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Fig. (9). Structural analogy between the o/} subunits and y subunits of bovine F|F, ATP synthase (PDB entry: IBMF, Abrahams et al., 1994)
(left, viewed from the cytoplasm) and the periplasmic domain of the asymmetric AcrB structure (PDB entry: 2GIF, Seeger et al., 2006)
(right, viewed from the periplasmic side perpendicular to the membrane plane). The structures are presented as ribbon diagrams and the des-
ignation of the individual monomers is indicated (Loose (L), Tight (T) and Open (O)). See text for details.

f3 subunit. The second key ‘point is the catalytic cooperativ-
ity: ATP can only be released when ADP and P; are bound to
another monomer within the hexameric F, part of the ATP
synthase (so called bi-site activation). The third key point is
the rotational catalysis.

In analogy to the binding change mechanism (also called
the alternating site mechanism) our group [67] and Mura-
kami et al. [68] independently postulated an analogue alter-
nating site functional rotation mechanism for the transport of
drugs by AcrB (Fig. 8). The general concept describes a
functional rotation starting with the (loose) binding of sub-
strate to a low affinity site on the L. monomer, followed by
conformational change to the T conformer and tight binding
of the substrate in the designated binding pocket and finally
conversion to the O monomer resulting in the release of the
substrate towards TolC. The O monomer finally converts to
the L conformation restarting the cyclic event (Fig. 8). It has
to be pointed out that the direction of events e.g. conversion
from L to T, T to O, and back to L is based on interpretation
of structural data only and that further experimental proof is
needed to establish the consecutive conformational states. To
date, three considerably different conformational states of
the AcrB trimer have been crystallized: The “all-loose™ or
LLL conformation derived from diffraction data of crystals
grown in the R32 space group [61], the asymmetric or LTO
conformation obtained from crystals lacking the three-fold
symmetry [67, 68] and the “all-tight” or TTT conformation
(Eicher, Pos, unpublished). Moreover, cross-linking data
supports the conformational flexibilty within the AcrB trimer
to form the LLT, LTT and TTO conformations [78]. As is
indicated in Fig. (10), these conformational states have been

incorporated into a more detailed scheme for drug transport,
taking into account the cooperativity or bi-site activation, in
analogy to the binding change mechanism by the F\F, ATP
synthase. In the proposed scheme (Fig. 10), the LLL con-
formation of the AcrB trimer describes a state when the pro-

tein is depleted from substrate ("resting state'[94]). Binding
of substrate to the L. monomer results in the conversion from
L to T and, according to the binding change mechanism, a
second substrate has to bind to another monomer as a pre-
requisite for the release of the substrate to the outside i.e.
substrate has to bind to another monomer before conversion
of the substrate-occupied T monomer to the O monomer can
occur (Fig. 10). The conformational change from the T to the
O monomer is proposed to be an energy dependent step, in
analogy with the energy dependence of the release of ATP
from the B-subunit. Proton uptake from the periplasm is an-
ticipated in this step (Fig. 10). Structurally, the conversion of
the T monomer to the O monomer might be sterically facili-
tated by the formation of the adjacent T monomer (Figs. 10
and 11). The conversion from the L. monomer to the T
monomer comprises substantial movement of the PN2 sub-
domain (LTO to TTO). This causes the loss of restraints for
the adjacent PN1 subdomain of the already existent T
monomer from the LTO trimer and facilitates its pronounced
inclination towards the other T monomer (Fig. 11) [67, 68].
Its conversion to the O monomer follows the conversion
from TTO to LTT. The combined effect of binding of a sec-
ond substrate to the AcrB trimer (leading to the formation of
a second T monomer) with the binding of (a) proton(s) to the
transmembrane domain (driven by the proton motive force),
results in the formation of the O monomer.

The basis for the conversion of the O monomer to the L
monomer (TTO to LTT) is still unclear (Fig. 10). However,
two neighbouring O monomers would cause an intermono-
meric steric clash between the PN1 and PN2 subdomains
like has been shown for the O and L monomer (Fig. 11).

