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2Department of Microbiology and Immunology, University of Louisville College of Medicine, Louisville, KY 40202, USA
3Department of Biochemistry, University of Saskatchewan, Saskatoon, SK S7N 5E5, Canada
4Lead Contact

*Correspondence: kalle.gehring@mcgill.ca

http://dx.doi.org/10.1016/j.str.2016.12.015
SUMMARY

Ankyrin B (AnkB/LegAU13) is a translocated F box
effector essential for the intracellular replication of
the pathogen Legionella pneumophila. AnkB co-
opts a host ubiquitin ligase to decorate the path-
ogen-containing vacuole with K48-linked polyubiqui-
tinated proteins and degrade host proteins as a
source of energy. Here, we report that AnkB com-
mandeers the host ubiquitin-proteasome system
through mimicry of two eukaryotic protein domains.
Using X-ray crystallography, we determined the 3D
structureofAnkB in complexwithSkp1, a component
of the human SCF ubiquitination ligase. The structure
confirms that AnkB contains an N-terminal F box
similar to Skp2 and a C-terminal substrate-binding
domain similar to eukaryotic ankyrin repeats. We
identified crucial amino acids in the substrate-bind-
ing domain of AnkB and showed them to be essential
for the function of AnkB in L. pneumophila intracel-
lular proliferation. The study reveals how Legionella
uses molecular mimicry to manipulate the host ubiq-
uitination pathway and proliferate intracellularly.

INTRODUCTION

Legionnaire’s disease is an atypical form of pneumonia with a fa-

tality rate of up to 34% (Phin et al., 2014). The causative agent,

Legionella pneumophila, is a Gram-negative bacterium found

naturally in aquatic environments (McDade et al., 1977). It infects

alveolar macrophages when contaminated aerosol is inhaled.

L. pneumophila then uses the Dot/Icm type IV secretion system

to translocate bacterial proteins, termed effectors, into the

host cell where they manipulate eukaryotic processes to

create a replicative niche termed the Legionella-containing vac-

uole (LCV) and avoid lysosomal fusion (Vogel et al., 1998).

Approximately 300 effectors are injected, many of which are

redundant (Burstein et al., 2009; Luo and Isberg, 2004). The

L. pneumophila genome codes for a high number of eukary-

otic-like proteins that interfere with the host through molecular

mimicry. Ankyrin B (AnkB) is one of very few effectors essential

for bacterial replication within human macrophages and ameba
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(Al-Khodor et al., 2008) and is conserved across the sequenced

L. pneumophila genomes (Chien et al., 2004; Cazalet et al., 2004;

Glockner et al., 2008; Burstein et al., 2016). Bioinformatic anal-

ysis predicts that AnkB of strain AA100/130b (lpg2144) contains

anN-terminal F box domain, a two-repeat ankyrin domain (Caza-

let et al., 2004; de Felipe et al., 2005), and a C-terminal CaaX far-

nesylation motif (Ivanov et al., 2010; Price et al., 2010) (Figures

1A and 1B).

F box-containing proteins are part of Skp1-Cullin-F box (SCF)

E3 ubiquitin ligase complexes, which transfer ubiquitin from an

E2 ubiquitin-conjugating enzyme to a target protein (Lyapina

et al., 1998; Skowyra et al., 1997). The F box mediates interac-

tions with Skp1, which in turn attaches to Cullin and the E2

enzyme. In eukaryotes, the F box is typically paired with a pro-

tein-protein interaction domain that confers substrate speci-

ficity. These domains are typically either tryptophan-aspartate

(WD) or leucine-rich (LRR) repeats (Price and Kwaik, 2010;

Zheng et al., 2002; Uro-Coste et al., 1998). F box proteins

without an extra interaction domain exist as the FBXO (F box

only) type (Kipreos and Pagano, 2000). In AnkB, the F box is

paired with ankyrin repeats, a�33 residue helix-turn-helix repeat

motif that mediates protein interactions (Li et al., 2006). The as-

sociation of an F box domain and ankyrin repeats is unusual and

not found in proteins in metazoans.

