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Abstract  
Legionella pneumophila uses the Icm/Dot Type IV secretion system (T4SS) to translocate a record number (300) of bacterial effectors 
into the host cell. Despite recent breakthrough progress in determining the structure and the localization of the secretion machinery, it is 
still a challenge to understand how the delivery of so many effectors is organized to avoid bottleneck effect and to allow effective 
manipulation of the host cell by L. pneumophila. Here, we demonstrate that secretion of effectors is ordered and so precisely set up that it 
lines-up with the delivery timing required for the function of the effectors in the cell. We observe notably that the secretion order of 4 
effectors targeting Rab1 is fully consistent with the sequence of their actions on Rab1. Importantly, we show that the timed delivery of an 
effector is not dependent on its concentration, nor on its picking-up by chaperone proteins. Conversely, this control involves c-di-GMP 
signaling, as a c-di-GMP synthesizing enzyme, namely the diguanylate cyclase Lpl0780/Lpp0809, significantly contributes to accurate 
triggering of effector secretion via a post-translational control of the T4SS machinery at the bacterial pole.  
 
Significance  
Type 3, 4 and 6 secretion systems are multiprotein complex known to be crucial for infectious cycle of many bacterial pathogens. Despite 
considerable progress on several fronts in structure-function analysis of these systems, one of the blackest boxes in our understanding is 
the signal that triggers the activation of effectors transfer. This is particularly true for the Icm/Dot T4SS in L. pneumophila that deals with 
the translocation of a record number of 300 effectors. We demonstrate that Icm/Dot secretion is timely fine-tuned and most importantly, 
that the complex orchestration of so many effector actions relies at least in part on the defined timing of their translocation into the host 
cell. Also, we highlight for the first time a post-translational control of a T4SS by c-diGMP signaling.   
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Introduction 
 

Legionella pneumophila is the causative agent of the severe pneumonia known as Legionnaires’ disease or legionellosis. Pathogenic 
strains of Legionella emerge in the environment after intracellular multiplication in amoeba. Bacteria are disseminated by water aerosols 
and when inhaled into lungs, engulfed by alveolar macrophages. Within amoeba and human macrophages, L. pneumophila evades 
endocytic degradation and triggers the biogenesis of a Legionella-containing vacuole (LCV), a rough endoplasmic reticulum-like 
compartment permissive for its intracellular multiplication (1). 

Crucial for hijacking host-cell vesicles trafficking necessary for LCV biogenesis, and subsequently for intracellular multiplication of 
L. pneumophila, is the Type 4 Secretion System (T4SS) Icm/Dot (for Intracellular multiplication and Defect in organelle trafficking) (2, 
3). The Icm/Dot system is a complex machinery located at the bacterial pole (4-6) and composed of 27 proteins involved in (i) a 
multiprotein apparatus for secretion (7), (ii) a coupling protein complex (DotL/IcmO; DotM/IcmP; DotN/IcmJ) (8, 9) and (iii) chaperone 
proteins that associate with the coupling protein complex and are involved in some specific substrate recognition for presentation to the 
translocon (IcmS; IcmW; LvgA) (10-12). This machinery translocates an exceptionally large repertoire of effectors, over 300 proteins, 
into the host-cell cytosol (13). 

Despite major progress on the Icm/Dot structure thanks to electron cryotomography technology (5, 14, 15), much still needs to 
understand the functioning of the machinery, in particular regarding the secretion control of so many effectors. The triggering of effector 
translocation is dependent upon phagocytosis and requires the active participation of the host cells (16). However, it could be assumed 
that all the 300 effectors are not simultaneously translocated into the host cytosol. Despite some subtle differential expression patterns of 
the Icm/Dot encoding genes, expression of most of them increases continuously during intracellular growth of L. pneumophila, thus 
resulting in an available Icm/Dot apparatus when the bacteria are released in the extracellular medium for a second round of infection. 
Consistently, most of the Icm/Dot substrates encoding genes are mainly upregulated during the transmissive phase (17). Besides, inhibitors 
of protein synthesis are not effective at inhibiting Icm/Dot-dependent effector translocation (16). Thus, activity of the Icm/Dot system 
does not rely on de novo synthesis of structural Icm/Dot components or effector proteins.  

A critical component of the translocated substrates that allow their Icm/Dot recognition is a carboxyl-terminal signal of less than 30 
amino acids with both short polar amino acids and a glutamate-rich region (E-box) (18, 19). However, Legionella likely employs multiple 
sophisticated molecular mechanisms to regulate the export of some effectors, as reported for SidJ effector (20). The secretion of this 
Icm/Dot substrate is mediated by dual signal sequences that include a conventional C-terminal domain needed for the secretion at early 
points of infection, and an internal motif efficient at later time points (20). Moreover, some (such as SidJ) but not all Icm/Dot effectors 
seem to be picked-up by the IcmS/W chaperone proteins (12, 21).  

Here, we sought to gain information on the delivery timing of Icm/Dot effectors during infection. In this purpose, we developed a 
kinetic translocation assay, which enables a fine monitoring of the Icm/Dot substrates translocation during a large time frame. We 
demonstrate that the Icm/Dot substrates translocation is fine-tuned during infection, independently of effectors synthesis, and in addition 
to the phagocytosis-dependent triggering of the overall translocation. In particular, we highlight various translocation patterns depending 
on effector, some of them accumulating into the host cells while others being only transiently detected. We also observe that translocation 
of some effectors occurs right after the contact with the cell while others are secreted as late as 2 hours post-infection. Finally, we underline 
that the sequential action of effectors most likely relies on a fine-tuned control of their ordered translocation and that c-di-GMP signaling 
contributes to this orchestrated secretion. 

