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In bacterial drug resistance and virulence pumps, an inner
membrane (IM) transporter and periplasmic adaptor recruit an
outer membrane (OM) trimeric TolC exit duct that projects an a-
helical tunnel across the periplasm. The TolC periplasmic entrance
is closed by densely packed a-helical coiled coils, inner H7/H8, and
outer H3/H4, constrained by a hydrogen bond network. On recruit-
ment, these coiled coils must undergo transition to the open state.
We present 2.9 A resolution crystal structures of two sequential
TolC open states in which the network is incrementally disrupted
and channel conductances defined in lipid bilayers. Superimposi-
tion of TolC®® (370 pS) and TolCY™S (1,000 pS) on the TolCVT closed
state (80 pS) showed that in the initial open-state TolC®S, relaxa-
tion already causes approximately 14° twisting and expansion of
helix H7 at the periplasmic tip, increasing interprotomer distances
from 12.2 A in TolC"™ to 18.9 A. However, in the crystal structure,
the weakened Asp3’* pore constriction was maintained at the
closed state 11.3 A2, In the advanced open-state TolC'™RS, there
was little further expansion at the tip, to interprotomer 21.3 A,
but substantial movement of inner and outer coiled coils dilated
the pore constriction. In particular, upon abolition of the TolCY"?S
intraprotomer Tyr*®*2-Asp'®® link, a redirection of Tyr**? and
“bulge” in H3 allowed a simple movement outward of H8, estab-
lishing a 50.3 A2 opening. Root mean square deviations (rmsds)
over the coiled coils of the three protomers of TolC?® and TolCY™®
illustrate that, whereas independent movement at the periplasmic
tips may feature in the initial stages of opening, full dilation of the
pore constriction is entirely symmetrical.

antibiotic resistance | drug efflux | type | export | X-ray crystal structure

Gram-negative bacteria such as Escherichia coli, Salmonella
enterica, and Pseudomonas aeruginosa have inner and outer
cell membranes separated by the periplasmic space. To expel
diverse antibiotics and other noxious chemicals and to export
large protein toxins (1-3), bacteria use tripartite machineries, or
pumps, that span the entire cell envelope (4). These pumps are
important to survival, especially in infections where they con-
tribute to multidrug resistance and virulence.

In assembled pumps, an inner membrane (IM) transporter,
typically a proton antiporter (drug efflux) or ATPase (protein
export), interacts with a periplasmic adaptor protein. This
complex recruits a TolC exit duct, which is anchored in the outer
membrane (OM) and projects across the periplasm. The struc-
tures of all three drug efflux pump components are known: the
trimeric TolC exit duct (5), the trimeric AcrB transporter (6, 7),
the partial adaptor AcrA (8), and the complete homologous
Pseudomonas adaptor MexA (9, 10). We have established a
model of the assembled tripartite machinery on the basis of ex-
tensive site-specific cross-linking between the flexible, linearly
arranged multidomain adaptor and its two cognate partner
proteins (9, 11). To recruit TolC, the 47 A long a-hairpin domain
of the adaptor packs against intramolecular grooves formed by
entrance helices of each TolC protomer (9, 11). Several domains
of the adaptor bind to the IM transporter AcrB, while the TolC
entrance helices make tip-to-tip contacts with AcrB (12, 13). The
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assembly is stabilized by a single adaptor on each subunit, sealing
the assembled pump against the periplasm (9).

Trimeric TolC is a 12-stranded a/p-barrel (Fig. 14), a unique
structure that presents a single pore through an OM f-barrel and
a contiguous 100 A long a-helical tunnel through the periplasm
(5). In the resting state, the periplasmic entrance of TolC is
closed to substrates as three of the six pairs of 2-stranded coiled
coils, one from each 471-residue protomer, fold inward (the in-
ner coils). In particular, a ring of Asp®”* and Asp®’* residues
form the narrowest pore constriction (Fig. 1B, cross-section 1).
At the tip of the periplasmic entrance (Fig. 1B, cross-section 3),
where TolC interacts with the apex of AcrB, the coiled coils are
relatively unconstricted with the connecting turns of the inner
and outer helix pairs exposed.

