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Structural Organization and Dynamic Assembly of TOL membrane proteins 
Roland Lloubes, IMM, UPR9027 CNRS, Aix-Marseille Université, 31 Chemin J Aiguier, Marseille  

The tolQRAB-pal operon is conserved in Gram-negative genomes. The Tol system 
is essential for bacteria as it maintains the outer membrane integrity and is 
involved in a late step of the the cell division process. Tol is composed of five 
proteins: TolA, TolQ and TolR form a complex in the inner membrane, Pal is a 
lipoprotein anchored in the outer membrane, and TolB is a soluble periplasmic 
protein. It is thought that TolQ and TolR associate to form an ion channel, and that 
the energy derived from the ion passage through the channel is transformed into 
mechanical movement of TolA that interacts with TolB/Pal. Very little is known 
about the nature of the movement and the long distance energy transduction. The 
atomic structure of the soluble part of different proteins of the complex has been 
solved, but the structural organisation of the transmembrane helices (TMH) of the 
TolA-TolQ-TolR was not described. Our goal was to investigate the architecture 
and the dynamic of the TMH fragments of the TolQ-TolR complex. 
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Introduction 
- TolQ was shown to exist as a multimer in the complex, that could contain up to 6 
copies of TolQ. Mapping of the TolQ TMH interactions deduced from single or 
tandem cysteine scanning suggest that the TMHs of TolQ are dynamic and can 
accomodate several conformation (3). 

Results 
Through extensive molecular cloning (more than 150 cysteine substitutions), 
functional and biochemical analyses, we were able to propose a dynamic model of 
TMH interaction of the TolQ-TolR complex that reflects the modification of these 
interactions during the energisation cycle. To continue the structural investigation 
of this type of complex, we are currently working on the purification of the TolQ-
TolR system to obtain two- and/or three-dimensional crystals suitable for structure 
determination by electron microscopy or Xray crystallography. In this respect we 
are working on the purification of the TonB system, which is highly homologous of 
the Tol system, but invovled in iron and nutrient uptake. We are currently purifying 
the ExbB-ExbD complex of the TonB system, equivalent to the TolQ-TolR complex. 
We have obtained two-dimensional crystals, as well as three-dimensional crystals 
in collaboration with the laboratory of Susan Buchanan (NIH Bethesda, USA). 
Refinement of the crystallisation conditions are underway. 
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Conclusions and perspectives 
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(Top) Lateral view of TolQ and TolR TMHs in which 
the residues used for the tandem cysteine 
mutagenesis are indicated. (Left) Schematic 
model of the TolQ and TolR TMH interactions. 
TolQ-TolR residues in contact are shown in a 
model containing six TolQ molecules, two TolR 
molecules, and two putative ionic channels. TolQ 
TMH organizat ion (obtained by genet ic 
suppressive data) was kept identical in each TolQ 
molecule. Balls represent cysteine-substituted 
positions involved in disulfide bond formation 

The TolA-TolQ-TolR inner membrane proteins are shown with the TMHs (cylinders)  
and the structures of the soluble protein domains. The outer membrane associated  

TolB-Pal protein complex is also shown. 
 

To investigate the structural organisation of the TolQ and TolR TMHs, we used a 
systematic cysteine mutagenesis approach, coupled to physiological tests.  
 
- We have evidenced that the TMHs of two TolR in the complex are in close 
proximity, and that these two TMHs rotate. Mutations of critical residues present 
in the suspected TolQR ion pathway prevent rotation (1) . 

