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 32 

The crystal structure of the SdeA CTD (C-terminal domain) reveals a BAR domain-like 33 

architecture 34 
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The CTD determines subcellular localization and substrate specificity of SidE effectors 36 
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An amphipathic helix within the CTD mediates membrane anchoring 38 
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The CTD contains distinct, mutually exclusive sites for membrane tethering and secretion via 40 

the Type IV secretion system 41 
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The SidE CTD is as critical for Legionella replication as the PR-ubiquitination activity 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

mailto:dikic@biochem2.uni-frankfurt.de


 54 

Abstract 55 

 56 

SidE family effectors from Legionella pneumophila catalyze serine ubiquitination of host 57 

proteins via phospho-ribose (PR) linkages, disrupting host compartments, facilitating the 58 

formation of Legionella-containing vacuoles (LCVs) and blocking xenophagy. Upon infection, 59 

SidE proteins are injected into the cytosol and recruited to host membranes. Here we present 60 

structural and functional insights into a previously uncharacterized C-terminal domain (CTD) 61 

of SidE effectors. The crystal structure reveals a banana-shape resembling eukaryotic BAR-62 

domain dimers, with an amphipathic helix and electropositive patch mediating membrane 63 

association. Membrane targeting to ER and Golgi confers substrate specificity for PR-64 

ubiquitination. We further show that the CTD binds the IcmS-IcmW-DotL complex, acting as a 65 

secretion signal for the Type IV secretion system. Our findings establish membrane 66 

localization and secretion as critical determinants of SidE effector function 67 

during Legionella infection. 68 

 69 

Keywords: LCV (Legionella containing vacuole), CTD (C-terminal domain), BAR (Bin-70 
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PDE (Phosphodiesterase), mART (mono-ADP-ribosyl transferase), CC (Coiled coil), T4SS 72 

(Type IV secretion system) 73 

 74 

Main 75 

 76 

Legionella pneumophila are Gram-negative intracellular pathogens responsible for diseases 77 

such as Legionnaires’ disease and Pontiac fever1–4. Central to their virulence is a cohort of 78 

~300 effector proteins translocated into host cells via the Type IV secretion system (T4SS). 79 

The Dot/Icm T4SS is multiprotein assembly which spans from the inner membrane to outer 80 

membrane and regulates the movement of toxins across bacterial membrane5. These 81 

effectors reprogram host pathways to create a replication-permissive niche while evading 82 

immune responses and xenophagy. 83 

Many Legionella effectors are enzymatically diverse and functionally redundant due to gene 84 

duplication. Some operate in concert as para-effectors6, while others function as meta-85 

effectors7–9, modulating or reversing earlier effectors’ activities. This orchestrates a complex, 86 

temporal host-pathogen interaction network. A major strategy involves subverting host 87 

ubiquitin signaling10,11. Effectors such as SidC and SdcA act as E3 ligases12–14, while others 88 

(RavD, LotA-D) serve as deubiquitinases (DUBs)11,15–18, mimicking eukaryotic enzymes. 89 

The SidE effector family, comprising SdeA, SdeB, SdeC, and SidE, features a unique 90 

combination of canonical DUB activity and non-canonical PR-ubiquitination9,19–22. Their shared 91 

domain architecture includes an N-terminal DUB (targeting K63-linked ubiquitin chains), a 92 

phosphodiesterase (PDE), and a mono-ADP-ribosyltransferase (mART) domain, which 93 



together catalyze ADP-ribosylation of ubiquitin at R42 and its subsequent conjugation to host 94 

substrates 20,21. However, the large CTD (~350–700 residues) has remained structurally and 95 

functionally uncharacterized. 96 

We now reveal that the CTD adopts a BAR domain-like architecture with an amphipathic helix 97 

mediating membrane insertion. BAR-domains are prevalent in eukaryotes and form the largest 98 

group of membrane-sensing and bending proteins23. SidE CTD derived membrane targeting 99 

underlies SidE substrate specificity. Mutating this region abrogates localization to ER/Golgi 100 

and fails to rescue the ΔSidE growth defect in Legionella, despite intact enzymatic activity. 101 

Additionally, we demonstrate that the CTD mediates interaction with the IcmS-IcmW-DotL 102 

chaperone complex, serving as a secretion signal for T4SS translocation. Our findings close 103 

a major gap in understanding full-length SidE protein function, highlighting how CTD-mediated 104 

membrane targeting and secretion dictate effector localization and substrate engagement. 105 

 106 

 107 

Results: 108 

 109 

An Integrative Model of full-length SdeA/ SdeC combining Cryo-EM and 110 

Crystallography 111 

 112 

Members of the SidE effector family from Legionella pneumophila exhibit a modular 113 

architecture in which the N-terminal half harbors three conserved enzymatic domains: DUB, 114 

PDE, and mART (Fig. 1a). These domains are highly conserved (70–88% identity) across 115 

family members, with the exception of the PDE in SdeC, which shares only 45% identity with 116 

SdeA. The C-terminal half is more variable, with coiled-coil regions exhibiting 44–92% identity 117 

and the uncharacterized CTD showing 37–63% identity. Phylogenetic analysis clusters SdeA 118 

and SidE as closely related, while SdeB and SdeC are more similar to each other. 119 

Although a crystal structure of SdeA containing the PDE, mART, and coiled-coil domains has 120 

been previously reported22, the large CTD (~40 kDa in SdeA, SdeB, SdeC; ~80 kDa in SidE) 121 

has not been structurally deciphered. To resolve the domain architecture, we purified full-122 

length SdeC with N-terminal GST and C-terminal His tags and conducted cryo-EM analysis. 123 

Two datasets comprising 2,389 and 1,392 micrographs were collected on a Titan Krios 124 

microscope. After particle picking with Topaz and 2D classification, 1,071,832 particles were 125 

retained for 3D reconstruction. Subsequent CTF and local refinement yielded a 4.6 Å map 126 

from 186,225 particle, further improved to 4.1 Å using heterogeneous and non-uniform 127 

refinement (Fig. 1b). 128 

We observed no EM density for the flexible DUB domain, likely due to a long linker between 129 

DUB and PDE. The CTD exhibited conformational heterogeneity, prompting focused 130 

refinement of the PDE-mART region, which yielded a 3.8 Å map (Ext. Fig. 1). A composite 131 

atomic model of SdeC was constructed using the available crystal structure of SdeA (PDB: 132 



5YIM) and AlphaFold3 predictions24. While the CTD remained partially resolved (Ext. Fig. 2a), 133 

the catalytic core was modeled confidently (Ext. Fig. 2b, c). Notably, structural comparison of 134 

PDE domains from SdeA and SdeC revealed significant divergence, consistent with their 46% 135 

sequence identity. Unique insertions in SdeC and deletions relative to SdeA suggest 136 

differences in substrate recruitment (Ext. Fig. 2d). To capture dynamic flexibility, we performed 137 

normal mode analysis (NMA) of the cryo-EM data. The top three low-frequency modes 138 

accounted for the conformational diversity observed in 2D classes, indicating that the CTD-139 

flexible hinge region governs large-scale motions (Ext. Fig. 3a, b). 140 

Given the limited resolution of the CTD in cryo-EM, we turned to X-ray crystallography. The 141 

isolated CTD of SdeA was crystallized and the crystal diffracted to 2.0 Å resolution. Despite 142 

lacking homology to known folds, we solved the structure using single-wavelength anomalous 143 

dispersion (SAD) with ethyl mercury thiosalicylate (EMTS) soaking. The resulting structure 144 

revealed a banana-shaped structure formed by two helical lobes connected via a long α-helix 145 

(Fig. 1c), strongly reminiscent of eukaryotic BAR domains, which sense and remodel 146 

membranes. The N-terminal lobe contains α1, α2, α3, η1, α4 helices connected to the C-147 

terminal lobe via a long α5 helix. The C-terminal lobe represents α6- α10 and η2 helices, 148 

whereas the last 15 residues were unresolved in the crystal structure. Structural overlay with 149 

the Arfaptin BAR domain (PDB: 1I49) showed striking similarity in overall shape, despite lack 150 

of sequence homology (Fig. 1d). 151 

We aligned the SdeA CTD crystal structure with the SdeC cryo-EM map to generate a hybrid 152 

model of the full-length SidE effector (Fig. 1e). Comparison with AlphaFold3 models further 153 

highlighted CTD flexibility relative to the catalytic core (Ext. Fig. 3c, d). Notably, the N-terminal 154 

helix of the SdeA CTD crystal structure aligns with the terminal helix of the previously solved 155 

PDE-mART-CC region (PDB: 5yim), allowing seamless integration of both crystal structures. 156 

This composite model closely matches our cryo-EM/crystallographic hybrid (Ext. Fig. 3e), 157 

providing a structural framework for understanding domain organization within SidE proteins 158 

and offering the first view of CTD positioning relative to the enzymatic core. 159 