 
Results 
 
Kinetic assay of effector translocation reveals distinctive and effector-specific profiles. We sought to find out the temporal activity 
of the Icm/Dot system in the initial phase of monocyte infection during which the translocation of effectors determines the fate of the 
bacterium. In order to directly compare the translocation dynamics of multiple effectors, we resorted to use the b-lactamase translocation 
reporter system (22) that was been successfully used to monitor T3SS and T4SS effectors translocation of various bacteria. In addition, 
the reporter system proved effective in the identification of about 300 Icm/Dot substrates (13). Typically, an effector protein fused on its 
N-terminus to the TEM-1 b-lactamase is detected in host cells by the cleavage of the b-lactam ring of CCF4, a fluorescent substrate of 
TEM-1 that accumulates in eukaryotic cells. In typical translocation assay CCF4 is added 1h post-infection to quantify the concentration 
of the cleaved/intact b-lactamase substrate (emission ratio 460/530 nm). This method provides a quantitative measure of the effector 
fusion translocated into the host cell, but it is limited to a single time point. A live kinetic assay using CCF4-preloaded cells provided a 
more dynamic image of effector translocation, but the observable timeframe was limited to less than 90 minutes as a consequence of CCF4 
leakage (16). Here, we developed a multiple end-point assay to follow the level of translocated effector along an extended time frame. We 
took advantage that protonophores, such as carbonyl cyanide m-chlorophenyl hydrasone (CCCP), completely inhibits the Icm/Dot T4SS 
activity (16), allowing us to freeze translocation at different time points before addition of CCF4. To test this method, a TEM1-LepA 
protein expressing fusion was introduced in L. pneumophila Lens and used to infect U937-derived phagocytes at a MOI of 20. CCCP (10 
µM) was then added at different time points from 0 to 180 min post-infection (Fig. 1A). 
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Consistent with previous observations, we found that the level of translocated LepA steadily increases during the first hour to reach a 
plateau (16). However, and unexpectedly, a sudden burst of LepA levels is observed at a later time point (~100 min.) before returning to 
lower and steady levels (Fig. 1A). No translocation was detected when cells were infected by the isogenic mutant strain deleted of the 
dotA gene or when TEM-1 was fused to the housekeeping protein Enoyl-acyl CoA reductase FabI (Fig. 1A). We then used this method to 
analyse the profiles of translocated effectors for LegK4, SidJ, SidM and SidC. Despite the fact that these effectors are constitutively 
expressed at similar levels (Fig. S1), none showed profiles similar to that of LepA and each effector showed distinct, and even opposing, 
profiles (Fig. 1B). For instance, LegK4 levels are maximal at the earliest time point, confirming that Icm/Dot translocation could occur 
immediately after the host-cell contact, then rapidly decrease to background levels 1h post-infection. SidJ levels slowly but steadily 
increase over time while SidM levels sharply increase at 90 minutes to then reach a plateau that likely represents a CCF4 substrate-limiting 
step. Reminiscent of the burst observed for LepA levels at ~100 minutes, SidC levels also showed a burst at 35 minutes before returning 
to background levels (Fig. 1B). 

Altogether, translocated effector levels can be accessed over the course of several hours and with a temporal resolution that was not 
previously available. Importantly, the new data draw an unexpected complex picture of translocation profiles characterized by specific 
timing of increasing levels, which can be either transient or stable. 

 
 

 

A       B 

		 	
C       D 

		  
 
Fig. 1. Secretion kinetics can adopt different profiles depending on tested TEM-effector fusions and are consistent with their biological functions. (A) 
Secretion kinetics assays of TEM-LepA fusion protein. U937 cells were infected with wild-type (WT) and ΔdotA Lens strains harboring a TEM-LepA or 
a TEM-FabI expression plasmid (MOI 20). (B) Secretion kinetic of TEM-SidC, TEM-SidM, TEM-SidJ, TEM-LeB and TEM-LegK4 in the WT Lens strain. 
(C) Correlation between secretion kinetic of TEM-SidM and the immunodetection of HA-SidM on LCV. Left panel, Quantitative analysis of HA-SidM 
presence on LCV at 0, 30, 75, 90, and 120 min post-infection of U937 cells infected with HA-SidM and mCherry producing L. pneumophila (MOI 50). 
The average intensity of HA labeling was reported to the average intensity of bacteria fluorescence for each U937 cell on at less 20 cells per condition (Fig. 
S2). Central box represents the values from the lower to upper quartile (25 th to 75 th percentile) for each condition. The middle line represents the median. 
Right panel, Secretion kinetic of TEM-SidM fusion in the WT Lens strain. (D) Secretion kinetics of TEM-SidM, TEM-LidA, TEM-AnkX and TEM-LepB 
in the WT Lens strain. Results are obtained from 3 independent experiments made in triplicates and are presented as means ± SD. 
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Kinetic translocation profiles are consistent with functional consequences. The specific profiles of effector translocation levels suggest 
that a specific mix of different effectors at a given time could determine the succession of events that follows L. pneumophila phagocytosis. 
One of the best characterized series of events is the biogenesis of the LCV which involves the seemingly sequential action of Icm/Dot 
effectors targeting the host cell small GTPase Rab1. The GEF activity of SidM/DrrA is known to activate Rab1 on the LCV surface (23, 
24), and its AMPylase activity maintains Rab1 in a GTP-linked active form (25, 26).  Consistently, SidM/DrrA was detected on the early 
LCV during the first 3 hours post-infection and with maximal association at 1 hour post-infection (27). Using a similar microscopy-based 
immunofluorescence method and L. pneumophila expressing a HA-tagged SidM, we measured the level of SidM associated to the LCV 
relative to mCherry-expressing bacteria (Fig. S2) (Fig. 1C). We confirmed that HA-SidM is found on the LCVs as early as 30 min post-
infection. At 75 minutes, HA-SidM was increasingly associated with LCVs to reach a maximum at 90 minutes post-infection (Fig. 1C). 
The kinetic of translocated levels of TEM-SidM is highly consistent with the dynamics of localisation of HA-SidM on the LCV, attesting 
to the relevance of the profiles gathered from the translocation kinetics (Fig. 1C). In addition to SidM, AnkX and LidA also contribute to 
the activation of Rab1 on the LCV, and to the subsequent ER recruitment to the vacuole (28, 29). In contrast, the GAP activity of LepB 
catalyzes the Rab1 GTP-hydrolysis and results in the removal of Rab1 from the LCV surface (27). The kinetic of LepB levels was 
previously determined but at the low time resolution of 1 time point per hour (27, 30). 

