
targetsmallGTP-bindingproteins,participatinginregulation
ofvesiculartraffickingofthehostcell.Theseeukaryoticproteins
aremolecularswitches,whichareregulatedbyaGTPasecycle.
LegionellaeffectorsspecificallyswitchonorswitchofftheseGTP-
binding proteins. For example, the mammalian Arf1 protein,
whichisinvolvedinvesicleformationintheGolgi,isactivated
byLegionellaproteinRalF,whichactsasaGDP/GTPexchange
factorforthissmallGTPase(Nagaietal.,2002).Anotherexample
is the Ras-superfamily protein Rab1, which regulates various
stepsofvesicletraffickingineukaryoticcells.Rab1ismanipulated
byseveralLegionellaeffectors,includingDrrA/SidM,LidA,and
LepB (Machner and Isberg, 2006; Murata et al., 2006). DrrA/
SidMisamultifunctionalprotein,containingguaninenucleotide
exchangeactivityandadenylyltransferaseactivity(Ingmundson
et al., 2007; Machner and Isberg, 2007; Muller et al., 2010).
Legionella effectorLidAenhancesRab1recruitmentbyDrrA/
SidM(MachnerandIsberg,2006)andtheeffectorLepBbehaves
asaRab1GTPase-activatingprotein,whichinactivatestheRab
protein(Ingmundsonetal.,2007).

However,notonlyvesiculartraffickingistargetedduringbio-
genesisstepsoftheLegionella-containingvacuole.L. pneumophila
isabletomaintainaneutralpHinsideitsphagosome(Horwitzand
Maxfield,1984).ItwasshownrecentlythatT4SSeffectorSidKtargets
vacuolarATPasebyinteractingwithVatA(alsocalledVMA1),oneof
thekeycomponentsofthevesicularprotonpump,whichisinvolved
inATPhydrolysis.LegionellaeffectorSidKinhibitsATPhydrolysis,
therebyblockingprotontranslocationandvacuoleacidification(Xu
etal.,2010).SimilartootherpathogensL. pneumophilaisableto
exploittheeukaryoticubiquitin-conjugatingsystemforestablish-
ing successful intracellular infection (Ivanov and Roy, 2009). To

Multifaceted MechanisMs in LegioneLLa – host cell 
interaction
LegionellaisafastidiousGram-negativebacterium,causingsevere
pneumoniainhumansnamedLegionnaires’disease.Amongknown
species of Legionella, the most important human pathogen is
Legionella pneumophila,strainsofwhichaccountformorethan
90%ofmorbidityrecordsduetolegionellosis(Diederen,2008).
Despitethedescriptionofatleast15serogroupsinthisspecies,L. 
pneumophilaserogroup1isresponsibleforover80%ofcasesofthe
disease(Yuetal.,2002).Legionella longbeachae andLegionella boze-
manii arethenextmostcommonetiologicalagentsofLegionnaires’
disease,accountingforupto7%ofLegionella infectionsinEurope
andintheUSA(MuderandYu,2002).Interestingly,inAustraliaand
NewZealandL. longbeachaeisresponsiblefor∼30%ofLegionnaires’
diseasecases(Yuetal.,2002).Incontrasttowell-studiedL. pneu-
mophila,virulencemechanismsutilizedbyL. longbeachae andL. 
bozemanii arelargelyunknown.

Legionella pneumophila is able to multiply inside eukaryo-
tic cells – either in free-living unicellular organisms (amebae
and ciliated protozoa) or in mammalian cells (macrophages,
monocytes, epithelial cells; Jules and Buchrieser, 2007). After
uptake by host cells, the Legionella-containing phagosome is
subjected to specialized biogenesis steps, leading to transfor-
mationofthisorganelleintoanichethatsupportsmultiplica-
tionofthebacteria(Isbergetal.,2009).AspecializedtypeIV
secretionsystem(T4SS),encodedbydot andicmgeneclusters,
translocatesnumerousbacterialeffectors(>300effectors;Hubber
andRoy,2010)intotargetcells,whichparticipateinthechange
ofthephagosomeintoa“replicativevacuole”(NinioandRoy,
2007;EnsmingerandIsberg,2009).SeveralLegionella effectors
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achievethis,thebacteriumproducesseveralT4SSeffectorproteins
that function in the eukaryotic ubiquitination pathway (Kubori
etal.,2008;Priceetal.,2009,2010;Lommaetal.,2010).Legionella-
inducedmodulationoftargetcellsurvivalisalsoobservedduring
intracellularproliferationofthebacterium.SeveralLegionellaeffec-
torproteinshavebeenshowntoparticipateinapoptoticandanti-
apoptoticprocesseseitherdirectlyorindirectly(Lagunaetal.,2006;
Abu-Zantetal.,2007;Bangaetal.,2007).Moreover,L.  pneumophila
modulatesinflammatoryresponsesthroughNF-κB(Geetal.,2009;
Losicketal.,2010),inducesmitochondrialrecruitmentandmicro-
filament rearrangements (Chong et al., 2009) or regulates MAP
kinaseresponsetobacteria(Lietal.,2009).Thus,allthesefindings
indicateanextremelycomplexLegionella-hostcellinteraction.

lgts as a new faMily of glucosyltransferases in 
L. pneumophiLa
Recentlyitwasshownthatglycosyltransferases(GTs)arehighlyeffec-
tivevirulencefactorsofLegionella.Theseenzymestargeteukaryotic
substratesbycovalentattachmentofglycosylmoietiestoeukaryotic
proteinstherebyalteringtheirfunctions(BelyiandAktories,2010).

The first glucosyltransferase purified from L. pneumophila
Philadelphia-1strainwasLegionellaglucosyltransferase1(Lgt1).
Lgt1hasamolecularmassof59.7kDaandmodifiesa∼50-kDa
componentincytoplasmicfractionofeukaryoticcells(Belyietal.,
2003). The enzymatic activity is sugar-specific, i.e., only UDP–
glucose, but not UDP–galactose, UDP–N-acetyl-galactosamine,
UDP–N-acetyl-glucosamine, UDP–glucuronic acid, or GDP-
mannoseservesasdonorsubstrateinthereaction(Belyietal.,2006).

