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Supplementary Fig. 1. Effect of FliI mutations on motility. (a) Motility of MKM30 
(∆fliI) cells transformed with pET19b (indicated, V), pMM1701 (pET19b/His-FliI, 
indicated as WT), pMM1701(R26A) [pET19b/His-FliI(R26A), indicated R26A], 
pMM1701(R27A) [pET19b/His-FliI(R27A), indicated as R27A], pMM1701(R30A) 
[pET19b/His-FliI(R30A), indicated as R30A], pMM1701(R33A) [pET19b/His-FliI(R33A), 
indicated as R33A], pMM1701(R93A) [pET19b/His-FliI(R93A), indicated as R93A], 
pMM1701-2A [pET19b/His-FliI(R26A/R27A), indicated as FliI-2A], pMM1701-3A 
[pET19b/His-FliI(R26A/R27A/R33A), indicated as FliI-3A], pMM1701-4A [pET19b/His-
FliI(R26A/R27A/R33A/R76A), indicated as FliI-4A] or pMM1701-5A [pET19b/His-
FliI(R26A/R27A/R33A/R76A/R93A), indicated as Low copy, FliI-5A] in 0.35% soft agar 
plates containing 100 μg ml-1 ampicillin. Plates were incubated at 30ºC for 4.5 hours. 
Scale bar, 1.0 cm. (b) Immunoblotting, using polyclonal anti-FliI antibody, of whole cell 
proteins prepared from the above transformants. (c) Multicopy effect of FliI mutant 
proteins on motility of the fliI null mutant. Fresh MKM30 cells carrying pTrc99A 
(indicated as V), pMM1702 (pTrc99A/His-FliI, indicated as WT), pMM1702(R26A) 
[pTrc99A/His-FliI(R26A), indicated as R26A], pMM1702(R27A) [pTrc99A/His-
FliI(R27A), indicated as R27A], pMM1702(R30A) [pTrc99A/His-FliI(R30A), indicated 
as R30A], pMM1702(R33A) [pTrc99A/His-FliI(R33A), indicated as R33A], 
pMM1702(R93A) [pTrc99A/His-FliI(R93A), indicated as R93A], pMM1702-2A 
[pTrc99A/His-FliI(R26A/R27A), indicated as FliI-2A], pMM1702-3A [pTrc99A/His-
FliI(R26A/R27A/R33A), indicated as FliI-3A], pMM1702-4A [pTrc99A/His-
FliI(R26A/R27A/R33A/R76A), indicated as FliI-4A], or pMM1702-5A [pTrc99A/His-
FliI(R26A/R27A/R33A/R76A/R93A), indicated as FliI-5A] were inoculated onto soft 
agar plates containing ampicillin, and the plates were incubated at 30ºC for 4.5 hours. 
Scale bar, 1.0 cm. 
 



 
 
 
 
 
 
 
 
 
 
 