To allow drug efflux and protein export, the TolC periplasmic
entrance must be opened. The proposed allosteric opening
mechanism (5) envisages that the inner coiled-coil a-helices (H7/
HS) undergo an iris-like movement to realign with the outer coils
(H3/H4), thereby enlarging the pore in a “twist-to-open” transi-
tion (5, 14). This hypothesis is supported by locking (cross-linking)
the entrance coils in a closed state in vivo, which disables export of
substrates engaged in the assembled pump (15), and by compar-
ative planar lipid bilayer conductance measurements of TolC
variants in which links constraining the coiled coils of the resting
state were severed incrementally (14). The network of constrain-
ing hoydrogen bonds centers on four key residues: Thr'>2, Asp'>?,
Tyr’®?, and Arg®®’ (Fig. 1B, cross-section 2). The intraprotomer
bond Tyr**’-Asp'>® tethers the inner coiled-coil H7/HS8 to the
outer coiled-coil H3/H4, while simultaneously the interprotomer
bonds, Arg**’-Asp'® and Arg®*’-Thr'>?, link helix H8 to H4.
Substitution of R*’S gave a conductance of 205-370 pS (TolCR®),
a 2- to 4-fold increase over the “closed” TolCV" (80 SpS). Simul-
taneous substitution of Y**°F and R**’S (TolCY"®®) caused a
10- to 12-fold conductance increase, from 80 pS (TolCVT) to a
maximum conductance of 800-1,000 pS, suggesting an open state
sufficient to allow exit of diverse substrates.

Understanding the TolC opening mechanism requires precise
views of the structural changes underlying recruitment and

Author contributions: P.H., C.H., and V.K. designed research; X.-Y.P., P.H., M.F.S., E.K., and
R.B. performed research; X.-Y.P., P.H., M.F.S., E.K,, R.B., C.H., and V.K. analyzed data; and
P.H., M.F.S., EK., C.H., and V.K. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.pdb.org [PDB ID codes 2WMZ (TolC*%) and 2XMN (TolCY™*%)].

'X.-Y.P. and P.H. contributed equally to this work.

2Present address: Department of Biochemistry, Cambridge University, 80 Tennis Court
Road, Cambridge CB2 1GA, United Kingdom.

3*To whom correspondence should be addressed. E-mail: ph298@cam.ac.uk.

“Present address: European Bioinformatics Institute, Wellcome Trust Genome Campus,
Hinxton, Cambridge CB10 1SD, United Kingdom.

SPresent address: School of Engineering and Science, Jacobs University Bremen, 28759
Bremen, Germany.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1012588108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1012588108


www.pdb.org
http://www.pnas.org/external-ref?link_type=PDB&access_num=2WMZ
http://www.pnas.org/external-ref?link_type=PDB&access_num=2XMN
mailto:ph298@cam.ac.uk
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012588108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012588108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1012588108

H7 "H3 -
periplasmic
entrance _T

-

2. constraining
bond network

@, °

T ef

O ~g3e5

o

3. periplasmic tip

Fig. 1. Structural overview of the TolC periplasmic entrance. (A) Side view
of the resting closed state of trimeric TolC. (Left) The three protomers col-
ored green, blue, and magenta. H3, H4, H7, and H8 are the periplasmic
a-helices that rearrange during the opening of TolC (5, 14). (Right) A slice
through a space-filling model of the TolC trimer, showing the contiguous
pore from the outer membrane (OM) -barrel to the equatorial domain and
the o-barrel periplasmic entrance. Dashed lines indicate cross-sections
through TolC, at the levels of the following: 1, the Asp3’ ring constriction; 2,
the constraining bond network; and 3, the periplasmic tip. (B) Cross-sections
indicated by dashed lines in A, viewed through the pore toward the equa-
torial domain and OM p-barrel. The gray background outlines the surface
representation. 1, the narrowest constriction of the pore formed by a ring of
Asp>’® residues (5). 2, the constraining bond network of the periplasmic
entrance coils showing the residues central to the key intra- and interpro-
tomer links identified as stabilizing the resting closed state (14). R3%7 forms
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transition of the coiled coils to the open state. Here, we provide
2.9 A structures of two biophysically defined TolC open states,
TolC®S and TolCY RS, which present sequential snapshots of the
transition to advanced opening.

