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Structure of a bacterial multidrug

ABC transporter

Roger J. P. Dawson' & Kaspar P. Locher’

Multidrug transporters of the ABC family facilitate the export of diverse cytotoxic drugs across cell membranes. This is
clinically relevant, as tumour cells may become resistant to agents used in chemotherapy. To understand the molecular
basis of this process, we have determined the 3.0 A crystal structure of a bacterial ABC transporter (Sav1866) from
Staphylococcus aureus. The homodimeric protein consists of 12 transmembrane helices in an arrangement that is
consistent with cross-linking studies and electron microscopic imaging of the human multidrug resistance protein MDR1,
but critically different from that reported for the bacterial lipid flippase MsbA. The observed, outward-facing
conformation reflects the ATP-bound state, with the two nucleotide-binding domains in close contact and the two
transmembrane domains forming a central cavity—presumably the drug translocation pathway—that is shielded from the
inner leaflet of the lipid bilayer and from the cytoplasm, but exposed to the outer leaflet and the extracellular space.

ATP-binding cassette (ABC) transporters are integral membrane
proteins that actively transport chemically diverse substrates across
the lipid bilayers of cellular membranes'. Clinically relevant
examples, including the human proteins MDRI1 (also known as
ABCBI1 or P-glycoprotein) and MRP1 (also known as ABCCl),
contribute to multidrug resistance of cancer cells by catalysing the
extrusion of cytotoxic compounds used in cancer therapy’. Other
ABC proteins are associated with various diseases, including cystic
fibrosis (mutations in the CFTR protein®), or have a central role in the
cellular immune system by transporting antigenic peptides (TAP1 and
TAP2 proteins*). In bacteria, ABC exporters extrude diverse substrates,
including drugs and antibiotics, whereas ABC importers mediate the
uptake of essential nutrients. One of the best-studied bacterial ABC
exporters is the LmrA protein from Lactobacillus lactis, which
probably contributes to bacterial drug or antibiotic resistance, but
in addition has been found to functionally substitute for human
MDRI when expressed in lung fibroblast cells’.

The basic ABC transporter architecture consists of two transmem-
brane domains (TMDs) that provide a translocation pathway, and
two cytoplasmic, water-exposed nucleotide-binding domains
(NBDs) that hydrolyse ATP. Bacterial multidrug ABC proteins are
generally expressed as ‘half-transporters’ that contain one TMD
fused to a NBD, which dimerize to form the full transporter.
Functionally important residues are highly conserved among the
NBDs, suggesting that ABC transporters share a common mecha-
nism of coupling ATP hydrolysis to substrate transport®’. However,
despite extensive biochemical, genetic and structural studies, a
detailed understanding of the substrate acquisition and transport
process has remained elusive. To address these questions, we have
determined the crystal structure of S. aureus Sav1866, whose primary
sequence and biochemical characteristics identify it as a homologue
of multidrug ABC transporters. Sav1866 shows significant sequence
similarity to human ABC transporters of the subfamily B that
includes MDR1 and TAP1/TAP2. Purified Sav1866 is functional in
detergent solution as demonstrated by in vitro ATPase activity and
characteristic inhibition by orthovanadate (Supplementary Fig. S1).
When reconstituted in liposomes, its ATPase activity is stimulated by

the cancer drugs doxorubicin and vinblastine, and by the fluorescent
dye Hoechst 33342 (Supplementary Fig. S1), all of which are also
substrates of L. lactis LmrA and human MDR1%°.

Sav1866 architecture and domain structure

Our crystallographic analysis yielded electron density of high quality
for the entire protein (Supplementary Fig. S2), and the structure was
refined to 3.0 A resolution with good refinement statistics (R o1 and
R free Values of 25.5% and 27.2%, respectively). The functional unit of
Sav1866 is a dimer of two elongated subunits related by two-fold
molecular and non-crystallographic symmetry (Fig. 1a, b). The full
transporter is 120 A long, 65 A wide and 55 A deep, and its overall
shape is consistent with that of human MDRI studied at low
resolution by electron microscopy'®''. Each subunit consists of an
amino-terminal TMD (amino-acid residues 1-320) and a carboxy-
terminal NBD (residues 337-578). The two subunits exhibit a
considerable twist and embrace each other, with both the transmem-
brane and the nucleotide-binding domains tightly interacting. The
polypeptide that links the domains (residues 321-336) emanates
from transmembrane (TM) helix TM6 and wraps around the distal
side of the NBD (Fig. 1b), similar to the analogous linker observed in
the crystal structure of human TAP1".

