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Abstract

The food-borne bacterial pathogen Salmonella Typhimurium uses a type III protein secretion 

system to deliver multiple proteins into host cells. These secreted effectors modulate host cell 

functions and activate specific signalling cascades that result in the production of pro-

inflammatory cytokines and intestinal inflammation. Some of the Salmonella-encoded effectors 

counter this inflammatory response and help to preserve host homeostasis. We demonstrate that 

the Salmonella effector protein SopD, which is required for pathogenesis, functions to both 

activate and inhibit the inflammatory response by targeting the Rab8 GTPase, a negative regulator 

of inflammation. We show that SopD has GTPase activating protein activity for Rab8, and 

therefore inhibits this GTPase and stimulates inflammation. We also show that SopD activates 

Rab8 by displacing it from its cognate guanosine dissociation inhibitor resulting in the stimulation 

of a signaling cascade that suppresses inflammation. We solved the crystal structure of SopD in 

association with Rab8 to 2.3 Å resolution, which reveals a unique contact interface underlying 

these complex interactions. These findings show the remarkable evolution of a bacterial effector 

protein to exert both agonistic and antagonistic activities toward the same host cellular target to 

modulate the inflammatory response.
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Salmonella Typhimurium stimulates a potent inflammatory response in the intestinal 

epithelium through the activities of its type III secretion (TTS) effector proteins SopE, 

SopE2, and SopB1-5. These effectors stimulate these responses independent of innate 

immune receptors by redundantly targeting the Rho-family GTPase Cdc421-5. The 

stimulation of Cdc42 results in the activation of its effector p21-activated protein kinase 1 

(PAK1), leading to the non-canonical recruitment of Tumor Necrosis Factor receptor-

associated factor 6 (TRAF6) and mitogen-activated protein kinase kinase kinase 7 (TAK1), 

with the subsequent stimulation of NF-κB inflammatory signaling4. Additional effector 

proteins contribute to the enhancement of the inflammatory response by targeting other pro-

inflammatory signaling pathways6-8. The stimulation of an inflammatory response is central 

to pathogenicity, allowing S. Typhimurium to compete against the resident microbiota and to 

acquire the nutrients and electron acceptors that sustain its replication9,10. Equally important 

in the Salmonella/host interaction, however, is the preservation of host homeostasis. 

Consequently, in a remarkable “yin and yang”, Salmonella has evolved a subset of TTS 

effector proteins that oppose the action of its agonistic effector-protein counterparts. For 

example, to counter the action of the Rho-family GTPase agonists SopE, SopE2, and SopB, 

Salmonella delivers the effector protein SptP, which exhibits potent GTPase-activating 

protein (GAP) activity toward the same Rho-family GTPases11. Furthermore, to counter the 

pro-inflammatory effectors that activate NF-κB signaling, Salmonella delivers three effector 

proteins with highly specific protease activity toward the NF-κB transcription factors RelA 

and RelB12.

Previous studies have shown that the Salmonella TTS effector protein SopD synergizes with 

other effectors to stimulate inflammation in an animal model of infection13,14. However, the 

mechanism by which this effector carries out this function is unknown. Here we show that 

SopD exerts its activity by targeting the Rab-family GTPase Rab8, which recent studies have 

shown to negatively regulate the inflammatory response mediated through Toll-like receptors 

(TLRs)15-17. We found that, through a GAP activity, SopD antagonizes Rab8 thus enhancing 

the inflammatory response to Salmonella. Furthermore, through an additional activity that 

results in the displacement of Rab8 from its cognate guanosine dissociation inhibitor (GDI), 

SopD activates this GTPase thus countering the inflammatory response. Therefore, this 

bifunctional effector protein can both activate and inhibit Rab8-mediated signaling to 

stimulate and antagonize the inflammatory response induced by Salmonella.

Results

SopD is a GAP for Rab8

SopD exhibits significant amino acid sequence similarity to the related Salmonella effector 

protein SopD218 (Supplementary Fig. 1), which neutralizes a Rab32-dependent cell intrinsic 

host defense mechanism by targeting this GTPase with a GAP activity19. Of note, a critical 

arginine residue in SopD2, R315, which is essential for its GAP catalytic activity, is 

conserved in SopD (Supplementary Fig. 1). However, SopD is unable to complement a 

ΔsopD2 mutant for its ability to neutralize the Rab32-pathogen restriction mechanism19. 

Consistent with this finding, we found that SopD did not show any measurable GAP activity 

toward Rab32 (Fig. 1a). However, we found that of the 24 additional Rab GTPases tested, 
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SopD showed robust GAP activity only toward Rab8 (Fig. 1b). Like SopD219, the GAP 

activity of SopD was strictly dependent on the R312 residue since the SopDR312A and 

SopDR312K mutants did not show any measurable GAP activity toward Rab8 (Fig. 1c). We 

found that SopD was able to form a complex with Rab8 (Fig. 1d) but we were unable to 

detect a stable complex between Rab8 and SopD2, which also exhibits GAP activity toward 

Rab819 (Extended Data Fig. 1). In addition, transient transfection experiments showed that 

both the wild type and the catalytic SopDR312A mutant were able to form a complex with 

Rab8 in vivo (Fig. 1e). These results indicate that, like its homolog SopD2, the bacterial 

effector SopD is also a GAP for a Rab GTPase but with different specificity.

SopD enhances pro-inflammatory signaling by antagonizing Rab8 through its GAP activity

Innate immune receptors are most often “wired” to anti-inflammatory pathways that help the 

recovery of host homeostasis after an inflammatory response20-25. Rab8 has been linked to 

one such anti-inflammatory pathway downstream of TLRs resulting in the recruitment of 

Phosphoinositide 3-kinase (PI3-kinase), Akt activation, and the biasing of cytokine 

production toward an anti-inflammatory program15-17. We investigated the potential role of 

Rab8 in Salmonella-induced inflammatory signaling. We examined whether, similar to LPS 

stimulation15, Rab8 could also be also recruited to the membrane ruffles stimulated by S. 

Typhimurium by delivering a subset of TTS effector proteins3,26,27. We found that Rab8 was 

robustly recruited to the Salmonella-induced membrane ruffles, although recruitment did not 

require the presence of the effector protein SopD (Extended Data Fig. 2). As Henle 407 cells 

do not respond to LPS stimulation, these results indicate that, at least in these cells, the 

Salmonella-induced recruitment of Rab8 to membrane ruffles is independent of LPS.

There are two isoforms of Rab8, Rab8a and Rab8b, which exhibit significant (83%) amino-

acid sequence identity and are thought to have some overlapping functions28. We compared 

the ability of S. Typhimurium to stimulate Akt and NF-κB signaling in wild type and 

Rab8a-, Rab8b-, and Rab8a/Rab8b-deficient cell lines generated by CRISPR/Cas9-mediated 

genome editing (Supplementary Fig. 2). Although we detected no differences in NF-κB 

signaling after S. Typhimurium infection, we found significantly reduced levels of Akt 

phosphorylation in both Raw264.7 and HT29 Rab8a-deficient cell lines (Fig. 2a and 

Extended Data Fig. 3) despite equal levels of bacterial invasion (Supplementary Fig. 3). 

Consistent with these observations, in Rab8a-deficient cells infected with S. Typhimurium 

we found significantly reduced mRNA levels for the anti-inflammatory cytokines IL-10 and 

increased mRNA levels for the pro-inflammatory cytokines IL-1β and Tnfα (Fig. 2b). 

Although the observed changes were not as pronounced as those observed in the absence of 

Rab8a, the absence of Rab8b resulted in decreased Akt activation, decreased mRNA levels 

for the anti-inflammatory cytokine IL-10, and increased levels for the pro-inflammatory 

cytokines IL-1β and Tnfα after S. Typhimurium infection (Fig. 2c and Extended Data Fig. 