Results

The TolC variants TolC®® (370 pS) and TolCY™®® (1,000 pS)
were crystallized and structures solved at 2.9 A resolution in the
space group P2,2,2,. Their crystallographic data are summarized
in Table S1. In TolC®S the interprotomer bonds Arg**’-Asp'*?
and Arg®®’-Thr'*? are disrupted, whereas in TolCY*®S the
intraprotomer link Tyr’*’-Asp'> is also lost. Both structures
show large rearrangements of the periplasmic entrance coiled
coils. In TolC®S, changes are evident from around Ser*> (on
inner helix H7), %Egroxmately 18 A from the periplasmic tip,
whereas in TolCY'®5, realignment begins on the same helix
around GIn**?, approximately 35 A from the tip. In neither are
there significant changes in the equatorial domain or above in
the a/p-barrel, reflected in their considerably lower B factors
relative to the rest of the two structures (main chain and side
chain 15-17% less than average). The key aspects of the struc-
tural changes underlying opening are analyzed by viewing three
cross-sections of the periplasmic entrance domain (Fig. 1),
namelé?/ the constraining bond network (cross-section 2), the
Asp®™* pore constriction (cross-section 1), and the periplasmic
tip (cross-section 3) after superimposing invariant domains of
each of the open-state structures on those of TolCWT,

Structural Rearrangements in the Constraining Bond Network. The
rearrangements of the entrance helices in the crystal structures
of TolCRS and TolCY'®S are shown in Fig. 2. Abolition of the
interprotomer Arg*®” bonds in TolC®® permits a large outward
realignment of the inner coiled-coil helix H7, without affecting
a more static inner helix HS [illustrated by superimposition of
TolCW" (blue) with TolCRS (red) in Fig. 24]. This is likely to
reflect the intraprotomer H bond between Tyr’** and Asp'>?
remaining intact due to a significant rotameric rearrangement of
the Tyr*®” side chain (Fig. 24, Upper); both in the resting closed
state (TolC"T) and the lower conductance open state (TolCR®)
residue Tyr’®* blocks any movement outward of HS. This is
further evident in the advanced open-state TolCY'RS, in which
abolishing the Tyr**>~Asp'>® intraprotomer bond allows the side
chain of Tyr*** to be redirected outward away from H4 in the
outer coiled coils (Fig. 24, Lower, TolCWT superimposed with
TolCYF®S in green). This redirection is significant in allowing
space for H8 to move outward (Fig. 2B) which, as will be detailed
in the following section, is necessary to dilate the pore. Although
Asp"? and Thr'*? on H4 are no longer bonded to HS, there is
little movement of these residues, apart from a very slight anti-
clockwise twist.

Dilation of the Pore Constriction at the Asp’* Ring. For drugs and
proteins to be expelled by TolC, relaxation of the constraints (Fig.
1, cross-section 2) must translate to dilating the Asp>’* constric-
tion (Fig. 1, cross-section 1). Nonetheless, the TolC®S structure
shows that the substantial changes in the constraining bond net-
work have not translated to an increase in the TolC aperture (Fig.
34, TolC®® pore in red). In fact, in the TolCR® crystal structure,
the pore appears closed like ToalCWT (Fig. 3B, Left), with the same
cross-sectional area of 11.3 A2 (calculated with the program,
HOLE; ref. 16). The closed state is sustained despite a slight,

interprotomer bonds with both T'>2 and D'*3, whereas Y32 forms an
intraprotomer bond with D'>3. 3, the periplasmic tip of the entrance coils at
the level of Gly*®°, which lies on the connecting loop of the inner coiled coil
(H7 to H8).
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Fig. 2. Relaxation of the constraining network in the open-state crystal
structures. Superimpositions of TolCVT (blue) with TolC®® (red) and TolCY™R®
(green) based on invariant sections, showing structural rearrangements
around the mutated residues R®’S and Y3®2F, which in the wild type, form
constraining hydrogen bonds (to D'** and T'*?) at the periplasmic entrance
(Fig. 1, cross-section 2). To allow a clearer view of the side chain movements,
TolC is tilted. (A, Upper) Superimposition of TolCVT (blue) with TolC?S (red).
(Lower) Superimposition of TolC"" (blue) with TolCY™* (green). Two pro-
tomers from each open state are shown, with the inner (H3/H4) and outer
(H7/H8) coiled-coil a-helices indicated on one protomer. The residues that
form constraining bonds are labeled in the second protomer. The third
protomer is shown in gray. (B) Cumulative rearrangements of the con-
straining bond network, shown as side chains and helices in a single pro-
tomer of TolC"T, TolC?®, and TolCYFRe,

