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ABSTRACT: The vast majority of cells are protected and
functionalized by a dense surface layer of glycans, proteoglycans,
and glycolipids. This surface represents an underexplored space in
structural biology that is exceedingly challenging to recreate in
vitro. Here, we investigate β-barrel protein dynamics within an
asymmetric outer membrane environment, with the trimeric
autotransporter Yersinia adhesin A (YadA) as an example.
Magic-angle spinning NMR relaxation data and a model-free
approach reveal increased mobility in the second half of strand β2
after the conserved G72, which is responsible for membrane
insertion and autotransport, and in the subsequent loop toward β3.
In contrast, the protomer−protomer interaction sites (β1i−β4i−1)
are rigid. Intriguingly, the mobility in the β-strand section following G72 is substantially elevated in the outer membrane and less so
in the detergent environment of microcrystals. A possible source is revealed by molecular dynamics simulations that show the
formation of a salt bridge involving E79 and R76 in competition with a dynamic interplay of calcium binding by E79 and the
phosphate groups of the lipids. An estimation of overall barrel motion in the outer membrane and detergent-containing crystals
yields values of around 41 ns for both. The global motion of YadA in the outer membrane has a stronger rotational component
orthogonal to the symmetry axis of the trimeric porin than in the detergent-containing crystal. In summary, our investigation shows
that the mobility in the second half of β2 and the loop to β3 required for membrane insertion and autotransport is maintained in the
final folded form of YadA.

■ INTRODUCTION
The outer membrane (OM) of Gram-negative bacteria consists
of lipopolysaccharides (LPS) in the outer leaflet, while the inner
leaflet is mostly composed of phospholipids.1 This asymmetry
extends into the lipid sections, with unsaturated fatty acids
present only in the inner leaflet and lipids with stronger varying
chain lengths in the outer one.2 As a major obstacle to obtaining
the most realistic picture of membrane protein structure and
dynamics, it is notoriously difficult to recreate such asymmetry
in vitro. Yet, regarding understanding the insertion of proteins
into the OM, for example, the influence of the lipid bilayer has
been highlighted3 such that experimental protein dynamics
investigations require an in situ-like situation. Furthermore,
within the LPS carbohydrate layer, charged moieties such as
sulfate and phosphate groups determine the local pH and
coordinate divalent cations. Dense hydrogen-bonding networks
contribute to the rigidity and gel-like properties, potentially
featuring links to proteinaceous interaction partners. The LPS
carbohydrate layer has a thickness that exceeds that of the actual
membrane bilayer. This thickness strongly depends on the
repeat number of O-antigen chains, which vary in length and
composition depending on the bacterial species or strain. The

otherwise rather impenetrable carbohydrate layer is disturbed
above the positions of the membrane-integrated proteins
(Figure 1a). They create wide open spaces resembling funnels
through the LPS layer, where the loops of an outer membrane
protein (Omp) that are observed as flexible in artificial
membrane bilayers may become restricted in motion. Such a
restriction possibly leads to structural ordering for entropic
reasons or due to the formation of hydrogen bonds with the
oligosaccharide environment and may even affect the dynamics
of protein segments within the lipid sections of the bilayer. It is
to be expected that even small influences change the loop
structures of the Omps, as reflected in the varying structural
biology results. X-ray structures show such loops to be
frequently well ordered, often stabilized by crystal contacts,
whereas NMR tends to detect considerable flexibility for the
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samemoieties depending on themembrane substitute employed
in vitro. For example, outer membrane protein G (OmpG)
exhibits highly flexible extracellular loops 6 and 7 in detergent
solutions, intermediate flexibility in model lipid bilayers, and a
well-ordered structure in a three-dimensional crystalline

environment.4,5 Given the variability of loop structures in
Omps and the different lipid compositions of both leaflets,
investigations of the structural influence of the asymmetric OM
on their dynamics are important, especially as membrane
biogenesis is linked to the dynamics properties of the involved

Figure 1. Dynamics properties of YadAM in OMs and the microcrystalline environment. (a) YadA anchor domain (YadAM) in an asymmetric
bacterial OM environment. The outer leaflet contains LPS, whereas the inner leaflet contains mostly phospholipids. Membrane axes as used in this
study are shown on the left. G72 is colored red, and the second half of β2 is shown in yellow. Green spheres are calcium ions, and orange spheres are
potassium ions. (b) Experimentally determined 15N R1 and 15N as well as 13C′ R1ρ relaxation rates of YadAM-Mx (orange) and OM (blue). The gray
bars represent loop regions, and green bars represent the residues that are involved in autotransporter (ASSA) and membrane insertion (G72)
mechanisms. The black dashed lines define the classes employed as the color code in (c). The three classes of relaxation times are defined as fast (II,
red), medium (I, orange), and base (B, ivory). The 15NR1 rates were categorized as 0−0.025 s−1 (B), 0.025−0.056 s−1 (I), and >0.056 s−1 (II). The 15N
R1ρ rates were categorized as 0−12 s−1 (B), 12−25 s−1 (I), and >25 s−1 (II). The 13C R1ρ rates were categorized as 0−29 s−1 (B), 29−66 s−1 (I), and >66
s−1 (II). (c) Visualization of relaxation times sorted into three classes; see the dashed lines in (b). All analyzed residues appear in red, orange, or ivory.
Nonanalyzed residues are in gray. One protomer of the trimeric barrel is shown with a slightly darker gray shade. (d) Interpretation of the 15N R1 and
R1ρ relaxation rates with the SMF formalism. Order parameters for YadAM-Mx and YadAM-OM are shown in the top and center panels, respectively.
Correlation times are shown in the lower panel, with values depicted in blue for YadAM-OM and in orange for YadAM-Mx. (e) MD-derived order
parameters of YadAM-OMat the NH peptide plane vectors were obtained from 2 μsMD simulations in a realistic OMmodel. The values represent the
average of 3 replicas.
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proteins and the lipid environment. These include outer
membrane insertion of proteins by the β-barrel assembly
machinery (BAM),6 autotransport of the extracellular domains
of adhesins,7 and the opening/closing of porins.8

The transmembrane units of the trimeric autotransporter
YadA serve as interesting examples of β-barrel proteins.9 YadA is
a virulence factor found in the OM of the pathogens Yersinia
enterocolitica and Yersinia pseudotuberculosis.10 Three protomers
of YadA contribute four C-terminal β-strands per protomer to a
formally symmetric 12-stranded β-barrel that is investigated
here together with a short fragment of its helical stalk, in the
following referred to as YadAM. In full-length YadA, the
homotrimeric transmembrane domain anchors the adhesin in
the membrane and mediates self-export of the three N-terminal,
extended extracellular adhesin domains.11 Mutational stud-
ies12,13 and structural models derived by solid-state NMR
(ssNMR) of microcrystalline samples (for YadAM14) and by X-
ray crystallography (for the YadA homologue Hia from
Haemophilus influenza15) have suggested several conserved
residues in the transmembrane domain of trimeric autotrans-
porter adhesins (TAAs) that directly influence either membrane
insertion or autotransport function. Efficient membrane
insertion and structural stability are linked to a glycine residue
in the third-last β-strand that is perfectly conserved across TAAs
from different species. Mutations of this glycine residue to larger
residues negatively affect the surface display of the adhesin.12

Conserved glycine residues play an important role in the
membrane insertion and stability of β-barrel proteins, in general,
extending beyond the autotransporter family. They form pairs
with tyrosine residues in a neighboring β-strand, which are
supposed to stabilize folding intermediates as well as the final
protein structure. This has been extensively demonstrated for
the model protein OmpX, where such an interaction contributes
to a folding core,16 and where mutations lead to a destabilization
of the final structure and to slower folding in detergent
solution.17 Similar Gly−Tyr pairs, also known as “mortise-tenon
motifs”, have been identified in autotransporter proteins and in
porins of diverse sizes and strand numbers from small, 8-strand
barrels to large porins18 with 16 or more strands.17 The
structural14,15 and mutational studies12,13 of YadA suggest
further that a conserved stretch of small residues, the “ASSA”
region, can adopt different conformations during and after
autotransport�a flexible loop that initiates the transport
process by forming a hairpin and later allowing the rest of the
unfolded protein chain to slip through the transmembrane pore.