The NBDs of the Sav1866 homodimer are similar in structure to
those of other ABC transporters. They expose conserved ATP-
binding and -hydrolysis motifs” at the shared interface in a ‘head-
to-tail” arrangement that has been widely accepted as physiologically
relevant on the basis of structural'>'* and biochemical'>"” data. The
hallmark of this arrangement is that two ATP-hydrolysis sites are
formed at the shared interface, between the P-loop of one NBD and
the ABC signature motif of the other. This creates a direct link
between the two sites and provides the molecular basis of the
observed cooperativity in ATP binding and hydrolysis'®.

Sav1866 was crystallized in the presence of ADP, and clear electron
density was evident for two ADP molecules bound by the P-loops
and the ABC signature motifs of opposing subunits. However, the
conformation of these motifs is, at the present resolution, indis-
tinguishable from that of isolated nucleotide-binding domains
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Cytoplasmic

Figure 1| Sav1866 structure. a, Backbone of the homodimeric protein in
ribbon representation, with the subunits coloured yellow and turquoise.
Bound ADP is in ball-and-stick representation. The view reveals the
membrane-embedded ‘wings’ of the protein; the grey box depicts the
probable location of the lipid bilayer on the basis of the hydrophobicity of
the protein surface. b, Stereo view rotated with respect to a by 90° around the

containing trapped ATP (for example, the archaeal ABC protein
MJ0796"). Specifically, the P-loops and ABC signature motifs tightly
sandwich bound nucleotide between them, whereas the structure of
the Escherichia coli vitamin B, transporter BtuCD, crystallized in the
absence of nucleotide'’, revealed a substantial separation of the
analogous motifs (Fig. 2). This indicates that although ADP, rather
than ATP, was bound, the NBDs in Sav1866 exhibit the conformation
of the ATP-bound state. This is consistent with the TMDs adopting
an outward-facing conformation (see below). We conclude that our
purification and crystallization conditions, in particular the presence
of detergent, have shifted the conformational equilibrium of Sav1866
to the ATP-bound state.

Each TMD traverses the lipid bilayer six times to yield 12
transmembrane helices for the homodimeric transporter, in agree-

Walker-A
motif NBD1

~ABC signature motif NBD2

Figure 2 | Superposition of nucleotide-binding domain structures. Both
P-loops (Walker-A motifs) of the NBD dimers were used for superposition,
but for clarity only one nucleotide-binding site is shown in stereo. The Cat
positions of conserved residues GxxGxGKST (P-loop) and LSGGQ (ABC
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vertical two-fold molecular and non-crystallographic axis. The
transmembrane helices of one subunit (turquoise) are numbered. TMDs,
transmembrane domains; NBDs nucleotide-binding domains; ICL,
intracellular loops (between transmembrane helices); ECL, extracellular
loops (between transmembrane helices); N-ter, amino terminus; C-ter,
carboxy terminus.

ment with the canonical ABC exporter topology. Around the middle
of the membrane, bundles of transmembrane helices diverge into two
discrete ‘wings’ that point away from one another towards the cell
exterior, thus providing an outward-facing conformation. Rather
than representing individual TMDs, each ‘wing’ consists of helices
TMI1-TM2 from one subunit and TM3-TM6 from the other subunit.
The transmembrane segments are connected by long intracellular
and short extracellular loops (ICLs and ECLs, respectively). The ICLs
extend the helical secondary structure beyond the lipid bilayer and
protrude approximately 25 A into the cytoplasm. Notably, the helices
TM1-TM3 are closely related to TM4-TM6 by an approximate two-
fold rotation around a symmetry axis parallel to the membrane plane,
with a root-mean-square deviation of 5.7 A for 146 Co positions
(residues 9-154 and 175-320). Rotational symmetry of subsets of

Walker-A
motif NBD1

“ABC signature motif NBD2

signature motifs) are depicted as spheres in the backbone traces. Bound
nucleotides are in ball-and-stick representation. Note the close
superposition of the ABC signature motifs of Sav1866 and MJ0796
compared with that of BtuCD.
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transmembrane helices may indicate gene duplication and has been
observed in the structures of aquaporins® and major facilitators®,
but has not previously been reported for ABC exporters.