approximately 0.5 A movement outward of H8 (indicated in Fig.
3C by the italicized C, distances of Asp>’*) and is due to a rear-
rangement of the Asp®’* side chains, which keeps the interpro-
tomer distances between side chain Og, atoms the same as in
TolC™T (Fig. 3C, TolC™T 6.1-6.2 A, TolCRS 6.0-6.2 A). Within
H-bonding distance of Asp*’* on one of the TolC?® protomers is
density for a water molecule or metal ion (such as Na™) that may
help to mediate this Asp>’* side chain rearrangement and thus
maintain the constriction. That the TolC®® constriction in the
crystal structure is effectively identical to TolCW7, despite its in-
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Fig. 3. Dilation of the pore at the Asp”* ring constriction. (A) Superimpo-
sition of TolCT (blue), TolC® (red), and TolC"®® (green) viewed as a slab at
the level of the narrowest constriction, formed by the Asp3’* ring. The gray
background outlines the surface representation (of TolC™*%). (B) Pore di-
lation in the open-state crystal structures and planar lipid bilayers. (Left)
Surface area of the open-state pores at the narrowest constriction, as shown
in A. (Right) The maximum conductance for each open state (14). (C) Dis-
tances between Asp®’* residues of the three TolC protomers in the three
states, measured in angstroms between the side chain O, atoms. The dis-
tances between the C, atoms is given in italics below in each case.

creased conductance from 80 pS to 370 pS (Fig. 3B, Right),
indicates that the Asp>”* constriction is weakened and can dilate
at high ionic strength when high cation flux is applied through the
channel in lipid bilayers. In the absence of such forces, the con-
striction is maintained.

As the opening advances, illustrated by Tol , the situa-
tion is markedly different. The additional disruption of the other
key link, intraprotomer Tyr**>-Asp'>®, allows the realignment of
the innermost helix H8 and significantly increases the size of the
pore at the Asp>’* constriction (Fig. 34), expanding the 11.3 A2
surface area of the resting closed state (TolC™T) to 50.3 A% in
TolCY"®S (Fig. 3B, Left). This is reflected in the interprotomer
distances of Asp>’*, which increase from 6.1-6.2 A in TolCV" to
9.6-9.9 A in TolCY"™®S, The dilation of the pore constriction is
also reflected in the 12-fold increase in conductance of TolCYFRS
over TolCV? Fig. 3B, Right). Nevertheless, the electrophysi-
ology of TolCYF®® in lipid bilayers indicated that the lifetime of
the 1,000 pS open state was short, with frequent switches into
lower conductance substates. The stable state presented by the
crystal structure of TolCYFRS would therefore not necessarily
determine the maximum 1,000 pS shown in Fig. 3B, but possibly
an intermediate or average conductance state. Notwithstand-
ing, the TolCY™®S structure illustrates clearly the coupled ac-
tion of inner and outer entrance helices in an advanced stage
of opening.

CYFRS

Twist and Expansion of the a-Helices at the Periplasmic Entrance Tip.
The exposed periplasmic tips of the TolC entrance (Fig. 1, cross-
section 3) interact with the apex of AcrB (9). On disruption of
the bond network, in both TolC®S and TolCYFRS, the tips un-
dergo immediate large changes (Fig. 44), highlighted by the
movement of Gly*® at the very tip of the exposed loop con-
necting the inner coiled-coil helices H7 and HS on each of the
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Fig. 4. Helical movements and expansion at the periplasmic tip. (A) TolC
viewed from the periplasmic entrance toward the equatorial domain and
OM p-barrel. Gly*®° (yellow), situated on the loop connecting inner-helices
H7 and H8 at the exposed periplasmic tips of TolC. Distances between Gly3®®
on the protomers are shown. (Left) Superimposition of TolC"T (blue) and
TolCRS (red). (Right) Superimposition of TolCVT (blue) and TolCYFRS (green).
(B) Distances between Gly**® residues of the three protomers for TolC"WT
(blue), TolC®® (red), and TolC"™®® (green) are indicated by dashed lines and
measured in angstroms between the oxygen atoms, with the measurement
between the carboxyl carbon atoms beneath in italics. The degree of
twisting of Gly>®5, relative to TolCVT, is shown by the arrow in the center of
the triangles for TolC?® and TolC"™®. (C) Summary of the expansion and
twist at the periplasmic tip from TolC"" to both TolC*® and TolCYF®S, shown
as an overlay of the movements of Gly*®° in B.

TO|CYFRS

three protomers. The movement is both an expansion and
a twist.