Binding of a third substrate to the L conformer of an LTT
AcrB trimer (Fig. 10) is considered to be possible (e.g. in the
case of high substrate concentration) and will trigger the
creation of the third T monomer resulting in the "all-tight”
conformation (TTT), a conformation found in AcrB crystals
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Fig. (10). Schematic representation of the AcrB alternating site functional rotation transport mechanism extended by postulated intermediate
steps. The conformational states loose (L), tight (T), and open (O) are colored blue, yellow and red, respectively. The lateral grooves in the L.
and T monomer indicate the substrate binding sites. The different geometric forms reflect low (triangle), high (rectangle), or no (circle) bind-
ing affinity for the transported substrates. Both states L.TO at the far left and far right are identical to the states shown in Fig. (8). State TTT
is postulated to occur at high substrate concentration. The states LLL and LLT are postulated to occur in the absence or at low substrate con-

centrations. See text for details.

(Eicher, Pos et al., unpublished). Energy input from the pro-
ton motive force leads to proton binding to the transmem-
brane domain of one of the T monomers, formation of the O
monomer and finally conversion to the L monomer. Interest-
ingly, cross-link data supports the formation of more than
one of the same conformer (TTL and LLT) in E. coli mem-
branes [78], whereas in crystallization experiments the for-
mation of symmetric forms of the AcrB trimer (LLL, TTT)
appears to be predominant to the formation of asymmetric
AcrB trimers in crystals. For the crystalline state, this may be
explained by the reduced free energy of symmetric crystal
contacts as compared to asymmetric ones.

Tunnels Guiding the Substrate

Upon examination for cavities and tunnels in the asym-
metric AcrB structure [67, 69] (PDB entries: 2GIF, 2JS8) a
tunnel system leading to and away from the hydrophobic

substrate binding pocket became apparent (Fig. 12). The L
monomer (Fig. 12A, blue) contains a tunnel (designated tun-
nel 2) starting at the lateral cleft (subdomain PC1/PC2 inter-
face) about 15 A above the putative membrane plane and
protruding into the porter domain. In the T monomer (Fig.
12A, yellow), the formation of an additional tunnel (tunnel
1) in the porter domain is apparent with its entrance located
at height of the TM8 and TM9 groove, which has been pos-
tulated to accommodate substrates originating from the
membrane [61, 67-69]. Indeed, good resolution (2.5 A) data
[69] shows the presence of a dodecylmaltoside molecule
(which is both detergent and AcrB substrate) located in the
TMB8/TM9 groove of the T monomer. Tunnel 1 merges with
tunnel 2 close to the hydrophobic substrate binding pocket
(Fig. 12, inset with bound minocyclin). In the O monomer
(Fig 12B, red), the lateral opening and tunnels 1 and 2 are
absent due to: the closure of the lateral cleft caused by the
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Fig. (11). Main structural differences of the PN1 and PN2 subdomains in the AcrB trimer. Right: The three AcrB PN1 and PN2 subdomains
of the L (in blue), T (yellow) and O (red) monomers in top view as ribbon presentation are superimposed onto the PN1 and PN2 subdomains
of the symmetric AcrB trimer model depicted in gray. Inset (on the left): The PN1 subdomain of the O monomer would sterically clash with
the PN2 subdomain of a neighbouring L. monomer (in grey). Conversion of the L. monomer (grey) into the T monomer (yellow) would allow
movement of the PN1 subdomain of the O monomer without steric hindrance.

large conformational change of the PC2 subdomain and the
coil to helix transition of TM8 during the T to O monomer
transition (Fig. 12B) [67, 68]. In the O monomer, tilting of
the central helix (No2) due to the movement of the PN1 sub-
domain creates an exit pathway (tunnel 3, Fig. 12B) which
leads to the funnel of the AcrB trimer. In a conformational
cycling scenario, the tunnels form an alternate access path-
way between the TM8/TM9 groove (tunnel 1) or/and the
lateral side (tunnel 2) of the AcrB trimer and tunnel 3 to-
wards the funnel and TolC (Fig. 12) [67, 69]. In addition, we
postulated a peristaltic mode of drug transport through the
tunnels, actively guiding the substrates from the periplasmic
space/membrane towards TolC and the outside of the cell
[67].

