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histidine tag and three additional residues (SHHHHH-
HGS) (34) at a previously identified surface location
(amino acid 405) [G. S. Moeck et al., J. Bacteriol. 176,
4250 (1994)]. Functional assays confirmed (27) that the
protein FhuA405.H, (native FhuA) is fully active as a
bacteriophage receptor and is also active for TonB-
dependent ferrichrome-iron transport at levels compa-
rable to those of the wild type. To generate selenome-
thionyl-labeled FhuA (SeMet-FhuA), plasmid pHX405
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254, 51 (1991)] data that were measured at three
wavelengths that corresponded to the point of inflec-
tion, the peak of the selenium absorption profile, and
a remote point. All data were reduced and processed
with the XDS software package [W. Kabsch, J. Appl.
Crystallogr. 21, 916 (1988)]. The 10 selenium sites
were located with SOLVE [T. C. Terwilliger and ).
Berendzen, Acta Crystallogr. D53, 571 (1997)], and
MAD phases were obtained with SOLVE and SHARP
[E. de La Fortelle and G. Bricogone, Methods Enzymol.
276, 472 (1997)]. Initial phases, which were calculat-
ed to a resolution of 3.05 A, were improved by
solvent flattening with the program DM [K. Cowtan,
Acta Crystallogr. D50, 760 (1994)]. The resulting
electron density maps were of sufficient quality to
build a model with the program O [T. A. Jones et al.,
Acta Crystallogr. A47, 110 (1991)] and unambigu-
ously place a ferrichrome-iron molecule and a LPS
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molecule. The model was refined with the programs
X-PLOR [A. T. Briinger, X-PLOR 3.1 (Yale University,
New Haven, CT, 1992)] and CNS [A. T. Briinger et al.,
Acta Crystallogr. D54, 905 (1998)] and was used to
solve the structure of FhuA to a resolution of 2.5 A by
difference Fourier techniques. Standard protocols for
simulated annealing and minimization as implement-
ed in CNS were used for refinement. Individual re-
strained B-factor refinement was justified as judged
by a substantial drop in Ry, [A. T. Briinger, Nature
355, 472 (1992)]. The current FhuA model contains
residues 19 to 723, 1 LPS, and 99 water molecules.
The average B factors for main-chain and side-chain
atoms and the LPS molecule are 65, 67, and 78 A2,
respectively. The FhuA model was used in the refine-
ment of the FhuA-ferrichrome-iron complex to a
resolution of 2.7 A. The current model for the FhuA—
ferrichrome-iron complex contains residues 19 to
723, 1 LPS, 1 ferrichrome-iron molecule, and 52
water molecules. The average B factors for main-
chain and side-chain atoms, the LPS, and fer-
richrome-iron molecules are 63, 66, 75, and 49 A?,
respectively. Refinement is not complete for both
structures. For the FhuA model, the Rcryst is 24.2%
(48,359 reflections), and the R, is 28.3% (2309
reflections); for the FhuA—ferrichrome-iron complex,
the R, ., is 23.2% (37,362 reflections), and the Ry,
is 28.1% (1532 reflections). All residues lie in allowed
regions of the Ramachrandran plot, and all residues
that are explicitly mentioned in the text reside in

good electron density. Protein Data Bank accession
codes are 2fcp and 1fcp for FhuA and the FhuA-
ferrichrome-iron complex, respectively.
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Structure of the MscL Homolog
from Mycobacterium
tuberculosis: A Gated

Mechanosensitive lon Channel

Geoffrey Chang,* Robert H. Spencer,* Allen T. Lee,
Margaret T. Barclay, Douglas C. Reest

Mechanosensitive ion channels play a critical role in transducing physical stress-
es at the cell membrane into an electrochemical response. The MscL family of
large-conductance mechanosensitive channels is widely distributed among pro-
karyotes and may participate in the regulation of osmotic pressure changes
within the cell. In an effort to better understand the structural basis for the
function of these channels, the structure of the MscL homolog from Myco-
bacterium tuberculosis was determined by x-ray crystallography to 3.5 ang-
stroms resolution. This channel is organized as a homopentamer, with each
subunit containing two transmembrane « helices and a third cytoplasmic o
helix. From the extracellular side, a water-filled opening approximately 18
angstroms in diameter leads into a pore lined with hydrophilic residues which
narrows at the cytoplasmic side to an occluded hydrophobic apex that may act
as the channel gate. This structure may serve as a model for other mechano-
sensitive channels, as well as the broader class of pentameric ligand-gated ion
channels exemplified by the nicotinic acetylcholine receptor.