The primary amino acid sequence of Lgt1 shares little
homologywithknownproteins.Theonlynotablesimilarity is
foundbetweenthecentralregionofLgt1andthecatalyticcore
ofclostridialglucosylatingtoxins(CGT;Figure 1A;Table 1).In
thisregionseveralgroupsofconservedaminoacidresiduescould
be identified, including the two aspartic amino acids D

246
 and

D
248

, representing theDXD-motif–aknownhallmarkofGTs
(Belyietal.,2006).

DatabasesearchesinthesequencedgenomesofsixL. pneu-
mophila strains (Philadelphia-1, Corby, Lens, Paris, 2300/99
Alcoy,and130b)disclosedaltogether13openreading frames
withsignificantsequencehomologywithLgt1(Table 2).Based
uponthelevelofidentity,thesegeneproductscanbegrouped
intothreefamilies:Lgt1throughLgt3[inPhiladelphia-1strain
thegene IDs(identification labels,used todistinguishcoding
sequences)arelpg1368,lpg2862,andlpg1488,codingfor∼60kDa
Lgt1,∼70kDaLgt2,and∼100kDaLgt3,respectively].Onlyone
copyofeachgenefamilymemberispresentinthecorrespond-
ing genome. Philadelphia-1 strain contains the full set of the
genes(i.e.,lgt1,lgt2,andlgt3),whereastheotherstrainspossess
onlylgt1andlgt3.Representativeswithineachfamilyare∼90%
identicalinaminoacidsequenceswhereashomologybetweenthe
threegroups’membersareintherangeof15–27%.Lgt1,Lgt2,
andLgt3areserologicallydistinctanddonotdisplayantigenic
cross-reactivity (Belyi et al., 2008).The enzymes are grouped
into the glucosyltransferase family GT88 in the carbohydrate
modifyingenzymesdatabase(http://www.cazy.org/GT88.html;
Coutinhoetal.,2003).

FigurE 1 | (A) Alignment of partial amino acid sequences of Lgt1, SetA, 
Lpg1961 from L.	pneumophila Philadelphia-1 strain with that of proteins from a 
clostridial glucosylating toxin family: Toxins A and B from C.	difficile, α-toxin 
from C.	novyi, and lethal toxin from C.	sordellii. Gene bank accession numbers 
of the corresponding coding sequences are shown in brackets. Essential 
amino acids mentioned in the text are highlighted (DXD-motif, GT-A triad). 
(B) Alignment of partial amino acid sequences of Lgt1 from L.	pneumophila 
Philadelphia-1 with that of putative glycosyltransferases found in translated 
genomes of L.	drancourtii LLAP12 and L.	longbeachae D-4968. Identification 
codes for Lgt1 and putative glycosyltransferases in strain LLAP12 of L.	

drancourtii and strain D-4968 of L.	longbeachae (two products in each strain) 
are Lpg1368, LDG0102/LDG0103, and LLB0067/LLB3681 respectively. 
Proteins LLO1578 and LLO1721 found in translated sequenced genome of L.	
longbeachae NSW150 were 100% identical to LLB0067 and LLB3681 from L.	
longbeachae D-4968 respectively and are not shown on the figure for 
simplicity reason. Identical amino acid residues are denoted by asterisks, 
highly conserved residues by double dots, and modestly conserved residues 
by dots. The secondary structural elements were deduced from the structure 
of Lgt1 (pdb 3JSZ). The alignment was prepared using ESPript 2.2 (http://
espript.ibcp.fr).
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Acanthamoeba castellaniimodelasahostforL. pneumophila.Levels
ofmRNAcodingforLgt1ismaximalatlatephaseofco-infection,
whilelgt3isexpressedmainlyattheinitialstageofbacterium–ameba
interaction(Belyietal.,2008).Theseexperimentssuggestdiffer-
entialregulationofglucosyltransferaseactivityinL.  pneumophila,
which,inturn,indicatesspecificrolesofeachenzymeinbacterial
virulence.OnecanspeculatethatLgt3isimportantforinitiationof
infectioncycle,whileLgt1/Lgt2isnecessaryforegressofLegionella
fromthehostcell.

targeting of eef1a by LegioneLLa 
glucosyltransferases
Legionella glucosyltransferase 1, Lgt2, and Lgt3 glucosylate
an ∼50-kDa component in mammalian cell extracts, which
hasbeenidentifiedaselongationfactor1A(eEF1A).All these
Legionellaglucosyltransferasesmodifyserine-53ofeEF1A(Belyi
etal.,2006).

Toaccomplishtheirfunctionsbacterialvirulencefactorsshould
betranslocatedintocytoplasmofatargetcell.Legionellaglucosyl-
transferasesapparentlymissaspecificreceptor-bindingandtrans-
locationdomain,whichistypicalforbacterialAB-typeexotoxins.
Accordingly,theydonotproducetoxiceffects,whenaddedinto
mammaliancellculturemedium,indicatingtherequirementofa
specializedsecretionsystem.Asshowninexperimentsusingade-
nylatecyclase-orβ-lactamase-chimeras,allLgtsaresecretedvia
T4SS(deFelipeetal.,2005,2008;Hurtado-Guerreroetal.,2010).

OftenT4SSeffectorsareproducedduringthestationaryphase
ofbacterialgrowth(Bruggemannetal.,2006;Zusmanetal.,2007).
Atthisstagebacterialcellsbecomeremarkablyvirulentanddisplay
a transmissionphenotype(ByrneandSwanson,1998).Alsothe
productionofLgt1andLgt2isstronglyincreasedatthestation-
aryphaseofbacterialgrowthinbroth;however,Lgt3isdetectable
mainlyinthepre-logarithmicphaseofin vitrocultivation.Same
resultsareobtained in in vivo experimentsusing theprotozoan

Table 2 | Amino acid sequence identity of proteins of the Lgt-family of L. pneumophila (Philadelphia-1, Corby, Lens, Paris, 2300/99 Alcoy, and 130b). 

