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AcrB is a major multidrug exporter in Escherichia coli. It cooperates with a membrane fusion protein, AcrA, and an outer membrane
channel, TolC. We have determined the crystal structure of AcrB at 3.5 A resolution. Three AcrB protomers are organized as a
homotrimer in the shape of a jellyfish. Each protomer is composed of a transmembrane region 50 A thick and a 70 A protruding
headpiece. The top of the headpiece opens like a funnel, where TolC might directly dock into AcrB. A pore formed by three «-helices
connects the funnel with a central cavity located at the bottom of the headpiece. The cavity has three vestibules at the side of the
headpiece which lead into the periplasm. In the transmembrane region, each protomer has twelve transmembrane «-helices. The
structure implies that substrates translocated from the cell interior through the transmembrane region and from the periplasm
through the vestibules are collected in the central cavity and then actively transported through the pore into the TolC tunnel.

The emergence of bacterial multidrug resistance is an increasing
problem in the treatment of infectious diseases. Multidrug resist-
ance often results from the overexpression of a multidrug efflux
system'?. Genome sequence analysis of microorganisms has
revealed the presence of several putative drug efflux transporter
genes’. Among them, the AcrAB-TolC system is constitutively
expressed in E. coli and is largely responsible for the intrinsic
resistance of E. coli against dyes, detergents and most lipophilic
antibiotics*. The AcrAB-TolC system is composed of a resistance-
nodulation-cell division (RND)’ transporter, AcrB, a membrane
fusion protein (MFP)®, AcrA, and a multifunctional outer mem-
brane channel, TolC; it transports a wide variety of noxious
compounds from the cell directly into the medium, bypassing the
periplasm®®. The substrate specificity of the AcrAB system is

unusually broad. It extrudes cationic, neutral and anionic sub-
stances'’.

In addition, the AcrAB system pumps out some (-lactams with
multiple charged groups, which were experimentally shown not to
traverse the cytoplasmic membrane. These substrates are thus likely
to be captured from the periplasm'’. The natural function of AcrAB
is presumed to be the pumping out of bile salts and their derivatives
to survive in the presence of the high concentrations of these
detergents in the natural habitat of E. coli. AcrAB catalyses efflux
driven by proton motive force; this has been experimentally proved
in intact cells using uncouplers and ionophores', and also in
reconstituted proteoliposomes using artificial proton motive force’.

AcrB is the active part of the AcrAB-TolC drug export complex. It
is composed of 1,049 amino-acid residues that form twelve putative

Figure 1 Stereo view of the experimental electron density map (2.0o contoured, purple) of
the AcrB protomer at 3.5 A resolution. The Cex trace (yellow lines) is superimposed on the
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electron density map. This figure was prepared with program O (ref. 41). Thirty-eight
selenium atoms are depicted as red balls.
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transmembrane o-helices and two large hydrophilic loops on the
periplasmic surface'’. AcrA is an elongated molecule that is pre-
sumed to link or fuse the inner and outer membranes'>'"*. When
engaged with its export substrate, AcrAB recruits TolC to form a
transient complex that actively transports the substrates across both
membranes. As shown in the crystal structure of TolC'?, it comprises
a trimer with a characteristic ‘channel-tunnel’ structure composed
of a porin-like outer-membrane channel 40 Along connected with a
cylinder'® 100 A long protruding into the periplasm.

Homologues of AcrB are widely distributed not only in Gram-
negative bacteria but also in Gram-positive ones>'® and confer
intrinsic drug tolerance to microorganisms. Also, mammalian
cells have an RND-type transporter that plays an important phys-
iological role. This protein, the Niemann—Pick C1, is responsible for
the autosomal recessive disorder characterized by cholesterol
accumulation in lysosomes. It has been identified as an RND
permease that transports fatty acids from the endosome/lysosome
system'”

Recently, the crystal structures of ion-translocating membrane
proteins such as K*-channels'® and Ca®*-ATPases'® were deter-
mined. The crystal structures of the lipid flippase MsbA*® and the
vitamin-B12-transporting ABC transporter”' BtuCD of E. coli have
also been reported. However, attempts to obtain high-resolution
structures of the largest group of transport proteins, the proton-
coupled secondary transporters, have been thus far unsuccessful.
Electron microscopic analyses of several secondary transporters
were recently reported®**; however, the resolution was too low to
assign helix-packing or to understand the mechanistic aspects of
secondary transport.