The measurement and evaluation of ssNMR relaxation
parameters, such as the spin−lattice relaxation rate (R1) and
the spin−lattice relaxation rate in the rotating frame (R1ρ),
comprise a valuable technique for probing protein dynamics,
providing insights into motions across multiple time scales.19−38

In this study, we investigate the backbone dynamics of YadAM
in outer membranes (YadAM-OMs) by measuring the 15N R1,
15N R1ρ, and 13C′ R1ρ relaxation rates under fast magic-angle
spinning (MAS) NMR conditions. These rates are analyzed on a
residue-by-residue basis using the simple model-free (SMF)
approach,19,20,27,39 while the overall motion of the integrated β-
barrel is investigated on a collective basis using a 3D Gaussian
axial fluctuation (3D GAF) model.21,28,29,40 In previous studies,
we have thoroughly investigated YadAM in a detergent coat via a
microcrystalline preparation (YadAM-Mx); hence, conditions
and full chemical shift assignments for this kind of sample are
available. This gave us the opportunity to include YadAM-Mx in
the current study as a system that is well understood and that

allows for judging the plausibility of results at a higher signal-to-
noise level. There are two features of this sample that make a
difference to YadAM-OM: the embedding of YadAM into a
detergent coat and the motional restrictions of the crystalline
state. Although YadA-Mx has less biological significance than the
YadAM-OM sample, we discuss and compare the determined
values of both systems at individual points, especially regarding
the detergent-covered area of the barrel including loop regions.
A potential benefit of this approach lies in the opportunity to
bridge to the majority of membrane protein structures deposited
in the protein data bank that are mostly solved after detergent
solubilization and protein crystallization. With this study, we
want to contribute to an ongoing discussion concerning the
importance of the native environment�in this case, the
asymmetric OM of Gram-negative bacteria�on structure and
dynamics.

This work is based on earlier investigations concerning the
expression of YadAM directly into the bacterial OM.41 In this
previous work, samples were obtained that did not yield spectra
with sufficient signal-to-noise for a study as presented here, and
additional signals were observed that could only be understood
as caused by impurities such as other porins (see Supplementary
Figure 3 of ref 41) next to the expected lipid signals. In the
context of the work presented here, expression was vastly
improved making use of a specialized E. coli strain with multiple
Omps (OmpA, C, F, and bacteriophage lambda receptor B
(LamB)) deleted.42 This resulted in more YadAM integrating
into the OM relative to other proteins and, together with
improved protocols to separate the OMs from the inner
membranes after cell lysis, led to a further reduction of
background signals in the NMR spectra and an improved
signal-to-noise.

■ RESULTS
Resonance Assignment. In the context of the current

investigation, relaxation times were measured as relaxation-
dependent intensity changes of cross peaks in 2D NCO spectra
(Figure S1 and Text S1) using the pulse sequences shown in
Figure S2. Experimental parameters are listed in Table S1. The
evaluation of these 2D spectra required the sequence-specific
assignment of the NCO cross peaks in the 2D correlation of the
OM sample. To this end, the ssNMR 13C and 15N resonance
assignments of YadAM in the microcrystalline form were
utilized.14,43 However, in the previous study, a spectrometer
with a field of 9.1 T was used; hence, a transfer of the
assignments to the spectra recorded at 21.1 T was also necessary.
Therefore, we checked on the positions of the amide nitrogen
and C′ resonances in the 2D NCO and NCA correlation spectra
of YadAM-Mx to avoid errors due to slight chemical shift
differences in comparison to the previous study conducted at 9.1
T. The 15N chemical shifts of most residues were identified via
three different cross peaks, involving the C′ chemical shift of the
residue, of its own Cα, and of the Cα chemical shifts of the
preceding residue. The assignments in the NCO spectrum of
YadAM-Mx were then transferred to the NCO spectra of
YadAM-OM for instances of sufficient proximity or overlap of
cross peaks (Figure S1). The cross peaks in the OM spectrum
that were used for the evaluation of relaxation times are
indicated in Figure S1B.
Relaxation Rate Measurements. The 15N R1 and R1ρ as

well as 13C′ R1ρ relaxation rates were measured with standard
pulse sequences (Figure S2). The rates were obtained after
fitting the observed intensity changes to simple exponentials
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(Figure 1b), and values are listed in Table S2. Themagnetization
decay curves of YadAM-Mx and YadAM-OM are shown in
Figures S3 (15N R1), S4 (15N R1ρ) and S5 (13C′ R1ρ). In general,
the 15N R1 are sensitive to fast motions in the pico- to
nanosecond (ps−ns) time range, whereas 15N R1ρ and 13C’ R1ρ
are sensitive to slower, nano- to microsecond range (ns−μs)
motions. Comparing the determined values for YadAM in the
two different environments, we observe similar 15N R1 (Figure
1b, bottom panel) with deviations at the termini and the second
half of β2 and in L3. On the other hand, the 15N R1ρ values are on
average higher for YadAM-OM than for YadAM-Mx (Figure 1b,
center). The most pronounced local differences are observed for
the 13C′ R1ρ values (Figure 1b, top). There, the helical stem
shows increasing values toward the N-terminus for the OM
sample and larger ones in the region 72−80 for the OM than for
the microcrystalline preparation. Altogether, the relative trends
along the primary sequences are similar, except for the helical
stem region and the residues beyond G72 and L3, where
systematically higher values were obtained for the OM sample
than for the crystalline one. This is apparent from the display of
the values on the structure of the YadAM trimer (Figure 1c),
defining three categories (B for baseline, ivory; I, orange; II, red)
according to the horizontal lines drawn in Figure 1b.

In some cases, a counterintuitive relaxation behavior was
observed. For example, for both YadAM-Mx and YadAM-OM,
residue R76 shows a close-to-average 15N R1 value but relatively
high values in the R1ρ measurements. A similar behavior is
observed for residues F46 and Y63. In some cases, we observed
the opposite trend, where the R1 values are larger than the
average and the R1ρ values are not elevated such as for residues
T30, R31, and S44. This indicates that different types of motion
at different time scales can be present. To characterize the
amplitudes and correlation times of the underlying motions in
more detail, we analyzed the measured relaxation rates via the
procedures described next.
Local Dynamics by the SMF Approach.We employed an

SMF approach to analyze the 15N R1 and R1ρ as well as 13C′ R1ρ
relaxation rates with respect to residue-specific dynamics (Texts
S3 and S4).26,27 This approach provides a single amplitude of the
isotropic motion and an averaged correlation time per residue
(Figure 1d and Table S3). Back-calculation of relaxation times
from the obtained values yielded a satisfactory fit for both
samples (Text S5, Figures S6, S7, and Table S4). Since the β-
barrel is relatively rigid, high-order parameters (S2 > 0.8) are
obtained for three of the four strands, specifically β1, β3, and β4

(Figure 1d, upper panels), with a gradual decrease toward their
edges. In the OM data, high-order parameters are found in L1
except for the short transition to β1 (S2 = 0.8−0.9 for YadAM-
OM). This loop comprises four hydrophobic residues and is
located inside the barrel, limiting its motional freedom.
Surprisingly, the end of β2 from G74 onward and L3 exhibit
very low-order parameters (S2 = 0.3−0.8). Intriguingly, this
effect is more pronounced for the OM sample, hinting at a
possible biological relevance of the detected flexibility during the
membrane insertion process for which G72 is critical. The
successive strands β3 and β4 are again relatively rigid, with signs
of higher dynamics toward L4 for which we could not extract
data. In our previous studies, we observed indications of
enhanced mobility in the conserved ASSA region (residues 37−
40) based on TALOS analysis and cross-polarization build-up
rates.41,44 Unfortunately, the cross peaks of these four residues
were not sufficiently separated from the others in the NCO
correlation experiment, preventing us from analyzing their
dynamic properties.