Proteins belonging to Lgt1, Lgt2, or Lgt3 groups were cross-aligned pair-wise to determine the degree of identical amino acid residues. The homology is 

shown as a percentage of identical amino acid residues. Lgt1-group glucosyltransferases are marked by green, Lgt2 – by blue, and Lgt3 – by yellow color.

Philadelphia-1  Corby  Lens  Paris  2300/99 Alcoy  130b  

 
lpg2862   lpg1488   L pc0784  L pc0903  L pl1319  L pl1540  L pp1322  L pp1444  L pa02017  L pa02168  L pw13751  L pw15081 

Lpg1368   19.8%   17.0%   98.1%   18.5%   88.6%   17.4%   97.9%   17.0%   98.5%   16.8%   90.1%   16.7%   

lpg2862   26.1%   19.5%   29.7%   22.2%   27.5%   20.6%   26.5%   19.6%   27.0%   22.5%   27.0%   

lpg1488   16.5%   86.2%   15.7%   89.4%   16.1%   94.5%   16.6%   95.3%   16.2%   93.9%   

L pc0784  18.2%   87.8%   16.9%   97.5%   16.2%   99.6%   16.6%   89.3%   16.1%   

L pc0903  17.7%   81.0%   18.3%   84.4%   18.4%   88.5%   18.1%   85.6%   

L pl1319  17.1%   88.6%   15.8%   88.2%   16.1%   96.2%   15.8%   

L pl1540  17.2%   88.2%   17.0%   92.2%   17.3%   94.1%   

L pp1322  16.6%   97.9%   16.7%   90.3%   16.7%   

L pp1444  16.3%   93.3%   16.1%   92.2%   

L pa02017  17.0%   89.7%   16.3%   

L pa02168  16.5%   96.6%   

L pw13751  16.8%   

Table 1 | Comparison of glucosyltransferases Lgt from L. pneumophila with large clostridial toxins.

Property L. pneumophila Lgts Large clostridial toxins

Molecular mass 60–100 kD 250–310 kD

Target substrate Large G-proteins (eEF1A, Hbs1) Small G-proteins (Rho/Ras proteins)

Co-substrates UDP–glucose UDP–glucose, UDP–N-acetyl-glucosamine

CAZY classification GT-A family, GT88 GT-A family, GT44

Target amino acid in substrate Serine Threonine

Stereochemical type of glycosylation Retaining Retaining

Substrate recognition requirements Low High

Intracellular translocation mode Type IV secretion system Receptor-mediated endocytosis

Cellular effect Inhibition of protein synthesis Destruction of the actin cytoskeleton, inhibition of Rho/Ras signaling
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hbs1 protein as a novel substrate of LegioneLLa 
glucosyltransferase lgt
In silicoscreeningswiththeminimalpeptidesequence,whichis
acceptedassubstrateforglucosylationbyLgts,retrievedthe70-kDa
Hsp70subfamilyBsuppressor1(Hbs1)asanotherpossibletar-
get for Lgt1. Hbs1 shares significant sequence similarities with
eEF1A(19%identity)andreleasing factoreRF3(24%identity)
allovertheprotein.Moreover,yeastHbs1andhumanHbs1-like
proteins contain the decapeptides 210-GKSSFKFAWI-219 and
311-GKASFAYAWV-320,respectively,whicharemodifiedbyLgts.
In vitro,allLgt-familymembersarecapableofglucosylatingHbs1.
However, so far it isnotknownwhetherHbs1 isa substrateof
Legionellaglucosyltransferasesinintactcells.

ThefunctionalroleofHbs1hasbeenthetopicofseveralinvesti-
gations.First,itwasshownthatanincreasedcopynumberofHbs1
suppressesthegrowthdefectoftheS. cerevisiae doublemutantin
ssb1andssb2genes.ProteinsSsb1/2arechaperonesoftheHsp70
familythatareassociatedwithtranslatingribosomesandmayaid
inthepassageofthenascentpolypeptidethroughtheribosome
channel into the cytosol (Nelson et al., 1992). Thus, these first
experimentssuggestaroleofHbs1inthetranslationalmachinery
althoughitsprecisefunctionhasnotbeenestablished.

FirstdirectindicationtowardtheroleofHbs1ineukaryoticcell
physiologycamefromstudiesonthemechanismofRNAsurveil-
lanceinyeast.Stalledtranslationalcomplexes,whichhaltinelon-
gationduetoinhibitorystructuresordefectsoftranslatedmRNA

ElongationfactoreEF1A,whichisoneofthemostabundant
proteinsineukaryoticcells,playsakeyroleinribosome-dependent
proteinsynthesis(Ramakrishnan,2002).ItpossessesGTP-binding
andGTPaseactivitiesandisrequiredfortherecruitmentofami-
noacylated tRNAto theA-siteofmRNA-chargedribosomes. In
addition,eEF1Awasshowntobeinvolvedinseveralothercellu-
larprocesses(MateyakandKinzy,2010),includingtranslational
control,assembling/foldingofnewlysynthesizedproteinsandpro-
teosomaldegradationofincorrectlyfoldedpeptides(Hotokezaka
etal.,2002;Chuangetal.,2005),lipotoxiccelldeath(Borradaile
etal.,2006),apoptosis(Ruestetal.,2002),nuclearexport(Khacho
etal.,2008),viralpropagation(Matsudaetal.,2004),andregula-
tionofactincytoskeletonandcellmorphology(Ejiri,2002;Gross
andKinzy,2005).

NostructuraldataformammalianeEF1Aisavailable;however
the very similar yeast elongation factor 1A from Saccharomyces 
cerevisiaehasbeencrystallizedandanalyzedindetail(Andersen
etal.,2000).TheobtainedstructureshowsthateEF1Aiscomposed
ofthreedomains(Figure 2):domain1consistsof∼240residues
and ischaracterizedbyaRas-like fold(Kjeldgaardetal.,1996).
ItcontainsconsensussequencesoftypicalGTP-bindingproteins
andistermedtherefore“G-domain.”Keyfeaturesofthisdomain
arebindingandhydrolysisofGTP.Domains2and3,consistingof
89and107residuesrespectively,haveaβ-barrelstructureandare
involvedininteractionwithdifferenttargetslikeaminoacyl-tRNA
andtheelongationfactoreEF1Bα,whichisaGDP/GTPexchange
factorofeEF1A(Andersenetal.,2000).