colicins (data not shown), classifying such a mutation as dis-
criminative (class III), suggesting a functional role of this resi-
due in response to PMF. This implies that rotation of the TolR
anchor is functionally important, which is confirmed by the fact
that disulfide bond formation with TolR L22C or V24C lead to
cells that are impaired in membrane integrity but still sensitive
for colicin import (Tables 1 and 2).
Because the level of dimerization of theTolR L22C andV24C

is higher than for the intermediate position, one may hypothe-
size that the time necessary to reach one extreme position from
the other is fast and that the rotary motion stops transiently at
the extreme positions. However, the TolR F32C and T35C
mutant do not dimerize, even if these residues are located
between the two extreme positions. This may suggest that the
two TolR helices from a dimer are not close together on the
whole length but rather are closer at the cytoplasmic side than
at the periplasmic side of the inner membrane. This may
account for the strong dimerization of Leu22 andVal24 residues,
which are situated at the cytoplasmic side of the membrane;
however, the Ile18 and Leu21 residues, which are located at the
cytoplasmic side of the TolR helix, have intermediate dimeriza-
tion properties. Our results showed that, similarly to TolR
C-terminal domain movement (15), TolR helix rotation is reg-
ulated by three channel residues, the TolR Asp23 residue and
the Thr145 and Thr178 residues located on helices II and III of
TolQ, respectively. In the case of the MotAB complex, it has
been shownusing protease accessibilities thatMotA conforma-
tion is regulated by theMotB Asp residue (17). The discrimina-
tive mutation P187V does not abolish rotation, a result consist-
ent with the observation that this residue does not regulate
TolR C-terminal conformational modification (15). The TolQ
Pro187 residue has been shown to be required for the Tol com-
plex functioning and has been suggested to couple ion transit to
conformational changes (14). Our results suggest that TolR

anchors rotate independently of Pro187, which thus may regu-
late conformational modifications of TolQ.
Overall, our results showed that two helices from two differ-

ent TolR molecules are close to each other in the TolQR com-
plex. These two TolR TMHs rotate as molecular gears between
two positions, L22C and V24C. This rotation is functionally
important for activity of the TolQR ion channel.
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critical reading of the manuscript; and Cécile Ancieux for
encouragement.

REFERENCES
1. Webster, R.E. (1991)Mol. Microbiol. 5, 1005–1011
2. Lloubès, R., Cascales, E., Walburger, A., Bouveret, E., Lazdunski, C., Ber-

nadac, A., and Journet, L. (2001) Res. Microbiol. 152, 523–529
3. Gerding,M. A., Ogata, Y., Pecora, N. D., Niki, H., and de Boer, P. A. (2007)

Mol. Microbiol. 63, 1008–1025
4. Guihard, G., Boulanger, P., Benedetti, H., Lloubes, R., Besnard, M., and

Letellier, L. (1994) J. Biol. Chem. 269, 5874–5880
5. Lazzaroni, J. C., Vianney, A., Popot, J. L., Benedetti, H., Samatey, F., Laz-

dunski, C., Portalier, R., and Geli, V. (1995) J. Mol. Biol. 246, 1–7
6. Dérouiche, R., Bénédetti, H., Lazzaroni, J. C., Lazdunski, C., and Lloubès,

R. (1995) J. Biol. Chem. 270, 11078–11084
7. Germon, P., Clavel, T., Vianney, A., Portalier, R., and Lazzaroni, J. C.

(1998) J. Bacteriol. 180, 6433–6439
8. Journet, L., Rigal, A., Lazdunski, C., and Bénédetti, H. (1999) J. Bacteriol.

181, 4476–4484
9. Bouveret, E., Dérouiche, R., Rigal, A., Lloubès, R., Lazdunski, C., and

Bénédetti, H. (1995) J. Biol. Chem. 270, 11071–11077
10. Cascales, E., Gavioli, M., Sturgis, J. N., and Lloubès, R. (2000)Mol. Micro-

biol. 38, 904–915
11. Walburger, A., Lazdunski, C., and Corda, Y. (2002) Mol. Microbiol. 44,

695–708
12. Cascales, E., Lloubès, R., and Sturgis, J. N. (2001) Mol. Microbiol. 42,

795–807
13. Germon, P., Ray,M.C., Vianney, A., and Lazzaroni, J. C. (2001) J. Bacteriol.

183, 4110–4114
14. Goemaere, E. L., Cascales, E., and Lloubès, R. (2007) J. Mol. Biol. 366,

1424–1436
15. Goemaere, E. L., Devert, A., Lloubès, R., and Cascales, E. (2007) J. Biol.