 160 

CTD is Essential for Membrane Localization of SidE Effectors 161 

 162 

The crystal structure of the SdeA CTD, with its resemblance to BAR domains, suggested a 163 

role in membrane association. To test this, we examined the localization of full-length EGFP-164 

tagged SdeA, SdeB, and SdeC in HeLa cells using immunofluorescence microscopy and 165 

calnexin as an ER marker. All three effectors localized to the ER membrane (Fig. 2a). Deletion 166 

of the CTD resulted in cytosolic distribution, indicating loss of membrane targeting (Fig. 2b). 167 

Conversely, expression of the CTDs alone was sufficient to target EGFP to ER membranes in 168 

Cos7 cells (Fig. 2c), implicating the CTD as the primary membrane-targeting module. 169 



To assess how localization influences activity, we tested whether C-terminal deletions affected 170 

the ability of SdeA to PR-ubiquitinate Rab33b, a known substrate19,25. In HEK293T cells, 171 

deletion constructs failed to modify Rab33b despite retaining the ability to ADP-ribosylate 172 

ubiquitin, indicating a specific loss of substrate modification (Fig. 2d). In contrast, in vitro 173 

assays using purified proteins showed that all but the SdeA1–907 construct (lacking the coiled-174 

coil region) retained Rab33b modification activity (Fig. 2e). The coiled-coil segment has been 175 

previously reported to stabilize the mART domain for catalytic activity9,21,22. These results 176 

suggest that membrane recruitment via the CTD is critical for efficient substrate PR-177 

ubiquitination in a cellular context. 178 

 179 

Identification of a Membrane-Binding motif in SidE family members 180 

To delineate the membrane-binding interface of the SdeA CTD, we analyzed its electrostatic 181 

surface and identified three positively charged regions, which we named Mag10 (10 basic 182 

residues at the concave face), Red8 (8 residues at the C-terminal lobe), and Black4 (4 183 

residues at the N-terminal lobe) (Fig. 3a–c). Charge-inversion mutants were generated by 184 

substituting lysine/arginine residues with glutamates. Subclassification of Mag10 into Mag5 185 

and Mag5′, and Red8 into Red4, enabled refined mapping. All GFP-tagged mutants were 186 

expressed in Cos7 cells and analyzed for ER colocalization. While wild-type CTD and Mag10, 187 

Mag5, and Black4 mutants localized to the ER, both Red4 and Red8 mutants exhibited diffuse 188 

cytoplasmic and nuclear distribution, similar to ΔCTD constructs (Fig. 3d), identifying Red4 189 

patch as a critical membrane-targeting segment. 190 

Close inspection at the Alphafold3 predictions of SdeA CTD found a disordered region of the 191 

CTD within the Red4 site, that was predicted to be helical in the top-scoring predictions (Ext. 192 

Fig. 4a,b). This segment showed high b-factor values in the CTD crystal structure suggesting 193 

high conformational flexibility in this region (Ext. Fig. 4c). We generated Alphafold3 194 

predictions24 of the CTDs of SdeA, SdeB, SdeC and SidE to find a general resemblance of 195 

SdeA CTD crystal structure with the other family members (Ext. Fig. 4d-g). Helical wheel 196 

analysis with the help of Heliquest26 predicted these helices to be amphipathic, a feature 197 

reminiscent of N-BAR domains such as Arfaptin, where an N-terminal amphipathic helix 198 

anchors the protein to membrane27–29. We hypothesized that SidE CTD might anchor the 199 

effectors in a similar fashion to the membrane. Consistently, introduction of hydrophobic-to-200 

glutamate substitutions in these helices rendered SdeA, SdeB, and SdeC CTDs cytoplasmic 201 

and nuclear (Fig. 3e). CD spectroscopy confirmed that peptides from SdeA and SidE adopt 202 

helical conformations in the presence of liposomes30, while peptides from SdeB and SdeC 203 

could not be tested due to insolubility (Ext. Fig. 4h, i). These results support a model in which 204 

an amphipathic helix at the distal CTD mediates membrane anchoring. 205 

 206 



Lipid Binding Profile of SdeA CTD 207 

Many Legionella effectors bind phosphoinositides such as PI3P or PI4P31,32. These 208 

phospholipids can interact with the electropositive patches on the proteins.  To examine the 209 

lipid preference of SdeA CTD, we performed liposome interaction profiling using a microfluidic 210 

liposome microarray-based assay (LiMA)33. Recombinant EGFP-tagged SdeA CTD was 211 

incubated with Atto647-labeled liposomes of various compositions, and normalized binding 212 

intensities (NBI) were quantified via automated microscopy (Fig. 3f). 213 

Wild-type SdeA CTD showed robust binding to phosphoinositide-containing liposomes, 214 

including PI4P and PI4,5P2, particularly in the context of fluidic DOPC backgrounds (Fig. 3g–215 

h). The presence of phosphatidylserine (PS) further enhanced binding to PIP2-containing 216 

membranes (Fig. 3i–j). In contrast, the Red4 mutant failed to bind liposomes, consistent with 217 

cell-based observations (Fig. 3k). These findings were corroborated by molecular dynamics 218 

(MD) simulations: the CTD did not associate with pure POPC bilayers, but readily bound PIP-219 

doped membranes (Ext. Fig. 5a, b). Quantification of lipid contacts revealed that PIP2 and 220 

PIP3 were enriched near basic residues of the amphipathic helix, consistent with the effects 221 

of Red4 mutations (Ext. Fig. 5c–f). 222 

Together, these data establish that the SidE CTD harbors a functionally conserved 223 

amphipathic helix that, together with a basic surface patch, mediates specific membrane 224 

tethering through recognition of negatively charged phospholipids. 225 

 226 

Membrane Localization Determines Substrate Specificity of SidE Effectors 227 

We previously developed a DupA trapping strategy to identify substrates of PR-ubiquitination 228 

by catalytically inactive DupA/B mutants, which bind but do not cleave PR-Ub chains34,35. To 229 

test whether CTD-dependent localization governs substrate engagement, we compared full-230 

length SdeA to either ΔCTD or Red4 mutants. Catalytically inactive (EE/AA) versions were 231 

used as controls. Immunofluorescence confirmed that while full-length SdeA and its inactive 232 

form localized to the ER, ΔCTD and Red4 mutants were cytoplasmic/nuclear (Fig. 4a). 233 

Following expression in HEK293T cells, PR-ubiquitinated substrates were captured using 234 

DupA trap and released with wild-type DupA. Quantitative mass spectrometry revealed distinct 235 

substrate profiles between wild-type and mutant constructs (Fig. 4b–c). While wild-type SdeA 236 

modified known targets like SQSTM1/p62, GORASP2, RTN1/3, STX16/17, and LNP, the 237 

ΔCTD and Red4 mutants ubiquitinated unrelated proteins (e.g., IMPDH1/2, GSTM2, HSPE1, 238 

ATP5J). These data underscore the CTD’s essential role in conferring substrate specificity via 239 

localization. 240 

We extended this analysis to full-length SdeA, SdeB, and SdeC. Upon overexpression, each 241 

effector modified hundreds of substrates, with 600 shared across all three and unique subsets: 242 

129 (SdeA), 93 (SdeB), and 156 (SdeC) (Fig. 4d). Filtering against infection-relevant dataset34 243 



narrowed this to 121 (SdeA), 113 (SdeB), and 112 (SdeC) substrates (Fig. 4e). Subcellular 244 

localization annotations from the Human Protein Atlas revealed that substrates are distributed 245 

across diverse organelles, including ER, Golgi, and mitochondria (Fig. 4f). This is consistent 246 

with the broad lipid-binding preference of SidE CTDs (see Fig. 3), indicating that substrate 247 

specificity is driven by generalized membrane targeting rather than strict organelle selectivity. 248 

 249 

The SidE CTD Functions as a Type IV Secretion Signal 250 

The CTD of SdeA has been previously suggested to act as a secretion signal for the Type IV 251 

secretion system (T4SS) via interaction with IcmS-IcmW-DotLc (IcmS-W-DotLc) secretion 252 

chaperone on the cytoplasmic end of the ejection site22,36–39. We wanted to explore the dual 253 

nature of CTDs in secretion besides their localization activity in host cells. We generated a 254 

complex of SdeA CTD with IcmS-W-DotLc subcomplex with the help of purified proteins and 255 

size exclusion chromatography (Fig. 5a-b). Initially, we had set up crystallization plates with 256 

this complex but the resulting crystals did not diffract better than 6.5 Å in our hands. Therefore, 257 

we turned to SAXS (Small angle X-ray scattering) to understand the assembly of this complex 258 

in solution40,41.  259 

The effective molecular masses (MMs) of the solutes are about 42 kDa, 40 kDa, and 90 kDa 260 

for IcmS-W-DotLc, SdeACTD, and SdeACTD-IcmS-W-DotLc, respectively. From the Multi-261 

