues
E445 and E446 are in a prominent position to interact
with the positively charged lysines in the recognition
peptide. In a surface view of Lgt1, the clasp-like
access funnel is seen as a dominant structural feature
of the protein (Fig. 5b); in the target eEF1A, the
fragment surrounding the glucosylation site at S53 is
located at the periphery of the very N-terminal
domain of the elongation factor (Fig. 5c). The crystal
structure of eEF1A in complex with eukaryotic
elongation factor 1Bα (PDB ID 2B7C)27 shows this
site to be clearly exposed, making it the obvious
target for the binding of Lgt1. The role of the negative
electrostatic surface potential of Lgt1 is then to
promote complex formation, as nucleotide-binding
proteins such as elongation factors typically show a
positive electrostatic surface potential (Fig. S5).
Based on the requirements of a close approach of

Lgt1 and eEF1A and surface charge complementar-
ity considerations, manual docking has been per-
formed in order to assess the possible architecture of
the glycosylation complex (Fig. 5d). Without any
further modifications, the protein surfaces of the two
binding partners are a clear match, with the binding
cleft of Lgt1 being able to accommodate the exact
surroundings of S53 of eEF1A without a need for
major conformational rearrangements. We have
refrained from presenting a more detailed docking
model mainly due to the fact that the C-terminus of
Lgt1 is not in a position to allow for an optimal
interactionwith eEF1A, and it can be assumed that in
the actual complex of both proteins, the interaction
with eEF1A induces a different conformation of this
region of the glucosyltransferase. This presumed
mode of interaction of the proteins explains the
obvious protrusions observed in the structure of
Lgt1 as an optimization of affinity. In a toxin/target
complex such as the one of Lgt1 with eEF1A, the
evolutionary pressure working on both binding
partners is divergent:While the toxin will be selected
for increased affinity, the target protein will try to
evade by increasing the variability of the interface.19

It is then not surprising to find a tendency in the toxin
to increase the interaction surface and, in the long
run, to create structures such as the protrusions
observed around the glycosyltransferase domain.
The target protein, on the other hand, is very limited
in its freedom to vary its surface, as it needs to retain
its physiological function.
Experimental Procedures

Cloning of genes

The gene Lpl1319 coding for L. pneumophila Lgt1 was
PCR-amplified with PfuII Turbo (Stratagene) from the
genomic DNA of L. pneumophila strain Lens (accession no.
NC_006369) using the primers Lpl1319_fw (gccGGATCC-
atgaaagcaagaaggagtaacg) and Lpl1319_rev (gccCTCG-
AGctaccctactgaaggcaacc). The PCR product was cleaved
with EcoRI and XhoI restriction endonucleases and ligated
to the corresponding sites of the vector pET28a-TEV,which
is a modified version of the pET28a vector (Novagen)
containing a TEV protease cleavage site between the N-
terminal His tag and the authentic protein sequence. In
order to mutate Lpl1319 into Lpl1319-N293A, we per-
formed site-directed mutagenesis, using Quikchange (Stra-
tagene), with the primers listed in Table S1. The other
glucosyltransferase variants listed in Table S1 were
constructed accordingly. The sequence of the corres-
ponding plasmids was confirmed at GATC (Konstanz,
Germany).

Expression and purification of
recombinant proteins

Escherichia coli BL21* CodonPlus cells (Stratagene)
transformed with the respective plasmids were grown in
LB medium to an OD600 of approximately 0.6. Protein
expression was induced by adding IPTG up to a final
concentration of 1 mM, and the cells were grown for a
further 4 h at 23 °C. The cells were resuspended in lysis
buffer [20 mM Tris–HCl (pH 7.4), 150 mM NaCl, 25 mM
imidazole, 30 μg/ml DNase I, 10 mM β-mercaptoethanol,
and 1 mg/ml lysozyme] supplemented with Proteinase
Inhibitor Cocktail (Roche) and lysed by sonication.
Subsequently, the cell lysate was applied onto a 1-ml
HisTrap HP column (GE Healthcare) equilibrated in
buffer A [20 mM Tris–HCl (pH 7.4), 150 mM NaCl,
10 mM β-mercaptoethanol, and 25 mM imidazole] and
eluted with a linear gradient from 90 mM to 500 mM
imidazole. The protein-containing fractions were pooled
and dialysed against a dialysis buffer [20 mM Tris–HCl,
150 mM NaCl, 0.5 mM dithiothreitol, and 10% glycerol
(pH 7.4)]. The proteins were N95% pure, as estimated by
SDS-PAGE and Coomassie staining, eluting in a single
symmetric peak from a Superdex 200 column.
SeMet labeling of Lpl1319-N293A was performed using

the autoinduction medium PASM5052 by Studier.29 E. coli
BL21* CodonPlus cells transformed with the respective
plasmids were grown for 36 h at 23 °C in PASM5052 and
subsequently harvested. Purification of the protein was
carried out as described above.

