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Ligand-gated channels, in which a substrate transport pathway
is formed as a result of the binding of a small-molecule chemical
messenger, constitute a diverse class of membrane proteins with
important functions in prokaryotic and eukaryotic organisms.
Despite their widespread nature, no ligand-gated channels have
yet been foundwithin the outermembrane (OM) of Gram-negative
bacteria. Here we show, using in vivo transport assays, intrinsic
tryptophan fluorescence and X-ray crystallography, that high-
affinity (submicromolar) substrate binding to the OM long-chain
fatty acid transporter FadL from Escherichia coli causes conforma-
tional changes in the N terminus that open up a channel for
substrate diffusion. The OM long-chain fatty acid transporter FadL
from E. coli is a unique paradigm for OMdiffusion-driven transport,
in which ligand gating within a β-barrel membrane protein is a
prerequisite for channel formation.

The outer membrane (OM) of Gram-negative bacteria is a very
efficient permeability barrier and therefore contains proteins

that form channels for the uptake of small molecules required
for cell growth and function. Virtually all OM channels form
β-barrels that are stable under the harsh conditions frequently
encountered on the outside of the cells. Most OM channels, such
as general porins and substrate-specific channels, mediate small-
molecule substrate uptake via passive diffusion (1). These pro-
teins either do not bind their substrates (e.g., porins) or, in the
case of substrate-specific channels, they bind their substrates with
only low affinities (submillimolar to millimolar). Originally, mem-
bers of these two classes of channels were thought not to undergo
conformational changes during transport (1). Recent studies have
shown, however, that OM diffusion channels can mediate com-
plex transport processes in which the channels are not necessarily
static pores (2–4). Despite these advances, OM ligand-gated
channels, in which binding of a small molecule opens up a trans-
port channel, have not yet been described. The closest known
examples of ligand-gated channels in the OM are the TonB-de-
pendent receptors (TBDRs). These are active transporters that
mediate the uptake of relatively large (>600 Da) hydrophilic
solutes such as vitamin B12 and iron siderophores. Members of
this class of channels, exemplified by Escherichia coli FhuA
and FepA, have been characterized in detail both biochemically
and structurally. TBDRs form large, 22-stranded β-barrels with
an N-terminal plug domain that occludes the lumen of the barrel.
Upon high-affinity ligand (nanomolar) binding on the extracellu-
lar side of the cell, conformational changes occur that are trans-
mitted to the TonB box, a short N-terminal sequence within the
TBDR that becomes exposed to the periplasmic space. Thus,
ligand binding in TBDRs generates conformational changes with-
in the receptor, but these do not lead to an open channel. Only
after interaction with the inner membrane protein TonB and
utilizing the proton motive force via a mechanism that is still
unclear, a transport channel is formed in TBDRs (5, 6). All of
the above-mentioned OM proteins mediate the transport of
hydrophilic molecules.

The long-chain fatty acid (LCFA) transporter FadL from
E. coli (EcFadL) is the archetypal member of a large family
of OM proteins mediating the passive diffusion of hydrophobic
molecules across the OM, including xenobiotics destined for

biodegradation (7, 8). EcFadL has an N-terminal “plug” domain
in the lumen of the barrel, and an opening in the barrel wall due
to an inward-pointing kink in one of the β-strands (9). We have
recently shown that substrate uptake by EcFadL occurs via lateral
diffusion (10). The defining feature of this mechanism is that
the transport pathway is not across the membrane like in other
membrane transporters; instead, the hydrophobic substrates
diffuse from the barrel lumen laterally into the outer leaflet of
the OM via the opening in the barrel wall (10). Crystal structures
suggest that EcFadL has a low-affinity binding site between two
loops on the extracellular surface of the protein, and a high-
affinity site in the lumen of the barrel, close to the N terminus (9).
The substrate binding sites are part of a long hydrophobic chan-
nel that leads from the extracellular surface to the opening in the
barrel wall. However, the N-terminal three residues of the plug
domain, most notably F3, interrupt the channel and block access
of the substrate to the lateral opening (Fig. 1). The closed channel
is stabilized by an interaction between the α-amino group and
the carboxyl group of the conserved residue D348 (9) (Fig. 1).
The structural data therefore suggest that the N terminus has to
move in order to open the channel.