Angle Light Scattering (MALS) we observed only one significant component of the SdeACTD-262 

IcmS-W-DotLc complex in the elusion profile with MM about 83 kDa agreeing within the 263 

credibility interval of SEC-SAXS, and the monodispersity of this complex was also confirmed 264 

as shown in Fig. 5c. This points to a quartenary complex containing one molecule of each 265 

protein. The processed SEC-SAXS data from the IcmS-W-DotLc, SdeA CTD and SdeA CTD-266 

IcmS-W-DotLc complex are presented (black dots) in Fig. 5d. The radii of gyration Rg of the 267 

solutes for the three samples are 2.74±0.05 nm, 3.76±0.05 nm, and 3.86±0.05 nm, 268 

respectively, as calculated from the Guinier approximations in Fig. 5e. Note that in all cases, 269 

Guinier regions are linear evidencing the monodispersity of the solutes. The distance 270 

distribution functions p(r) in Fig. 5f reveal the maximum particle sizes 10±1 nm, 16±1 nm, and 271 

15±1 nm, respectively, and indicate defined structures with limited flexibility. These properties 272 

are also confirmed by the Kratky plots (Fig. 5g). Moreover, both IcmS-W-DotLc subcomplex 273 

and SdeA CTD-IcmS-W-DotLc complex display bell-shaped p(r), indicating globular shapes. 274 

The p(r) function for SdeA CTD has a skewed appearance pointing to an elongated shape. 275 

These results suggest that IcmS-W-DotLc is bound to the central part of SdeA CTD, forming 276 

a stable globular complex.  277 

The low-resolution shapes of the proteins and the complex were first characterized by ab initio 278 

modeling (bead models in Fig. 5h-), and Alphafold3 models were also constructed and 279 

screened against the SAXS data.  Individual atomic models of IcmS-W-DotLc and SdeA CTD 280 



fit into the SAXS envelopes quite well, whereby IcmS-W-DotLc matches into a C-shaped 281 

envelope while SdeA CTD represents a banana shaped elongated particle. A model of the 282 

SdeA CTD-IcmS-W-DotLc complex further built by rigid body analysis with SASREF fits the 283 

data with discrepancy 𝜒!	= 5.8. To refine this model, we performed normal mode analysis 284 

(NMA) using SREFLEX. The NMA-refined model (in Fig. 5j) has an RMSD of 6.9 Å with respect 285 

to the rigid body model and provides a further improved fit to the experimental data with 𝜒!	= 286 

1.5 (Fig. 5d). This model indicates the binding of the IcmS-W-DotLc chaperone on the N-287 

terminal side of the concave surface of SdeA CTD formed by helices a1, a2 and a3. We also 288 

compared the SAXS model of the complex with Alphafold3 prediction (Fig. 5k). The 289 

comparison showed some variation in the CTD of SdeA between the SAXS model and 290 

Alphafold3 prediction, but, importantly, the binding position of the secretion chaperone was 291 

the same in both models, lending further confidence in the obtained results.  292 

 293 

Dual roles of SidE CTD in Membrane Binding and Secretion during Infection 294 

Since we had generated mutants of SdeA CTD, which also included the binding site of SAXS-295 

derived experimental model as well as Alphafold3 prediction, we performed pull-down 296 

experiments with GFP-tagged SdeA/ SdeC CTD or mutants and His-tagged IcmS-W-DotLc 297 

complex (Fig. 6a). For the wt SdeA CTD or SdeC CTD proteins, we could observe the complex 298 

formation as well as for the Mag5, Red8, and Red4 mutants. However, the Mag10 mutant did 299 

not pull-down the IcmS-W-DotLc complex. Interestingly, the Mag10 mutant corresponds to the 300 

entire concave surface of SdeA CTD, and the Mag5 mutant, which still binds to the secretion 301 

chaperone, is a subset of Mag10, belonging to the C-terminal half of the CTD. This suggested 302 

that the remaining 5 mutations of Mag10, which we termed Mag5’, are responsible for binding 303 

loss. We decided to test both secretion deficient and membrane binding deficient mutants in 304 

Legionella infection set up.  305 

We complemented the ∆SidE Legionella strain either with Flag-tagged wt SdeA or the 306 

membrane binding deficient Red4 mutant, or the secretion deficient Mag10 and Mag5 307 

mutants. All strains expressed the complemented effectors equally upon IPTG induction as 308 

observed by the anti-Flag antibody or the GFP tag present on the proteins (Fig. 6b). The 309 

bacterial metabolic protein Isocitrate dehydrogenase (ICDH) was used as loading control42. 310 

To check the secretion efficiency of the mutant effectors, we separated the bacteria-infected 311 

mammalian cells with 0.2 % saponin, which only lyses the mammalian cells and leaves the 312 

bacteria intact. We probed these lysates for our flag-tagged effectors, and consistent with our 313 

previous experiments, only wt and Red4 mutant got secreted into the host whereas Mag10 314 

and Mag5’ mutant stayed in the bacteria (Fig. 6c). We also tested the above-mentioned 315 

bacterial strains for their colocalization with ER-marker in bone marrow-derived macrophages 316 



(BMDMs) (Fig. 6d). As expected, the ∆SidE strain as well as the secretion-deficient Mag10 317 

and Mag5’ strains, did not show any immunofluorescence for the effectors. The wt SdeA 318 

complemented strain formed puncta in BMDMs, some of which colocalized with calnexin, 319 

reaffirming its ER localization in bacterial-infected cells. By contrast, the Red4 strain showed 320 

diffused distribution and no colocalization with calnexin. This confirms our understanding of 321 

the CTD in membrane binding and secretion. We further checked the effect of these mutations 322 

on the growth curve of Legionella in the natural host Dictyostelium discoideum (Fig. 6e). The 323 

indicated bacterial strains were used to infect D. discoideum, and the intracellular bacterial 324 

load was monitored at 2 hr, 24 hr, 48 hr, and 72 hr post-infection. The wt Lp02 strain 325 

complemented with an empty vector showed the best growth rate. The T4SS deletion strain 326 

Lp03 showed a growth defect, given that it lacks secretion of all effectors from Legionella. The 327 

∆SidE strain had a growth defect when compared to the wt strain. To our surprise, this growth 328 

defect is similar in the Red4, Mag10, and Mag5’ strains, suggesting that any anomaly in the 329 

CTD of SidE effectors is as drastic as the catalytic dead version of these effectors. These 330 

experiments underscore the importance of CTD in SidE activity and Legionella infection and 331 

establish their dual role for both secretion and membrane localization to be critical for 332 

intracellular Legionella replication. 333 

  334 

Discussion 335 

SidE family effectors represent a unique class of bacterial enzymes that co-opt the host 336 

ubiquitin system via a non-canonical phosphoribosyl-linked ubiquitination mechanism. While 337 

the enzymatic functions of their DUB, PDE, and mART domains have been well characterized, 338 

the role of the extended C-terminal domain (CTD) has remained elusive. Here, we provide 339 

structural and functional insights into this domain, revealing it as a bifunctional module critical 340 

for both membrane localization and effector translocation via the Type IV secretion system 341 

(T4SS). We also present the first cryo-EM reconstruction of full-length SdeC and the first 342 

crystal structure of SdeA CTD, providing the first integrative model of a complete SidE family 343 

effector.  344 

Our structural model reveals that the CTD adopts a curved, banana-shaped structure and 345 

features a distal amphipathic helix embedded in a positively charged surface, allowing it to 346 

anchor to negatively charged lipid membranes, which is a hallmark of N-BAR domains23,43. 347 

However, unlike dimeric BAR domains, which possess two amphipathic helices enabling 348 

membrane curvature induction, SdeA CTD harbors a single membrane-anchoring helix and 349 

lacks curvature-inducing activity, as confirmed by negative-stain EM (data not shown). While 350 

structurally reminiscent of BAR domains, the CTD lacks detectable sequence homology in 351 

profile-based searches, suggesting convergent evolution of coiled-coil membrane-binding 352 



architecture. Interestingly, a related example is BpdA from Shewanella oneidensis, a 353 

prokaryotic protein shown to remodel membranes via BAR-like behavior44. 354 

Functionally, the CTD is indispensable for effector localization to ER, Golgi, mitochondria, and 355 

vesicular membranes, sites relevant for Legionella replication. We extend prior work showing 356 

that PR-ubiquitination of membrane-associated substrates facilitates organelle fragmentation 357 

and membrane recruitment to Legionella-containing vacuoles (LCVs)45,46. Moreover, CTD-358 

mediated anchoring to LCVs enables SidE enzymes to modify ubiquitin chains via 359 

phosphoribosylation, a process recently shown to block autophagy adaptor recruitment (e.g., 360 

p62) and suppress xenophagy47,48. 361 

The dual function of the CTD reflects selective pressures within both bacterial and host 362 

environments (Fig. 6f). Inside Legionella, the CTD serves as a secretion signal by engaging 363 

the IcmS-IcmW-DotLc chaperone complex for T4SS translocation. Once inside the host, the 364 

same domain functions as a membrane tether, localizing the effector to substrates required 365 

for effective PR-ubiquitination and intracellular replication. Disrupting either function, secretion 366 

or localization, results in phenotypes indistinguishable from SidE deletion, emphasizing the 367 

essential role of the CTD. 368 

In conclusion, our work completes the functional annotation of the SidE effector family, 369 

positioning the CTD as a central hub that integrates effector secretion and subcellular 370 

localization. These two spatial determinants converge to control substrate selection and 371 

pathogenic function of Legionella. Given the prevalence of multi-domain architectures in 372 

bacterial effectors, similar dual-function localization/secretion modules may represent a 373 

broader paradigm in host-pathogen interactions. 374 
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Table 1 – Cryo-EM and model data statistics. 391 