Supplementary Fig. 2. Interaction between FliH and FliI. Cell lysates (L) from 
Salmonella SJW1368 (∆cheW-flhD) cells co-expressing FliH with either His-FliI, His-
FliI(R26A), His-FliI(R27A), His-FliI(R30A), His-FliI(R33A), His-FliI(R93A), His-FliI-2A, 
His-FliI-3A, His-FliI-4A or His-FliI-5A were loaded onto a Ni-NTA agarose column. After 
extensive washing with a binding buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl) 
containing 50 mM imidazole, proteins were eluted with 1 ml of the binding buffer 
containing 100 mM imidazole (E1), followed by 1 ml of the binding buffer containing 
250 mM imidazole (E2) and finally 3 ml of the binding buffer containing 500 mM 
imidazole (E3–E5). The eluted fractions were analyzed by CBB staining. H and I 
indicate FliH and His-FliI, respectively.  
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 3. Multicopy effect of FliI(R33A) and FliI-3A on the growth of 
the fliI null mutant. (a) Cell growth measurements. Fresh colonies of Salmonella 
MKM30 (∆fliI) cells carrying pET19b (indicated as Low copy, V), pTrc99A (indicated as 
High copy, V), pMM1701 (pET19b/His-FliI, indicated as Low copy, WT), 
pMM1701(R33A) [pET19b/His-FliI(R33A), indicated as Low copy, R33A], pMM1701-
3A [pET19b/His-FliI(R26A/R27A/R33A), indicated as Low copy, FliI-3A], pMM1702 
(pTrc99A/His-FliI, indicated as High copy, WT), pMM1702(R33A) [indicated as 
pTrc99A/His-FliI(R33A), High copy, R33A], pMM1702-3A [pTrc99A/His-
FliI(R26A/R27A/R33A), indicated as High copy, FliI-3A], pMKM1702iH (pTrc99A/His-
FliI + FliH, indicated as High copy, WT), pMKM1702(R33A)iH (pTrc99A/His-FliI(R33A) 
+ FliH, indicated as High copy, R33A) or pMKM1702-3AiH [pTrc99A/His-
FliI(R26A/R27A/R33A) + FliH, indicated as High copy, FliI-3A] were inoculated onto L-
broth agar plate containing ampicillin and incubated at 30ºC for 17.5 hours. Scale bar, 
1.0 cm. (b) Immunoblotting, using polyclonal anti-FliI antibody, of whole cell proteins 
prepared from the same transformants. (c) Effect of co-expression of FliH on the 
solubility of FliI. Coomassie blue-stained gels (upper panel) and immunoblots (lower 
panel), using polyclonal FliI antibody, of whole cellular (W), soluble (S) and insoluble 
(P) fractions prepared from MKM30 cells carrying pMKM1702iH (pTrc99A/His-FliI + 
FliH, indicated as WT), pMKM1702(R33A)iH (pTrc99A/His-FliI(R33A) + FliH, R33A), 
pMKM1702-3AiH [pTrc99A/His-FliI(R26A/R27A/R33A) + FliH, indicated as FliI-3A], 
pMKM1702-4AiH [pTrc99A/His-FliI(R26A/R27A/R33A/R76A) + FliH, indicated as FliI-