In TolC®S, realignment of GlcyS(’5 increases the distance be-
tween protomer helices to 18.9 A, from 12.2 A in TolC™" (Fig.
4B). This distance in TolCRS differs by 0.6 A between the three
protomers, suggesting the protomer tips have room for in-
dividual movement. In TOOICYFRS, realignment of Gly*®® gen-
erates a distance of 21.3 A between protomers, with a variation
of on%?r 0.2 A (Fig. 4B). Although these movements of Gly**® in
TolCY'RS are large compared with the resting closed state of
TolCV7, they represent a small advance on TolCRS (Fig. 40),
only an additional 1.2-1.5 A. The much higher conductance of
TolCY™S compared with TolCR® is not determined by this small
movement, but by the dilation of the pore constriction described
in the previous section and Fig. 3. Although in TolCY"®S both
H7 and HS helices realign, the almost identical repositioning of
Gly*% in TolCRS is caused solely by conformational change of
H7, with H8 remaining static. This difference between the two
inner helices is permitted without any “stretching” of the loop
between them as H7 twists around HS, keeping the connecting
loop in the same conformation as in TolC™ ™. Thus, alongside the
movement outward of Gly365 in both TolCRS and TolCYFRS,
there are concomitant twists about the pore axis of 14° and 16°,
respectively (Fig. 4B). The conformational changes at the tips of
the inner helices (H7/HS8) are not mirrored in the outer helices
(H3/H4), which have not moved significantly from the TolC™"
position in either TolCRS or TolCY™RS, A small 1.3 A movement
inward of H3 in TolC® is unlikely to be physiologically relevant
but may allow the outer helices the flexibility to adapt, if needed,
upon AcrB interaction. Even though H3 and H4 do not move at
the tip, in TolCY™S there is a considerable “bulging” outward
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further along the helices caused by the movement of H8 at the
Asp®™* constriction. This flexibility in_the outer coiled coils, in
conjunction with the movement of Tyr*®* (Fig. 2B), is essential in
allowing space for the realignment of inner helix H8 and thus
dilation of the pore aperture.

Discussion

On the basis of stepwise disruption of the entrance-constraining
links and characterization of resulting TolC variants in planar lipid
bilayers, we proposed an iris-like rearrangement of entrance he-
lices to open the pore constriction (5, 14, 15). We reasoned that
a similar realignment would be induced and stabilized in the tri-
partite pump, by interaction with the IM transporter at the TolC
periplasmic tip and by extensive repacking of the TolC entrance
helices against the periplasmic adaptor a-hairpin (2, 9, 11).

By elucidating the crystal structures of two different electro-
physiologically-defined open states we present sequential snap-
shots of TolC dilation, as cumulative relaxation of the con-
straining network allows expansion at both the periplasmic tip
and the Asp*”* pore constriction. In the moderate conductance
state of TolCR®S (370 pS compared with the 80 pS of TolCW™),
disruption of the interprotomer Arg®®’ bonds to Asp'®® and
Thr'>? causes inner helix H7 at the periplasmic tip to undergo
a significant twist and expansion around H8. The magnitude of
twist and expansion is similar in the advanced open-state Tol-
CYFRS £800—1,000 pS), with interprotomer distances of 18.9 A
(TolC®®) and 21.3 A (TolCYFRS). Apparently, therefore, dis-
ruption of the interprotomer links is the key to movements at the
periplasmic tip. Nonetheless, inner helix HS is static in TolC®S,
its movement blocked by rotation of the Tyr*** side chain, which
retains its intraprotomer interaction with Asp'>®. In TolCY™RS,
abolition of this Tyr**>~Asp'® bond allows a redirection outward
of Tyr’®?, subsequently providing space for the movement of HS.
The twist in H7 is not propagated to the Asp®’* pore constric-
tion, as HS dilates from the closed/resting state (TolC™") to the
early (TolC®) and advanced (TolCY"®®) opening states. Thus,
whereas the opening features an initial twist of H7 at the peri-
plasmic tip, at the narrowest constriction (cross-section 1, Fig. 1)
there is a simple movement outward, or dilation, of HS.