Serine-53 of eEF1A (Figure  2, shown in yellow), which is
modifiedbyLgt,islocatedintheG-domainneartheswitch-1
regionoftheGTPase(Belyietal.,2006,2008).Fortheprokaryotic
analogEF-Tu, it isknownthat theswitch-1regionundergoes
major conformational changes, depending on the nucleotide
bound(GDPorGTP;Abeletal.,1996;VetterandWittinghofer,
2001).HoweverineEF1Atheswitch-1regionisnotwelldefined,
becausetwoadditionalhelices(A*andA′)arepresent,andno
nucleotide-dependentstructuralchangesinthisregionhavebeen
reported for eEF1A so far. Noteworthy, bacterial EF-Tu lacks
Ser-53excludingalterationofproteinsynthesisbyglucosylation
inLegionella.

Surprisingly,fragmentsofrecombinanteEF1Aarebettersub-
stratesforglucosylationthanfullsizeeEF1Ain vitro.Truncation
analysis revealed that considerable portions of the elonga-
tion factor are dispensable for substrate recognition. Neither
domains2nor3ofeEF1Aarenecessaryforglucosylation.Even
the G-domain can be reduced to a decapeptide comprised of
residues50-GKGSFKYAWV-59.Thispeptiderepresentstheloop
ofthehelix–loop–helixregionformedbyhelicesA*andA′of
eEF1AandispartofthefirstturnofhelixA′(Figure 2,shown
inred).SubstitutionofSer-53,Phe-54,Tyr-56,orTrp-58with
alaninepreventsorstronglydecreasesglucosylation.Evenmore
surprising is thefinding thatmodificationof thedecapeptide
byLgt1ismoreefficientthantheglucosylationoftheisolated
full length eEF1A. This suggests that the substrate properties
ofeEF1Adependonaspecificconformationofthefulllength
protein,whichallowsmodificationby theLegionella enzymes
(Belyietal.,2009).

FigurE 2 | Structural view of yeast elongation factor eEF1A (adapted 
from pdb 1iJF). Elongation factor eEF1A consists of three main structural 
parts: domain 1 (G-domain), domain 2, and domain 3 (indicated by numbers). 
The decapeptide (GKGSFKYAWV), which is a sufficient substrate for 
glucosylation by Lgt, is shown in red. Serine-53, which is modified by 
glucosyltransferases Lgt, is shown in yellow. The complexed fragment of 
eEF1Bα molecule, which is present in the original structure, is omitted.
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theacceptorbindinggroove.Theunique functionor structural
importanceoftheC-terminalextensionofLgt3remainselusive.It
wasshownthatLgt2andLgt3andseveralotherLegionellaeffectors
havetheirtypeIVsecretionsignalintheC-terminusoftheprotein.
IncontrastLgt1seemstohaveitstypeIVsecretionsignalsequence
intheN-terminalregion(Hurtado-Guerreroetal.,2010).Theexact
positionormotifsforthissignalarenotknownyet.InLgt1itwas
speculated that this region is located within the first 10 amino
acids,whichwereunfortunatelydisorderedinthecrystalstructures.

udp–glucose binding pocket
AsdepictedinFigure 3Bthebindingofthesugarnucleotidepro-
ceedsvialoopsofthecentralβ-sheetandtheprotrusiondomain
ina“curledunder”conformation typical inGTs(Gibsonetal.,
2004;Qasbaetal.,2005).Inthistenseconformationtheglucose
moietyistuckedunderneaththepyrophosphatebridgeposition-
ingtheanomericcarbonofglucoseinsuchamannertoprovide
access for the incomingacceptorsubstrate.Thenucleotidepor-
tionisboundbythreeloops(α12–α13,α4–α8,C-terminalloop)
mainlyviahydrogenbondingtothebackbone.Theuracilringof
UDPissandwichedbetweenTrp-139andPro-225byhydropho-
bicstacking.Thedistalpartoftheglucosylmoietyofthedonor
substrateisboundbyatypicaltriadbindinggeometryformedby
Asp-230,Arg-233,andAsp-246(Figure 3B;Negishietal.,2003;
Janketal.,2007).Thisspecifichydrogenbondingnetworkmight
determinethesugarselectivityatthe4′-OHposition,thususing
glucoseinsteadofgalactose.ComparisonofUDP–glucosebound
toLgt1intheintactandcleavedformshowedthatinbothstates
thenucleotidesareboundinthesamemannerandadoptthesame
conformation.Themainstructuraldivergenceisseeninaposi-
tionalshiftoftheanomericcarbonofabout1.6Å.Interestingly
thesameshift is recognized in thestructureofC. difficile toxin
B. Structural analysis of carbohydrate metabolizing enzymes as
glycosidasesrevealasimilarmovementoftheanomericatomof
the sugar after hydrolysis, here called “electrophilic migration”
(Vocadloetal.,2001).Thisconservedmovementsubstantiatesthe
mechanisticimportanceofglobalstructuralrearrangementsofthe
GTleadingtoasignificantdistortionofthedonorsubstrateduring
transitionstateandhydrolysis.

dXd-Motif
TheDXD-motif(Asp-246andAsp-248)upstreamofashorthydro-
phobicpatchistheremarkablemotifforGTsoftheGT-Atypeand
crucialfordivalentcationbinding(Figures 1 and 3).InLgt1the
cationiscoordinatedinanoctahedralcomplexwheretwovalences
areoccupiedbytheα-andβ-phosphatesofUDP.Asinseveralother
GTsonlythesecondasparticacidoftheDXD-motifisinvolved
indirectcationcoordination,thefirstresiduecoordinatesMn2+
through a water molecule and hydrogen bonds a distal glucose
hydroxyl.Theremainingtwovalencesareoccupiedbywatermol-
ecules.Onlymutationofthefirstasparticacidleadtodramatic
reductioninenzymeactivityshowingitsfundamentalimportance
(Hurtado-Guerreroet al., 2010).The roleof the divalentmetal
ioninLgtsasinotherGTsseemstobeseveralfold.Bindingofthe
metalioninconjunctionwiththedonorsubstrateisaprerequisite
fortheinductionofaconformationalchangeintheC-terminal