The function of AnkB in cells and the reason it is required for

Legionella intracellular growth are not clear. A null mutant of

ankB exhibits severe intracellular defect in the protozoan host

Acanthamoeba polyphaga, and human macrophages (Al-Kho-

dor et al., 2008). Mutagenesis studies have shown that both

the F box and farnesylation motif are required for AnkB function

of strain A100/130b (Price et al., 2009, 2010; Ivanov et al., 2010;

Al-Quadan et al., 2011). Here, we present the crystal structure of

AnkB in complex with human Skp1, revealing the specific host-

pathogen interactions by which AnkB takes control of the host

ubiquitin-proteasome system. We identify a protein-protein

interaction site in the ankyrin domain for putative substrates

and use mutagenesis and in vivo functional assays to show the

ankyrin repeats are critical for poly-ubiquitination of the LCV

and pathogen survival.

RESULTS

Structure of AnkB/Skp1
The structure of the AnkB effector was determined in complex

with its host partner, Skp1. It contains one molecule in the

mailto:kalle.gehring@mcgill.ca
http://dx.doi.org/10.1016/j.str.2016.12.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.str.2016.12.015&domain=pdf


A

B

Figure 1. Domain Organization

(A) AnkB is composed of two domains: an F box (pink) and ankyrin repeats (green).

(B) Sequence alignment of AnkB with human proteins containing an F box [EAW49753.1] and ankyrin repeats [AAH11608.2]. The secondary structure elements

and important residues in AnkB are highlighted: cyan, hydrogen bonds with Skp1; gray, hydrophobic interactions with Skp1; yellow, putative substrate-binding

residues in ankyrin repeats; red crosses, mutations that prevent intracellular growth; a, a helix.
asymmetric unit with interpretable electron density for Pro2-

Cys160 of Skp1 and Lys2-Ala165 of AnkB. The structure of

AnkB resembles a step stool, with the F box clasped into a

groove formed by helices 5–8 of Skp1, and the ankyrin domain

forming the next step (Figure 2A). The F box adopts a typical

fold, with three a helices in a right-handed superhelical organiza-

tion. An overlay of the F box of AnkB with other F boxes reveals

high similarity, a root-mean-square deviation (RMSD) of 0.7 Å

over 33 Ca atoms with a Skp1-Skp2 complex (PDB: 1FQV) (Fig-

ures 2B and S1) (Schulman et al., 2000).

We also solved the structure of the isolated ankyrin domain

(residues 54–168) to close to 1 Å resolution. The domain is

composed of three ankyrin repeats, onemore than originally pre-

dicted, a short middle repeat (Pro97 to Lys116) flanked by two

longer repeats (Ile54 to Lys81 and Pro131 to Glu161). Each

repeat adopts a helix-turn-helix fold with connecting loops form-

ing an L-shaped interaction surface typical of other ankyrin

repeats (Figures 1B and 2A) (Parra et al., 2015). The majority of

ankyrin domains contain four to seven repeats, while up to 34 re-

peats have been reported (Li et al., 2006). The largest sequence

differences generally occur in the loop regions and confer

binding specificity. Refinement statistics for both structures are

shown in Table 1.

Structural Basis of AnkB-Skp1 Binding
Full-length AnkB was insoluble when expressed without Skp1.

The structure of the complex explains this phenomenon as the

F box is unlikely to fold without Skp1. A large hydrophobic sur-

face formed by the N-terminal tail and helices 1 and 2 of AnkB
interacts with helices 5, 6, and 7 of Skp1 (Figure 2A). Multiple

hydrogen bonds with helix 7 and its surrounding loops of Skp1

also stabilize the interaction. AnkB is insoluble without Skp1 to

shield the hydrophobic surfaces and provide polar contacts.

A previous mutagenesis study showed that a mutation in the

AnkB F box domain leads to a defect in intracellular bacterial

proliferation (Price et al., 2009). The L9A P10A mutant is unable

to interact with host Skp1 and fails to decorate the LCV with pol-

yubiquitinated proteins, a crucial source of carbon and energy

for intracellular proliferation (Price et al., 2009). The leucine forms

part of the hydrophobic interaction surface with Skp1, while the

proline is responsible for initiating the first F box a helix (Fig-

ure 2A). Both residues are highly conserved among F box do-

mains (Kipreos and Pagano, 2000) and their mutation to alanine

likely prevents proper folding of the AnkB F box domain.