Notwithstanding the significant conformational changes at the
periplasmic tip, the TolC®S pore constriction is surprisingly still
limited at 11.3 A2, equal to TolCV" (Fig. 34), restrained at the
level of Asp®™ by the Tyr**? side chain and possibly by the sol-
vent molecule apparent in the Asp*’* ring, similar to the artifi-
cially liganded “blocking” cobalt hexamine (17). Opening the
pore constriction of TolCY RS to 50.3 A? requires not only the
redirection of the Tyr’** side chain but also a bulge in outer helix
H3 that does not occur in the initial open-state TolC®S. These
movements of H3, H7, and H8 in TolCYFRS that allow advanced
opening of the pore constriction occur at the likely binding site of
the adaptor AcrA. Indeed, docking AcrA onto TolCY*® shows
improvement of the already substantial interaction of the 47 A
long AcrA a-hairpin with the TolCW" intraprotomer groove,
which we have modeled on the basis of extensive in vivo site-
specific crosslinking (11). This is illustrated in Fig. 54, as the
AcrA o-hairpin moves from its predocked (gray) to docked
(orange) position its interaction is closer with TolCY™R® (green)
than with TolC™T (blue), as the H3 and H7 helices move out-
ward. The hinge-like movement between the AcrA lipoyl and
a-hairpin domains facilitates this interaction in which the pre-
viously established (9, 11) register and structural features of TolC-
AcrA docking are retained, i.e., the AcrA o-hairpin forms a pseu-
dodimeric interaction with TolC H3/H4 and a pseudo threefold
arrangement at the center of the interaction with the intra-
protomer groove formed by outer helices H3/H4 and inner helices
H7/HS (as in refs. 9, 11). Nevertheless, the docking reveals addi-
tional space for HS to dilate further, with a gap between the N-
terminal helix of AcrA and H8 of TolCY™® at the level of the
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Fig. 5. Symmetry in the TolC advanced open state: enhanced docking to the
periplasmic adaptor. (A, Left) TolCY™*S (green) docked to the periplasmic
adaptor AcrA (orange), using established methods (Materials and Methods).
TolCWT (blue) indicates the movement of TolC"™R® inner (H7/H8) and outer
(H3/H4) coils. The crystal structure of AcrA, predocking, is shown in gray and
indicates its conformational change relative to the lipoyl domain that is held
constant in docking. An “open” model of AcrB (DC domain, red; DN domain,
blue) is shown docked to TolCYFRS (Materials and Methods), with the C, atoms
of Asp®*® and Asp’®® in orange and yellow, respectively. (Right) A cross-
section through the surface at the level of the Asp3’# constriction of TolCY™R®
(green mesh) with AcrA docked (orange mesh). (B, Left) structural rear-
rangements of H3/H4 (outer coils) and H7/H8 (inner coils) viewed in a single
protomer (residues 107-186 and 326-405, of the outer and inner coils, re-
spectively) of TolC"T (blue), TolC® (red), and TolCY™® (green) superimposed.
(Right) Rmsds of the coiled coils (over the residues shown Left, on H3, H4, H7,
and H8) of TolC" to the respective protomers (chains A, B, and C) of the two
open states, TolC®® and TolCY™*®. To determine the rmsds over the coiled coils
in TolCWT, protomers B and C were calculated to protomer A.

Asp®™* constriction (Fig. 54, Right). This would allow passage
through the pore of pump substrates such as unfolded toxin
polypeptide chains and the acridine ring systems of antibiotics,
which are approximately 10 A and 8 A wide, respectively.
Previously, a 3.2 A resolution structure of a biophysically un-
characterized TolC form (TolCY*RE) showed modest opening of
the constriction (18). The principal conclusion from this partially
open structure was that the entrance aperture opens in an asym-
metric manner (18), the attraction being that TolC opening would
be driven by an asymmetric peristaltic mechanism of the trans-
porter AcrB (19, 20). This conclusion was based on TolCY*RE
crystal structures solved either at nonphysiological pH 10.5 (in
bilayers varying pH has substantial effects on TolC channel be-
havior; ref. 21) or in a space group (C2) in which the entrances of
two TolC trimers are sterically hindered in the crystal, apparently
imposing asymmetry and inhibitingRthe key movements of the
coiled coils that we observe in TolCRS and TolCY™®5, For exam-
ple, the imgortant bulge of outer coil H3 in the advanced open-
state TolC**™® was not apparent in TolCY*RE, in which it was
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suggested that inner helices H7 and H8 swing around “stator”-like
outer helices H3 and H4 (18). The movement of H3 in the sym-
metric TolCY"®S precludes the widening of the AcrA-binding
intraprotomer groove suggested by the purported asymmetric
opening 18g. Significantly, these key transitions of the coiled coils
in TolCYF®> determine an improved interaction of AcrA with
TolCYF®S illustrated by an enhancement of the theoretical
binding energy (as estimated by the docking program Hex, ref. 22),
which is approximately 25% greater than that obtained for AcrA
docking to the partially open TolCY*RE, For the asymmetry pro-
posed in the AcrB peristaltic mechanism to perpetuate to TolC
during pump function, the adaptor would have to transmit con-
formational changes in individual AcrB protomers to individual
TolC protomers, which in turn would depend on the adaptor
contacting the AcrB subdomains (localized around PC2) that
undergo these conformational changes (19, 20). This is in-
compatible with our data-based modeling, which shows that the
adaptor binds well away from this AcrB region, on the relatively
conformationally stable surfaces of the PN2, PC1, DN, and DC
AcrB subdomains (9). AcrB itself contacts the TolC entrance as
a trimer, with the DN and DC subdomains engaging the three
TolC protomers simultaneously. However, as AcrB conforma-
tional changes do not involve DN and DC (19, 20), even if TolC
entrance tips can move individually, symmetry would likely be
imposed on them during AcrB engagement.

