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The FIC motif and the eukaryotic-like ankyrin repeats are

found in many bacterial type IV effectors, yet little is

known about how these domains enable bacteria to mod-

ulate host cell functions. Bacterial FIC domains typically

bind ATP and transfer adenosine monophosphate moiety

onto target proteins. The ankyrin repeat-containing pro-

tein AnkX encoded by the intracellular pathogen

Legionella pneumophila is unique in that its FIC domain

binds to CDP-choline and transfers a phosphocholine

residue onto proteins in the Rab1 GTPase family. By

determining the structures of unbound AnkX and AnkX

with bound CDP-choline, CMP/phosphocholine and CMP,

we demonstrate that the orientation of substrate binding

in relation to the catalytic FIC motif enables this protein to

function as a phosphocholinating enzyme rather than a

nucleotidyl transferase. Additionally, the structure reveals

that the ankyrin repeats mediate scaffolding interactions

that resemble those found in protein–protein interactions,

but are unprecedented in intramolecular interactions.

Together with phosphocholination experiments, our struc-

tures unify a general phosphoryl transferase mechanism

common to all FIC enzymes that should be conserved from

bacteria to human.

The EMBO Journal (2013) 32, 1469–1477. doi:10.1038/

emboj.2013.82; Published online 9 April 2013
Subject Categories: microbiology & pathogens; structural
biology
Keywords: ankyrin repeats; FIC domain; Legionella;

phosphocholination; Rab GTPase

Introduction

Many intracellular pathogens use specialized secretion

systems to deliver proteins into host cells called effectors,

which can have biochemical activities that modulate the

cytoskeletal and membrane transport pathways of the in-

fected host cell (reviewed in Cossart and Roy, 2010). The FIC

domain (filamentation induced by cyclic adenosine

monophosphate moiety (AMP)) and the eukaryotic-like

ankyrin repeat domain are modules contained in many

different bacterial effectors (reviewed in Roy and

Mukherjee, 2009; Voth, 2011). Ankyrin repeats consist of

strings of helix-helix-turn units, and in eukaryotes are

among the most common protein–protein interaction motifs

(reviewed in Li et al, 2006). It is thought that ankyrin repeats

in bacterial effectors will serve as interaction modules

involved in the targeting of host factors, but there is no

clear evidence demonstrating such a role, and the function

of most bacterial Ank proteins remains unknown.

FIC domains represent another homology region found in

multiple bacterial effectors. Work on the Vibrio parahaemo-

lyticus type III effector VopS showed that the FIC domain in

this protein had an enzymatic activity that resulted in the

transfer of an AMP onto host Rho GTPases, resulting in the

disruption of the actin cytoskeleton (Yarbrough et al, 2009).

This adenylylation reaction mediated by VopS was termed as

AMPylation. The protein IbpA from the respiratory pathogen

Histophilus somni was also shown to have an activity that

mediated adenylylation of Rho family GTPases to disrupt

their function (Kinch et al, 2009; Worby et al, 2009). Thus,

the FIC domain, which is conserved outside the prokaryotic

kingdom (Kinch et al, 2009; Worby et al, 2009), was thought

to have a conserved function in mediating the post-

translational addition of AMP onto hydroxyl-containing

residues of target proteins (Kinch et al, 2009; Roy and

Mukherjee, 2009).

Mechanisms for ATP cleavage and AMP transfer have been

proposed recently based on structural and biochemical

analysis of representative bacterial FIC domain-containing

enzymes, which include VopS (Luong et al, 2010), IbpA

bound to AMPylated Cdc42 (Xiao et al, 2010), Bartonella

BepA with bound pyrophosphate (PPi) (Palanivelu et al, 2011)

and Neisseria NmFic bound to AMP and ATP (Engel et al,

2012). These studies highlighted the conserved fold of the FIC

domain and the catalytic role of its HPFx[D/E]GN[G/K]R

signature in cleaving the Pa-Oab bond of ATP (Luong et al,

2010; Xiao et al, 2010; Palanivelu et al, 2011), as well as the

contribution of adjacent elements in binding the adenine

(Xiao et al, 2010; Engel et al, 2012) and possibly in

regulating the AMPylation activity (Engel et al, 2012). It

should be noted that although all characterized FIC

enzymes seem to have a narrow protein target specificity,

most undergo auto-modification (Kinch et al, 2009; Xiao et al,

2010; Engel et al, 2012; Feng et al, 2012; Goody et al, 2012).