A better time-resolved analysis of the translocated levels of the LepB, SidM, AnkX and LidA effectors was performed as described 
above. Similar to SidM, the three other translocated proteins display a pattern with relatively low levels followed by a steady increase to 
reach a CCF4-limiting plateau (Fig. 1D). However, each effector is characterized by specific timing of increasing levels. As described 
above, translocated TEM-SidM is detected as early as 30 minutes and its levels accumulated quickly, reaching a plateau at 90 min post-
infection. TEM-LidA follows a similar pattern but significantly delayed. AnkX levels begin to significantly increase later than those of 
LidA but rise more. LepB levels rise nearly 2 hours after those of SidM to slowly reach a plateau at 3 hours post-infection (Fig. 1D). 
Strikingly, the accumulation kinetics of these effectors are in agreement with the function of the corresponding effectors during infection: 
SidM would be translocated first to activate the Rab1 GTPase on the LCV; it would be followed by AnkX and LidA that would promote 
this Rab1 activation; finally, LepB would be the last translocated effector to remove Rab1 from the LCV, thus terminating Rab1-dependent 
ER recruitment on the LCV. This experiment highlights that the complex orchestration of effector actions relies at least in part on the 
defined timing of translocated levels of some of the numerous Icm/Dot effectors into the host cells. 

 
Robust timing of effector translocation, independently of chaperone activity and effector concentration. The finding that various 
effectors begin to accumulate in the host cell with a specific timing suggests that the translocation apparatus exerts a control on the 
translocation process. Such control has been previously documented for type III secretion systems (T3SS). The main factors contributing 
to the timing of effector translocation are the relative concentration of effectors in the bacterial cytoplasm and the involvement of 
chaperones (31). The timing at which various L. pneumophila effectors begin to accumulate in the cell is strikingly different despite the 
fact that they are all ectopically and constitutively expressed at similar levels (Fig. S1). Yet, we could not rule out that small difference in 
effector concentration dictates the timing of translocation. To directly test this hypothesis, we monitored the translocation profiles of our 
model effector, LepA, expressed at increasing levels. Macrophages were infected with TEM-LepA expressing bacteria grown in medium 
containing increasing IPTG concentrations from 0.5 µM to 500 µM, and b-lactamase activities were measured as described above. From 
0.5 µM to 50 µM IPTG, increased expression levels of TEM-LepA result in increasing levels of translocated LepA (Fig. 2A). 

A          B 

      
Fig. 2. Timing of effector translocation is independent of effector concentration and chaperone activity. (A) Secretion kinetics of TEM-LepA translocation 
after expression induction by a range of IPTG concentrations corresponding to different levels of synthesis assessed by Western blot with anti-TEM (top 
panel). (B) Secretion kinetics of the IcmS-dependent TEM-SidC and the IcmS-independent TEM-LepB fusions in KS79 L. pneumophila Philadelphia and 
in the ΔicmS mutant strain. The results are representative of 2 independent experiments and are presented as means ± SD.

0

0,5

1

1,5

2

2,5

0 20 40 60 80 100 120 140 160 180 200 220 240

Em
iss

io
n 

ra
tio

 4
60

 n
m

/5
30

 n
m

Post infection time (min)

TEM-LepB
TEM-SidC

KS79 KS79 ∆icmS
KS79 KS79 ∆icmS

0

0,5

1

1,5

2

2,5

3

0 30 60 90 120 150 180

Em
iss

io
n 

ra
tio

 4
60

 n
m

 / 
53

0 
nm

Post-infection time (min)

TEM-LepA

PTG 500 µM
IPTG 50 µM
IPTG 5 µM
IPTG 0,5 µM

IPTG µM   0,5       5         50       500  

  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 4, 2019. ; https://doi.org/10.1101/754762doi: bioRxiv preprint 

https://doi.org/10.1101/754762
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 5	

Increasing further LepA expression levels with 500 µM IPTG did not significantly increase the translocated LepA levels, indicating that 
Icm/Dot-dependent translocation is a rate-limited step (data not shown). Most importantly, the kinetic profile of LepA translocation was 
largely unaffected by the expression levels of LepA, disproving the hypothesis that the timing of effector translocation is controlled by 
effector expression levels.  