(e.g.,hairpinloops,rarecodons,chemicaldamage),aresubjected
tospecificdegradationsteps,termed“no-go-decay”(NGD).NGD
startswithendonucleolyticcleavageofmRNAsnearthesiteofthe
stallfollowedbydegradationofproduced5′and3′ribonucleicacid
fragments(DomaandParker,2006).Suchinitialcleavageappearsto
dependonHbs1andanotherproteinDom34.DeletionofDom34
avoidendonucleolyticcleavage,whiledeletionofHbs1strongly
reducedbutnotpreventedNGD.Thelatterobservationsuggests
thatHbs1althoughimportantisnotabsolutelyrequiredforthis
typeofmRNAsurveillancesystem.Recentstudiesbyusingin vitro
reconstituted yeast translation system shed more light onto the
functionofHbs1/Dom34complex.Accordingtothesedata,Hbs1/
Dom34directlydestabilizesthemRNA:ribosomecomplexandpro-
motesrecyclingofitsfunctionalcomponents(Shoemakeretal.,
2010).Sofar,however,itcompletelyenigmatichowprocessesof
NGDarerelatedtotheinfectionbiologyofLegionella.

structural and Mechanistic features of 
L. pneumophiLa glucosyltransferase lgt1
ThecrystalstructureofLgt1wassolvedrecentlybytwoindepend-
entresearchgroupsalmostsimultaneously(Figure 3A;Hurtado-
Guerreroetal.,2010;Luetal.,2010).Inprinciplethestructures
resembletwocatalyticstates.Onestructurerepresents thecata-
lytic competentstatewithintactUDP–glucoseandthedivalention
preformedforacceptorbindingandmodification(LplGT·UDP–
glucose·Mg2+pdb2WZG,3JSZ).Thesecondstructuremostlikely
exhibits the product state with the donor substrate hydrolyzed
(LppGT·UDP·glucose·Mn2+,pdb2WZF).

In general, the structure of Lgt1 shows a mixed α/β-fold,
whichisgroupedintotheGT-AfamilyofGTs.Lgt1canbedis-
sectedintothreedifferentstructuraldomains.DomainIconsists
ofsevenN-terminalα-helices(α1–α7)withyetunknownfunc-
tions(Figure 3A).DomainIIconstitutesthetypicalGTGT-Acore
domainwithatwistedcontinuouscentralβ-sheetsurroundedby
α-helicespresentingthedoubleRossmannfold-likesignature(α8–
α15/β1–β10).Thisnucleotidebindingdomainharborsthedonor
substrate-bindingsiteandcatalyticimportantresidues.Domain
III is a predominant α-helical“protrusion domain” (α16–α30/
β11–β12)suggestedtobeinvolvedinacceptorsubstrate-binding
(Hurtado-Guerreroetal.,2010).Asacommonstructuralfeature
inGTs,LgtspossessaC-terminalflexibleloop,whichseemstobe
importantfortheproperarrangementoftheacceptorbindingsite
andthereleaseofthereactionproducts(Figure 3A).Structural
BLASTswithLgt1showhighestsimilaritywiththeCGTtoxinB
fromC. difficile,lethaltoxinfromC. sordellii,andα-toxinfromC. 
novyi.SimilarityisrestrictedtothecatalyticcoreoftheGTs,where
interestinglyseveralcatalyticallyimportantresiduesarestructurally
verywellconserved(Figure 1A).TheN-terminalhelicaldomains
(domain I)of toxinBandLgts are topologicallyunrelatedand
thefunctionasasubcellularsortingsignal,asfoundinCGTs,is
not analyzed yet for Lgts (Mesmin et al., 2004; Kamitani et al.,
2010).SequencecomparisonofLgt1withtheotherfamilymem-
bersLgt2andLgt3showsanoverallidentityofonly18–28%,due
toseveraladditionalcoiled-coildomainsandC-terminalexten-
sions.Nevertheless,remarkablyhighconservationisfoundinthe
nucleotidebindingsite,thesuggestedcatalyticaminoacids,and
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observed in GTs with GT-A and GT-B fold (Boix et al., 2001;
Flintetal.,2005;Qasbaetal.,2005;Gordonetal.,2006;Kubota
etal.,2006;Ramakrishnanetal.,2006;Ziegleretal.,2008).Inthe
structureofLgt1theloopshowsonlysufficientelectrondensity
intheUDP–glucoseboundform(closedconformation)dueto
highmobilityoftheloopwithoutintactdonorsubstrate.Forthe
closesthomologousGTs,theCGT,theconformationalchangesof
theflexibleloopswerecrystallographicallyproven(Ziegleretal.,
2008).Initsapo-formtheclostridialenzymesresembleanopen
conformationwheretheUDP–sugarhasaccesstothedonorsub-
strate-bindingpocket.UponUDP–sugar-bindingtheloopcloses
andrendersitsC-terminalrandomcoilstructuretoarigidα-helix.
Thereby rearrangementofa structurally conserved tryptophan
residue (tryptophan-520 in toxinB) is induced resulting in an
extensivemovementofabout15Åtobindtheβ-phosphateofthe
nucleotide.MutationofthisresidueinC. difficiletoxinBreduces
theenzymaticandhydrolyticactivity(transferreactiontowater
instead of protein acceptor) of the GTs drastically implicating
itsdecisiveroleincatalysis.Lgt1harborstryptophan-520atthe
exactsamepositionandsuggeststhesamemechanisticfunction.

flexibleloopregion(Ziegleretal.,2008).Furthermore,theionis
necessaryforthestabilizationofthetransitionstateduringcataly-
sis by compensating the negative charge of the β-phosphate of
thenucleotideandfacilitatingthedepartureoftheleavinggroup
(CharnockandDavies,1999;Qasbaet al., 2005;Ramakrishnan
etal.,2006;Hurtado-Guerreroetal.,2010).