Although the significance of auto-modification remains

unknown, it has been proposed to represent an inter-

mediate in the phosphoryl transfer reaction mediated by the

FIC domain or possibly be important in regulating the activity

of the enzyme (Luong et al, 2010; Goody et al, 2012).

The paradigm that all FIC domain-containing effectors func-

tion as AMPylating enzymes was challenged by the recent

discovery that Legionella type IV effector protein AnkX uses
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CDP-choline as a substrate to transfer phosphocholine onto

serine or threonine in conserved positions in the switch II

region of Rab1 family GTPases (Mukherjee et al, 2011).

Additionally, it has been shown that Xanthomonas AvrAC

can use UTP to transfer UMP onto plant receptor-like kinases

(Feng et al, 2012). Thus, FIC domains are able to catalyse

chemical reactions others than AMPylation.

All of the FIC domain-containing effectors that have been

characterized mediate a phosphoryl transfer reaction requiring

a nucleotide-based substrate. What makes the reaction

mediated by the FIC domain in AnkX unique is that the

transferred moiety is not the nucleotide monophosphate

(CMP) but is instead the phosphocholine moiety. AnkX is

also unique in that it carries multiple ankyrin repeats in

addition to the FIC domain on a single polypeptide. When

expressed in mammalian cells, AnkX modifies Rab1 and Rab35

proteins to disrupt membrane transport processes mediates by

these GTPases, and this activity requires a conserved histidine

residue found in the catalytic site of the FIC motif and several

predicted ankyrin repeat domains located nearby in the amino-

acid sequence (Pan et al, 2008; Mukherjee et al, 2011). The

defects in membrane transport are likely due to impairments in

the interaction of phosphocholinated Rab1 proteins with

RabGDIs, RabGEFs, and cellular effectors (Mukherjee et al,

2011; Goody et al, 2012).

Here, we report the crystallographic structures of apo-AnkX

and of AnkX bound to its substrate, CDP-choline, and to its

products, CMP and phosphocholine. These structural snap-

shots, together with further analysis of the phosphocholination

reaction, provide important insight into how FIC and ankyrin

domains have been co-opted by bacteria, and suggest a general

model for the substrate recognition and phosphoryl transferase

mechanism common to FIC enzymes from bacteria to human.

Results

The crystal structure of AnkX reveals that the ankyrin

repeats scaffold constrains the FIC and substrate-

binding domains

Limited proteolysis studies indicated that the smallest

protease-resistant domain that retained Rab1 phosphocholi-

nation activity contained residues 1–484 in AnkX, so this

region was selected for protein crystallization studies. We

solved the crystal structures of L. pneumophila AnkX1–484 in

the apo form, in complex with its substrate, CDP-choline

(using the inactive AnkXH229A mutant), and in complexes

with CMP and phosphocholine and with CMP alone

(Figure 1A; Table I). AnkX has an atypical FIC domain

comprised of two sub-domains, of which the second carries

a canonical FIC motif (Supplementary Figure 1A and B). The

FIC sub-domains are separated by a 70-residue domain,

which inserts within a b-hairpin that is conserved in all

known FIC domain structures (Supplementary Figure 1A

and C). Unlike the b-hairpin of the FIC domain of IbpA,

Figure 1 Structure of L. pneumophila AnkX. (A) Structure of AnkX with bound CDP-choline (in green). The sequences of the CMP binding,
FIC, insert and ankyrin repeat domains are given in Supplementary Figure 1A. (B) Overlay of the four ankyrin repeats of AnkX1–484 (in
magenta) to an archetypal ankyrin repeats protein (AnkyrinR, in orange Michaely et al, 2002). The longer loop in the first ankyrin motif is
shown by an arrow. (C) The ankyrin repeats (in magenta) form extensive intramolecular contacts with the CMP-binding domain (in orange),
the FIC domain (in cyan), and the insert domain (in red). Intramolecular contacts are shown in Supplementary Figure 3.