Identification of the Substrate-Binding Site on AnkB
We observed unusually well-ordered crystal contacts between

the C-terminal tail of AnkB and the ankyrin domain of another

molecule (Figure 3A). The contacts also occurred in the crystals

of the AnkB-Skp1 complex that adopt a different space group

(Figure S2). In the ankyrin domain crystal, a total of nine hydrogen

bonds are formed between the backbone of the C-terminal tail,

Q160EEKI, and the putative AnkB substrate-binding site. Addi-

tional side chain polar contacts contribute to the structuring of

the peptide in the groove formed by the first two ankyrin repeats.

To validate the identification of the substrate-binding site, we
15N-labeled the ankyrin domain and acquired nuclear magnetic

resonance (NMR) 15N-1H correlation spectra following a
Structure 25, 376–383, February 7, 2017 377



Figure 2. Structure of AnkB as a Component of the E3 Ubiquitin Ligase Complex

(A) Co-crystal of AnkB (pink, F box; green, ankyrin repeats) and Skp1 (cyan). Hydrogen bonds between AnkB and human Skp1 are highlighted. Residues involved

in the hydrophobic interaction surface between Skp1 and F box are labeled. In addition to the four AnkB residues involved, Pro10 is also shown. Leu9 and Pro10

are highly conserved between F boxes and abolish bindingwhenmutated to alanine (Price et al., 2009). Skp1 secondary structure elements are labeled: H, a helix;

S, b sheet. AnkB secondary structure elements are labeled: a, a helix.

(B) Comparison of AnkB (pink) and the human F box protein Skp2 (blue) binding to Skp1 (cyan) (PDB: 1FQV) yields an RMSD of 0.7 Å over the F box Ca atoms. See

also Figure S1.
stepwise addition of peptides. Titrations of the ankyrin domain

with a pentapeptide QEEKI derived from the AnkB C-terminus,

resulted in several chemical shift changes, indicating weak but

significant binding.We also tested the effects of N-terminal acet-

ylation and C-terminal amidation and single amino acid substitu-

tions to alanine but these had no significant impact on binding.

Titration with a second peptide, PRLPTL, which binds to the an-

kyrin domain of ANKRA2 (Xu et al., 2012), showed smaller shifts

suggestive of weaker binding (Figure 3B).

Residues within the Ankyrin Domain of AnkB Are
Essential for Recruitment of Polyubiquitinated Proteins
to the LCV
We selected four residues for mutagenesis that are predicted

to be involved in substrate binding based on the AnkB crystal

structure. Tyr91, Leu93, and Tyr127 form a hydrogen-bonding

network connecting and stabilizing the loop residues. We also

observed Leu134, located on the first helix of the last ankyrin

repeat, is solvent-exposed and potentially provides hydrophobic

interactions with substrates.

To validate our structural prediction that Tyr91, Leu93, Tyr127,

and Leu134 are important in the biological function of AnkB dur-

ing infection, the residues were substituted with lysine. To verify

that the lysinemutants were still correctly folded, we acquired 1D

NMR spectra of the mutants and wild-type ankyrin domain. The

mutant spectra are similar to that of the native domain, indicating

proper folding (Figure S3). Human monocyte-derived macro-

phages (hMDM) were then infected with the wild-type strain
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(AA100/130b), the ankB null mutant, or the ankBmutant comple-

mented with either a wild-type copy of ankB or one of the ankB

mutant constructs. At 2 hr post-infection, the function of the

AnkB variants was evaluated by assessment of recruitment of

polyubiquitinated proteins using confocal microscopy. The

data showed that approximately 70% of the LCVs of the wild-

type strain-infected cells stained positively for polyubiquitin,

whereas only 39% of the LCVs harboring the ankB null mutant

were positive. Complementing the ankB mutant with a wild-

type copy of ankB fully restored recruitment of polyubiquitinated

proteins to the LCVwith approximately 70%of the LCVs staining

positively (Figure 3C). In contrast, the Y91K L93K Y127K triple

mutant and the Y91K L93K Y127K L134K quadruple mutant

were defective in recruitment of polyubiquitinated proteins at

levels similar to the ankB null mutant. In contrast, the single lysine

mutants and the Y91K L93K double mutant were functionally

similar to wild-type ankB in the intracellular growth kinetics in

U937 macrophages (Figure S4). This confirms the importance

of the substrate-binding site on the ankyrin domain for the

recruitment of polyubiquitinated proteins to the LCV (Bruckert

and Abu Kwaik, 2015a).