glycosyltransfer MechanisM
Ingeneral it isassumedthat thereactioncatalyzedbyGTsfol-
lowsa sequentialorderedmechanism.Here, themetal ionand
sugarnucleotidebindfirstfollowedbytheacceptor(Qasbaetal.,
2005).Afterglycosyltransfer theproduct is ejected followedby
thenucleotideandthemetalion.ForLgtstherearesomehints
thatthemetalionremainsboundtotheenzymeverytightlyand
isnotejected(unpublisheddata).Thereleaseoftheproductsis
accompaniedbychangesintheflexibleloopregionduringwhich
UDPisejected.InLgt1thereisoneC-terminallylocatedmobile
loop(aminoacid513–525).Thisloopmostlikelyrearrangesupon
binding to the donor substrate (Figure  3A; Hurtado-Guerrero
et al., 2010). This conformational change is a general feature

FigurE 3 | Cartoon presentation of Lgt1 crystal structure in complex 
with uDP–glucose and Mg2+ (pdb code 3JSZ). (A) The N-terminal domain 
is depicted in blue, the central domain in gray and the protrusion domain 
in brown. The central beta sheet is shaded in light blue. UDP–glucose is 
shown in sticks and Mg2+ as a red sphere. The flexible loop region is 
highlighted in dark red. Aspartic acid residues of the DXD-motif, Trp-520 of 
the flexible loop, Trp-139 stacking the base are shown in sticks. (B) Magnified 
view on the catalytic site of Lgt1 as in (A) with intact UDP–glucose (white) 

and glucose shifted about 1.6 Å after cleavage (dark blue; deduced from 
pdb 2WZF). Important amino acids are shown as sticks. Trp-139 is stacking 
the uracil ring of the donor, Asp-230, Arg-233, and Asp-246 are orientating 
the distal part of glucose as a triade. Asp-248 of the DXD-motif is 
coordinating the divalent ion (red) in conjunction with three additional 
water molecules. Trp-520 of the flexible loop is marked in red. (C) Schematic 
representation of the catalytic site as in (B) with important amino acids marked 
and highlighted.
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flipsintothecatalyticpocket.Inthisstatethecatalyticcompetent
conformation and the substrate-binding site is arranged. The
Mn2+ and/or the pyrophosphoryl group abstract the proton of
the incoming acceptor amino acid Ser-53 of eEF1A, leading to
thepositivechargedoxocarbeniumglucosyl-intermediate,which
isthenattackedbySer-53leadingtotheproductsUDP,Mn2+,and
glucosyl–eEF1A.Afterdissociationofgluc–eEF1Atheflexibleloop
opensandreleasesUDPandthecationtostartanewreactioncycle.

lgt1–eef1a interaction
TheputativeacceptorbindingsiteofLgt1includestwoacidicresi-
dues(Glu-445andGlu-446)locatedatthefunnel-likeentranceto
theactivesiterepresentinganoverallnegativecharge.Mutation
ofeachoftheseresiduesleadstoaslightlyreducedglucosyltrans-
ferase activity without reducing the affinity of UDP–glucose to
thecatalyticsite,implicatingaroleinacceptorsubstrate-binding
(Hurtado-Guerreroetal.,2010).InthesubstrateeEF1Atheaccep-
toraminoacidSer-53residesonaloopbetweentwohelices(helix
A*–loop–helixA′)oftheGTPasedomain.Serine-53isflankedby
twoconservedlysineresiduesprotrudingasapositivechargefrom
the GTPase domain. It was assumed that this opposite electro-
staticsurfacepotentialiscrucialfortheLgt1–eEF1Ainteraction
andprovidesthenecessaryaffinityfortheenzyme–substratecom-
plex(Hurtado-Guerreroetal.,2010;Luetal.,2010).Contradictory
results,however,camefromcomprehensivebiochemicalanalysis,
borderingtheminimalsubstratedeterminantsofeEF1A.Herethe
authorsshowedthattheselysineresiduesseemnottobeoffunda-
mentalimportanceforanefficienttransferreaction(Belyietal.,
2009). This is in line with putative substrate Hbs1, which con-
tainsonlyonelysineresidueadjacenttoSer-53andisremarkably
modified.Usingthelocationoftheacceptorsiteserine-53andthe
overallshapeofLgt1andeEF1A,dockingsimulationshavebeen
performed,revealinganinteractionmodelofanenzyme–substrate
complex.Theflexibleloopoftheglucosyltransferasehastoadopta
slightlydifferentconformationuponsubstrate-binding(Luetal.,
2010).Interfacemutagenesisofthekeyexposedaminoacidtyro-
sine-454andbiochemicalanalysissupportthisinteractionmodel
(Hurtado-Guerreroetal.,2010).ConsideringthateEF1Abyitself
isaratherpoorsubstrateandstructuralsubstratedeterminantscan
bereducedtoadecapeptide,itisassumedthataparticularconfor-
mationofEF1Aisthepreferredsubstrateorthenon-ambiguous
substrateconsistsofadditionalhostfactors,whicharenotconsid-
eredinthesuggestedinteractionmodel(BelyiandAktories,2010).

putative glycosyltransferases in LegioneLLa
SequenceanalysisoftheL. pneumophilagenomeallowedidentifica-
tionofotherputativeGTschromosomallylocatedinT4SSeffector
regions(Francoetal.,2009).

