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Figure 1. Cryo-EM structure of the L. pneumophila Dot/Icm T4SS. (a) Reconstruction of the L. pneumophila Dot/Icm T4SS particles at 4.6 Å with no

symmetry applied reveals two parts, the outer membrane cap (OMC), composed of a central dome and flat disk, and a periplasmic ring (PR). (b)

Comparison of the central sections through the longitudinal plane of the T4SS 3D density determined by cryo-ET of intact L. pneumophila (left panel,

EMD 0566) (Ghosal et al., 2019) with arrow indicating plug density or by cryo-EM of purified particles (this study) (right panel). OM, Outer Membrane,

IM, Inner Membrane, Scale bar 10 nm. (c) Combined high resolution structures of the L. pneumophila Dot/Icm T4SS that include the 3.5 Å OMC disk

(blue) with 13-fold symmetry and the 3.7 Å PR (green) with 18-fold symmetry. (d) Central axial slice view showing how atomic models of the OMC disk

(blue) and PR (green) fit into the C1 3D map of the Dot/Icm T4SS (light gray).
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Figure 1—figure supplement 1. Asymmetric reconstruction of the Dot/Icm T4SS. (a) A representative image of the Lp Dot/Icm T4SS particles in

negative stain EM (scale bar = 50 nm) and subsequent 2D class averages (scale bar = 20 nm). (b) A representative image of the Lp Dot/Icm T4SS

Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued

particles in cryo-EM (scale bar = 50 nm) and subsequent 2D class averages (scale bar = 10 nm). (c–d) The Dot/Icm T4SS map was reconstructed with no

symmetry applied to a resolution of 4.6 Å and reveals the outer membrane cap (OMC), composed of a dome and a flat disk, and the periplasmic ring

(PR). (d) The local resolution of the C1 map extends to ~4.0 Å in the best resolved portions of the map.
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Figure 1—figure supplement 2. Flow chart of cryo-EM processing steps. Using template picking in cryoSPARC,~770,000 Dot/Icm T4SS particles were

selected. The processing steps done in cryoSPARC are on a gray background, and the processing steps done using RELION are on a tan background.

Figure 1—figure supplement 2 continued on next page
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Figure 1—figure supplement 2 continued

After 2D and 3D classification, the best class of ~20,000 particles was chosen for further refinement with and without C13 symmetry, resulting in

reconstruction of 3D maps at 4.6 Å and 3.6 Å, respectively. The particle stack used in the refinement job in cryoSPARC was exported into Relion for

further processing, such as CTF-refinement and focused refinement. The 3.6 Å 3D model with C13 symmetry was used as an initial model for 3D

structure determination in Relion using auto-3D refinement with C13 symmetry, resulting in reconstruction of 3D map of 5.5 Å resolution. The CTF-

refinement beam tilt estimation was applied, followed by another round of 3D refinement, improving the resolution to 5.0 Å. Focused 3D classification

(without alignment) was used to determine higher resolution maps of the OMC disk (with 13-fold symmetry) and the PR (with 18-fold symmetry). The

maps of the OMC disk and PR were further refined using focused 3D refinement (with local refinement), resulting in 3D maps of the OMC disk (13-fold

symmetry) and the PR (18-fold symmetry) at 3.5 Å and 3.7 Å, respectively.
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Figure 1—figure supplement 3. Symmetric reconstructions of the OMC and PR of the Dot/Icm T4SS. (a–b) The OMC disk has been reconstructed to

3.5 Å resolution using C13 symmetry. The cryo-EM density map of the Dot/Icm T4SS OMC disk showing the side, bottom, and top faces of the OMC.