The Ankyrin Domain Is Required for Intracellular
Replication
We determined if mutations of these four residues resulted in a

replication defect of the bacteria within the LCV. hMDMswere in-

fected with wild-type L. pneumophila, its isogenic dotA or ankB

mutants, or the ankB mutant complemented with a wild-type or



Table 1. Data Collection and Refinement Statistics for AnkB

Data Collection 54–168 1–168/Skp1(1–163)

Space group C2221 P212121

Cell dimensions

a, b, c (Å) 54.32, 80.49,

54.08

53.58, 57.04, 150.90

a, b, g (�) 90, 90, 90 90, 90, 90

Resolution (Å) 50–1.15

(1.17–1.15)a
50–2.85 (2.90–2.85)

Rsym 0.104 (0.435) 0.113 (0.622)

I/sI 22.3 (3.8) 48.5 (6.42)

Completeness (%) 98.6 (97.9) 100 (100)

Redundancy 3.6 (3.6) 14.2 (14.5)

CC1/2 in highest shell 0.842 0.920

Refinement

Resolution (Å) 45.0–1.15 75.45–2.85

No. reflections 39,731 10,735

Rwork/Rfree 0.173/0.191 0.219/0.275

No. atoms

Protein 941 2,498

Water 166 5

B-factors

Protein 12.8 40.4

Water 24.5 48.7

RMSDs

Bond lengths (Å) 0.016 0.008

Bond angles (�) 1.697 1.253

Ramachandran statistics (%)

Most favored regions 100.0 95.7

Additional allowed regions 0.0 4.3
aHighest resolution shell is shown in parentheses.
mutated copy of ankB. At 10 hr post-infection, the dotA null

mutant showed no replication and the ankB null mutant was

markedly compromised compared with the wild-type strain (Fig-

ure 3D). Complementation of the ankB mutant with a wild-type

copy of ankB restored replication to wild-type levels. The single

mutants Y91K, L93K, Y127K, L134K, and double mutant Y91K

L93K were also effective in restoring growth. In contrast,

complementation with the triple and quadruple mutations in

the ankyrin domain showed a significant defect in replication.

Similar results were obtained with the U937 macrophage cell

line (Figure S4). These data are in agreement with the decreased

ubiquitination of the LCV observed in bacteria expressing ankB

with the same triple and quadruple mutations. Residues Tyr91,

Leu93, Tyr127, and Leu134 within the ankyrin repeats of AnkB

are critical both for recruitment of ubiquitinated proteins to the

LCV and for replication within hMDMs and U937 macrophages.

DISCUSSION

Here, we present the first structure of a bacterial F box protein,

the targeting subunits of SCF ligases. There are close to

70 F box proteins in humans that are involved in a wide range
of diseases. These proteins are composed of an F box domain

and a variable targeting domain which belongs to three main

classes: WD40 domains, leucine-rich repeats, and other do-

mains. AnkB represents a unique association of an F box and an-

kyrin repeats that appears to be unique to a small number of

lower eukaryotes, bacteria, and viruses (Herbert et al., 2015).

Two other F box effectors exist in the Legionella genome that

could interact with the host SCF complex, but do not contain

an ankyrin domain. One has a coiled coil domain (lpp2486) and

the other consists of only an F box (lpp0233). Previous mutagen-

esis studies have shown the importance of the AnkB F box for

acquisition of polyubiquitinated proteins to the LCV and bacterial

proliferation (Price et al., 2009).

The ankyrin domain of AnkB is likely involved in recruiting sub-

strates for ubiquitination. The structures of a large number of an-

kyrin protein complexes have been determined and reveal awide

range of types of interactions. Generally, ankyrin domains use

the inter-repeat loops and inner row of a helices to bind other

proteins; however, there is no consensus for the structure of

the bound partner (Parra et al., 2015). Ankyrin repeats can bind

discontinuous protein surfaces, a helices, and extended strands

as observed for AnkB. The interactions of AnkB with its C-termi-

nal tail most closely resemble the complex of ANKRA2 with a

PxLPxI/L motif found in some histone deacetylases and other

proteins (Xu et al., 2012); we observed low affinity binding of

AnkB to the peptide PRLPTL.

