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Dephosphocholination by Legionella
effector Lem3 functions through
remodelling of the switch II region of Rab1b

Marietta S. Kaspers 1,6, Vivian Pogenberg 1,6, Christian Pett 2, Stefan Ernst3,
Felix Ecker 4, Philipp Ochtrop 2, Michael Groll 4, Christian Hedberg 2 &
Aymelt Itzen 1,5

Bacterial pathogens often make use of post-translational modifications to
manipulate host cells. Legionella pneumophila, the causative agent of
Legionnaires disease, secretes the enzyme AnkX that uses cytidine
diphosphate-choline to post-translationallymodify the human small G-Protein
Rab1 with a phosphocholine moiety at Ser76. Later in the infection, the
Legionella enzyme Lem3 acts as a dephosphocholinase, hydrolytically
removing the phosphocholine. While the molecular mechanism for Rab1
phosphocholination by AnkX has recently been resolved, structural insights
into the activity of Lem3 remained elusive. Here, we stabilise the transient
Lem3:Rab1b complex by substratemediated covalent capture. Through crystal
structures of Lem3 in the apo form and in complex with Rab1b, we reveal
Lem3’s catalytic mechanism, showing that it acts on Rab1 by locally unfolding
it. Since Lem3 shares high structural similarity with metal-dependent protein
phosphatases, our Lem3:Rab1b complex structure also sheds light on how
these phosphatases recognise protein substrates.

Legionella pneumophila is a gram-negative bacterium that causes
Legionnaires’ disease by infecting human alveolar macrophages. After
phagocytosis by the immune cell, the bacterium escapes the cellular
defence mechanisms by forming a replicative organelle referred to as
the Legionella containing vacuole (LCV). Crucial to the evasion of host
defence is the release of about 330 bacterial proteins (also known as
bacterial effectors) through the type IV secretion system1–4.

Among the many host targets of the bacterial effectors are Rab
proteins, in particular the small G-protein Rab1b, which acts as a cen-
tral regulatory hub in vesicular trafficking5. Rab1b functions as a
molecular switch that is in the inactive state when binding to guano-
sine diphosphate (GDP) and active when binding to guanosine

triphosphate (GTP). In the active state, Rab1b promotes vesicular
trafficking from the endoplasmic reticulum (ER) to theGolgi apparatus
through the recruitment of GTP-state specific interaction partners.
Rab1b activation is catalysed by guanine nucleotide exchange factors
(GEFs) that replaces the tightly bound GDP with GTP, whereas inacti-
vation is stimulated byGTPase activating proteins (GAPs) that produce
the inactive form by accelerating the intrinsic GTP-hydrolysis activity
of Rab1b6,7. Active Rab-proteins (and thus also Rab1b) are localized to
intracellular membranes by means of post-translationally attached
geranylgeranyl moieties8. In the inactive state, Rab1b is extracted from
the membrane to the cytosol through complexation with the protein
GDP dissociation inhibitor (GDI).
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During Legionella infection, Rab1b proteins are directed towards
and activated at the LCV, leading to the rerouting of ER-derived
vesicles to this compartment9,10. In total, six different Legionella
effectors are involved in manipulating Rab1b in this process: DrrA/
SidM contains a GEF and an AMPylation domain, leading to Rab1b
activation and AMPylation, respectively11–13. AMPylation is a post-
translational modification (PTM) in which adenosine monopho-
sphate (AMP) is transferred from adenosine triphosphate (ATP) to
proteins. Here, Y77 of Rab1b gets AMPylated, likely leading to chan-
ging interactionprofiles of Rab1b and activating it14. Also, the effector
LidA from Legionella can bind AMPylated and non-AMPylated
Rab1b12. At later stages of infection, the Legionella effectors SidD
and LepB lead to deAMPylation and GTP-hydrolysis, thereby recon-
stituting the inactive state of Rab1b15,16.

In addition, Rab1b undergoes another PTM: The effector AnkX
makes use of the nucleotide cytidine diphosphate (CDP)-choline and
transfers a phosphocholine (PC) group to S76Rab1b (a process referred
to as phosphocholination), resulting in a phosphodiester-linked cho-
line modification at this site17. Phosphocholination impairs Rab1b
interactions with GAPs and GDI18. In addition, the Legionella protein
Lem3 can hydrolytically cleave the phosphocholine group (i.e.
dephosphocholination) and reconstitute the unmodified Rab1b
protein18,19. It has to be noted that protein phosphocholination and its
enzymatic mechanism are barely studied in human proteins.

Our recent work has provided detailed functional and structural
data on the mechanism of Rab1b phosphocholination by Legionella
effector AnkX20. However, the structural mechanism by which Lem3
cleaves the phosphocholine group has not yet been analysed due to
the transient nature of the complex. Protein remote homology
detection and three-dimensional structure prediction of Lem3 using
HHpred strongly suggested that the protein shares structural homol-
ogy to the Mg2+/Mn2+-dependant protein phosphatases (PPMs)21,22.
Phosphatases hydrolytically cleave phosphorylated amino acids. In
this context, the PPM1A-family (also referred to as PP2C) is specific for
phosphorylated serine (pS) and phosphorylated threonine (pT).
Dephosphorylation is dependent on divalent cations (frequently Mg2+

or Mn2+) in the enzymes’ active centre that are coordinated by a net-
work of aspartates and glutamates23,24. It has been suggested that the
cations stimulate catalysis through charge compensation of the
phosphate and water activation as these entities are also coordinated
to the metal centre25.

The structural investigation of the complex between Rab1b and
Lem3 is hampered by the low affinity of their interaction, thereby not
permitting quantitative complex preparation. In this work, we applied
a site-specific covalent method to link Rab1b and Lem3 through a
phosphocholine derivative. Thanks to this approach, we were able to
solve the crystal structures of the Lem3 apo-form and the covalent
Lem3:Rab1b complex.

Results
The Lem3 crystal structure
In order to obtain structural insights into Lem3, we crystallised the
full-length protein comprising the amino acids (aa) 1-570 (Lem3FL)
and a shortened construct (aa 21-486, Lem321-486). Lem321-486 pos-
sesses full catalytic activity in regard to dephosphocholination of
Rab1b phosphocholinated at Ser76, indicating that the N- and
C-terminal regions of Lem3 are not involved in catalysis (Fig. 1a). We
solved the structures of Lem3FL and Lem321-486 at 3.6 Å and 2.2 Å
resolution, respectively. The Lem321-486 structure was solved
experimentally using the anomalous dispersion from heavy atoms
incorporated to the protein by soaking (Supplementary Table 1). In
parallel, Lem321-486 was modelled using AlphaFold2 (AF2)26. A
superimposition of the Lem321-486 crystal and the AF2-predicted
structure revealed high similarity (0.88 Å RMSD (root-mean-square
deviation) on 444 superimposed Cα-atoms) (Supplementary Fig. 1a).

Furthermore, we were able to solve the structure of Lem3FL by
molecular replacement using the short construct structure and fur-
ther extend the building of the C-terminal part with help of the AF2
model of Lem3FL (Fig. 1b, Supplementary Table 1)27.

Overall, Lem3 has a scalene triangular shape, formed by 17 β-
strands and 20 α-helices (Fig. 1b, c). Metaphorically, the core domain
folds into a fist and a raised thumb, the latter consisting of helices α9-
α13. The extended α-helix α9 appears to play the role of the first
metacarpal bone which links the thumb to the palm. Lem3FL extends
the fist opposite from the thumb by three α-helices (α18-α20, aa 495-
567). Together with α-helices α14-α17, these three helices form a
helical bundle consisting of helices α14-α20 (Fig. 1b, c).

The Lem3 structure reveals similarity to PPM phosphatases
A structural comparison of Lem3 using PDBeFold revealed that the
closest structural homologue of Lem3 is the deAMPylase domain of
the Legionella effector SidD (Fig. 2a, b)28. Other homology results
demonstrate that Lem3 adopts a phosphatase fold and is highly similar
to PPMs, in particular to the human PPM1A (also referred to as PP2Cα)
(PDB ID: 4RA2) (RMSD for Lem321-486 and 4RA2: 2.24 Å on 187 super-
imposed Cα-atoms) (Fig. 2b, c)29. Human PPM1A contains a conserved
β-sheet region consisting of 11 β-strands localised in the centre of the
protein. The β-strands are arranged in two opposing β-sheets forming
a cleft between them (referred to as the core). This arrangement is
flanked by several α-helices. Two manganese ions are located at the
base of the β-sheet cleft and coordinated by six amino acids, i.e. four
aspartate side chains (D38PPM1A, D60PPM1A, D239PPM1A, D282PPM1A), the
side chain of E37PPM1A, and the backbone carbonyl of G61PPM1A (Sup-
plementary Fig. 1b).

Lem321-486 differs from the conserved PPM1A fold in minor
details (Fig. 2b, c): The central β-sheet core consists of two additional
β-strands (β1 and β19), thereby broadening the cleft. The surround-
ing α-helices are more numerous and mostly located at the base and
top of the cleft. Altogether, this particular arrangement represents
the above-mentioned fist region of Lem321-486. The spatial orienta-
tion of the additional α-helices forming the thumb shape a deep
cavity located at the interception of the fist and the thumb (referred
to as the hollow region). The base of this hollow region, which is
located closely to the β-sheet cleft in the active centre, harbours the
metal ions (Fig. 2d). The position of the metal ions, referred to as M1
and M2, corresponds to the position of the manganese ions in
the PPM1A crystal structure (PDB ID: 4RA2). As verified by
CheckMyMetal, these metal ions are embedded in an octahedral
cluster which is characteristic of the coordination of Mg2+, Mn2+, or
Ca2+ ions30. This metal cluster is surrounded by a scaffold of oxygen
atoms provided by the side chains of four aspartate residues
(D82Lem3, D105Lem3, D254Lem3, andD394Lem3), the backbone carbonyl
of a glycine (G106Lem3) as well as six water molecules (Fig. 2b–d,
Supplementary Fig. 1b)31. More precisely, M1 is coordinated by
D105Lem3, D254Lem3, D394Lem3, and three water molecules. M2 is
coordinated by D105Lem3, the main chain-oxygen atom of G106Lem3,
and four solvent molecules. One of these water molecules is shared
withM1. In addition, D82Lem3 further stabilises onemolecule of water
linked to M1 and one connected to M2 via hydrogen bonds.