Here, we determined the X-ray crystal structure of a secondary
transporter AcrB, which exports a wide variety of organic com-
pounds from the cell interior and also from the periplasm into the
medium in combination with MFP and TolC. The structure of AcrB
will greatly improve our understanding of the fundamental mech-
anism underlying active solute transport in general and multidrug
transport in particular.

Structure determination

Initial phases at 4.3 A were determined by the multiple isomorphous
replacement (MIR) method using mercury, platinum and osmium
derivatives. Out of 42 methionine residues, 38 sites were identified
in the selenium anomalous difference Fourier map. MIR phases
calculated by including selenomethionine-replaced crystal were
extended to a 3.5 A resolution by solvent flattening®. The backbone
of the protein was successfully traced in the map as shown in Fig. 1
(see also Supplementary Fig. 1), and its amino-acid sequence was
consistent with 38 selenomethionine sites and bulky electron-
density contours of aromatic residues. A total of 1,006 amino
acids out of 1,049 residues were located in the 3.5 A map. Structure
refinement by the program CNS reduced an R and R g to 0.290 and
0.355, respectively. The main-chain dihedral angles for 70.6% of the
non-glycine residues were in the most favoured region and only
0.5% of the non-glycine residues were in the disallowed regions of
the Ramachandran plots®. The structural analysis is summarized in
Table 1.

Overall architecture

AcrB comprises a trimer of 1,049-residue protomers (Fig. 2). The
appearance of the trimer is that of a jellyfish with a three-fold
symmetry axis perpendicular to the membrane plane. It comprises
an extra-membrane (perlplasmlc) headplece and a transmembrane
region approximately 70 A and 50 A thick, respectively (Fig. 2a;
see also Supplementary Information movie 1). The boundary of the
membrane-embedded region (depicted as dotted lines in Fig. 2a)
was estimated by the hydrophobic surface of the protein and the
distribution of the aromatic amino acids. The maximum diameters
of the headpiece and transmembrane reglon are approximately
100A and 80A, respectively. The headpiece is divided into two
stacked parts. The upper and lower parts are 30 A and 40 A thick,
respectively. The side view of the upper part has a trapezoidal
appearance and is about 70 A wide at the bottom and about 40 A
wide at the top. The crystal structure of TolC" indicates that it
protrudes 100 A into the periplasm. The sum of the periplasmic

Table 1 Data collection and crystallographic analysis

Derivatives
Native
Hg Pt Os Se

Space group | R32
Wavelength (A) 0.9000 0.9000 0.9000 0.9000 0.9795
Resolution (&) 3.5 (3.63-3.5) 4.3 (4.45-4.9) 4.3 (4.45-4.9) 4.4 (4.56-4.4) 5.0 (6.1-5.0)
Observed reflections* 198,425 (13, 165) 102,662 (9,465) 87,755 (7,482) 96,176 (9,107) 131,081 (3,590)
Independent reflections 26,406 (2,584) 14,401 (1,406) 13,908 (1,393) 13,510 (1,338) 8,109 (720)
Ia(l) 11.5(2.6) 6.6 (5.4) 10 (6.5) 8.2 (5.0) 12.7 (6.9)
Averaged redundancyt 7.5(5.1) 7.1(6.7) 6.3(5.3) 7.16.8 16.2 (6.0)
Completeness 98.8 (98.6) 99.7 (100) 94.9 (95.8) 99.3 (100) 87.9(78.7)
Rmerget 9.0 (36.5) 12 (30) 10.8 (24.6) 11.1(39.2) 14.2 (33.2)
RisoS 14.5 17.2 28.9 16.9
Reunisll 0.81 0.86 0.83 0.96
Phasing power{ 0.53 0.43 0.54 0.28
Overall figure of merit# 0.32
Refinement .

Resolution range (A) 8.0-3.5

R factor (%) 29.0

Rfree (%) o 35.5

Bond length (A) 0.0032

Bond angles (degrees) 0.867

Average B-factor for main-chain atoms (A2) 95

Average B-factor for side-chain atoms (AZ) 17

Al diffraction data used in this structural analysis were collected on BL44XU at SPring-8. All data were collected at 100 K.