Chem. 282, 17749–17757
16. Parsons, L. M., Grishaev, A., and Bax, A. (2008) Biochemistry 47,

3131–3142
17. Kojima, S., and Blair, D. F. (2001) Biochemistry 40, 13041–13050
18. Zhai, Y. F., Heijne, W., and Saier, M. H., Jr. (2003) Biochim. Biophys. Acta

1614, 201–210
19. Higgs, P. I., Myers, P. S., and Postle, K. (1998) J. Bacteriol. 180, 6031–6038
20. Garcia-Herrero, A., Peacock, R. S., Howard, S. P., and Vogel, H. J. (2007)

Mol. Microbiol. 66, 872–889
21. Braun, T. F., and Blair, D. F. (2001) Biochemistry 40, 13051–13059
22. Braun, T. F., Al-Mawsawi, L. Q., Kojima, S., and Blair, D. F. (2004) Bio-

chemistry 43, 35–45
23. Higgs, P. I., Larsen, R. A., and Postle, K. (2002) Mol. Microbiol. 44,

271–281
24. Sun, T. P., and Webster, R. E. (1987) J. Bacteriol. 169, 2667–2674
25. Vieira, J., and Messing, J. (1991) Gene (Amst.) 100, 189–194
26. Ansaldi, M., Lepelletier, M., and Méjean, V. (1996) Anal. Biochem. 234,
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FIGURE 6. A model for the TolR anchor rotary motion. The TolR anchors
from two distinct TolR molecules are represented at the extreme positions of
the dimerization interface (corresponding to high levels of dimerization) and
thus oscillate between conformations 1 and 2 (red arcs). This may involve
passage through a number of intermediate conformations (corresponding to
low levels of dimerization) such as molecular gears. The aspartate residue
then oscillates between two channels, regulating opening (green areas, open
or active channels) or closure (blue areas, closed or inactive channels).
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(Left) TolR anchor rotations depend on key 
residues of the ion pathway present either 
in the TolQ and TolR TMHs. The mutant 
names on the top and on the left indicate 
positions of primary and secondary 
mutations, respectively. (Right) TolR 
functioning is specifically prevented by 
disulfide bond for- mation. Effect of DTT on 
bacterial growths: absence (closed 
squares) and addition (arrow and closed 
circles) are shown. 

A model for the TolR anchor rotary motion. 
The TMHs from two distinct TolR molecules 
are represented at the extreme positions of 
the dimerization interface (corresponding to 
high levels of dimerization) and oscillate 
between conformations 1 and 2 (red arcs). 
Leu22, Asp23 and Val24 residues and 
suspected intermediate conformations 
( c o r r e s p o n d i n g t o l o w l e v e l s o f 
dimerization) are indicated. 
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- First attempts to purify solubilised TolQ and TolQ-TolR complexes have been performed and we 
have initiated a collaboration with the laboratory of William Cramer (West Lafayette, USA) who 
has expertise in channel electrophysiology to explore the ability of TolQ and TolQ-TolR to form 
ion channels (2). 
 

�110°. However, these results cannot discriminate between the
two hypotheses. One may hypothesize that in the absence of
movement, the TolR dimer rotation will be stopped in both of
the extreme positions (hypothesis (i) above), whereas all
extreme and intermediate substitutions will still promote helix
dimerization (hypothesis (ii) above). Our results using muta-
tions that affect residues that regulate ion transit favor the first
hypothesis. It seems thus likely that the twoTolR helices from a
dimer oscillate between two extreme conformations (Fig. 6).
Alternatively, because the 4–6:2 stoichiometry of the TolQR

complex represents the “minimal complex,” one may hypothe-
size thatTolR form tetramers. In this case, bothL22CandV24C
substitutions may form disulfide bonds independently of helix
rotation. However, this hypothesis can be ruled out because the
L22C/V24C TolR double mutant only forms dimers as single
substitutions do (data not shown).
TheAsp23 residue, which has been proposed to be critical for

ion conduction, is located �100° from either Leu22 or Val24 on
a helical wheel projection (Fig. 2). Using the rotary motion, the
Asp23 residue may thus alternate between two different ion
channels, as suggested forMotB. Such a rotationmay thus place
the Thr35 residue at the position previously occupied by the
Asp23 residue in the channel. The presence of a hydrophilic
residue at that position may thus stabilize the putative aqueous
channel. The TolR T35C mutant displayed a WT phenotype,
but mutation of the Thr35 residue by an alanine confers cell
sensitivity toward deoxycholate, but cells remain sensitive to