The arrangement of transmembrane helices observed for Sav1866
is consistent with recent cross-linking data that identified neighbour-
ing helices in human MDR1*. In contrast, the reported X-ray
analyses of another ABC exporter, the bacterial lipid flippase
MsbA>**, show an arrangement distinctly different from the one we
describe here (Supplementary Fig. S4 and Supplementary Table S2).
With respect to the nucleotide-binding domains, the structure of
Sav1866 exhibits close structural agreement with that of MJ0796",

a
b Coupling helix 1
TMD: ICLT  TM2- 444 4 4 4.6 44 - RARAF------—-2 444444 -TV3

S.aur. 1866 91 KILYDIRKKLYNHLQALSERFYANNQV--BQVISEVINBVEQT 131
S, tph ._Msm 95 EKVVMTMRRRLFGHMMGMPVAFFDKQST- LLSRITYDSEQV 135
L.lac._LmrA 102 SVVENLRTRVWDEMIHLPVEYFDEVET- MSSRLANDTTOV 142
B, sub._‘:vcc 94 KIISGLRELLWKKLIKLPVSYFDTNAS- TVER ITMVV 134
H.sap. TAP1 255 HVHSHLOGEVFGAVLRQETEFFQONQT--GHIMSR' DTSTL 295
H.sap. TAP2 220 RINLRIREQLFSSLLRODLGFFQETKT- LNSRLS TLM 260
H.sap._ MDR1 142 ROIHKIRKQFFHAIMROQEIGWFDVHDV- LNTRI JVSKI 182
H.sap._MDR1 783 ILTKRLRYMVFRSMLRODVSWEDDPKNT ] JARQV B25

Coupling helix 2
TMD:ICL2  TMA-A 44 64 4 66 4 FRARRNC -S4 44 4444 F-TVS

aur. 1866 192 RSQALAEVQGFLHERVQGIS FATEDNEAKNFDEKNTNFL 234
tph. MsbA 196 MQNTMGOVTTSAEQMLKGH IFGGQEVETKRFDKVSNKMR 240
lac. LmrA 203 RQDSLANFQGIASESLSEI SSNAEKQASKKAENDVNALY 245
sub._¥YveC 195 TQDETARFTGLLNQILPEI ASNAEDVEYGRGKMGISSLF 237
sap. TAP1 356 VRESLAKSSQVAIEALSAMP FANEEGEAQKFREKLQEIK 398
sap._TAP2 321 IQDAVARAGQVVREAVGG FGAEEHEVCRYKEALEQCR 363
sap. MDR1 243 ELLAYAKAGAVAEEVLAAIRTWIAFGGQKKELERYNKNLEEAK 285
.sap. MDR1  8B6 DKKELEGSGKIATEAIENFRTMVSLTQEQKFEHMYAQSLOVEY 928

mEEEmEEnn

P-loop/\Walker A x-loop  ABC signature

NBD e 1L X e 1 1 4
S.aur._1866 374 GMSGGGKSTLI P ../ /. .GYDTEVGERGVKLS 484
S.tph._Msba 376 GRSGSGKSTIA T ««//..GLDTIIGENGVLLS 487
L.lac._Lmrhk 382 GPSGGGKSTIF .o/ /. .QLNTEVGERGVEIS 493
B.sub._YvcC 374 GPSGGGKTTLF .o/ /. .QFDTEVGERGIMLSG 485
H.sap. TAP1 538 GEPNGSGKSTVAALLONLY..//..GYDTEVDEAGSQLS 649
H.sap._TAP2 503 GPNGSGKSTV Qi vof /o JGI¥YTDVGEEGSQ! 613
H.sap._ MDR1 428 GHNSGCGESTTVi Q ./ /. .KFDTLVGERGAQLS 537
H.sap. MDR1 1070 GSSGCGESTVV B .o/ JKYSTEVGDEGTOLSGG! 1182