*The numbers in parentheses are for the highest-resolution shells.
TRedundancy is the number of observed reflections for each independent reflection.

FRmerges Yp 2 illh,i) = O/ >, Soil(h, i), where I(h,i) is the intensity value of the ith measurement of h, and (/(h)) is the corresponding mean value of /(h) for all i measurements; the summation is over

the reflections with //a(/) larger than 0.0.

§Riso, > IFpr — Fpl/> Fpn, Where Fpy and Fp are the derivative and the native structure factor amplitudes, respectively.

I Reutiis; - I1FpH — Frl

— Fy(cale)l /Y _IFpH — Fpl, where Fiy(calc) is the calculated heavy-atom structure factor. The summation is over the centric reflections only.

Y Phasing power is root-mean-square (r.m.s.) isomorphous difference divided by r.m.s. residual lack of closure.
#Figure of merit, (|> " P(a)e’* /> P(a)l), where « is the phase and P(«) is the phase probability distribution.
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length of AcrB and TolC is about 170 A, which is enough to cross the
periplasmic space. Given that the diameter of the top of the head-
piece is almost equal to that of the TolC bottom", AcrB and TolC
might be directly docked with each other. Thus, the domains of
protomers forming the upper part are tentatively named TolC
docking domains.

Viewed from the top, the upper part is open like a funnel (Fig. 2b;
see also Supplementary Information movie 2). The internal dia-
meter of the funnel opening is about 30 A, which is consistent with
that of the TolC conduit'. Three o-helices form a pore at the centre
of the headpiece (Fig. 2b). Each protomer contributes one pore
helix. The pore exists in the lower part of the headpiece and connects
with the bottom of the funnel. The pore seems to be closed in the
crystal structure, probably because it does not contain a bound
substrate. The long hairpin structure (~35A) protrudes from the
TolC docking domain of every protomer and inserts into that of the
next protomer. This interlocking arrangement presumably provides
a very strong interaction holding the headpiece together.

In contrast to the headpiece, the transmembrane domains of the

Inner
membrane

articles

protomers seem to be loosely packed. Three transmembrane
domains of the protomers are arranged in a ring-like manner
with a central hole (Fig. 2¢). This hole crosses the membrane and
extends to the bottom of the headpiece. The diameter of this hole is
about 30 A. It may be hard to keep phospholipids out of such a large
transmembrane hole surrounded by the loosely interacting proto-
mers. Thus, the transmembrane part of this hole might be filled with
phospholipids.

Transmembrane domain structure

The transmembrane domain of each protomer contains twelve
transmembrane o-helices (Fig. 2¢). The number of the transmem-
brane segments is consistent with the hydropathy plot-based pre-
diction and topology studies by site-directed chemical modification
of cysteine mutants'’. A pseudo-two-fold symmetry axis exists in
each transmembrane domain, that is, the six N-terminal helices are
symmetrically arranged with the six C-terminal helices. The root
mean square (r.m.s.) difference value of the superimposition of Co
traces of the amino and carboxy-terminal halves of the transmem-

TolC docking
domains
(~30 A)

Figure 2 Structure of AcrB. a, Side view of a ribbon representation. Three protomers are
individually coloured (blue, green and red). The N-terminal and C-terminal halves of the
protomers are depicted as dark and pale colours, respectively. The extra-membrane
(periplasmic) headpiece (TolC docking domains and pore domains) is at the top, and the
transmembrane region is at the bottom. b, Top view of a ribbon representation. The
protomers are individually coloured as in a. ¢, Structure within a slab (~23 7\) of the
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transmembrane domain parallel to the membrane plane near the periplasmic surface. The
protomers are individually coloured as in a and b. Three-fold and pseudo-two-fold rotation
axes are indicated. The label numbers indicate the transmembrane helix numbers (TMx in
Fig. 3a). This figure, Fig. 3b and c, Fig. 4 and Fig. 5 were generated by MOLSCRIPT** and
Raster3D*.
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Figure 3 The structure of a single protomer. a, Topology diagram of the protomer.
Secondary structure elements are indicated: TM, transmembrane helices; N and Ng,
helices and strands, respectively, in the N-terminal half of the headpiece; Co and C@,
helices and strands, respectively, in the C-terminal half of the headpiece; lox, a helix
attached to the cytoplasmic surface of the membrane. N- and C-terminal halves are
depicted in dark and pale blue, respectively. Dotted lines depict disordered polypeptide
segments, positions 1-6, 499-512, 711, 860-868 and 1,037—1,049. The pore domain
(lower part of the headpiece) is divided into four subdomains, PN1, PN2, PC1 and PC2.
The TolC-docking domain (upper part of the headpiece) is divided into two subdomains,
DN and DC. The hairpin structure inserted into the TolC-docking domain from the next
protomer is depicted in green. b, A stereo view of ribbon representation of a protomer