Some effectors, such as SidC and SidJ (12, 32) have been described to be translocated in a chaperone IcmS/IcmW/LvgA-dependent 
manner, whereas others such as LepB are not (33). Interestingly, the two effectors requiring the IcmS/IcmW chaperone-like adaptor 
complex for translocation still show distinct translocation profile. For instance, SidC levels abruptly increase at an early time point to 
rapidly become undetectable, while SidJ levels rise slowly and steadily all along the 3 hours of the time course (Fig. 1B). Yet, recognition 
by the IcmS-IcmW may determine the timing and efficiency of effector translocation. We tested this hypothesis by following SidC and 
LepB levels translocated by the Philadelphia-1 derived strain KS79 and its isogenic mutant DicmS. Remarkably, the kinetics of LepB and 
SidC translocation by the Lens and Philadelphia strains are nearly identical, indicative of the robustness of the timing of effector 
translocation (Fig. S3). Expectedly, the absence of IcmS had no impact on the kinetic of LepB translocation (Fig 2B). However, the 
absence of IcmS had a major impact of SidC levels which rose less rapidly, were generally lower but lasted for an extended time (Fig. 
2C). Rather than delivering a short burst of SidC, the DicmS seemed to translocate the same amount of SidC but over a larger time frame 
(Fig. 2C). However, and importantly, the lack of IcmS had no incidence on the timing at which translocated levels begin to rise (at ~30 
minutes). Thus, the Icm/Dot system translocates effectors with a defined timing that does not depend on effector concentration or 
chaperone activity. The mechanism that controls the timing of translocation of each effector is unknown but may be related to the 
properties of the effector protein (E-box, folding rate, stability) and how each effector interacts with the Icm/Dot system (affinity). 
Nevertheless, timing of effector translocation may also result from intrinsic and/or external modulations of the activity of the Icm/Dot 
system. 

 
Timing of Icm/Dot effector translocation depends on c-di-GMP signaling. We previously reported that three c-di-GMP-metabolizing 
enzymes directly contributed to the ability of L. pneumophila Lens strain to infect both protozoan and mammalian cells. Mutants with 
deletions of the corresponding genes (lpl0780, lpl0922 and lpl1118) were partially defective for Icm/Dot-dependent processes such as 
escape of the LCV from the host degradative endocytic pathway and efficient endoplasmic reticulum recruitment to the LCV (34). A 
snapshot of effector translocation, 1 hour post-infection, revealed effector-specific alterations in translocation efficiencies. While some 
effectors appeared unaffected, others appeared translocated less efficiently or over-translocated (34). Interestingly, these phenotypes were 
robustly conserved in Paris strain but only for the lpp0809/lpl0780 deletion mutant (Fig. S4). The sequences of Lpl0780 and Lpp0809 are 
strongly conserved (97,87 % identity, 99,61 % similarity) and as expected, the lpl0780 gene can rescue the phenotype of the 
∆lpp0809 strain (Fig. S4A). Then, we sought to address the potential role of diguanylate cyclase Lpp0809/Lpl0780 in the control of 
effector translocation, reasoning that difference in effector translocation efficiencies in the previous snapshot actually resulted from 
alterations in the timing of effector translocation. Hence, we analysed the translocation kinetics of our model TEM-LepA effector in the 
strain deleted of the gene lpl0780 (Fig. 3A). Interestingly, the burst of LepA levels appeared delayed by nearly 1 hour in lpl0780 mutant. 
The introduction of the lpl0780 gene on a plasmid restores quite totally the optimal delivery of the LepA effector in the ∆lpl0780 strain 
(Fig. 3A), suggesting a role of Lpl0780/Lpp0809, and subsequently of c-diGMP signaling, in the control of the right timing of effector 
secretion. 

 
The diguanylate cyclase Lpl0780/Lpp0809 acts at a post-transcriptional level and locally at the bacterial poles. To go further on the 
Icm/Dot secretion control by c-di-GMP, we adressed the question whether the diguanylate cyclase Lpl0780/Lpp0809 could impact the 
expression of genes encoding components of the secretory apparatus and /or effectors, which could interfere with secretion of the model 
effector LepA in the ∆lpl0780 mutant. RNA sequencing showed that only 12 genes (among 2966) were significantly differentially 
expressed (P < 0.01 and log2 fold change of >1 or <−1) between ∆lpl0780 strain and the WT Lens strain (Table S4). Noteworthy, the fold 
changes remain quite weak and none of these genes can be connected to T4SS machinery or effectors expression, thus suggesting a post-
transcriptional control. Among the described modes of action of c-di-GMP (35), we then privileged the hypothesis of a post-translational 
control close to the Icm/Dot secretion machinery by the diguanylate cyclase Lpl0780/lpp0809. Given that the secretion apparatus was 
recently described to be located at the bacterial poles (4, 6, 8), we tested this hypothesis by determining the cell localization of Lpp0809-
sfGFP fusion protein expressed from a plasmid or from the chromosome (Fig. 3B). Importantly, we checked that in both cases the 
Lpp0809-sfGFP fusion proteins are functional, as demonstrated by their ability to restore intracellular replication of the ∆lpp0809 strain 
(Fig. S5A-B). The plasmid version of Lpp0809-sfGFP localizes at both poles in 30% of the cells, and sometimes in the form of foci along 
the bacterium (Fig. 3C, 3E). Moreover, internal foci are observed for larger cells (Fig. 3D), as described for the machinery component 
DotF proposed to be targeted to the pole at the midcell (6). To check that the Lpp0809 polar localization is not due to overexpression of 
the fusion protein or to the sfGFP tag, localization of Lpp0809-sfGFP and 4xHA-Lpp0809 fusion proteins synthesized from chromosome 
was established. In half of the bacteria, the chromosomal version of Lpp0809-sfGFP is also detectable, despite weak fluorescence, at the 
poles (Fig. S5CDE) with a polarity score similar to that of T4SS components outside the complex core, such as DotB or DotL (14). Bipolar 
localization is also observed by immunodetection of 4xHA-Lpp0809 (Fig. S5F) and often close to the coupling complex protein DotN 
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(Fig. 3F). Together, these data suggest that the diguanylate cyclase Lpl0780/Lpp0809 could modulate the local pool of c-di-GMP near the 
Icm/Dot machinery, thus controlling directly or indirectly the efficiency of the sequential picking-up of effectors.   
 
