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The protein AlkL is known to increase permeability of the outer
membrane of bacteria for hydrophobic molecules, yet the mech-
anism of transport has not been determined. Differing crystal and
NMR structures of homologous proteins resulted in a controversy
regarding the degree of structure and the role of long extracellular
loops. Here we solve this controversy by determining the de novo
NMR structure in near-native lipid bilayers, and by accessing struc-
tural dynamics relevant to hydrophobic substrate permeation
through molecular-dynamics simulations and by characteristic
NMR relaxation parameters. Dynamic lateral exit sites large enough
to accommodate substrates such as carvone or octane occur through
restructuring of a barrel extension formed by the extracellular
loops.

membrane protein | lipid bilayers | protein structure | protein dynamics |
magic-angle spinning

As in any cell, the outer membrane of bacteria is composed of
a lipid bilayer that separates intracellular processes from the

outside environment. In addition to this lipid bilayer, Gram-
negative bacteria have evolved an outer leaflet composed mainly
of lipopolysaccharides (LPS) (1). While the inner membrane is
permeable to hydrophobic molecules, the charged and densely
packed LPS layer reduces their permeation rates 50–100-fold, as
compared with phospholipid membranes (2–4) (Fig. 1). Since
these membrane properties limit uptake of nutrients, bacteria
make use of a wide array of passive transmembrane porins,
β-barrels of sufficiently large diameter to allow nonspecific per-
meation of small molecules (1, 5).
The OmpW family of outer-membrane proteins (6), classified

as porins, is widespread in Gram-negative bacteria. These pro-
teins fold into eight-stranded β-barrels displaying a narrow pore
diameter in the membrane, which appears too compact to per-
mit passage of even small molecular substrates. Yet there is
mounting evidence that the OmpW family protein AlkL func-
tions as a passive importer of hydrophobic molecules. AlkL is
found on the same operon together with genes necessary for
oxidation of alkanes and utilization as a carbon and energy
source (7) (Fig. 1). These include an alkane monooxygenase
(AlkB) and associated rubredoxin (AlkG) and rubredoxin re-
ductase (AlkT), as well as an aldehyde dehydrogenase (AlkH)
and alcohol dehydrogenase (AlkK) and a positive regulatory
protein (AlkS). Due to its location on the alk operon, AlkL was
proposed to have a passive transport function, increasing the rate
of diffusion for alkanes. Definitive evidence for such transport
was recently found by incorporating the alkane hydroxylase
complex of Pseudomonas putida GPo1 with and without AlkL in
cells (8–10), and in even more defined nanoreactor polymer-
somes (11). These studies demonstrate transport of alkanes, and
a cyclic methyl ketone, respectively, in line with the wide sub-
strate utilization of P. putida. In polymersomes, the increase in
transport-dependent production of product alcohol occurs with
an increase in the number of incorporated AlkL molecules.

While the transport function of AlkL has been established, a
controversy in the transport mechanism still exists. By analogy to
other β-barrels (12–15), a lateral exit was proposed based on
X-ray structures of OmpW (16) and OprG (17), formed from
proline residues that break the hydrogen bonding at the end of
the transmembrane β-strands. The X-ray structure reveals a
β-barrel arrangement in the loops; however, the 1.3-Å radius of
the putative lateral opening is incompatible with the size of
known substrates of AlkL such as alkanes or monocyclic mole-
cules. The static X-ray structures are therefore insufficient to
explain the mode of action, and a view complemented by dy-
namics is needed (18–20). In contrast, micellar solution NMR
structures lack the putative exit sites entirely, and rather display
flexible extracellular loops (21, 22). This supports an alternative
vision of transport characterized by hinge motions of the loops
and major rearrangements of backbone segments or partial loss
of secondary structure. Here we solve this controversy by de-
termining the de novo NMR structure in near-native lipid bila-
yers for AlkL, and by detecting structural dynamics relevant to
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hydrophobic substrate permeation through molecular-dynamics
(MD) simulations and by characteristic NMR relaxation pa-
rameters. The data revealed a dynamic lateral exit mechanism
that involves continuous restructuring of the barrel extension and
release into the lipid bilayer through ephemeral openings.