The ankyrin domain of AnkB shows broad specificity. This is

typical of ankyrin domains that bind unfolded or extended pep-

tide sequences (Parra et al., 2015) and likely reflects the prepon-

derance of AnkB interactions with the backbone atoms in the

bound peptide. Fitting of the NMR titration curve suggested a

dissociation constant (Kd) greater than 8 mM for the QEEKI pep-

tide (Figure 3B). Single amino acid substitutions in the peptide

did not result in significant changes in the titration behavior,

which is consistent with low specificity and a distributed binding

interface. Similarly, single point mutations in the AnkB ankyrin

domain did not perturb its function in poly-ubiquitination of

LCVs and promoting Legionella proliferation (Figures 3C and 3D).

In cells, AnkB is unlikely to bind its own tail or that of another

AnkB molecule. The QEEKI motif extends from the final helix in

the third ankyrin repeat and is unable to bind to the first two re-

peats. The interactions between two AnkB molecules is also un-

likely as the QEEKI motif is separated by only four residues from

the AnkB CaaX farnesylation site. The tethering of AnkB to the

membrane would block access of the QEEKI of one molecule

to the ankyrin domain of another. Sequence alignment of the

AnkB gene between different strains reveals high similarity,

and a conservation of the substrate-binding site (Figure S5A).

The Paris strain homolog is a truncated version of the AnkB

structure presented in this paper. While the last a helix of the

last ankyrin repeat is absent, the Paris homolog retains the last

loop and half of the last repeat. From analysis of the crystal struc-

tures, this would suggest that the Paris homolog would still have

a functional substrate-binding interface.

To date, two interacting partners of AnkB have been identified.

Parvin B (ParvB), a target of AnkB ubiquitination, was identified

by a yeast two-hybrid screen and co-immunoprecipitation

(Lomma et al., 2010). ParvB functions in regulating the actin

cytoskeleton for cell adhesion and migration (Legate et al.,
Structure 25, 376–383, February 7, 2017 379
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Figure 3. Substrate Binding by the Ankyrin Repeats

(A) Crystal contacts in the AnkB ankyrin repeats mimic substrate binding. The C-terminal tail (residues 160–164, QEEKI) of one molecule (wheat) binds to the

ankyrin repeats of another (green). Hydrogen bonds are indicated by dashed black lines. Residues involved in contacting the peptide and residues that were

mutated for further functional studies are labeled in black. An omit map of the substrate is colored and labeled in wheat. See also Figure S2.

(B) Downfield region of HSQC spectra of the 15N-labeled ankyrin domain show chemical shifts upon titration with the QEEKI peptide (C-terminal tail) and weaker

binding upon titration with the PRLPTL peptide (negative control) at 0 mM (red) and 8 mM (blue).

(C) Percentage of LCVs colocalizing with polyubiquitinated proteins by confocal microscopy at 2 hr post-infection. Human monocytes-derived macrophages

(hMDMs) were infected with wild-type L. pneumophila, ankBmutant, or the ankBmutant complemented with either a wild-type copy of ankB or ankB containing

the indicated single or multiple mutations. The data are representative of three independent experiments and are based on analysis of 100 infected cells per strain

with each strain analyzed in duplicate. Error bars indicate ± 1 SD. Abbreviations: 3K, Y91K/L93K/Y127K; 4K, Y91K/L93K/Y127K/L134K. *p < 0.02 compared with

ankB mutant complemented with wild-type ankB. NS, not significant. See also Figure S3.