Several order parameters for residues in the β2/L3 region are
lower in the OM environment than in the crystal. The difference
between the data of the two samples is summarized in a
correlation plot (Figure 2a), with G74, R76, and E79 revealed as
outliers, while G74 showed an unusually low S2 of 0.3. Although
not fully quantitative, this is already displayed in the ratio of the
NCO cross-peak intensities (Table S5). In an approximation,
the cross-peak size reports on the dipolar coupling, with low
intensity corresponding to a low S2 value. The S73C′-G74N
cross peak in the OM spectrum (Figure S1), for example, is tiny
in comparison to the A99C′-S100N cross peak and also in
comparison to the same cross peak in the spectrum of the
microcrystalline sample (Figure S1C). Similar effects are seen
for N78C′-E79N. The low S2 values in the β2/L3 region may be
explained by dynamics due to structural rearrangements
involving the LPS layer. R76, for example, exposes a short R1
but long R1ρ, and the SMF analysis of this residue clearly
indicates the presence of slow motions (59.8 ± 11.3 ns for
YadAM-OM) at a low S2 = 0.6 ± 0.1, different from the situation
in the crystal. The reason for the low-order parameter and slow
motion of R76 could be that it is situated in the interior of YadA
and involved in the formation of alternative interactions,
shuttling between states. Intriguingly, residue E79 in YadAM-
OM also shows slow motions (63 ± 16 ns), and one
interpretation could be an involvement in contacts with R76.

Figure 2. Structural variability at the intracellular face of YadAM. (a) Correlation of OM and Mx S2 values. (b) Calcium ions bound to a highly
conserved region (residues 75−80) (see also Figure S10 for ions bound vs time). (c) Alternative interactions between E79 and Y49.
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Comparison with Molecular Dynamics Simulations.
To contribute to a structural interpretation of the observed
values, we performed atomistic molecular dynamics (MD)
simulations of YadAM (PDB ID: 2LME14) embedded in a
realistic OM (see Materials and Methods). We ran the
simulation in three replicas (2 μs each, yielding a total simulation
time of 6 μs) to test the reproducibility of the results (Text S6
and Figure S8). From the trajectories, we calculated the order
parameter for each residue of YadAM in the OM model. The
average S2 values are shown in Figure 1e and listed in Table S6,
and the S2 values at different intervals can be found in Table S7
and Figure S9. Notably, the order parameters of the loops
exhibited a drop from 120 to 250 ns of the MD simulation but
remained relatively stable from 250 ns to 2 μs. This indicates that
the loops undergo rapid equilibration on a 100 ns time scale but
do not further explore new conformations on the 2 μs time scale.
The S2 values suggest that the α-helical region (residues 25−40)
and the strands are the most rigid segments of the protein.
However, β2 shows an onset of greater mobility from G72
onward, but it is much less pronounced than observed in the
experimental dynamics investigation on YadAM-OM. To
understand the unexpected mobility observed in the region
following G72, we compared the order parameters obtained
from the three 2 μs simulation replicas (Figure S8) and found
that replica 2 exhibited the highest order parameter of the three.
In this replica, we observed calcium-ion-bridged interactions
between E79, very likely supported by potential interactions
with nearby phosphate groups of lipids as well as interactions
between the head groups of R76 and E79 (Figure 2b). Calcium
binding was quantified by calculating the average number of ions
trapped within a radius of 3 Å over the course of the simulation
(Figure S10). In replica 1, such interactions rarely form. While
YadAM in the second replica captures 0.33−0.66 ions/
monomer on average, YadAM in the first replica almost never
exceeds a value of 0.33. We extracted the residence time of
calcium ions by counting how long they remained in contact
with the protein after the initial contact was made. The results
for each ion that made at least 1 ns of contact are shown in Table
S8. Per replica, the longest residence times of the calcium ions
were 636, 1880, and 1450 ns. The residence times are consistent
with the number of calcium ions trapped by the region spanning
residues 75−80 (Figure S10), with more trapped ions
corresponding to longer residence times. Furthermore, to
address the effect of calcium trapping on lipid diffusion, we
measured the diffusion coefficient of lipids along the lateral
plane of the membrane (Text S6). The results are shown in
Figure S12 and Table S9. Overall, the diffusion coefficients were
similar, regardless of whether they were measured near the
protein or measured throughout the membrane. However, we
do note that there is a contrast between replicas, such that the
lipid diffusion coefficients for replica 1 (with the shortest ion
residence time) are the highest, while those for replica 2 (with
the longest ion residence time) are the lowest among all lipid
types. Combined with the above results, we reason that calcium
ion trapping may affect the lipid behavior as well.

Upon further inspection, we discovered that, in replica 1,
E79’s interaction with Ca2+ ions is hindered due to a more
persistent interaction with Y49 over the course of the simulation
(Figures 2c and S11). On the other hand, R76 and E79 are well
situated for interactions with lipid headgroups, increasing their
likelihood. To identify if there is any additional mechanism that
may be affecting their dynamics, we measured the contact area
between two different periplasmic loops (residues 49−54 and

residues 75−80) and nearby lipids, as we have done
previously.45 The results are shown in Figure S13. Interestingly,
there is no difference among replicas for contacts between the
region 75−80 and the nearby lipids. However, for the first
periplasmic loop (residues 49−54), the first replica is involved in
more contacts over time, while the second replica is involved in
fewer. This finding agrees with the results from Figures 2 and
S11; the additional contacts made between Y49 and E79 not
only prevent the calcium ions from being trapped but also
restrict the first periplasmic loop (that includes Y49) from
additional interactions with the lipids. The MD simulations thus
suggest a mechanism for the enhanced dynamics in the range of
G72-E79 through the exchange between conformational states
(Ca2+-bound vs R76−E79 interactions), occurring due to the
low occupancy of trapped ions as observed for all three replicas.
In effect, this may lead to lower-order parameters. Obviously,
such interactions can only play a role for YadAM-OMbut not for
YadAM-Mx, which shows much higher-order parameters for the
residues G74 to R76. It is possible that the conditions employed
in the simulation and experiments on YadAM-OM differ
regarding the effective Ca2+ concentrations, explaining the
higher mobility in the NMR case. Indeed, the YadAM-OM
simulations contained both monovalent and divalent ions,
possibly at higher concentrations than the NMR sample.
Modeling of Global Barrel Motions. The OM of Gram-

negative bacteria has unique biophysical properties; hence, it is
instructive to model the overall motion of the integrated β-
barrel, expected to be in the ns to μs range, via the SMF-GAF
approach (Texts S7 and S8).21,28,29,40 There, S2 is replaced by an
anisotropic order parameter Sμν

2 that describes the motion as
Gaussian fluctuations along three orthogonal axes, α, β, and γ.
Since YadA trimers have cylindrical symmetry (and are located
in the membrane plane in the case of YadAM-OM), the number
of fit parameters can be reduced to 2 (σα = σ∥, σβ = σγ = σ⊥), with
σ∥ indicating the principal axis of the cylinder.28,29,40 Thus, we
obtain two axes, one in-plane axis (σ⊥) and one orthogonal to
the membrane (σ∥) (Figure 1a). In the 3D GAF approach, it is
exploited that the N−H bonds fluctuate around the three axes of
inertia of the protein. The order parameters depend on the angle
between each amide bond vector and the molecular frame and
on the amplitudes (σ∥, σ⊥) of the collective motions. As input
data, we used therefore only the two 15N relaxation rates (15N R1
and 15N R1ρ) as the specification of an interaction axis via
directly bonded protons is required; the 13C′ R1ρ rates were
excluded. The frame of reference was defined by using the
available Cartesian coordinates of YadAM-Mx. Since modeling
of the global motion was intended, we considered only the
relaxation rates that did not reflect local motion, the respective
residues mostly located in the strands. For YadAM-Mx, we
included the relaxation rates of S44, Y49, N55, F56, A58, A70,
G72, S73, G86, V87, 88A, 89Y, M96, A99, S100, and F101 into
the calculations. For YadAM-OM, we considered the rates of
N43, A58, G72, G86, V87, A88, S100, and F101.