4A] or pMKM1702-5AiH [pTrc99A/His-FliI(R26A/R27A/R33A/R76A/R93A) + FliH, 
indicated as FliI-5A]. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 4. Characterization of FliI mutant variants in the absence of 
FliH. (a) Motility of MMHI001 (∆fliH-fliI) cells transformed with pTrc99A (V), pMM1702 
(WT), pMM1702(R26A) (R26A), pMM1702(R27A) (R27A), pMM1702(R30A) (R30A), 
pMM1702(R33A) (R33A), pMM1702(R93A) (R93A), pMM1702-2A (FliI-2A), 
pMM1702-3A (FliI-3A), pMM1702-4A (FliI-4A) or pMM1702-5A (FliI-5A) in 0.35% soft 
agar plates containing 100 μg ml-1 ampicillin. Plates were incubated at 30ºC for 17 
hours. The diameter of the motility ring of 5 colonies of each transformant was 
measured. The average diameter of the motility ring of the vector control was set to 
1.0, and then relative diameter of the motility ring of each transformants was calculated. 
Vertical bars indicate standard deviations. Scale bar, 1.0 cm. (b) Immunoblotting, using 
polyclonal anti-FlgD (1st row) or anti-FliI (2nd row) antibody, of whole cell proteins and 
culture supernatant fractions prepared from the above transformants. To clearly see 
the FlgD secretion by the vector control strain, each transformants were grown 
overnight at 30ºC in L-broth. Relative secretion levels of FlgD were measured. These 
data are average of seven independent experiments. Vertical bars indicate standard 
deviations. Comparisons between datasets were performed using a two-tailed 
Student’s t-test. A P value of < 0.05 was considered to be statistically significant 
difference. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 5. Characterization of gain-of-function mutations in FlhB. (a) 
Motility of the Salmonella MMHI001 (∆fliH-fliI), MMHI001-5A-SP2 (∆fliH-fliI flhBSP2) 
MMHI001-5A-SP3 (∆fliH-fliI flhBSP3) and MMHI001-5A-SP4 (∆fliH-fliI flhBSP4) strains in 
0.35% soft agar. Plates were incubated at 30ºC for 15 hours. The diameter of the 
motility ring of 5 colonies of each strain was measured. Scale bar, 1.0 cm. The average 
diameter of the motility ring of the ∆fliH-fliI strain was set to 1.0, and then relative 
diameter of the motility ring of each suppressor mutant strain was calculated. Vertical 
bars indicate standard deviations. Scale bar, 1.0 cm. (b) Immunoblotting, using 
polyclonal anti-FlgD antibody, of whole cell proteins and culture supernatant fractions 
prepared from the above strains. Relative secretion levels of FlgD were measured. 
These data are average of three independent experiments. Vertical bars indicate 
standard deviations. (c) Motility of the SJW1103 (WT), MMB5A-SP2 (flhBSP2) MMB5A-
SP3 (flhBSP3) and MMB5A-SP4 (flhBSP4) stains in 0.35% soft agar at 30ºC for 6.5 hours. 
The diameter of the motility ring of 5 colonies of each strain was measured. Scale bar, 
0.5 cm. The average diameter of the motility ring of the wild-type strain was set to 1.0, 
and then relative diameter of the motility ring of each flhB mutant strain was calculated. 
Vertical bars indicate standard deviations. (d) Immunoblotting, using polyclonal anti-
FlgD antibody, of whole cell proteins and culture supernatant fractions prepared from 
the same strains. Relative secretion levels of FlgD were measured. These data are 
average of three independent experiments. Vertical bars indicate standard deviations. 
Comparisons between datasets were performed using a two-tailed Student’s t-test. A 



P value of < 0.05 was considered to be statistically significant difference. **, P < 0.01; 
***, P < 0.001; ND, no statistical difference. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 6. Multicopy effect of FliI-5A on motility of and flagellar 
protein export by the ∆fliH-fliI flhBSP3 and ∆fliH-fliI flhBSP4 cells. Motility of the 
∆fliH–fliI flhBsp2 (left panels) and ∆fliH–fliI flhBsp3 (right panels) cells carrying with 
pTrc99A (V), pMM1702 (WT) or pMM1702-5A (FliI-5A) in soft agar. Plates were 
incubated at 30ºC. The diameter of the motility ring of 5 colonies of each strain was 
measured. The average diameter of the motility ring of the vector control was set to 
1.0, and then relative diameter of the motility ring of each transformants was calculated. 
Vertical bars indicate standard deviations. Scale bar, 0.5 cm. (b) Immunoblotting, using 
polyclonal anti-FlgD antibody, of whole cell proteins and culture supernatant fractions 
prepared from the above strains. Relative secretion levels of FlgD were measured. 
These data are average of three independent experiments. Vertical bars indicate 
standard deviations. Comparisons between datasets were performed using a two-
tailed Student’s t-test. A P value of < 0.05 was considered to be statistically significant 
difference. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ND, no statistical difference. 
  



 
 
 
 