 392 

 Legionella effector SdeC 
 PDE-mART domain (local 

refine) 
(EMD-50408; PDB 9FGJ) 

Whole protein (3DFlex refine) 
(EMD-50413; PDB 9FGM) 

Data collection and 
processing 

  

Magnification    130,000  
Voltage (kV) 300  
Electron dose (e–/Å2) 35  
Defocus range (μm) −1.5 to −2.5  
Pixel size (Å) 1.077  
Symmetry imposed C1  
Initial particle images (no.) 1,489,769  
Final particle images (no.) 149,162  
Map resolution (Å) 
    FSC threshold 

3.8 
0.143 

4.0 
0.143 

Map resolution range (Å) 3.1–7.8 3.2–8.0 
   
Refinement   
Initial model used Model predicted using 

AlphaFold 
PDB 9FGJ & AlphaFold model 

Model resolution (Å) 
    FSC threshold 

4.0 
0.5 

3.9 
0.5 

Model resolution range (Å)   
Map sharpening B factor (Å2) −120 −40 

Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
7,021 
885 
– 

 
9,032 
1,135 
– 

Average B factors (Å2) 
    Protein 
    Ligand 

 
130.22 
– 

 
160.55 
– 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.003 
0.647 

 
0.003 
0.639 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%) 

 
1.48 
7.25 
0.0 

 
1.44 
7.12 
0.0 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
97.6 
2.4 
0.0 

 
97.8 
2.2 
0.0 

 393 
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 400 



 401 

Table 2: Data collection and refinement statistics for SdeACTD crystal structure 402 

Legionella effector SdeA CTD 

 SdeA CTD 
(SAD data) 

SdeA CTD 
(native data, PDB code: ) 

Data collection   

Beamline SLS PX Petra III, P14 

Wavelength (Å) 1.00768 0.9763 

Space group H32 H32 

Cell dimensions   

a, b, c (Å) 111.04, 111.04, 218.20 110.96, 110.96, 218.71 

a, b, g (°) 90, 90, 120 90, 90, 120 

Observed reflections 740,952 (77,432) 965,988 (14,171) 

Unique reflections 18,252 (2,052) 97,198 (3,992) 

Resolution (Å) 
 

47.45- 2.5 87.97-1.98 

Rmerge 0.171 (3.615) 0.062 (3.722) 

Rmeas 0.175 (3.711) 0.065 (3.908) 

I/ s(I) 17.8 (1.4) 23.9 (1.1) 

CC1/2 1.0 (0.714) 1.0 (0.586) 

Completeness (%) 
 

100 (100) 100 (100) 

Redundancy 
 

40.6 (37.7) 9.9 (3.5) 

Wilson B (Å2) 
 

59.9 48.8 

Phasing 
 

  

Method 
 

SAD MR 

Resolution (Å) 
 

2.5  

Anom. Completeness (%) 100 (100)  

Anom. multiplicity 21.1 (19.3)  

<FOM> 0.8973  

Refinement   

Copies/ a.s.u. 
 

 1/ a.s.u. 

Resolution (Å) 
 

 1.98 

No. reflections 
 

 36,321 

Rwork/ Rfree (%) 
 

 21.1/ 24.3 

No. atoms 
 

 2656 

Protein 
 

 2576 

Ligand 
 

 16 

Water  64 

B factors (Å2) 
 

 71.15 

Protein (Å2)  71.28 

Ligand (Å2)  74.46 

Water (Å2) 
 

 65.28 

R.m.s.d 
 

  

Bond lengths (Å) 
 

 0.011 

Bond angles (°) 
 

 1.05 

Ramachandran (favored/ allowed/ outlier) (%) 
 

 96.52/2.85/0.63 

Clashscore 
 

 2.47 

Rotamer outliers (%) 
 

 5.42 



The dataset was collected from a single crystal. Values in parentheses are for highest-resolution 403 

shell. a.s.u., asymmetric unit. R.m.s.d., root mean square deviations. 404 

Table 3: SAXS experiment, analysis and results 405 

 
IcmS-IcmW-DotLc SdeA CTD 

SdeACTD-IcmS-
IcmW-DotLc 

SASBDB accession code SASDUW5 SASDUX5 SASDUY5 
    
Data collection  
Instrument EMBL P12 BioSAXS beamline, Petra-3, DESY, Hamburg 
Beam size at sample (µm) 200x120 
Wavelength (nm) 0.124 
s range (nm-1) 0.03-7.0 
Detector Pilatus 6M 
Detector distance (m) 3 
Exposure (s per image) 1 
Column Superdex 75 Increase 10/300 GL 
Flow rate (ml/min) 0.7  
Sample volume (µl) 100 
Sample concentration (mg/ml) 10 16.5 9 
Temperature (K) 293 
 
Structural parameters 
Rg (nm), Guinier plot 2.74±0.05 3.76±0.05 3.86±0.05 
Rg (nm), p(r) function 2.79±0.10 3.99±0.05 3.94±0.05 
Dmax (nm) 10±1 16±1 15±1 
 
Molecular mass determination 
Theoretical MM (kDa) 45 41 86 
MALLS MM (kDa) - - 83 
SAXS MM (kDa) 42 40 90 
    
Discrepancy of fits, c2    
Ab initio modelling 1.1 1.2 1.1 
AlphaFold3 models 6.9 10.4 10.7 
Rigid body modeling 5.9 2.6 5.8 
Normal modes refinement  1.1 1.3 1.5 
  
Data analysis software  
Data reduction  PRIMUS  
SEC-SAXS analysis CHROMIXS 
Ab initio modelling DAMMIF 
Homology modelling AlphaFold3 
Computation of model scattering CRYSOL 
Rigid body modeling SASREF 
Normal modes refinement  SREFLEX 
  

 406 

 407 

 408 

 409 

 410 

 411 



Online content 412 

 413 

Methods 414 

 415 

Cloning and constructs 416 

Full-length SdeA and SdeC constructs were cloned into pGEX6P1 vector using BamHI and 417 

XhoI restriction sites. SdeA CTD (1158-1499) construct was cloned into pET15b vector with 418 

NdeI and BamHI restriction sites. Full-length SdeA and SdeC were cloned into pEGFP-C1 419 

vector using XhoI and BamHI restriction enzymes whereas for SdeB, SacI and SmaI restriction 420 

sites were used. The ∆CTD constructs were generated by mutating the V1157 to stop codon 421 

for SdeA whereas for SdeB and SdeC V1189 was mutated to a stop codon. The C-terminal 422 

domain constructs of SdeA (1158-1499) and SdeC (1190-1920) constructs were cloned into 423 

pEGFP-C1 vector using the XhoI/ BamHI sites and for SdeB (1189-1920), SacI and SmaI 424 

restriction sites were used. All the mutants were generated using site directed mutagenesis 425 

on either the full-length constructs or the C-terminal domain constructs. The EGFP-SdeA CTD 426 

construct was amplified from the pEGFP-C1 vector and cloned into pET15b vector using NdeI 427 

and BamHI sites for bacterial protein purification. C-terminal deletion constructs of SdeA were 428 

amplified from full-length SdeA cDNA and digested with BamHI and XhoI. The digested DNA 429 

fragments were inserted into pEGFP-C1 vectors digested with BamHI and XhoI. For protein 430 

expression in E. coli, SdeA was amplified from SdeA cDNA and digested with BamHI and 431 

XhoI. The digested DNA fragments were inserted into pGEX-6P-1 vector digested with BamHI 432 

and XhoI. We received the IcmS and IcmW genes cloned into pRSF-Duet1 vector and DotLc 433 

fragment cloned into pET22b vector from Yue Feng22. 434 

To generate Legionella strains, either full-length SdeA or the mutants were amplified with 435 