A first result is obtained after minimization of the χ2 function
(Text S7);40 the determined fluctuation angles (σ∥, σ⊥) are (6.4
± 0.24°, 6.15 ± 0.07°) for Mx and (6.35 ± 0.14°, 8.36 ± 0.4°)
for OM. We obtained a correlation time τs,μν of 41.5 ± 1.1 ns for
YadAM-Mx and of 40.8 ± 0.6 ns for YadAM-OM. In order to
further analyze if there exists an extended range of motional
amplitudes that can describe the experimental data equally well
or better, we performed a grid search analysis on the amplitudes
(σ∥, σ⊥) around the initially obtained results (Text S8) by
stepwise fixing both values individually in the range from 1° to
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15° in steps of 0.5°. For each pair, we optimized the remaining fit
parameters. The results are shown in Figure 3a,b for YadAM-Mx
and YadAM-OM, respectively, with the white circles on the blue
background defining the global minimum around (6.5°, 6°) for
YadAM-Mx and (6.5°, 8.5°) for YadAM-OM. Consistently, the
grid search yields symmetric fluctuation amplitudes (σ∥, σ⊥) for
YadAM in microcrystals but a larger angular fluctuation
amplitude along the transverse axis as compared to the parallel
axis for YadAM-OM. The values for the fluctuation angles
determined by the grid search match very well with those found
after minimization of the χ2 function.

■ DISCUSSION
This investigation of the anchor domain of YadA in an
asymmetric OM environment provides valuable insights into
autotransporter dynamics. Our analysis provides evidence of the
importance of lipid components in structure stabilization and
destabilization. Furthermore, we explored the overall barrel
motion by applying SMF-3D GAF approaches, taking
anisotropic behavior into account.

Generally speaking, the SMF data of YadAM in OMs show
that the four strands of themonomers are themost rigid features,
except for the second half of β2, whose S2 values indicate
surprisingly high flexibility. The α-helical stalk and the
intracellular loop L3 show also elevated dynamics, but less so
L1. A particularly interesting finding is the high mobility of the
β2 residues following G72 and of the two β3 residues following
the connecting L3. Importantly, G72 itself is not mobile.
Conserved Gly−Tyr pairs (mortise-tenon motifs) have been
implicated in stabilizing autotransporters and, more generally,
OM β-barrel proteins.17 The stabilization is relevant both for
protein folding intermediates and for the final structure.17

Considering the importance of sheet opening and closing
processes, it is surprising that here in this case the highest
dynamics is found between two internal strands and not within
the contact sites of the outer strands β4 and β1 as it would seem
more natural. Regarding autotransport, it is expected that the
passage of the unfolded passenger domain through the pore has
certain space requirements and is promoted by some transient
widening of the pore,14 for which a potential mechanism is
provided here. It can be envisaged that the detected stability of
the β1−β4 pairing ensures the intactness of the porin during
such passage events.

Intriguingly, the strongest differences between the data
obtained on YadAM-OM and YadAM-Mx occur in the two
clusters, where the highest values in YadAM-OM are observed.

These clusters are the mobility-affected section in the helix of
YadA-OM close to the extracellular loops of the barrel, including
Y63 in β1, and the G72-β2-L3 region of YadAM-OM.

Our results were supplemented and explained by MD
simulations in a realistic OM model, although the S2 values
obtained from the simulation underestimate the mobility of the
second half of β2. In particular, there is a considerable difference
between the S2 values of L1 from MD and from the experiment.
This could be a limitation of the field strength used, which may
not be able to pick up the confinement of residues S44−Y49
inside the barrel. Regardless, the simulations provide a
mechanism for disorder in the β2-L3 region through potential
Ca2+ binding and competing headgroup interaction of R76 and
E79. This effect cannot occur in the detergent-containing
microcrystals, where less pronounced dynamics are observed.
Although the simulation shows a less strong onset of dynamics
after G72, it catches the process, in principle, well. However, we
note the limitations of the MD simulations, such as not being
able to detect the increased flexibility of the ASSA region or the
neighboring region, which was predicted by TALOS for both
YadAM-Mx and to a larger extent YadAM-OM.41

The 3D GAF analysis yields diffusive movements of the β-
barrel along two principal axes, one defined by the symmetry axis
of the porin (σ∥) and the other in-plane (σ⊥), describing a
combination of a rotation with a rocking component,
respectively, that together may produce an overall diffusive
tumbling. For both YadAM samples, microcrystalline and
embedded into the OM, motions around 41 ns are obtained.
YadAM-Mx shows symmetric amplitudes in both dimensions,
whereas the amplitude of the rocking component is somewhat
larger in the case of YadAM-OM, which might be expected from
the higher degrees of freedom in the membrane as compared to
the microcrystal. These findings compare well with ssNMR
studies on microcrystalline28 and membrane proteins40,29,46 that
all found small-amplitude rocking components of the angular
diffusion in the range of tenths to a few hundredths of
nanoseconds. In addition, asymmetric amplitudes for the two
rotational components (σ∥, σ⊥) that we observed for YadAM in
OM, with a slightly larger amplitude for the in-plane motion
(σ⊥), were also observed in studies on a bacterial OmpA in lipid
membranes.40

Our results on the time scales can be compared to a variety of
data obtained by other methods such as phosphorescence or
luminescence anisotropy of triplet states, absorbance anisotropy,
and EPR.47 By phosphorescence of triplet states or EPR, the
rotational diffusion for proteins in membranes or liposomes is

Figure 3. Grid search of the data from the SMF-3D GAF analysis. The grid search results of the SMF-3D GAF analysis for YadAM-Mx and YadAM-
OM are shown in (a) and (b), respectively. The grid search analysis was performed on the amplitudes (σ∥, σ⊥) by stepwise fixing both σ values
individually in the range from 1° to 15° in steps of 0.5°. For each pair of fixed amplitudes, we optimized the remaining fit parameters.
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mostly found in the μs to low ms range, with few outliers toward
nanoseconds, depending on the membrane and protein system
investigated.47−49 In our case, we observe a small-amplitude
rocking motion of YadAM in native OM that is due to its small
deflection supporting rapid motions in the ns range.

In summary, the unusual dynamics observed for the residues
following G72 including L3 raises the question of whether this is
a feature that could be connected to folding of the β-barrel: to
membrane insertion, autotransport, or both. It is generally
assumed that protein folding processes start from folding “cores”
that pass through different conformations before converging
into a final, defined structure.50,51 Such folding cores must be
inherently flexible to allow such alternative conformations and,
maybe counterintuitively, are not always the most stable and
rigid part of the final, folded structure. Compared to soluble
proteins, membrane proteins have different requirements for
folding cores as membrane insertion is part of the folding
process.52 This is because in this case, interactions with lipids
can replace intraprotein hydrophobic interactions to some
extent.53

For the β-barrel membrane protein OmpX, it has been
demonstrated that two regions form the initial secondary
structure different from the final β-strand conformation in the
otherwise denatured, urea-dissolved polypeptide:16 the con-
served C-terminal region that later folds into the C-terminal β-
strand and that is key to recognition by the BAM complex54 and
a region around a highly conserved tyrosine residue that
interacts with a glycine residue from a neighboring beta-strand
to form a “mortoise-tenon motif” that exists both in β-barrel
proteins such as OmpX17 and in autotransporters.55 This latter
segment in the OmpX sequence (I73−V82)16 not only initiates
folding and, presumably, membrane insertion of the protein but
also comprises a periplasmic loop in the final, folded OmpX
structure.

YadA, as a trimeric autotransporter with highly restricted
space in the barrel lumen, does not have a full mortoise-tenon
motif, but we observe flexibility in the periplasmic loop region
that extends toward the extremely conserved G72 residue. We
hypothesize that this periplasmic loop, exactly like in OmpX,
needs to adopt alternative conformations during the initiation of
membrane insertion or folding, explaining its propensity for
mobility in the folded structure. Mutational studies in which the
conserved residue G72 has been shown to affect the export and
surface display of the YadA passenger domain negatively12

suggest a direct role of this residue also in the autotransport
process. It is at this point unclear as to how far the two processes
of membrane insertion and autotransport are coupled56,57 and
further research using pulse-chase experiments or similar time-
resolved methods will need to be employed to clarify this.