3). However, the absence of Rab8a and Rab8b resulted in a more pronounced decrease in 

Akt activation after S. Typhimurium infection as well as more significant changes in IL-10, 
IL-1β and Tnfα mRNA levels (Fig. 2d and Extended Data Fig. 3). These results indicate that 

both, Rab8a and Rab8b redundantly participate in Salmonella-induced inflammatory 

signaling, although Rab8a appears to have a more prominent role.
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We then tested the effect of the expression of SopD on LPS-mediated inflammatory 

signaling. We found that expression of SopD led to significant inhibition of LPS-stimulated 

Akt activation, although it did not affect NF-κB and MAP kinase signaling (Fig. 2e, 

Extended Data Fig. 4, and Supplementary Fig. 4). More importantly, expression of SopD 

resulted in a shift toward a pro-inflammatory cytokine profile with increased production of 

mRNAs for the pro-inflammatory cytokines Il-1β and Tnfα and decreased production of the 

mRNA for the anti-inflammatory cytokine IL-10 (Fig. 2f). The SopD-mediated modulation 

of LPS signaling was strictly dependent on its GAP activity since the expression of the 

catalytic mutant SopDR312A did not inhibit LPS-mediated signaling (Fig. 2e, 2f, and 

Extended Data Fig. 4). Taken together, these results indicate that, through its Rab8 GAP 

activity, SopD has the capacity to enhance Salmonella-induced inflammation by interfering 

with a negative regulatory mechanism linked to a pro-inflammatory signaling pathway.

Previous studies have shown that Rab8-dependent LPS-mediated Akt activation and the 

resulting anti-inflammatory response requires PI3 kinase15-17. In addition, S. Typhimurium 

has been shown to activate Akt by stimulating phosphoinositide fluxes through the delivery 

of its TTSS effector protein SopB29,30. We found that, similar to LPS stimulation, the S. 

Typhimurium-induced Akt activation in both Raw264.7 macrophage and HT29 also required 

PI3 kinase (Extended Data Fig. 5a). The addition of increasing concentrations of 

wortmannin, a specific PI3 kinase inhibitor, resulted in a progressive inhibition of 

Salmonella-induced Akt activation. Importantly, the addition of the PI3 kinase inhibitor 

resulted in increased mRNA levels for the pro-inflammatory cytokines Il-1β and Tnfα and 

reduced mRNA levels for the anti-inflammatory cytokine IL-10 (Extended Data Fig. 5b).

Taken together, these results implicate both, Rab8a and Rab8b as well as PI3 kinase in the 

negative modulation of the inflammatory response to Salmonella Typhimurium. Importantly, 

these results suggest a mechanism by which the effector protein SopD through its GAP 

activity enhances the inflammatory response to Salmonella by inhibiting Rab8.

The crystal structure of SopD in complex with Rab8 reveals a functional interface that 
suggests the presence of an additional activity

To better define their functional interface, we solved the crystal structure of SopD in 

complex with Rab8a at 2.3 Å resolution. The complex is formed by one molecule each of 

SopD and Rab8 and is arranged in a V-shaped architecture, with each of the molecules 

forming one leg of the V (Fig. 3a and Supplementary Fig. 5). The interface between SopD 

and Rab8 buries ~1000 Å2 surface area. Close inspection of this interface revealed structural 

elements in Rab8 that contain Rab-family- (RabF) and Rab-subfamily-specific (RabSF) 

motifs 31,32, which form a “hand-in-hand” interface with the α11 helix, β4/β5 anti-parallel 

sheets, as well as loops LA, LB and LC in SopD (Fig. 3a, 3b, and Supplementary Fig. 5). 

SopD engages the RabF motif through hydrophobic interactions between its residues V237 

and A242 and the Rab8 residues I43, F45, and W62. In addition, polar interactions between 

K58, T74, and R79 in Rab8 and Q107, S138, E240, Y278 and E293 in SopD, as well as two 

water-mediated hydrogen bonds between Q60 in Rab8 and K285 and D289 in SopD further 

stabilize the complex (Fig. 3b and 3c). Additional interactions involve residues within the 

RabSF motif in Rab8 (Y5, Y7 and L177) and E293, V290 and F287 in SopD and 
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hydrophobic interactions between A76 in the switch II region of Rab8 and M139 in SopD, 

M82 in Rab8 and M286 in SopD, as well as one direct hydrogen bond between K46 in Rab8 

and Q238 in SopD (Fig. 3b and 3c).

Surprisingly and contrary to what its GAP activity would predict, the Rab8/SopD interface 

does not position the catalytic Arg312 of SopD in close proximity to the nucleotide-binding 

pocket of Rab8 (Fig. 3a). Rather, the arrangement of SopD in the complex positions its 

Arg312 catalytic residue on the opposite side of its Rab8-interacting surface. Furthermore, 

although a clear electron density for GDP and Mg2+ was apparent, no electron density 

corresponding to ALF3 could be discerned in the structure, despite its presence in the 

crystallization buffer (Fig. 3a and Supplementary Fig. 6). This is consistent with the 

observation that SopD was able to form a complex with GDP-loaded Rab8 (Extended Data 

Fig. 6).

The overall structure of SopD in the complex is virtually identical to its previously 

determined apo-structure33, with a root-mean-squared deviation (rmsd) of 0.499 Å over 255 

Cα atoms (Supplementary Fig. 7). Structural alignment of Rab8 as it appears in complex 

with SopD with either the GDP-bound Rab8 from the Rab8-Rabin8 complex (RCSB ID 

4LHY) or GDP-bound inactive Rab8 (RCSB ID 4LHW)34 reveals marked conformational 

change in the switch I and II as well as the RabSF1 regions of Rab8 that occur upon SopD 

binding (Fig. 3d and Supplementary Fig. 8). These conformational changes position residues 

T74, R79, Y5, and K58 in Rab8 to engage in critical interactions with residues Q107, Y278, 

E240, and E293 in SopD.

To examine the potential functional significance of the observed SopD/Rab8 interface, we 

introduced structurally-guided mutations in SopD residues (Q107L/Q238L, S138A/Y278A 

and E293A) predicted to play a role in the formation of the complex. We then purified the 

resulting mutant proteins and examined their ability to form a complex with Rab8 in vitro. 

We found that the introduction of one of the mutations (E293A) completely abolished the 

ability of SopD to form a complex with Rab8 in vitro demonstrating the importance of this 

interface in the formation of the SopD/Rab8 complex (Fig. 3e and Extended Data Fig. 7). 

Consistent with this finding, introducing the E293A mutation also disrupted the ability of 

SopD to interact with Rab8 in transient transfection experiments in cultured cells (Fig. 3f 

and Extended Data Fig. 8). Of note, critical SopD residues necessary for its interaction with 

Rab8 (e. g E293) are absent from SopD2 (Supplementary Fig. 1), which is consistent with 

the inability of SopD2 to form a complex with Rab8 (Extended Data Fig. 2). These results 

indicate that the identified interface is critical for the formation of the Rab8/SopD complex. 