Phosphocholination mechanism of Legionella AnkX
V Campanacci et al

1470 The EMBO Journal VOL 32 | NO 10 | 2013 &2013 European Molecular Biology Organization



which forms the binding site for AMPylated Cdc42 (Xiao et al,

2010), the b-hairpin of AnkX is covered by the insert domain

and is unavailable for binding Rab1, suggesting that Rab1 has

a different binding modality (Supplementary Figure 2). Next

to the FIC motif, AnkX features a unique domain comprised of

the N-terminal 50 residues and of 40 residues located down-

stream of the FIC domain, which binds the CMP moiety of

CDP-choline (Supplementary Figure 1A and D). Residues

beyond Pro351 form four consecutive ankyrin repeats

(Figure 1A and B), two of which were not predicted using

standard methods (Pan et al, 2008). All domains establish

multiple interactions with each other, yielding a close-packed

structure (Figure 1C). Remarkably, the ankyrin repeats are

involved in a large interface with the CMP binding, FIC, and

insert domain (about 2200 Å2 buried surface area, intramole-

cular contacts in Supplementary Figure 3), which resembles

the interfaces found in protein–protein interactions but is seen

for the first time in an intramolecular interaction. Consistent

with this unprecedented role of the ankyrin repeats in con-

straining the structure of AnkX, a recombinant AnkX con-

struct lacking the ankyrin repeats did not yield soluble

expression in E. coli. Thus, our structures reveal that ankyrin

repeats are not only protein–protein interaction domains, but

can also contribute to intramolecular interactions.

The orientation of CDP-choline binding to AnkX

provides a mechanism for transfer of phosphocholine

by the FIC motif

It was unknown why AnkX mediates the transfer of phospho-

choline rather than CMP given that it carries the canonical

catalytic FIC motif that functions in nucleotide transfer in

AMPylating toxins. Our structures show that the AnkX FIC

motif has the same conformation as in known AMPylating FIC

enzymes (Supplementary Figure 4A). CDP-choline shares a

nucleoside diphosphate group with ATP, but its binding to

AnkX with the orientation of ATP as seen in AMPylating FIC

domains would result in a head-to-tail chemical reaction with

inversion of the transferred and leaving groups. Unprocessed

CDP-choline was captured in complex with the inactive

AnkXH229A mutant (Figure 2A), revealing that choline, rather

than cytidine, overlays the adenosine moiety of ATP

(Figure 2B). The positive charge of the trimethylammonium

group of the choline moiety is recognized by the electron-rich

aromatic ring of Phe107 in the b-hairpin and the carboxyls of

two acidic residues, Asp265 and Glu226 in the FIC motif-

containing sub-domain (Figure 2C). Phe107, Ile109, and

Asp265 are located in the vicinity of the choline moiety and

should exclude the binding of the adenine base through steric

hindrance (Figure 2B), which would explain why AnkX cannot

function as an AMPylating enzyme. The other unique feature

of the active site pocket of AnkX is that it snugly fits the

cytidine group, as shown by its well-defined structure in the

complexes containing AnkXH229A/CDP-choline (Figure 2A),

AnkX/CMP, and AnkX/CMP/phosphocholine. Specific recog-

nition is mediated by the CMP domain unique to AnkX, which

forms numerous interactions with the base (Tyr 41, Arg 44, and

Cys 48) and the sugar (Asp28 and Arg30) (Figure 2C). Tyr41,

notably, stacks its aromatic ring on the cytosine ring of CDP-

choline. Mutations in the predicted choline-binding residues

(Phe107Gly, Glu226Ala, and Asp265Ala) and of a cytosine-

binding residue (Tyr41Ala), all of which are located outside the

FIC motif, impaired Rab1 phosphocholination in vitro

(Figure 3A; Supplementary Figure 5A), consistent with these

residues playing an important role in enzyme function. The

Table I Data collection and refinement statistics

AnkX1–484 AnkX1–484 AnkX/CMP
AnkX/CMP/

phosphocholine
AnkXH229A/
CDP-choline

Data collection Form I Form II Form III Form IV
Phasing method MR-SAD SAD MR MR MR
Space group P212121 P21 P2221 P21212 P21
Cell constants (Å) 55.3, 91.6, 239.1 59.1, 198.4, 110.0

b¼ 98.51
58.3, 103.6, 224.1 84.3, 122.3, 55.0 66.1, 122.1, 75.7

b¼ 107.31
Molecule/asu 2 4 2 1 2
Wavelength (Å) 0.9792 0.9790 0.9801 0.9801 0.9801
Resolution rangea (Å) 44.0–3.14

(3.33–3.14)
48.63–3.60
(3.69–3.60)

46.28–2.60
(2.76–2.60)

43.10–2.54
(2.68–2.54)

43.89–2.55
(2.70–2.55)

Rsym
a,b (%) 9.2 (52.3) 7.6 (68.3) 10.5 (101.1) 10.1 (74.7) 9.1 (83.7)

I/sIa 11.33 (2.59) 11.06 (1.99) 16.16 (2.30) 13.42 (2.50) 12.02 (1.75)
Completenessa (%) 98.9 (96.9) 99.2 (92.1) 99.6 (98.8) 99.7 (98.8) 98.5 (97.4)
Redundancya 3.8 (3.8) 4.9 (3.4) 7.3 (7.4) 5.8 (5.7) 4.7 (4.7)