BamHI and SalI restriction sites and cloned into pZL507 vector. All the clones were confirmed 436 

by sanger sequencing. For cloning and plasmid amplifications NEB Turbo Competent E. coli 437 

cells were grown on LB agar plates or in LB broth.  438 

 439 

Protein expression and purification 440 

 441 

Proteins were expressed in the E.coli NEB T7 Xpress cells. Cells were grown in TB medium 442 

at 37°C until the OD reaches 0.6-0.8, induced with 0.1-0.4 mM IPTG (isopropyl β-D-l-443 

thiogalactopyranoside), grown overnight at 25°C and collected. The cell pellet was 444 

resuspended with buffer containing 50mM Tris-HCL, 0.5 M NaCl, 25 mM Imidazole, 5% 445 

glycerol, pH 7.5 and lysed by high pressure cell disruptor. Cell debris were removed by 446 

centrifugation at 14,000x g for one hour, supernatant was collected, applied to either His-tag 447 

affinity purification or GST-tag affinity purification. His-tagged proteins were eluted with 250 448 

mM imidazole in the lysis buffer whereas GST tagged proteins were eluted with 15 mM 449 

glutathione freshly added to the binding buffer. His-tag from the His-SdeA-CTD construct in 450 



pET15b vector was cleaved using Thrombin protease. For proteins required for structural and 451 

biophysical studies (like SdeC FL, SdeA CTD and IcmS-IcmW-DotLc), two more steps of 452 

purification were carried out in the form of anion exchange chromatography (Hiprep Q HP) 453 

and then size exclusion chromatography. All proteins were stored in the buffer 25 mM Tris-454 

HCl, 200 mM NaCl, pH 7.5; 1 mM TCEP. IcmS-IcmW-DotLc subcomplex was purified by 455 

mixing the pellets obtained from IcmS-IcmW expression from pRSF-Duet1 vector and DotLc 456 

expression from pET22b vector as described before22. 457 

 458 

Cryo-EM grid preparation and data collection 459 

 460 

EM sample preparation and data collection were carried out at the EM facility of MPI, 461 

Biophysics. 3 μL of protein at a concentration of about 0.3 mg/ml was applied to a 300-mesh 462 

gold Quantifoil® R 2/2 grid with gold support. The grid was blotted with Whatman® No. 1 filter 463 

paper and plunged into liquid ethane cooled to liquid nitrogen temperature. Imaging was 464 

performed on a Thermo Fisher Titan Krios operated at 300 kV equipped with a Gatan K2 465 

Summit® direct electron detector and a Gatan Quantum® energy filter. Movies containing 40 466 

frames were collected at 130,000x magnification in counting mode with a physical pixel size 467 

of 1.077 Å, total dose on all frames were 33 e-/.2. Defocus values of the images ranged from 468 

-1.5 to - 2.5 μm. Two rounds of datasets were collected by the automated imaging software 469 

EPU. 470 

 471 

Cryo-EM image processing 472 

Both cryo-EM datasets were processed following the same method: The original movies were 473 

first subjected to beam-induced motion correction and dose-weighting using MotionCor2, and 474 

the contrast transfer function (CTF) parameters were determined using CTFFIND449,50. 475 

Images with estimated poor resolution (> 5.5 Å) and severe astigmatism (> 550 Å) were 476 

removed at this step. Particles were picked by TOPAZ51 and used for all further processing 477 

step. 2D classification, initial model generation, 3D classification, CTF refinement, and 478 

Bayesian polishing were performed using RELION 4.052,53. The polished particles generated 479 

from RELION were subjected to cryoSPARC for heterogeneous refinement, non-uniform 480 

refinement, and 3DFlex refinement54,55. A schematic overview of the data processing workflow, 481 

and a summary of map qualities are shown in Extended Fig. 1 and Table 1. 482 

 483 

Model building and geometry refinement 484 

The sub-atomic model of SdeC was built into the cryo-EM map using ChimeraX56 with 485 

ISOLDE57 add-in and COOT58, based on the AlphaFold predicted structure as an initial 486 

template24. The PDE-mART domain was built into the local refinement map of SdeC. The CC 487 



and CTD were built into the 3DFlex backbone tracing and docking of side chains59. Refinement 488 

results were manually inspected and corrected if required. The model quality was validated by 489 

MolProbity60 of the PHENIX package. Map-to-model cross-validation was performed in 490 

PHENIX60. A summary of model parameters and the corresponding cryo-EM map statistics is 491 

found in Table 1. Visualization of the cryo-EM maps and model was done in ChimeraX and 492 

Pymol (The PyMOL Molecular Graphic System, Version 3.0 Schrödinger, LLC). 493 

 494 

Crystallization 495 

The tag-free SdeA CTD protein was concentrated to 10 mg/ml and was screened with sitting 496 

drop matrix screens in 96-well plate with 300 nL of protein and 300 nL of precipitant solution 497 

at 293K with a mosquito crystallization robot (TTP Labtech). Diffraction quality crystal 498 

appeared from solution containing 0.2 M sodium chloride, 0.1 M sodium/ potassium phosphate 499 

pH-7.5 and 50% PEG 200. For SAD-phasing, the crystals were soaked in ethyl mercury 500 

thiosalisylate (EMTS). Crystals were cryo-protected using mother liquor solution 501 

supplemented with 25% (v/v) ethylene glycol before flash-freezing into liquid nitrogen. 502 

 503 

Data collection, processing and structure determination 504 

Diffraction data were collected on single frozen crystal in a nitrogen stream at 100K at 505 

beamline P14 at Petra III, DESY, Hamburg. The diffraction data were integrated with the 506 

program XDS61 and scaled with AIMLESS62, which is part of the CCP4 package63 and the 507 

resolution was estimated to be around 2 Å. However, due to unavailability of closely related 508 

structures we were not able to find phases for structure solution. To determine the phases, we 509 

soaked the native crystals in EMTS to use mercury as heavy atom for anamolous scattering64. 510 

We collected diffraction data from these crystals at PXI beamline in SLS, Villigen at 1.00768 511 

Å wavelength. With the help of AutoSol65 and AutoBuild66 programs of Phenix, we could 512 

identify 5 mercury binding sites, which could help solve the phase problem and build model 513 

into the 2 Å native crystallographic dataset. Structure refinement and manual model building 514 

were performed with Coot58 and Phenix.refine67. Validation of the final models was performed 515 

using MolProbity60. The resulting model was visualized with Pymol (The PyMOL Molecular 516 

Graphic System, Version 3.0 Schrödinger, LLC).  517 

 518 

Legionella strains 519 

L. pneumophila strains used in this study were derivatives of the Philadelphia 1 strain Lp02 520 

∆sidE strain as described and were grown and maintained on CYE medium or in AYE broth. 521 

Lp03 is an isogenic dotA- mutant. When necessary antibiotics were included. For 522 

complementation experiments, the genes were inserted into pZL507. All infections were 523 

performed with bacterial cultures grown to the post-exponential phase as judged by optical 524 



density of the cultures (OD600 = 3.5–3.8) as well as increase of bacterial motility. The integrity 525 

of all constructs was verified by sequencing analysis. 526 

 527 

Cell culture and infection  528 

HeLa, HEK293T and A549 cells were cultured in high glucose Dulbecco’s Modified Eagles 529 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 530 

100 mg/mL streptomycin at 37 °C, 5% CO2 in a humidified incubator. Transfection was 531 

performed using polyethyleneimine (PEI) reagent or Genejuice (Merck). Cells grown to about 532 

80% confluence were infected with indicated L. pneumophila strains. D. discoideum strains 533 

AX4 and AX4-HDEL–GFP were cultured in HL-5 medium. 2 × 105 D. discoideum cells seeded 534 

in 24-well plates were infected with an MOI of 0.05 for growth experiments68. In all cases, 1.5 535 

hours after adding bacteria to cultured cells, infections were synchronized by washing the 536 

infected cells three times with warm PBS buffer. Total bacterial counts at indicated time points 537 

were determined by plating serially diluted saponin lysates onto bacterial media. 538 

To determine protein translocation by L. pneumophila, HEK293T cells were transfected to 539 

express FCγRII for 24 h with Lipofectamine 3000 (Life Technology). Bacteria of relevant L. 540 

pneumophila strains were opsonized with rabbit anti-Legionella antibodies at 1:500 for 30 min 541 

before infecting the cells at an MOI of 20 for 2 h. Cells infected with the indicated bacterial 542 

strains were lysed with 0.2% saponin 2 hpi, which lyses membranes of mammalian cells but 543 

not of bacterial cells. The lysates were directly probed with Flag antibody. 544 

 545 

Antibodies and reagents 546 

All reagents were from Sigma, Roche or Roth. The following antibodies were used: antibodies 547 

against HA (C367S), GFP (sc-9996), ubiquitin (P4BD) from Cell signaling and ubiquitin 548 

(ab7254) from Abcam respectively; anti-ADPR (Millipore, MABE1016), anti-Flag (Sigma, 549 