We also examined the GAP activity of different SopD mutants, including the mutant 

(E293A) that disrupted its ability to form a complex with Rab8. We found that none of the 

mutations affected the GAP activity of this effector protein (Fig. 3g). Taken together, these 

results indicate that the interface captured in the SopD/Rab8 complex is unrelated to the 

GAP activity of SopD and suggest the presence of an additional function associated with this 

effector protein.
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SopD activates Rab8 through a functional interface unrelated to its GAP activity

The molecular interface between SopD and Rab8 suggested the presence of a potential 

additional function in this effector protein independent of its GAP activity. To investigate 

this hypothesis, we examined the levels of Rab8 activation in HEK-293T cells that had been 

transiently transfected with plasmids expressing wild type SopD, its GAP catalytic mutant 

(SopDR312A), a mutant that disrupts its interaction with Rab8 (SopDE293A), or a mutant 

defective for both activities (SopDR312A/E293A). Alternatively, we co-transfected the same 

plasmids along with a plasmid expressing Rabin 8, an exchange factor for Rab835. To assess 

the levels of Rab8 GTP-loading, a measure of its activation, we took advantage of a previous 

observation indicating that Mical L2, an effector of various Rab GTPases, can selectively 

bind to GTP loaded Rab836. We found that the expression of wild type SopD did not 

significantly alter the levels of GTP-loaded Rab8 in comparison to controls (Fig. 4a and 

Supplementary Fig. 9a). However, expression of SopDR312A resulted in an increased level of 

GTP-loaded Rab8, while expression of SopDE293A led to a reduction in the levels of 

activated Rab8 (Fig. 4a and Supplementary Fig. 9a). The observed effects were also apparent 

when the mutant proteins were co-expressed with Rabin 8 (Fig. 4b and Supplementary Fig. 

9b). Expression of the SopD mutant defective in both activities (SopDR312A/E293A) did not 

alter the levels of GTP-loaded Rab8 in comparison to controls (Fig. 4a and 4b and 

Supplementary Fig. 9a and 9b). Taken together, these results are consistent with the notion 

that, in addition to the negative regulatory GAP activity, SopD has a Rab8 stimulatory 

activity that depends on the functional interface identified through the structural analysis.

The observation that SopD possesses a Rab8-activating function prompted us to investigate 

whether SopD exhibited guanine nucleotide exchange factor (GEF) activity. We detected no 

GEF activity in SopD, although as predicted35, we detected robust exchange activity of the 

Rab8 exchange factor Rabin 8 (Extended Data Fig. 9). Therefore, SopD must activate Rab8 

by an alternative mechanism. After their activation and membrane targeting, small GTPases 

are extracted from the plasma membrane and maintained in a cytosolic soluble form by 

cognate regulatory proteins known as guanine dissociation inhibitors (GDI). These 

regulators play a critical role in the functional recycling of Rab GTPases37,38. Upon 

reception of an appropriate signal, the GDP-Rab GTPases must be released from their GDIs 

prior to their activation and membrane targeting39-41. Therefore, we examined whether 

SopD could displace Rab8 from its cognate GDI. We expressed in cultured HEK-293T cells 

epitope-tagged versions of Rab8 and GDI2 and examined their interaction by co-

immunoprecipitation in the presence of purified wild type SopD, its GAP defective mutant 

(SopDR312A), or a mutant that disrupts its interaction with Rab8 (SopDE293A). We found that 

the addition of increasing amounts of purified wild-type SopD or its GAP-defective mutant 

(SopDR312A) resulted in a significant reduction on the amount of Rab8 bound to GDI2 (Fig. 

4c and 4d). In contrast, the addition of purified SopDE293A or SopD2, which are unable to 

form a complex with Rab8, did not affect the levels of Rab8 bound to GDI2 (Fig. 4d). We 

also expressed in HEK-293T cells the same SopD mutants along with the epitope-tagged 

version of Rab8 and GDI2 and examined the levels of Rab8 bound to GDI2 by a co-

immunoprecipitation assay. We found that the levels of Rab8 bound to GDI2 significantly 

decreased upon expression of wild type SopD or its GAP catalytic mutant (SopDR312A) but 

remained unchanged when co-expressed with SopDE293A (Fig. 4e and Supplementary Fig. 
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9c). Taken together, these results indicate that SopD has the ability to stimulate Rab8 by 

promoting its dissociation from its cognate GDI.

Mechanistic insight for the Rab8-activating function of SopD inferred from the crystal 
structure of the SopD/Rab8 complex

To gain insight into the potential mechanism by which SopD displaces GDI, we compared 

the atomic interface between SopD and Rab8 with the interface between the yeast Rab 

GTPase Ypt1 and its GDI (RCSB ID 2BCG). Comparison of the two structures shows that 

while there is significant overlap between the two interfaces on the “open end” of the V-

shaped complex, this is not the case on the “closed end” of the complex (Fig. 5a and 5b). On 

this end there are no significant interactions between Ypt1 and its GDI but SopD engages 

Rab8 in unique interactions. These interactions include the SF (Y5, Y7 and L177) and F2 

regions (K58 and Q60) of Rab8 as well as less conserved amino acid residues such as K46 

and M82 (Figure 5b). These interactions may provide the structural bases for the initial 

engagement of GDI-bound Rab8 by SopD, which would ultimately lead to conformational 

changes that destabilize the Rab8-GDI complex. In support of this notion, a mutation of a 

critical residue in SopD (SopDE293A), which specifically interacts with Y5 and K58 in Rab8, 

effectively prevented the ability of SopD to displace GDI from Rab8 (Fig. 4d and 4e). We 

propose that the initial engagement of the close end of the Rab8-GDI complex by SopD 

leads to the destabilization of critical Rab8-GDI interactions that maintain the stability of the 

complex exemplified by a network of hydrogen-bonds between D44 in Ypt1 and R106, 

Y107, R248 and R445 in the GDI (Fig. 5c). The SopD-induced destabilization of this 

network would lead to an outward movement of ~4Å of the GDI-binding platform (centered 

in the G42 residue in the case of Ypt1). These conformational changes would also lead to 

repulsive interactions between I252 in the GDI and G42 and D44 in Rab8 (Fig. 5c). 

Furthermore, the switch II region of Ypt1, which interacts strongly with GDI, would be also 

disrupted by SopD binding (Fig. 5d). These conformational changes would result in a ~6Å 

inward movement of switch II thus destabilizing critical hydrophobic interactions between 

this region (e. g. residue A65 in Rab8) and a hydrophobic patch in GDI formed by A247, 

A251 and I252 (Fig. 5d). The SopD-induced conformational changes in switch II would also 

destabilize additional critical Rab8-GDI interactions exemplified by those between residues 

T72 and S75 in Ypt1 (or the corresponding T72 and T75 residues in Rab8) and Y44 and 

Q244 in GDI (Fig. 5d). In summary, we propose a model in which by engaging Rab8 

residues not involved in its interaction with GDI, SopD triggers conformational changes in 

critical regions of Rab8, in particular switch II, resulting in the destabilization of the 

Rab8/GDI complex and the subsequent release of GDI.

SopD positively and negatively modulates S. Typhimurium-induced inflammatory signaling 
through its independent Rab8-modulating activities

The discovery that SopD has the capacity to both, activate and inhibit Rab8, prompted us to 

investigate the potential role of these activities in the context of Salmonella infection. We 

infected Raw264.7 macrophages and HT29 intestinal epithelial cells with wild-type S. 

Typhimurium or its isogenic mutants ΔsopD, sopDR312A, or sopDE293A. To facilitate 

interpretation of the results, we also introduced a ΔsopD2 deletion as this effector protein 

also exhibits Rab8 GAP activity, although it lacks Rab8-activating activity (see above). We 
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found that infection of either cell line with S. Typhimurium expressing the GAP-defective 

SopDR312A mutant resulted in significantly higher Akt activation in comparison to cells 

infected with wild type (Fig. 6a and Supplementary Fig. 10). In contrast, cells infected with 

S. Typhimurium expressing SopDE293A, which is defective for Rab8 activation, resulted in a 

decrease in Akt activation (Fig. 6a and Supplementary Fig. 10). Consistent with these 

observations, cells infected with the S. Typhimurium ΔsopD2 sopDR312A mutant showed 

increased levels of anti-inflammatory cytokines IL-10 and decreased levels of the pro-

inflammatory cytokines IL-1β and Tnfα (Fig. 6b and Extended Data Fig. 10). In contrast, 

cells infected with S. Typhimurium expressing the sopDE293A allele showed the reversed 

pattern: decreased levels of IL-10 and increased levels of Il-1β and Tnfα (Fig. 6b and 

Extended Data Fig. 10). This is consistent with the notion that SopD has the capacity to both 

enhance and suppress the inflammatory response to S. Typhimurium during infection.