Figure 1—figure supplement 3 continued on next page
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Figure 1—figure supplement 3 continued

(c) The local resolution of the OMC extends to 3.0 Å in the best resolved portions of the map. (d–e) The PR has been reconstructed to 3.7 Å using C18

symmetry. (f) The local resolution of the PR extends to ~4.0 Å in the best resolved regions of the map. (g) A channel runs through the center of the Dot/

Icm T4SS that is ~150 Å in diameter in the OMC and ~100 Å in diameter in the PR.
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Figure 2. The OMC disk of the Dot/Icm T4SS. (a) The OMC disk of the Dot/Icm T4SS was reconstructed from samples that were purified from the WT

strain (b) We have defined an asymmetric unit that is comprised of DotC (brown), DotD1 (red), DotD2 (salmon), DotH (orange), DotK (cyan), Lpg0657

(blue), and three unknown chains (gray).
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Figure 2—figure supplement 1. Correlation between the OMC cryo-EM map and models. (a) Statistics for each model that was constructed indicate

their relative quality. (b) A model-map correlation curve for the entire OMC is shown with the unmasked data shown in green and the masked data

shown in black. (c–i) The model-map correlation was also determined for each individual protein structure that was solved within the OMC.
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Figure 2—figure supplement 2. Model-map correlation for each protein within the OMC. (a–f) The correlation coefficient for each protein within the

OMC is depicted as a heat map on the corresponding structure and is plotted against the residue number.

Durie et al. eLife 2020;9:e59530. DOI: https://doi.org/10.7554/eLife.59530 12 of 28

Research article Microbiology and Infectious Disease Structural Biology and Molecular Biophysics

https://doi.org/10.7554/eLife.59530


Figure 3. DotC forms a nearly uninterrupted b-sheet about the center of the complex. (a) DotC is composed of two large a-helices and two b-sheets.

(b) These sheets are formed between asymmetric units and comprise a predominantly electrostatic structure that lines the central chamber. (c) DotC is

adjacent to the poorly resolved portion of the C1 map (circled with a red dotted line, left). The positioning of DotC is such that a gap exists between it

and the asymmetric portion of the map (brown dotted line, center). This results in a small predicted interface between DotC and the central dome

(right).
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Figure 4. Components in the center of the Dot/Icm T4SS. (a–b) On the peripheral side, DotC is observed with two copies of DotD, shown in red and

salmon. (c) The two copies of DotD vary little in their overall organization, deviating by an RMSD of only 0.6 Å within the C-terminal domain as shown in

Figure 4 continued on next page
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Figure 4 continued

the inset. (d) Both copies of DotD observed within this map adopt a fold that is similar to the previously reported crystal structure as well as related

VirB7 homologs. (e) The interface that is formed between DotD1 and DotD2 is formed by a number of electrostatic and polar interactions as shown in

the inset. (f) The N-terminal a-helices of DotD1 and DotD2 form the bulk of the interface observed with DotC, made up of a hydrophobic interface as

shown in the inset.
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Figure 5. Components of the Dot/Icm T4SS near the outer membrane. (a) Two nearly identical folds were discovered on the outer membrane side of

the OMC that correspond to DotK (cyan) and Lpg0657 (blue). (b) DotK and Lpg0657 arrange such that each contacts both copies of DotD within the

Figure 5 continued on next page
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Figure 5 continued

asymmetric unit, although they use different surfaces to mediate this interaction. (c) The two folds have a nearly identical topology. Proteins colored as

in panel (a). (d) Although these folds are very similar, at least three regions could be used to distinguish between the two proteins in this map. (e)

Characteristic density is observed for each protein and supports the assignment of each protein within the map.
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Figure 6. DotH is a VirB9 homolog and positioned in the center of the map. (a) The C-terminal domain of DotH was discovered within the center of the

OMC map and consists of a b-sandwich fold. (b) The structure is similar to other T4SS proteins such as the C-termini of TraO, VirB9, and CagX. (c)

Though the structures are similar, little sequence similarity (d) is observed throughout the family. (e) DotH is positioned such that the N-terminus

(consisting of 272 residues) is positioned between the OMC and PR.
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Figure 7. Three unknown components were modeled as polyalanine chains. (a) Three chains were constructed as polyalanine models, denoted as chain