Results and Discussion
The N terminus Is Important for LCFATransport.To test the role of the
N terminus in LCFA transport we made two N-terminal EcFadL
plug truncation mutants, in which three (ΔN3) and eight (ΔN8)
N-terminal residues are removed (SI Text). Surprisingly, the in
vivo oleate transport activities of both N-terminal plug truncation
mutant proteins show drastically impaired LCFA transport
(Fig. 2). Because removal of the N terminus should generate an
open channel for LCFA diffusion, the low transport rates imply
that LCFA binding is impaired in the truncation mutants. This
conclusion makes sense considering that F3, absent in both trun-
cation mutants, is part of the high-affinity LCFA binding site (9)
(Fig. 1). The three N-terminal (plug) residues are conserved as
[small]-[small]-[large hydrophobic] in FadL channels, suggesting
that the presence of a large hydrophobic residue at position 3 is
functionally important. We tested this notion with the less drastic,
N-terminal point mutants F3E and F3G, and found that these
proteins are also characterized by very low oleate uptake activ-
ities (Fig. 2). Together these results show that the N terminus,
especially F3, plays an important role in LCFA transport.

Structural Characterization of N-Terminal EcFadL Mutants. As the
next step, we determined structures of the N-terminal mutant
proteins by X-ray crystallography (Fig. 3 and Table S1). Strikingly,
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although the membrane-embedded parts of the ΔN3 and ΔN8
(Fig. S1) mutant structures are very similar to wild-type EcFadL
(Fig. 3), the mutants lack electron density for residues 235–267 in
loop L4 and residues 299–324 in loop L5. In addition, no deter-
gent molecules are visible in the low- and high-affinity binding
sites (Fig. 3), which makes sense considering that a number of
hydrophobic residues in loops L4 and L5 are part of the LCFA
binding sites (9). Our interpretation of the structural data is that
the removal of F3 destabilizes the LCFA binding site, leading to
increased flexibility of loops L4 and L5. Besides having disor-
dered substrate binding sites, the ΔN3 and ΔN8 mutant struc-
tures also have open channels due to the truncation of the N
terminus (Fig. 4). Thus, dramatically decreased LCFA binding is
the likely reason for the low transport activities of the N-terminal

truncation mutants. The crystal structure of the F3E point mutant
shows that its LCFA binding sites are also disordered, indicating
that substitution of F3 for a negatively charged amino acid is also
detrimental to LCFA binding. It should be noted that electron
density for the L4/L5 loops is absent/partially present only in
mutants that are severely affected in the N terminus (ΔN3,
ΔN8, F3E). In addition, the crystal packing in the N-terminal
mutants suggests that neighboring molecules are close enough
to provide lattice contacts with the L4/L5 loops (Fig. S2). These
two arguments suggest that the observed disorder in the loops is
not due to a lack of crystal lattice contacts, but a direct conse-
quence of the mutations within the N terminus. The structure of
the final, most conservative point mutant F3G is similar to wild-
type EcFadL, with density present for all loops and a detergent

Fig. 1. The N terminus of FadL is connected to the high-affinity binding site. (A) Stereo cartoon viewed from the side, showing the locations of F3, W298, and
D348 within the wild-type EcFadL structure (Protein Data Bank ID 1T16). The N terminus (residues 1–3) is colored red, with the rest of the plug domain colored
pink. The LCFA-mimicking LDAO detergent molecule bound in the high-affinity binding site is colored dark green (nitrogens blue, oxygens red). The lateral
opening in the barrel wall is indicated with an orange asterisk. Residues 405–411 in strand S14 have been removed to show the LDAO detergent molecule more
clearly. The extracellular side is at the top of the figure. (B) Overview showing the complete EcFadL structure for reference, with the hydrophobic core of the
OM indicated as horizontal lines. This and the following figures were made with PyMOL (14).