■ EXPERIMENTAL SECTION
Sample Preparation. Uniformly 15N- and 13C-labeled YadAM in a

microcrystalline form was prepared as previously described.14,58 In
brief, YadAM was overexpressed in Escherichia coli strain BL21 as the
host. Membrane protein extraction was facilitated by the detergent
poly(ethylene glycol) octyl ether (C8POE, Bachem).58 Uniformly
labeled samples were produced by using 13C, 15N-labeled medium
(BioExpress, Cambridge Isotopes laboratories) as the carbon source.
The protein was purified by separating phases:59 the solubilized
membrane fraction was mixed with saturated, cold ammonium sulfate
solution in the ratio of 3:1 and incubated at 4 °C for 1 h. Then, the
upper, detergent-rich phase was collected and dialyzed against a buffer
containing 25 mM 3-(N-morpholino) propanesulfonic acid, 1 mM
ethylenediaminetetraacetic acid, and 1% (w/v) C8POE. The dialyzed

sample was centrifuged for 10 min at 10,000 rpm in a Sorvall centrifuge
equipped with an SS34 rotor. Afterward, the clear solution was passed
over a cation-exchange column (KTA purifier system and an HR10/10
MonoS Column (GE Healthcare)), employing a linear salt gradient.
Buffer Awas the dialysis buffer, whereas Buffer B contained 1MNaCl in
addition. The protein was eluted at ∼200 mM NaCl. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was employed for checking
its purity. The protein was concentrated by phase separation as
described above. Dialysis using tubing with a cutoff of 25 kDa (Roth)
served for the removal of salt and excess detergent, while the protein
was forming microcrystals that were harvested by centrifugation.

For OM preparations containing YadAM, an E. coli knockout strain
lacking the major Omps, OmpA, OmpC, OmpF, and LamB
(ΔABCF)42 was used following a strategy described with some
additional modifications to improve the expression system further,
regarding both yield and purity of the sample. Briefly, freshly prepared
CaCl2-competent ΔABCF cells were transformed with pIBA YadAM.
Here, we have improved the expression system further, regarding both
the yield and purity of the sample. The cells were grown on an LB plate
with low salt concentration (5 g/L) and 100 μg/mL ampicillin. A single
colony was used to inoculate overnight cultures in LB media (with 5 g/
L salt concentration) grown at 26 °C, which were used to inoculate
(1:50) 2 L baffled flasks containing 300 mL of Spectra 9 media
(Cambridge Isotopes) and grown at 26 °C. Cells were induced with 0.2
μg/mL anhydrotetracycline at anOD600 of 0.7 and grown overnight to a
final OD600 of 2.2−2.5. 600 mL of culture was used for each NMR
sample. Cells were harvested by centrifugation at 3000g for 20 min and
resuspended in PBS buffer (20 mL per 300 mL culture volume)
containing 1mMMgCl2 andMnCl2, 20 μg/mLDNase, and 0.1mg/mL
lysozyme. Cells were lysed by four passages through a French Press
(12−15,000 psi), and nonbroken cells were gently removed at 3000g
for 3 min to avoid loss of YadAM-containing membrane and
centrifuged at 26,000 rpm (Beckman ultracentrifuge with an SW32
rotor) for 1 h to collect the total membrane. The inner membrane was
selectively solubilized60,61 by resuspending the pellet in 30 mL of 20
mM Tris/HCl pH 8.0 and 1% N-laurylsarcosine and incubating for 1 h
with gentle rocking at RT. The OM pellet fraction was washed
repeatedly with water using ultracentrifugation and resuspended in 20
mM Tris pH 6.0 and 0.02% sodium azide for ssNMR experiments.
NMRMeasurements. The ssNMR measurements were performed

on a Bruker Avance-III spectrometer operating at a magnetic field
strength of 21.1 T and 60 kHz MAS. The site-specific backbone 15N R1
and 15N, 13C′ R1ρ relaxation measurements were performed by using
NCO double cross-polarization (DCP)62 and NCO DCP-S3E63 (spin
state selective) correlation experiments (Figure S2). The data were
acquired using a pseudo-3D version of the sequences to ensure constant
relative scaling. Further experimental parameters and procedures used
in this study are given in the Supporting Information, Text S1 and Table
S1. The YadAM-Mx sample was measured at 280 K, and the YadA-OM
sample wasmeasured at 286 K. Both temperatures are below 290 K, and
there is no phase transition known in that range in OMs. Relevant
motional processes in proteins have activation energies of 2−6 (low
energy barriers) and 10−35 kJ/mol (high energy barriers).64 A
difference of 6 K between 280 and 286 K relates then to increases in
dynamics by 2−5 and 10−27% for the low and high barrier processes,
respectively.
Model-Free Approaches. The model-free approaches, rate

equations, and data fitting procedures27 together with Monte Carlo
error estimations are described in the Supporting Information, Texts
S3−S5, S7, and S8. MATLAB was used for fitting the relaxation rate to
SMF and SMF-3D GAF approaches. The protein preparation
employed in this study was fully protonated as well as uniformly 13C,
15N-labeled. In this case, dipolar couplings involving the proton
network influence therefore the signal decays, together with carbon−
carbon dipolar couplings and chemical shift anisotropies. We have
taken all into account; see the rate equations in Text S3. The
experimental and calculated relaxation rates can be correlated by
minimizing a χ2 function (eq 18 in Text S4, eq 28 in Text S7). The
errors associated with relaxation rates, order parameters, and
correlation times were obtained by using an iterative Monte Carlo
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routine. To this end, the optimal fit parameters from each χ2

minimalization are first used to back-calculate the experimental
relaxation parameters; subsequently, Gaussian noise is added, and the
χ2 function is minimized again. This was iterated 500 times, yielding the
distribution of optimal order parameters and correlation times for each
residue or all residues.
System Generation for MD Simulations. All systems were

generated using CHARMM-GUI.65,66 The YadAM system was
generated on the basis of a previously resolved NMR structure (PDB
ID: 2LME14). The membrane environment was built primarily based
on previously simulated lipid compositions.67,68 The LPS used for the
outer leaflet of the OMwas based on the E. coli BL21 strain,69 reflecting
the experimental membrane composition. The inner leaflet of the
membrane was composed of 75% 1-palmitoyl-2-palmitoleoyl-phospha-
tidylethanolamine, 20% 1-palmitoyl-2-vacenoylphosphatidyl-glycerol,
and 5% 1,10-palmitoyl-2,20-vacenoylcardiolipin. LPS was neutralized
using divalent ions, with magnesium (Mg2+) for lipid A and calcium
(Ca2+) for the LPS core sugars. The system was solvated and ionized to
a concentration of 0.15 M of potassium chloride (KCl).
MD Simulations. All-atom MD simulations were performed using

NAMD370 along with the CHARMM36m force field for proteins71,72

and the CHARMM36 force field for lipids73 along with TIP3P water.74

All simulations were performed under periodic boundary conditions
with the cutoff at 12 Å for short-range electrostatic and Lennard-Jones
interactions. A force-based switching function starting at 10 Å was also
used. The particle-mesh Ewald method75 with a grid spacing of
maximum 1 Å was used for calculation of long-range electrostatic
interactions. Bonds between a heavy atom and a hydrogen atom were
maintained to be rigid, while all other bonds remained flexible. Unless
otherwise stated, each system was equilibrated for 2 μs under an
isothermal−isobaric ensemble (NPT) at 310 K and 1 bar, with a time
step of 4 fs with hydrogen mass repartitioning.76,77 A Langevin
thermostat with a damping coefficient of 1 ps−1 was used for
temperature control, and a Langevin piston with a period of 0.1 ps
and a decay of 0.05 ps was used for pressure control. The production
phase for each system included three replicas in order to check the
reproducibility of our results.78 The total simulation time was 6 μs (2 μs
× 3 replicas). The simulations were analyzed using the molecular
visualization and analysis software Visual Molecular Dynamics.79 Order
parameters and relaxation rates were calculated according to Text S6.
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Structure of the Monomeric Outer-Membrane Porin OmpG in the
Open and Closed Conformation. EMBO J. 2006, 25, 3702−3713.
(5) Retel, J. S.; Nieuwkoop, A. J.; Hiller, M.; Higman, V. A.; Barbet-

Massin, E.; Stanek, J.; Andreas, L. B.; Franks, W. T.; Rossum, B.-J.;
Vinothkumar, K. R.; et al. Structure of Outer Membrane Protein G in
Lipid Bilayers. Nat. Commun. 2017, 8, 2073.
(6) Noinaj, N.; Gumbart, J. C.; Buchanan, S. K. The β-Barrel