The sensing of physical forces within a cell’s
environment is primarily mediated by a spe-
cialized class of membrane proteins known as
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mechanosensitive (MS) ion channels. MS
channels have evolved the ability to trans-
duce mechanical strain into an electrochemi-
cal response (1) enabling cells to respond to
stimuli such as sound, touch, gravity, and
pressure. Although several putative MS chan-
nels have been cloned, the large-conductance
mechanosensitive channels (MscL) of pro-
karyotes have been most extensively charac-
terized, primarily through the efforts of Kung
and co-workers (2-4). MscL, first isolated
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from Escherichia coli, forms a nonselective
ion channel of 2.5 nS conductance that is
activated in vitro by the application of mem-
brane tension. Localized within the inner
membrane (5, 6), MscL is implicated in the
regulation of osmotic pressure within the cell
(7). MscL consists of a relatively small subunit
(molecular mass of ~15 kD; Fig. 1) arranged as
a homomultimer, possibly a hexamer, based
upon cross-linking and electron microscopy
studies (5, 6, 8). Hydropathy analysis indicates
that MscL contains two transmembrane helices,
and alkaline phosphatase fusion constructs sug-
gest that both the NH,- and COOH-termini are
colocalized within the cytoplasm (5). Following
the identification of MscL in E. coli, homologs
have been found in more than 20 divergent
prokaryotic species (3, 9). Their primary se-
quences exhibit a strong degree of conserva-
tion, especially within the putative transmem-
brane regions (Fig. 1). Additionally, the mech-
anosensitive properties for many of these ho-
mologs have been confirmed by patch-clamp
studies, although differences in gating kinetics
and pressure sensitivity are evident (3).

Structural characterization of MscL would
establish not only the architecture of these
channels but also aid in understanding the basic
mechanism of mechanosensation. As recently
demonstrated by the structure of the K™ chan-
nel from Streptomyces lividans (KcsA) (10),
bacterial channels have important advantages
for structural analyses, including relatively sim-
ple architecture and expressibility. We identi-
fied a MscL homolog in the pathogenic bacte-
rium M. tuberculosis (Th-MscL) that contains
151 amino acids and exhibits an overall 37%
sequence identity to the E. coli MscL (Eco-
MscL). The crystal structure of Th-MscL deter-
mined at 3.5 A resolution establishes the struc-
tural organization of this integral membrane
protein and suggests possible gating mecha-
nisms for opening and closing the channel in
response to membrane stress.

Structure determination. Protein crys-
tals are stabilized by interactions involving
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specific amino acids on the protein surface,
so that variations in these surface residues
can profoundly influence the formation of
lattice contacts during crystallization. We
therefore adopted the strategy of surveying
crystallization space by cloning (11), ex-
pressing, and purifying (12) MscL homologs
derived from nine prokaryotic species, with
the expectation that one or more of these
natural variants would be more optimal for
crystal formation. Each of the full-length
MscL ion channel constructs was cloned and
recombinantly expressed in a mscL knockout
strain of E. coli (2). Those channels and
conditions that were found more suitable for

protein purification and crystallization were
pursued further. After screening and refining
approximately 24,000 crystallization condi-
tions for the nine MscL homologs, using ~20
detergents, we obtained several different
crystal forms of MscL. The M. tuberculosis
homolog yielded crystals of the best diffrac-
tion quality, and these were used for the x-ray
structure determination (13).