In addition to the β-strands β1 and β19 that broaden the core
β-sheets, Lem321-486 has six other β-strands (β2, β5, β12, β13, β16, β17)
forming two additional β-sheets (one β-sheet consists of β2-β5 and the
second of β12-β13 and β16-β17) located in the fist region (Fig. 1b, c,
Supplementary Fig. 1a). PPM1A2-368 (PDB ID: 4RA2) and Lem3FL both
have C-terminal α-helical bundles consisting of three (α10-α12) and
seven (α14-α20) helices, respectively. The bundles are differently
located towards the central β-sheet core but share some structural
similarities (Supplementary Fig. 1c).

In summary, the Lem3 crystal structures reveal a conserved PPM-
like fold with metal ions at the catalytic centre.
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Mg2+ and Mn2+ increase Lem3 stability and activity
The presence of metal ions in the crystal structure and the structural
homology to PPM phosphatases suggests that Lem3 shares a catalytic
mechanism with this protein family. Therefore, we investigated the
dependence of Lem321-486-mediated dephosphocholination of Rab1b-
phosphocholine (Rab1bS76(PC)) on divalent cations such as Mg2+, Mn2+,
and Ca2+.

First, we analysed the influence of different divalent ions on the
stability of both Lem321-486 and Lem3FL via thermal unfolding mon-
itored by differential scanning fluorimetry (nanoDSF). The thermal
stability of both Lem3 constructs increases by 8, 17 or 11 °C in presence
of Mg2+, Mn2+, or Ca2+, respectively (Fig. 3a). Next, we studied the
effect of Mg2+, Mn2+, or Ca2+ on Lem321-486-mediated depho-
sphocholination of Rab1bS76(PC). Using intactmass spectrometry (MS),
time-dependent Rab1bS76(PC) demodification by Lem321-486 was quan-
tified. In the presence of Ca2+, no dephosphocholination was observed.
In contrast, Mn2+ orMg2+ promote Rab1bS76(PC) dephosphocholination,
with Mn2+ having the strongest effect on activity (Fig. 3b).

In order to investigate the relevance of D82Lem3, D105Lem3,
D254Lem3 and D394Lem3 for metal binding and dephosphocholination,

we compared the catalytic activities of the respective alanine-
substituted Lem321-486-mutants (Fig. 3c). Additionally, the effect of
the mutation of D190Lem3 was examined since it is located in close
proximity to the metal ions, suggesting that it could be involved in
their coordination. Indeed, monitoring of Rab1bS76(PC) depho-
sphocholination by intact MS demonstrated that alanine substitution
of these aspartates substantially decreased the catalytic activity by
75–97% relative to the wild-type protein (Fig. 3d). Therefore, metal ion
binding is essential for the catalytic mechanism of Rab1bS76(PC)
dephosphocholination.

Lem3 can catalyse dephosphorylation and
dephosphocholination
Lem3 shares a conserved structure with the PPM phosphatase super-
family. We, therefore, analysed its ability to also remove other
phosphate-basedmodifications (Fig. 4a). First, we exploited the ability
of the Legionella phosphocholine transferase AnkX to catalyse phos-
phate (P) or phosphoethanolamine (PE) attachment to S76 of Rab1b
in vitro32. Preparative modification of Rab1b with phosphate or phos-
phoethanolamine was performed using AnkX in the presence of the

Fig. 1 | Crystal structure of Lem3. a Activity assay for full-length Lem3 and shor-
tened construct. Catalytic efficiencies (kcat/KM) were determined from mass
spectrometry-derived dephosphocholination curves. Means (±SD) represent three
independent biological replicates (unpaired, two-tailed t-test; p value: 0.38).

b Cartoon representation of Lem3FL (coloured as rainbow from N- to C-terminus)
(PDB ID: 8AGG). c Schematic representation of Lem3FL secondary structural motifs
(numbers indicate amino acids contributing to the respective secondary structural
motif). Colouring matches Lem3FL in (b).
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co-substrates CDP and CDP-ethanolamine, respectively, and validated
using intact MS (Supplementary Fig. 2a).

Demodification by Lem321-486 was monitored using intact MS
(Fig. 4b). Additionally, dephosphorylation was checked by Phos-Tag
SDS-PAGE (sodium dodecylsulfate polyacrylamide gel electrophor-
esis), based on the decreased migration of phosphorylated proteins
(Fig. 4c). The catalytic efficiency of Lem321-486 for Rab1bS76(PE) and
Rab1bS76(PC) showed no significant difference (Fig. 4b). Full demo-
dification of Rab1bS76(PC) and Rab1bS76(PE) by Lem321-486 was
observed after overnight incubation. However, demodification of
Rab1bS76(P) takes substantially longer compared to Rab1bS76(PC) and
Rab1bS76(PE). Only stoichiometric quantities of Lem321-486 lead to full
dephosphorylation of Rab1bS76(P) within 24 hours (monitored by
Phos-Tag SDS-PAGE, Fig. 4c). Thus, Lem3 is a poor phosphatase

despite the apparently high structural similarity in and around the
active centre.

We wondered whether other Rab1b PTMs in the vicinity of S76
may affect Lem3-mediated dephosphocholination. Therefore, Rab1b
was modified with PC at S76 and AMP at Y77 (Rab1bS76(PC)Y77(AMP)).
During Legionella infection, human Rab1b is modified by the Legio-
nella effector DrrA at Y77 with an AMP moiety33. We observed full
dephosphocholination of Rab1bS76(PC)Y77(AMP) after overnight incuba-
tion with Lem321-486. Despite the close proximity of the sterically
demanding AMP-group, the rate of dephosphocholination of
Rab1bS76(PC)Y77(AMP) is only moderately impaired compared to
Rab1bS76(PC) (Fig. 4b).

In addition to Rab1b, also Rab35 can be phosphocholinated
in vitro by AnkX. Rab1b and Rab35 are homologous proteins that share
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Fig. 2 | Structural relationship of Lem3toPPMphosphatases. a Superimposition
of Lem321-486 (Grey) (PDB ID: 8ANP) and SidD (PDB ID: 6RRE) (Turquoise) resulting
in an RMSD value of 2.51 Å on 246 Cα-atoms superimposed. Secondary structural
motifs shared by the two proteins are coloured in magenta. b Schematic repre-
sentation of Lem321-486, SidD39-507 and PPM1A2-368. β-strands contributing to the
central β-sheets are coloured in black, positions of aspartate residues coordinating

metal ions are shown as spheres (Pink). c Superimposition of Lem321-486 (PDB ID:
8ANP) (Grey) and PPM1A (PDB ID: 4RA2) (Turquoise) resulting in an RMSD value of
3.53 Å on 171 superimposed Cα-atoms. Secondary structural motifs shared by the
two proteins are coloured in magenta. d Surface representation of Lem3’s catalytic
pocket. Metal ions are represented as spheres (Green) and locations of coordi-
nating residues are highlighted in pink (aspartate) and magenta (glycine).
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81% amino acid sequence identity (Supplementary Fig. 3a). Further-
more, they are virtually structurally identical, since superimposition of
Rab1b and Rab35 results in a RMSD of 0.915 Å on 164 superimposed
Cα-atoms (Supplementary Fig. 3b). Although Rab35 is phosphocholi-
nated at the homologous position, T76 is modified in Rab35 instead of
the S76 observed in Rab1b. Interestingly, Lem3 cannot cleave the PC-
group from threonine-containing Rab-variants (i.e. Rab1bS76T(PC) or
Rab35T76(PC)), but can dephosphocholinate serine-containing Rabs (i.e.
Rab1bS76(PC) or Rab35T76S(PC)): Neither Rab1bS76T(PC) nor Rab35T76(PC)
can be dephosphocholinated within 24 h, while Rab1bS76(PC) and
Rab35T76S(PC) are demodified at comparable rates by Lem321-486
(Fig. 4d). In conclusion, Lem3 is able to remove different phospho-
monoester or phosphodiester linkages of serine but not threonine
residues.

Site-specific cross-linking of Lem3:Rab1b complexes
The structure and functional analysis of Lem321-486 provides a rationale
for the catalytic mechanism reminiscent of PPM phosphatases. To
further characterise the structural basis for Rab1bS76(PC) recognition,
we attempted to obtain its complex structure with Lem321-486. Due to
the transient nature of their interaction, co-crystallisation of the pro-
teins was unsuccessful. Therefore, we used a site-specific covalently
linking strategy to capture the Lem3:Rab1b complex. We applied a
previously established procedure that uses a CDP-choline derivative
bearing a thiol-reactive chloroacetamide moiety at the quaternary
ammonium linked via a C3 linker (referred to as CDP-choline-Cl)
(Fig. 5a)20,34 to covalently link theminimal GTPase-domain of Rab1b (aa
3-174) and Lem321-486. First, AnkX was used to quantitatively modify
Rab1b with phosphocholine-chloroacetamide (PC-Cl) at S76
(Rab1bS76(PC-Cl)). Next, we incubated Rab1bS76(PC-Cl) with Lem321-486 for
covalent complex formation. Lem321-486 contains five endogenous
cysteines of which two C209Lem3 and C394Lem3 are located in proxi-
mity to the catalytic centre (i.e. the metal ion binding site). In order to
reduce spontaneous cleavage of the phosphodiester linkage by Lem3,
we additionally introduced the D190ALem3 mutation that substantially
decreased hydrolytic activity but did not affect purification yields