We also compared the intestinal inflammatory response of mice infected with S. 

Typhimurium ΔsopD2 strain expressing either the SopDR312A GAP-deficient mutant, or the 

SopDE293A mutant deficient for Rab8 activation. We found significantly lower mRNA levels 

for the pro-inflammatory cytokines IL-1β and Tnfα in the intestines of mice infected with S. 

Typhimurium strain expressing the sopDR312A GAP-deficient allele in comparison to mice 

expressing wild-type SopD (Fig. 6c). The difference was more pronounced when compared 

to the levels found in the intestines of mice infected with the S. Typhimurium strain 

expressing the SopDE293A mutant deficient for Rab8 activation, which showed increased 

levels of pro-inflammatory cytokine mRNAs even when compared to mice infected with 

wild type (Fig. 6c). Taken together, these results indicate that the effector protein SopD 

through its contrasting Rab8-modulating activities has the capacity to enhance and suppress 

the inflammatory response to S. Typhimurium.

Discussion

In this study we describe a remarkable S. Typhimurium TTSS effector protein that can 

stimulate both, pro- and anti-inflammatory signaling. This bifunctional effector 

accomplishes this feat by targeting an anti-inflammatory pathway orchestrated by the Rab8 

GTPase15-17. Through agonistic and antagonistic activities toward Rab8, SopD can 

alternatively suppress or enhance the inflammatory response to Salmonella (Fig. 6d). Rab8 

is linked to anti-inflammatory signaling emanating from TLR415-17. Since Salmonella LPS 

is a potent activator of TLR4, it is possible that SopD exerts its effect in the context of LPS-

mediated signaling. However, we have also shown that S. Typhimurium can trigger a SPI-

T3SS- and Rab8-dependent Akt-mediated anti-inflammatory signaling in cultured intestinal 

epithelial cells that do not respond to LPS. These findings therefore indicate that by 

inhibiting Rab8 through its GAP activity, SopD can exert its pro-inflammatory effect in the 

context of both, LPS and Salmonella-induced anti-inflammatory signaling.

We have also shown that SopD can also stimulate Rab8-dependent anti-inflammatory 

signaling by displacing Rab8 from its cognate GDI. Through structure/function analyses, we 

have shown that SopD function resembles that of eukaryotic GDI displacement factors 

(GDFs), which release Rab GTPases from their GDIs thus allowing their recycling to the 

plasma membrane where they can be activated by their cognate GEFs40,41.
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The opposing activities of SopD raise the question of how these activities are coordinated in 

time (Fig. 6d). As pro-inflammatory signaling precedes the anti-inflammatory response, it 

follows that the GAP activity of SopD should precede its Rab8 stimulatory activity. In fact, 

T3SS-mediated pro-inflammatory signaling occurs immediately after infection therefore it 

would be expected that the SopD pro-inflammatory activity through its GAP enzymatic 

function should be exerted very early in infection, along with that of the Cdc42 agonists 

SopE, SopE2 and SopB. The cell homeostasis recovery process would then be initiated by 

the Rab8-agonist activity of SopD, along with the activities of other T3SS effectors such as 

SptP, which antagonizes Cdc42 11, SopB, which activates Akt 29, as well PipA, GogA, and 

GtgA, which directly target the NF-κB transcription factors for degradation12. In all cases, 

substrate availability (i. e. GTP loaded or GDI-bound Rab8) will ultimately define which of 

the SopD activities are exerted at a given time during infection.

In summary, we have described here a bifunctional bacterial effector protein that can exert 

agonistic and antagonistic activities toward a single target, Rab8, and thus modulate the 

inflammatory response. This is a remarkable example of a bacterial determinant shaped by 

long-standing host-pathogen interactions aimed at facilitating pathogen replication while 

preserving host homeostasis.

Methods

Bacterial strains

All Salmonella Typhimurium strains described are listed in Supplementary Table 1, were 

derived from the wild-type isolate SL134442, and were constructed using standard 

recombinant DNA and allelic exchange procedures as previously described43 using the E. 
coli β-2163 Δnic35 as the conjugative donor strain44. Strains were routinely cultured in LB 

broth at 37°C.

Cell lines

HEK-293T, HT29 and Raw264.7 cells were obtained from ATCC. Cells were cultured in 

Dulbecco’s modified Eagle medium (DMEM, GIBCO) supplemented with 10% Fetal 

Bovine Serum (FBS) at 37°C with 5% CO2 in a humidified incubator. All cell lines were 

routinely tested for mycoplasma contamination using a Mycoplasma Detection Kit 

(Southern Biotech, Cat# 13100-01).

Plasmid construction

For recombinant protein expression in E. coli the full-length sopD, sopD2 and the truncated 

sopD34-end lacking its type III secretion signal were cloned into the pET15b expression 

vector with an N-terminal His tag. Full-length rab8a and truncated rab8a1-183 were cloned 

into the pET15b vector (Novagen), introducing an N-terminal 6-His tag, or into the pET28a 

vector, introducing an N-terminal 6×His-SUMO (small ubiquitin-like motif) tag. Expression 

vectors for all other human Rab GTPases used in this study were constructed by cloning the 

different Rab GTPases into the pET15b vector. For expression in mammalian cells, the sopD 
and sopD2 genes were amplified from S. Typhimurium SL1344 and cloned into the pRK-5 

or pSin3xHA vectors to generate N-terminal FLAG- or HA-tagged versions of these 
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proteins, respectively. The rab8 gene was cloned into the pRK-5 vector introducing an N-

terminal Flag or GFP tag. The GDI2 cDNA was amplified from cDNA obtained from 

HEK-293T cells by reverse transcription,or from a plasmid encoding this gene 

(pCellFree_G03 GDI2, Addgene) and cloned into pRK-5 resulting in N-terminal HA- or 

FLAG-tagged versions of this protein. A cDNA encoding Rabin8153-237 was amplified from 

HEK-293T cells and cloned into the pET28a vector with an N-terminal 6×His-SUMO tag or 

from a plasmid encoding full-length Rabin8 (FLAG-Rabin8, Addgene). All truncations and 

point mutations were generated by the Gibson assembly strategy45. All plasmids were 

verified by DNA sequencing.

Protein expression and purification

E. coli B21 (DE3) carrying plasmids expressing the different His-tagged SopD constructs 

were grown in lysogeny broth (LB) medium to an OD600 of 0.8, expression of the different 

proteins was induced by addition of 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG), 

and cultures were further incubated for 12 hs at 25°C. Bacterial cells were harvested by 

centrifugation and the pellets were resuspended in lysis buffer [20 mM Tris–HCl (pH 8.0) 

150 mM NaCl]. Bacterial cells were lysed with a high pressure cell crusher (Union-Biotech 

co LTD), the supernatants were collected, run through a Ni-NTA agarose resin (Qiagen), 

washed with 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 20 mM imidazole, and proteins were 

eluted in the same buffer with 300 mM imidazole. Proteins were further purified by HiTrap 

Q HP ion-exchange and Superdex 200 Increase 10/300 GL (GE Healthcare Life Sciences) 

chromatography. Full-length His-tagged Rab8a and truncated Rab8a1-183 were expressed in 

E. coli BL21(DE3) grown in Terrific broth (TB) at 25°C for 48 hs. The different Rab 

proteins were purified using Ni-NTA agarose resin (Qiagen) as described previously19, the 

SUMO tag was removed with homemade His-tagged ULPI protease at room temperature for 

2 hs, and proteins were further purified by Superdex 200 gel filtration chromatography.