(D) hMDMs were infected with wild-type, dotA mutant, ankB mutant, or the ankB mutant complemented with either wild-type ankB or ankB containing the

indicatedmutations at anMOI of 1 followed by 1 hr treatment with gentamicin to kill extracellular bacteria. After 10 hr, 100 infected cells were analyzed by confocal

microscopy and the number of bacteria per cell was determined. The data are representative of two independent experiments with each strain analyzed in

duplicate. Error bars indicate ± 1 SD. Abbreviations: 3K,Y91K/L93K/Y127K; 4K, Y91K/L93K/Y127K/L134K. *p < 0.05 comparedwith ankBmutant complemented

with wild-type ankB. See also Figure S4.
2006). Overexpression of AnkB competed with endogenous

ubiquitin ligase for ParvB interaction and decreased ParvB ubiq-

uitination (Lomma et al., 2010). Solubility issues prevented us

from detecting direct binding of ParvB to the purified AnkB an-

kyrin domain. More recently, TRIM21 was identified by coimmu-

noprecipitation as a partner of AnkB. TRIM21 attaches Lys11-

linked polyubiquitin chains on Lys76 of AnkB without affecting

AnkB stability (Bruckert and Abu Kwaik, 2015b).

Studies have elucidated two roles of AnkB in Legionella viru-

lence. Following phagocytosis, Legionella injects effector pro-

teins into the host cell cytosol via the Dot/Icm secretion system

(Figure 4). Considerable redundancy exists between effectors

and loss of the dotA gene (equivalent to a knockout of all 300 ef-

fectors) gives rise to a much stronger ubiquitination and replica-

tion deficiency than the loss of only ankB (Figures 3C and 3D).
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Nonetheless, AnkB is effectively essential for virulence and

acts as a linker to recruit the SCF complex to the LCV. Farnesy-

lation of AnkB appears to be essential for its function (Price et al.,

2010; Al-Quadan et al., 2011); however, there is strain specificity

as AnkB from the Legionella strain Paris lacks the CaaXmotif but

retains function (Lomma et al., 2010). By co-opting the host SCF

complex, AnkB redirects host ubiquitination to the LCV and

substrates selected by AnkB. We have built a model of AnkB in

context of the SCF ubiquitination complex and the connected

UbcH7 (E2 conjugating enzyme), by aligning AnkB onto the

F box of a Cul1-Rbx1-Skp1-Skp2 (PDB: 1LDK) and docking

UbcH7 onto the Rbx1 RING domain based on a c-Cbl-UbcH7

structure (PDB: 1FBV) (Figure S5B) (Zheng et al., 2000, 2002).

In the model, the active cysteine (Cys86) of the E2 points toward

the putative substrate-binding site of the AnkB ankyrin repeats,
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Figure 4. Role of AnkB in LCV Maturation

After phagocytosis, L. pneumophila secretes AnkBwhich remains anchored to

the vacuole via its farnesylation motif. AnkB then recruits the SCF E3 ubiquitin

ligase complex through its F box. Increased ubiquitination of host proteins

leads to increased free amino acid production and the accumulation of ubiq-

uitin on the mature LCV to prevent fusion with lysosomes. See also Figure S5.
positioning the substrate to receive ubiquitin. Lys48-linked poly-

ubiquitination of the LCV is a critical step in the maturation of

the LCV and required to prevent fusion with the lysosome. We

observed a strong correlation between loss of ubiquitination ac-

tivity and loss of Legionella proliferation for the AnkB mutations

tested. Legionella hijacks members of the secretory pathway

to fuse endoplasmic reticulum-derived vesicles to the LCV.

As Lys48-linked polyubiquitin chains are also associated with

recruitment of the autophagy machinery, the reported associa-

tion of AnkB with E3 ligases containing different chain specific-

ities, such as TRIM21, is particularly interesting (Bruckert and

Abu Kwaik, 2015b).

AnkB also plays a role in enriching the cytosolic pool of free

amino acids through triggering Lys48-linked poly-ubiquitination

and increased protein turnover (Price et al., 2011). The levels of

amino acids in the infected host cell are insufficient sources of

carbon, nitrogen, and energy for L. pneumophila (Price et al.,

2014). AnkB promotes intra-vacuolar proliferation by ubiquiti-

nating host proteins for their degradation into free amino acids

(Price et al., 2011; Bruckert and Abu Kwaik, 2015a). The

growth defect of the ankB null mutant in both protozoan and

eukaryotic cells can be rescued by supplementation with a

mixture of free amino acids (Price et al., 2011; Bruckert

et al., 2014). AnkB likely functions by directly recruiting sub-

strate proteins through the ankyrin domain. Mutating either

the F box or the ankyrin domain of AnkB results in the same

phenotype, suggesting that the ability of Legionella to co-opt

host E3 ubiquitin ligases through molecular mimicry plays a

key role in pathogenesis.

EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification

The human gene Skp1 (residues 1–163) was first cloned into pRSFDuet-1

between NdeI and AvrII restriction sites. The gene AnkB (lpg2144, residues
1–168) from L. pneumophila strain Philadelphia was then cloned into the

same vector between BamHI and NotI as an N-terminal His-tagged fusion pro-

tein. The C-terminal ankyrin domain (residues 54–168) was cloned into pET15b

as an N-terminal His-tagged fusion and pET29a as a C-terminal His-tagged

fusion. Mutagenesis was performed using the QuikChange Multi Site-Directed

Mutagenesis Kit (Agilent Technologies). All constructs were verified by DNA

sequencing and transformed into a BL21 Escherichia coli strain. The cells

were grown at 37�C in Luria Broth (LB) to an optical density of 0.8, and expres-

sion was induced with 1 mM isopropyl b-D-1-thiogalactopyranoside at 30�C
for 4 hr or 16�C overnight. After centrifuging the cells, the pellets were resus-

pended in buffer A (50 mM HEPES, 500 mM NaCl, 5% (w/v) glycerol, pH 7.6),

containing 1 mM phenylmethylsulfonyl fluoride and 0.1 mg/mL lysozyme, and

lysed by sonication. Cell debris was removed by centrifugation, and the fusion

protein was bound to Ni-NTA Agarose (QIAGEN) beads, washed with buffer A

containing 30mM imidazole, and eluted with buffer A containing 250mM imid-

azole. The protein was further purified by size-exclusion chromatography on a

Superdex75 column (GE Healthcare) in buffer B (10 mMHEPES, 100 mMNaCl

[pH 7.0]) before crystallization trials. The His-tag in the pET15b constructs was

cleaved with thrombin before injecting the protein into a size-exclusion

column.

For selenomethionine labeling, the plasmid was transformed into a methio-

nine auxotroph, E. coli DL41 (DE3), and the cells were grown in LeMaster

medium supplemented with selenomethionine. For 15N labeling, the cells

were grown in M9 minimal medium supplemented with 15N-ammonium chlo-

ride as the sole source of nitrogen. The expression and purification protocols

were the same as for the native protein.

Crystallization and Structure Determination

Crystallization was performed by the hanging drop vapor diffusion method at

293K using the Classics II commercial screen (QIAGEN). Native AnkB (54–168)

concentrated to 7.6 mg/mL crystallized in a 1:1 mixture with the reservoir

buffer (0.2 M lithium sulfate, 0.1 M HEPES [pH 7.5], 25% [w/v] polyethylene

glycol [PEG] 3350). Crystals of the SeMet-labeled C-terminal domain were

obtained at 10 mg/mL with the mother liquor (0.2 M lithium sulfate, 0.1 M

Bis-Tris [pH 6.5], 25% [w/v] PEG 3350). AnkB (1–168) in complex with Skp1

was concentrated to�4.5 mg/mL and crystals were obtained from a condition

containing 0.2 M trimethylamine N-oxide, 0.1 M Tris (pH 8.5), and 20% (w/v)

PEG 2000 monomethylether.

The ankyrin domain and complex crystals were cryoprotected with 20%

glycerol and 20% sucrose, respectively, and flash-cooled in a N2 cold stream.

X-ray diffraction data were collected at beamlines A1 and F1 of Cornell High-

Energy Synchrotron Source (CHESS) using an ADSC Quantum 210 CCD de-

tector. Data processing and scaling were performedwith HKL-2000 (Otwinow-

ski and Minor, 1997).

The diffraction data of the ankyrin domain were phased using anomalous

signal from selenium atoms by the single-wavelength anomalous dispersion

method, with the program SHELX (Sheldrick, 2008). The initial model was built

with ARP/wARP (Langer et al., 2008) and refined with Refmac5 (Murshudov

et al., 2011). Full-length AnkB in complex with Skp1 was determined bymolec-

ular replacement using Skp1 and F box from a deposited SCF complex struc-

ture (PDB: 1LDK) and AnkB (54–168) as the search model (Zheng et al., 2002).