(Fig. 3d). A covalent Lem321-486, D190A: Rab1bS76(PC-Cl) complex readily
formed as indicated by an increase in apparent molecular weight in
SDS-PAGE (Fig. 5b). The presence of multiple species is likely due to
unspecific reaction with the Lem3 cysteine. Successive cysteine sub-
stitutions revealed that the construct Lem3D190A_C134S_C209S_C456S
formed a single covalent species with Rab1bS76(PC-Cl) linked via
Cys395Lem3 (Fig. 5c). Since the mutation D190ALem3 was not sufficient
to prevent cleavage of the phosphodiester, we use the S76T-
substitution in Rab1b (Rab1bS76T(PC-Cl)) for further complex forma-
tion. This allowed us to exploit the inability of Lem3 to cleave the
phosphate at threonine residues, thereby gaining an hydrolysis-
deficient complex. Also, the linkage via Cys395Lem3 may result in
suboptimal positioning of Rab1b in the complex interface, as
indicated by low overall complex yields. Therefore, we introduced
further cysteine substitutions in the putative Lem321-486 active
centre in order to improve yields (Fig. 5d). Indeed, the substitution
T391CLem3 readily produced preparative quantities of the complex
Lem3T391C:Rab1bS76T(PC-C3) and Lem3T391C:Rab35T76(PC-C3) as demon-
strated by SDS-PAGE (Fig. 5e, Supplementary Fig. 3c, Supplementary
Fig. 4a, b). Size exclusion chromatography and SDS-PAGE gel
shift analysis demonstrated that the purified complex
Lem3C134S_C209S_T391C_C395S_C456S:Rab1bS76T(PC-C3) (referred to as
complexT391C)was present as a puremonomeric species (Fig. 5f). Intact
MS confirmed the complex purity and identity (Fig. 5g). Even though
the catalytic activities of the cysteine substitution mutant
(Lem3C134S_C209S_C395S_C456S) and the crystallisation construct
(Lem3C134S_C209S_T391C_C395S_C456S) are substantially decreased by >99%
(Supplementary Fig. 4c, d) compared to wild type, their tertiary
structures are identical as outlined below. Thus, the mutations do not
affect the overall structure of Lem3 or the arrangement of amino acids
within the active site, althoughminor distortionsmay occur that cause
reduction of activity. Furthermore, as demonstrated for Lem3 wild-
type, the mutants cannot demodify Rab1bS76T(PC) (Supplementary
Fig. 4e), permitting us to obtain a stable complex. Crystals of
complexT391C diffracted to 2.15 Å and hence permitted its structure
determination.

Fig. 3 | Divalent cation dependence of Lem3 in structural integrity and cata-
lysis. aNanoDSFmeasurements of Lem321-486 and Lem3FLwithout or in presenceof
Mg2+, Mn2+ or Ca2+.The melting temperatures of Lem321-486 and Lem3FL are not
visibly different, indicating that the metal ions bind and stabilise mainly the core
domain of Lem3. b Catalytic efficiencies of Lem321-486 in presence of different
divalent cations. Catalytic efficiencies were determined from MS-derived depho-
sphocholination curves. Means (±SD) represent three independent biological

replicates (unpaired, two-tailed t-test; p value: 0.0003 (***)).n.d. (not determinable)
(c) Schematic depiction of metal ion (M1 and M2) coordination by Lem3. d Activity
assay for Lem3 alanine mutants of metal ion coordinating aspartate residues. Per-
centage of Rab1bS76(PC) demodification was monitored after 24h of equimolar co-
incubation. Means (±SD) represent three independent biological replicates
(unpaired, two-tailed t-test; all p values equal less than 0.0001(***)).
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Structure of the Lem3:Rab1b complexT391C
The complex crystal structure was solved by molecular replacement
using the structures of Rab1b3-174 (PDB ID: 3NKV)12 and the Lem321-486
(PDB ID: 8ANP) structure as search models (Fig. 6a, b, Supplementary
Table 1). The electron density allowed the construction of the protein
chains at a high level of details, in particular at the interface where
density was observed for the connected amino acids T76Rab1b and
C391Lem3 and the PC-C3-group (Fig. 6c). Nevertheless, weak electron
density and the high B-factors for the linker atoms indicate structural
flexibility (Supplementary Fig. 5a). Therefore, the covalent linker likely
does not force Rab1b and Lem3 into artificial conformations (Supple-
mentary Fig. 5b, unbiasedmap). No specific interactions are visible for
the C3 linker regionwhile L68Lem3 shows hydrophobic interactionwith
the choline group (Fig. 6c, d). Theposition of L68Lem3 is occupiedby an
arginine (or the functionally related lysine) inmost PPM phosphatases
and by a phenylalanine in SidD (Supplementary Fig. 5c, d). The side
chain of R33PPM1A is known to be involved in coordination of the
substrates phosphate group35 (Supplementary Fig. 5e). Amino acid
F74SidD is supposed to interact with the adenine base of the AMP
moiety attached to Y77 in AMPylated Rab1b, since F74SidD substitution
with alanine strongly affects Rab1b-AMP deAMPylation36.

Superimposition of the complexT391C and the Rab1b-unbound
Lem3 revealed a secondaminoacidpotentially involved in coordination

of the choline group.Due to themodificationof T391Lem3 to cysteine for
covalent linkage, no interactions can be observed in the complex
structure itself, but in silico replacement of C391Lem3 by the natural
threonine hints at hydrophobic interaction between the methyl groups
of the choline group and T391Lem3. Together, L68Lem3 and T391Lem3

allow the formation of a hydrophobic environment which favours the
proper accommodation of the choline group in the catalytic site.

The phosphate moiety of the linker in complexT391C does not
participate in direct interactions with amino acids, but is involved in
the coordination of three metal ions located in the active centre of
Lem3 at the same site as observed in the Lem321-486 structure and
coordinated by the same residues (D105Lem3, D254Lem3, and D394Lem3,
D105Lem3 andG106Lem3) (Fig. 6d). Notably, in the coordination ofM2, a
water molecule is substituted by an oxygen atom provided by the
phosphodiesters group of the phosphocholine moiety. In addition, a
third metal ion (M3) can be placed in the electron density, which is
coordinated byD254Lem3 andD190Lem3 (Supplementary Fig. 5e).Water
molecules complete the metal coordination at expected positions.
Substitution by an alanine of D190Lem3 has a similar deleterious effect
of Lem3 catalytic efficiency as the mutation of the aspartate residues
coordinatingM1 andM2, suggesting that the presence of ametal ion in
position M3 is essential for the proper dephosphocholination by
Lem3 (Fig. 3c).

Fig. 4 | Enzymatic analysis of Lem3. a Structures of post-translationally modified
aminoacidsofRab1bused for enzymatic analysisof Lem3.bCatalytic efficienciesof
Lem321-486 for Rab1bS76(PC), Rab1bS76(PE) and Rab1bS76(PC)Y77(AMP). Catalytic effi-
ciencies were determined from MS-derived dephosphocholination curves. Means
(±SD) represent three independent biological replicates (unpaired, two-tailed
t-test; p values equal 0.004(**) and 0.11). c Demodification of Rab1bS76(PC)/
Rab1bS76(P) by Lem321-486 resolved by Phos-TagTM SDS-PAGE. Proteins were

incubated at equimolar ratios. Samples were taken at indicated time points. 91% of
the Rab1bS76(P) sample is modified. Red arrows indicate band identity. d Catalytic
efficiency of Lem321-486 on Rab1bS76(PC)/Rab35T76(PC) and Rab1bS76T(PC) or
Rab35T76S(PC) mutants. Catalytic efficiencies were determined from MS-derived
dephosphocholination curves. Means (±SD) represent three independent biologi-
cal replicates (unpaired, two-tailed t-test; p value equals 0.009(**)).
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Upon binding to its protein substrate Rab1b, Lem321-486 does
undergo only minor conformational changes (Supplementary Fig. 6a).
However, a new β-strand is formedby theα12-α13Lem3 loop and a slight
lever movement of the four α-helices constituting the thumb (α9-α13)
is observed, leading to broadening of the hollow region (located at the
base of the core β-sheet cleft between fist and thumb). The core
structure of Rab1b3-174 in the complex is virtually identical to unbound
Rab1b (Fig. 6e). Indeed, Rab1b maintains the typical GTPase fold with

β1-β6Rab1b forming a central six-stranded β-sheet surrounded by fiveα-
helices (α1-α5Rab1b). Only the region encompassing the switch region II
(A67Rab1b-G81Rab1b) of Rab1b shows substantial structural rearrange-
ment upon complex formation (Fig. 6e).

Rab1b:GDP binds to the hollow region of Lem321-486. The β-hairpin
β12-β13Lem3 of Lem3 protrudes into the Rab1b-region formed by
α3Rab1b and switch II. As a consequence, the sequence R71-T74Rab1b of
switch II is reorganized into a β-strand (β’β3-4,Rab1b) and placed between
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Fig. 5 | Covalent complex formation. a Strategy for covalent complex formation
between Lem3 and Rab1b. Natural CDP-choline (Black) was equipped with a thiol-
reactive chloroacetamide functionality separated from the choline group with a C3
linker (Red). bComplex formation between Lem3 and Rab1bS76(PC-Cl) monitored by
SDS-PAGE Gel shift assay. The red arrow indicates the band for the specific com-
plex. Samples were run on the same gel, black frame indicates cut. c Analysis of
unspecific complex formation between endogenous Lem3 cysteine and
Rab1bS76(PC-Cl) monitored by SDS-PAGE Gel shift assay. The red arrow indicates the
band for the specific complex. d Lem3 residues selected for cysteine mutations in

distance to phosphate as coordinated by PPM1A (PDB ID: 6B67) (dashed yellow
lines) when Lem3 (PDB ID: 8ANP) and PPM1A are superimposed. γ-C atoms were
used for distance measurements given in Ångström. e Evaluation of covalent
complex formation between Rab1bS76T(PC-Cl) and Lem3/Lem3Cys. Covalent complex
formationwasquantified using SDS-PAGEGel shift assay. fOverlay of size exclusion
chromatograms of mixed Lem3T391C and Rab1bS76T and complexT391C. SDS-PAGE
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MS of complexT391C before crystallisation.
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the β-hairpin (located on top of the fist) and the thumb. Tomake room
for theβ’β3-4,Rab1b, the cleft between thumbandfist opens up, indicated
by a 4 Å movement of E381Lem3. Additionally, the new β-strand (β’β14-
β15,Lem3) forms in the thumb out of a loop region (I370-Y372Lem3).
Together with the already present β-strands (β12-13Lem3 and β16-
17Lem3), it forms a new 6-stranded intermolecular β-sheet (Supple-
mentary Fig. 6b). As a consequence, the switch II region is displaced
from the Rab1b core. Also, the phosphocholinated T76Rab1b moves
towards the active centre of Lem3, resulting in close proximity of the
phosphodiester group to the coordinated metal ion site (Fig. 6a–c, e).