To prepare SopD (or its mutants) in complex with Rab8a, purified His-SopD (or its mutants) 

was incubated with Rab8a1-183 at a molar ratio of 1:3 at room temperature for 2 hs in a 

buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM MgCl2, 1 μm GTPγS (or 20 

mM NaF, 0.2 mM AlCl3, 1 μm GDP), and 3 mM DTT. The stable complex was obtained 

after Superdex 75 Increase 10/300 GL or Superdex 200 Increase 10/300 GL column 

chromatography. As negative controls, the respective monomers were analyzed by gel 

filtration chromatography in an identical manner.

Protein crystallization and structure determination

The crystals of the SopD/Rab8 complex were grown at 18°C using the hanging-drop vapor 

diffusion method by mixing the protein and well solution at a 1:1 ratio. Crystals were 

obtained under 0.05 M Sodium cacodylate trihydrate (pH 6.5), 0.2 M MgCl2, 11.5% 

PEG4000. The crystals of the SopD/Rab8 complex were soaked with 30% glycerol then 

flash-cooled in liquid nitrogen. Diffraction data were collected on the BL17U1 beamline at 

Shanghai Synchrotron Radiation Facility (Shanghai, China) and processed with the XDS 

package46. Phase of this structure was determined by molecular replacement using SopD 

(PDB code: 5CPC) and Rab8 (PDB code: 4LHW) structures as searching models and the 

Phaser program in CCP4 47. The model was manually built with Coot 48. All the structures 
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were refined with PHENIX 49, and manual modeling was performed between refinement 

cycles. Statistics of data collection and refinement are summarized in Supplementary Table 

2. All the structures were prepared for graphic display using PyMOL 50.

Co-immunoprecipitation and immunoblotting analyses

HEK-293T cells were transiently transfected with plasmid DNAs encoding the indicated 

proteins or empty vector (as indicated in the figure legends) using the Lipofectamine 2000 

reagent (Invitrogen) following the manufacturer’s instruction. Twenty-four or forty-eight 

hours after transfection, ~1× 107 cells were collected and lysed in 1 ml lysis buffer [20 mM 

Tris-HCl (pH7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40] for 15 min on ice. The cell 

lysates were centrifuged at 14000 rpm for 15 min at 4°C, supernatants were collected, mixed 

with anti-Flag M2 agarose affinity gel (Sigma), incubated for 3 hs at 4 °C, and beads were 

washed four times with cell lysis buffer containing 0.5 M NaCl. Protein bound to the resin 

was eluted by adding 3 × Flag peptide (200 ng μl−1) (MedChem Express) for 30 min at 4°C 

and the eluates were analyzed by western blotting. Alternatively, the beads were mixed with 

sample buffer prior to their separation on 10% SDS-PAGE. Proteins were transferred onto 

Polyvinylidene fluoride (PVDF, Millipore) or nitrocellulose membranes and processed for 

immunoblot analyses with the different antibodies as indicated in the figure legends. Blots 

were treated with the indicated primary antibodies (see figure legends) and with either HRP-

coupled or DyLight conjugated secondary antibodies [emission 800 nm (ThermoFisher 

Scientific, Waltham, MA, USA). Blots were finally developed with M5 Hiper ECL Western 

HRP Substrate (Mei5 Biotechnology) or visualized on a LI-COR Odyssey imaging system 

(Lincoln, NE, USA). When required, the intensity of the bands was quantified with the 

Odyssey v3.0 software package (LI-COR).

For competition binding assays, different concentrations of SopD or its mutants were added 

to the indicated cell lysates prior to the addition of the anti-Flag M2 agarose affinity gel and 

samples were processed for co-immunoprecipitation as indicated above.

GAP Assay

The intrinsic and GAP-accelerated GTP hydrolysis of the different GTPases were measured 

with the High Throughput colorimetric GTPase assay kit (Innova Biosciences). Briefly, 

purified Rab GTPases (15 μM) were mixed with the different SopD preparations (1.5 μM) in 

a buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2.5 mM MgCl2, and 0.5 mM 

GTP. The mixture was dispensed onto 96-well microplates and incubated for 2 hs at room 

temperature. The release of inorganic phosphate was quantified by measuring the 

absorbance at 635 nm of the different samples on a microplate reader (Tecan).

GEF Assay

The GEF activity of SopD toward Rab8a was measured as previously described51. Briefly, 

Rab8a was loaded with mant-GDP by incubation with a 20-fold molar excess of mant-GDP 

over the GTPase and a 10-fold molar excess of EDTA over MgCl2 for 1.5 hs at room 

temperature. GDP binding was stabilized by adding MgCl2 to twice the EDTA-

concentration. The buffer was subsequently exchanged with 20 mM Tris-HCl (pH 7.5), 150 

mM NaCl, 2 mM MgCl2 by gel-filtration chromatography. Mant-GDP-bound Rab8a1-183 (2 
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μM) was incubated with 0.4 μM of Rabin8153-237 proteins (or 2 μM SopD/SopDR312A/

SopDE293A) in the presence of 5 μM of GTPγS in the reaction buffer [20 mM Tris-HCl (pH 

7.5), 150 mM NaCl, and 2 mM MgCl2]. Fluorescence of mant-GDP was excited directly at 

360 nm and detected at 450 nm. Fluorescence emission was read out every 10 seconds for a 

total of 1200 seconds.

Rab8 activation assay

The levels of GTP-loaded Rab8, a measure of its activation, were determined using a 

previously developed assay based on the ability of Mical-L2, an effector of various Rab 

GTPases, to selectively bind GTP loaded Rab836. GST-Mical-L2 was purified by affinity 

chromatography using Glutathione Sepharose 4B beads following standard procedures. 

Plasmids encoding GFP-tagged Rab8A, Flag-tagged Rabin8, along with HA- or Flag-tagged 

SopD or its mutants were co-transfected into HEK-293T cells. Twenty-four hours after 

transfection, cells were lysed in lysis buffer [20 mM Tris-HCl (pH7.4), 150 mM NaCl, 1 

mM EDTA, 1% NP-40] for 15 min on ice. The cell lysates were centrifuged at 14000 rpm 

for 15 min at 4°C, supernatants were collected and incubated with 1 μg of GST-tagged C-

terminal fragment Mical-L2 for 1 hour at 4°C. The beads were then washed with lysis 

buffer, and the samples were analyzed by immunoblotting with the appropriate antibodies.

S. Typhimurium cell infection

S. Typhimurium was grown overnight in LB, cultures were diluted 1/20 into fresh LB 

containing 0.3 M NaCl and further grown to an OD600 of 0.9. Raw264.7 or HT29 cells were 

then infected with the indicated S. Typhimurium strains at the multiplicities of infection 

(MOI) indicated in the figure legends. Cells were then washed three times with Hank’s 

balanced salt solution (HBSS) and treated with gentamicin (100 μg/ml) for 1 hour to kill 

extra-cellular bacteria. Cells were then washed and cultured in medium with low 

concentration gentamicin (10 μg/ml) for the times indicated in the figure legends.

S. Typhimurium cell invasion assay

The ability of S. Typhimurium to invade cultured cells was measured by the gentamicin 

protection assay as previously described52.