Results and Discussion
To understand the mechanism of the transport function of AlkL,
we determined two separate structures, one in detergent micelles
by using well-established solution NMR protocols and a second
in lipid bilayers, by using the latest magic-angle spinning (MAS)
NMRmethodology. This is complemented by characterization of
structural dynamics by both simulation and NMR relaxation
measurements. The solution NMR data were acquired from octyl
glucoside solution (OG), with traces of the refolding detergent
LDAO using a perdeuterated AlkL sample. Both of these deter-
gents are considered mild. Lipid-embedded AlkL data were ac-
quired from 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
bilayer samples, as well as from preparations reconstituted in the
presence of LPS, using both fully protonated as well as perdeu-
terated AlkL. In these latter preparations, negative stain trans-
mission electron micrographs reveal the presence of liposomes,
without detectable protein aggregates (SI Appendix, Fig. S1).
Furthermore, NMR experiments probing protein-to-lipid interactions

demonstrate that AlkL is in immediate contact with lipids (23).
Residues all across the β-barrel show contact with the lipid acyl
chains, defining the transmembrane region of the protein (SI
Appendix, Fig. S2). For sensitivity reasons, the lipid-to-protein
ratio (LPR) was minimized to 0.5 by mass (∼18 by mole). The
resulting spectrum at LPR of 0.5 is unchanged from an LPR of 10,
but spectral quality degrades with LPR of 0.25 (SI Appendix, Fig.
S3). This combined evidence shows that AlkL is properly em-
bedded in the membrane and that the protein structure is inde-
pendent of concentration over the range detectable by MAS
NMR.

NMR Structures. Two structures were determined from assigned
resonances in 170 out of 203 residues in lipids, and 132 residues
in detergent. Unassigned signals in lipids belong mainly to the
flexible N- terminus, to periplasmic turns, and to short portions
of the first extracellular loop, and are absent from many of the
NMR spectra. In detergent, only the first loop was assigned, and
displays chemical shifts characteristic of unstructured proteins.
Approximatively 50 additional unassigned signals in the 2D 1H-
15N heteronuclear single quantum coherence fall in the same
chemical shift range, indicating a lack of β-structure also for the
remaining loops. This is in contrast to the DMPC preparation
where assignments in all loops indicate structure. No nuclear
Overhauser effect (NOE) transfer to these peaks was observed,
also pointing to lack of structure. Yet additional evidence pointing
toward random coiled loops in detergents was obtained by pre-
paring a sample in D2O. In D2O only the assigned residues of the
transmembrane region remained detectable, indicating protection
from HD exchange. In an MSP1 nanodisc preparation (SI Ap-
pendix, Fig. S4) without detergent, mainly unassigned residues
appeared, indicating that the rigid transmembrane domain is not
detectable in the larger nanodisc particle. Consistent with the
DMPC preparation where more loop residues are structured,
some peaks that were flexible in detergent are not detected in the
nanodisc preparation.
Structures were calculated from a clear pattern of proton–

proton cross-strand contacts in radio-frequency–driven recoupling
(RFDR) or NOE spectra. While traditional three-dimensional
(3D) HHN- and HNN NOE spectroscopy (NOESY) spectra
provided sufficient resolution in solution, we turned to four-
dimensional (4D) HNNH-RFDR spectra in solids to remove
ambiguities in the assignment of cross-strand restraints (SI Ap-
pendix, Figs. S5 and S6). The fully protonated sample together
with >100-kHz MAS (24) granted access to sidechain resonance
assignments and collection of sidechain-to-sidechain distance re-
straints which was used to refine the bilayer-bound structure. All
restraints used for calculation of the two structures are listed in SI
Appendix, Table S2.
The two AlkL structures determined by MAS and solution