The complex interface is characterised by three major hydro-
phobic patches (referred to as HPI-III) (Fig. 6f). Polar interactions are

mainly limited to the β-strand hydrogen (H-)bonds (Supplementary
Fig. 6c, d). Twophenylalanine residues fromLem3 and one fromRab1b
form the basis for all three hydrophobic patches. Amino acid F215Lem3

(HPI) is located on top of the β-hairpin and positions between α3 and
switch II of Rab1b by interacting with the hydrophobic core of Rab1b
(Fig. 6g), formed by L12Rab1b, I14Rab1b, Y78Rab1b, W102Rab1b, E105Rab1b,
I106Rab1b and Y109Rab1b. F215Lem3 occupies the position of Y78Rab1b,
which is located in the hydrophobic pocket in theRab1b-apo-structure.
As a consequence, Y78Rab1b is displaced by 9.9 Å (distancebetweenCα-
atoms), likely contributing to the movement of switch II towards
Lem3’s active centre. This enables the phosphocholinated T76Rab1b to
approach the metal ions and thus the active centre in Lem3. HPII is

Fig. 6 | Structureof theLem3:Rab1bcomplexT391C. a,bCartoon representationof
the crosslinked complexT391C (PDB ID: 8ALK). The GDP, the linker, T76Rab1b and
C391Lem3 are represented as sticks. Metal ions are represented as spheres (dark
grey). c Cartoon representation of the crosslinked region in complexT391C. The
linker (Green, coloured by atoms), T76Rab1b (Wheat), L68Lem3 and C391Lem3 (Grey)
are represented as sticks. Dashed line indicates the distancebetween the γ-atomsof
T76Rab1b and C391Lem3 given in Ångström. d Schematic depiction of metal ion (M1 -
M3) coordination in the catalytic centre of Lem3 in complexT391C (e) Super-
imposition of Rab1b (PDB ID: 3NKV) (Grey) and Lem3-bound Rab1b (Wheat) (PDB
ID: 8ALK), S76Rab1b and T76Rab1b are represented as sticks and movement in space
induced by Lem3 is indicated as dashed line and measured in Ångström. f Surface

representation of complexT391C. Locations of hydrophobic patches are highlighted
in red. gCartoon representation of Lem3 bound Rab1b (Grey) and Lem3 thornwith
F215Lem3 at the tip (Green). Interacting amino acids are shown as sticks. Corre-
sponding Rab1b amino acids of unbound Rab1b (PDB ID: 3NKV) (Purple) are shown
as sticks. Movement in space induced by Lem3 is indicated as dashed line and
measured in Ångström. h Cartoon representation of F70Rab1b in complexT391C.
Replacement of amino acids of Lem3 by F70ARab1b indicated by black arrows.
Positions of Lem3 amino acids in the Lem321-486 structure are shown as spheres
(light green) and their corresponding position in the complex structure is shown as
sphere (dark green).
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formed by F373Lem3 located N-terminal to the newly formed β-strand
β’β14-β15,Lem3 in Lem3. The residue interacts with the residues
N-terminal of the switch II region (R69-T72Rab1b) of Rab1b.

HPIII is generated by F70Rab1b. HPII and HPIII overlap with each
other as F70Rab1b and F373Lem3 interact via a β-strand H-bond. F70Rab1b

binds into a pocket comprising Y372Lem3, I376Lem3, I378Lem3, P379Lem3

and M382Lem3. The amino acids of Lem3 involved in this pocket are
displaced by 2.9-3.9 Å by F70Rab1b (Fig. 6h). Since Lem3 can also form
complexes with Rab35, we investigated whether the key interacting
residues ofRab1b are conserved inRab35.Most amino acids are indeed
conserved between Rab1 and Rab35, such as F70 (Supplementary
Fig. 3b) and amino acids of the hydrophobic core (Supplementary
Fig. 3d, e), with the exception of Y109Rab1b, which is N109 in Rab35
(Supplementary Fig. 3d, e).

Taken together, it appears that the Rab1b switch II region encom-
passing amino acids F70-Y78Rab1b are held in a specific conformation via
F70Rab1b, Y70Rab1b and β’β14-β15,Rab1b interaction with Lem3.

Dephosphocholination through local substrate remodelling
The switch II region undergoes structural remodelling upon complex
formation with Lem3. Since the switch II conformation is determined
by the nucleotide state of Rab1b, Lem3 may have a preference for the
GDP- or GTP-bound form. Hence, the rates of Lem3-mediated depho-
sphocholination of GppNHp (Guanosine-5’-[(β,γ)-imido]triphosphate;

a non-hydrolysable GTP-derivative), GTP and GDP bound Rab1bS76(PC)
was determined by intact MS. A significant decrease by approximately
30% in Lem3 catalytic efficiency was observed for Rab1bS76(PC) loaded
with GTP (0.23 µM−1 s−1) or GppNHp (0.24 µM−1 s−1) in comparison to
GDP (0.74 µM−1 s−1) (Fig. 7a). Thus, Rab1bS76(PC) is a preferred Lem3-
substrate in the GDP-state where the switch II region is supposed to be
conformational more flexible rather than in the active, GTP-bound
state, in which switch II is conformationally restrained6.

To further validate the complex crystal structure, we investigated
the impact of selected alanine substitutions in HPI-III using MS-derived
dephosphocholination kinetics. Comparison of the catalytic effi-
ciencies of the substitutions F70ARab1b (1%), F215ALem3 (8.2%),
F373ALem3 (41%) and F215A_F373ALem3 (0%) in comparison to the WT
reveal major contribution of these amino acids for Rab1bS76(PC)
dephosphocholination (Fig. 7b, c). While Y372ALem3 (0.12%) of HPIII
results in almost no detectable dephosphocholination activity,
M382ALem3 (15.3%) strongly and I376ALem3 (38.4%) moderately impair
dephosphocholination (Fig. 7b). The catalytic efficiency for R69ARab1b

(45.7%) and R71ARab1b (5.3%) (HPII) significantly differs from the one of
WT (Fig. 7c). Strong effects on catalytic efficiency of Lem3 were
observed forG369ALem3 (18.6%) and I370ALem3 (59%), which arepart of
the new β-strand β’β14-β15 in Lem3 (Fig. 7b). None of the mutants
mentioned above shows any effect on protein stability in nanoDSF
measurements (Supplementary Fig. 6e, f).

Fig. 7 | Catalytic efficiency of Lem3. a Catalytic efficiencies depending on
nucleotide-bound status of Rab1b. Means (±SD) represent three independent bio-
logical replicates (unpaired, two-tailed t-test; all p values equal less than
0.0001(***)). b Catalytic efficiencies of Lem321-486 mutants involved in protein-
protein interactions. Means (±SD) represent three independent biological repli-
cates (unpaired, two-tailed t-test; all p values equal less than 0.0001 except for
Lem3I370A with p =0.0004 (all ***)). c Catalytic efficiencies for Rab1b mutants.
Means (±SD) represent three independent biological replicates (unpaired, two-

tailed t-test; all p values equal less than 0.0001 (***) except for Rab1bR69A with
0.0018 (**)). d–f Catalytic efficiencies for Lem321-486 mutants involved in choline
group (of phosphocholine) coordination on Rab1bS76(PC) (d), Rab1bS76(PE) (e) and
Rab1bS76(P) (f). Means (±SD) represent three independent biological replicates
(unpaired, two-tailed t-test). P values from top to bottom for (d) (less than 0.0001,
less than 0.0001, 0.001 (all ***), 0.0289(*)) for (e) (0.0032, 0.0036 (both **), 0.0279
(*), 0.4932) and for (f) (0.0359 (*), 0.0035 (**), 0.0236 (*), 0.0678).
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Finally, we investigated the role of L68Lem3 and T391Lem3 in
accommodating the hydrophobic choline groupof phosphocholine by
mutation to alanine (L68ALem3, T391ALem3), arginine (L68RLem3) or
serine (T391SLem3). We analysed their ability to demodify Rab1bS76(PC),
Rab1bS76(PE) and Rab1bS76(P). All mutants, except T391SLem3, show sig-
nificantly decreased catalytic efficiencies for demodification of
Rab1bS76(PC), Rab1bS76(PE) and Rab1b S76(P) (Fig. 7d–f). T391SLem3 only
shows significantly reduced rates for Rab1bS76(PC). Mutation of L68Lem3

to alanine or arginine leads to a strong reduction in catalytic efficiency
for dephosphocholination (92% or 97%) and demodification of
Rab1bS76(PE) (88% or 86%). Dephosphorylation rates of L68ALem3 and
L68RLem3 are reduced by (58% or 68%). T391SLem3 shows 28% reduced
catalytic efficiency for dephosphocholination, 14% for demodification
of Rab1bS76(PE) and 23% for dephosphorylation. T391ALem3 similarly
reduces dephosphocholination, dephosphoethanolination and
dephosphorylation by 60%, 53% and 30%, respectively. In contrast to
themutants tested to validate the protein-protein interaction interface
and the substitution T391SLem3, T391ALem3, L68ALem3 and L68RLem3

clearly differ from theWTLem3 in protein stability. L68RLem3 results in a
protein which is more thermal stable by 4 °C while the L68ALem3

mutation reduce the melting temperature of Lem3 by 7 °C and
T391ALem3 by 4 °C. (Supplementary Fig. 6e).

In conclusion, Lem3 preferentially dephosphocholinates GDP-
bound Rab1bS76(PC). The Rab1b switch II is an essential element in
recognition by Lem3. Furthermore, an arginine residue which is
important for phosphate binding in PPM-phosphatases is functionally
replaced in Lem3by a leucine to bind the triple-methylated quaternary
ammonium of the choline group.

Discussion
Here we present the structures of the Legionella dephosphocholinase
Lem3 in its apo-form and in complex with its human substrate protein
Rab1b. Lem3 shows high structural relationship to PPM phosphatases.
In addition to SidD, it is the second Legionella effector to reverse a
PTM on Rab1b during infection15. Therefore, the evolutionarily con-
served PPM-fold may serve as a template for diverse reactions cata-
lysed by this group of proteins. Examples from other pathogenic
bacteria using the PPM-fold for effector proteins are from Thermo-
synechococcus elongates (tPhpA)37, Mycobacterium tuberculosis
(MtPstP)38, Staphylococcus aureus (Stp1)39 and Pseudomonas aerugi-
nosa (PppA)40.