Generation of CRISPR/Cas9 edited cell lines

Generation of CRISPR/Cas9 edited cell lines was carried out as described previously 53 

following standard protocols 54. Briefly, double-stranded oligonucleotides corresponding to 

the target sequences were cloned into the lenti-CRISPR-V2 vector and co-transfected with 

the packaging plasmids into HEK-293T cells. Two days after transfection, the viruses were 

harvested and used to infect Raw264.7 or HT29 cells. The virally transduced cells were 

selected in culture media containing puromycin for 5 days and the isolated clones were 

screened by PCR and sequencing to identify knockout cells. The nucleotide sequence of the 

guide RNAs and primers used to construct the different cell lines are listed in Supplementary 

Table 3.
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Generation of stable cell lines

Stable Raw264.7 cells expressing HA-tagged SopD or its different mutants were generated 

through viral transduction and puromycin selection. Briefly, transducing viruses were 

produced by co-transfecting plasmids encoding HA-tagged SopD or its mutants along with 

the packaging plasmids into HEK-293T cells. Two days after transfection, the viruses were 

harvested and used to infect Raw264.7 cells. The infected cells were selected with 

puromycin for at least 5 days and resistant cells were tested for the expression of SopD or its 

mutants.

Quantitative PCR

Quantitative PCR of mRNA in cultured cells and mouse tissues was performed as described 

previously12. Briefly, ceca from infected animals removed, cut open, wash extensively with 

PBS and epithelial cells were collected into a centrifuge tube by scraping the tissue with a 

glass slide. Total RNA from cultured cells or mouse ceca were isolated using TRIzol reagent 

(Invitrogen) according to the manufacture’s protocol, and was reversed transcribed with 

iScript reverse transcriptase (Bio-Rad). Quantitative PCR was performed using iTaq SYBR 

Green Supermix (Bio-Rad) in an iCycler real time PCR machine (Bio-Rad). Data shown are 

the relative abundance of the indicated mRNAs normalized to that of GAPDH. The primers 

used for the quantitative PCR are listed in Supplementary Table 4.

Cytokine quantification

Raw264.7 cells were infected with different bacterial strains as indicated in the figure 

legends for 18 hours. The levels of the cytokines IL-10, IL-1β, and TNFα in the culture 

media of infected cells were measured by ELISA as indicated by the manufacturer 

(BioLegend cat# 431417, 432604, and 430907, respectively). The actual concentration of the 

cytokines was determined using a standard curve (concentration range for the standards: 

IL-10 and TNFα: 15.6 pg/ml-1000 pg/ml; IL-1β: 31.3 pg/ml-2000 pg/ml).

Mouse infections

All animal experiments were conducted according to protocols approved by Yale 

University’s Institutional Animal Care and Use Committee (IACUC) under protocol number 

2019-07858. Eight to twelve-week old C57BL/6 male and female mice carrying a wild type 

allele of Nramp1 (Slc11a1) 55 were orally infected by stomach gavage with the different S. 

Typhimurium strains as previously described 12. Four days after infection, mice were 

sacrificed, ceca removed and processed for qPCR analysis as described above. The number 

of animals was determined based on prior experience conducting similar experiments and 

the experimenter was not blinded to the different conditions. Animals were housed in a 

specific pathogen free animal facility at Yale University in an ambient 21–22 °C temperature 

room with standard 12:12 h light:dark cycle (lights on 07:00–19:00) with chow and water 

provided ad libitum.

Statistical analysis

Experiments were performed at least three times independently. Data are shown as 

arithmetic means ± SD, unless otherwise stated. All statistical data were calculated using 
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GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA). For comparisons of the 

means of two groups, unpaired two-sided t test was used. For comparisons of multiple 

groups with a control group, one-way ANOVA method was used, while a two-way ANOVA 

was used for multiple comparisons. Significance of mean comparison is annotated as follow: 

ns, not significant; * P<0.05; ** P<0.01; *** P<0.001. A P value of < 0.05 was considered 

to be statistically significant.

DATA AND CODE AVAILABILITY

The atomic coordinates and structure factors generated in this study have been deposited in 

the Protein Data Bank with the accession codes 7BWT.

Extended Data

Extended Data Fig. 1. Size-exclusion chromatography analyses of Rab8 in the presence of SopD 
or SopD2.
Purified Rab81-183 preloaded with GTPγS was incubated with purified SopD or SopD2 and 

subjected to size-exclusion chromatography in a Superdex 75 increase column. Elution 

profiles along with SDS-PAGE analyses of the elution fractions are shown. This experiment 

was conducted at least three times with equivalent results.
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Extended Data Fig. 2. Rab8 is recruited to the Salmonella-induced membrane ruffles.
Henle-407 cells were transiently transfected with a plasmid expressing GFP-Rab8A and 

subsequently infected with wild-type S. Typhimurium, its ΔsopD isogeneic mutant, or left 

uninfected (mock). Fifteen minutes after infection, cells were fixed and stained with anti-

GFP antibody, to visualize Rab8A (green), rhodamine-labeled Phalloidin, to visualize the 

actin cytoskeleton (red), and 4’,6-diamidino-2-phenylindole (DAPI) to visualize nuclear and 

bacteria DNA (blue). Scale bar: 10 μm. This experiment was conducted at least three times 

with equivalent results.
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Extended Data Fig. 3. Rab8 negatively modulates Salmonella-induced pro-inflammatory 
signaling.
Effects of Rab8a (a and b), Rab8b (c), or Rab8ab (d) deficiency on S. Typhimurium-induced 

AKT activation. Control or deficient Raw264.7 or HT29 (as indicated) cells were infected 

with wild-type S. Typhimurium with a multiplicity of infection of 2 and 10, respectively, and 

at the indicated times after infection, the levels of phosphorylated Akt were determined by 

immunoblotting analyses as indicated in Materials and Methods. Values are normalized to 

the β-actin signal, which served as a loading control. The western blots for this experiment 

are shown in Fig. 2.

Extended Data Fig. 4. SopD enhances pro-inflammatory signaling by antagonizing Rab8 through 
its GAP activity.
(a) Expression levels of SopD and its catalytic mutant SopDR312A in stable cell lines 

(Raw264.7). Stable cell lines (Raw264.7) expressing HA-tagged SopD or SopDR312A were 

lysed before immunoblotting analysis with the antibodies directed to the HA tag and to β-
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actin (as a loading control). (b) Effect of the expression of SopD or its catalytic mutant 

SopDR312A on LPS-induced activation of AKT, p70S6K, Erk1/2, and p38 MAP, and NF-κB 

signaling pathways. Raw264.7 cells stably expressing HA-tagged SopD or its GAP-deficient 

mutant SopDR312A were treated with LPS (100 ng/ml) for the indicated times, lysed, and 

analyzed by immunoblotting with antibodies specific for the phosphorylated state of AKT, 

p70S6K, p38, and Erk1/2, as well as an antibody to I-κBα and β-actin (as a loading control). 

The quantification of the western blot analyses is shown on Fig. 2e.

Extended Data Fig. 5. PI3-Kinase is required for S. Typhimurium-induced signaling.
(a) Effects of the PI3-Kinase inhibitor Wortmannin on S. Typhimurium-induced 

phosphorylation of AKT. Raw264.7 (MOI=2) or HT29 cells (MOI=10) were pre-treated 

with increasing concentrations of Wortmannin (10 nM to 1000 nM) for 30 min. Cells were 

then infected with wild-type S. Typhimurium for 30 min and cell lysates were analyzed by 

immunoblotting with antibodies directed to the phosphorylated (activated) form of Akt or β-

actin (as a loading control). Controls included cells left uninfected or infected with the 

ΔsopB S. Typhimurium mutant strain, which is defective for the activation of AKT. 

Quantification of the immunoblots is shown on the right panels. (b) Effects of the PI3-

Kinase inhibitor Wortmannin on S. Typhimurium-induced transcription of cytokine genes. 