Refinement

Traced residues
Chain A 5–482 1–328, 331–477 6–85, 96–484 5–484
Chain B 5–86, 96–477 1–85, 90–479 6–484

No. of reflections 20 682 42 690 19 367 36 935
Rwork/Rfree (%) 21.18/25.64 19.58/23.26 19.43/25.71 19.23/24.32
No. of atoms/waters 7434 7582/73 3738/54 7643/114

Mean B-factor (Å2)
Protein 43.1 65.8 55.9 69.5
Ligands — 59.7 (CMP:A) 59.7 (CMP) 59.3 (CDC:A)

— 62.5 (CMP:B) 99.4 (PC) 52.31 (CDC:B)

r.m.s.d.
Bond lengths (Å) 0.011 0.010 0.010 0.010
Bond angle (deg) 1.58 1.18 1.21 1.24

aValues in parentheses refer to the highest resolution shell.
bRsym¼

P
h
P

i|Ihi–(Ih)|/
P

h
P

I(Ih), where Ii is the ith observation of reflection h and (Ih) is the weighted average intensity for all observations
l of reflection h.
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binding site of CDP-choline to AnkX shares a common use of

aromatic and negatively charged residues to recognize the

choline moiety with CTP-phosphocholine cytidylyltransferases

from bacteria (Kwak et al, 2002) and mammals (Lee et al,

2009), but is otherwise completely different from that of these

enzymes (Supplementary Figure 6). Thus, these structural

snapshots provide molecular details on how AnkX uses its

CMP domain and FIC domain to uniquely recognize CDP-

choline as a substrate and exclude ATP, which makes AnkX a

phosphocholine transferase exclusively.

AnkX catalyses the same phosphoryl transfer reaction

as AMPylating FIC domains

The structures of substrate- and product-bound AnkX

(Figure 4A and B) suggest that the catalytic mechanism of

AnkX phosphoryl transfer would be similar to that of

AMPylating FIC enzymes. FIC motif-based overlay of AnkX/

CDP-choline to IbpA/AMPylated Cdc42 shows that the

b-phosphate of CDP-choline superimposes with the a-phos-

phate of AMP (Figure 4C), indicating that the scissile bond in

CDP-choline is the Oab-Pb bond, rather than the Pa-Oab of

ATP that is cleaved by AMPylating enzymes. Furthermore,

the Oab-Pb bond of CDP-choline is exactly co-linear with the

phosphotyrosine bond of AMPylated Cdc42 with inversion of

configuration of the phosphate (Figure 4C), as would be

expected if both enzymes would have the same catalytic

mechanisms. Consistently, mutations of conserved residues

in the FIC motif in AnkX (His229Ala, Asp233Ala, and

Arg237Glu) all severely impaired both auto-phosphocholina-

tion and Rab1 phosphocholination in vitro (Figure 3B;

Supplementary Figure 5B). Thus, a major consequence aris-

ing from CDP-choline binding head-to-tail with respect to

ATP is that AMPylation and phosphocholination can be

achieved through the same chemical reaction, with conserva-

tion of the positions of the transferred and leaving groups

relative to the FIC motif and with the same use of catalytic

residues.

The catalytic mechanism of CDP-choline cleavage

by AnkX

Our structures reveal a diphosphate-containing substrate both

before and after its cleavage by an FIC domain, allowing for

unprecedented insight into the catalytic mechanism. In these

structures, phosphoryl transfer to the hydroxyl-containing

serine residue in Rab1 was mimicked by a water molecule.

We observe that the CDP-choline-binding site has the same

conformation in apo-AnkX, AnkXH229A/CDP-choline, and

AnkX/CMP/phosphocholine (Supplementary Figure 4B),

from which it can be safely assumed that the reaction does

not require a disorder-to-order transition or an induced fit.

This suggests that the transition state of CDP-choline cleavage

is structurally close to the ground states observed in the

crystals and can be analysed from these structures. An

important contribution to the efficiency of biological phos-

phoryl transfer reactions is the stabilization of partial negative

charges that develop at the transition state, which is provided

by positive charges from enzyme active sites (reviewed in

Lassila et al, 2011). AnkX has only one positively charged

residue that interacts with the a-phosphate of both the

substrate and leaving group, Arg237 from the FIC motif, and

none that interacts with the b-phosphate (Figure 4A and B).