Fig. 2. Oleate transport and binding by FadL proteins. (A) In vivo [3H]-oleate transport activities of wild-type (gray bar) and mutant EcFadL proteins, grouped
by color (N-terminal mutants, red; 0Trp and single-Trp mutants, cyan). The weighted average and sigma values of moles oleate transported∕ðnanogram ×minÞ
are reported as % wild-type, and obtained as previously reported (7). The zero-Trp mutant is labeled 0Trp-F0W for consistency. The gray vertical line marks
100% wild-type activity. Palmitate plate growth is graded in order “−” (no growth), “þ,” “þþ,” and “þþþ” (wild-type). ND, not determined. For more
information, see Figs. S6–S9. (B and C) In vitro oleate and LDAO binding to EcFadL mutants monitored by intrinsic fluorescence. Green, 0Trp-F298W (oleate);
magenta, 0Trp-F298W (LDAO); blue, 0Trp-F298W-ΔN3 (oleate); red, 0Trp-F0W (oleate). (B) Normalized fluorescence emission intensity at 319 nm vs. oleate
concentration. (C) Peak emission wavelength vs. oleate/LDAO concentration. A quadratic fit is plotted for oleate titration to 0Trp-F298W in B and C. Note the
extended concentration range for the LDAO titration. For oleate it is not possible to perform titrations >10 μM due to Rayleigh scattering effects.
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molecule bound in the high-affinity site (Fig. 3). However, this
detergent molecule has moved compared to that bound in the
wild-type protein, occupying a position where the side chain of
F3 would be (Fig. 3). Thus, the absence of the F3 side chain
has resulted in the partial release of the detergent from its bind-
ing site, in accordance with our notion based on the more severe
mutants. The N terminus in the F3Gmutant, like that in wild-type
FadL, still prevents access of a substrate to the lateral opening
(Fig. 4), demonstrating that the removal of the F3 side chain
alone is not sufficient to alleviate the blockage of the channel by
the N terminus.

Residue D348 Constrains the N Terminus of EcFadL. In order to obtain
more information about the effect of the conformation and
dynamics of the N terminus on LCFA transport, we made the
D348A EcFadL mutant. D348 is conserved in FadL channels
that have high LCFA transport activity, but not in FadL channels
dedicated to monoaromatic hydrocarbon transport (11), sugges-
tive of an LCFA-specific role. Within the closed channel, the
D348 carboxylate interacts with the A1 α-amino group (Fig. 1),
presumably stabilizing its conformation. Strikingly, the D348A
EcFadL mutant has very low oleate transport activity and does
not grow on palmitate plates (Fig. 2), supporting the importance
of an interaction between D348 and the N terminus. Surprisingly,
the crystal structure of D348A, including the conformation of the
N terminus, is virtually identical to wild-type EcFadL (Fig. S3, Cα

rmsd 0.35 Å). Apparently the conformation of the “uncon-
strained” N terminus favored under the crystallization conditions
is similar to the “D348-constrained” N terminus in the wild-type
protein. We therefore made a D348R mutant, with the goal
of physically forcing the N terminus to move via electrostatic and
steric clashes of the introduced arginine side chain with the
α-amino group. As expected, LCFA transport in this mutant is
abolished (Fig. 2). The crystal structure of the D348R mutant

shows the same dramatic changes in loops L4/L5 as the ΔN3
and F3E mutants compared to wild-type EcFadL (Fig. 3). In all
these mutants, the N terminus (including F3) is either absent
(ΔN3) or has moved (F3E, D348R) as a consequence of the
introduced changes. Although it is unlikely that the structures
of these mutants represent intermediates in the transport cycle,
we do infer that a movement of the N terminus will cause a
disruption of the substrate binding sites.