Lian et al. Page 17

Nat Microbiol. Author manuscript; available in PMC 2021 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Raw264.7 cells (MOI=5) and HT29 cells (MOI=20) were pre-treated with Wortmannin (100 

nM) for 30 min. Cells were left uninfected or infected with wild-type S. Typhimurium for 4 

hs and the cytokine mRNA levels were measured by qPCR assay. In both, (a) and (b) data 

are the mean ± standard deviation of three independent experiments. ** P < 0.01, *** P < 

0.001 (unpaired two-sided t test).

Extended Data Fig. 6. Size-exclusion chromatography profile of SopD/GDP-bound Rab8 
complex.
Rab81-183 preloaded with GDP was incubated with SopD, and subjected to size-exclusion 

chromatography with Superdex 200 increase column. The elution profile along with the 

SDS-PAGE analyses of the elution fractions of the SopD/Rab8 complex are shown. This 

experiment was conducted at least three times with equivalent results.
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Extended Data Fig. 7. SDS-PAGE analyses of the elution fractions of the size-exclusion 
chromatography analyses of SopD carrying mutations in amino acids defining its interface with 
Rab8.
Purified Rab8a1-183 preloaded with GDP was incubated with purified SopD or the indicated 

SopD mutants and subjected to size-exclusion chromatography (see the chromatographic 

profile in Fig. 3e). Fractions were collected, separated on an SDS-PAGE, and stained with 

Coomassie blue. This experiment was conducted at least three times with equivalent results.

Extended Data Fig. 8. The SopDE293A mutation disrupts the ability of SopD to form a complex 
with Rab8.
FLAG-epitope tagged SopD or SopDE293A were co-expressed with GFP-Rab8 or empty 

vector in HEK-293T cells. The cell lysates were co-immunoprecipitated with anti-FLAG M2 
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beads followed by immunoblotting with anti-GFP and anti-Flag antibodies. The 

quantification of the intensity of the bands is shown in the right panel. This experiment was 

conducted at least three times with equivalent results.

Extended Data Fig. 9. SopD lacks guanine-nucleotide exchange activity.
Mant-GDP-loaded Rab8a (2 μM) was incubated with Rabin8 (0.4 μM) (positive control), 

SopD (2 μM), 2 μM SopDR312A (2 μM), SopDE293A (2 μM) or buffer only (negative 

control), in the presence of 5 μM GTPγS. The decreased fluorescence as a result of the 

mant-GDP to GTPγS exchange was monitored over time. Data are expressed as the mean ± 

SD from three independent experiments.

Extended Data Fig. 10. Effect of SopD or its mutants on cytokine production in S. Typhimurium-
infected cells.
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Raw264.7 cells were infected with the indicated S. Typhimurium strains (MOI=5) and 18 

hours after infection, the levels of the indicated cytokines in cell supernatants were 

quantified by ELISA. Values are the mean ± SD of three independent measurements. ** P < 

0.01, *** P < 0.001, ns: not significant P > 0.05 (unpaired two-sided t test).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SopD is a GAP for Rab8.
(a) SopD lacks GAP activity toward Rab32. Purified Rab32 was incubated alone or in the 

presence of purified SopD or SopD2, as indicated, and the intrinsic GTPase activity was 

measured as indicated in Methods. (b) GAP activity of SopD toward Rab-family GTPases. 

Purified Rab GTPases were incubated alone or in the presence of purified SopD, and the 

intrinsic GTPase activity was measured as indicated in Methods. (c) SopD GAP activity 

toward Rab8 requires a critical arginine residue. Purified Rab81-183 was incubated alone or 

in the presence of purified SopD or the indicated mutants and the intrinsic GTPase activity 

was measured as indicated in Methods. Values in (a) (b) and (c) represent the ratio of 

GTPase activity observed in the presence or absence of SopD and are the mean ± SD from 

three independent experiments; ns, not significant; * P < 0.05, *** P < 0.001; n. s. P >0.05 

(a and c) one-way ANOVA with Dunnett’s method, (b) Two-way ANOVA using Sidak's 

multiple comparisons test. (d) Size-exclusion chromatography profiles of SopD/Rab8 

complex. Rab81-183 preloaded with GTPγS, or GDP+AlF3 were incubated with SopD, and 

subsequently subjected to size-exclusion chromatography in a Superdex 200 increase 

column. (e) Co-immunoprecipitation to detect the interaction of SopD and SopDR312A with 

Rab8. HEK-293T cells were transiently co-transfected with plasmids expressing GFP-Rab8 

along with plasmids expressing Flag-SopD, Flag-SopDR312A or the empty vector. Cell 

lysates were analyzed by co-immunoprecipitation with anti-Flag and western 

immunoblotting with anti-GFP and anti-Flag antibodies. Experiments in (d) and (e) were 

conducted at least three times with equivalent results.
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Figure 2. SopD enhances pro-inflammatory signaling by antagonizing Rab8 through its GAP 
activity.
(a-d) Effects of Rab8a or Rab8b deficiency on S. Typhimurium-induced Akt and NF-κB 

signaling. Control and Rab8a-, Rab8b-, or Rab8a/b-deficient Raw264.7 or HT29 (as 

indicated) cells were infected with wild-type S. Typhimurium with a multiplicity of infection 

of 2 and 10, respectively. At the indicated times after infection, the levels of phosphorylated 

AKT, the total levels of I-κBα, and the mRNA levels of the indicated cytokines were 

quantified by immunoblotting and qPCR. Values are the mean ± SD of three independent 

determinations. * P < 0.05, ** P < 0.01, *** P < 0.001, ns: not significant P > 0.05 (unpaired 
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two-sided t test). The quantification of the immunoblots is shown in Extended Data Fig. 3. (e 
and f) Effect of the expression of SopD or its catalytic mutant SopDR312A on LPS-induced 

Akt, p70S6K, Erk1/2, p38 MAP, and NF-κB signaling and cytokine gene expression. 

Raw264.7 cells stably expressing HA-tagged SopD or its GAP-deficient mutant SopDR312A 

were treated with LPS (100 ng/ml) for the indicated times, lysed, and analyzed by 

immunoblotting with antibodies specific for the phosphorylated state of Akt, p70S6K, p38, 

and Erk1/2, as well as an antibody to I-κBα and β-actin (as a loading control). The 

quantification of the western blot analyses is shown (e) A repetition of this experiment is 

shown in Supplementary Fig. 4. Values represent the mean ± SD of three independent 

determinations. * P < 0.05, ** P < 0.01, *** P < 0.001, ns: not significant P > 0.05 (unpaired 

two-sided t test). Alternatively (f), Raw264.7 cells stably expressing HA-tagged SopD or its 

GAP-deficient mutant SopDR312A were treated with LPS (50 ng/ml) for the indicated times 

and the mRNA levels of the indicated cytokines were quantified by qPCR at the indicated 

times after treatment. Values are the mean ± SD of three independent determinations. * P < 

0.05,** P < 0.01, *** P < 0.001, ns: not significant P > 0.05 (unpaired two-sided t test).

Lian et al. Page 26

Nat Microbiol. Author manuscript; available in PMC 2021 August 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Crystal structure of the SopD/Rab8 complex and functional analyses of the binding 
interface.
(a) Ribbon representation of the overall structure of the SopD/Rab8 complex. The secondary 

structure features of SopD, as well as the position of the switch I (gray), switch II (orange), 

and P-loop (light blue) regions of Rab8 are indicated. The key catalytic residue arginine 312 

in SopD is shown as stick and highlighted in red. The GDP is denoted as stick (cyan), water 

molecules and Mg2+ are represented as red and green spheres, respectively. The inset shows 

the simulated annealing omit maps (yellow mesh) for GDP, water molecules and Mg2+ in the 

nucleotide-binding pocket of Rab8 from the SopD/Rab8 complex (contoured at 1.5 σ). The 

T22 residue of Rab8, which forms a coordinate bond with Mg2+, is shown as stick. (b and c) 

Depiction of the interactions between SopD (green) and Rab8 (violet) with interacting 

residues shown as sticks. RabSF and RabF motifs are depicted in yellow and light blue, 

respectively. Polar interactions are shown in black dashes. The schematic representation of 
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the interactions between Rab8 and SopD is shown in (c), where the polar interactions are 

shown as blue dashed lines, the water molecules as red balls, and the hydrophobic 

interactions as black dashed lines. (d) Structure superimposition of Rab8 as it appears in the 

Rab8/SopD complex, with Rab8 as it appears in complex with Rabin8 or bound to GDP. The 

inset shows the conformational changes of key amino acids in Rab8 after binding to SopD. 