A 

 
 

B           D   

 
 

C 

 
 

 
E           F 

  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Lpl0780/Lpp0809 is required for the optimal timing of effector delivery by the Icm/Dot system and is localized at the bacterial poles 
(A) The introduction of the lpl0780 gene restores quite totally the optimal delivery of the LepA effector in the ∆lpl0780 strain. (B) Schematic 
representation of Lpp0809-sfGFP fusion. (C) Localization of recombinant Lpp0809-sfGFP in Paris strain expressing the pML5PKAN-
lpp0809-sfgfp fusion, collected in stationary phase. Cells with polar localization (arrowheads) and foci localization (asterisk) of Lpp0809-
sfGFP are indicated (scale bar = 3µm). (D) ImageJ analysis of fluorescence intensity along the axis of representative cells (scale bar = 
0,5µm). (E) Percentage of cells displaying cytoplasmic, foci or polar localization of Lpp0809-sfGFP (n ≥ 200 bacteria in stationary phase). 
(F) Localization in Paris strain of recombinant DotN-sfGFP (green), 4xHA tag labelled Lpp0809 (red) and DAPI staining (blue) (scale bar = 
3µm). Results of Fig. 3A, E are representative of 3 independent experiments and are presented as means ± SD.
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Discussion  
 
Delivery of effector proteins that hijack host cell processes to the benefit of the bacteria is a mechanism widely used by bacterial pathogens. 
Effector delivery is achieved by complex effector injection devices such as the Type III, the Type IV and the Type VI secretion systems 
(T3SS, T4SS, T6SS). Although considerable progresses have been made on several fronts in structure-function analysis of these secretion 
systems, one of the blackest boxes in our understanding is the signal that triggers the activation of effectors transfer. Type III and Type 
VI secretions are known to respond to environmental stimuli and can be triggered in vitro by using various chemicals (36, 37) while 
effectors delivery by most of the T4SS occurs only in response to establishment of productive contact with targets cells (16, 38, 39). 
Important insights about activation of DNA transfer by the paradigm model of the Agrobacterium T4SS have been proposed (40-44). 
However, understanding how the Icm/Dot T4SS of L. pneumophila manage effective secretion of over 300 protein effectors, both avoiding 
a bottleneck effect and promoting optimal secretion for bacteria intracellular replication, is a real challenge.  

Here, we developed a kinetic translocation assay on L. pneumophila T4SS Icm/Dot that allows a fine monitoring of substrates secretion 
into the host cells, and thus could be a useful tool to decipher the signals that control the T4SS translocation triggering. It is based on the 
b-lactamase translocation reporter system combined with the effect of the protonophore CCCP added at various time slots. CCCP is a 
protonophore that collapses the proton gradient and could interfere with the energy requirement of the Icm/Dot system and thus stop the 
secretion (16). The CCCP-combined b-lactamase assay is more sensitive and allows a monitoring on larger time frame than the real time 
b-lactamase, based on the real time detection of CCF4 substrate hydrolysis as the TEM-effector fusion is being translocated by the 
infecting population  (16). The physiological relevance of the translocation kinetics obtained with the CCCP-combined b-lactamase assay 
was validated by demonstrating that the time-dependent SidM translocation into the host cell was consistent with the kinetics of SidM 
retrieving on the LCV. Also, we observed with the b-lactamase translocation assay that SidM accumulated into the host cells from 75 min 
to 200 min, consistently with the western-blot detection of SidM in the host cell between 1h to 3h post-infection (30). Finally, we found 
that SidC is early translocated, between 20 min to 45 min post-infection, which is rather similar with the presence of SidC detected by 
immunofluorescence on the LCV at 1h post-infection (45).  

Thanks to the CCCP-combined b-lactamase assay we clearly established that the delivery into the host cells of each Icm/Dot effector 
is finely tuned. We observed that translocation of some effectors (e.g LegK4) is very early, immediately after the contact between the 
bacteria and its host cell, while that of others (e.g LepB) starts only 2h post-infection. The very early translocation is consistent with the 
Icm/Dot secretion apparatus already assembled before the contact with the host cell (5, 6). However, late translocation of some effectors 
strongly supports the occurrence of other signaling mechanisms to control their picking-up and translocation than the availability of the 
secretion device and the phagocytosis-dependent triggering of the overall translocation. Significantly, we demonstrated that the early 
translocation is not due to the effector picking-up by the chaperone protein IcmS. Otherwise, the IcmS protein is essential to an efficient 
translocation rate. Importantly, we also showed that the timed delivery of an effector is not dependent on its concentration and synthesis. 
This result is consistent with transcriptomic studies previously showing that transcription of most of the effectors is synchronously 
upregulated in the transmissive phase, and it also excludes an impact of a potential post-transcriptional control of effector synthesis on the 
start of the secretion. Above all, we showed that translocation is so precisely set up that it lines-up with the functionality of each effector 
as demonstrated with the sequential action of Icm/Dot effectors which target the host cell small GTPase Rab1. 

Besides, we highlighted that in addition to the control of translocation triggering, the arrest of translocation was also tightly tuned. 
Translocation of some effectors is stopped quickly after the beginning of the translocation (e.g SidC), while that of others is maintained 
for a long time period, until 4h post-infection (e.g SidJ). Consistently, it has emerged that L. pneumophila is able to achieve temporal 
regulation of an effector using the ubiquitin-proteasome system (46). Indeed, after establishing its replicative niche, the L. pneumophila 
effector SidH is degraded by the host proteasome. Most remarkably another effector protein LubX is able to mimic the function of an 
eukaryotic E3 ubiquitin ligase and polyubiquitinates SidH, targeting it for degradation (47, 48). Together, these data clearly demonstrate 
that L. pneumophila temporally controls the function of Icm/Dot effectors inside host cells by (1) fine-tuning the trigerring of secretion, 
(2) controlling the arrest of secretion, and (3) modulating the half-time of life of some effectors after their delivery into the cells. 
Additionally, it is clear that the function of these effectors is also controlled spatially by their addressing to the appropriate host cell 
compartment (49, 50).  