Figure 3 | Transmission interface. a, Close-up view of Sav1866 with one
subunit in turquoise ribbon representation, the other in yellow coil
representation. For clarity, only the ICL regions of the transmembrane
domains are shown. Black spheres depict the first and last Co positions of the
‘coupling helices’ (see the text). Side chains of the conserved Glu473 and
Tyr 391 are in ball-and-stick representation. b, Alignment of the Sav1866
protein sequence with those of other ABC transporters. Residues with high
conservation are shaded dark grey, those with significant conservation are
shaded light grey, and relevant motifs are shaded blue and indicated. Residues
of the ICLs interacting (4;& cut-off) with the NBD of the same subunit are
indicated with green shading, and those contacting the opposite NBD with
yellow shading. Residues of the NBD interacting with the TMD are shown with
red shading.
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whereas in MsbA of Salmonella typhimurium, the analogous domains
appear laterally offset and at a greater distance. The observed archi-
tectures of MsbA and Sav1866 remain incompatible, even when
considering that the proteins may have been trapped in distinct
states, and the differences—if real—would indicate a convergent
evolution of the two proteins.

Transmission interface

Conformational changes generated by ATP binding and hydrolysis
are transmitted from the nucleotide-binding to the transmembrane
domains through non-covalent interactions at the shared interface.
The TMDs of Sav1866 contribute to this interface mainly through the
intracellular loops ICL1 and ICL2. This is consistent with genetic
data that implicated ICL1 of human MDRI to interact with the
NBDs*, and with mutational studies and sequence comparisons that
indicated ICL2 of TAP1/TAP2, as well as ICL4 of CFTR, to provide
similar crucial contacts®”. In Sav1866, both ICLs contain short
helices oriented roughly parallel to the membrane plane and

Figure 4 | Substrate translocation pathway. a, Backbone traces of the
Sav1866 subunits (green and yellow) in two orientations, rotated by 90°
around a vertical axis. The molecular surface of the central cavity is coloured
according to its calculated electrostatic potential (blue, positively charged;
red, negatively charged), whereas that of the rest of the transporter is in
transparent light grey. Lines indicate the approximate position of the two
leaflets of the lipid bilayer. Access from the cavity to the outer leaflet of the
lipid bilayer is visible in the right panel from the front and back, between the
‘wings’ formed by the TMDs. b, Cavity at the level of the inner leaflet viewed
from the extracellular side. The transmembrane helices are numbered and
the cavity is shown as a grey surface. ¢, Same as b but at the level of the outer
leaflet. Note that owing to helix bending, different subsets of helices line the
cavity when compared with b.
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providing the bulk of the contacts (Fig. 3a,b). We refer to these as
‘coupling helices” to emphasize their likely involvement in transmit-
ting mechanistically crucial conformational changes. Unexpectedly,
the ICLs of Sav1866 reach across and contact primarily the nucleo-
tide-binding domain of the opposite subunit, analogous to domain
swapping observed in various enzymes®. Although coupling helix 1
contacts the NBDs of both subunits, coupling helix 2 interacts with
that of the opposite subunit exclusively. Such swapping has not been
anticipated for ABC exporters (Fig. 5), but is not inconsistent with
the available biochemical or genetic data. In contrast, the TMDs of
the ABC importer BtuCD contact only one NBD, resulting in a large
gap at the centre of the four protein domains'. The architecture of
the ICLs and coupling helices observed in Sav1866 is probably
conserved among ABC exporters, as suggested by the significant
sequence similarity in the corresponding regions (Fig. 3b).

On the part of the NBDs, the contact surface with the TMD is
primarily lined with residues around the so-called ‘Q-loop’, as was
also observed in BtuCD". Two prominent exceptions include the
conserved residues Tyr 391 and Glu 473. The latter seems particularly
intriguing, as it interacts with both ICLs and is part of a previously
unrecognized, short sequence motif (TEVGERG) that appears con-
served in ABC export proteins only (Fig. 3b). We refer to this
sequence as the x-loop’ to highlight its apparent function in cross-
linking the ICLs. Because the x-loops precede the ABC signature
motifs, they probably respond to ATP binding and hydrolysis and
may transmit conformational changes to the ICLs by alternating
engaging in, and releasing, the cross-link on ATP binding and
hydrolysis. The absence of this motif in binding-protein-dependent
bacterial ABC importers suggests a distinct coupling mechanism
compared with ABC exporters.