brane domain is ~2.4A. The membrane domain contains an
additional extra-membrane a-helix (Iat) located between TM6
and TM?7 attached to the cytoplasmic membrane surface (Fig. 3a
and b).

The inter-protomer interaction in the transmembrane region is
restricted to the surface buried between TM1 and TM8 (Fig. 2c¢).
TM4 and TM10 form the centre of the transmembrane helix bundle
(Fig. 2¢). These helices are long and protrude beyond the cyto-
plasmic surface of the membrane (Fig. 3b). TM2 is also a long helix
that protrudes upwards across the boundary of the membrane (Fig.
3b). TM8 corresponds to TM2 in the C-terminal half. However, the
polypeptide segment of the top of TMS8 is disordered (amino-acid
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viewed from outside the headpiece. Subdomains are depicted in different colours: PN1,
cyan; PN2, green; PC1, red; PC2, orange; DN, yellow; DC, purple; N-terminal TM2, blue;
C-terminal TM, magenta; lot, grey. There is a cleft perpendicular to the membrane plane
between PC1 and PC2. A short hairpin structure at the depth of the cleft is labelled ‘Hook-
like bend’. Two vertical hairpins at the top of DN and DC are depicted in dotted circles.
¢, lon pairs between Asp 407, Asp 408 and Lys 940 in TM4 and TM10 at the view from
the cytoplasmic side. Side chains of Asp 407, Asp 408 and Lys 940 are shown in ball-
and-stick representation, with the positions of the C, N and O atoms indicated by grey,
blue and red balls, respectively. d, Cut view of the pore domains from the boundary
between the pore and TolC-docking domains.

residues 860-868). Except for the asymmetry of the top of TM2 and
TMS8, pseudo-two-fold symmetry of the N- and C-terminal six-
helix bundles can be observed in Fig. 2c.

According to the results of site-directed mutagenesis studies on
MexB?® and AcrB (A. Saito, N. Tamura, T. Hirata, S.M. and A.Y.,
unpublished work), the transmembrane region contains three
functionally essential charged residues: Asp 407, Asp 480 and
Lys 940. When these residues are replaced with any other amino-
acid residues, the resulting mutants completely lose the drug
resistance. These residues are located in the middle of TM4 and
TM10, and form ion pairs (Fig. 3c). These residues are possible
candidates for the proton-translocating pathway.
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Figure 4 A cutaway stereo view displaying the solvent-accessible surface of AcrB
rendered with GRASP*. The front protomer is removed. A hairpin inserted into the
removed protomer is viewed at the upper left as a stick-like protuberance. A hole for
insertion of a hairpin from the removed protomer is also viewed at the upper right. The

Pore domain structure

The pore domain is composed of four subdomains: PN1, PN2, PC1
and PC2 (Fig. 3a and b). PN1 and PN2 comprise the polypeptide
segment between TM1 and TM2, and PCI and PC2 comprise the
segment between TM7 and TM8. All of these subdomains contain a
characteristic structural motif. That is, two $-strand—o-helix—_3-
strand motifs are directly repeated and sandwiched with each other.
This motif forms a structure in which two o-helices are located on a
four-stranded antiparallel 3-sheet. As found by a database search
(Dali/FSSP*), this motif also exists in carboxypeptidase G2 (ref.
30). In PN1 and PCl, there is an additional antiparallel §-strand
from the other half of the protomer (Fig. 3a). Thus, the antiparallel
B-sheets in PN1 and PCl are composed of five 3-strands. On the
other hand, in PN2 and PC2, the repeat of the f—a—f3 motifs is
interrupted by switching to the TolC docking domain, and PC1 and
PN1, respectively (Fig. 3a). The exception of the topological
symmetry in the pore domain is a short hairpin, C82'-C83’, and
a short a-helix, Na2'. The pore helix is an Na2 in PN1 (Fig. 3a).