Additional stabilization could stem from a cationic metal, one

candidate being a Mg2þ cation. As shown in Figure 3C, auto-

phosphocholination was impaired when no cationic metal was

present in the mixture, and was recovered by the addition of

Mg2þ , indicating that the reaction requires a cationic ion.

A Mg2þ ion has been observed in the structure of the BepA/

pyrophosphate complex, where it bridges the phosphates of

the ligand (Palanivelu et al, 2011). Superposition of this

structure with CDP-choline-bound AnkX suggests that Mg2þ

is coordinated by the conserved FIC motif aspartate

(Figure 4D), which would be consistent with the critical role

of this residue despite the fact that it does not make direct

contacts with CDP-choline.

An intriguing aspect of FIC enzymes, whose mechanism is

currently debated, is their robust auto-modifications, which

depend on the catalytic histidine and occurs regardless of

whether they catalyse AMPylation, UMPylation, or phospho-

cholination reactions. One explanation that has been put

Figure 2 Structure of the CDP-choline binding site of AnkX.
(A) Fo-Fc electron density omit map of CDP-choline bound to
AnkXH229A contoured at 2.5s. (B) Superposition of CDP-choline
bound to AnkX (in orange) and AMP bound to cdc42 in the IbpA-
cdc42 complex (in magenta, PDB 3N3V). Note that the AnkX active
site (yellow surface) cannot accommodate the base of AMP.
(C) Interactions of the CMP domain (in orange) and FIC domain
(in cyan) residues with the cytidine and choline moieties of CDP-
choline. Hydrogen bonds are shown in dotted lines.
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forward is that the auto-modified species represents the

accumulation of a phosphohistidine intermediate, which

would indicate a ping-pong mechanism of phosphoryl trans-

fer (Goody et al, 2012). Comparison of substrate-bound AnkX

and product-bound IbpA identifies a conserved geometry for

in-line nucleophilic attack of the transferred phosphorus

(Figure 4C) that could not be structurally accommodated in

a ping-pong mechanism, which would require that at least

one of the nucleophilic attack is occurring from the opposite

side of the phosphorus. We found that the AnkX1–484

protein used in our crystallization studies was not

auto-phosphocholinated in vitro, even though it retained

the ability to phophocholinate Rab1 by a mechanism that

required the catalytic histidine (Figure 3D; Supplementary

Figure 5C). These data suggest that the auto-phosphocholi-

nated AnkX species does not represent an intermediate

in the phosphoryl transfer reaction and that the auto-

phosphocholinated residues must be located outside of the

enzymatic domain in AnkX1–484. Thus, AnkX uses a con-

certed mechanism of phosphoryl transfer, in which in-line

nucleophilic attack of the b-phosphate of CDP-choline

mediated by the hydroxyl group of Ser79 in Rab1 is mimicked

by a water molecule, according to the transition state sum-

marized in Figure 4E.

Discussion

A large number of bacterial effector proteins contain ankyrin

repeats and FIC domains, but understanding how these

domains have been adapted for diverse functions remains a

critical question. Our structures of AnkX provide new insight

into how these domains function. These data show that the

ankyrin repeats in AnkX have been co-opted by bacteria to

constrain intramolecular interactions, in contrast with most

eukaryotic ankyrin repeats where the exposed loops and

flexible structure of the repeat functions as a versatile

protein–protein interaction module (reviewed in Li et al,

2006). Sequence analysis predicts that AnkX may have up

to 12 ankyrin repeats (Supplementary Figure 1A), in which

the loops have more variable lengths than in eukaryotic

ankyrin repeats, as exemplified by the loop of the first

motif (Figure 1B). These repeats can be readily modelled by

extending the first four repeats without clashes with the

rest of the structure (Figure 1B), leaving open the possibility

that they form additional interactions, possibly with Rab1 or

other partners.