Assembly Machinery in Motion. Nat. Rev. Microbiol. 2017, 15, 197−
204.
(7) Kiessling, A. R.; Malik, A.; Goldman, A. Recent Advances in the

Understanding of trimeric Autotransporter adhesins. Med. Microbiol.
Immunol. 2020, 209, 233−242.
(8) Ishan, G.; Shashank, G. Exploring Bacterial Outer Membrane

Barrier to Combat Bad Bugs. Infect. Drug Resist. 2017, 10, 261−273.
(9) Linke, D.; Riess, T.; Autenrieth, I. B.; Lupas, A.; Kempf, V. A. J.

trimeric Autotransporter adhesins: Variable Structure, Common
Function. Trends Microbiol. 2006, 14, 264−270.
(10) Mühlenkamp, M.; Oberhettinger, P.; Leo, J. C.; Linke, D.;
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(26) Öster, C.; Kosol, S.; Lewandowski, J. R. Quantifying Micro-

second Exchange in Large Protein Complexes with Accelerated
Relaxation Dispersion Experiments in the Solid State. Sci. Rep. 2019,
9, 11082.
(27) Lamley, J. M.; Lougher, M. J.; Sass, H. J.; Rogowski, M.; Grzesiek,

S.; Lewandowski, J. R. Unraveling the Complexity of Protein Backbone
Dynamics with Combined 13C and 15N Solid-State NMR Relaxation
Measurements. Phys. Chem. Chem. Phys. 2015, 17, 21997−22008.
(28) Lewandowski, J. R.; Sein, J.; Blackledge, M.; Emsley, L.

Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation
in Crystalline Proteins. J. Am. Chem. Soc. 2010, 132, 1246−1248.
(29) Good, D.; Pham, C.; Jagas, J.; Lewandowski, J. R.; Ladizhansky,

V. Solid-State NMR Provides Evidence for Small-Amplitude Slow
Domain Motions in a Multispanning Transmembrane α-Helical
Protein. J. Am. Chem. Soc. 2017, 139, 9246−9258.
(30) Lewandowski, J. R.; Halse, M. E.; Blackledge, M.; Emsley, L.

Direct Observation of Hierarchical Protein Dynamics. Science (80-.)
2015, 348, 578−581.
(31) Lange, O. F.; Lakomek, N.-A.; Fares̀, C.; Schröder, G. F.; Walter,

K. F. A.; Becker, S.; Meiler, J.; Grubmüller, H.; Griesinger, C.; de Groot,
B. L. Recognition Dynamics Up to Microseconds Revealed from an
RDC-Derived Ubiquitin Ensemble in Solution. Science (80-.) 2008,
320, 1471−1475.
(32) Smith, A. A.; Ernst, M.; Meier, B. H.; Ferrage, F. Reducing Bias in

the Analysis of Solution-State NMR Data with Dynamics Detectors. J.
Chem. Phys. 2019, 151, No. 034102.
(33) Smith, A. A.; Ernst, M.; Riniker, S.; Meier, B. H. Localized and

Collective Motions in HET-s(218−289) Fibrils from Combined NMR
Relaxation andMDSimulation. Angew. Chemie Int. Ed. 2019, 58, 9383−
9388.
(34) Shcherbakov, A. A.; Hisao, G.; Mandala, V. S.; Thomas, N. E.;

Soltani, M.; Salter, E. A.; Davis, J. H.; Henzler-Wildman, K. A.; Hong,
M. Structure and Dynamics of the Drug-Bound Bacterial Transporter
EmrE in Lipid Bilayers. Nat. Commun. 2021, 12, 172.
(35) Kotschy, J.; Söldner, B.; Singh, H.; Vasa, S. K.; Linser, R.

Microsecond Timescale Conformational Dynamics of a Small-
Molecule Ligand within the Active Site of a Protein. Angew. Chem.,
Int. Ed. 2024, 63, No. e202313947.
(36) Chevelkov, V.; Zhuravleva, A. V.; Xue, Y.; Reif, B.; Skrynnikov, N.

R. Combined Analysis of 15N Relaxation Data from Solid- and
Solution-State NMR Spectroscopy. J. Am. Chem. Soc. 2007, 129,
12594−12595.
(37) Zadorozhnyi, R.; Gronenborn, A. M.; Polenova, T. Integrative

Approaches for Characterizing Protein Dynamics: NMR, CryoEM, and
Computer Simulations. Curr. Opin. Struct. Biol. 2024, 84, No. 102736.
(38) Ni, Q. Z.; Markhasin, E.; Can, T. V.; Corzilius, B.; Tan, K. O.;

Barnes, A. B.; Daviso, E.; Su, Y.; Herzfeld, J.; Griffin, R. G. Peptide and
Protein Dynamics and Low-Temperature/DNP Magic Angle Spinning
NMR. J. Phys. Chem. B 2017, 121, 4997−5006.
(39) Busi, B.; Yarava, J. R.; Hofstetter, A.; Salvi, N.; Cala-De Paepe, D.;

Lewandowski, J. R.; Blackledge, M.; Emsley, L. Probing Protein
Dynamics UsingMultifield Variable TemperatureNMRRelaxation and

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c17726
J. Am. Chem. Soc. 2025, 147, 8618−8628

8626

https://doi.org/10.1146/annurev-micro-102215-095308
https://doi.org/10.1146/annurev-micro-102215-095308
https://doi.org/10.1074/jbc.REV120.011473
https://doi.org/10.1074/jbc.REV120.011473
https://doi.org/10.1074/jbc.REV120.011473
https://doi.org/10.1038/sj.emboj.7601237
https://doi.org/10.1038/sj.emboj.7601237
https://doi.org/10.1038/s41467-017-02228-2
https://doi.org/10.1038/s41467-017-02228-2
https://doi.org/10.1038/nrmicro.2016.191
https://doi.org/10.1038/nrmicro.2016.191
https://doi.org/10.1007/s00430-019-00652-3
https://doi.org/10.1007/s00430-019-00652-3
https://doi.org/10.2147/IDR.S144299
https://doi.org/10.2147/IDR.S144299
https://doi.org/10.1016/j.tim.2006.04.005
https://doi.org/10.1016/j.tim.2006.04.005
https://doi.org/10.1016/j.ijmm.2014.12.008
https://doi.org/10.1098/rstb.2011.0208
https://doi.org/10.1098/rstb.2011.0208
https://doi.org/10.1128/JB.00985-07
https://doi.org/10.1128/JB.00985-07
https://doi.org/10.1128/JB.00985-07
https://doi.org/10.1111/mmi.14195
https://doi.org/10.1111/mmi.14195
https://doi.org/10.1111/mmi.14195
https://doi.org/10.1038/nmeth.2248
https://doi.org/10.1038/nmeth.2248
https://doi.org/10.1038/sj.emboj.7601132
https://doi.org/10.1038/sj.emboj.7601132
https://doi.org/10.1021/bi0356606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi0356606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0182016
https://doi.org/10.1371/journal.pone.0182016
https://doi.org/10.1038/ncomms5239
https://doi.org/10.1038/ncomms5239
https://doi.org/10.1038/ncomms5239
https://doi.org/10.1021/ja00381a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00381a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00381a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00381a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00381a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00381a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja055182h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja055182h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja206815h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.pnmrs.2016.02.001
https://doi.org/10.1016/j.pnmrs.2016.02.001
https://doi.org/10.1016/j.pnmrs.2016.02.001
https://doi.org/10.1007/s10858-013-9787-x
https://doi.org/10.1007/s10858-013-9787-x
https://doi.org/10.1007/s10858-013-9787-x
https://doi.org/10.1007/s10858-013-9787-x
https://doi.org/10.1038/s41467-017-00165-8
https://doi.org/10.1038/s41467-017-00165-8
https://doi.org/10.1038/s41598-019-47507-8
https://doi.org/10.1038/s41598-019-47507-8
https://doi.org/10.1038/s41598-019-47507-8
https://doi.org/10.1039/C5CP03484A
https://doi.org/10.1039/C5CP03484A
https://doi.org/10.1039/C5CP03484A
https://doi.org/10.1021/ja907067j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja907067j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaa6111
https://doi.org/10.1126/science.1157092
https://doi.org/10.1126/science.1157092
https://doi.org/10.1063/1.5111081
https://doi.org/10.1063/1.5111081
https://doi.org/10.1002/anie.201901929
https://doi.org/10.1002/anie.201901929
https://doi.org/10.1002/anie.201901929
https://doi.org/10.1038/s41467-020-20468-7
https://doi.org/10.1038/s41467-020-20468-7
https://doi.org/10.1002/anie.202313947
https://doi.org/10.1002/anie.202313947
https://doi.org/10.1021/ja073234s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja073234s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.sbi.2023.102736
https://doi.org/10.1016/j.sbi.2023.102736
https://doi.org/10.1016/j.sbi.2023.102736
https://doi.org/10.1021/acs.jpcb.7b02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b08578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b08578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c17726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Molecular Dynamics Simulation. J. Phys. Chem. B 2018, 122, 9697−
9702.
(40) Saurel, O.; Iordanov, I.; Nars, G.; Demange, P.; LeMarchand, T.;

