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Abstract

Lipopolysaccharides (LPS) provide the outer membrane (OM) of Gram-negative bacteria with a 

strong protective barrier. The periplasm-spanning Lpt machinery is responsible for the transport of 

LPS molecules across the periplasm, culminating in insertion by the outer-membrane proteins 

LptD and LptE. In order to elucidate the mechanisms of LPS insertion by LptDE, we performed 

over 14 microseconds of equilibrium molecular dynamics simulations. Bilayer-dependent 

differences in the fluctuations and secondary structure of LptD’s extracellular loops are observed 

for a pure DMPE membrane vs. a model of the OM. Furthermore, LptD’s periplasmic N-terminal 

domain is highly dynamic, which may help to maintain the integrity of the periplasm-spanning 

complex amidst relative motion of the inner-membrane and outer-membrane anchored domains. In 

addition, our simulations demonstrate that binding of LPS substrate activates a switching between 

the associated and dissociated states of two lumenal loops at the interface between the β-barrel and 

the N-terminal domain as well as LptD’s lateral gate on the microsecond timescale, neither of 

which is observed for the apo state. Placement of a substrate LPS molecule also causes an increase 

in the average separation of the LptD lateral gate strands and a lowering of the energetic barrier to 

lateral gate opening.

Graphical abstract

Introduction

Gram-negative bacteria are characterized by their unique cell-envelope structure, which 

contains two membranes. The inner membrane is a symmetric phospholipid bilayer and the 

outer membrane consists of a phospholipid inner leaflet and an outer leaflet composed of 
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lipopolysaccharide (LPS) molecules [1, 2]. The space between the membranes, called the 

periplasm, is host to a large number of proteins as well as the peptidoglycan cell wall [3]. 

LPS molecules possess a zwitterionic portion called lipid A consisting of four to eight acyl 

tails, a core oligosaccharide region of phosphate groups and sugars, and a long O-antigen 

sugar chain whose composition varies considerably between species [4–6]. These LPS 

molecules form an external barrier for Gram-negative bacteria, protecting them from 

environmental antagonists such as immunity factors and antibiotics [7, 8].

The assembly of LPS molecules begins at the cytosolic side of the inner membrane where 

biosynthesis of lipid A is first performed by the Lpx protein family and core oligosaccharide 

is added by Waa proteins [4, 9, 10]. The partially assembled LPS is flipped across the inner 

membrane by the ABC transporter MsbA, joined with an O-antigen chain, and finally 

transported across the periplasm by the LPS transport (Lpt) machinery. The Lpt machinery 

is a complex consisting of LptA–G [11], all of which are essential [12]. At the inner 

membrane, LptB2FG is an ABC transporter that hydrolyzes ATP to transfer LPS from the 

inner membrane to LptC [13, 14]. LptA, LptC, LptF, LptG, and the N-terminal domain of 

LptD each possess a β-jellyroll fold with a hydrophobic interior [15–18]. LptF, LptC, one or 

more repeats of LptA, and the N-terminal domain of LptD link together to span the 

periplasmic space, sequestering the aliphatic tails of lipid A within their hydrophobic groove 

[19, 20]. Finally, LptDE provides LPS with a pathway to the outer membrane by separating 

its N- and C-terminal β-strands [21, 22].

Crystal structures of LptD from Shigella flexneri (PDB ID: 4Q35) and Salmonella 
typhimurium (PDB ID: 4N4R), first released in 2014, exhibit a 26-stranded β-barrel domain 

and an N-terminal β-jellyroll domain [16, 21] (Fig. 1). At the proximal tip of the N-terminal 

domain are several hydrophobic residues in a region predicted to embed into the outer 

membrane (Fig. 1, shown in white sticks). This embedded region is the putative LPS 

insertion site, which, coincidentally, is also near the β-barrel seam between β1 and β26. 

Simulations of LptDE from S. typhimurium at a high negative pressure by Dong et al. [21] 

showed a separation between β1 and β26, which was posited to act as the gate through 

which LPS would pass. Through incorporation of the photocrosslinking amino acid pBPA, 

LPS was later shown to crosslink to several residues in the β1–β26 seam, giving further 

evidence that these strands separate in order to allow LPS passage [22]. However, many 

uncertainties surrounding the molecular details of this insertion process remain. For 

instance, it is currently unknown what initiates the insertion cascade.