High-Affinity Substrate Binding Triggers an N-Terminal Conforma-
tional Change.The structural and transport data suggest an impor-
tant functional link between the N terminus and the high-affinity
LCFA binding site, mediated by the side chain of F3. More
specifically, the data suggest that a conformational change in the
N terminus leads to LCFA substrate release from the binding site.
We hypothesized that binding of the substrate in the high-affinity
site might trigger the N-terminal conformational change, result-
ing in the subsequent release of the substrate and further trans-
port. In order to test this model, we developed an in vitro LCFA
binding assay based on intrinsic tryptophan fluorescence (SI Text).
We removed the 11 endogenous Trp residues in EcFadL (0Trp-
F0W) and reintroduced a single-Trp residue as a reporter at posi-
tion 298 (0Trp-F298W). Residue W298, which is endogenous to
EcFadL and highly conserved in FadL channels (9), is close to the
N terminus and contacts the aromatic ring of F3 (Fig. 1). Because
W298 is not close to the detergent in the high-affinity binding
site (closest distance is approximately 8 Å; Fig. 1), this residue
is ideally positioned to report on a conformational change of
the N terminus. The 0Trp-F0Wand the 0Trp-F298W mutants are
active in oleate uptake (Fig. 2A and SI Text), indicating that none
of the tryptophan residues in EcFadL are required for transport.
For the Trp-less control mutant (0Trp-F0W), titration with oleate
generated a gradual, linear decrease in fluorescence intensity,
with λmax remaining constant at approximately 326 nm (Fig. 2

Fig. 3. Effect of N-terminal mutations on the structure of EcFadL. Cartoons viewed from the side, shown in identical orientations, for closed wild-type EcFadL
[Protein Data Bank (PDB) ID 1T16; ref. 6] and the mutants ΔN3, F3E, F3G, and D348R. In addition, the structure of a putative open wild-type channel is shown
(PDB ID 1T1L; ref. 6). Loops L3–L5 are indicated in wild-type FadL. Detergent (green) bound in the low-affinity binding site is indicated with “L,” and that in
the high-affinity binding site by “H.” Residue R348 in the D348R mutant is indicated with magenta sticks, with two conformations for the guanidinium group.
The N terminus (residues G1–F3) is colored red, andW298 is colored blue. The dotted line in the wild-type protein corresponds to the center of the slabs through
surfaces shown in Fig. 4.
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and Fig. S4). Similar titrations were obtained for several other
single-Trp mutants (SI Text). These results indicate that the 23
tyrosine residues, as well as Trp residues at various sites in
EcFadL, are “inert” to oleate addition under the experimental
conditions. By contrast, titration of the 0Trp-F298W mutant with
oleate caused a clear, saturable increase in fluorescence intensity
together with a blue shift for λmax (Fig. 2 an Fig. S4), indicating
that W298 experiences a significant, specific change in local
environment (12) and is dequenched with increasing oleate con-
centration (Fig. 2). A quadratic model function fit to the normal-
ized intensity data produces an apparent Kd of 0.2� 0.1 μM for
oleate binding by EcFadL. This affinity is very high for a diffu-
sion-driven channel, confirming our previous prediction based
on structural arguments (9). The fluorescence data for 0Trp-
F298W support our hypothesis that substrate binding in the
high-affinity site causes a conformational shift of the N terminus,
and we propose that this shift opens the channel. The fluores-
cence data for 0Trp-F298W-ΔN3 support this notion. The re-
moval of the N-terminal three residues in the 0Trp-F298W
mutant protein abolishes oleate binding and therefore the sub-
strate-induced conformational changes in the N terminus (Fig. 2).
Together, the data suggest that EcFadL forms a ligand-gated
channel, with an N-terminal gate that signals the presence of a
ligand in the binding site to open the channel.