NMR are shown in Fig. 2 A and B, and share an identical
transmembrane (TM) β-barrel motif. The lipid-embedded struc-
ture, however, reveals an elongated β-barrel fold, extending into
the region where polysaccharide would be in LPS, similar to ho-
mologous crystal structures. Structured loop residues also occur in
a sample reconstituted in the presence of LPS and DMPC lipids
(SI Appendix, Fig. S7) as indicated by the detection of the same
loop resonances in cross-polarization–based spectra. Only minor
chemical shift perturbation (CSP) is observed. Conversely, the
loops are highly flexible in OG detergent micelles, which is in turn
consistent with previous determinations of homologs by solution
NMR. That the bilayer-embedded structure in this case appears
closer to homology models of crystal structures is in contrast to a
recent solid-state NMR structure of OmpG (25) obtained in 2D
crystalline lipid bilayers, which agreed better with the solution
NMR conformation. In the case of AlkL, the perturbation due to

Fig. 1. The main features of the inner and outer membranes of Gram-
negative bacteria, and location of key proteins of the Alk operon. Hydro-
phobic molecules such as alkanes and terpenoids (Inset, blue), do not readily
traverse (blue dashed arrow) the LPS (purple). Instead, their permeation is
assisted by porins such as AlkL (green). A permeation path through the ex-
tracellular loops with a lateral exit into the hydrophobic bilayer (blue arrow)
was proposed based on crystal structures of AlkL homologs (8). Detergent
micelle solution data support a more dynamic process without a specific
lateral release (21, 22).
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detergent micelles appears to outweigh the influence of crystal
contacts.
Site-specific 15N longitudinal relaxation (R1) (26) in the lipid-

embedded sample explains the apparent inconsistency between
the two models in lipids and in micelles, by assessing dynamic
motions occurring on a fast (nanosecond) timescale (Fig. 2C and
SI Appendix, Table S3). While the TM region displays uniform
low relaxation rates, the extracellular portion is subject to en-
hanced ns backbone dynamics. These measurements define a
clear junction in flexibility between the TM and extracellular
regions of the structure. Considering that transport through the
AlkL inner pore would require channel opening, the low R1
relaxation rates of the TM region are in favor of a model where
the TM region is serving solely as an anchor for the more
flexible extracellular part. This complements the rigid repre-
sentation of extracellular β-strands in Fig. 2A, and is consistent
with the fact that a detergent environment (Fig. 2B) results in
loss of structure in the loops. The same mobility that is likely
needed to allow for the transport function of the protein ap-
pears to predispose the extracellular part to destabilization by
even mild detergent, an effect which likely plagues other
membrane proteins (27).
Since the lipid bilayer most closely mimics the native mem-

brane, and these conditions support a folded extracellular do-
main, we focused on the membrane-embedded sample and solid-
state NMR for further structural and dynamical analysis of
transport in AlkL. The surface hydrophobicity of the bilayer
NMR structure (Fig. 3A) demonstrates the expected hydropho-
bic exterior (tan) in the transmembrane region, with polar and
charged residues lining the interior. Reverse polarity (purple) is
seen on the extracellular barrel extension, which has a hydrophilic
exterior.
These structural features define a long, accessible hydrophobic

pore, leading up to the membrane interfacial region. Within the
TM domain, the pore narrows to less than the radius of a water
molecule as visualized using HOLE (28) (Fig. 3B), which along
with a hydrophilic character suggests lateral release into the
hydrophobic membrane rather than continued transport through

the protein. A cross-sectional view (Fig. 3D) reveals the tight
stacking of long internal sidechains that block diffusion of mol-
ecules through the TM region. At the same time, the structure
features six small openings, two of which (I and IV) are located
close to the membrane surface (Fig. 3C), in the vicinity of several
proline residues that break the pattern of cross-strand hydrogen
bonds. Site I is the most prominent in our NMR structure, while
site IV corresponds to the previously proposed putative lateral
exit (8, 16, 17). These potential exit sites would require dynamic
rearrangement to accommodate the size of substrate. Detailed
views of the hydrophobic residues lining the extracellular pore
are displayed in Fig. 3 D and E. The residue R168 is shown
occluding the pore at the top of the TM barrel, and in the same
view, the residues V75 and T54 are seen near the mouth of the
largest potential exit site I/II.