In order to better clarify the insertion process, we have performed over 14 μs of equilibrium 

simulations of two LptDE crystal structures from Shigella flexneri and Pseudomonas 
aeruginosa (PDB IDs 4Q35 and 5IVA, respectively). Simulations of outer-membrane (OM) 

proteins are becoming increasingly common, especially in asymmetric membranes 

containing LPS [24, 25]. Here, we simulated LptDE in both a symmetric phospholipid 

bilayer (DMPE) and an outer membrane (OM) model. We chose to use DMPE in addition to 

OM because it has been used in previous simulation studies as an outer membrane mimic 

[21, 26–31] and affords a greater degree of flexibility for the study of LptD β-barrel seam 

dynamics. Our simulations have revealed several conformational changes that may be vital 

to the function of LptDE and act as prerequisites for lateral gate opening and substrate 
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insertion, some of which are dependent on the presence of substrate. Additionally, free-

energy calculations display a significant reduction in the barrier to lateral-gate opening when 

an LPS molecule is placed in the N-terminal domain near it.

Methods

System construction

Two models of LptDE were generated for S. flexneri (SfLptDE) using its crystal structure 

(PDB ID: 4Q35), which includes the full N-terminal β-jellyroll domain. One system (Sf-

LPS; see Table 1 for nomenclature) included a substrate LPS molecule bound in its N-

terminal domain and another did not (Sf-apo). In order to generate the LPS-bound state, an 

LPS molecule was placed with its lipid A acyl tails near the hydrophobic interior of the N-

terminal domain. Both systems were embedded in a DMPE bilayer. DMPE has been used as 

a more pliable outer membrane mimic in several previous simulation studies [21, 26–31]. 

These models were ionized with KCl to a concentration of 150 mM (96 K+ and 73 Cl− ions) 

and contained ~120,000 atoms in total, including ~26,000 water molecules. An additional 11 

K+ were added to the Sf-LPS system as counterions for the substrate LPS molecule. The 

membrane included 145 DMPE molecules in the outer leaflet and 122 DMPE molecules in 

the inner leaflet. Fewer DMPE molecules were required in the inner leaflet due to the partial 

protrusion of the N-terminal domain.

Two models of LptDE from P. aeruginosa (PaLptDE) were also generated by embedding its 

crystal structure (PDB ID: 5IVA) into either a symmetric bilayer (DMPE) or an Escherichia 
coli outer membrane (OM) model used in a previous study [32]. Two replicas of each of 

these systems were simulated. Pa-DMPE-1 and −2 contained ~129,000 atoms with ~29,000 

water molecules and 150 mM KCl (102 K+ and 83 Cl− ions). The membrane included 137 

DMPE molecules in the outer leaflet and 132 DMPE molecules in the inner leaflet. Pa-

OM-1 and −2 contained ~129,000 atoms with ~25,000 water molecules and 150 mM NaCl 

(74 Na+ and 76 Cl− ions). The membrane included 44 LPS molecules (E. coli K-12 RaLPS 

chemotype) in the outer leaflet and 135 POPE molecules in the inner leaflet. To neutralize 

and stabilize the highly charged regions of LPS, 260 divalent cations were added (255 Mg2+ 

and 5 Ca2+). Preparation of the systems was carried out using VMD [33].

MD simulations

Nearly all simulations of LptDE systems (see Table 1) were carried out on the Anton-1 

supercomputer hosted at the Pittsburgh Supercomputing Center [34]. Some simulations were 

extended using Amber on GPUs [35]. All simulations used the CHARMM36 force fields for 

proteins [36] and lipids [37]. A 2-fs time step was used on Anton and long-range 

electrostatic interactions were evaluated every three time steps. For Amber runs, a 4-fs time 

step was used with hydrogen mass repartitioning [38], which has been demonstrated to be 

valid for membrane and membrane-protein simulations [39]. A temperature of 310 K was 

maintained using a Nosé-Hoover thermostat [40, 41] on Anton and Langevin dynamics in 

Amber. A pressure of 1 atm was maintained using the semi-isotropic Martyna-Tuckerman-

Klein barostat [42] on Anton and the Monte Carlo barostat in Amber. Lennard-Jones 

interactions were truncated at 11–13 Å on Anton and at 12 Å in Amber with a force-based 
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switching function applied starting at 10 Å. Long-range electrostatics were evaluated using 

the k-Gaussian Split Ewald method [43] on Anton and the particle-mesh Ewald method [44] 

in Amber.