(e) Size-exclusion chromatography analyses of SopD carrying mutations in amino acids 

defining its interface with Rab8. The SDS-PAGE analyses of the elution fractions are shown 

in Extended Data Fig. 7. (f) Co-immunoprecipitation analyses of the interaction of SopD and 

its indicated mutants with Rab8 after transient expression in HEK-293T cells. This 

experiment was conducted at least three times with equivalent results. (g) GAP activity of 

the indicated SopD mutants with substitutions in amino acid residues involved in its 

interface with Rab8. Data represent the ratio of GTPase activity observed in the presence or 

absence of SopD and are the mean ± SD from three independent experiments; ns, not 

significant P > 0.05; *** P < 0.001 (one-way ANOVA with Dunnett’s method).
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Figure 4. SopD activates Rab8 through a functional interface unrelated to its GAP activity.
(a and b) Effect of the transient expression of SopDR312A (a GAP-defective mutant) or 

SopDE293A (a mutant unable to form a complex with Rab8) on the levels of Rab8 activation. 

HEK-293T cells were transiently co-transfected with plasmids expressing wild-type SopD 

or the indicated mutants along with plasmids expressing GFP-tagged Rab8A (a) and, when 

indicated (b), Flag-tagged Rabin8, an exchange factor for Rab8a. Twenty hours after 

transfection, cells were lysed and the levels of GTP-loaded Rab8A were determined with the 

GST-Mical-L2 affinity probe as described in Methods. The quantification of the western 

blots is shown in the accompanying graphs. Values are represented relative to those obtained 

with vector control, which have been given the arbitrary value of 1. A repetition of this 

experiment is shown in Supplementary Fig. 9. (c-e) SopD displaces GDI2 from Rab8A. 

HEK-293T cells were co-transfected with plasmids expressing HA-tagged GDI2 and Flag-

tagged Rab8. Twenty four hours after transfection, cells were lysed and 0.1, 0.5 or 1μg/ml of 

purified SopD (c), or 1μg/ml of purified SopD, SopDR312A, SopDE293A, or SopD2 (d) were 
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added to the cell lysates and the levels of Rab8a/GDI2 complex were determined by 

immunoprecipitation with anti-Flag antibody (directed to the tag in Rab8) and 

immunoblotting with an anti-HA antibody (directed to the tag in GDI2) (c and d). 

Alternatively (e), HEK-293T cells were transiently co-transfected with plasmids expressing 

GFP-tagged Rab8A and Flag-tagged GDI2, along with plasmids expressing the indicated 

HA-tagged SopD constructs. Twenty hours after transfection, cells were lysed and the levels 

of Rab8a/GDI2 complex were determined by immunoprecipitation with an anti-Flag 

antibody (directed to the tag in GDI2) and immunoblotting with an anti-GFP antibody 

(directed to the tag in Rab8A). The quantification of the western blots is shown in the 

accompanying graph. Values are represented relative to those obtained with vector control, 

which have been given the arbitrary value of 1. A repetition of this experiment is shown in 

Supplementary Fig. 9.
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Figure 5. Structural basis for GDI displacement by SopD.
(a) Ribbon representation of the overall structure of the SopD/Rab8 and Ypt1/GDI (RCSB 

ID 2BCG) complex. (b) SopD and GDI bind to different surfaces on their cognate Rab 

GTPases. The residues of Rab8 and Ypt1 involved in their intermolecular interactions with 

SopD or GDI, respectively, are depicted on their surface structures in pink and orange, 

respectively (side panels). The structural alignment between Rab8 from the SopD/Rab8 

complex structure and Ypt1 from GDI/Ypt1 complex are shown as ribbon in the central 

panel. The Rab8 amino acid residues specifically involved in its interaction with SopD at the 

“closed end” of Rab8/SopD complex are shown as sticks. In (a) and (b) GDP and Mg2+ 

bound to Rab8 or Ypt1 are represented as sticks and spheres, respectively. The interfaces 

between SopD/Rab8 and GDI/Ypt1 are highlighted with dotted and solid line circles, 

respectively. (c and d) SopD-induced conformational changes in switch I (c) and switch II 
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(d) of Rab8, highlighting residues involved in GDI-binding. Key interacting residues in 

Rab8 (G42r) and Ypt1 (G42y) are shown as ball representation. Other SopD-interacting 

residues involved in the GDI displacement process are shown as sticks. Hydrophobic 

interactions between Ypt1 and GDI and Rab8 and SopD are denoted by yellow and black 

dashed lines, respectively.
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Figure 6. SopD positively and negatively modulates S. Typhimurium-induced inflammatory 
signaling through its independent Rab8-modulating activities.
(a and b) Akt activation and cytokine-gene expression in cells infected with S. Typhimurium 

strains expressing different sopD mutants. Raw264.7 (MOI=2) or HT29 (MOI=10) cells 

were infected with wild-type S. Typhimurium, the ΔsopD isogenic mutant, or the ΔsopD2 
mutant expressing the indicated mutant alleles of sopD for 60 minutes and Akt activation 

was analyzed by immunoblotting with antibodies specific for the phosphorylated state of 

Akt and β-actin (as a loading control). The quantification of the western blots is shown in 

the adjacent graphs. Values are represented relative to those obtained with wild type, which 

have been given the arbitrary value of 1. A repetition of this experiment is shown in 

Supplementary Figure 10. (b) Alternatively, Raw264.7 (MOI=5) or HT29 (MOI=20) cells 

were infected with the same S. Typhimurium strains (as indicated) and 4 hs after infection, 

the mRNA levels of the indicated cytokines were quantified by qPCR. Values represent fold 

induction relative to uninfected controls and are the mean ± SD of three independent 

determinations. * P < 0.05, ** P < 0.01, *** P < 0.001, ns: not significant P > 0.05 (unpaired 
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two-sided t test). (c) C57/BL6 nramp+/+ mice (5 animals per strain) were orally infected 

(~1×108 cfu) with wild-type S. Typhimurium, its isogenic ΔinvA (type III secretion 

defective) mutant (as a negative control), or the S. Typhimurium ΔsopD2 strains expressing 

the sopDR312A or sopDE293A alleles. Four days after infection the transcription levels of the 

indicated cytokine genes in the cells of the intestinal ceca were analyzed by qPCR assay. 

Values represent fold induction relative to animals infected with the S. Typhimurium ΔinvA 
mutant strain and are the mean ± SD. * P < 0.05, *** P < 0.001 (unpaired two-sided t test). 

(d) Model for SopD action during Salmonella infection. Salmonella delivers T3SS effector 

proteins that activate membrane ruffling, inflammatory signaling, and the activation and 

recruitment Rab8 to the membrane ruffles. The GAP activity of SopD reverses the activation 

of Rab8 thus delaying or preventing Akt-dependent anti-inflammatory signaling. Later in 

infection, SopD stimulates Rab8 through its GDI-displacement activity leading to the 

stimulation of the anti-inflammatory program.
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