The 2.9 A crystal structures of TolCRS and TolCYFRS sequential
open states, defined by electrophysiology and crystallography at
physiological pH, also argue against the notion of an asymmetri-
cally open pore constriction. Fig. 5B, Left summarizes the move-
ments of the entrance helices in a single protomer of TolCV",
TolCRS, and TolCY™®S, Fig. 5B, Right shows the root mean square
deviation (rmsd) differences between these helices in the three
protomers of the three crystal structures. These reveal Shy%lt
asymmetry in the TolCRS early open state [similar to TolCYRE
crystallized in the same space group and cell dimensions (P2,2,24;
a =128.28,b = 136.18, ¢ = 136.13)]. Importantly, in TolCR>, this
affects only the tips of the entrance coils, not the pore constriction.
In the advanced open state of TolCY'RS, there are no significant
differences between the three protomers, i.e., there is no asym-
metry in the tips or pore constriction. Whereas independent pro-
tomer movement at the periplasmic tips might therefore be
a feature of the initial stages of opening, full dilation of the pore
constriction is entirely symmetrical.

Notwithstanding the above, we have nevertheless sought to
determine whether there is evidence for asymmetric states of
TolC. First, we set out to capture in vivo any stable or transient
dimeric intermediates that would be characteristic of an asym-
metric opening (Fig. S1). The experiment, which allowed inter-
protomer disulfide bridges to form in TolC cysteine mutants,
captured 100% trimers and monomers, but no asymmetric dimer
intermediates. We also looked at the distribution of conductances
of TolCY¥®S and TolCYFRE channels at physiological pH in lipid
bilayers (Fig. S2). These were identical with no evidence of stable,
major substates, suggesting that the asymmetrical, smaller pore
constriction of TolC**RE, visualized at pH 10.5, is not physiolog-
ically relevant. Finally, as we could not find evidence for asym-
metric open states, we forced the TolC pore constriction into an
asymmetric state by chemical cross-linking in vivo. This showed
(Fig. S3) that an asymmetric TolC entrance does not allow passage
of export substrate engaged at the assembled pump. These
experiments further support an opening mechanism in which the
three TolC protomers dilate to fully open the single central pore in
a threefold symmetrical arrangement.

As we have shown in our data-based model (9), pump assembly
results in a close AcrB-TolC tip-to-tip fit (Fig. 54), where the
exposed, unconstrained loops of the TolC H3/H4 and H7/HS8
coiled coils nestle between the two p-hairpins of the AcrB N- and
C-terminal docking domains (DN and DC, respectively). In par-
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ticular, residue Asp>°® (on DN) aligns in the TolCYFRS interpro-
tomer gap, the register established (9) in our model of the pump
assembly [which is incompatible with the prediction (12, 18) that
residue DC-Asp’® aligns in the TolC interprotomer gap]. It is
possible therefore that Asp*® would interrupt the TolC inter-
protomer Arg’®’-Asp'> link, initiating expansion of the peri-
plasmic tip. In addition, Asp””> (or possibly GIn”*’ on the same
loop) is well placed to make contact with Tyr*®? as it redirects
outward in the advanced open-state TolCY"®5, potentially stabi-
lizing this movement. The ability of the coiled coils in TolCRS to
change so significantly at their tips without opening the constric-
tion strengthens the view that assembly of the tripartite machinery
can begin without opening the TolC exit duct, and that more than
tip-to-tip interaction with AcrB is required to fully open TolC. It
follows that TolC interaction with the AcrA adaptor is required to
induce and/or stabilize transition to a fully open channel.