Ascreenof127confirmedandputativeDot/Icmsubstratesfor
theirabilitytogeneratelethalyeastphenotypesallowedidentifica-
tionofa∼72-kDaproteintermedsubversionofeukaryoticvesicle
traffickingA(SetA;Heidtmanetal.,2009).Itscodingsequencehas
IDlpg1978 inthegenomeofL. pneumophilaPhiladelphia-1strain
butisnotpresentinthegenomeofL. longbeachae(Cazaletetal.,
2010; Kozak et al., 2010). Expression of this gene in S. cerevisiae
resultedinsecretorydefectsdetectedbyalteredtrafficking/processing
ofyeastmarkerscarboxypeptidaseYandalkalinephosphatase.SetA

ExtendedmutationalanalysisofLgt1revealsthattryptophan-520
isnotdirectlyinvolvedincatalysisbuthasratherthefunctionto
bindtheacceptorsubstrate(Luetal.,2010).

stereocheMistry
ApartfromthestructuralfoldGTsarecategorizedanddistinguished
by its stereochemistry in glycosyl transfer mechanism, whether
theanomericconfigurationoftheglycosylmoietyisretainedor
inversed(Coutinhoetal.,2003).Lgt1wasshowntobearetaining
GT.NMRstructuralanalysisofglucosylatedpeptidesrevealedthat
thesugaristransferredtotheacceptorwithnetretentionofthe
α-anomericconfiguration(Belyietal.,2009).Themechanismfor
invertingGTsiswellunderstoodandfollowsasinglenucleophilic
substitutionandtherebyinversionofthesugarC1configuration
(Lairson et al., 2008). For a retaining mechanism two possible
reaction schemesarehighlydiscussed, thedoubledisplacement
mechanismorasingleS

N
i-likemechanism(Daviesetal.,1997).

InthedoubledisplacementstrategytwosubsequentS
N
2-reactions

occureachwithinversionoftheanomericbond.ForGTsthedouble
displacementtheoryseemstoberejectedalthoughthereareseveral
reportsoftrappedglycosyl-enzymes(Mosietal.,1997;Uitdehaag
etal.,1999;Gastineletal.,2001;Lairsonetal.,2004;Ramakrishnan
etal.,2006;Soyaetal.,2011).Mainlythelackofanappropriate
positionedconservednucleophilicaminoacidontheβ-faceofthe
sugararguesagainstthistheory(Lairsonetal.,2008).InLgtsthe
conservedaminoacidAsn-293islocatedattheN-terminusofa
structurallyconservedcentralα-helixintheobviousaccesspath-
wayofthesubstrateeEF1A.Thereitismoderatelypositionedto
actasanucleophilontheβ-faceofthesugar.Althoughmutations
ofthisresidueleadtoseverelyreducedenzymeactivity,Asp-293
seemsnottobeinvolvedinthetransfermechanismitself.Itrather
functionsintheguidanceand/orbindingoftheacceptorsubstrate
(Luetal.,2010).

IncontrasttothedoubledisplacementmechanismtheS
N
i-like

mechanismproceedsthroughashort-livedoxocarbeniuminterme-
diate.Thisintermediateisstabilizedbytheenzymeandshielded
ontheβ-faceofthesugartherebypreventinganucleophilicattack
fromtheoppositesideofthereactioncenter(Lairsonetal.,2008).
AnideaforLgt1reactinginthismannercomesfromtherelated
crystalstructureoflethaltoxinfromC. sordellii.TheCa2+-ligated
structurepresentedaglucosylhalf-chairconformationassuming
anoxocarbeniumintermediatestate,theprerequisitefortheS

N
i-

liketransfermechanism(Ramakrishnanetal.,2006;Ziegleretal.,
2008). Furthermore, studies with inhibitory glucomimetics and
iminosugars,mimickingtheoxocarbeniumionintermediatestate
conformationduringcatalysis,confirmedtheS

N
i-likemechanism

fortheCGTbiochemicallyaswellasstructurally(Janketal.,2008).
Lgtsmightreactinthesamemannerastherelatedtoxinsbutmore
studiesarenecessary.

In conclusion, the retaining reaction mechanism of the Lgts
seemstofollowaS

N
i-likemechanism.Theglycosyltransferreac-

tionstartswiththebindingofthedivalentcationtoAsp-248of
theDXD-motifandthebindingofthedonorsubstrateUDP–glu-
coseintotheopencleftoftheenzyme.Hereby,Trp-139isstacking
thebaseandAsp-230,Arg-233,andAsp-246coordinatethedistal
partoftheglucosylmoiety.Subsequently,thelongC-terminalflex-
ible loop rearranges to the closed conformation where Trp-520
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finalstagesoftheintracellularlifecycle,Legionellahastokilland
escapetheeukaryoticcellandeEF1A-targetingglucosyltransferases
mayparticipateinsuchataskasstronglethaltoxins.

Analternativehypothesisaboutthesmartrolesofbacterialeffec-
torsofLegionellahasbeenproposedrecentlyfrominvestigationsof
theT4SSeffectorSidI(Shenetal.,2009).The∼110-kDaproteinSidI
(Lpg2504)exhibitsatoxicphenotypeinyeast.Itwasdemonstrated
thatSidIinteractswitheEF1AandeEF1Bγandinhibitsproteinsyn-
thesisbothin vitroandin vivo.Anothertypeofactivity,associated
withSidIisitsparticipationinastressresponseofeukaryoticcell.

Itisknownthatstressresponseinmammaliancellsiscontrol-
ledbyheatshocktranscriptionfactor1(HSF1),whichisableto
bind specific promoters (heat shock elements, HSE) and thus
inducesproductionofapanelofheatshockproteins,necessary
torescueeukaryoticcells,sufferingunderunfavorableconditions
(Sargeetal.,1991).ActivationofHSF1isdependentuponforma-
tionofamulti-componentcomplex,consistingofHSF1,eEF1A,
and∼0.6kbnon-codingRNAmolecule,termedheatshockRNA1
(HSR1;Shamovskyetal.,2006).Infectionofmacrophage-likecells
U937withvirulentL. pneumophila,butnotwithasidI-negative
mutant,resultedineukaryoticstressresponsedetectedbyelevated
levelofHFS1/eEF1Acomplex,increasedbindingofHSF1toHSE
and stimulation of hsp70 expression. Similar phenomena were
observedbytransfectionoftargetcellswithSidI-codingplasmid
(Shenetal.,2009).TheseresultsindicatesthatHSF1isactivated
duringL. pneumophilainfectionandSidI,showninitiallytosup-
pressproteinsynthesis,contributestosuchanactivation.