 
Supplementary Fig. 7. Effect of a fusion of FliQ to the C-terminus of PhoA on the 
PhoA phosphatase activity. Salmonella TH12991 (∆phoN) cells were transformed 
with pMKM10001 (pTrc99A/mPhoA), pMKM10002 (pTrc99A/prePhoA) or pMKM10003 
(pTrc99A/PhoA–FliQ), and then fresh transformants were inoculated onto BCIP 
indicator plates and incubated at 30°C for 18 hours. Blue colonies indicate that PhoA 
is located within the periplasm whereas white colonies show that PhoA is in the 
cytoplasm. Scale bar, 1.0 cm.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 8. Effect of the flhB(E230A) mutation on interactions of 
FlhBC with FliI and FlgD (a) Interaction between FlhBC and FliI. Purified His-FliI was 
mixed with GST, GST-FlhBC, or GST-FlhBC-E230A and dialyzed overnight against PBS. 
These mixtures (L) were subjected to GST affinity chromatography. Flow through 
fraction (F.T.), wash fractions (W), and elution fractions (E) were analyzed by both CBB 
staining (upper panel) and immunoblotting with polyclonal anti-FliI antibody (lower 
panel). The positions of molecular mass markers are shown on the left. (b) Interaction 
between FlhBC and FlgD. Cell lysates (indicated as L) prepared from Salmonella 
SJW1368 (∆cheW-flhD) cells expressing GST, GST-FlhBC or GST-FlhBC-E230A were 
mixed with those from E. coli BL21 (DE3) cells producing FlgD, and each mixture was 
loaded onto a GST column. After washing with PBS, proteins were eluted with 50 mM 
Tris-HCl, pH 8.0, 10 mM reduced glutathione. Elution fractions were analyzed by both 
CBB staining (upper panel) and immunoblotting with polyclonal anti-FlgD antibody 
(lower panel).  
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Fig. 9. Original immunoblots shown in Figures 3b and 3d. 
  



 
 
 
 
 
 
 
 
 
Supplementary Fig. 10. Original immunoblots shown in Figure 4b. 
  



 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Fig. 11. Original CBB-stained gels and immunoblots shown in 
Figure 6. 
 
  



 
 
 
 
 
 
 
 
 

Supplementary Fig. 12. Original CBB-stained gels and immunoblots shown in 
Figure 7. 
 
  



 
 
 
 
 
 
 
 
 
Supplementary Fig. 13. Original immunoblots shown in Figure 8d. 
  



 
 
 
 
 
 
 
 
 

Supplementary Fig. 14. Original CBB-stained gels and immunoblots shown in 
Figure 8e. 
 



Supplementary Table 1. Strains and plasmids used in this study 
Strain/Plasmid Relevant characteristics References 
E. coli   
BL21(DE3) Star Overexpression of proteins Novagen 
   
Salmonella   
SJW1103 Wild-type for motility and chemotaxis 1 
SJW1368 ∆(cheW-flhD); master operon mutant 2 
MKM30 ∆fliI 3 
MMHI001 ∆fliH–fliI  4 
MMHI001-5A-SP2 ∆fliH-fliI flhBSP2  This study 
MMHI001-5A-SP3 ∆fliH-fliI flhBSP3 This study 
MMHI001-5A-SP4 ∆fliH-fliI flhBSP4 This study 
MMB5A-SP2 flhBSP2 This study 
MMB5A-SP3 flhBSP3 This study 
MMB5A-SP4 flhBSP4 This study 
TH12991 ∆phoA Kelly T. Hughes 
   