FIC domains have recently been classified as an evolu-

tionary conserved family present in genomes from bacteria,

archae, fungi, and metazoan (Kinch et al, 2009; Worby et al,

Figure 3 Analysis of Rab1 phosphocholination and AnkX auto-phosphocholination. (A) AnkX constructs carrying mutations in the
CDP-choline binding site have impaired Rab1 phosphocholination. Rab1 phosphocholination is expressed as the relative percentage of
Rab1 phosphocholination by wild-type AnkX. Data are from immunoblots from in vitro reactions that contained full-length His-tagged AnkX
constructs and Rab1A in the presence of phosphocholination buffer. Blots were probed with an anti-PC antibody. Representative blots are
shown in Supplementary Figure 5A. Errors bars represent the standard deviation based on three independent experiments. (B) AnkX constructs
carrying mutations in the FIC motif have impaired Rab1 phosphocholination. Experimental conditions are as in Figure 3A. Representative blots
are shown in Supplementary Figure 5B. Errors bars represent the standard deviation based on three independent experiments. (C) Mg2þ is
necessary for phosphocholination. Full-length His-tagged AnkX was dialysed against a metal-free buffer prior to the experiment, and
subsequently assessed for auto-phosphocholination without (left lane) or with (right lane) addition of 1 mM Mg2þ in the auto-phosphocho-
lination buffer. (D) Auto-phosphocholinated residues are not located in the FIC domain. The AnkX1–484 construct (lane 1) phosphocholinates
Rab1 but is not auto-phosphocholinated. The AnkX1–484 construct carrying the H229A mutation is shown as a control that Rab1
phosphocholination requires the FIC motif histidine (lane 2). Molecular weight markers (in kDa) are shown on the right.
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2009). Characterizing what makes their air de famille and

what defines their individual specificities is important to

understand their roles in bacterial infections and eukaryotic

regulatory functions. Our analysis of substrate- and product-

bound AnkX, in perspective with previous analysis of

AMPylating FIC proteins, shows that the FIC motif has a

general role in catalysing the cleavage of diphosphate-

containing substrates and transfer of the resulting

phosphoryl-containing moiety onto an entering hydroxyl

group, regardless of the specific nature of the substrate.

Catalysis would be best explained by in-line nucleophilic

attack by the entering hydroxyl group which is activated by

the invariant histidine of the HPFx[D/E]GN[G/K]R signature,

with stabilization of the developing negative charges by the

invariant arginine and by a metal cation bound to the

conserved acidic residue, according to the transition state

depicted in Figure 4E. We propose that auto-modification, a

side reaction reported in all characterized FIC enzymes,

occurs using the same catalytic mechanism, but likely target

residues located in poorly folded sequences outside of the

catalytic region of the enzyme that can readily make it to

the active site. This could explain why auto-AMPylation of

the C-terminal helix of NmFIC increases upon mutations that

render this helix flexible (Engel et al, 2012).

When the structure of CDP-choline bound to AnkX is

compared with the structure of AMP bound to IbpA (Xiao

et al, 2010) and ATP bound to NmFIC (Engel et al, 2012), the

only AMPylating toxins where these ligands have been

observed, it becomes clear that the transferred and leaving

groups of diphosphate-containing substrates are specifically

recognized by variable regions located outside the FIC motif

at both ends of the active site. The AMP and phosphocholine

Figure 4 Structural basis for the phosphocholination reaction. (A) Interactions of the phosphates of CDP-choline with AnkXH229A. His229 in
the FIC motif is overlaid from wild-type AnkX. (B) Interactions of the phosphates of CMP and phosphocholine with wild-type AnkX. (C) The
Oab-Pb bond of CDP-choline aligns with the phosphotyrosine bond of Cdc42 in complex with IbpA. (D) Proposed interactions of Mg2þ with
CDP-choline modelled from Bartonella BepA/PPi-Mg2þ (PDB 2JK8). PPi bound to BepA is overlaid (in light blue). (E) Model for the transition
state of phosphoryl transfer by the conserved FIC motif. Hydrogen bonds are in dotted lines, partial bonds are in dashed lines. Superpositions in
Figure 4A–D are based on the FIC motif.
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transferred groups bind near the b-hairpin of the FIC domain

(Figure 5A), in which specific residues exclude illegitimate

ligands (Figure 2B). The structures of AnkX in complex with

CDP-choline and CMP also show for the first time how the

leaving group is recognized by a native FIC domain, since

ATP was observed only in an NmFIC mutant in which an

extra C-terminal a-helix had been truncated (Xiao et al, 2010),

whereas PPi bound to BepA (Palanivelu et al, 2011) likely

mimicked the Pa-Pb moiety of ATP rather than the leaving

Pb-Pg group (see Figure 4D). The CMP domain in AnkX has

highly variable counterparts in FIC proteins of known struc-

tures (Figure 5A and B). We propose that these extra struc-

tural elements determine the nature of the physiological

substrate and/or exclude illegitimate ligands. FIC enzymes

whose binding of the g-phosphate of ATP is hindered by an

extra a-helix, such as NmFIC, may thus have a physiological

substrate other than ATP, a plausible alternative to their

proposed auto-inhibition by this helix (Engel et al, 2012).