Native crystals of Th-MscL grew in space
group 14,22 (a = b = 212.96 A, c = 96.43 A)
and diffracted to a resolution of ~7 A using
synchrotron radiation. Upon soaking these
crystals in suitable heavy-atom compounds
(Table 1), the space group unambiguously
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Fig. 1. The amino acid sequence (40) alignment for several MscL homologs produced using the g

program CLUSTALX (47). Residues are colored according to their acidic (red), basic (blue), polar =

(green), or hydrophobic (gray) character. The transmembrane and cytoplasmic helices for the

Tb-MscL structure are indicated above the sequence alignment for reference, and pore-lining .8

residues are denoted by an asterisk, including residues facing into the cytoplasmic helical bundle. @

The sequence for M. leprae was identified in a BLAST search of data from the Sanger Genome %

Project and is included for comparison with the M. tuberculosis sequence (identity = 73%). The =

following GenBank accession numbers reference the sequences used for the alignments: B. subtilis, 8

783337; E. coli, P23867; H. influenzae, U32745; M. tuberculosis, ALO21999.

Diffraction data

Na,Au(S,0.), (NH,),WS, (CH,);Pb acetate Xe
Bragg spacing limits (A) 20.0-3.5 20.0-3.5 20.0-7.0 20.0-7.0
Total observations 66,083 27,379 6,513 9,522
Unique observations 24,876 11,492 2,901 4,549
Roym (%) 8.9 7.8 4.9 5.0
Completeness (%) 90 90 86 87

Table 1. Data collection and crystallographic analysis. All diffraction data used in the structural analysis
were collected from single crystals at beamline 9-1 (\ = 0.98 A) at the Stanford Synchrotron Radiation
Laboratory (SSRL) except for the Xe data set, which was collected at beamline 7-1 (A = 1.08 A).
Additional data sets were collected at beamline 5.0.2 at the Advanced Light Source (ALS) and also on
laboratory x-ray sources (RAXIS Il and RAXIS IV). All data sets were collected at —165°C and processed
using the programs MOSFLM and SCALA (39). Because of their extremely fragile nature, the Tb-MscL
crystals were stabilized with glutaraldehyde by vapor diffusing the crystals for at least 48 hours before
heavy-atom soaking and data collection. In addition, the triethylene glycol concentration in the drop was
gently increased to 38% by vapor diffusion for optimal cryo-protection for flash-cooling in liquid nitrogen
or ethane. The incorporation and concentration of DDM in heavy-atom soaks was critical for maintaining
the integrity and diffraction quality of the crystals.
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Generation of experimental electron density
Phasing power

Na,Au(S,0,), 2.0
(NH,),WS, 23
Density correlation coefficient 45%
Overall figure of merit 0.56

Refinement statistics

Single model

R factor (20-3.5 A) 40%

Riee (20-3.5 A) (10%) 42%
Nine models

R factor (20-3.5 A) 26%

R; .. (20-3.5 A) (10%) 35%
Average B factor 68 A2

Model geometry

Bond length deviation 0.009 A
Bond angle deviation 1.6°

2221
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changed to 14, with similar unit cell dimen-
sions (a = b = 21242 A, ¢ = 98.05 A). We
believe that the unsoaked Th-MscL crystals
contained a distribution of disordered mole-
cules and that the binding of these heavy
atoms stabilized a unique orientation, result-
ing in the lower symmetry space group. In an
effort to strengthen protein lattice contacts
and improve the overall order within these
crystals, an extensive series of detergents,

Space Group 14,
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small organic molecules, and heavy-metal
compounds were screened as additives. One
of these compounds, Na,Au(S,0,),, signifi-
cantly improved the x-ray diffraction quality
of the Th-MscL crystals, to a limiting reso-
lution of 3.5 A. This compound was later
found to bind at a set of crystal lattice con-
tacts (Fig. 2A). In view of the superior dif-
fraction quality, data collected from this
soaked crystal was used as the “native” data

Fig. 2. Structure determination of Tb-MscL. (A) Packing diagram of Tb-MscL channels in the crystal.
The space group is |14, and the unit cell is superimposed onto the crystal lattice. The yellow and
green spheres indicate the positions of the bound Na,Au(S,0,), and (NH,),WS, compounds,
respectively. The binding of Na,Au(S,0,), to the crystal packing sites significantly improved the
diffraction resolution from ~7.0 to 3.5 A. The (NH,),WS, bound within the cytoplasmic
five-helix bundle of the channel. The inset represents the view from the extracellular side of
the channel showing the relative positioning of the heavy atoms. (B) Stereoview of experi-
mental electron density for the TM1 and TM2 transmembrane helices. The NH,-terminal end
of the model (residue 10) is labeled. The density is contoured at 1o and rendered with