F1804), GST (2622), Tubulin (ab6046), Calnexin (ab22595), GAPDH (D16H11) from Cell 550 

signaling. Monoclonal Anti-HA−Agarose antibody (HA-7) was purchased from Sigma. GFP 551 

trap beads were purchased from ChromoTek, gta-100 and Pro-Q diamond stain was obtained 552 

from Thermo Fischer, P33300. 553 

 554 

Confocal imaging and image analysis 555 

Confocal images were obtained using a Zeiss LSM780 microscope system fitted with a 63 x 556 

1.4 NA oil-immersion objective as well as argon and helium – neon ion lasers for the excitation 557 

of GFP (488 nm) and RFP (546 nM), respectively. Images were analyzed in FIJI to determine 558 

recruitment of proteins to cellular compartments.  559 

 560 

Immunostaining and immumobloting  561 



For immunostaining, anti-Flag antibody was used at 1:500. Antibodies against  Calnexin 562 

(ab22595, 1:100) was purchased from abcam; Cell fixation, permeabilization and 563 

immunostaining were performed as described. Briefly, cells infected with the indicated 564 

bacterial strains at an MOI of 10 were washed once with PBS, pH 7.4, and fixed with 4% 565 

paraformaldehyde (PFA) in PBS for 10 min at room temperature. Cells were washed again 566 

with PBS 3 times, then permeabilized with 0.1% saponin in PBS for 12 min, and blocked with 567 

blocking buffer containing 4% BSA in PBS for 1 h at room temperature. Cells were stained 568 

with antibodies diluted in blocking buffer overnight at 4 °C and washed with PBS three times 569 

next day. Cells were further incubated with Alexa Flour dyes-conjugated secondary antibodies 570 

for 1 h at room temperature in the dark and washed with PBS and incubated with DAPI in PBS, 571 

followed with further 2 times washing with PBS. Processed samples were inspected and 572 

scored using an Olympus IX-81 fluorescence microscope. 573 

For immunoblotting, Cell lysates or immunoprecipitated proteins were mixed with SDS sample 574 

buffer, heated at 95 °C for 5 min, centrifuged, and separated by Tris-Glycine SDS-PAGE, and 575 

transferred to PVDF membrane (Millipore) at cold room. Blots were blocked with 5% non-fat 576 

milk for 1 h at room temperature and incubated with primary antibodies overnight at cold room 577 

or 2 h at room temperature and washed with TBST (0.1% Tween 20 in TBS) three times. The 578 

blots were further incubated with secondary antibodies for 1 h at room temperature and 579 

washed 3 times with TBST. The blots were incubated with ECL reagents (advansta), and 580 

chemiluminescence was acquired with the Bio-Rad ChemiDoc system. 581 

For the Legionella infection experiments, nitrocellulose membrane was used for blotting. After 582 

blocking with 5% milk, membranes were incubated with the appropriate primary antibody: anti-583 

Flag (Sigma, F1804), 1:2,000; anti-ICDH, 1:2,000; Tubulin (DSHB, E7), 1:10,000. Membranes 584 

were incubated with an appropriate IRDye infrared secondary antibody (Li-Cor’s Biosciences 585 

Lincoln, Nebraska, USA) and the signals were obtained by using the Odyssey infrared imaging 586 

system. 587 

 588 

PR-ubiquitination assay 589 

 590 

SdeA-mediated PR-Serine ubiquitination in vitro reaction was done as previously described21. 591 

Briefly, 2 µg of purified Rab33b was incubated with 1 μM SdeA and 25 μM ubiquitin in the 592 

presence of 200 μM of NAD+ in 40 μL of reaction buffer (50mM NaCl and 50mM Tris, pH 7.5) 593 

for 1 h at 37 °C. The samples were analysed by SDS-PAGE and western blotting. 594 

Simulations of protein-membrane docking  595 

A coarse-grained (CG) model of Sde-CTD was prepared using the MARTINI force-field v2.277 596 

using the martinize.py script69. Secondary structure restraints were imposed with DSSP 597 



assignments. A POPC (16:0-18:1 PC) bilayer spanning a periodic box of 20 × 20 nm2 was 598 

constructed using insane.py70. The protein was initially placed at a distance of 5 nm from 599 

membrane surface and solvated with CG water containing 150 mM NaCl. For comparison, 600 

another system was generated with same configuration, but the POPC bilayer was doped with 601 

10% PIPs (5% PIP2 and 5% PIP3). Both these systems were energy minimized using the 602 

steepest descent algorithm for 3000 steps and then equilibrated the system with position 603 

restraints on the backbone (BB) beads, first under NVT conditions (T = 310 K) and then under 604 

NPT (P = 1 bar) conditions. Five short equilibrations, with increasing time steps (dt = [1, 2, 5, 605 

10, 20] fs), were employed following the CHARMM-GUI protocol. Subsequently, we performed 606 

production runs for 3 μs for each system using a 20 fs timestep under NPT conditions (1 bar; 607 

310 K). The Berendsen thermostat and the Berendsen semi-isotropic barostat71 were used for 608 

the equilibration phases and the velocity-rescale thermostat72, while the Parinello-Rahman 609 

semi-isotropic barostat73 was employed for the production phase, respectively. All CGMD 610 

simulations were performed using GROMACS v2020.174. The total number of PIP2 and PIP3 611 

contacts were computed as a function of time. Following that the contact frequency was 612 

estimated for each residue and the binding sites were identified using a 40% cutoff. 613 

Normal Mode Analysis 614 

 615 

The SdeA-CTD X-ray model was refined using Modeller75 to model unresolved loop regions 616 

within the structure, followed by energy minimization with GROMACS74. 5 models were 617 

constructed using AlphaFold2 for the full-length SdeC and used for fitting into the cryoEM 618 

map. An elastic network was mapped onto the top-ranked AF276 model using Cα atoms (cutoff 619 

= 1 nm) first followed by computation of the 5 lowest frequency normal modes between 620 

amplitudes (DQ -100 and 100) using a step size of 20 as implemented in bio3D-nma77. Elastic 621 

network and eigen vectors corresponding to the top 3 low-frequency modes were visualized 622 

using Pymol along their residue correlations. 623 

 624 

Liposome microarray-based assay (LiMA) 625 

The recruitment of SdeA and Red4 to membranes was assessed with LiMA, as described 626 

previously30. In brief, lipid mixtures containing 10 mol% phosphatidylinositol phosphates or 627 

glycerophospholipids in a DOPC and POPC background and organellar membrane mimics 628 

were spotted on a thin agarose layer (Supplementary Table 1). Cooperativity was probed by 629 

including phosphatidylinositol phosphate spots with an additional 10 mol% PS. Pegylated PE 630 

and PE-Atto647N were added to each mixture to facilitate the formation and visualisation of 631 

the liposomes. The microarray was hydrated with buffer A (25 mM Tris pH 7.5, 200 mM NaCl, 632 

5 mM DTT) and the self-assembly of liposomes was verified with fluorescence microscopy. 633 

The EGFP-tagged SdeA and Red4 were diluted in buffer A to 1 µM and centrifuged for 5 634 



minutes at maximum speed in a table-top centrifuge to remove aggregates. 40 µL of the diluted 635 

protein was incubated on the microarray for 1 hour at room temperature. A positive control, 636 

the strong PI(4,5)P2-binder PH-PLCd, was incubated in parallel at 1 µM for 30 minutes at room 637 

temperature. Unbound protein was washed away with 80 µL buffer A. The microarray chips 638 

were imaged with automated fluorescence microscopy. Images were taken for the Atto647 (5 639 

ms exposure time) and EGFP fluorescence (5, 10, 20, 30, 40, 50, 75, 100, 150, 200, and 300 640 

ms exposure times). The images were processed with the pre-established CellProfiler pipeline 641 

and rLima script30. Only unsaturated EGFP pixels that overlapped with the Atto647 642 

fluorescence were taken into account. The normalised binding intensity was calculated as the 643 

ratio between EGFP and Atto647 fluorescence corrected for the exposure time. Each protein-644 

lipid spot combination was performed in triplicates. 645 

 646 

Identification of substrates of SidE family DupA trapping mutant and mass-spec 647 

analysis 648 

 649 

Cells were transfected with FL SdeA, SdeA ∆CTD, SdeA Red4 mutant, FL SdeB and FL SdeC 650 

or their catalytically inactive counterparts (EE/AA mutants). Following transfections, cells were 651 

lysed in SDS-lysis buffer (50 mm Tris, 2% SDS, 10 mm TCEP [Sigma 646,547], 40 mm 652 

chloroacetamide [Sigma, C0267], protease inhibitor cocktail, phosphatase inhibitor [Sigma, 653 

PHOSS-RO]) and heated to 95°C for 10 min. The lysate was incubated with resin containing 654 

GST-tagged DupA inactive mutant which specifically traps PR-ubiquitinated substrates, 655 

following wash. The eluted proteins were denatured by addition of 1 volume of 8 M urea in 50 656 

mM Tris pH 8, cysteines were reduced and alkylated with TCEP and chloroacetamide. 657 