Substrate Transport Through the Tunnel System

The lateral access of tunnel 2 is located 15 A above the
putative membrane plane (Fig. 12A) and at first sight ap-
pears to be suitable for the collection of substrates residing in
the periplasmic space, i.e. the f3-lactams. However, resistance
against -lactams due to the action of the AcrAB-TolC sys-
tem of Salmonella typhimurium (AcrB of S. typhimurium
shares 94% identical residues with AcrB of E. coli) was
positively correlated with the increment in the penicillin side
chain octanol-water partition coefficient, the preferred sub-
strates for the pump being nafcillin, cloxacillin and benzyl-
penicillin [29]. The hydrophobic side chains of these am-
phiphilic substrates are likely to submerge into the outer
leaflet of the inner membrane, whereas the f-lactam ring
would remain in the periplasm. The outer leaflet localization
makes these compounds suitable candidates for entering the

AcrB tunnel 1 via the TM8/TM9 groove. It remains elusive
whether other substrates like e.g. fluoroquinolones and mac-
rolides are also garnered from the membrane or whether tun-
nel 1 can be considered the general entrance tunnel for all
substrates. The role of tunnel 2 remains elusive as well. The
lateral opening of tunnel 2 is located at the PCI1/PC2 cleft,
which was postulated to be an interaction site for AcrA [61,
91]. The latter might function as a flexible lid and might al-
ternately open and shield the entrance towards the periplasm.
Moreover, an alternative hypothesis would be that tunnel 2
rather functions as an exit tunnel for non-substrates to leave
the tunnel system (Fig. 12). The porter domain of AcrB and
its homologues is responsible for substrate selectivity [73-
75](see above), which is in complete accordance to the local-
ization of the substrates minocyclin and doxorubicin in the
hydrophobic pocket of the T monomer (Fig. 12 inset) (Eicher,
Pos et al., unpublished) and [68]. Therefore, substrate bind-
ing occurs in the porter domain, where the hydrophobic
pocket acts as a selectivity filter [67, 68]. The results from
the periplasmic domain swapping experiments [73-75] imply
that selection takes place not until in the porter domain and
suggest that non-substrates are also transported from the
transmembrane domain towards the binding pocket. Dese-
lected compounds have to leave the porter domain either via
back-diffusion through tunnel 1, but might also be bypassed
through tunnel 2 (Fig. 12). Residues lining tunnel 1 and 2 are
charged and/or polar rather than hydrophobic. To allow
transport through the rather hydrophilic tunnel(s), a peristal-
tic transport mechanism would account for unidirectionality
of substrate transport and the movement of hydrophobic
compounds through rather hydrophilic tunnels.
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Fig. (12). Visualization of tunnels in the porter (pore) domain of the trimeric AcrB peristaltic drug efflux pump. The AcrB monomers are
presented in (A) blue (loose, L), (B) yellow (tight, T) and (¢) red (open, O). The tunnels are highlighted as green surfaces in a ribbon model
of the AcrB trimer. Inset: In the T monomer (yellow), a hydrophobic pocket is defined by phenylalanines 136, 178, 610, 615, 617, and 628;
valines 139 and 612; isoleucines 277 and 626; and tyrosine 327 at the PN2/PC1 interface. Bound minocyclin is depicted with the observed
electron density in a 2Fo-Fc electron density map countoured 1 o (Seeger, Pos et al., unpublished). Panels A and B represent in each case a

one third conversion of a full L-»T—0—L cycle.