BOBSCRIPT and RASTER-3D (42-44).

set for the structure determination. With dif-
fraction data collected from several different
heavy-metal soaked crystals, phases were de-
termined by the methods of multiple isomor-
phous replacement and anomalous scattering
using the package PHASES (14, 15). Initial
electron density maps clearly revealed that
the asymmetric unit contained a single pen-
tamer, corresponding to a solvent content of
~85%. Iterative fivefold noncrystallographic
averaging, solvent flattening, and phase ex-
tension yielded electron density maps of ex-
cellent quality for model building (Fig. 2B).
A chemical model was built using the pro-
gram CHAIN (16), and the protein sequence
registration was established by the presence
of appropriate density in the electron density
maps for the aromatic groups in the trans-
membrane helices.

The Th-MscL structure refinement was
complicated by a rapid decrease in intensity
of the diffraction pattern with resolution, cor-
responding to an overall temperature factor of
~100 A2, Similar overall temperature factors
were reported for the KcsA channel structure
(10). The experimentally phased electron
density maps, however, appeared to be of
much better quality than would be expected
for this temperature factor. This suggested
that there was one predominant orientation
for the channel in the crystal, likely stabilized
by heavy-atom binding, with additional ori-
entations that introduced a degree of position-
al disorder in the crystal. As a consequence,
while the diffraction pattern remained rela-

Control +2 mM DSS
[ 1T ]
Tb Eco Tb Eco

kD |
- |
220-|
97.4—|
71 5-mer
66— T 4-mer
-1 3-mer
46—
R T 2-mer
30—
J1-mer
215 - ([ -
14.3-7

Fig. 3. Cross-linking analysis of the oligomeric
state of purified MscL protein. Aliquots of Tb-
MscL (10 pg) or Eco-MscL (3 wg) purified in
0.1% DDM were subjected to cross-linking with
the homobifunctional, water-insoluble reagent
DSS (2 mM final concentration). Reactions were
performed in phosphate-buffered saline (pH
7.5) for 5 min at 4°C and subsequently
quenched with 100 mM Tris (pH 7.5). The
protein samples were resolved using a 4 to 15%
polyacrylamide gel and visualized using Coo-
massie brilliant blue. For unknown reasons,
monomers of the purified MscL proteins mi-
grate as double bands on the gel, as reported
previously (2, 33).
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tively strong at lower resolution, the scatter-
ing contributions from this ensemble of pro-
tein and associated detergent interfered at
higher resolution, resulting in a rapid de-
crease in intensities. Standard refinement al-
gorithms are relatively poor at modeling po-
sitional disorder of this type (17) and, as a
result, we were unable to refine any single
model of Th-MscL to values of R and Rq,,
below ~40 and ~42%, respectively. In an
effort to model multiple orientations, we si-
multaneously refined nine copies of the struc-
ture against the native data (18-20) with very
strict fivefold noncrystallographic harmonic
constraints applied between monomers with-
in a channel, using the program X-PLOR (21,
22). After molecular dynamics refinement, an
ensemble of similar models (average rms de-
viation between C_ atoms between models:
<1.2 A) was achieved with a crystallograph-
ic R factor of 26% and an R, of 35%
against the native Th-MscL data. Residue
positions in the « helical regions were well-
defined in these models, whereas the loop
regions were less well ordered. An averaged
model with good stereochemistry was com-
puted and used for structural analysis.
Structural organization of Th-MscL.
The pentameric arrangement observed crystal-
lographically contrasts with earlier studies on
Eco-MscL that had suggested a hexameric
structure based on cross-linking experiments
(5) and electron microscopy (8), although other
studies were inconclusive on this point (6).
Using the cross-linker disuccinimidyl suberate
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(DSS), we observed that cross-linked Th-MscL
and Eco-MscL proteins could each be separated
by gel electrophoresis into a ladder of five
bands, suggesting a pentameric association
(Fig. 3). These results indicate that the organi-
zation of Th-MscL observed in the crystal ac-
curately represents the oligomeric state of the
detergent-extracted protein.