According to this model, the fact that Pseudomonas AvrB,

which is remotely related to FIC proteins (Kinch et al, 2009),

binds ADP with the same orientation as the CDP moiety of

CDP-choline to AnkX (Figure 5C; Supplementary Figure 7),

would suggest that it could use ATP to transfer a phosphate

group, consistent with its reported protein kinase activity

(Desveaux et al, 2007).

In conclusion, these data suggest that structurally diverse

FIC active sites assemble from the conserved phosphoryl

transfer FIC motif and variable substrate-binding regions,

suggesting that FIC-containing toxins and eukaryotic proteins

have probably evolved to process diverse diphosphate-

containing substrates. Thus, future studies on FIC domain-

containing proteins should take into consideration that these

enzymes can be adapted to transfer a diverse array of

phorphoryl-containing moieties.

Materials and methods

L. pneumophila AnkX subcloning, site-directed mutagenesis,
expression, and purification
The L. pneumophila AnkX nucleotidic sequence encoding amino
acids 1–484 was PCR amplified and cloned by Gateway recombina-
tion (Vincentelli et al, 2003) into the pDEST17 vector (Invitrogen).
The resulting construct, AnkX1–484, encoded an N-terminal fusion
with a His6 tag followed by a TEV (tobacco etch virus) protease
cleavage site. The H229A mutation was introduced using the Quick
Change Site Directed Mutagenesis kit (Stratagene) using the
following complementary primers 50-cgttaagcatattcgaatgtacgaag
tattagccccttttcgagatgcc-30 and 50-ggcatctcgaaaaggggctaatacttcgtacat
tcgaatatgcttaacg-30 according to manufacturer’s instructions. All
constructs were checked by sequencing (GATC Biotech). Plasmids
were transformed in E. coli Rosetta (DE3) pLysS strain (Invitrogen)
and expression was induced at 251C overnight using 0.5 mM IPTG in
either a 2YT medium or a minimal medium containing 50 mg l� 1

seleno-methionine for production of seleno-methionine labelled
protein by blocking the methionine biosynthesis pathway
(Doublie, 1997). After harvesting, cell lysis was done by a
freezing/thawing cycle and sonication in lysis buffer (50 mM Tris
pH 8.0, 300 mM NaCl, 10 mM imidazole) containing a cocktail of
antiproteases, 0.25 mg ml� 1 lysozyme, 5 mM MgCl2 and benzonase.
AnkX1–484 was purified by a Ni2þ -affinity step using 125 mM
imidazole for elution followed by gel filtration on a preparative
Superdex 200 16/86 column in 10 mM Hepes 150 mM NaCl pH 7.5.
Removal of the His6 tag was performed after the affinity column by
incubation with recombinant His6-TEV protease for one night at 41C
(protease to protein ratio of 1:60 w:w) followed by a second Ni2þ -
affinity step. The H229A mutant was purified by the same method
except that 5 mM CDP-choline was added during lysis and after gel
filtration. Purified proteins were concentrated using Vivaspin

(Sartorius), flash frozen in liquid nitrogen and stored at � 801C
until use.

E. coli XL1-Blue cells producing full-length His-AnkX for the
phosphocholination assays were grown in LB broth containing
100 mg ml� 1 ampicillin at 371C to A600¼ 0.6. IPTG was added to
a final concentration of 1 mM and cells were continuously cultured
for 3 h at 371C. Cells were harvested and re-suspended in lysis
buffer containing 20 mM Tris pH 7.4, 0.3 M NaCl, 1 mM DTT,
1 mM PMSF and 1% TX-100. Protein supernatant was obtained by
sonication, followed by centrifugation at 15 000 g for 30 min. The
supernatant was loaded onto a Ni-NTA column pre-washed with

Figure 5 The active sites of FIC domains assemble from the con-
served catalytic FIC motif and variable substrate-binding regions.
(A) Superposition of active sites of phosphocholinating (AnkX,
orange), AMPylating (IbpA, magenta) and unknown function
(NmFic, blue and BepA, cyan) FIC enzymes. The FIC motif is
shown in yellow and is in the same orientation in all views.
Structural elements that recognize the leaving group are on the
left, and the regions that recognize the transferred phosphoryl
group are on the right. The latter regions are probably also involved
in binding target proteins, as shown for the b-hairpin of IbpA (Xiao
et al, 2010). (B) Overlaid surfaces of FIC enzymes active sites
highlight the variety of their shapes and volumes. The FIC motif
is shown in yellow. (C) Close-up view showing the common use of
an aromatic residue by AnkX to bind the base ring of CDP-choline
(in orange) and by the FIC-related AvrB protein (from PDB 2NUN)
to bind ADP (in cyan). AMP bound to IbpA is overlaid (in magenta,
PDB 3N3V).
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lysis buffer. The column was washed extensively with lysis buffer
and the His-AnkX protein was eluted with 200 mM imidazole in
20 mM Tris pH 7.4, 0.1 M NaCl, and 1 mM MgCl2.