Thus,bearinginmindthemultitudeofitscellularfunctions,tar-
getingelongationfactor1AbyLgt1/2/3mayleadtopleiotropicout-
comesandtheobservedcytotoxicitymaybeasideeffectofsomeother
pro-bacterialconsequenceofeEF1Aglucosylation(Ensmingerand
Isberg,2009).TheproposedmodificationofHbs1bytheLegionella
effectorsfurtheraddscomplexitytothelistofevents,whichmight
becausedbytheenzymaticactivityoftheglucosyltransferaseLgt.

RecentfindingsindicatethatapartfromClostridia and Legionella,
otherbacteriacanalsopossessGTactivitiesasimportantvirulence
strategies.Listofsuchputativeglycosylatingmoleculesincludes
severalproteins foundinChlamydia trachomatis (Bellandetal.,
2001).Onesuchprotein,termedCT166,wasshowntoinduceRac-
dependentactinre-organizationandmammaliancellrounding,
resemblingactionofglucosylatingtoxinBofC. difficile(Thalmann
etal.,2010).Othertoxinswithpossibleglycosylationtypeofactivity
includeLifAandtoxinBofentericpathogens(Stevensetal.,2004).
Thesefindings suggest thatglucosylation ismoreoftenusedby
pathogenstoprevailinahostileenvironmentassuggestedbefore.

Ontheotherhand,controloftranslationalprocessesofhostcells
isawell-knownmechanismusedbyvariouspathogenicbacteriaand
accomplishedbydifferentenzymaticactivities, e.g.,Pseudomonas 
aeruginosaexotoxinAanddiphtheriatoxininhibitproteinsynthesis
byADP-ribosylationofeEF2,whileShiga-andShiga-liketoxinsfrom 
ShigellaandEscherichia coli,respectively,blockhosttranslationby
N-glycosidaseactivity(Popoff,1998).Biologicalpurposeofinhibi-
tionofproteinsynthesisaccomplishedbythelattergroupoftoxins
isstillnotcompletelyclear.Butthefactthatunrelatedenzymatic
activities(i.e.,glucosylation,ADP-ribosylation,andN-glycosidation)
resultinterminationofeukaryoticproteinsynthesissuggestscritical
importanceofthistargetinginhost–pathogeninteraction.

seemedtobelocalizedtolateendosomal/lysosomalcompartments,
co-localizingwitheukaryoticmarkerproteinsLAMP-1andRab7.
InL. pneumophila-infectedcellsSetAwassecretedintoeukaryotic
cytosolinanIcm/DotA-dependentmanneranddemonstratedtro-
pismforhostcellmembranes.Oneinterestingstructuralfeatureof
thisproteinistheoccurrenceoftheGT-characteristicDXD-motif
(D134SD136).MutationofbothasparticacidresiduesinSetAtoalanines
alleviatedthetoxicphenotype,suggestingalinkbetweenpossibleGT
activityoftheproteinanditslethaleffectinyeast.Bearinginmindits
subcellulardistributionandalteredtraffickingphenotypesinyeast,
transformedwiththegenesetA,thesemutationexperimentsraise
thepossibilitythatSetAglycosylatesandinactivatesafactorofthe
endosomalproteinsortingmachinery.

BLASTsearchforproteinssimilartoSetAintheL. pneumophila
Philadelphia-1genomerevealsa∼59-kDaprotein,representinga
productoflpg1961gene(Figure 1A).Productofthisgenewasalso
toxicforS. cerevisiaeandcausedselectivedefectsonalkalinephos-
phataseprocessinginyeast(Heidtmanetal.,2009).Inaccordance
toseveralGTsthisproteinalsopossessesaDXD-motifwiththe
canonicaltyrosine,asparticacidandarginineresiduesoftheGT-A
triadupstreamtheDXD-motif(Figure 1A).Thesefeaturespointed
towardapossibleGTactivityinthisL. pneumophilaproductaswell.

Recently,genomesequencesofthetwonon-pneumophilaspecies
becameavailable–Legionella drancourtiistrainLLAP12(Moliner
etal.,2010)andL. longbeachaestrainsD-4968andNSW150(Cazalet
etal.,2010;Kozaketal.,2010).BLASTsearcheswithinthesestrains
disclosetwoproteinsinL. drancourtii(LDG0102andLDG0103)and
twoproteinsineachL. longbeachaegenomes(LLB0067/LLO1578
andLLB3681/LLO1721),showingidentityofaround15%withLgt1.
Identicalaminoacidresiduescouldbefoundpredominantlyinthe
firstthirdoftheproteins(Figure 1B),whilehomologyoutsidethis
regionwasinsignificant.Althoughallthesefourproteinspossessa
DXD-containingregionresemblingthatoftypicalGTs,thenature
oftheirenzymaticactivity(ifany),theirtargetsanddonorsubstrates
remaintobedetermined.Furthermore,itisquestionablewhether
theseputativeGTsaresecretedLegionellaeffectors.Itmightbethat
theirfunctionliesnotinvirulencebutratherinbasiccarbohydrate
metabolismofthebacterium.

functional consequences of glycosylation and 
open questions
Major targetsofLgt-catalyzedglucosylationarecrucialcompo-
nentsoftranslationalmachineryofeukaryoticcells,e.g.,eEF1A
andHbs1.AdditionofLgt1,Lgt2,orLgt3toin vitro reticulocyte
oryeasttranslationalextractsresultedinadose-dependentinhibi-
tionofproteinsynthesis.Furthermore,introductionofLgtsinto
mammaliancellsbyelectroporationresultsineEF1Amodification,
proteinsynthesisinhibition,anddeath(Belyietal.,2006,2008).
Similarly,expressionofgenescodingforLgt1,Lgt2,orLgt3inS. 
cerevisiaeresultedinyeastcelldeath(Heidtmanetal.,2009).

Uptodate,theprecisemechanismofproteininhibitionbyLgt-
inducedglucosylationofSer53ofeEF1Aisstillnotclear.Moreover,
theroleofLgt-inducedproteinsynthesisinhibitionintheinfection
biologyofLegionella isnotknown.One speculation is that the
actionofLgtstronglydecreasesgeneralmetabolismandthereby
antibacterial activity and, thus, makes host cells “defenseless”
againstproliferationofinvadingbacteria.Ontheotherhand,at
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