The crystal structure establishes that Th-
MscL exists as a homopentamer composed of
two domains, designated transmembrane and
cytoplasmic. Both domains share the same
fivefold axis relating subunits within the
channel. Th-MscL is ~85 A in length, with
the transmembrane and cytoplasmic domains
accounting for 50 and 35 A, respectively
(Fig. 4). The diameters of the transmembrane
and cytoplasmic domains are ~50 and 18 A,
respectively. The actual membrane-spanning
region of Tb-MscL is ~35 A in length and is
primarily composed of hydrophobic residues
in the transmembrane helices. As noted in
other integral membrane proteins, there is a
trend for aromatic residues to be localized
near the membrane—aqueous phase interface
(23, 24). In the case of Th-MscL, aromatic
residues predominate on the cytoplasmic side
of the membrane, including two residues in
TM1 (Phe?” and Phe®*) and five in TM2
(Phe™, Phe®®, Phe®4, Tyr®7, and Phe®®).

Each subunit of Th-MscL exhibits a rela-
tively simple folding topology (Fig. 4). Start-
ing from the NH,-terminus at the cytoplasmic
side, the first transmembrane helix (TM1,
residues 15 through 43) crosses the mem-

Fig. 4. Structure of the homopentameric mechanosensitive channel from M. tuberculosis. Side (left)
and top (extracellular; right) views of Tb-MscL were rendered using BOBSCRIPT and RASTER-3D
(42-44). The monomers within the channel are individually colored. The NH,- and COOH-terminal
ends of the cyan monomer are indicated, and the dimensions of the channel are shown.
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brane and creates the bulk of the pore. TM1 is
connected to the second transmembrane helix
(TM2, residues 69 through 89) by a loop
(residues 44 through 68) that dips into the
pore region. TM2 returns to the cytoplasm
along the outside of the channel, and is fol-
lowed by a second loop (residues 90 through
101) that connects to the cytoplasmic helix
(residues 102 through 115). In view of the net

Fig. 5. (A) Molecular surface rendering of Tb-
MscL viewed from the extracellular side of the
membrane. The electrostatic potential was cal-
culated using the program GRASP (45) assum-
ing an ionic strength equivalent of 100 mM
NaCl and a dielectric constant of 2 and 80 for
protein and solvent, respectively. The surface
coloring varies continuously from blue in more
basic regions to red in more acidic areas. Note
that the pore surface is highly polar and oc-
cluded at the cytoplasmic side of the channel.
The deviation of the shading of the electrostat-
ic potential surface from fivefold symmetry is a
consequence of the off-axis placement of the
light source used in this figure. (B) Cut-away
side view of Tb-MscL to reveal the solvent-
accessible surface within the channel. All atoms
within a 50° wedge from the fivefold axis of the
structure were removed for this representation.
The yellow bars delineate the region of the
hydrophobic surface where the lipid bilayer is
presumed to be. The occluded region of the
channel is indicated by the green arrows.
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negative charge in this region (Fig. 5), it is
possible that the cytoplasmic helix is stabi-
lized in this structure by the low pH of the
crystallization conditions. The remaining res-
idues at the NH,- and COOH-termini are
presumably disordered. The sequence posi-
tions of the two transmembrane helices
roughly agree with the predictions of the
hydropathy analysis (2, 5). Additionally, the
polypeptide fold through the transmembrane
domain is threaded in the opposite direction
to that observed in the KcsA channel (10).
The helical axes for TM1 and TM2 within
each subunit are tilted by ~28° with respect
to the molecular fivefold axis, whereas the
cytoplasmic helices are tilted by ~15°. Each
TM1 helix contacts four surrounding helices
(Fig. 4). These contacts involve the TM1
helices of the two adjacent subunits (crossing
angle = —43°) and two TM2 helices: one
within the same subunit (crossing angle =
135°) and the second from an adjacent sub-
unit (crossing angle = 169°) (25). The TM2
helices of neighboring subunits do not direct-
ly contact each other, but rather are separated
by ~20 A. The most extensive set of inter-
actions in the transmembrane domain occurs
between the TM1 and TM2 helices of adja-
cent subunits, with a buried surface area of
2300 A2, In contrast, the interactions between
TM1 and TM2 helices within a subunit are
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less extensive and bury only 800 A2 between
residues 34 through 36 and 77 through 79.
The cytoplasmic domain consists of helices
packed together at a crossing angle of ~24°
to form a helical bundle that buries ~1700 A2
between adjacent monomers.