Dynamical Lateral Release Model. The validity of this “dynamical
lateral release” model is supported by MD simulations (Figs. 4
and 5) and NMR relaxation rates sensitive to slow motions
(Fig. 6), recorded both in the presence and the absence of the
substrates octane and carvone. P. putida utilizes a wide substrate
range including linear alkanes, cyclic hydrocarbons, and even
polycyclic molecules (PAHs) (7). The alkanes are metabolized by
the alk proteins, whereas PAHs are utilized by additional met-
abolic pathways, making octane an ideal molecule to investigate
the transport function of AlkL. All simulations were initiated in
explicit water from the solid-state NMR structure of AlkL em-
bedded in a membrane. Simulations in LPS membrane (details in
the SI Appendix) were initiated with 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine on the inner leaflet (Fig. 4). These
MD simulations conform to the expected behavior of the LPS,
namely, that the hydrophobic octane does not traverse the bar-
rier characterized by polar sugar moieties functionalized with
charged phosphate groups. As expected, octane enters the hy-
drophobic pore formed by loop residues, and traverses this re-
gion of the protein up until the level of the lipid head groups. At
this point, the pore is occluded by charged sidechains, in par-
ticular R168. Fig. 4 A and B shows two snapshots from the MD

Fig. 2. NMR structure and dynamics of AlkL. The structural ensembles in lipids and in detergent are depicted in A and B, respectively. Loops (that form a
barrel extension in A) are colored in light blue where residues are assigned, and in gray where no assignment could be made. Temperatures were 305 K for
the lipid bilayer sample and 308 K for the detergent-solubilized sample. In C, 15N R1 rates in lipids are indicated on the lowest-energy conformer of the protein
structure in A.
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trajectory, as well as a comparison of the bilayer penetration
depth of octane in LPS alone and mediated by AlkL (Fig. 4A,
Inset). This comparison was made with the zero depth referenced
to the LPS phosphate groups. Consistent with the low rate
(millisecond timescale) of transport that supports growth of yeast
and E. coli on sugar (29–31), these 1 μs MD trajectories were not
able to capture substrate permeation events, even when reini-
tialized from structures where octane was already bound in the
pore. Nonetheless, the protein did readily allow deep penetra-
tion of substrate into the membrane, and we were able to observe
full octane transit in MD trajectories in a simplified DMPC
environment. Fig. 4 C–E shows several snapshots from 1-μs
trajectories in which octane escaped into the lipid membrane
from three different interstrand locations, namely sites I and IV
identified in Fig. 3C as well as between P147 and P171. While the
LPS appears to stabilize the protein, increasing the energy bar-
rier for such events, the events may nevertheless represent per-
meation pathways albeit that occur much more slowly in the
native membrane.
In addition to octane, we observed permeation for the mono-

cyclic ketone carvone, which is an intermediate-sized oil that
provides a challenging test of the transport function of AlkL.
Carvone has a similar structure to a cyclic methyl ketone used to
demonstrate accelerated transport facilitated by AlkL (11). Fig.
5A shows the initial conformation of AlkL embedded into a
DMPC membrane in explicit water. The simulations in DMPC
match the conditions of the NMR structure determination, where
the protein was properly folded. Over multiple microsecond tra-
jectories, the structure is stable, and the barrel extension exhibits
higher plasticity than the transmembrane region, in agreement
with the experimental data. Within 100 ns, carvone molecules