An interesting question is why lauryldimethylamine-oxide
(LDAO) detergent is observed in the high-affinity binding site
of wild-type FadL, given the fact that LDAO is only used at the
initial stages of purification (Methods; ref. 9), and considering
our notion that substrate binding at this site leads to a decreased
affinity. One possible explanation is that LDAO binding does not
trigger conformational changes—i.e., LDAO is not a transport
substrate. It is not possible to test directly if detergents are trans-
ported by FadL for two reasons: (i) they are relatively polar and
will enter E. coli via porins, and (ii) unlike LCFAs, detergents are

not metabolized by E. coli and consequently there is no sink that
drives transport to measurable levels (SI Results and Discussion).
In order to ascertain whether LDAO functions like an LCFA
substrate, we have measured LDAO binding in our in vitro bind-
ing assay using the 0Trp-F298W reporter protein. Interestingly,
LDAO titration only causes small and gradual changes in the
fluorescence spectra (Fig. 2), indicating that LDAO, unlike ole-
ate, does not cause conformational changes in the N terminus.
Thus, LDAO is likely to be an inhibitor.

The observed submicromolar affinity of EcFadL for oleate may
have some interesting implications for substrate acquisition in
vivo. For E. coli, the physiological fatty acid substrates within
the intestine are most likely derived from dietary triglycerides.
Those triglycerides are present in mixed micelles with bile salts
and converted into glycerol and LCFAs by pancreatic lipase. The
LCFA concentration in the mixed micelles is unknown, but un-
doubtedly much higher than the concentrations of free fatty acids,
which are essentially insoluble in water (the aqueous solubility of
palmitate is approximately 10 nM; ref. 13). Thus, substrate acqui-
sition by EcFadL is likely to be very efficient within the gut due
to the high affinity of the channel for the substrate.

A Model for Ligand-Gating in EcFadL. Why does FadL-mediated
LCFA transport require gating? At least in the case of EcFadL,
and likely for other FadL channels as well, substrate binding of
substrates occurs with high affinity. Tight binding requires a sub-
strate release mechanism that, in the case of FadL channels, does
not depend on external energy input. A conformational change in
a channel-blocking N terminus that is physically linked (via F3) to
the substrate binding site could provide such a mechanism. With-
in the closed state of the channel, the α-amino group interacts
with D348 and the N-terminal gate blocks substrate access to
the lateral opening (Fig. 5). Binding of LCFAs to the high-affinity
site perturbs the side chain of F3 and causes a conformational

Fig. 4. The LCFA diffusion pathway in wild-type EcFadL and mutant proteins. Shown are surface slabs viewed from the extracellular side, showing the diffu-
sion pathway from the high-affinity binding site to the lateral opening as a dark tube. In the closed wild-type channel and in the F3G mutant, the N terminus
(red) blocks the diffusion pathway. In the ΔN3 mutant and in the open wild-type channel, the diffusion pathway (shown as a yellow arrow) is uninterrupted
because of the removal (ΔN3) or conformational change of the N terminus. Detergent molecules bound in the high-affinity binding sites are shown as green
stick models.
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change in the N terminus, promoting substrate release and gen-
erating an open channel that now allows diffusion of the substrate
from the high-affinity binding site to the lateral opening in the
β-barrel wall (10) (Fig. 5). The open state of the channel may
resemble that present in the structure of wild-type EcFadL crys-
tallized previously in a hexagonal space group (9) (Figs. 3 and 4).
Within this latter structure, W298 is in a very different environ-
ment compared to the closed channel due to a conformational
change in the N terminus (Fig. S5), supporting our intrinsic tryp-
tophan fluorescence data.

The structural similarity of FadL channels with widely different
substrate specificities (11) suggests that the ligand-gating me-
chanism observed for EcFadL may be common to FadL channels.
In the case of EcFadL, the ligand that opens the N-terminal gate
is also the transported substrate. This feature is unusual for
ligand-gated channels but not unprecedented, as exemplified
by the Ca2þ release-activated Ca2þ channels of human T cells
(14). EcFadL is an example of a ligand-gated diffusion channel
within the bacterial OM, demonstrating that channels formed
by β-barrels can display mechanistic intricacies that are more
commonly observed in α-helical membrane proteins.