Once substrate is recognized and bound to the binding
pocket in the T monomer, conformational change is trig-
gered and leads to conversion from the T monomer to the O
monomer (Figs. 8, 10 and 12). However, as stated above,
binding of substrate is most likely not the exclusive trigger
for conformational change from T to O. In accordance to the
binding change mechanism theory for the ATP synthase,
bound substrate might not be released before a second sub-
strate binds to another monomer i.e. the adjacent I, monomer
(Fig. 10). In this context, it is postulated for AcrB that only if
the trimer is in a LTT (or possibly TTT) conformation, re-
lease of the substrate and conformational change to LTO (or
possibly via TTO and LTT) occurs. It appears that detergent
solubilized AcrB is preferably present in its asymmetric con-
formation, as is implied from cross-linking [77, 78] and
DARPin binding [69]. Notwithstanding, AcrB readily crys-
tallizes at the “all-loose™ symmetric form [61, 63, 70-72, 94,
95] and also in its “all-tight” state (Eicher, Pos et al. unpub-
lished) in a wide range of crystallization conditions, whereas
the asymmetric LTO conformation was only retrieved at a
more defined crystallization condition. The formation of
crystals containing AcrB in different conformational states
shows the flexibility of this membrane protein to adopt in-
termediate cycling states.

The AcrB structure derived from AcrB/DARPin co-crys-
tals diffracting to 2.5 A (PDB entry: 2J8S) showed very low
RMSD values compared to the 2.9-3.0 A structures derived
from our group (PDB entries: 2GIF, 2HRT), indicating near
identity of the structures [69]. Interestingly, the 2.9 A AcrB
structure (PDB entry: 2GIF) [67] only discloses tunnel 2
in the L and T monomer [67], whereas in the 2.5 A AcrB/
DARPin co-crystal structure [69] both tunnel 1 and 2 are
apparent in the T monomer (as shown in Fig. 12). Moreover,
the only striking difference between the 2J8S and 2GIF
structures is the side chain orientation of Phe563 in the

TM8/TM9 region (Fig. 13). The cavity and tunnel algorithms
CAVER [100] and MOLE [101] were able to find the tunnel
1 entrance in 2J8S, but indicated its absence in 2GIF.

A possible interpretation is that the AcrB/DARPin co-
crystal structure might represent another intermediate state
exemplifying the structural flexibility of AcrB. As has been
shown very recently, flexibility and the formation of inter-
mediate states appear to be very common for the symmetric
AcrB trimer [71, 72, 94]. The extent of the conformational
differences between the published symmetric AcrB forms is
small, whereas the monomers within the asymmetric trimer
show substantial conformational differences.

The suggested path of the substrate does not yet consider
a role for prominent features such as the vestibules [61] and
the central cavity (Fig. 5A,D). Recent structural studies [70-
72, 94, 95] are, however, indicative for an implication of the
central cavity on drug binding and transport. Careful analysis
of this structural data derived from R32 crystals e.g on twin-
ning and more distinct substrate assignment would be helpful
to substantiate the role of the cavity on substrate binding.
Substrate binding studies with isolated detergent soluble
AcrB from E. coli indicated drug binding affinities between
5.5 and 74 uM [102] comparable to drug binding affinities of
MdfA (MF Superfamily) [103] and EmrE (SMR Superfa-
mily) [104]. The results suggested a drug to AcrB monomer
stoichiometry of 1, which is in agreement with the proposed
binding of substrates in the cavity [70], but stands in contrast
to the drug to AcrB trimer stoichiometry of 1 found in the
asymmetric AcrB structure [68].

Transport of Protons and Energy Transduction

Transport of drugs from the cell to the outside by the
AcrA/AcrB/TolC system is coupled to proton transport from
the periplasm to the cytoplasm. Proton binding and release
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Fig. (13). Location of the potential tunnel 1 gating residue Phe563 in the T monomer of the AcrB trimer. Inset: Superimposition of AcrB
trimer structures 2J8S (in blue) and 2GIF (in red). The side chain orientation of Phe563 in the 2GIF structure prevents detection of tunnel 1
and putative transport from the TM8/TM9 groove towards the binding pocket in the T monomer.

takes place in the transmembrane domain, where key resi-
dues involved in proton transport have been identified by
mutagenesis, functional assays and studying the asymmetric
AcrB structure.