cluster onto the barrel extension and several molecules are seen to
concurrently occupy the pore (Fig. 5B). After 1,000 ns, all carvone
molecules have diffused into the membrane or remain within the
barrel extension (Fig. 5C). Although this simulation time was
again not sufficient to observe lateral release of carvone, release
did occur in further simulations, initialized from structures where
carvone was already bound in the pore (see SI Appendix, Figs. S8
and S9 for the detailed simulation protocols). As visualized by four
snapshots in Fig. 5D, carvone is observed to exit toward the
membrane uniquely through site I. This shows that exit of both
octane, and the larger carvone molecule is possible without a pair
of proline residues breaking cross-strand hydrogen bonds, and
therefore represents a distinct class of lateral exit site. The simu-
lations in DMPC do not preserve the barrier properties of LPS.
They can therefore not be used to assess AlkL-mediated accel-
eration of permeation, but can be used to probe the permeation
pathway. As expected, most carvone molecules enter the mem-
brane directly in DMPC, and relatively few carvone molecules
enter the membrane via AlkL. This nevertheless demonstrates the
transport function of the protein. Since there is no active
transport in AlkL, we expect nearly all octane or carvone to
partition to the hydrophobic membrane, and this is indeed
observed in long enough MD simulations. In a living system,
consumption of the substrate occurs via AlkB in the inner
membrane, necessitating exit from the inner leaflet of the
outer membrane, and entry into the inner membrane lipids.
To our knowledge, these phospholipid membranes do not
present a substantial barrier to AlkB substrates, and no ad-
ditional proteins have been identified in the passive flux of
metabolites once through the LPS barrier.

Fig. 3. The bilayer structure of AlkL, and potential exit. A shows surface hydrophobicity (tan) and hydrophilicity (purple). In B, the central pore is visualized
using the HOLE (18) program. Red indicates a diameter less than one water molecule (1.15 Å), while green and blue indicate a radius of one water (1.15–2.30
Å), and more than one water molecule (>2.30 Å), respectively. The positions of charged residues constraining the interior are labeled. In C, potential lateral
exit sites are visualized. In D–F, slices through the β-barrel extension are characterized by a hydrophobic inner surface (D and E), with the central pore blocked
by arginine in the membrane-embedded part of the protein F. In the same vicinity, a lateral opening occurs near residues T54 and V75.

Schubeis et al. PNAS | September 1, 2020 | vol. 117 | no. 35 | 21017

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S
BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 D

E
R

 T
E

C
H

N
IS

C
H

E
 (

#1
57

24
15

8)
 o

n 
Ja

nu
ar

y 
11

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002598117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002598117/-/DCSupplemental


Transit events through AlkL are made possible by dynamic
remodeling of the pore, as evidenced by the distinct distributions
of conformers in the absence and presence of carvone (Fig. 5 E
and F). Notably, the main conformers identified in simulations
with bound carvone (Fig. 5E) mostly retained a widened po-
tential exit site I, as compared to the NMR structure (Fig. 3C).
Furthermore, there is hardly any overlap in the phase-space re-
gions explored by the protein without and with bound carvone
(Fig. 5F). Interestingly, the NMR structure is located in between
these two regions. The motion along the first (largest) eigen-
vector in a principal component analysis (PCA) shows that the
difference without and with bound carvone is related to the
opening of the newly identified site I for carvone permeation
(Movie S1).
We used two further NMR measurements to detect structural

variations and motional processes relevant to hydrophobic sub-
strate permeation: chemical shift perturbations (CSPs) and 15N
longitudinal relaxation under RF spin lock (R1ρ) (Fig. 6 and SI
Appendix, Table S3). High CSPs highlight significant changes in
the barrel extension for both carvone and octane. Of particular
interest are large CSP values in residues flanking P76, which lies
in a β-bulge separating sites I and IV. Coincident with large CSPs
are enhanced values of 15N R1ρ (Fig. 6C), an indicator of transient
chemical shift changes (exchange phenomena) and microsecond–milli-
second motions. R1ρ rates were also sensitive to the presence of
carvone in the barrel extension (SI Appendix, Fig. S10). Overall,
the NMR data are direct signatures of the transient expansion of
the pore captured by MD simulations, providing a connection
between loop flexibility and permeation. Of the sites implicated by
dynamics measurements, sites III–VI are flanked by β-strands with
a well-defined hydrogen bonding pattern in lipids (SI Appendix,
Fig. S11), indicating a more static structure. Only the site I/II is
larger and adjacent to the highly flexible loop 1. It is no surprise
that this location supports dynamic release of the larger carvone
molecule.