Crystallization and structure determination
The AnkX-CMP phosphocholine and AnkX-CMP complexes resulted
of incubation of wild-type AnkX1–484 (0.1 mM) with CDP-choline
(CDC, 10 mM) in the presence of 10 mM MgCl2. Initial nano-crystal-
lization screening with the PEGs, PEGs II and JCSGþ suites
(QIAGEN) and the Stura Footprint screen (Molecular Dimensions
Limited) was performed in 96-well Greiner plates using a Cartesian
robot with protein concentration varying between 5 and 9 mg ml� 1.
Crystal optimization was performed in Limbro plates by mixing
1–2 ml of protein and 1 ml of crystallization well. Crystallization
conditions are the following: AnkX1–484 forms I and II, 0.2 M
potassium thiocyanate 15–25% PEG 3350 0.05 M Hepes pH 7.8–
8.2; AnkX/CMP form III, 15% PEG 20000 0.1 M Tris pH 8.5; AnkX/
CMP/phosphocholine form IV, 0.2 M ammonium sulphate 30% PEG
5000 MME 0.1 M Mes pH 6.5; AnkXH229A/CDC, 0.2 M Lithium
sulphate 14% PEG 4000 0.1 M Tris pH 7.5. Crystals were cryopro-
tected using 20% glycerol. Data were collected on the Proxima-1
beamline at the SOLEIL Synchrotron (Gif-sur-Yvette, France). Data
processing and scaling were done with XDS (Kabsch, 2010). Phasing
was performed using seleno-methionine-labelled AnkX1–484 (crystal
form II) by the Single Anomalous Diffraction (Se-SAD) method
using the phenix.autosol wizard (Adams et al, 2010). Resulting
phases were the starting point for automatic model building with
phenix.autobuild (Adams et al, 2010). The structure of apo AnkX1–

484 (crystal form I) was solved by a combination of molecular
replacement (MR) using the partial model obtained for crystal
form II and Se-SAD (MR-SAD) using the Phenix software (Adams
et al, 2010). Refinement was performed using ‘jelly body’ as
implemented in Refmac5 (Murshudov et al, 2011). Liganded AnkX
(forms III and IV) and the AnkXH229A complex were solved by MR
with Phaser using crystal form I as a model (McCoy et al, 2007) and
refined with BUSTER (Blanc et al, 2004). Model building was done
with Coot (Emsley et al, 2010) and validated using Molprobity
(Davis et al, 2007). TLS groups definition was assisted by the
TLSMD server (Painter and Merritt, 2006). Final refinement
statistics and quality of the models are summarized in Table I.
Figures were generated with Pymol.

Atomic coordinates and structure factors have been deposited
with the Protein Data Bank with accession codes: AnkX apo
(P212121 form I): 4bep, AnkX/CMP (form III): 4ber, AnkX/CMP/
phosphocholine (form IV): 4bes, AnkX-H229A/CDP-choline: 4bet.

Phosphocholination assays
GST-tagged Rab1A attached to glutathione agarose beads was
incubated with thrombin to remove the GST tag. Untagged Rab1A
(1mg) was incubated with 1 mg of AnkX proteins as indicated in
phosphocholination buffer (20 mM HEPES pH 7.4, 100 mM NaCl,
5 mM MgCl2, 1 mM DTT, and 5 mM CDP-choline) for 1 h at 301C.
Samples were boiled in SDS-loading buffer and run on a 15%
SDS–PAGE gel, followed by transfer onto a PVDF membrane.
Phosphocholination of AnkX and Rab1A was detected by immuno-
blot analysis using an antibody specific for phosphocholine
(TEPC-15, Sigma). Protein loading was assessed by Ponceau stain-
ing. To probe the contribution of Mg2þ to catalysis, full-length His-
tagged AnkX was purified as before and subsequently passed
through a PD MidiTrap G-25 column (GE Healthcare) equilibrated
in a phosphocholination buffer containing no MgCl2. Blots were
quantitated using the Image Quant TL software. All data shown
were validated in at least three independent experiments.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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