Methods
FadL Mutagenesis. The Escherichia coli fadL gene, including the signal
sequence and a C-terminal hexahistidine tag, was cloned as previously
described (10) into the pBAD22 vector, which is under the control of the
arabinose-inducible promoter (15). Mutations were introduced into the
fadL gene by using the QuikChange® Site-Directed Mutagenesis kit (Strata-
gene), and the mutations were verified by nucleotide sequencing. The ΔN3
and ΔN8 mutant proteins have deletions of residues F3–L5 and F3–S10,
respectively, in order to preserve the original cleavage site of EcFadL for
signal peptidase, which cleaves after the serine in the sequence AWSAGF.

Protein Purification, Crystallization and Structure Determination of FadL
Mutants. For crystallization, the FadL mutant proteins were expressed from
the pBAD22 plasmids (15) in E. coli C43 (DE3) cells grown in 2× yeast extract
and tryptone medium by induction with 0.2% (wt∕vol) arabinose for 6 h at
30 °C. Cells were harvested, and the proteins were purified from the total
membrane fraction as previously described (10) by Ni affinity chromato-
graphy in LDAO, gel filtration chromatography in 2 mM LDAO (Anatrace),
and a final gel filtration chromatography step in 13 mM C8E4 (Anatrace).
The Trp mutants used in the fluorescence assay were purified in a similar
way, but with the following modifications: The detergent was β-decyl-malto-
side (DM; Anatrace), and ion exchange chromatography was performed
after the second gel filtration column, either Source 15Q (Pharmacia) at
pH 8 or Source 15S (Pharmacia) at pH 5, followed by dialysis in 10 mM Tris,
10–100 mM NaCl, 10% glycerol, 0.1–0.2% (2–4 mM) DM, pH 8. DM was
chosen due to its large, polar maltose headgroup, which we reasoned might
prevent binding to the low- and high-affinity binding sites in FadL. The

D348A mutant was purified in a different way, in an (unsuccessful) attempt
to obtain a crystal structure with bound oleate. Total membrane extraction
was performed in 1% DM and 1 mM Na-oleate, followed by purification by
gel filtration chromatography in DM (first column) and C8E4 (second column).
Oleate was omitted from the gel filtration buffers because solutions contain-
ing >0.1 mM oleate in DM/C8E4 are turbid. All proteins were dialyzed
overnight against C8E4 gel filtration buffer, concentrated to 5–10 mg∕mL
and flash frozen in liquid nitrogen.

Crystals were obtained by the hanging drop method at 22 °C using
commercially available screens (The Classics and MB Class II, Qiagen, Mem-
Gold Plus) or inhouse screens. The mutant FadL proteins crystallized under
the following conditions: ΔN3, 0.1 M Hepes (pH 7.5), 20% (wt∕vol) PEG
10,000, 8% (vol∕vol) ethylene glycol; ΔN8, 0.05 M magnesium acetate,
0.05 M N-(2-acetamido) iminoacetic acid (pH 7), 25% (wt∕vol) PEG 4,000;
D348A, 15–17% PEG 4,000, 0.2M KCl, pH 6.3 with protein was dialyzed in
10 mM NaOAc, 50 mM NaCl, 10% glycerol, 0.4% C8E4, pH 5.5; F3E:
15 mM tricine pH 8.5 24% wt∕vol PEG 4,000; F3G: 0.1 M NaOAc pH 5.5
8.8% wt∕vol PEG 2,000 monomethyl ether; D348R: 360 mM NaCl∕0.1%
wt∕vol NaN3 15 mM NaPi 9.9% wt∕vol PEG 4,000, pH 7.0. The crystals were
flash frozen (100 K) in reservoir solution containing C8E4 and 15–25%
(vol∕vol) glycerol by plunging in liquid nitrogen.