Returning to the onset of secretion, we propose that it would be controlled by c-di-GMP signaling. Thus, we demonstrated that a c-di-
GMP synthesizing enzyme, namely the diguanylate cyclase Lpl0780/Lpp0809, significantly contributes to accurate triggering of effector 
secretion. We observed that this enzyme most likely exerts a post-translational control of the T4SS machinery rather than a control of its 
synthesis. Given its localization at the bacterial pole with the T4SS machinery and by comparison with previously described post-
translational controls of other bacterial secretion systems (except the T4SS) by binding of c-di-GMP (51-56),  it is tempting to hypothesize 
that the c-di-GMP could modify the interactions between the coupling protein complex, the chaperones and others unknown partners to 
finely orchestrate loading of the 300 effectors on the Icm/Dot in coherence with their role during the infection. Our results reveal an 
unpublished c-di-GMP dependent control of the type 4 secretion and pave the way to decipher the molecular mechanism involved. 
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Materials and Methods 
Bacterial strains, plasmids and primers. See SI Materials and Methods and Tables S1, S2 & S3 
 
Kinetic assay of TEM translocation.  Kinetic assays of TEM-effector translocation were made by improving previous end-point 
measurement translocation assay described by (22) and adapted to the T4SS effector translocation of L. pneumophila (34). It relies on 
multiples end-point measurements allowed by the adding of the CCCP protonophore. See more details in SI Materials and Methods. 
 
Fluorescence and immunofluorescence microscopy. L. pneumophila proteins were immunodetected by the procedure previously 
described for E. coli and adapted to L. pneumophila (6). Details protocols in SI Materials and Methods. 
 
 
Aknowledgments 
The authors of this paper would like to acknowledge Christophe Ginevra for his wise advice on the manipulation of RNAseq data. This 
work was funded by the Centre National de la Recherche Scientifique (UMR 5308), the Institut National de la Recherche Médicale 
(U1111), the Université Lyon 1. This work was performed within the framework of the LABEX ECOFECT(ANR-11-LABX-0042) of the 
Université de Lyon, within the program Investissements d’avenir (ANR-11-IDEX-0007) operated by the French National Research 
Agency (ANR). The Ph.D. grants to J.A., C.J., C.M. were provided by the Ministère de l’enseignement supérieur, de la Recherche et de 
l’Innovation. 
 
 
References 

 
1.	 M.	A.	Horwitz,	Formation	of	a	novel	phagosome	by	 the	Legionnaires'	disease	bacterium	(Legionella	pneumophila)	 in	

human	monocytes.	J	Exp	Med	158,	1319-1331	(1983).	
2.	 K.	Berger,	R.	Isberg,	Two	distinct	defects	in	intracellular	growth	complemented	by	a	single	genetic	locus	in	Legionella	

pneumophila.	Mol	Microbiol	7,	7-19	(1993).	
3.	 A.	 Marra,	 S.	 J.	 Blander,	 M.	 A.	 Horwitz,	 H.	 A.	 Shuman,	 Identification	 of	 a	 Legionella	 pneumophila	 locus	 required	 for	

intracellular	multiplication	in	human	macrophages.	Proc	Natl	Acad	Sci	U	S	A	89,	9607-9611	(1992).	
4.	 T.	Kuroda	et	al.,	Molecular	and	structural	analysis	of	Legionella	DotI	gives	 insights	 into	an	inner	membrane	complex	

essential	for	type	IV	secretion.	Sci	Rep	5,	10912	(2015).	
5.	 D.	Ghosal,	Y.	W.	Chang,	K.	C.	Jeong,	J.	P.	Vogel,	G.	J.	Jensen,	In	situ	structure	of	the	Legionella	Dot/Icm	type	IV	secretion	

system	by	electron	cryotomography.	EMBO	Rep		(2017).	
6.	 K.	C.	Jeong,	D.	Ghosal,	Y.	W.	Chang,	G.	J.	Jensen,	J.	P.	Vogel,	Polar	delivery	of	Legionella	type	IV	secretion	system	substrates	

is	essential	for	virulence.	Proc	Natl	Acad	Sci	U	S	A		(2017).	
7.	 C.	D.	Vincent	et	al.,	Identification	of	the	core	transmembrane	complex	of	the	Legionella	Dot/Icm	type	IV	secretion	system.	

Mol	Microbiol	62,	1278-1291	(2006).	
8.	 C.	 D.	 Vincent,	 J.	 R.	 Friedman,	 K.	 C.	 Jeong,	 M.	 C.	 Sutherland,	 J.	 P.	 Vogel,	 Identification	 of	 the	 DotL	 coupling	 protein	

subcomplex	of	the	Legionella	Dot/Icm	type	IV	secretion	system.	Mol	Microbiol	85,	378-391	(2012).	
9.	 M.	J.	Kwak	et	al.,	Architecture	of	the	type	IV	coupling	protein	complex	of	Legionella	pneumophila.	Nat	Microbiol	2,	17114	