Single AcrB mutants where D407, D408, K940, T978 or
R971 were substituted by alanine caused complete loss of
function of the tripartite efflux system [65, 66]. In the
asymmetric structure [67-69], K940 and R971 (and to some
extent also D407) have distinct different side chain confor-
mations when comparing the L. and T monomers with the O
monomer (Fig. 14A,B). The subtle side chain reorientations
observed in the O monomer appear to be leveraged via TM8
to the periplasmic s ubdomains PC2 and PNI1 where large
rigid body conformational changes appear to have taken
place (Fig. 14A,B). The PC2 and PN1 movement leads to
closure of tunnels 1 and 2 (and the substrate binding pocket)
and opening of tunnel 3 towards the funnel (Fig. 14C).
Moreover, the periplasmic loop connecting TM3 and TM4 is
downshifted approx. 3 A towards the membrane during the T
to O monomer transition and appears to relieve constraints
for the PNI domain to adopt its inclined conformation as
described above. The exact chain of events from proton
binding towards coil-to-helix transition of TM8 (Fig. 14B)
and the apparent downshift of the transmembrane domain
during T to O monomer conformational change is not com-
pletely clear from the structure per se [67-69, 94] and needs
further investigation.

From the local environment of the D407, D408, K940
and R971 side chains in the different monomers, the protona-
tion state of these side chains can be assessed. As AcrB is
energized by the proton-motive force, transient protonation
of titratable groups within the transmembrane domain of the
protein can be expected to be the mechanism which delivers
the energy required for the conformational changes described
above. A prominent K940 (TM10) side chain reorientation
away from D408 and towards D407 (both on TM4) in the O
conformation (Fig. 14C, lower panel), and a bulging of TM5

towards TM4 and TMI10 [67] is indicative of protonation and
deprotonation events. As stated above, the conversion of the
T monomer to the O monomer is postulated to be the energy-
dependent step in accordance with the ATP synthase binding
change mechanism. Hence, proton uptake from the perip-
lasm is expected in the T monomer. Further uptake of pro-
tons from the periplasm and subsequent release to the cyto-
plasm in any of the monomers is anticipated but cannot be
elucidated from the structural information up to date. High
resolution data of AcrB in its asymmetric conformation to
locate structural water molecules in the transmembrane do-
main, as well as further biochemical data are necessary to
obtain more certainty about the chain of protonation/depro-
tonation events.

Stoichiometry of Drug/Proton Antiport

To date there are only a few reports on in vitro assays
using reconstitution of the inner membrane RND component
(AcrB/AcrD) into liposomes [79, 80]. Reconstitution of ac-
tivity was dependent on addition of the soluble form of the
MFP component (AcrA) to AcrB or AcrD containing prote-
oliposomes. Despite the succes of retrieving AcrB and AcrD
activity outside the native tripartite setup, readout is still not
suitable for quantification of the drug/proton antiport activ-
ity. Transport has been shown to be dependent on ApH and
assumed to be dependent on Ay as well. Considering the
wide variety of substrates (anionic, cationic neutral) stoichio-
metric prediction become highly complicated and suggests
coupling flexibility of the drug pump system as has been
shown for MdfA [105]. As has been strongly advocated by
Nikaido and colleagues [29, 80, 106] and is supported by the
latest AcrB structures [61, 67-69], substrates might be in
general collected from the outer leaflet of the inner mem-
brane, where they most probably are at a high concentration
compared to the periplasm/cytoplasm. The question on elec-
trogenicity of the system would then become obsolete, since
substrates would not be transported across a membrane.
Hence, the coupling proton(s) transported from the periplasm
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Fig. (14). (A) Side view superimposition of the AcrB L. monomer (grey) and the PN1, PC2 subdomains as well as TM8 of the O monomer
(red). (B) In a close-up view of the boxed region of (A) the N-terminal part of TM8 (residues 859 to 880) and the PC2 subdomain (residues
679-721 and 822-858) are superimposed. The structures in blue, yellow and red represent the conformations of the TM8 and the C-terminal
B-sheets (CB15) of the PC2 subdomains of the L, T and O monomers, respectively. The rest of the PC2 subdomain is depicted in transparent
grey (L and T monomers) or red (O monomer) (C) Side view representation of the AcrB trimer as shown in Fig. (12). The boxed region of
the transmembrane domains comprising the essential residues Asp407, Asp408, Lys940, Arg971 and Thr978 of the L, T and O monomers
are shown in a close-up view. Proton uptake is anticipated in the T monomer (middle box) and is postulated to lead to the side chain reorien-
tation of Asp407, Lys940 and Arg971. These side chain conformational changes might be coupled to the coil-to-helix transition shown in (B)