Diffraction data were obtained on beamline X6A at the National Synchro-
tron Light Source (Brookhaven National Laboratory). Datasets were inte-
grated and scaled using HKL2000 (16). During model building of the F3E
mutant protein, density consistent with bound metal ions was observed in
the electron density maps. We reasoned that this density might originate
from bound nickel ions introduced during the metal-affinity chromatogra-
phy step. For this reason, we reprocessed (and refined) the F3E dataset as
“anomalous” within HKL2000. The structures of the mutant proteins were
solved by molecular replacement using Phaser within CCP4 (17); the mono-
clinic FadL structure (Protein Data Bank ID 1T16) without the N-terminal 40
amino acids and the S3 kink residues 99–108was used in all cases as the search
model. Model building was done using COOT (18), and refinement was done
with CNS (19) or PHENIX (20). Refinement of the mutant data was extensive
and included a first round of high-temperature simulated annealing (5,000–
10,000 K starting temperature). Figures were made using PYMOL (21). Data
collection and refinement statistics for themutant FadL proteins are summar-
ized in Table S1.

In Vivo LCFA Transport Assays. For transport assays, E. coli LS6164 (ΔfadR
ΔfadL) was transformed with the pBAD22 plasmids carrying the mutant fadL
genes. As a negative control, the pBAD22 plasmid carrying the OM nucleo-
side transporter Tsx was introduced into E. coli LS6164 (ΔfadR ΔfadL). The
ability of the mutant proteins to support growth on LCFAs was measured
by plating cells (5 × 106 cfumL−1) on agar plates containing 5 mM sodium
palmitate (Sigma), 0.5% (wt∕vol) Brij 58, M9 minimal medium, and 1.5%
(wt∕vol) Noble agar (Difco). Growth was scored after 96 h incubation at
37 °C. No arabinose was used in the plate growth experiments because
the resulting higher expression levels of FadL proteins are toxic for the cells
and lead to inhibition of colony growth. Toxicity effects of (outer) membrane
protein expression are commonly observed; in the case of liquid cultures,
the toxicity effects manifest themselves by decreasing culture densities after
induction of expression.

Transport assays with radiolabeled oleic acid were performed with mod-
ifications to the method described (10, 22). E. coli LS6164 (ΔfadR ΔfadL) cells
with the FadL mutant pBAD22 plasmids were grown in LB medium to midlog
phase, and FadL expression was induced with 0.001% (wt∕vol) arabinose at
37 °C for 1 h. Cells were harvested, washed in EB1 buffer (10 mM citric acid,
0.8 mM magnesium sulfate, 20 mM sodium ammonium phosphate, 60 mM
potassium phosphate, 0.02 mM thiamine), and resuspended to an OD600 of 1
in EB1 buffer with 0.5% (wt∕vol) Brij 58. After 30 min starvation at 37 °C,
samples were taken for Western immunoblotting analysis and to measure
the transport activity for oleic acid. The transport assay was performed by
diluting the cells in prewarmed EB1 buffer containing 20 mM glucose,
0.008% (wt∕vol) Brij 58, 0.2 mM oleic acid, and 0.02 μCi [3H-9,10]-oleic acid
(1 Ci ¼ 37 GBq) (Sigma; specific activity 40 Ci mmol−1). At specified time in-
tervals, samples were removed and filtered through 0.45-mm membrane fil-
ters (Metricel GN-6, Pall Life Sciences). Filters were washed with EB1 buffer
containing 0.5% Brij 58, and the radioactivity retained on the filters was
counted. To determine the amount of FadL protein expressed in the outer
membrane, cells were incubated with BugBuster (Pierce) while shaking for
20min at 25 °C, and centrifuged for 10min at 20;800 × g. Proteins were quan-
tified by Western immunoblotting using an antiHis antibody (Qiagen), and
specific transport rates were calculated as picomole oleic acid per minute
per nanogram FadL protein. The relative quantities of wild-type, W298F,
0Trp-F339W, 0Trp-F298W, and 0Trp-F0W proteins on Western blots were

Fig. 5. Model for ligand-gated transport in EcFadL. In the closed state of the
channel (Left), the α-amino group of the N terminus interacts with the car-
boxyl group of D348 and the side chain of F3 forms part of the high-affinity
binding site. Substrate (green square) binding in the high-affinity site causes
a conformational change of the N terminus. The resulting displacement of F3
from the binding site leads to substrate release and opens the channel
(Right). The substrate subsequently moves through the lateral gap into
the outer leaflet of the OM (7).
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confirmed by SDS-PAGE of partially purified samples (i.e., after nickel
chromatography) from E. coli D10.