(2017).	
10.	 C.	D.	Vincent,	J.	P.	Vogel,	The	Legionella	pneumophila	IcmS-LvgA	protein	complex	is	important	for	Dot/Icm-dependent	

intracellular	growth.	Mol	Microbiol	61,	596-613	(2006).	
11.	 M.	C.	Sutherland,	T.	L.	Nguyen,	V.	Tseng,	J.	P.	Vogel,	The	Legionella	IcmSW	complex	directly	interacts	with	DotL	to	mediate	

translocation	of	adaptor-dependent	substrates.	PLoS	Pathog	8,	e1002910	(2012).	
12.	 E.	D.	Cambronne,	C.	R.	Roy,	The	Legionella	pneumophila	 IcmSW	complex	interacts	with	multiple	Dot/Icm	effectors	to	

facilitate	type	IV	translocation.	PLoS	Pathog	3,	e188	(2007).	
13.	 W.	 Zhu	 et	 al.,	 Comprehensive	 identification	 of	 protein	 substrates	 of	 the	 Dot/Icm	 type	 IV	 transporter	 of	 Legionella	

pneumophila.	PLoS	One	6,	e17638	(2011).	
14.	 D.	Chetrit,	B.	Hu,	P.	J.	Christie,	C.	R.	Roy,	J.	Liu,	A	unique	cytoplasmic	ATPase	complex	defines	the	Legionella	pneumophila	

type	IV	secretion	channel.	Nat	Microbiol	3,	678-686	(2018).	
15.	 D.	Ghosal	et	al.,	Molecular	architecture,	polar	targeting	and	biogenesis	of	the	Legionella	Dot/Icm	T4SS.	Nat	Microbiol	4,	

1173-1182	(2019).	
16.	 X.	Charpentier	et	al.,	Chemical	genetics	reveals	bacterial	and	host	cell	functions	critical	for	type	IV	effector	translocation	

by	Legionella	pneumophila.	PLoS	Pathog	5,	e1000501	(2009).	
17.	 M.	 Jules,	 C.	 Buchrieser,	 Legionella	 pneumophila	 adaptation	 to	 intracellular	 life	 and	 the	 host	 response:	 clues	 from	

genomics	and	transcriptomics.	FEBS	Lett	581,	2829-2838	(2007).	
18.	 H.	Nagai	et	al.,	A	C-terminal	translocation	signal	required	for	Dot/Icm-dependent	delivery	of	the	Legionella	RalF	protein	

to	host	cells.	Proc	Natl	Acad	Sci	U	S	A	102,	826-831	(2005).	



	 9	

19.	 Z.	Lifshitz	et	al.,	Computational	modeling	and	experimental	validation	of	the	Legionella	and	Coxiella	virulence-related	
type-IVB	secretion	signal.	Proc	Natl	Acad	Sci	U	S	A	110,	E707-715	(2013).	

20.	 K.	C.	 Jeong,	M.	C.	Sutherland,	 J.	P.	Vogel,	Novel	export	control	of	a	Legionella	Dot/Icm	substrate	 is	mediated	by	dual,	
independent	signal	sequences.	Mol	Microbiol	96,	175-188	(2015).	

21.	 S.	Ninio,	D.	M.	Zuckman-Cholon,	E.	D.	Cambronne,	C.	R.	Roy,	The	Legionella	IcmS-IcmW	protein	complex	is	important	for	
Dot/Icm-mediated	protein	translocation.	Mol	Microbiol	55,	912-926	(2005).	

22.	 X.	 Charpentier,	 E.	 Oswald,	 Identification	 of	 the	 secretion	 and	 translocation	 domain	 of	 the	 enteropathogenic	 and	
enterohemorrhagic	Escherichia	coli	effector	Cif,	using	TEM-1	beta-lactamase	as	a	new	fluorescence-based	reporter.	 J	
Bacteriol	186,	5486-5495	(2004).	

23.	 M.	Machner,	R.	Isberg,	Targeting	of	host	Rab	GTPase	function	by	the	intravacuolar	pathogen	Legionella	pneumophila.	Dev	
Cell	11,	47-56	(2006).	

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

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

26.	 C.	A.	Hardiman,	C.	R.	Roy,	AMPylation	is	critical	 for	Rab1	localization	to	vacuoles	containing	Legionella	pneumophila.	
MBio	5,	e01035-01013	(2014).	

27.	 A.	Ingmundson,	A.	Delprato,	D.	G.	Lambright,	C.	R.	Roy,	Legionella	pneumophila	proteins	that	regulate	Rab1	membrane	
cycling.	Nature	450,	365-369	(2007).	

28.	 S.	Schoebel,	A.	L.	Cichy,	R.	S.	Goody,	A.	Itzen,	Protein	LidA	from	Legionella	is	a	Rab	GTPase	supereffector.	Proc	Natl	Acad	
Sci	U	S	A	108,	17945-17950	(2011).	

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

30.	 M.	R.	Neunuebel	et	al.,	De-AMPylation	of	the	small	GTPase	Rab1	by	the	pathogen	Legionella	pneumophila.	Science	333,	
453-456	(2011).	

31.	 E.	Mills,	K.	Baruch,	X.	Charpentier,	 S.	Kobi,	 I.	Rosenshine,	Real-time	analysis	of	 effector	 translocation	by	 the	 type	 III	
secretion	system	of	enteropathogenic	Escherichia	coli.	Cell	Host	Microbe	3,	104-113	(2008).	

32.	 K.	 C.	 Jeong,	 J.	 A.	 Sexton,	 J.	 P.	 Vogel,	 Spatiotemporal	 regulation	 of	 a	 Legionella	 pneumophila	 T4SS	 substrate	 by	 the	
metaeffector	SidJ.	PLoS	Pathog	11,	e1004695	(2015).	

33.	 J.	Chen,	M.	Reyes,	M.	Clarke,	H.	A.	Shuman,	Host	cell-dependent	secretion	and	translocation	of	the	LepA	and	LepB	effectors	
of	Legionella	pneumophila.	Cell	Microbiol	9,	1660-1671	(2007).	

34.	 J.	Allombert	et	al.,	Three	antagonistic	cyclic	di-GMP-catabolizing	enzymes	promote	differential	Dot/Icm	effector	delivery	
and	intracellular	survival	at	the	early	steps	of	Legionella	pneumophila	infection.	Infect	Immun	82,	1222-1233	(2014).	