Whether the dynamic lateral release mechanism described
here is general for proteins of the OmpW family remains an
open question. While for AlkL, there is no evidence for hydro-
philic substrates, and indeed no CSP was observed in AlkL with
leucine as substrate (SI Appendix, Fig. S12), amino acids have
been proposed for homologous proteins. If an OmpW family
protein does accommodate hydrophilic substrates, lateral trans-
port may represent the first part of the mechanism, which would
traverse the polysaccharide barrier of the outer membrane.
Complete traversal would then require transmembrane passage
through the aliphatic lipid tails, which presents a barrier to hy-
drophilic substrate. This might occur via oligomeric interfaces or
partner proteins. For example, crystal packing interactions are
found in OmpW crystals (Protein Data Bank [PDB] ID code
2F1V) in a region corresponding to the exit site in AlkL (SI
Appendix, Fig. S11), and a pore large enough for glycine is found
in a homology model of OprG based on the OmpW crystal
structure (32). Alternatively, OmpW family members might act
in concert with other proteins present in the outer membrane in
a similar way as a type 9 secretion system that exports protein
through a lateral exit to a porin (33). Although no such protein
has been identified, the outer membrane is rich with a plethora
of membrane proteins that may play a role. Further evidence is
needed to understand whether AlkL homologs exhibit the same
transport function via a lateral release mechanism as proposed
here for AlkL.

Conclusions. Through a combination of NMR and MD simula-
tions, we uncovered a dynamic translocation pathway in an eight-
stranded β-barrel for the import of hydrophobic molecules. The
side-by-side comparison of sample conditions shows a strong
impact of lipids and LPS in particular in stabilizing the protein.
This demonstrates that even a β-barrel, often regarded as par-
ticularly stable, can be strongly impacted by environmental
conditions in the functionally important extracellular loops. The
sensitivity to environmental conditions also explains discrep-
ancies related to environmental influences affecting crystal and
solution structures. The capacity of NMR to site-specifically
probe structure and dynamics of membrane proteins in lipid
bilayers was the foundation for these mechanistic insights, and is
key to understanding proteins in motion. Here specifically, the
transmembrane transport mechanism that is implicated by CSP
and MD provides the underpinning for potential future bio-
technology and bioengineering applications.

Methods
Sample Preparation. Uniformly 13C,15N-labeled and 2H,13C,15N-labeled sam-
ples of AlkL (28-230) from P. putida GPo1 were expressed in Escherichia coli,
purified, and reconstituted in lipids according to a protocol described pre-
viously (34), and recently adapted to accommodate isotopic labeling (35). A
full description is provided in SI Appendix, Supplementary Text. Samples in
the presence of octane or carvone were prepared in saturated solutions, by
addition of a small drop of oil to the surface of the sample buffer. Liposomes
were separated by centrifugation before packing in NMR rotors.

NMR Spectroscopy. Solution NMR spectra were recorded at ω0H/2π = 1 GHz
and 600 MHz on Bruker Avance III instruments equipped with cryogenic
probes using 2H,13C,15N-labeled AlkL. Solid-state NMR spectra were recorded
at ω0H/2π = 1 GHz and 800 MHz, on Bruker Avance III instruments equipped
with 0.7- and 1.3-mm HCN probes spinning at MAS rates of 111.111 kHz
(13C,15N-labeled AlkL) or 60 kHz (2H,13C,15N-labeled AlkL). Spectrometer
settings, as well as acquisition parameters specific for each 3D and 4D
spectrum, and for site-specific 15N R1 (26) and (R1ρ) (36) rates, are discussed in
SI Appendix, Supplementary Text and summarized in SI Appendix, Table S1.
The spectral quality underlying resonance assignment datasets (37, 38) is
demonstrated in the pair of CA-N-H correlation spectra shown in SI Ap-
pendix, Fig. S13 and the assignments are discussed in detail in a separate
manuscript (39). CSPs induced by the presence of carvone or octane were