In Vitro and in Vivo LCFA Binding Assays. The in vitro ADIFAB (acrylodan-
labeled fatty acid binding protein; Molecular Probes, Inc.) binding assay
was performed and data were analyzed essentially as described previously
(23). Briefly, 0.4–2 mM protein purified in LDAO and DM was added to
buffer (10 mM Hepes, 50 mM NaCl, 10% glycerol, 0.05% LDAO) containing
0.2–0.5 mM ADIFAB. Na-oleate (30 mM stock) was added stepwise to 10–
20 mM final concentration and fluorescence emission spectra were recorded
from 420–550 nm with excitation at 386 nm. Control experiments were per-
formed without added membrane proteins (micelles only). Fatty acid binding
to ADIFAB causes a decrease in fluorescence at 432 nm with a concomitant
increase in fluorescence at 505 nm, and from these changes specific oleate
binding to empty micelles, FadL and Tsx were determined as described. In
vivo 3H oleate binding was performed as described (24). For this experiment,
LS6929 cells expressing FadL or OmpG from pB22 plasmids were grown to
OD600 0.5–0.6, followed by induction with 0.001% arabinose for 1 h at 37
°C. The low concentration of arabinose was chosen to prevent cell lysis, which
is severe at higher arabinose concentrations. Cells were harvested by centri-
fugation, washed in 10 mM phosphate buffer containing 10 mM NaCl and
adjusted to OD600 approximately 1.0. Following starvation for 30 min at
37 °C (24), 3H-oleate/BSA were added to 500 mL of cells and incubated for
15 min at 37 °C. Aliquots of cells were filtered through GN-6 membranes,
washed with phosphate/NaCl buffer followed by scintillation counting of
the filters. Total oleate concentrations of 17 and 170 nM and different molar
ratios of oleate:BSA were used, with similar results. Dipyrromethene boron
difluoride (BODIPY)-C16 binding to LS6929 cells was done in a similar way as
described above for 3H-oleate. BODIPY-C16 and BSA were preincubated at
different molar ratios (with the fatty acid concentration kept constant at
0.25 or 2.5 mM) for 1 h at 37 °C. Fluorescence was measured with a TECAN™

Safire™ fluorimeter by excitation at 488 nm and measuring fluorescence
emission at 514 nm.

Fluorescence Spectroscopy. Fluorescence spectra were recorded from an ISS™
PC1 Photon Counting Spectrofluorometer with ISIS™ Vinci™ data collection
software version BETA.1.5 (2002–2004, ISS, Inc.). Excitation wavelength was
295 nm. Lamp set to 17 A dc (ILC Technology™). Emission and excitation
bandwidth was set to 4 nm using 1.0-mm slits. Δλ∕step ¼ 1.0 nm; Approxi-
mately 90-s scan time. Assay buffer: 10 mM Tris • HCl, pH 7.95 (pH 8.0),
0.05–0.10% DM, 1.0 μM protein, 10% glycerol. A single step binding quad-
ratic model was fit to the intensity data at 319 nm for 0Trp-F298W, with
protein concentration P, binding constant K, zeroF0 shift dF, and sodium
oleate concentration x (25):

signal ¼ F0 þ
�
dF × ðP þ xþ KÞ

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðP þ xþ LÞ2 − ð4 × P × xÞ�∕ð2 × PÞ

q �
:

Plots were generated with Gnuplot 4.4.
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