1–3 and shown in gray. (b) Chain 1 is observed near the outer membrane and consists of loops forming two lobes. (c) Chain 2 consists of a long b-helix

that interacts with chain 3. (d) Chain 3 is a small globular fold that is comprised of only b-strands.
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Figure 8. The OMC disk of the DDotG T4SS. (a) The OMC disk of the DDotG T4SS was reconstructed from samples that were purified from a strain

lacking DotG (DdotG). (b) All proteins within the asymmetric unit adopt nearly identical orientations in complexes identified from the WT and mutant

strain. (Colored as in panel a).
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Figure 8—figure supplement 1. 3D reconstruction of the T4SS purified from a DdotG mutant. (a) A representative image of the Lp DDotG T4SS

particles in cryo-EM (scale bar = 50 nm) and (b) subsequent 2D reconstructions (Scale bar = 10 nm). (c) Silver-stained gel from the T4SS samples used in

this study. Lanes (L to R) are molecular weight markers, wild type, and DDotG complexes. (d–e) The map was reconstructed with C13 symmetry applied

to a resolution of 4.2 Å and reveals only the outer membrane cap (OMC) disk region (f) The local resolution of the map extends to ~4.1 Å in the best

resolved portions of the map.
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Figure 8—figure supplement 2. Correlation between the Lp DDotG OMC cryo-EM map and models. (a) Statistics for each model that was constructed

indicate their relative quality. (b) A model-map correlation curve for the entire Lp DDotG OMC is shown with the unmasked data shown in green and

Figure 8—figure supplement 2 continued on next page
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Figure 8—figure supplement 2 continued

the masked data shown in black. (c–i) The model-map correlation was also determined for each individual protein structure that was solved within the

Lp DDotG OMC.
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Figure 8—figure supplement 3. Model-map correlation for each protein within the Lp DDotG OMC. (a–f) The correlation coefficient for each protein

within the Lp DDotG OMC is depicted as a heat map on the corresponding structure and is plotted against the residue number.
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Figure 8—figure supplement 4. Homology model of proposed dome component DotG. (a) The C-terminus of DotG is one of the few components of

the Dot/Icm T4SS that is predicted to have homology to other systems, in this case to H. pylori CagY and X. citri VirB10. (b) Atop the OMC is a low-

resolution dome that contains no clear symmetry (gray). A model of the C-terminus of DotG with C13 symmetry applied fits well into this dome

suggesting a pore size of ~40 Å (yellow). (c) Sequence homology suggests the C-terminus of DotG is structurally similar to H. pylori CagY and X. citri

VirB10.
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Figure 9. The PR of the Dot/Icm T4SS. (a) The Dot/Icm T4SS is comprised of two features known as the outer membrane cap (OMC) and the

periplasmic ring (PR). Within the asymmetric unit of the PR we have modeled two chains (shown in yellow and green). (b) Chain 1 of the PR, shown in

Figure 9 continued on next page
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Figure 9 continued

yellow, consists of two b-sheets and two a-helices. Chain 2, shown in green, consists of one b-strand and one a-helix. (c) Chain 1 of the Dot/Icm T4SS

contains a globular fold that is similar to the N-terminus of VirB9 from X. citri and the core fold of the polyalanine model that was modeled in the PR of

the Cag T4SS from H. pylori. (d) The physical connection between the OMC disk (blue) and PR (green) is shown with atomic models fit into the cryoEM

reconstruction with no symmetry applied (gray).
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Figure 10. Comparison of H. pylori Cag T4SS and L. pneumophila Dot/Icm T4SS. (a) Surface view of atomic

models for Hp Cag T4SS (left) and Lp Dot/Icm T4SS (right). OMC, blue; PR, green. For Lp Dot/Icm T4SS, C1 EM

density is shown in gray for density not included in atomic models. (b) Secondary structure of Hp Cag T4SS (left)

and Lp Dot/Icm T4SS (right). For Lp Dot/Icm T4SS, dome region outline is shown as a dotted line.
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