Andreas, L. B.; Pintacuda, G.; Milon, A. Local and Global Dynamics in
Klebsiella Pneumoniae Outer Membrane Protein a in Lipid Bilayers
Probed at Atomic Resolution. J. Am. Chem. Soc. 2017, 139, 1590−1597.
(41) Shahid, S. A.; Nagaraj, M.; Chauhan, N.; Franks, T. W.; Bardiaux,

B.; Habeck, M.; Orwick-Rydmark, M.; Linke, D.; van Rossum, B.-J.
Solid-State NMR Study of the YadAMembrane-Anchor Domain in the
Bacterial Outer Membrane. Angew. Chemie Int. Ed. 2015, 54, 12602−
12606.
(42) Meuskens, I.; Michalik, M.; Chauhan, N.; Linke, D.; Leo, J. C. A

New Strain Collection for Improved Expression of Outer Membrane
Proteins. Front. Cell. Infect. Microbiol. 2017, 7, 464.
(43) Shahid, S. A.; Markovic, S.; Linke, D.; van Rossum, B.-J.

Assignment and Secondary Structure of the YadA Membrane Protein
by Solid-State MAS NMR. Sci. Rep. 2012, 2, 803.
(44) Shen, Y.; Delaglio, F.; Cornilescu, G.; Bax, A. TALOS+: AHybrid

Method for Predicting Protein Backbone Torsion Angles from NMR
Chemical Shifts. J. Biomol. NMR 2009, 44, 213−223.
(45) Hermansen, S.; Ryoo, D.; Orwick-Rydmark, M.; Saragliadis, A.;

Gumbart, J. C.; Linke, D. The Role of Extracellular Loops in the Folding
of Outer Membrane Protein X (OmpX) of Escherichia coli. Front. Mol.
Biosci. 2022, 9, No. 918480.
(46) Dutta, S. K.; Yao, Y.; Marassi, F. M. Structural Insights into the

Yersinia Pestis Outer Membrane Protein Ail in Lipid Bilayers. J. Phys.
Chem. B 2017, 121, 7561−7570.
(47) Edidin, M. Rotational and Lateral Diffusion of Membrane

Proteins and Lipids: Phenomena and Function. In Membrane Structure
and Function; Bronner, F.; Klausner, R. D.; Kempf, C.; van Renswoude,
J., Eds.; Current Topics in Membranes and Transport; Academic Press,
1987; vol 29, pp 91−127.
(48) Austin, R. H.; Chan, S. S.; Jovin, T. M. Rotational Diffusion of

Cell Surface Components by Time-Resolved Phosphorescence
Anisotropy. Proc. Natl. Acad. Sci. U. S. A. 1979, 76, 5650−5654.
(49) Kusumi, A.; Hyde, J. S. Spin-Label Saturation-Transfer Electron

Spin Resonance Detection of Transient Association of Rhodopsin in
Reconstituted Membranes. Biochemistry 1982, 21, 5978−5983.
(50) Bywater, R. P. Protein folding: a problem with multiple solutions.

J. Biomol. Struct. Dyn. 2013, 31 (4), 351−362.
(51) Lapidus, L. J. The road less traveled in protein folding: evidence

for multiple pathways. Curr. Opin. Struct. Biol. 2021, 66, 83−88.
(52) Roman, E. A.; González Flecha, F. L. Kinetics and

Thermodynamics of Membrane Protein Folding. Biomolecules 2014,
4 (1), 354−373.
(53) Dowhan, W.; Vitrac, H.; Bogdanov, M. Lipid-Assisted

Membrane Protein Folding and Topogenesis. Protein J. 2019, 38,
274−288.
(54) Paramasivam, N.; Habeck, M.; Linke, D. Is the C-terminal

insertional signal in Gram-negative bacterial outer membrane proteins
species-specific or not? BMC Genomics 2012, 26 (13), 510.
(55) Leyton, D. L.; Johnson, M. D.; Thapa, R.; Huysmans, G. H. M.;

Dunstan, R. A.; Celik, N.; Shen, H.-H.; Loo, D.; Belousoff, M. J.;
Purcell, A. W.; Henderson, I. R.; Beddoe, T.; Rossjohn, J.; Martin, L. L.;
Strugnell, R. A.; Lithgow, R. A mortise-tenon joint in the trans-
membrane domain modulates autotransporter assembly into bacterial
outer membranes. Nat. Commun. 2014, 26 (5), 4239.
(56) Leo, J. C.; Linke, D. A Unified Model for BAM Function That

Takes into Account Type Vc Secretion and Species Differences in BAM
Composition. AIMS Microbiol. 2018, 4, 455−468.
(57) Sikdar, R.; Bernstein, H. D. Sequential Translocation of

Polypeptides across the Bacterial Outer Membrane through the
trimeric Autotransporter Pathway. mBio 2019, 10, No. e01973-19.
(58) Wollmann, P.; Zeth, K.; Lupas, A. N.; Linke, D. Purification of

the YadA Membrane Anchor for Secondary Structure Analysis and
Crystallization. Int. J. Biol. Macromol. 2006, 39, 3−9.
(59) Arnold, T.; Linke, D. Phase Separation in the Isolation and

Purification of Membrane Proteins. Biotechniques 2007, 43, 427−440.

(60) Thein, M.; Sauer, G.; Paramasivam, N.; Grin, I.; Linke, D.
Efficient Subfractionation of Gram-Negative Bacteria for Proteomics
Studies. J. Proteome Res. 2010, 9, 6135−6147.
(61) Orwick-Rydmark, M.; Arnold, T.; Linke, D. The Use of

Detergents to Purify Membrane Proteins. Curr. Protoc. Protein Sci.
2016, 84, 4.8.1−4.8.35.
(62) Schaefer, J.; McKay, R. A.; Stejskal, E. O. Double-Cross-

Polarization NMR of Solids. J. Magn. Reson. 1979, 34, 443−447.
(63) Laage, S.; Lesage, A.; Emsley, L.; Bertini, I.; Felli, I. C.; Pierattelli,

R.; Pintacuda, G. Transverse-Dephasing Optimized Homonuclear J-
Decoupling in Solid-State NMR Spectroscopy of Uniformly 13C-
Labeled Proteins. J. Am. Chem. Soc. 2009, 131, 10816−10817.
(64) Busi, B.; Yarava, J. R.; Bertarello, A.; Freymond, F.; Adamski, W.;

Maurin, D.; Hiller, M.; Oschkinat, H.; Blackledge, M.; Emsley, L.
Similarities and Differences among Protein Dynamics Studied by
Variable Temperature Nuclear Magnetic Resonance Relaxation. J. Phys.
Chem. B 2021, 125, 2212−2221.
(65) Jo, S.; Kim, T.; Iyer, V. G.; Im, W. CHARMM-GUI: A Web-

Based Graphical User Interface for CHARMM. J. Comput. Chem. 2008,
29, 1859−1865.
(66) Lee, J.; Patel, D. S.; Ståhle, J.; Park, S.-J.; Kern, N. R.; Kim, S.; Lee,

J.; Cheng, X.; Valvano, M. A.; Holst, O.; Knirel, Y. A.; Qi, Y.; Jo, S.;
Klauda, J. B.; Widmalm, G.; Im, W. CHARMM-GUI Membrane
Builder for Complex Biological Membrane Simulations with glycolipids
and Lipoglycans. J. Chem. Theory Comput. 2019, 15, 775−786.
(67) Wu, E. L.; Fleming, P. J.; Yeom, M. S.; Widmalm, G.; Klauda, J.