Pore structure. The pore of Th-MscL
appears to be extended along the fivefold axis
through both the membrane and cytoplasmic
domains. The radius of the transmembrane
pore varies between ~2 to 18 A and is par-
tially occluded at the cytoplasmic surface
(Fig. 5). In the transmembrane domain, the
pore is lined with a series of hydrophilic
residues from TM1, which include a series of
four threonines (Thr?5, Thr2®, Thr2, and
Thr3®), a lysine (Lys®®), and an aspartate
(Asp®%). Consequently, the interior surface of
the channel has a distinctly polar character.
Intriguingly, the abundance of threonine res-
idues on this surface is reminiscent of the
pore-forming M2 helix in the nicotinic ace-
tylcholine receptor (26, 27). The hydropho-
bic residues Ile** and Val?! create a constric-
tion near the cytoplasmic surface at the NH,,-
terminal end of TM1. In view of the small
diameter (~2 A) of the channel in this region,
it appears likely that the structure of the
channel represents a closed, or nearly closed,
state.

The loop region between the TM1 and

Fig. 6. Proposed model for the mechanosensitive gating of Tb-MscL. Side (left) and top (extracel-
lular; right) views of the Tb-MscL channel with arrows indicating the proposed shift in relative
helical position upon application of tension to the membrane. To provide accessibility to the ion
conduction pathway, the position of the TM1 helices near the cytoplasm would need to shift
radially from the molecular fivefold axis (normal to the membrane). Possible movement of the TM2
and cytoplasmic helices are also indicated. This figure was prepared using Insightll molecular
modeling system (MSI, San Diego, CA).

TM2 helices creates a flap that forms the
extracellular surface of the pore. Residues 58
through 64 are found deep in the pore of the
channel and are less ordered, perhaps reflect-
ing the flexibility of three glycine residues
(Gly®2, Gly®3, and Gly®%) at the bottom of the
loop near Lys®3 of TM1. Another interesting
feature of the pore loop are two isoleucine
residues (11e>° and 11e®) which face two oth-
er isoleucine residues (11e%8 and 11e3°) from
the TM1 helix and may play some role in
controlling the pore diameter.

Directly below the occluded region of the
pore, there is a cluster of charged residues,
including Arg®8, Lys®, Lys!, Glu'®? and
Glul®4, The binding of oxyanionic heavy atoms
from several different derivatives within this
region of the cytoplasmic domain suggests a
possible ligand-binding site, and the accessibil-
ity of this region could further imply that this
part of the structure could potentially participate
in part of the ion conduction pathway. In par-
ticular, a Xe-pressurized crystal (28) shows a
tube of difference electron density along the
fivefold axis of the cytoplasmic bundle (29).
The juxtaposition of the transmembrane and
cytoplasmic domains with coincident molecular
axes, including the possible extension of the
transmembrane channel through the cytoplas-
mic domain, resembles the proposed model for
the interaction of the cytoplasmic NH_-terminal
domain and channel regions of the Shaker K™
channel (30).

Relationship of structure to function.
Unlike the cloned ligand- and voltage-gated
ion channels that have been extensively char-
acterized by a combination of electrophysio-
logical and molecular biological techniques,
the first mechanosensitive ion channel (Eco-
MscL) was cloned relatively recently (2), and
thus more limited information is currently
available to relate MscL function to the struc-
tural model. However, mutagenesis studies
with Eco-MscL have resulted in the mapping
of several regions involved in the gating and
pressure sensitivity of MscL (31-33). Con-
sidering the sequence similarity of Th-MscL
to Eco-MscL, these data yield significant in-
sights into the domains responsible for MscL
function.