Proteolytic digest was performed for 3 h with 0.5 mg LysC (Wako) and after dilution to < 2 M 658 

Urea with 0.5 mg Trypsin (Promega) over night at 37 C. Tryptic peptides were desalted by 659 

Stage-Tips and analyzed on a Q Exactive HF (Thermo Fisher) coupled to an easy-LC 1200 660 

(Thermo). In brief, peptides were separated with a non-linear 70 min gradient from 5%–35% 661 

solution B (80% Acetonitrile, 0.1% formic acid) on a 20 cm column packed with 1.9 mm C18 662 

material (Dr. Maisch) and injected online into the mass-spectrometer. Survey scans were 663 

recorded with a resolution of 60,000 and the 15 most abundant precursor ions were subjected 664 

to HCD fragmentation. Data analysis was performed with MaxQuant 1.6.11 against the uniport 665 

human reference proteome database (December 2017). Label-free quantification was 666 

performed by MaxLFQ quantification with activated match-between-runs. Statistical testing 667 

and GO annotation were done with Perseus (1.6.1.1). Missing values in the control samples 668 

(SdeA EE/AA, SdeB EE/AA and SdeC EE/AA mutants) were amputated and proteins, that 669 

were significantly enriched in WT samples were identified by 5% FDR corrected T-Tests. 670 

Geneontology (GO) terms that were overrepresented among the potential SidE substrates 671 



were detected by a FDR 5% corrected test by the Panther website78. Missing values were 672 

imputed from normal distribution of data using default settings. Significant candidates were 673 

chosen using two-sided t test with error-corrected p-values (0.01. FDR) and log2 (fold change) 674 

value minimum of ±0.5. To avoid false-positive protein identification, ³2 unique peptides 675 

identified within a single protein were used for further analysis. Network and gen ontology 676 

analysis was performed with statistically significant hits using the online Metascape software. 677 

SidE proteins exclusive and common substrates analysis 678 

We utilized proteomics data that quantified the differential abundance of substrates captured 679 

by catalytically inactive DupA and DupB in the presence of full-length or ∆CTD SidE proteins 680 

(SdeA, SdeB, and SdeC). We selected the entries that displayed significant differences in 681 

abundance, according to Student’s t-test (-log p-value ≥1.3, between the WT SidE proteins 682 

and their inactive/mis-localized mutant). We filtered for protein entries displaying abundance 683 

ratio ≥1.0 (log units, negative ratios were discarded) and ensured that at least two or more 684 

unique peptides mapped to them. We then filtered for substrates that were also detected in 685 

the infection settings published before34. To display the sub-cellular localizations of the 686 

substrates, we filtered for the substrates common to SdeA, SdeB, and SdeC, found both under 687 

transfection and infection settings. The cellular localization data were retrieved, from the 688 

Human Protein Atlas79. We filtered for entries describing protein’s presence using “supported”, 689 

“approved”, or “enhanced” evidence annotations. We collected both primary and secondary 690 

cellular localizations. For each cellular compartment, we obtained the sum of the protein 691 

abundance ratios for each of the three proteins SdeA, SdeB, and SdeC, respectively. 692 

Circular Dichroism Spectroscopy 693 

We prepared liposomes with the composition of 85% DOPC, 5% DOPS, 25% POPE and 5% 694 

Cholesterol. The liposomes were freshly extruded with a 0.2 µM cut-off filter. 0.5 mM 695 

liposomes were incubated with 100 µM of the peptides in 10 mM potassium phosphate buffer 696 

at pH-7.0. CD spectroscopy was carried out at 20 oC on a Jasco J-810 spectropolarimeter. 697 

Three measurements were obtained for each sample between the wavelengths 190-260 nM 698 

at a speed of 30 nm/ min. Readings above 600 V were excluded. The mean of the triplates 699 

was plotted to obtain the secondary structure profile of the peptides either in the presence or 700 

absence of liposomes30. 701 

 702 

SEC–MALS 703 

 704 

SEC–MALS measurements were performed on an Agilent Infinity II high-performance liquid 705 

chromatography (HPLC) system coupled to a Wyatt DAWN NEON 8 angle detector, an Optilab 706 

online refractive index detector and an Agilent VWD ultraviolet detector. Protein solutions (60 707 



μl at 2 mg ml−1) were injected and separated on a Superdex 75 Increase 10/300 column 708 

(Cytiva) with a flow of 0.5 ml min−1 in 20 mM Tris pH 8.0 and 100 mM NaCl. Masses were 709 

determined with the program Astra (Wyatt Technology) using BSA for calibration. 710 

 711 

Small- Angle X-ray Scattering (SAXS) 712 

The samples of  IcmS/IcmW/DotLc, SdeACTD and SdeACTD-IcmSWDotLc complex at 713 

concentrations of 10 mg/ml, 16.5 mg/ml, and 9 mg/ml, respectively, were measured at the 714 

EMBL P12 beamline of PETRA III – DESY (Hamburg, Germany)80. SEC coupled to SAXS 715 

measurements (SEC-SAXS) were conducted using the X-ray wavelength of l = 0.124 nm with 716 

the Pilatus 6 M detector positioned at 3 m from the sample. The covered range of the scattering 717 

vector was 0.03 nm-1 < s < 7.0 nm-1 with s=4psinq/l, where 2q is the scattering angle. The 718 

SEC-SAXS measurements of IcmS/IcmW/DotLc, SdeACTD and their complex were 719 

performed using an Agilent 1260 Infinity II Bio-inert LC system and analytical columns 720 

Superdex 75 increase 10/300 GL, Superdex 75 increase 10/300 GL, Superdex 75 increase 721 

10/300 GL, respectively, equilibrated with the samples buffer (25 mM Tris-HCl, 200 mM NaCl 722 

pH 7.5, 5 mM DTT). In parallel to the SEC-SAXS, MALS measurements were conducted. 723 

Protein elution was detected by absorbance at 280 nm. The samples and buffers were stored 724 

at -80℃ prior to the experiments and measured at 20 oC.  725 

The injection volume was 100 𝜇𝑙, and the flow rate was 0.7 mg/ml. For each sample,  2100 726 

exposures, each lasting 1 sec, were collected, and checked for radiation damage using the 727 

SASFLOW pipeline80. The samples and buffer subtractions were handled by Chromixs81. The 728 

data was analyzed using the programs from the ATSAS package82. The radius of gyration Rg 729 

was determined using the Guinier approximation83. The particle distance distribution functions 730 

p(r) were computed by GNOM84 and the ab initio shapes were restored using DAMMIN85. The 731 

scattering from atomic models was computed by CRYSOL86. 732 

 733 

In vitro pull-down assay: GFP-SdeA-CTD-pET15b for pull-downs 734 

 735 

With the help of GFP-trap beads we immobilized GFP-tagged SdeA CTD protein and the 736 

mutants on the beads. The same amount of His-tagged IcmS-IcmW-DotLc complex was 737 

incubated for two hours with SdeA-coated beads at 4 °C. Following incubation, the beads were 738 

washed with binding buffer and the samples were boiled at 95 °C for 5 minutes and applied to 739 

SDS-PAGE. The gel was stained using silver staining protocol (Thermo Scientific; 24612). 740 

 741 

Data and code availability 742 

 743 

The atomic models of crystal structures and cryo-EM coordinates reported in this paper have 744 

been deposited in the Protein Data Bank (PDB codes: 9FGJ; 9FGM,). The cryo-EM maps 745 



have been deposited to EMDB (EMD-50408; EMD-50413). The SAXS data and models have 746 

been deposited in the SASBDB (SASDUW5; SASDUX5; SASDUY5). 747 

Mass spectrometric data pertaining to PR-ubiquitination of substrates upon overexpression of 748 

SdeA FL, SdeA ∆CTD, SdeA-Red4 mutant, SdeB and SdeC available upon request. 749 
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Figures 1019 

 1020 

Fig. 1| Structural overview of SidE family members. a, Domain architecture of SidE family: 1021 

SdeA, SdeB, SdeC and SidE. b, Cryo-EM map obtained for full-length SdeC particles and the 1022 

corresponding model. c, Crystal structure of SdeA C-terminal domain. d, Overlay of Arfaptin 1023 

N-BAR dimer with SdeACTD monomer. e, Integrative model of SdeC cryo-EM model and 1024 

SdeA CTD crystal structure providing a snapshot of the overall spatial arrangement of SidE 1025 

domains. 1026 
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 1039 

Extended Data Fig.1| Data processing pipeline for the two datasets collected for full-1040 

length SdeC particles.  1041 

 1042 



 1043 

Extended Data Fig. 2| Cryo-EM envelopes for SdeC particles. a, EM-map of the full-length 1044 

SdeC molecules representing PDE in orange, mART in green, coiled-coil in yellow and CTD 1045 

in cyan. Focus refined maps for b, PDE domain, and c, mART domain to demonstrate high-1046 

confidence model building into the EM maps. d, superposition of SdeC PDE derived from cryo-1047 