B.; Fleming, K. G.; Im, W. E. Coli Outer Membrane and Interactions
with OmpLA. Biophys. J. 2014, 106, 2493−2502.
(68) Hwang, H.; Paracini, N.; Parks, J. M.; Lakey, J. H.; Gumbart, J. C.

Distribution of Mechanical Stress in the Escherichia Coli Cell
Envelope. Biochim. Biophys. Acta - Biomembr. 2018, 1860, 2566−2575.
(69) Islam, M. Z.; Fokine, A.; Mahalingam, M.; Zhang, Z.; Garcia-

Doval, C.; van Raaij, M. J.; Rossmann, M. G.; Rao, V. B. Molecular
Anatomy of the Receptor BindingModule of a Bacteriophage Long Tail
Fiber. PLoS Pathog. 2019, 15, No. e1008193.
(70) Phillips, J. C.; Hardy, D. J.; Maia, J. D. C.; Stone, J. E.; Ribeiro, J.

V.; Bernardi, R. C.; Buch, R.; Fiorin, G.; Hénin, J.; Jiang,W.; McGreevy,
R.; Melo, M. C. R.; Radak, B. K.; Skeel, R. D.; Singharoy, A.; Wang, Y.;
Roux, B.; Aksimentiev, A.; Luthey-Schulten, Z.; Kalé, L. V.; Schulten,
K.; Chipot, C.; Tajkhorshid, E. Scalable Molecular Dynamics on CPU
and GPU Architectures with NAMD. J. Chem. Phys. 2020, 153,
No. 044130.
(71) Best, R. B.; Zhu, X.; Shim, J.; Lopes, P. E. M.; Mittal, J.; Feig, M.;

MacKerell, A. D. Optimization of the Additive CHARMM All-Atom
Protein Force Field Targeting Improved Sampling of the Backbone ϕ, ψ
and Side-Chain Χ1 and Χ2 Dihedral Angles. J. Chem. Theory Comput.
2012, 8, 3257−3273.
(72) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de

Groot, B. L.; Grubmüller, H.; MacKerell, A. D. CHARMM36m: An
Improved Force Field for Folded and Intrinsically Disordered Proteins.
Nat. Methods 2017, 14, 71−73.
(73) Klauda, J. B.; Venable, R. M.; Freites, J. A.; O’Connor, J. W.;

Tobias, D. J.; Mondragon-Ramirez, C.; Vorobyov, I.; MacKerell, A. D.;
Pastor, R. W. Update of the CHARMM All-Atom Additive Force Field
for Lipids: Validation on Six Lipid Types. J. Phys. Chem. B 2010, 114,
7830−7843.
(74) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;

Klein, M. L. Comparison of Simple Potential Functions for Simulating
Liquid Water. J. Chem. Phys. 1983, 79, 926−935.
(75) Darden, T.; Perera, L.; Li, L.; Pedersen, L. New Tricks for

Modelers from the Crystallography Toolkit: The Particle Mesh Ewald
Algorithm and Its Use in Nucleic Acid Simulations. Structure 1999, 7,
R55−R60.
(76) Hopkins, C. W.; Le Grand, S.; Walker, R. C.; Roitberg, A. E.

Long-Time-Step Molecular Dynamics through Hydrogen Mass
Repartitioning. J. Chem. Theory Comput. 2015, 11, 1864−1874.
(77) Balusek, C.; Hwang, H.; Lau, C. H.; Lundquist, K.; Hazel, A.;

Pavlova, A.; Lynch, D. L.; Reggio, P. H.; Wang, Y.; Gumbart, J. C.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c17726
J. Am. Chem. Soc. 2025, 147, 8618−8628

8627

https://doi.org/10.1021/acs.jpcb.8b08578?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201505506
https://doi.org/10.1002/anie.201505506
https://doi.org/10.3389/fcimb.2017.00464
https://doi.org/10.3389/fcimb.2017.00464
https://doi.org/10.3389/fcimb.2017.00464
https://doi.org/10.1038/srep00803
https://doi.org/10.1038/srep00803
https://doi.org/10.1007/s10858-009-9333-z
https://doi.org/10.1007/s10858-009-9333-z
https://doi.org/10.1007/s10858-009-9333-z
https://doi.org/10.3389/fmolb.2022.918480
https://doi.org/10.3389/fmolb.2022.918480
https://doi.org/10.1021/acs.jpcb.7b03941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b03941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.76.11.5650
https://doi.org/10.1073/pnas.76.11.5650
https://doi.org/10.1073/pnas.76.11.5650
https://doi.org/10.1021/bi00266a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00266a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00266a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/07391102.2012.703062
https://doi.org/10.1016/j.sbi.2020.10.012
https://doi.org/10.1016/j.sbi.2020.10.012
https://doi.org/10.3390/biom4010354
https://doi.org/10.3390/biom4010354
https://doi.org/10.1007/s10930-019-09826-7
https://doi.org/10.1007/s10930-019-09826-7
https://doi.org/10.1186/1471-2164-13-510
https://doi.org/10.1186/1471-2164-13-510
https://doi.org/10.1186/1471-2164-13-510
https://doi.org/10.1038/ncomms5239
https://doi.org/10.1038/ncomms5239
https://doi.org/10.1038/ncomms5239
https://doi.org/10.3934/microbiol.2018.3.455
https://doi.org/10.3934/microbiol.2018.3.455
https://doi.org/10.3934/microbiol.2018.3.455
https://doi.org/10.1128/mBio.01973-19
https://doi.org/10.1128/mBio.01973-19
https://doi.org/10.1128/mBio.01973-19
https://doi.org/10.1016/j.ijbiomac.2005.11.009
https://doi.org/10.1016/j.ijbiomac.2005.11.009
https://doi.org/10.1016/j.ijbiomac.2005.11.009
https://doi.org/10.2144/000112566
https://doi.org/10.2144/000112566
https://doi.org/10.1021/pr1002438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/pr1002438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/0471140864.ps0408s84
https://doi.org/10.1002/0471140864.ps0408s84
https://doi.org/10.1016/0022-2364(79)90022-2
https://doi.org/10.1016/0022-2364(79)90022-2
https://doi.org/10.1021/ja903542h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903542h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903542h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c10188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c10188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1021/acs.jctc.8b01066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2014.04.024
https://doi.org/10.1016/j.bpj.2014.04.024
https://doi.org/10.1016/j.bbamem.2018.09.020
https://doi.org/10.1016/j.bbamem.2018.09.020
https://doi.org/10.1371/journal.ppat.1008193
https://doi.org/10.1371/journal.ppat.1008193
https://doi.org/10.1371/journal.ppat.1008193
https://doi.org/10.1063/5.0014475
https://doi.org/10.1063/5.0014475
https://doi.org/10.1021/ct300400x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300400x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300400x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1021/jp101759q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp101759q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1016/S0969-2126(99)80033-1
https://doi.org/10.1016/S0969-2126(99)80033-1
https://doi.org/10.1016/S0969-2126(99)80033-1
https://doi.org/10.1021/ct5010406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct5010406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c17726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Accelerating Membrane Simulations with Hydrogen Mass Repartition-
ing. J. Chem. Theory Comput. 2019, 15, 4673−4686.
(78) Knapp, B.; Ospina, L.; Deane, C. M. Avoiding False Positive

Conclusions in Molecular Simulation: The Importance of Replicas. J.
Chem. Theory Comput. 2018, 14, 6127−6138.
(79) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular

Dynamics. J. Mol. Graph. 1996, 14, 33−38.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c17726
J. Am. Chem. Soc. 2025, 147, 8618−8628

8628

https://doi.org/10.1021/acs.jctc.9b00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00391?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c17726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