The TM1 helix is one of the mostly highly
conserved regions among MscL proteins, par-
ticularly at the NH,-terminal end (3). Single-
site mutagenesis of Eco-MscL along this region
showed that mutations along one face of this
helix significantly alter channel gating (31, 32).
Based upon the Th-MscL model, these muta-
tions consistently map to residues facing the ion
conduction pathway. Mutants that display a
gain-of-function phenotype have the most pro-
found effects at positions 22, 23, 26, and 30 of
Eco-MscL (equivalent to positions 20, 21, 24,
and 28 of Th-MscL). It is believed that these
mutants result in channels that readily open and
thus inhibit growth due the loss of ions out of
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the cell (31).

Because studies of the purified Eco-MscL
channel reconstituted into lipid bilayers dem-
onstrated that gating is intrinsic to this protein
(2, 34), some integral structural rearrange-
ment must occur to coordinate channel open-
ing. Based upon the Th-MscL structure, it
would appear that the junction of the TM1
helices near the base of the channel can form
a physical hydrophobic barrier or “gate” that
occludes the channel, thereby restricting the
permeation of ions through the pore. More
significantly, several of the most severe gain-
of-function mutants map within this hydro-
phobic apex (31), which supports the hypoth-
esis that this region acts as the channel gate.
Presumably, upon applying lateral tension to
the membrane, rearrangement of the trans-
membrane region occurs such that the TM1
helices are pulled away from each other (Fig.
6), perhaps inserting between TM2 helices at
the outer edge of the channel. Adjacent TM2
helices are separated by ~20 A and, hence,
could accommodate a repositioned TM1 he-
lix (diameter of ~10 A) between them. As a
result of this proposed movement of the TM1
helices, the constriction of the central pore
would be relaxed, thus allowing ions to cross
the membrane. It has been reported that the
cross-sectional area in the membrane occu-
pied by MscL increases by ~350 A? between
the closed and open states of the channel (4,
35). Although the structure of the open state
of Th-MscL has yet to be determined, a
change of this magnitude could be achieved
upon channel opening by a relatively modest
increase in the effective diameter of the trans-
membrane domain from ~50 to ~51 A.

Pentameric organizations have been pre-
viously described for the important class of
ligand-gated ion channels that include the
nicotinic acetylcholine (AChR), serotonin
(5HT,), GABA,,, and glycine receptors (36).
Beyond their common pentameric organiza-
tion, the pore architecture of Th-MscL exhib-
its strong similarities to that observed for the
AChR (37, 38). In particular, the orientation,
helix packing, and tilt angle of the M2 helices
that have been proposed as forming the
AChR pore correspond to those observed for
the pore helices in Th-MscL. The pore helices
for both families appear to be lined with polar
residues such as threonine or serine, and hy-
drophobic residues are present at the constric-
tion in the pore that may act as the channel
gate. The gating mechanism proposed for
AChR involves a reorientation of the M2
helices that repositions the occluding hydro-
phobic residue, thereby leading to an open
channel configuration. Although the detailed
gating mechanisms undoubtedly differ be-
tween MscL and AChR, it seems quite plau-
sible that they are both based on rearrange-
ments of the pore helices that ultimately reg-
ulate the channel dimensions.
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The structure of Th-MscL provides a
framework for understanding the transduc-
tion of mechanical stress on the lipid bilayer
into protein conformational changes that con-
trol ion flux through the cell membrane. As a
member of a family of mechanosensitive
channels that are prevalent in bacteria, the
structure of Th-MscL should serve as a model
for these related MscL channels and may addi-
tionally help to address aspects of the functional
mechanism of nonhomologous, two-transmem-
brane-helix MS channels found in eukaryotes.
Structural similarities in the pore regions be-
tween Th-MscL and the family of pentameric
ligand-gated ion channels also suggest that this
structure will be useful for modeling gating
mechanisms in a broad class of gated channels.
As originally demonstrated with the structure of
the bacterial photosynthetic reaction center
(23), and most recently with the KcsA channel
structure (10) and our work here, bacterial
membrane proteins provide attractive systems
for structural and functional characterization of
more complex homologs of integral membrane
proteins found in eukaryotes.
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Regulation of Polar Auxin
Transport by AtPIN1 in
Arabidopsis Vascular Tissue
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Polar auxin transport controls multiple developmental processes in plants,
including the formation of vascular tissue. Mutations affecting the PIN-FORMED
(PIN1) gene diminish polar auxin transport in Arabidopsis thaliana inflorescence
axes. The AtPINT gene was found to encode a 67-kilodalton protein with
similarity to bacterial and eukaryotic carrier proteins, and the AtPIN1 protein
was detected at the basal end of auxin transport—competent cells in vascular
tissue. AtPIN1 may act as a transmembrane component of the auxin efflux

carrier.