Our covalent capture approach using thiol-reactive substrate
derivativesmay serve as a basis to analyse other PPM-phosphatase-like
proteins, their substrate interaction, and the underlying catalytic
mechanisms. Since there is few structural data available for the sub-
strate recognition by PPM phosphatases and none for SidD our find-
ings provide valuable insights into how phosphatases recognise their
substrate.

Although catalysing the hydrolysis of a phosphodiester bond
instead of a phosphomonoester, the typical PPM catalytic centre is
highly conserved in Lem3 and hence a similar catalytic mechanism as
proposed for PPM phosphatases is likely25. As shown for PPM1A, Lem3
binds two metal ions in its apo-state, while three metal ions are
observed in presence of substrate25. Metal ion coordination is per-
formed by a set of highly conserved aspartate residues. Although we
crystallised a hydrolysis deficient complex due to the S76Tmutation in
Rab1b, the Lem3:Rab1b crystal structure can be used to analyse the
active centre since it contains the active Lem3 variant. The Lem3:Rab1b
crystal structure indicates a catalytic mechanism involving the three
metal ions and two molecule of waters. We speculate that the water
molecule in ion-dipole interaction with M1 and M2 performs a
nucleophilic in an SN2@P-type attack on the phosphorus atom41. M3
may act as a Lewis acid, activating another water molecule to donate a
proton for the phosphate/phosphocholine leaving group42 (Supple-
mentary Fig. 5f). The molecular basis for Lem3 performing

dephosphocholination but struggling with dephosphorylation may
partially be explained by the complex structure: L68Lem3 and T391Lem3

are making hydrophobic contacts to the choline group of the linked
phosphocholinemoiety (Fig. 6d). In PPMphosphatases, this position is
highly conserved and occupied by large positively charged amino
acids (R33PPM1A) (Supplementary Fig. 5c). Apparently, the hydrophobic
interaction of the choline group with L68Lem3 is important for
dephosphocholination sincemutation to alanine and arginine leads to
strongly decreased activity compared to the WT (Fig. 7d). However,
mutation to arginine does not convert Lem3 into a more efficient
phosphatase although the mutation increases to protein stability.
Substitution of L68Lem3 with alanine, in contrast, results in a less stable
protein, indicating an important functional role. Interestingly, the
corresponding amino acid F74SidD in SidD was suggested to be
involved in interaction with the AMP moiety of Rab1bY77(AMP)

36.
In addition to L68Lem3, T391Lem3 also contributes to the binding of

the choline group. Therefore, we speculate that these positions in PPM
like-proteins might contribute to the specificity towards
different PTMs.

Unfortunately, the structure provides no explanation for the
preference of Lem3 for serine-PC over threonine-PC. The biological
relevance might be the discrimination between two Rab GTPases
(Rab1b and Rab35) during the infection, both of them becoming
modified by AnkX at serine or threonine, respectively17. Hence, AnkX
may phosphocholinate Rab1 and Rab35, but only Rab1 is depho-
sphocholinated by Lem3.

In addition to the catalytic domain, we also provide a structure of
the C-terminal part of Lem3, consisting of seven helices forming a
bundle. Many PPM like-shaped proteins possess such C-terminal
bundles, including SidD. A hydrophobic loop within the C-terminal
helical bundle of SidD was shown to be responsible for membrane-
localisation at the Golgi apparatus36,43. Since SidD also targets Rab1
during the infection we speculate that the C-terminal part of Lem3
might have a similar function and is responsible for Lem3-localization
close to its target protein. However, a corresponding hydrophobic
loop could not be identified in Lem3.

The crystal structure of the trapped Lem3:Rab1b complex pro-
vides insight into the interaction between a PPM phosphatase and its
substrate protein. Although thehydrolysis-deficient complex structure
cannot represent the active enzymatic state due to the inability of
Lem3 to cleave threonine-PC-bonds, our data suggest that the complex
structure represents a snapshot of the actual complex binding event of
Rab1b by Lem3. So far, there is only one PPM in complex with a cyclic
phosphorylated peptide available providing basic information on the
orientation in the catalytic centre25. Our structure provides evidence
that the individual regions of PPM phosphatases mediate substrate
specificity. A structural comparison demonstrates,with one exception,
that all analysed PPM phosphatases harbour a structurally conserved
positively charged amino acid interactingwith the phosphate group. In
Lem3 and SidD, however, the equivalent position is occupied by the
leucine or phenylalanine, which are responsible for the binding of the
choline and AMP moieties, respectively36. Therefore, we suggest this
position to be decisive for the catalytic specificity of the PPM like-
shaped enzyme. Also our complex supports the hypothesis of a third
metal ion being necessary for hydrolytic cleavage of the
phosphodiester25. It also provides a methodical basis to trap and
investigate PPM phosphatase substrate-protein complexes using cor-
responding ATP analogues, resulting in cysteine reactive phosphor-
ylation of substrate proteins.

Although the Lem3-structure was correctly modelled by AF2, a
complex structure prediction between Lem3 and Rab1b using AF2
failed. Presumably, the paucity of experimental atomic structures of
transient protein complexes impairs the ability of AF2 to overcome
those challenges. This argument also applies to the fact that protein
complexes of bacterial effectors and host factors are scarce as training
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material for AF2. In addition, even though the core structures of small
G-proteins can be reliably modelled, AF2 fails in predicting the various
conformational states of the switch regions due to an over-
representation of the folded, GTP-state in the protein data bank. Thus,
AF2 likely is unable to model different conformational states in parti-
cular for the complex interface. SinceRab1b’s switch II regionbecomes
profoundly restructured upon Lem3-binding, modelling of the inter-
face fails. Consequently, our covalent capture approach is particularly
superior to recent modelling approaches when transient complexes
and complexes with structural rearrangements in the interface are
considered.

Structure comparisons and functional experiments confirm that a
conformational change in switch II, triggered by insertion of a hydro-
phobic β-hairpin into the hydrophobic core of Rab1b, is required for
dephosphocholination. This finding provides an explanation for
Lem3 showing a preference for the inactive, GDP-bound state. In
addition, our complex structure explains why dephosphocholination
of Rab1b is still possible for Rab1bS76(PC)Y77(AMP). Y77Rab1b is positioned
in the hollow region of Lem3, which provides sufficient space for the
AMP moiety.

There are functional similarities in the action of Lem3 in com-
parison to AnkX. Like F215Lem3 on the β-hairpin replaces Y78Rab1b in the
core of Rab1b during catalysis, AnkX also uses a hydrophobic thorn-like
element to displace the same tyrosine, thereby unfolding and reposi-
tioning the switch II region. Furthermore, Lem3 andAnkXhave evolved
from the conserved activities of their respective enzyme families into
new functions: The FIC-family enzyme AnkX catalyses phosphocholi-
nation, even though the FIC-family is mainly involved in protein
AMPylation. Similarly, the PPM-family member Lem3 causes depho-
sphocholination, yet the PPM-family commonly acts as phosphatase.
Another functional similarity betweenAnkXandLem3 is thepreference
for the GDP-bound state of Rab1b, albeit less pronounced for AnkX20.

In summary, covalent capture of the Lem3:Rab1b-complex in
combination with structure determination revealed a local unfolding
mechanism of Rab1b by Lem3, and provides insight into the target
recognition of related PPM-phosphatases. This approach may serve as
a template to characterising transient protein complexes in general.

Methods
Plasmid construction
AnkX constructs used in this publication were previously described
in20. All Lem3 constructs were cloned into a modified pSF vector
(Oxford Genetics) with an N-terminal His10- and eGFP (green fluor-
escent protein)-Tag using SLIC (sequence and ligation independent
cloning). Alike all Rab construct were cloned into a pMAL vector (New
England Biolabs) with an N-terminal His6- and MBP (maltose-binding
protein)-Tag. Tags and POIs (protein of interest) were separated by a
TEV (tobacco etch virus) protease cleavage site. Rab1b proteins
intended for complex formation were additionally equipped with a
His10-Tag and a PreScission protease cleavage site resulting in the
following order of tags fromN- to C-Terminus: His6-Tag,MBP-Tag, TEV
protease cleavage site, 10x-His-Tag, PreScission protease cleavage site.

Point mutations were introduced using the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs) as described by the
manufacturer.

Protein expression and purification
All Lem3 and AnkX constructs were expressed in Escherichia coli BL21-
CodonPlus (DE3)-RIL cells, Rab constructs were expressed in E. coli
BL21-CodonPlus (DE3) cells20. Heat-shock transformation was used to
transform the respective plasmid. A preculture in lysogeny broth (LB)
medium with at least 10 colonies was grown for 4 h at 37 °C and
200 rpm (Infors HT shakers). 1 L cultures of LB with a starting OD600

(optical density at 600nm) of 0.04 were grown at 37 °C and 180 rpm
until OD600 0.8. Protein expression was performed at 21 °C over night

and induced by adding 0.5mM isopropyl-β-d-thiogalactopyranoside.
The next day cells were harvested by centrifugation (5000g, 30min).
Pellets were washed in ice-cold phosphate-buffered saline (PBS), cen-
trifuged for 20min at 3000g and flash-frozen in liquid nitrogen. Pel-
lets were stored at −80 °C.

For protein purification pellets were resuspended in Buffer
AEffector (50mM HEPES-NaOH pH 8, 500mM NaCl, 1mM MgCl2, 5%
Glycerol (v/v), 2mM β-mercaptoethanol (β-ME)) for Lem3 and AnkX
constructs or Buffer ARab (50mM HEPES-NaOH pH 7.5, 500mM NaCl,
1mM MgCl2, 10μM GDP, 2mM β-mercaptoethanol), mixed with a
spatula tip of deoxyribonuclease I (DNAse I) (Sigma-Aldrich) and lysed
using a French press system (Constant Cell Disruption Systems) at
1.8 kbar. Protein degradation by endogenous proteaseswasprohibited
by adding 1mM phenylmethylsulfonyl fluoride (PMSF). Cell lysates
were cleared by centrifugation.