Substrate translocation pathway
A large cavity is present at the interface of the two transmembrane
domains (Fig. 4). Although shielded from the cytoplasm and the lipid
bilayer at the level of the inner leaflet, the cavity is accessible from the
outer leaflet and exposed to the extracellular space. The bottom of the
cavity reaches beyond the intracellular membrane boundary, but no
connection to the cytoplasm exists. At the level of the inner leaflet, the
cavity features a hydrophilic surface that is primarily lined with polar
and charged amino-acid side chains from helices TM2-TM5, with a
slight surplus of negative charges and no significant hydrophobic
patches. At the level of the outer leaflet, the translocation pathway is
lined with residues from helices TM1, TM3 and TMS6.

The observed cavity is consistent with an outward-facing confor-
mation of the ATP-bound state of human MDRI, as revealed by
electron microscopy'®”. The predominance of polar and charged

ATP ATP

Figure 5 | ABC exporter schematics. a, Earlier cartoons depict two compact
transporter halves (subunits) arranged side-by-side, suggesting separation
during the transport cycle. The grey box indicates the location of the
membrane. b, Schematic of Sav1866 in the observed, outward-facing
conformation. The cartoon emphasizes the domain swapping and subunit
twisting. Arrows indicate the release of bound drug into the extracellular space.
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amino acids suggests that rather than a high-affinity binding site, the
observed cavity in Sav1866 may reflect an extrusion pathway with little
or no affinity for hydrophobic drugs. Binding of substrates to human
MDRI1 was indeed significantly reduced in the presence of ATP*.
Similarly, LmrA exposes a high-affinity binding site to the interior of
the cell, whereas in the ATP-bound state, this site is occluded and a
weak binding site is accessible from the extracellular space’.

The architecture of Sav1866 indicates that residues from all
transmembrane helices contribute to the surface of the translocation
pathway. It was noted recently that, despite extensive efforts, no well-
defined substrate binding sites have been identified in ABC expor-
ters’!. Residues from transmembrane helices TM1, TM4-TM6 and
TM10-TM12 have been implicated in drug binding to human
MDRI1?*, whereas residues from multiple helices have been found
to contribute to substrate binding to TAP1/TAP2*. The analogous
residues in Sav1866 indeed point towards the translocation pathway.

Transport mechanism

The simplest scheme of the transport mechanism invokes two states:
an inward-facing conformation with the substrate binding site
accessible from the cell interior, and an outward-facing conformation
with an extrusion pocket exposed to the external medium. The
structure of Sav1866 reveals that tight interaction of the NBDs in
the ATP-bound state is coupled to the outward-facing conformation
of the TMDs. In this conformation, bound substrates may escape
into the outer leaflet of the lipid bilayer or into the aqueous medium
surrounding the cell, depending on their hydrophobicity. Hydrolysis
of ATP is expected to return the transporter to an inward-facing
conformation, again granting access to the binding site from the cell
interior. ABC transporters may thus use an “alternating access and
release” mechanism first postulated for major facilitator transport
proteins™, with the distinction that ATP binding and hydrolysis,
rather than substrate acquisition, may control the conversion of one
state into the other. Most ABC transporters bind and hydrolyse two
ATP molecules in each reaction cycle’*. However, the number of
bound substrates can vary, and—depending on the molecular mass—
up to two substrates have been found to enter the binding pockets
of human MDR1 and MRP2%*. We conclude that if two small
substrates are bound, the apparent stoichiometry of hydrolysed ATP
per transported substrate will be one, whereas for a single, larger
substrate, it will be two.

The architecture of the TMD-NBD interface of Sav1866 defies the
widely used ABC exporter schematic shown in Fig. 5a. Rather than
aligned side-by-side, the two subunits of Sav1866 are intricately
associated (Fig. 5b) and the main interface of the intracellular loops is
with the NBD of the opposite subunit. Furthermore, helices from
both TMDs form the two ‘wings’ consisting of bundles of helices
embedded in the membrane (Fig. 1a). Given these constraints, the
two subunits are unlikely to move independently and their maxi-
mum separation during the reaction cycle is therefore limited. Our
results challenge mechanistic models that suggest that NBDs dimer-
ize on binding ATP and dissociate on completing a transport
cycle’*%°. Although this is true for purified, isolated NBDs, electron
microscopic studies of full-length MDR1 and CFTR have demon-
strated close proximity of the NBDs in the absence of nucleotide'"*!,
as has the crystallographic analysis of BtuCD".