The model was built by ARP/wARP (Langer et al., 2008), completed with Coot

(Emsley and Cowtan, 2004), and improved by several cycles of refinement

using Refmac5 (Murshudov et al., 2011). Water molecules were added in the

last stage of refinement.

The refinement statistics are shown in Table 1. The final ankyrin domain and

complex structures respectively have 0 and 1 outlier in the Ramachandran plot

computed using MolProbity (Chen et al., 2010).

NMR Spectroscopy
15N-1H heteronuclear single quantum correlation spectroscopy and 1D exper-

iments were performed at 25�C on a Bruker 600 MHz spectrometer. Samples

of the AnkB (54–168) were prepared at 0.28mM in 90%buffer B and 10%D2O.

Titrations were performed by the stepwise addition of QEEKI, PRLPTL,
AcQEEAINH2, AcQAEKINH2, AcAEEKINH2, AcQEERINH2, and AcQEEYINH2 peptides

(Bio Basic). The highest peptide concentration was 8 mM. NMR spectra were

processed with NMRPipe (Delaglio et al., 1995) and analyzed with SPARKY

(Goddard and Kneller, 2008).
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Bacterial Strains, Cell Cultures, and Infections

L. pneumophila strain AA100/130b (ATCCBAA-74), its isogenic dotA and ankB

mutants, and complemented mutants were grown on buffered charcoal yeast

extract agar plates for 3–4 days at 37�C prior to infection as previously

described (Al-Khodor et al., 2008). When required, antibiotics were used at a

concentration of 50 mg/mL for kanamycin and 5 mg/mL for chloramphenicol.

The E. coli strain DH5a was used for cloning. E. coli was grown in LB and an-

tibiotics were used at a concentration of 100 mg/mL for ampicillin and 40 mg/mL

for chloramphenicol.

Purification and preparation of human monocyte-derived macrophages

(hMDMs) was performed as previously described (Habyarimana et al., 2008).

Monocyteswere isolated fromwhole blood of healthy donors and then allowed

to adhere to 6-well low adherence cell culture plates for 3 days at 37�C and 5%

CO2 in RPMI 1640 supplemented with 20% fetal bovine serum (FBS). Mono-

cytes were then counted and resuspended in RPMI 1640 supplemented with

10% FBS and plated on coverslips at a density of 3 3 105 cells per well of a

24-well cell culture plate and incubated for a further 2 days. The cell culture

media was then replaced with RPMI 1640 supplemented with 5% FBS for

1 day, and then with RPMI 1640 supplemented with 1% FBS for 1 day. The re-

sulting hMDMs were then used for infection. Maintenance of U937 macro-

phages was performed as described previously (Habyarimana et al., 2008).

Infection of hMDMs or U937 cells was performed as previously described

(Habyarimana et al., 2008). Bacteria were suspended in RPMI 1640 with

10% FBS and macrophages were infected in duplicate for 1 hr at an MOI of

50. Plates were centrifuged at 200 3 g for 5 min to synchronize the infection.

Infected cells were treatedwith 50 mg/mL gentamicin for 1 hr to kill extracellular

bacteria. Following gentamicin treatment, cells were washed three times with

Hank’s buffered saline solution and then RPMI containing 10% FBS was

added. At 10 hr post-infection, cells were fixed in 100% cold methanol and

processed for confocal microscopy.

Confocal Microscopy

Processing of infected cells for confocal microscopy was performed as

we described previously (Price et al., 2009). Rabbit polyclonal anti-

L. pneumophila was used at a dilution of 1/1,000 and detected by Alexa-Fluor

488-conjugated donkey anti-rabbit IgG (Invitrogen). Polyubiquitinated proteins

were detected using mouse anti-polyubiquitin FK1 antibody at a dilution of

1/50 (Enzo Life Sciences), followed by Alexa-Fluor 647-conjugated goat

anti-mouse immunoglobulin M (Invitrogen). An Olympus FV1000 laser scan-

ning confocal microscope was used to examine cells as we described previ-

ously (Price et al., 2009). One hundred cells were examined in duplicate for

each strain for both ubiquitin recruitment and replication.
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