35.	 U.	Jenal,	A.	Reinders,	C.	Lori,	Cyclic	di-GMP:	second	messenger	extraordinaire.	Nat	Rev	Microbiol		(2017).	
36.	 J.	Verove	et	al.,	Injection	of	Pseudomonas	aeruginosa	Exo	toxins	into	host	cells	can	be	modulated	by	host	factors	at	the	

level	of	translocon	assembly	and/or	activity.	PLoS	One	7,	e30488	(2012).	
37.	 C.	S.	Bernard,	Y.	R.	Brunet,	E.	Gueguen,	E.	Cascales,	Nooks	and	crannies	in	type	VI	secretion	regulation.	J	Bacteriol	192,	

3850-3860	(2010).	
38.	 T.	Kwok	et	al.,	Helicobacter	exploits	integrin	for	type	IV	secretion	and	kinase	activation.	Nature	449,	862-866	(2007).	
39.	 T.	L.	Lacerda,	S.	P.	Salcedo,	J.	P.	Gorvel,	Brucella	T4SS:	the	VIP	pass	inside	host	cells.	Curr	Opin	Microbiol	16,	45-51	(2013).	
40.	 E.	Cascales,	P.	J.	Christie,	Agrobacterium	VirB10,	an	ATP	energy	sensor	required	for	type	IV	secretion.	Proc	Natl	Acad	Sci	

U	S	A	101,	17228-17233	(2004).	
41.	 E.	Cascales,	P.	J.	Christie,	Definition	of	a	bacterial	type	IV	secretion	pathway	for	a	DNA	substrate.	Science	304,	1170-1173	

(2004).	
42.	 E.	Cascales,	K.	Atmakuri,	M.	K.	Sarkar,	P.	J.	Christie,	DNA	substrate-induced	activation	of	the	Agrobacterium	VirB/VirD4	

type	IV	secretion	system.	J	Bacteriol	195,	2691-2704	(2013).	
43.	 L.	M.	Banta	et	al.,	An	Agrobacterium	VirB10	mutation	conferring	a	type	IV	secretion	system	gating	defect.	J	Bacteriol	193,	

2566-2574	(2011).	
44.	 I.	Tato	et	al.,	The	ATPase	activity	of	the	DNA	transporter	TrwB	is	modulated	by	protein	TrwA:	implications	for	a	common	

assembly	mechanism	of	DNA	translocating	motors.	J	Biol	Chem	282,	25569-25576	(2007).	
45.	 C.	Ragaz	et	al.,	The	Legionella	pneumophila	phosphatidylinositol-4	phosphate-binding	type	IV	substrate	SidC	recruits	

endoplasmic	reticulum	vesicles	to	a	replication-permissive	vacuole.	Cell	Microbiol	10,	2416-2433	(2008).	
46.	 T.	Kubori,	A.	M.	Hubber,	H.	Nagai,	Hijacking	the	host	proteasome	for	the	temporal	degradation	of	bacterial	effectors.	

Methods	Mol	Biol	1197,	141-152	(2014).	
47.	 T.	Kubori,	A.	Hyakutake,	H.	Nagai,	Legionella	translocates	an	E3	ubiquitin	ligase	that	has	multiple	U-boxes	with	distinct	

functions.	Mol	Microbiol	67,	1307-1319	(2008).	
48.	 T.	Kubori,	N.	Shinzawa,	H.	Kanuka,	H.	Nagai,	Legionella	metaeffector	exploits	host	proteasome	to	temporally	regulate	

cognate	effector.	PLoS	Pathog	6,	e1001216	(2010).	
49.	 S.	Weber,	 C.	 Ragaz,	 K.	 Reus,	 Y.	 Nyfeler,	 H.	 Hilbi,	Legionella	 pneumophila	 exploits	 PI(4)P	 to	 anchor	 secreted	 effector	

proteins	to	the	replicative	vacuole.	PLoS	Pathog	2,	e46	(2006).	
50.	 S.	S.	Ivanov,	G.	Charron,	H.	C.	Hang,	C.	R.	Roy,	Lipidation	by	the	host	prenyltransferase	machinery	facilitates	membrane	

localization	of	Legionella	pneumophila	effector	proteins.	J	Biol	Chem	285,	34686-34698	(2010).	



	 10	

51.	 E.	Trampari	et	al.,	Bacterial	Rotary	Export	ATPases	are	Allosterically	Regulated	by	the	Nucleotide	Second	Messenger	
Cyclic-di-GMP.	J	Biol	Chem		(2015).	

52.	 P.	V.	Krasteva	et	al.,	Insights	into	the	structure	and	assembly	of	a	bacterial	cellulose	secretion	system.	Nat	Commun	8,	
2065	(2017).	

53.	 K.	M.	Dahlstrom,	K.	M.	Giglio,	H.	Sondermann,	G.	A.	O'Toole,	The	Inhibitory	Site	of	a	Diguanylate	Cyclase	Is	a	Necessary	
Element	for	Interaction	and	Signaling	with	an	Effector	Protein.	J	Bacteriol	198,	1595-1603	(2016).	

54.	 K.	M.	Dahlstrom,	K.	M.	Giglio,	A.	J.	Collins,	H.	Sondermann,	G.	A.	O'Toole,	Contribution	of	Physical	Interactions	to	Signaling	
Specificity	between	a	Diguanylate	Cyclase	and	Its	Effector.	MBio	6,	e01978-01915	(2015).	

55.	 J.	C.	Whitney,	P.	L.	Howell,	Synthase-dependent	exopolysaccharide	secretion	in	Gram-negative	bacteria.	Trends	Microbiol	
21,	63-72	(2013).	

56.	 J.	C.	Whitney	et	al.,	Dimeric	c-di-GMP	is	required	for	post-translational	regulation	of	alginate	production	in	Pseudomonas	
aeruginosa.	J	Biol	Chem	290,	12451-12462	(2015).	

 
 

 