Fig. 4. MD simulations of AlkL in LPS (A and B) and in DMPC (C–E) with the
substrate octane. Octane enters the protein and reaches near the depth (z)
of the acyl lipid chains (A, Inset). A “prerelease” snapshot of octane in LPS is
shown in B. Three different octane release locations were observed in DMPC
lipids, at the site IV proposed in homologs (C), through the new site I/II (D),
and through the prolines P147 and 171 (E), on the opposite side of the
barrel. LPS sugars are displayed in purple, phosphate in dark green, calcium
in cyan, and the protein in gray. Octane is shown in purple and white
spheres.
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obtained from (H)CANH and (H)CONH spectra, and were calculated as the
RMSD of 1H, 13CA, and 15N shifts, with relative scaling of 1, 0.3, and 0.15,
respectively (40).

Solution NMR Structure Calculation. Several unambiguous distance restraints
were manually assigned in the well-resolved 3D (H)N(HH)NH spectrum,
leading, along with dihedral angle restraints, to an initial model. A set of
hydrogen bond restraints was generated for resonances that showed no
exchange with D2O. NOESY peak lists were added for automated assign-
ment and structure calculation using CYANA 3.98 (41). Further details are
discussed in SI Appendix, Supplementary Text, and calculation statistics are
reported in SI Appendix, Table S2.

MAS NMR Structure Calculation. Several unambiguous distance restraints
were manually assigned in the well-resolved 4D (H)NH(H)NH spectrum
leading, along with dihedral angle restraints, to a first model. Hydrogen
bond restraints were included where cross-peaks in the 4D spectrum were
identified with β-sheet chemical shift, and forming a clear pattern of

contacts expected for antiparallel β-sheets (SI Appendix, Figs. S3 and S4). The
hydrogen bond restrains are indicated in SI Appendix, Fig. S11. RFDR and
band-selective spectral spin diffusion–SD (35) peak lists were added for au-
tomated assignment and structure calculation using CYANA 3.98 (41).
The final structure made use of both backbone and sidechain protons (SI
Appendix, Fig. S14). Further details are discussed in SI Appendix, Supple-
mentary Text, and calculation statistics are reported in SI Appendix, Table S2.

Relaxation Data Fitting. Signal intensity decays of both 15N R1 and R1ρ re-
laxation experiments were fit to a monoexponential function. Error estimate
was performed with Monte Carlo simulations: synthetic datasets are pro-
duced by adding Gaussian random noise (with the same SD as the experi-
mental noise) to the backcalculated decay curves. The error was determined
as the SD of the ensemble of dynamical parameters obtained by fitting 1,000
synthetic datasets.

MD Simulations. All simulations were performed with GROMACS 2018 sim-
ulation software (42). SI Appendix, Supplementary Text discusses the details

Fig. 5. MD simulations of AlkL in DMPC with and without carvone. A–C show simulation snapshots in which carvone molecules (magenta) spontaneously
enter both the membrane (orange) and the protein (gray) from explicit water (blue). D shows a full permeation event, in which one carvone molecule exits
the protein through site I/II and emerges near the lipid headgroup. Lining the exit, threonine residues 53, 54 and proline 76 are shown as green and blue
sticks, respectively. E shows central structures of main clusters (occurrence % indicated) identified in MD simulations with bound carvone and the lateral exits
in each cluster. F shows the projections of simulations into first three eigenvectors obtained through PCA of all MD trajectories.
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of the force fields and parameters used, as well as the procedures for pre-
paring the systems prior to MD simulations. Four systems containing AlkL
were simulated for 1,000 ns each (“Alk apo” simulations). After the addition
of carvone, four new systems were initially simulated for 1,000 ns each.
Further simulations were spawned by monitoring the position of bound
carvone and simulated for additional 100 ns in several cycles, as shown in SI
Appendix, Fig. S6.

Data Availability. The atomic coordinates and restraints were deposited in the
Protein Data Bank, https://www.wwpdb.org/ [PDB ID codes 6QWR (43) and 6QAM

(44)], and chemical shifts were deposited in the Biological Magnetic Resonance
Data Bank, http://www.bmrb.wisc.edu/ [ID 34365 (45) and 34338 (46)].
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