Charles Darwin had proposed the concept of
translocated chemical messengers in higher
plants, which finally resulted in the discovery
of polar auxin transport in the 1930s (1). The
transport of auxin from the plant tip down-
ward provides directional information, influ-
encing vascular tissue differentiation, apical
development, organ regeneration, tropic
growth, and cell elongation (2, 3). Polar aux-
in transport can be monitored by following
the movement of radiolabeled auxin through
tissues. Auxin transport is specific for the
major auxin indoleacetic acid and various
synthetic auxins, it requires energy, and it
occurs with a velocity of 7 to 15 mm/hour (2).
This transport can be specifically inhibited by
synthetic compounds, known as polar auxin
transport inhibitors, and by naturally occur-
ring flavonoids (4). The current concept,
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known as the “chemiosmotic hypothesis,”
proposes that (i) the driving force for polar
auxin transport is provided by the transmem-
brane proton motive force, and that (ii) the

Fig. 1. Phenotypic and Southern blot analysis of
the transposon insertional mutant Atpin1::En134.
(A) The most obvious phenotypic aspect of the
homozygous mutant represents the naked, pin-
forming inflorescence with no or just a few de-
fective flowers. (B) Atpin1::En134 seedlings
showed frequently aberrant cotyledon position-
ing or triple cotyledons. (C) A mutant cauline leaf
exhibited abnormal vein branching resulting in
the appearance of fused twin or triple leaves.
Unusually, the leaf and “pin”-forming axillary
shoot have formed in opposite positions. (D)
Drastically fasciated inflorescence of an aged mu-
tant. (E) Southern blot analysis of a segregating
Atpin1::En134 mutant population. The M, proge-
ny of the heterozygous Atpini::En134 mutant
showed 3:1 segregation for wild-type and mu-
tant phenotype plants (8). The cetyltrimethylam-
monium bromide method (23) was used to iso-
late genomic DNA from plants showing the mu-
tant (22, 27, 25 28) and wild-type (12, 43, 45, 46,
47, 52, 56, 60, 75, 78, 79) phenotype and from
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cellular efflux of auxin anions is mediated by
saturable, auxin-specific carriers in shoots
presumably located at the basal end of trans-
port-competent cells (2). Immunocytochemi-
cal work with monoclonal antibodies to pea
stem cell fractions indicated that the auxin
efflux carrier is located at the basal end of
auxin transport—competent cells (5).

Gene tagging. The phenotype of the pin-
formed mutant of Arabidopsis can be mimicked
by chemical inhibition of polar auxin transport
(6). Analysis of auxin transport in pin-formed
mutants suggests that an essential compo-
nent for auxin transport is affected (6, 7).
To isolate the affected AtPIN1 gene locus,
we used the autonomous transposable ele-
ment En-1 from maize to generate mutants
in Arabidopsis thaliana. We identified
three independent transposon-induced mu-
tants, Atpinl::Enl134, Atpinl::Enl1ll, and
Atpinl::En349, that exhibited auxin trans-
port—deficient phenotypes (8). These plants
developed naked, pin-shaped inflorescences

mutant
22272528

wild type
kb Col 12 4345 46 47 5256 60 757879

714 g"'
6.1- -
B.1- .oo

4.1 _
3.1 .
2.0- . ..".‘

ecotype Columbia (Col) plants lacking En-1 insertions. After Xba | digestion, the DNA was separated on
a 0.8% agarose gel (2 pg per lane), transferred to a Nylon membrane and hybridized with a 32P-labeled
3’-end probe of the En-1 transposon (24). Only one fragment of 2.3 kb in length (marked by an arrow)
was commonly detected in all 12 tested homozygous Atpin1::En134 mutants and in 15 heterozygous
plants (not all are shown), indicating cosegregation with the Atpin1::En134 allele. Size bars represent 25

mm (A), 2.5 mm (B), and 10 mm [(C) and (D)].
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