All chromatography steps during protein purification were per-
formed using NGC medium-pressure liquid chromatography (LC)
system (Bio-Rad Laboratories). Cleared lysates were supplemented
with 25mM imidazole and loaded on a 5ml Nuvia IMAC column (Bio-
Rad Laboratories). Proteins were washed using 30mM (Rab proteins)
or 40mM (effector proteins) imidazole for 40 column volumes and
eluted at 125–150mM imidazole. Dialysis was performed over night at
4 °C against dialysis buffereffector (20mM HEPES-NaOH pH 8, 50mM
NaCl, 1mMMgCl2, 5%Glycerol (v/v), 2mMβ-mercaptoethanol (β-ME))
or dialysis bufferRab (20mM HEPES-NaOH pH 7.5, 50mM NaCl, 1mM
MgCl2, 10μM GDP, 2mM β-mercaptoethanol (β-ME)) in presence of
TEV protease. Removal of the solubility tags and His-Tagged TEV
protease was achieved through either reverse metal chelate affinity
chromatography (RMCAC) for effector proteins or RMCAC in combi-
nationwith 5mlMBPTrapHP column (GEHealthcare Life Sciences) for
Rab proteins. SEC (size exclusion chromatography) was performed to
separate oligomeric species in SEC buffereffector or SEC bufferRab
(20mM HEPES-NaOH pH 8, 50mM NaCl, 1mMMgCl2, 5% Glycerol (v/
v), 2mM dithiothreitol (DTT)) or dialysis bufferRab (20mM HEPES-
NaOH pH 7.5, 50mM NaCl, 1mM MgCl2, 10μM GDP, 2mM tris(2-car-
boxyethyl)phosphine (TCEP)). Proteins were concentrated to desired
concentration using Amicon Ultra 15ml centrifugal filters (Merck
Millipore).

Modification and purification of Rab1b and Rab35
Rab1b and Rab35 proteins were post-translationally modified using
AnkX1-800 as a transferase. For quantitative PCylation or PEylation of
Rab proteins, 1 µM AnkX was incubated over night with 100 µM Rab
protein and 250 µM CDP-Choline (Carbosynth) or CDP-ethanolamine
(Jena Bioscience) respectively. For Phosphorylation (Pylation) 1 µM
AnkX was incubated with 1 µM Rab and 100 µM CDP (Sigma) for 72 h.
All modification reactions were performed at 19 °C in modification
buffer [20mM Hepes, 50mM NaCl, 1mM MgCl2, 10 µM GDP, 1mM
TCEP (pH= 7.5)]. Rab modification using cysteine reactive CDP-
Choline derivative was performed by incubating 1 µM AnkX, 500 µM
Rab and 750 µMderivative. Modification took place for 24 h at 19 °C in
adduct buffer [20mM Hepes, 50mM NaCl, 1mM MgCl2, 10 µM GDP,
1mM β-Me (pH = 7.5)]. The CDP-Choline derivative used in this work
was previously described in20.

AMPylation of Rab1b3-174:GDP was performed as previously
described in13 with the following changes: AMPylation buffer (20mM
HEPES-NaOH pH 7.5, 50mM NaCl, 1mM MgCl2, 2mM TCEP) was
supplemented with 2.5 x M excess, compared to the Rab1b con-
centration, of GTP and 10 x M of ATP. DrrA340-533 (GEF-domain) and
DrrA16-352 (ATase domain) were added in a 1:100 ratio to promote
nucleotide exchange and AMPylation. Samples were incubated at
20 °C for 4 h. Rab1bY77(AMP) was phosphocholinated as
mentioned above.

Modified proteins were separated from AnkX/DrrA, free nucleo-
tide and oligomers using size exclusion chromatography (SEC) (Cytiva
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75 pg, 16/600). SEC was performed in the SEC bufferRab1b. Proteins
were concentrated as described above, flash frozen in liquid nitrogen
and stored at −80 °C.

Analytical Lem3:Rab1b complex formation
All experiments regarding binary adduct formation and complex for-
mationwereperformed inpresenceofβ-ME as reducing conditions are
required for activation of the cysteine preparing it for the reactionwith
the chloroacetamide. Other reducing reagents likeDTT andTCEPwere
not used due to their, low abundant, reaction with the chlor-
oacetamide group20.

To investigate the capability of Lem3 and Lem3Cys to form the
specific Lem3:Rab1b complex, equimolar amounts of Lem3 or Lem3Cys
and Rab1b, modified with a cysteine reactive phosphocholine deriva-
tive, were incubated at 19 °C for 24 h.

Optimal conditions for complex formation was analysed in three
steps. To analyse temperature dependence of complex formation,
equimolar amounts of Lem3 and Rab1 were co-incubated at (19°, 25°,
30° or 37 °C) for 24 h. Complex formation over time was analysed
using equimolar amounts of Lem3 and Rab1b which were incubated at
19 °C. Samples were taken after 1min, 24 h, 48 h and 72 h. The effect of
excess of Rab1 or Lem3 on complex yields was analysed by incubating
equimolar amounts or 2 or 3 times excess of Rab1 or Lem3 at 19 °C for
24 h. All analytical complex formation experiments were performed in
adduct buffer and complex formation was quantified by SDS-PAGE gel
shift assay.

Preparative Lem3:Rab1b complex formation
AnkX was used to quantitatively transfer PC-Cl to 10x-His-tagged-
Rab1b from the cosubstrate CDP-Choline-Cl. Quantitativemodification
of Rab1b with the phosphocholine derivative was confirmed using
intact MS. After modification with PC-Cl, the SEC-purified binary
adduct Rab1bS76(PC-Cl) was co-incubated with equimolar amounts of
Lem321-486 over night at 19 °C. Complex formation was confirmed
using SDS-PAGE gel shift assay and 25mM imidazole were added prior
to loading on a 5ml Nuvia IMAC column (Bio-Rad Laboratories). The
column was washed with 50mM imidazole for 400ml to remove free
Lem3. The complex and free Rab1bwere elutedwith 125mM imidazole
and dialysed against dialysis bufferRab1b overnight in presence of Pre-
Scission protease. SEC was performed to separate the complex from
free Rab1b and oligomeric species. The complex was concentrated to
desired concentration using Amicon Ultra 15ml centrifugal filters
(Merck Millipore).

SDS-Page gel shift assay
To be analysed samples were boiled in 1x Laemmli buffer [50mM tris,
10% (v/v) glycerol, 2% SDS, 200mM β-ME, and 0.01% Bromophenol
blue (pH 6.8)] for 5min at 95 °C. Samples were separated in size on
either 12% acrylamide gels or 4–15% gradient gels (Biorad). Gels were
either stained using Roti-Blue quick (Roth) or with Coomassie
Brilliant Blue.

Analytical size exclusion chromatography
Quality analysis of purified complex was performed by analytical size
exclusion. Protein samples (250 µg for Rab1bS76T, 500 µg for Lem321-486
and Lem3:Rab1b complex) were injected to a preparative size exclu-
sion chromatography column (16/600, 75 pg, Cytiva) and compared to
a size exclusion chromatography standard (Bio-Rad Laboratories). All
runs were performed on an Äkta prime system (GE Healthcare Life
Sciences).

Mass spectrometry-based activity assay of Lem3
Catalytic efficiencies (kcat/KM) for Lem3were calculated basedon assay
derived demodification curves. Rab proteins (25 µM) were co-
incubated with catalytic amounts of Lem3 (5 nM for Rab1bS76(PC/PE),

2.5 µM for Rab1bS76(P), 0.5 µM for Lem3C134S_C209S_C395S_C456S and
Lem3C134S_C209S_T391C_C395S_C456S) in modification buffer. Samples were
taken after 1min, 5min, 10min, 30min, 60min, 120min, 240min,
360min and 24 h and reaction was stopped by diluting the sample 1:5
in 1mMEDTA. Sampleswereanalysed via intact LC-MS (seeMSanalysis
of purified proteins). Intensities for modified and unmodified protein
were added and respective individual intensities were calculated in %.
The resulting demodification curves were used to calculate the cata-
lytic efficiencies. Observed rate constants were calculated using Eq. 1
and subsequently divided by the enzyme concentration to determine
catalytic efficiencies (μM−1 s−1). All catalytic efficiencies are listed in the
Source data. A comparable behaviour during LC-MS analysis for
modified an unmodified Rab1bwas proven bymeasuring an equimolar
mixture and comparing resulting intensities. Correct mixture of this
sample was monitored by analysing the individual proteins via SDS-
PAGE (Supplementary Fig. 2b). Modified Rab1b behaves as the unmo-
dified protein, excluding the possibility of biased data (Supplementary
Fig. 2b, c).

y= y0 +A � eR0x ð1Þ

Catalytic efficiency (kcat/KM)was calculatedusing Eq. 1, with y being the
percentage ofmodified Rab1b, y0 is theminimal modification rate, A is
the amplitude, R0 is the observed rate constant and x is time in [min].
Statistical significance was evaluated using the unpaired two-tailed
Student’s t test. P values less than 0.05 were considered to be
significant, p values less than 0.01 were considered to be very
significant and p values less than 0.001 were considered to be highly
significant.

Mass spectrometric analysis of purified proteins
Purified protein samples (2 µl of 0.1mgml−1 for Rab proteins, 2 µl of
0.3mgml−1 for Lem3:Rab1b complex) were injected onto a ProSwift™
RP-4H 1 ×50mm column (Thermo Fisher Scientific), coupled to an
Elute UHPLC (Bruker). Desalted proteins were subsequently analysed
by a maXis II ETD ESI LCMS (Bruker Daltonik). Data were evaluated
using DataAnalysis (Version 5.1, Bruker Daltonics).

Protein crystallisation and structure determination
Lem321-486. Crystals of Lem321-486 D190A were grown by sitting-drop
vapor diffusion at 20 °C. Optimal crystals for structure determination
were obtained from protein samples (0.2 µL) that were mixed with
0.2 µL of reservoir solution (0.1MMES pH 6.5, 30% (v/v) PEG 300) and
supplemented with 0.01 µL of a microseed solution (obtained from
initial crystal screens) using an Oryx4 system (Douglas Instruments).
Diffracting crystals grew within a few days and were cryoprotected by
adding 1 µl of mother liquor containing 30% (v/v) glycerol before
vitrification in liquid nitrogen.