Substrate

Medium

Outer
membrane

'.I Pariplasm
| | \
I | |
| |
1
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T | |
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/ W
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Figure 5 Proposed model of the AcrB—AcrA—TolC complex and the schematic mechanism
of multidrug export mediated by AcrAB-TolC system. TolC structure' is manually docked
to AcrB. Dotted ovals indicate AcrA molecules. This figure was produced using Insight II/
Discover (Biosym/MSl).
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yellow areas of the surface are coloured according to residues from Asp 99 to Leu 118 in
pore helices (Noe2). The pale green areas are coloured according to residues in TM7
(Gly 539-Val 557) and TM8-TM9 (Ser 869—Phe 918). Frameworks of the funnel and the
cavity are indicated by dotted lines.

Four subdomains in the pore domain are packed with their sheets
back to back in the centre, placing the a-helices on the outside
(Fig. 3b). The deep cleft perpendicular to the membrane plane exists
between PC1 and PC2. Its length is approximately 40 A, its width
20 A and its depth 15 A. The vertical cleft along to the outer surface
of the headpiece might be a binding site for AcrA, which is estimated
to have an elongated shape'’. At the depth of the cleft, there is a short
hairpin structure, C82'~CB3’, in PCl1, which forms a hook-like
bend.

The lower part of the headpiece is composed of three pore
domains, one for every protomer (Fig. 3d). The three pore domains
combine to form a central pore in the headpiece. Viewed from the
top, PN1, PN2, PC1 and PC2 are arranged in a clockwise order. PN1
is inside, and PN2, PC1 and PC2 are outside the headpiece (Fig. 3d).
The pore-forming helix is the second helix (Na2) of PNI1. A cleft
exists between PCI and PC2 at the periphery of each protomer
(Fig. 3d). Vestibules are open at the side of the headpiece between
PN2 and PC2. They lead to a cavity located at the bottom of the pore
as described below (Fig. 4).

TolC docking domain structure

The TolC docking domain is composed of two subdomains, DN and
DC (Fig. 3a). Each subdomain contains a four-stranded mixed @3-
sheet. Two antiparallel 8-strands are placed parallel to a hairpin
structure from the other half or from the other protomer. The long
hairpin structure (~35A) protrudes like a beak from subdomain
DN (Fig. 3a; see also Supplementary Fig. 2). A vertical hairpin
structure is located at the top of each subdomain of the TolC
docking domain (Fig. 3a and b).

Three TolC docking domains form a funnel-like structure (Fig.
2b; see also Supplementary Information movie 2). The diameter of
the top of the TolC docking domain is about the same as that of the
bottom of TolC. The top of AcrB and the bottom of TolC fit well
with each other by manual docking (Fig. 5; see also Supplementary
Fig. 3). Six vertical hairpins, in total, at the top of AcrB trimer can
contact with the six a-helix—turn—o-helix structures at the bottom
of TolC" to form a tight seal, by inspection.

Proposed transport mechanism

Figure 4 shows a one-protomer cutaway stereo view displaying the
solvent-accessible surface of AcrB. A stick-like protrusion from the
upper left of the headpiece is a hairpin structure inserted into the
front protomer, which has been removed. The hole at the upper
right of the headpiece is for insertion of the hairpin structure from
the removed protomer. The funnel opens widely at the top of the
headpiece. The bottom end of the funnel is narrow and connects

591




articles

with the pore. The proximal end of the pore connects a cavity which
is an extramembrane part of the central transmembrane hole. If the
hole is filled with phospholipids, the depth of the cavity between the
end of the pore and the membrane plane is about 15 A. These are
vestibules open from the cavity into the periplasm at the side of the
headpiece near the membrane plane. The vestibules exist between
every protomer. Because a front protomer is removed from the
trimer in Fig. 4, only one vestibule can be observed at the centre of
the cavity, like a window open backward. Two other vestibules also
exist in both sides of the cavity, although they are hardly dis-
tinguishable in Fig. 4. A substrate located on the membrane plane or
in the outer leaflet of the membrane might gain access to the cavity
through these vestibules.