Materials and Methods

Protein Purification and Crystallization. TolC®® and TolC"™* (14) were over-
expressed in TolC™ Escherichia coli (4) and purified, essentially as previously
the wild-type TolC (21). Briefly, membranes were solubilized in 5% Triton X-
100 from which proteins were purified by Q-sepharose ion-exchange chro-
matography. TolC fractions were precipitated by isopropanol, the non-
essential 43 C-terminal residues removed with V8 protease (5), and the
proteins precipitated with a 30-40% PEG 2000 MME/PEG 400 mixture and
pelleted at 120,000 g. The TolC®® pellet was resuspended in buffer A [0.15%
dodecyl maltoside (DDM), 20 mM Tris pH 8.0, 100 mM NaCl] and TolC™® in
buffer B (0.15% DDM, 20 mM Tris pH 7.5). Crystallization was by vapor
diffusion, where 0.5 pL TolC®S protein (15 mg/mL buffer A + 0.6% octyl-
glucoside) was mixed with 0.5 L reservoir (50 mM Tris pH 8.0, 50 mM Nacl,
13.5-14% PEG 2000 MME) and 1uL TolCY™®® protein (20 mg/mL in buffer B)
was mixed with 1 uL reservoir (0.1 M Hepes pH 7.0, 15 mM KCl, 10 mM
MgCly, 27.5% PEG 400, 0.1% DDM). Crystals grew to maximum size in 5 d at
23 °C before visibly deteriorating.

Data Collection, Processing, Structure Determination, and Analysis. Crystals
were transferred incrementally into a final cryoprotectant containing 7% PEG
2000 MME, 10% PEG 200, and 15% PEG 400 (TolC*) or 30% PEG 400 (Tol-
CYFRS) and flash frozen in liquid nitrogen. X-ray diffraction data for TolC®®
were collected at 100 K at beamline 102 of the Diamond Light Source (Did-
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cot) using an ADSC Q315 CCD detector. TolC"™ data were collected in-
house on a Rigaku rotating anode (Cu radiation) with an R-AXIS IV detector
system. Diffraction data for both crystals were processed in MOSFLM and
scaled using SCALA in the CCP4 suite (23). Phases were determined using
molecular replacement in PHASER (TolC®®) or AMORE (TolCYF®%), with TolCWT
(PDB 1EK9) as the search model. Refinement of the TolCY™® structure was
initially performed in REFMACS5 followed, like the TolCR® structure, by sim-
ulated annealing in CNS 1.2 (24) and finally B-factor refinement in PHENIX
1.3 (25). Loose noncrystallographic symmetry restraints, between TolC
monomers, were used over invariant (between the open-state and wild-
type) parts of the structure. For both open-state structures, each round of
refinement was followed by rounds of manual rebuilding in COOT (26).
Geometries of the final refined models were analyzed with Rampage (27). A
summary of the data collection and refinement statistics for both crystals is
given in Table S1. As for TolC"'T, both models encompass residues 1-428. In
regions of poor density, side chains have been left with high B-factors.
Waters and PEG fragments were added where there was clear Fo-Fc and 2Fo-
Fc density (above 3¢ and 16, respectively) and where the geometry was
appropriate. TolC structures were aligned over the invariant sections (resi-
dues 20-100 and 225-320, i.e., the OM g-barrel and the a-helical coiled coil
above the equatorial domain) using superpose in the CCP4 suite. Pore size
area was calculated using the program HOLE (16). LSQMAN (28) was used to
determine rmsd values. Figures were prepared using PyMol (29).

Docking Adaptor AcrA to the Advanced Open-State TolC"™®, The AcrA a-helical
hairpin was docked to the previously defined binding site on TolCY™®® coiled
coils, using established docking methods (11). The spherical polar Fourier-
based surface and electrostatic complementarity search methods of Hex 5.1
(22) was used to locate a binding position on the TolCYF*® open-state
structure that was closest (final backbone rmsd 4.5 A) to that in the previous
data-driven modeling of the pump (9). The starting AcrA model hairpin had
a conformation relative to the contiguous lipoyl domain that was defined by
previous cross-linking guided docking. For docking AcrB to TolCY™*® we have
used an “open” AcrB model in which the p-strands of the DC domain have
been made structurally similar to the DN domain (9). This has been used to
visualize possible TolC interacting residues in the register established by
that work.
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