Glucosyltransferase assay

Assays were carried out as published previously.14

Briefly, 1 μM recombinant enzyme was incubated with
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3 μMglutathione S-transferase eEF1A deletion peptide (29-
YKCGGIDKRTIEKFEKEAAEMGKGSFKYAWVLDKLK-
AERERGITI-73) as substrate in 20 mM Tris–HCl (pH 7.4),
150 mMNaCl, 1 mMMnCl2, and 10 μM [14C]UDP-glucose
(American Radiolabeled Chemicals, St. Louis, MO) for
2 min at 37 °C. The reaction was stopped by adding
Laemmli buffer and boiling the samples at 100 °C for 5min.
The samples were then subjected to SDS-PAGE and
analyzed by PhosphorImaging (PhosphorImager Storm
820; Molecular Dynamics, Vienna, Austria).
Crystallization and data collection

Both wild-type Lgt1 and the N293A variant were
crystallized using the sitting-drop vapor-diffusion meth-
od. One microliter of protein solution (4 mg/ml) was
mixed with 1 μl of reservoir solution containing 23% (wt/
vol) of polyethylene glycol 3350, 0.06 M ammonium
acetate, and 0.1 M sodium acetate buffer at pH 5.0. As an
additive, 0.2 μl of 2 M nondetergent sulfobetaine 211
(NDSB-211; Hampton Research, Laguna Niguel, CA) was
added to the drop, and the mixture was equilibrated
against the reservoir solution. Single crystals appeared
within 2 days and reached their maximum size after
approximately 4 days. Crystals of both wild-type and
SeMet-labeled proteins were obtained under identical
conditions. Crystals were harvested into a reservoir buffer,
and the open drop was left on air for 5 min such that some
water evaporated and the remaining buffer proved
suitable as a cryoprotectant for low-temperature diffrac-
tion experiments. Data were collected at beamline X06SA
at the Swiss Light Source (Villigen, Switzerland), with
SeMet-labeled crystals diffracting to a maximum resolu-
tion of 1.7 Å and with native crystals diffracting to a
maximum resolution of 2.3 Å. For phase determination, a
four-wavelength multiple-wavelength anomalous disper-
sion experiment was carried out at the K-absorption edge
of selenium to a maximum resolution of 1.7 Å (Table 2).
All data sets were processed using MOSFLM30 and scaled
with SCALA.30
Table 2. Data collection and refinement statistics for Lgt1

Construct data set

Lgt1-

Se λlowE Se λinflection

Wavelength (Å) 1.00000 0.97973
Resolution (Å) 22.0–1.7 (1.8–1.7) 23.6–1.9 (2.0–1
Number of reflections 433,102 (60,773) 402,084 (51,51
Completeness (%) 99.9 (100.0) 99.9 (99.9)
Multiplicity 6.9 (6.6) 8.9 (7.9)
Space group R3 R3
Unit cell axes

a=b 122.23 122.23
c 102.78 102.78

Rmerge 0.062 (0.391) 0.094 (0.482
Rpim 0.027 (0.176) 0.037 (0.194
I/σ(I) 7.3(1.9) 6.5(1.5)

Ligand U

Rcryst 0.166 (0.196)
Rfree 0.193 (0.231)
rmsd bond lengths (Å) 0.008
rmsd bond angles (°) 1.182
Average B-factor (Å2) 17.9
Diffraction precision index (Å) 0.061

Values in parentheses represent the highest-resolution shell.
Structure solution and refinement

The structure of Lgt1 N293A, in complex with UDP-Glc,
was solved by SeMAD. The positions of anomalous
scatterers were determined using SHELXD,31 and
SHARP32 was used for phase-angle calculations. SHELXD
correctly identified 10 of 15 Se sites in the asymmetric unit,
and site refinement yielded a phasing power of 1.373 at a
figure of merit of 0.501 with SHARP. Phase improvement
was carried out with SOLOMON,30 and the electron
density maps obtained were readily interpretable. A
molecular model for Lgt1 was built using Coot33 and
refined with REFMAC.34 The model consisted of residues
6–525 of the protein sequence; the first five residues, as
well as the N-terminal TEV protease cleavage site and the
hexahistidine affinity tag, were disordered. The final
model of Lgt1-N293A was refined to an R-factor of 0.166
(Rfree=0.193) at a resolution of 1.7 Å, with all residues
falling within the allowed or additionally allowed regions
of the Ramachandran plot (data not shown). The wild-
type protein, in complex with UDP, was refined to an R-
factor of 0.185 (Rfree=0.262) at 2.3 Å resolution. All figures
were prepared using PyMOL.35 During purification and
crystallization, neither Mg2+ nor Mn2+ was added.
Nevertheless, a Mg2+ bound to the phosphate groups of
UDP-glucose was modeled in the N293A variant protein
structure, based on a near-octahedral coordination geom-
etry and a total electron density that was too low for Mn2+.
We acknowledge that this is not an unambiguous
identification of Mg2+; we refrain from drawing conclu-
sions regarding the function of the protein. The nucleotide-
sugar moieties were fitted manually into the clear
difference electron density features and refined using
REFMAC.

Accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession numbers 3JSZ (Lgt1_N293A
with UDP-Glc) and 3JT1 (Lgt1 with UDP).
N293A SeMet
Lgt1 wild-type

nativeSe λpeak Se λhighE

0.97957 0.97205 1.00000
.9) 23.6–1.9 (2.0–1.9) 23.6–1.9 (2.0–1.9) 31.8–2.3 (2.4–2.3)
4) 410,579 (54,369) 409,984 (53,308) 135,112 (19,778)

99.9 (99.9) 99.9 (99.9) 99.8 (99.8)
9.1 (8.3) 9.1 (8.1) 5.1 (5.1)

R3 R3 R3

122.23 122.23 122.57
102.78 102.78 103.98

) 0.094 (0.468) 0.085 (0.434) 0.102 (0.657)
) 0.039 (0.185) 0.033 (0.172) 0.054 (0.357)

6.5(1.6) 6.9(1.7) 8.4 (2.1)

DP-glucose UDP

0.185 (0.277)
0.262 (0.317)

0.023
1.949
38.6
0.205
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