and the PN1/PC2 subdomain movement as shown in (A).

to the inside of the cell by AcrB would define the overall
mechanism electrogenic.

AcrA/AcrB/TolC Drug Transport Hypothesis

A hypothesis on drug transport by the AcrA/AcrB/TolC
three component system is depicted in Fig. (15). Aside from
the conformational signal transduction from AcrB to TolC
via the AcrA linker [67, 68, 82, 84, 88, 91] (B. Luisi and
colleagues in this issue), there is a line up of drug molecules
from the AcrB funnel continuing into the TolC channel. The
latter postulate results from two observations: 1) Residues
lining the observed AcrB tunnels and the TolC channel are
polar rather than hydrophobic. 2) The TolC channel is re-
cruited by other systems to extrude a wide variety of com-
pounds including polypeptides as in the E. coli type I extru-
sion system HIlyB/HlyD/TolC transporting HlyA (haemo-
lysin). The ABC transporter HlyB is energized by the free
energy of hydrolysis of ATP to drive HlyA transport to the
medium. The export process is dependent on HlyD, a mem-
ber of the MFP family and TolC. It seems plausible that

HlyA extrusion is reliant on a mechanical (maybe peristaltic)
movement through the transport system rather than diffusion.
Despite the lack of covalent bonds between the separate
AcrB substrate molecules, the mode of transport by a me-
chanical, peristaltic movement of a chain of substrates would
account for strict unidirectional movement towards the out-
side of the cell.

The last decade has brought us an enormous leap in un-
derstanding on how the AcrA/AcrB/TolC and homologue
systems transport drugs and other compounds across the in-
ner and outer membrane of the Gram-negative cell. Despite
the wealth of the recent structural and functional data on all
components of the tripartite system, we still lack the basic
understanding on drug/proton coupling and stoichiometry,
energy transduction, drug binding and transport kinetics.
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Fig. (15). Schematic representation of the AcrB alternating site functional rotation transport mechanism. The conformational states loose (L),
tight (T), and open (O) are colored blue, yellow and red, respectively. Only two of the three monomers of the AcrB trimer are shown in side-
view. AcrA and TolC are indicated in light green and grey, respectively. The proposed proton translocation site (D407, D408, and K940) is
indicated in the membrane part of each monomer. In the first state of the cycle (from left to right), a monomer binds a substrate (acridine) in
its transmembrane domain (L. conformation), subsequently transports the substrate from the transmembrane domain to the hydrophobic bind-
ing pocket (conversion to T conformation) and finally releases the substrate in the funnel toward TolC (O conformation). Peristaltic transport
of drugs through the AcrB tunnels (indicated by the red arrow) and through TolC in combination to the line up of drug molecules inside the
AcrB funnel and the TolC channel would account for strict unidirectional movement towards the outside of the cell. The conversion from the
T monomer to the O monomer conformation is suggested to be the major energy-requiring (proton motive force—dependent) step in this func-
tional rotation cycle and requires the binding of a proton to the proton translocation site (D407, D408, and K940) from the periplasm. The
release of a proton from the proton translocation site to the cytoplasm might occur during conversion from the O monomer to the L. monomer
or from the latter to the T monomer. AcrA is expected to participate in the transduction of the conformational changes from AcrB to TolC
(indicated by black arrows), which results in movement of the proximal part of TolC and the facilitation of drug extrusion to the outside of
the cell.
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