There is a groove in the membrane-exposed peripheral surface of
the transmembrane domain of each promoter between TM8 and
TM7. It extends across the whole membrane-embedded surface
(Fig. 4, green-coloured region). The bottom of the groove is formed
by TM9. Because TM9 is tilted, the groove is shallow at the
cytoplasmic end and deep at the periplasmic end. The top of this
groove is connected with the cavity via the disordered region of the
top of TM8. The disordered region is close to the vestibule. This
groove might be a pathway for substrate translocation across the
membrane. The shape of the groove (shallow at the cytoplasmic side
and deep at the periplasmic side) suggests that the transport
through this groove of substrates located in the inner leaflet of the
membrane might be more favourable than those in the cytoplasm.

Our AcrB crystal structure provides a structural basis for con-
sidering the molecular mechanism of multidrug export. The struc-
ture is consistent with the possibility of a direct interaction between
TolC and AcrB. When the substrate is transported, AcrB might
recruit TolC to form a direct transit pathway from the cytoplasm to
the extracellular milieu (Fig. 5). Two putative pathways for substrate
entry into AcrB are seen (Fig. 5). Substrates located in the cytoplasm
or inner leaflet of the membrane might be transported across the
membrane through the transmembrane groove at the periphery of
each transmembrane domain. Then, they might be collected in the
central cavity. The possibility that substrates pass through the centre
of each protomer cannot be ruled out, as the groove at the
hydrophobic peripheral surface of the transmembrane domain
seems to be favourable for amphiphilic substrates partitioned into
the inner leaflet of the membrane. There is also a possibility that the
trimer centre hole plays some role in the substrate translocation.
However, this hole might be filled with phospholipids. Substrates
located on the outer surface or in the outer leaflet of the membrane
could gain access to the cavity through the vestibules open into the
periplasm. They would then be actively transported through the
pore into the TolC tunnel via the funnel. The ion pairs between
Lys 940, Asp 407 and Asp 408 are possible candidates for the
transmembrane proton translocation site. When these aspartic
acids are protonated, the ion pairs are disrupted. The helices TM4
and TM10 may then undergo a conformational change. This
conformational change may be transduced to the pore region by a
remote conformational coupling and thereby open the pore.

The AcrAB-TolC system exports a wide variety of structurally
unrelated compounds, most of which are amphiphilic**. In par-
ticular, the unique property of this system and other MFP-depen-
dent systems, such as the MexAB-OprM in Pseudomonas
aeruginosa, is its ability to confer resistance to $-lactam anti-
biotics®**. The targets of the $-lactam antibiotics are periplasmic
enzymes that participate in cell wall biosynthesis, and secondary
transporters usually do not export solutes from the periplasm, so it
has been surprising that RND transporters confer resistance to these
drugs.

How do RND transporters actively export drugs from the
periplasm? Nikaido et al. proposed a dual entrance model for the
AcrB export mechanism; that is, substrates are taken up from the
inner and outer leaflets of the lipid bilayer of the cell membrane®.
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However, there has been no experimental evidence for this model.
In this regard, the crystal structure of AcrB provides a possible
explanation. As shown, AcrB contains vestibules open to the
periplasm at the side of the headpiece. They permit direct access
of the substrates from the periplasm or outer leaflet of the mem-
brane. AcrB can also mediate the translocation of the substrates
from the cytoplasm or the inner leaflet of the membrane. This
structure supports the dual-entrance model for AcrB-mediated
multidrug export. U

Methods

Protein preparation

A histidine-tagged AcrB-overproducing plasmid pAcBH was previously constructed”.
The AcrB was overproduced in E. coli JM109. The cells were disrupted with Microfluidizer
M-110EH (Microfluidics Corp.) and the membrane fractions were collected and washed
with several ultracentrifugation steps at 150,000¢ for 90 min. Purified membranes were
resuspended in buffered glycerol (50 mM Tris-HCI, pH 7.0, 10% glycerol). Then
membrane proteins were solubilized in 2% n-dodecyl-8-D-maltoside (DDM) (Anatrace).
Lipids and debris were removed by ultracentrifugation at 170,000¢ for 60 min. Extracted
histidine-tagged AcrB was purified with affinity column chromatography using Chelating
Sepharose (Amersham Bioscience) immobilized with N 2+ equilibrated with buffer