EM model and SdeA PDE from crystal structure (PDB: 5yim).  1048 
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 1063 

Extended Data Fig. 3| Inherent flexibility of full-length SdeC structure. A, Extreme 1064 

conformations corresponding (left-to-right) to the three lowest frequency normal modes 1065 

(green, blue and purple) computed with the full-length SdeC structure (AF model). b, 1066 
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Correlation motions along these modes are plotted as a correlation matrix along the SdeC 1067 

sequence. Edges joining Cα atoms of SdeC represent the elastic network and coupled (red 1068 

edges, mostly intra-domain Cα pairs) and uncoupled residue motions (blue edges, mostly 1069 

inter-domain Cα pairs) quantifying the overall flexibility of SdeC. Superimposition of the SdeC 1070 

integrative model with corresponding Alphafold3 predictions of c, SdeA d, SdeC. e, Composite 1071 

model of SdeA crystal structures and its comparison with Alphafold3 predictions of SdeA. 1072 

 1073 

Fig. 2| SidE CTD determines its localization and substrate specificity. a, Colocalization 1074 

of SdeA, SdeB and SdeC with ER marker calnexin shows its localization to membrane 1075 

compartments. b, Deletion of the CTD of SdeA, SdeB and SdeC abrogates ER localization. c, 1076 

SdeA, B, C CTD minimal constructs colocalize with calnexin. d, Upon transfection into cells, 1077 

C-terminal deletions of SdeA cannot perform PR-ubiquitination of Rab33b as a substrate. e, 1078 

In vitro, the purified C-terminal truncation constructs are capable of catalyzing Rab33b PR-1079 

ubiquitination. 1080 
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 1088 

Fig. 3| Dissection of the membrane binding site of SidE CTDs. a, Electrostatic surface 1089 

view of SdeA CTD shows the electropositive, electronegative, and hydrophobic patches. b, 1090 

Selection of electropositive patches as probes for membrane-interacting regions. c, Overview 1091 
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of the mutations designed for each electropositive patch named as Mag10, Red8, and Black4. 1092 

d, Evaluation of calnexin colocalization of SdeA CTD mutants as a measure for their 1093 

membrane binding activity. e, Mutational analysis of the three hydrophobic residues from the 1094 

predicted amphipathic helices from SdeA, SdeB and SdeC reveals loss of membrane 1095 

engagement. f, LiMA assay used to evaluate in vitro binding of EGFP-SdeA CTD and Red4 1096 

mutant. The PH domain of PLCd, known to recognize PI(4,5)P2, is used as a positive control. 1097 

f, Representative micrographs showing the colocalization of a marker of liposome membrane, 1098 

PE-Atto647, with PLCd and SdeA CTD. g, Heat map for preferred association of SdeA CTD 1099 

with various liposome compositions either in POPC or DOPC mixtures (white- no binding; blue 1100 

to red- low to high binding). h-k, Statistical evaluation of preferred liposome compositions for 1101 

SdeA CTD and the mutant Red4. ****, p<0.001. h, Comparison of binding affinities between 1102 

GFP-SdeA CTD and Red4 mutant for DOPC- (rigid) or POPC-containing (fluid) membranes. 1103 

i, Comparison of binding affinities of GFP-SdeA CTD for membranes containing various 1104 

signaling lipids. j, Comparison of binding affinities of GFP-SdeA CTD for PIP-containing 1105 

membranes and PIP+PS-containing membranes. k, Comparison of all measured binding 1106 

affinities between GFP-SdeA CTD and its Red4 mutant. 1107 
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1128 

Extended Data Fig. 4| Alphafold predictions of SidE CTD and discovery of amphipathic 1129 

helix. a, Comparison of SdeA CTD crystal structure with the top 5 AF3 predictions. Three 1130 

predictions show the presence of a helix in the disordered segment of the X-ray model b, 1131 
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Mapped pLDDT scores on the AF3 prediction reflecting the confidence of predictions of 1132 

different regions of SdeA CTD. c, Experimental b-factors from refined crystal structure of SdeA 1133 

CTD. d, Alphafold3 model of a, SdeA CTD b, SdeB CTD c, SdeC CTD and d, SidE CTD 1134 

superimposed with SdeA CTD crystal structure and the prediction of amphipathic helix 1135 

highlighted in red with corresponding Heliquest helical wheel diagrams26. Circular Dichroism 1136 

Spectroscopy for the amphipathic peptides derived from e, SdeA CTD, and f, SidE CTD. 1137 

 1138 

 1139 



 1140 

Extended Data Fig. 5| Molecular simulations capture PIP binding sites on SdeA-CTD.  1141 

Representative snapshots from coarse-grained MD simulations of SdeA-CTD using the 1142 

MARTINI model in the presence of a, pure POPC bilayer, and b, bilayer doped with 10% PIP 1143 

lipids, show the importance of long-range electrostatic interactions for the recruitment of SdeA-1144 

CTD to the membrane surface. c, Time series of SdeA-CTD–PIP2 (red) and SdeA-CTD–PIP3 1145 

(purple) contacts. d, The frequency of PIP contacts computed for all CTD residues enabled 1146 

the mapping of e, PIP2 and f, PIP3 binding sites. Residues mediating a high number of 1147 



contacts are shown as B-factors on the protein main-chain and also highlighted on the right. 1148 

Residues that overlap with the Red4 mutations in Figure 3c are boxed with a red outline. 1149 

 1150 

 1151 

Fig. 4| SdeA CTD is required for its substrate specificity. a, Colocalization of full-length 1152 

SdeA and its catalytically inactive form EE/AA with calnexin and its comparison with the ∆CTD 1153 

construct and membrane-binding defective Red4 mutant. Mass-spectroscopy-based 1154 

determination of substrates of SdeA full-length and its b, ∆CTD, or c, Red4 mutant 1155 

counterparts. d, DupA pull-downs for over-expressed SdeA, SdeB and SdeC WT and their 1156 

inactive mutants (EE/AA) to identify substrates for each family member. e, Venn diagram 1157 

showing the numbers of unique and overlapping substrates for SdeA, SdeB and SdeC, shared 1158 
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in transfection and infection settings (see Methods). f, Bar plot showing the total abundance 1159 

of uniquely identified substrates (summated over all proteins) of SidE family members, shared 1160 

between the transfection and infection settings. 1161 

 1162 

Fig. 5| Biophysical and structural characterization of SdeA CTD interaction with IcmS-1163 

IcmW-DotLc complex a, Overlay of the size exclusion profiles of SdeA CTD, IcmS-IcmW-1164 

DotLc subcomplex and the holo (SdeACTD-IcmS-IcmW-DotLc) complex. b, SDS-PAGE 1165 

analysis of the fractions from each size exclusion run with corresponding elution volumes. c, 1166 

SEC-MALS data of the SdeACTD-IcmSWDotLc complex is represented which confirms the 1167 

MW as monomer of each protein in the complex. d, SEC-SAXS data from IcmS-IcmW-DotLc, 1168 

SdeACTD and SdeACTD-IcmS-W-DotLc complex. The overlay for each sample indicates the 1169 

computed scattering profiles of the NMA-refined Alphafold3 predictions of IcmS-IcmW-DotLc 1170 

(red) and SdeACTD  (green), and of the SdeACTD-IcmSWDotLc complex (blue). The 1171 

scattering intensity computed from the models fits the experimental data well for all three 1172 

constructs. e, the Guinier fits of the initial regions to determine the radius of gyration are 1173 

displayed. f, the distance distribution p(r) functions of the three samples are represented. g, 1174 
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the Kratky plots indicate compact folded structures of the three samples. The ab initio SAXS 1175 

envelopes (beads) with fitted Alphafold3 predictions of the h, IcmS-IcmW-DotLc i, SdeACTD 1176 

j, SdeACTD-IcmS-IcmW-DotLc are displayed. k, the superposition of unfitted Alphafold3 1177 

model with derived SAXS model shows structural plasticity in SdeA CTD in solution. 1178 

 1179 

Fig. 6| SdeA CTD has mutually exclusive membrane binding and secretion signal sites. 1180 

a, Pull-down of IcmS-IcmW-DotLc subcomplex with SdeC CTD, SdeA CTD and its mutants 1181 

(as shown in Figure 3). b, Expression of WT SdeA and SdeA mutants in Lp02∆SidE deletion 1182 

strain of Legionella. c, Evaluation of secretion of the WT SdeA and its mutants from Legionella 1183 

into the host. d, Colocalization of WT SdeA and its mutants in macrophages with calnexin as 1184 

ER marker. e, Growth curves for various strains of Legionella including the ones where SidE 1185 

deletion strain is complemented by either WT SdeA or its mutants. f, Working model of the 1186 

functional role of SidE CTDs in Legionella infection and replication. 1187 
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