FIGURE 4. TolR functioning is specifically prevented by disulfide bond for-
mation. 109 bacteria of the indicated strain were inoculated in 10 ml of medium
in presence of 0.25% SDS, and growth was monitored by measuring absorbance
at 600 nm every 45 min. After 90 min of culture, DTT was added (closed circles) or
not (closed squares) to the final concentration of 5 mM (arrow).

FIGURE 5. TolR anchor rotations depend on key residues of the ion path-
way. 0.2 � 108 cells producing the indicated TolR Cys substitution (lanes) in
combination with the TolR or TolQ mutations (panels), treated with the oxi-
dative agent copper (II) orthophenanthroline to increase dimer formation,
were boiled in Laemmli buffer in absence of reducing agent, loaded onto
12.5% acrylamide SDS-PAGE, and immunodetected with anti-TolR polyclonal
antibody. The positions of TolR and TolR dimers are indicated on the right. The
molecular weight markers are indicated on the left. The mutant names on the
top and on the left indicate positions of primary and secondary mutations,
respectively.
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�110°. However, these results cannot discriminate between the
two hypotheses. One may hypothesize that in the absence of
movement, the TolR dimer rotation will be stopped in both of
the extreme positions (hypothesis (i) above), whereas all
extreme and intermediate substitutions will still promote helix
dimerization (hypothesis (ii) above). Our results using muta-
tions that affect residues that regulate ion transit favor the first
hypothesis. It seems thus likely that the twoTolR helices from a
dimer oscillate between two extreme conformations (Fig. 6).
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complex represents the “minimal complex,” one may hypothe-
size thatTolR form tetramers. In this case, bothL22CandV24C
substitutions may form disulfide bonds independently of helix
rotation. However, this hypothesis can be ruled out because the
L22C/V24C TolR double mutant only forms dimers as single
substitutions do (data not shown).
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FIGURE 5. TolR anchor rotations depend on key residues of the ion path-
way. 0.2 � 108 cells producing the indicated TolR Cys substitution (lanes) in
combination with the TolR or TolQ mutations (panels), treated with the oxi-
dative agent copper (II) orthophenanthroline to increase dimer formation,
were boiled in Laemmli buffer in absence of reducing agent, loaded onto
12.5% acrylamide SDS-PAGE, and immunodetected with anti-TolR polyclonal
antibody. The positions of TolR and TolR dimers are indicated on the right. The
molecular weight markers are indicated on the left. The mutant names on the
top and on the left indicate positions of primary and secondary mutations,
respectively.
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tolQ-tolR 

FIGURE 2. Summary of the TolQ cysteine substitution phenotypes. A, TolQ TMHs residues shown on a helical wheel projection from the periplasmic to the
cytoplasmic side. The color code summarizes the result of the phenotypic analyses of the cysteine substitutions (Table 1): WT phenotype (blue, colicin-sensitive
and DOC-resistant), tol phenotype (red, colicin-resistant and DOC-sensitive), and discriminative phenotype (cyan, colicin- and DOC-sensitive). The residues
used in the tandem cysteine scanning and Ile154 are numbered. Residues numbered on the outside of the wheel locate at the periplasmic side of the TMH,
whereas residues numbered on the inside locate at the cytoplasmic side. Periplasmic and cytoplasmic segments are indicated by unbroken and dashed lines,
respectively. The phenotypic analysis of TolR TMH cysteine substitutions (30) is also reported using the same color code. B, schematic lateral view of TolQ and
TolR TMHs in which the residues used for the tandem cysteine mutagenesis are indicated by orange balls. The residues locating at the boundaries of each TMH
are numbered.
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