(20 mM Tris-HCI, pH 7.5, 0.3 M NaCl, 10% glycerol and 0.2% DDM). The column was
washd using 25 mM imidazole added to the above buffer and then 100 mM imidazole.
Purified AcrB was eluted with 300 mM imidazole. Imidazole was removed by
concentration-dilution steps of proteins three times on a ultrafiltration membrane.
Proteins were finally concentrated to 35-40 mg ml ™. For proteins labelled with seleno-1-
methionine, transformed E. coli B§34DE3 (Novagen, WI, USA) were grown in minimal
medium (L-methionine was replaced by seleno-L-methionine), and the protein was
purified as above. Replacement of methionine sulphur with selenium was confirmed by
X-ray fluorescence analysis on BL44XU at SPring-8.

Preparation of native and derivative crystals

Crystals were grown by vapour diffusion from sitting drops at 25 °C. A protein solution
containing 28 mg ml~" histidine-tagged AcrB protein, 20 mM sodium phosphate (pH
6.2), 10% glycerol and 0.2% dodecylmaltoside was mixed (1:1) with a reservoir solution
containing 15-16% polyethylene glycol 2000, 80 mM sodium phosphate (pH 6.2), 20 mM
sodium citrate-HCI (pH 5.6). The crystals were grown within a few days to optimal size
(0.3 X 0.3 X 0.3 mm”). The concentration of glycerol was gradually increased from 5% to
30% in 5% steps by the soaking method for optimal cryo-protection. Crystals were picked
up using nylon loops (Hampton Research) for flash-cooling in cold nitrogen gas from a
cryostat (Rigaku, Japan) For derivatization, crystals were soaked for 1 h in cryo-protection
buffer containing 0.5 mM K,Hgl,, 1 mM K,PtCls and 1 mM OsCl; before freezing.

Crystallographic analysis

All data sets were collected on BL44XU at SPring-8 with imaging-plate detector DIP2040
(MAC-Science) at cryogenic temperature (100 K). The diffraction data were processed and
scaled with DENZO and SCALEPACK™, respectively. The native crystal belongs to the
space group R32 with cell dimensions of a = b= 144.3 A, c=519.04 in the hexagonal
setting. Three heavy-atom derivatives of mercury, osmium and platinum, and the seleno-
methionine-replaced crystal were isomorphous with the native crystal. Initial phases were
first calculated by program SOLVE® derived from the mercury derivative. The heavy-atom
sites of the platinum and osmium derivatives were determined in difference Fourier maps
calculated with the single isomorphous phases of the mercury derivative. MIR phase
refinement with three heavy-atom derivatives was performed at 4.3 A resolution with
MLPHARE**”. Anomalous dispersion effects of the heavy metals were taken into account
for the phase estimation. To locate the methionine residues in the crystal, anomalous
difference Fourier maps were calculated with coefficients of (Fd, — F,) expli(ap — 7 /2)]
at 5 A resolution, where (F;re — Fg,) was the Bijvoet difference of the selenomethionine-
replaced crystal and where «p was the MIR phase of the native crystal determined with the
three derivatives. Out of 42 methionine sites of the protein molecule, 35 positions were
identified by selenium peaks higher than 40, and 38 sites were higher than 3¢ in the
anomalous difference Fourier map. The selenomethionine-replaced crystal was included
in MIR phases at 4.3 A resolution. The phases were improved and extended to 3.5 A
resolution with RESOLVE***. Model building was performed using program O (ref. 40)
and model refinement was conducted using Crystallographic and NMR system (CNS)*'.
Out of 1,049 residues of the whole molecule, the atomic parameters of residues 7-498,
513-710, 712-859 and 869-1,036 converged well during the refinement. A
crystallographic R and an R g for 5% reflections excluded from the refinement were
reduced to 0.290 and 0.355, respectively. The refined structure was validated using the
program PROCHECK®. The main-chain dihedral angles for 70.6% of the non-glycine
residues were in the most favoured regions of the Ramachandran plots®’: 26.3% in allowed
regions; 2.6% in generously allowed regions; and 0.5% in the disallowed regions.
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