To obtain suitable phases, crystals were soaked with trace
amounts of thiomersal (Hg scattering) for two hours prior to cryo-
protection. A data set of an Hg-soaked crystal was detected using
synchrotron radiation (λ = 1.0Å, f´ = −19.4, f´´ = 10.2) at Beamline
X06SA (Swiss Light Source, Paul Scherrer Institute, Villigen, Switzer-
land). The diffraction intensity data were analysed using XDS (Version
2010)44 and threeHg-sitesweredeterminedby SHELX (Version2001)45.
Phases were calculated with SHARP (Version 2.0)46 and improved with
the Phenix (Version 1.14) software package47. An initial model was built
with COOT (Version 0.8.6)48.

This low-resolution structurewas used formolecular replacement
by Patterson search calculations applying Phaser (Version 3.0)49 and
using diffraction intensity data from a native crystal (Supplementary
Table 1). Resolution limits were chosen tomeet the following criteria: I/
σ(I) > 2.0, Rmerge < 70%, and redundancy>3.0. The structuremodelwas
optimised in COOT (Version 0. 8.6) with intermittent constrained
refinements using REFMAC5 (Version 5.7)50. Water molecules were
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positioned using ARP/wARP solvent (Version 7)51. TLS (translation/
libration/screw) and restricted refinements yielded appropriate Rwork

and Rfree ratios and root-mean-square deviation (RMSD) values for
bond lengths and angles (validated by PROCHECK52). Data collection
and refinement statistics of this and the other crystal structures pre-
sented here are gathered in Supplementary Table 1.

Lem3FL. Hangingdrop crystallisation trialswere carriedout at 19 °C, by
mixing equal volumes (1 µL) of reservoir solution and protein solution.
Crystals grew in a condition containing MES 0.1MpH 5, PEG6000 5%.
Crystals were soaked in cryo-solutions containing the crystallisation
mother liquor supplemented with 25% [v/v] glycerol, mounted onto a
cryoloop (Hampton Research), and immediately flash-cooled in liquid
nitrogen. Diffraction data were collected at EMBL beamline P13 at the
PETRA III storage ring (DESY, Hamburg, Germany). Diffraction data
were processed using XDS (Version 2021)44 and scaled with Aimless
(Version 0.7.4) from the CCP4 suite (Version 7.1.)53,54.

The structures were solved bymolecular replacementwith Phaser
(Version 2.8)49 using Lem321-486 as a searchmodel. The obtainedmodel
solution was then extended with the help of the Lem3FL model from
AlphaFold2 and further corrected manually with COOT (Version
0.9.8)48 and refined using the PHENIX suite (Version 1.19)47. The quality
of the final model was assessed using the wwPDB validation server55

and Molprobity56.

Lem3:Rab1b complex. Sitting drop crystallisation trials were carried
out at 19 °C, bymixing equal volumes (100nl) of reservoir solution and
protein solution. Crystals grew in a condition containing 40% (v/v)
PEG600, 0.2M calcium acetate, 0.1M sodium cacodylate pH 6.5.
Crystals were soaked in cryo-solutions containing the crystallisation
mother liquor supplemented with 25% [v/v] glycerol, mounted onto a
cryoloop (Hampton Research), and immediately flash-cooled in liquid
nitrogen. Diffraction data were collected at EMBL beamline P13 at the
PETRA III storage ring (DESY, Hamburg, Germany). Diffraction data
were processed using XDS (Version 2021)44 and scaled with Aimless
(Version 0.7.4) from the CCP4 suite (Version 7.1)53,54.

The complex structurewas solved bymolecular replacement with
Phaser (Version 2.8)49 using search models based on structures Rab1
(PDB ID: 3NKV) and Lem321-486. The obtained model solution was then
corrected and further built manually with COOT (Version 0.9.8)48 and
refined using the PHENIX suite (Version 1.19)47 and the PDB_REDOweb
server57. The quality of the final model was assessed using the wwPDB
validation server55 and Molprobity56.

Nano differential scanning fluorimetry (nanoDSF)
All Lem3 and Rab1 variants were diluted to 0.2mgml−1 in respective
SECbuffer complemented or not with 1mM metal ions (Mg2+, Mn2+, or
Ca2+). The samples were loaded into the standard capillaries (Nano-
temper, #PR-C002) and analysed via the Prometheus NT.48 (Nano-
temper) (Software: PR.ThermControl) at a gradient of 1 °C per min
ranging from 15 to 85 °C. The melting points were derived from the
ratio of fluorescence at 350/330 nm.

All mutants were analysed regarding their thermal stability to
exclude the possibility of reduced catalytic efficiency rates due to
unstable or misfolded protein (Supplementary Fig. 6e, f).

Phos-Tag gel electrophoresis
Phos-Tag gel electrophoresis was performed as described in ref. 58.

Structural alignment of PPM phosphatases
The structural comparison of PPM phosphatases for the generation of
Supplementary Fig. 5c was done in PyMOL (Version: PyMOL(TM) 2.3.2,
https://pymol.org/2/).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Structure factors and model coordinates for Lem3 have been depos-
ited in the ProteinDataBank (PDB)under the accession code 8ANP and
8AGG, for the Lem3:Rab1b complexunder the accession code8ALK.All
other data related to this paper are available from the corresponding
author. Source data are provided with this paper. Crystal structure
data used in this study and published elsewhere are also available in
the PDB, deposited with the following accession codes: 4RA2, 6RRE,
6B67, and 3NKV. Source data are provided with this paper.

References
1. Sherwood, R. K. & Roy, C. R. A Rab-centric perspective of bacterial

pathogen-occupied vacuoles. Cell Host Microbe 14,
256–268 (2013).

2. Asrat, S., de Jesús, D. A., Hempstead, A. D., Ramabhadran, V. &
Isberg, R. R. Bacterial pathogen manipulation of host membrane
trafficking. Annu Rev. Cell Dev. Biol. 30, 79–109 (2014).

3. Finsel, I. & Hilbi, H. Formation of a pathogen vacuole according to
Legionella pneumophila: how to kill one bird withmany stones.Cell
Microbiol. 17, 935–950 (2015).

4. Qiu, J. & Luo, Z. Q. Legionella and Coxiella effectors: strength in
diversity and activity. Nat. Rev. Microbiol. 15, 591–605 (2017).

5. Mondino, S. et al. Legionnaires’ disease: state of the art knowledge
of pathogenesis mechanisms of legionella. Annu Rev. Pathol. 15,
439–466 (2020).

6. Stroupe, C. & Brunger, A. T. Crystal structures of a Rab protein in its
inactive and active conformations. J. Mol. Biol. 304,
585–598 (2000).

7. Cherfils, J. & Zeghouf, M. Regulation of small GTPases by GEFs,
GAPs, and GDIs. Physiol. Rev. 93, 269–309 (2013).

8. Desnoyers, L., Anant, J. S. & Seabra, M. C. Geranylgeranylation of
Rab proteins. Biochem. Soc. Trans 24, 699–703 (1996).

9. Kagan, J. C., Stein, M. P., Pypaert, M. & Roy, C. R. Legionella subvert
the functions of Rab1andSec22b to create a replicativeorganelle. J.
Exp. Med. 199, 1201–1211 (2004).

10. Derré, I. & Isberg, R. R. Legionella pneumophila replication vacuole
formation involves rapid recruitment of proteins of the early
secretory system. Infect. Immun. 72, 3048–3053 (2004).

11. Murata, T. et al. The Legionella pneumophila effector protein DrrA is
a Rab1 guanine nucleotide-exchange factor. Nat. Cell Biol. 8,
971–977 (2006).

12. Müller, M. P. et al. The Legionella effector protein DrrA AMPylates
the membrane traffic regulator Rab1b. Science 329,
946–949 (2010).

13. Du, J. et al. Rab1-AMPylation by Legionella DrrA is allosterically
activated by Rab1. Nat. Commun. 12, 460 (2021).

14. Barthelmes, K., Ramcke, E., Kang, H. S., Sattler, M. & Itzen, A.
Conformational control of small GTPases by AMPylation. Proc. Natl.
Acad. Sci. USA 117, 5772–5781 (2020).

15. Tan, Y. & Luo, Z. Q. Legionella pneumophila SidD is a deAMPylase
that modifies Rab1. Nature 475, 506–509 (2011).

16. Ingmundson, A., Delprato, A., Lambright, D. G. & Roy, C. R. Legio-
nella pneumophila proteins that regulate Rab1 membrane cycling.
Nature 450, 365–369 (2007).

17. Mukherjee, S. et al. Modulation of Rab GTPase function by a protein
phosphocholine transferase. Nature 477, 103–106 (2011).

18. Goody, P. R. et al. Reversible phosphocholination of Rabproteins by
Legionella pneumophila effector proteins. EMBO J. 31,
1774–1784 (2012).

Article https://doi.org/10.1038/s41467-023-37621-7

Nature Communications |         (2023) 14:2245 13

https://pymol.org/2/
http://dx.doi.org/10.2210/pdb8anp/pdb
http://dx.doi.org/10.2210/pdb8agg/pdb
http://dx.doi.org/10.2210/pdb8alk/pdb
http://dx.doi.org/10.2210/pdb4RA2/pdb
http://dx.doi.org/10.2210/pdb6RRE/pdb
http://dx.doi.org/10.2210/pdb6B67/pdb
http://dx.doi.org/10.2210/pdb3NKV/pdb


19. Tan, Y., Arnold, R. J. & Luo, Z.-Q. Legionella pneumophila regulates
the small GTPase Rab1 activity by reversible phosphorylcholination.
Proc. Natl. Acad. Sci. USA 108, 21212–21217 (2011).

20. Ernst, S. et al. Legionella effector AnkX displaces the switch II
region for Rab1b phosphocholination. Sci. Adv 6, eaaz8041
(2020).

21. Gabler, F. et al. Protein sequence analysis using the MPI bioinfor-
matics toolkit. Curr. Protoc. Bioinf. 72, e108 (2020).

22. Zimmermann, L. et al. A completely reimplemented MPI bioinfor-
matics toolkit with a newHHpred server at its core. J. Mol. Biol.430,
2237–2243 (2018).