Compared with Sav1866, the ABC signature motifs of the nucleo-
tide-free state of BtuCD are separated by an additional ~5 A from the
P-loops (Fig. 2), a conformational rearrangement that reduces the
interface between opposing NBDs. Solvent accessibility of the
nucleotide-binding site in the bacterial maltose transporter is indeed
decreased in the absence of ATP*, as is the energetic coupling
between side chains at the NBD interface of CFTR". The ‘power
stroke’ of ABC transporters, triggered by binding of ATP, may thus
consist of moderate conformational rearrangements that originate at
the interface of the two NBDs and propagate towards the TMDs.

In addition to its value for investigating the drug extrusion
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mechanism, the Sav1866 structure may be useful for interpreting
mutations of human ABC transporters of known substrates or
proven implication in disease. A notable example is the deletion-
mutation A508 (a Phe residue) of CFTR, responsible for 70% of
cystic fibrosis cases**!. The analogous residue in Sav1866 is revealed
as Leu 437 by superposition with the NBD of wild-type and A508-
mutant CFTR*. Leu437 is part of a cluster of aromatic and
hydrophobic side chains at the interface of ICL2 and the NBD.
Given this structural context, the absence of the Phe side chain in
CFTR A508, despite limited impact on the protein backbone,
probably destabilizes the analogous packing of residues at the
interface of NBD1 and ICL4, thus contributing to the observed
misassembly of the mutant CFTR protein.

Conclusions

Our results define, at high resolution, the architecture of a bacterial
multidrug ABC transporter in the outward-facing conformation,
with a single substrate translocation pathway exposed to the extra-
cellular environment. Because the structure of Sav1866 agrees well
with genetic, biochemical and structural data of bacterial and human
homologues, it most likely reflects a physiologically relevant state. It
visualizes the arrangement of the canonical 12 transmembrane
helices forming the core of ABC exporter proteins. Given that
high-resolution structures of clinically relevant ABC transporters
are currently not available, Sav1866 may serve as a valuable structural
model of human homologues and may initiate the rational design of
drugs aimed at interfering with the extrusion of agents used in
chemotherapy. The challenge for future studies will be to trap and
visualize the transporter in the inward-facing conformation that
allows substrates to access the high-affinity binding site.

METHODS

Sav1866 was selected from a pool of bacterial ABC exporter homologues on the
basis of its superior biochemical stability and its ability to form well-ordered, three-
dimensional crystals. The gene encoding Sav1866 was cloned from S. aureus
genomic DNA by polymerase chain reaction (PCR) and fused to an N-terminal
decahistidine affinity tag in a modified T7 expression vector. The transporter
was overexpressed in E. coli, solubilized from isolated cell membranes, and
purified in octaethylene glycol monododecyl ether (C;,Eg) as a detergent.
Protein crystals were obtained by vapour diffusion and belonged to the space
group C2 with one full transporter per asymmetric unit. Diffraction data were
collected at the beamline X06SA of the Swiss Light Source (SLS). The structure
was phased by multiple isomorphous replacement with anomalous scattering
using data from various derivative crystals (Supplementary Table S1). Excellent
experimental density was visible for the entire molecule, including loops
connecting transmembrane helices (Supplementary Fig. S2), and model build-
ing was further aided by the presence of selenomethionines serving as marker
positions (Supplementary Fig. S3). Except for extracellular loops engaged in
lattice contacts, and a few residues with distinct side-chain conformations at
the subunit interface, no differences are visible between the two non-crystal-
lographically related subunits. Details of the biochemical and crystallographic
procedures are given in Supplementary Information. Figures 1 and 2 were
prepared using MolScript (http://www.avatar.se/molscript) and Raster3D
(http://skuld.bmsc.washington.edu/raster3d), Figs 3 and 4 using DINO
(http://www.dino3d.org) and MSMS (http://www.scripps.edu/~sanner/html/
msms_home.html). Electrostatic potentials were calculated using MEAD
(http://www.scripps.edu/mb/bashford).
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