Plasmids   
pET19b Expression vector Novagen 
pGEX-6p-1 Expression vector GE Healthcare 
pTrc99A Expression vector GE Healthcare 
pGKK1702 pGEX-6p-1/ GST-FliI 5 
pGKK1702-5A pGEX-6p-1/ GST-FliI(R26A/R27A/R33A/R76A/R93A) This study 
pMM1701 pET19b/ His-FliI 6 
pMM1702 pTrc99A/ His-FliI 6 
pMMHA1001 pGEX-6p-1/ GST-FlhAC 7 
pMMHB1001 pGEX-6p-1/ GST-FlhBC 7 
pMMHB1001-SP2 pGEX-6p-1/ GST-FlhBC-SP2 This study 
pMMHB1001-SP3 pGEX-6p-1/ GST-FlhBC-SP3 This study 
pMMHB1001-SP4 pGEX-6p-1/ GST-FlhBC-SP4 This study 
pMMHB1001(E230A) pGEX-6p-1/ GST-FlhBC-E230A This study 
pMMJ1001 pGEX-6p-1/ GST-FliJ 8 
pMM1701(R26A) pET19b/ His-FliI(R26A) This study 
pMM1702(R26A) pTrc99A/ His-FliI(R26A) This study 
pMM1701(R27A) pET19b/ His-FliI(R27A) This study 
pMM1702(R27A) pTrc99A/ His-FliI(R27A) This study 
pMM1701(R30A) pET19b/ His-FliI(R30A) This study 
pMM1702(R30A) pTrc99A/ His-FliI(R30A) This study 
pMM1701(R33A) pET19b/ His-FliI(R33A) This study 
pMM1702(R33A) pTrc99A/ His-FliI(R33A) This study 
pMM1701(R93A) pET19b/ His-FliI(R93A) This study 
pMM1702(R93A) pTrc99A/ His-FliI(R93A) This study 
pMM1701-2A pET19b/ His-FliI(R26A/R27A) This study 
pMM1702-2A pTrc99A/ His-FliI(R26A/R27A) This study 
pMM1701-3A pET19b/ His-FliI(R26A/R27A/R33A) This study 
pMM1702-3A pTrc99A/ His-FliI(R26A/R27A/R33A) This study 
pMM1701-4A pET19b/ His-FliI(R26A/R27A/R33A/R76A) This study 
pMM1702-4A pTrc99A/ His-FliI(R26A/R27A/R33A/R76A) This study 
pMM1701-5A pET19b/ His-FliI(R26A/R27A/R33A/R76A/R93A) This study 
pMM1702-5A pTrc99A/ His-FliI(R26A/R27A/R33A/R76A/R93A) This study 
pMKM1702iH pTrc99A/ His-FliI + FliH 9 
pMKM1702(R26A)iH pTrc99A/ His-FliI(R26A) + FliH This study 
pMKM1702(R27A)iH pTrc99A/ His-FliI(R27A) + FliH This study 
pMKM1702(R30A)iH pTrc99A/ His-FliI(R30A) + FliH This study 
pMKM1702(R33A)iH pTrc99A/ His-FliI(R33A) + FliH This study 
pMKM1702(R93A)iH pTrc99A/ His-FliI(R93A) + FliH This study 



pMKM1702-2AiH pTrc99A/ His-FliI(R26A/R27A) + FliH This study 
pMKM1702-3AiH pTrc99A/ His-FliI(R26A/R27A/R33A) + FliH This study 
pMKM1702-4AiH pTrc99A/ His-FliI(R26A/R27A/R33A/R76A) + FliH This study 
pMKM1702-5AiH pTrc99A/ His-FliI(R26A/R27A/R33A/R76A/R93A) + FliH This study 
pMKM10001 pTrc99A/ mPhoA This study 
pMKM10002 pTrc99A/ prePhoA This study 
pMKM10003 pTrc99A/ PhoA–FliQ This study 
pMKM10004 pTrc99A /PhoA–FlhB This study 
pMKM10005 pTrc99A/ FlhB(1-59)–PhoA This study 
pMKM10006 pTrc99A/ FlhB(1-132)–PhoA This study 
pMKM10007 pTrc99A/ FlhB(1-184)–PhoA This study 
pMKM10008 pTrc99A/ FlhB(1-212)–PhoA This study 
pMKM10009 pTrc99A/ PhoA–FlhA This study 
pMKM10010 pTrc99A/ FlhA(1-44)–PhoA This study 
pMKM10011 pTrc99A/ FlhA(1-65)–PhoA This study 
pMKM10012 pTrc99A/ FlhA(1-93)–PhoA This study 
pMKM10013 pTrc99A/ FlhA(1-196)–PhoA This study 
pMKM10014 pTrc99A/ FlhA(1-236)–PhoA This study 
pMKM10015 pTrc99A/ FlhA(1-278)–PhoA This study 
pMKM10016 pTrc99A/ FlhA(1-306)–PhoA This study 
pMKM10017 pTrc99A/ FlhA(1-339)–PhoA This study 
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