23. Shi, Y. Serine/threonine phosphatases: mechanism through struc-
ture. Cell 139, 468–484 (2009).

24. Kamada, R. et al. Metal-dependent Ser/Thr protein phosphatase
PPM family: evolution, structures, diseases and inhibitors. Pharma-
col. Ther. 215, 107622 (2020).

25. Debnath, S. et al. A trapped human PPM1A-phosphopeptide com-
plex reveals structural features critical for regulation of PPMprotein
phosphatase activity. J. Biol. Chem. 293, 7993–8008 (2018).

26. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

27. Madeira, F. et al. Search and sequence analysis tools services from
EMBL-EBI in 2022. Nucleic Acids Res. 50, W276–W279 (2022).

28. Krissinel, E. & Henrick, K. Secondary-structure matching (SSM), a
new tool for fast protein structure alignment in three dimensions.
Acta Crystallogr. D Biol. Crystallogr. 60, 2256–2268 (2004).

29. Das, A. K., Helps, N. R., Cohen, P. T. & Barford, D. Crystal structure of
the protein serine/threonine phosphatase 2C at 2.0 A resolution.
EMBO J. 15, 6798–6809 (1996).

30. Handing, K. B. et al. Characterizing metal-binding sites in proteins
with X-ray crystallography. Nat. Protoc. 13, 1062–1090 (2018).

31. Zheng, H. et al. CheckMyMetal: a macromolecular metal-binding
validation tool. Acta Crystallogr. D Struct. Biol. 73, 223–233 (2017).

32. Heller, K. The enzymatic phosphocholination as a new protein
labeling method (Technical University of Munich, 2016).

33. Müller, M. P. et al. Characterization of enzymes from Legionella
pneumophila involved in reversible adenylylation of Rab1 protein. J.
Biol. Chem. 287, 35036–35046 (2012).

34. Ochtrop, P., Ernst, S., Itzen, A. & Hedberg, C. Exploring the sub-
strate scope of the bacterial phosphocholine transferase AnkX for
versatile protein functionalization. ChemBioChem 20,
2336–2340 (2019).

35. Pan, C. et al. Cadmium is a potent inhibitor of PPM phosphatases
and targets the M1 binding site. Sci. Rep. 3, 2333 (2013).

36. Chen, Y. et al. Structural basis for Rab1 de-AMPylation by the
Legionella pneumophila effector SidD. PLoS Pathog 9,
e1003382 (2013).

37. Schlicker, C. et al. Structural analysis of the PP2C phosphatase
tPphA from Thermosynechococcus elongatus: a flexible flap sub-
domain controls access to the catalytic site. J. Mol. Biol. 376,
570–581 (2008).

38. Wehenkel, A., Bellinzoni, M., Schaeffer, F., Villarino, A. &Alzari, P.M.
Structural and binding studies of the three-metal center in two
mycobacterial PPM Ser/Thr protein phosphatases. J. Mol. Biol. 374,
890–898 (2007).

39. Zheng, W. et al. Structure-based identification of a potent inhibitor
targeting Stp1-mediated virulence regulation in Staphylococcus
aureus. Cell Chem. Biol. 23, 1002–1013 (2016).

40. Wu, Y. et al. Crystal structure of PppA from Pseudomonas aerugi-
nosa, a key regulatory component of type VI secretion systems.
Biochem. Biophys. Res. Commun. 516, 196–201 (2019).

41. van Bochove, M. A., Swart, M. & Bickelhaupt, F. M. Nucleophilic
substitution at phosphorus (S(N)2@P): disappearance and reap-
pearance of reaction barriers. J. Am. Chem. Soc. 128,
10738–10744 (2006).

42. Su, J., Schlicker, C. & Forchhammer, K. A third metal is required for
catalytic activity of the signal-transducing protein phosphatase M
tPphA. J. Biol. Chem. 286, 13481–13488 (2011).

43. Tascón, I. et al. Structural insight into the membrane targeting
domain of the Legionella deAMPylase SidD. PLoS Pathog 16,
e1008734 (2020).

44. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66,
125–132 (2010).

45. Sheldrick,G.M.A short history of SHELX.ActaCrystallogr. A, Found.
Crystallogr. 64, 112 (2008).

46. Bricogne, G., Vonrhein, C., Flensburg, C., Schiltz, M. & Paciorek, W.
Generation, representation and flow of phase information in struc-
ture determination: recent developments in and aroundSHARP2.0.
Acta Crystallogr. D Biol. Crystallogr. 59, 2023 (2003).

47. Adams, P. D. et al. PHENIX: a comprehensive Python-based system
for macromolecular structure solution. Acta Crystallogr. D Biol.
Crystallogr. 66, 213–221 (2010).

48. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66,
486–501 (2010).

49. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crys-
tallogr. 40, 658–674 (2007).

50. Murshudov, G. N. REFMAC5 for the refinement of macromolecular
crystal structures. Acta Crystallogr. D Biol. Crystallogr. 67,
355–367 (2011).

51. Langer, G., Cohen, S. X., Lamzin, V. S. & Perrakis, A. Automated
macromolecular model building for X-ray crystallography using
ARP/wARP version 7. Nat. Protoc. 3, 1171–1179 (2008).

52. Laskowski, R. A., MacArthur, M. W., Moss, D. S. & Thornton, J. M.
PROCHECK: a program to check the stereochemical quality of
protein structures. J. Appl. Cryst. 26, 283–291 (1993).

53. Evans, P. R. An introduction to data reduction: space-group deter-
mination, scaling and intensity statistics. Acta Crystallogr. D Biol.
Crystallogr. 67, 282–292 (2011).

54. Winn, M. D. et al. Overview of the CCP4 suite and current devel-
opments. Acta Crystallogr. D Biol. Crystallogr. 67, 235–242 (2011).

55. Gore, S., Velankar, S. & Kleywegt, G. J. Implementing an X-ray
validationpipeline for theProteinDataBank.ActaCrystallogr. DBiol.
Crystallogr. 68, 478–483 (2012).

56. Chen, V. B. et al. MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D Biol. Crystal-
logr. 66, 12–21 (2010).

57. Joosten, R. P., Long, F., Murshudov, G. N. & Perrakis, A. The
PDB_REDO server for macromolecular structure model optimiza-
tion. IUCrJ 1, 213–220 (2014).

58. Fauser, J. et al. Specificity of AMPylation of the human chaperone
BiP is mediated by TPR motifs of FICD. Nat. Commun. 12,
2426 (2021).

Acknowledgements
Mass spectrometry was funded by the Deutsche For-
schungsgemeinschaft (DFG, German Research Foundation – Pro-
jektnummer INST 152/859-1 FUGG, A.I.). This work was performedwithin
the framework of SFB 1035 (German Research Foundation DFG, Son-
derforschungsbereich 1035, Projektnummer 201302640, projects A02,
M.G., and B05, A.I.). C.H. thanks Knut and Alice Wallenberg Foundation
Sweden (KAW 2013.0187) and Swedish Research Council (VR) for gen-
erous support. The synchrotron MX data were collected at beamlines
P13 operated by EMBL Hamburg at the PETRA III storage ring (DESY,
Hamburg, Germany) and X06SA at the Swiss Light Source (Villigen,
Switzerland).Wewould like to thank the local contacts for the assistance
in using the beamlines.We aregrateful to the Swedish ResearchCouncil
(VR grant: 2019-05384, C.H.) for generous support. We also acknowl-
edge technical support from the SPC facility at EMBL Hamburg. A.I.
acknowledges access to the core facilities and laboratories of theCentre

Article https://doi.org/10.1038/s41467-023-37621-7

Nature Communications |         (2023) 14:2245 14



for Structural Systems Biology (CSSB, Hamburg). We acknowledge
financial support from the Open Access Publication Fund of UKE - Uni-
versitätsklinikum Hamburg-Eppendorf- and DFG – German Research
Foundation. We thank Dr. Dorothea Höpfner for advice during devel-
opment of the MS-based activity assay for Lem3. We acknowledge help
of Daniel Otero with protein expression.

Author contributions
S.E. and F.E. obtained the crystal structures of Lem321-486. M.G. and
F.E. solved and refined the Lem321-486 crystal structure (PDB ID: 8ANP).
M.S.K., A.I. and C.H. envisioned the strategy to obtain the Lem3:Rab1b
complex. M.S.K. and V.P. obtained and refined the crystal structure of
Lem3FL and the Lem3:Rab1b complex.M.S.K., A.I. andV.P. analysed and
interpreted all protein structures. M.S.K. purified the Lem3:Rab1b com-
plex, developed and performed all biochemical experiments presented
in this paper, except nanoDSFmeasurements which were performed by
V.P. C.H., C.P. and P.O. provided the CDP-Choline-Cl. M.S.K. and V.P.
prepared all figures in this paper. M.S.K., V.P. and A.I. wrote the paper.
A.I., M.G. and C.H. provided laboratory infrastructure. All authors parti-
cipated in manuscript editing and final approval.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-37621-7.

Correspondence and requests for materials should be addressed to
Aymelt Itzen.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-37621-7

Nature Communications |         (2023) 14:2245 15

https://doi.org/10.1038/s41467-023-37621-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Dephosphocholination by Legionella effector�Lem3 functions through remodelling�of the switch II region of Rab1b
	Results
	The Lem3 crystal structure
	The Lem3�structure reveals similarity to PPM phosphatases
	Mg2+ and Mn2+ increase Lem3�stability and activity
	Lem3 can catalyse dephosphorylation and dephosphocholination
	Site-specific cross-linking of Lem3:Rab1b complexes
	Structure of the Lem3:Rab1b complexT391C
	Dephosphocholination through local substrate remodelling

	Discussion
	Methods
	Plasmid construction
	Protein expression and purification
	Modification and purification of Rab1b and Rab35
	Analytical Lem3:Rab1b complex formation
	Preparative Lem3:Rab1b complex formation
	SDS-Page gel shift assay
	Analytical size exclusion chromatography
	Mass spectrometry-based activity assay of Lem3
	Mass spectrometric analysis of purified proteins
	Protein crystallisation and structure determination
	Lem321-486
	Lem3FL
	Lem3:Rab1b complex
	Nano differential scanning fluorimetry (nanoDSF)
	Phos-Tag gel electrophoresis
	Structural alignment of PPM phosphatases
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