Free-energy calculations

Free-energy calculations of lateral gate opening for Sf-apo and Sf-LPS were performed 

using replica-exchange umbrella sampling (REUS) [45, 46]. To obtain the open states, 

steered molecular dynamics (SMD) was employed on the distance between pairs of closest 

Cα atoms in strand β1 (residues 228 to 237) and β26 (residues 750 to 759) at the LptD β-

barrel seam. SMD was employed on the pairwise distance collective variables to drive them 

each to 25 Å over the course of 40 ns. Umbrella sampling windows were centered at center-

of-mass distance values between 6.0 and 15.5 Å. The first 9 of 25 windows were placed at 

6.0, 6.25, 6.375, 6.5, 6.625, 6.75, 7.0, 7.25, and 7.5 Å with force constants of 10.0, 20.0, 

20.0, 40.0, 20.0 20.0 20.0, and 20.0 kcal/mol·Å2, respectively. The remaining 16 windows 

were spaced 0.5 Å apart from 8.0 Å to 15.5 Å each having a force constant of 5.0 kcal/

mol·Å2. Higher force constants with smaller spacing between windows were used to ensure 

overlap of windows at low stand separation. Each window was simulated for 20.0 ns (500 ns 

per system). PMFs were calculated from the REUS sampling data using the Weighted 

Histogram Analysis Method (WHAM) [47].

Results

N-terminal domain flexibility

The current model of the Lpt complex assembly is that LptB2FG in the inner membrane is 

connected to LptDE at the outer membrane by a transperiplasmic bridge formed by the β-

jellyroll domains of LptC, LptA, and the N-terminal domain of LptD [16, 19, 48]. To date, 

two crystal structures of LptDE that include the full N-terminal domain have been published: 

KpLptDE (PDB ID: 5IV9) [48] and SfLptDE (PDB ID: 4Q35) [16]. An alignment of the β-

barrels of these structures reveals that the N-terminal domain is shifted by about 23 Å at the 

distal end, a rotation of 21° about its connection to the β-barrel (Fig. 2A). While attributed to 

an inherent flexibility of the domain [48], it remained possible that the shift was due to the 

different species used or to crystal packing effects. A high level of flexibility has been 

previously suggested to be an important feature to help maintain the integrity of the 

periplasm-spanning Lpt complex by withstanding relative motions of its inner and outer 

membrane components [48].

In order to address whether the difference seen in the N-terminal domain positions in crystal 

structures is reflected in the dynamics of this domain, we carried out over 8 μs of 

equilibrium simulation of the full-length SfLptDE crystal structure. The trajectories of 

SfLptDE demonstrated considerable dynamics of the N-terminal domain in both the Sf-apo 

and Sf-LPS simulations resulting in a maximal displacement of ~22 Å at the distal end (27°; 

Figs. 2B and C). This displacement is similar to the difference observed in the crystal 

structures (Fig. 2A), indicating that the N-terminal domain is inherently flexible about a 

hinge between it and the β-barrel domain.
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Extracellular loop structure and dynamics

Of all the solved crystal structures, that of PaLptDE diverges the most from the others with 

less than 28% sequence identity compared to 65% to 91% between the others (YpLptDE 

from Yersinia pestis, KpLptDE, SfLptDE, and StLptDE from Salmonella typhimurium) 

[48]. The majority of unique structural features of PaLptDE lie in its extracellular loops. For 

example, a 23-residue insertion in L6 folds back into the barrel lumen, while an 11-residue 

insertion in L9 adopts a helical structure. L11 also adopts a unique β-turn motif. However, it 

remains uncertain how stable the conformations of the loops are in the OM environment. 

The OM creates a notably different electrostatic profile compared to a symmetric 

phospholipid membrane [25], which is likely to affect the protein’s structure, in addition to 

direct interactions between the protein and the large LPS molecules. Such differences in the 

behavior of proteins in symmetric membranes compared to LPS-containing membranes have 

been explored extensively in a number of studies [32, 49–52].

To determine the effects of the OM on PaLptDE’s extracellular loops, we performed over 6 

μs of equilibrium simulations of PaLptDE in symmetric (DMPE) and asymmetric (OM) 

membrane models. In these simulations we observed multiple conformational differences 

(Fig. 3). The root mean-square fluctuations (RMSF), a measure of each residue’s fluctuation 

about an average position, were higher overall in the DMPE membrane compared to the 

OM, with the largest differences observed in L6 and L9. Secondary structure differences 

were also found in extracellular loops L4, L6, L7, and L9 (Figs. 3B and C). These 

differences were persistent, with loops forming more secondary structure in DMPE than in 

OM, akin to what was observed for BtuB in the same membranes [32]. For example, a 310-

helix formed in L4 in OM while a longer α-helix formed in the same region in DMPE; 

similarly, L7 forms a longer helix in DMPE than in the OM. L6, which initially points into 

the barrel, is pulled out through interactions with LPS in the OM model. The helical insert in 

L9 also partially unravels in the OM. The β-turn in L11 remains in both the OM and DMPE 

environments. Some of these differences are less pronounced in the second runs of each 

system, shown in Figs. S2 and S3. While the functional relevance of most of the observed 

structural changes is not readily apparent, they do indicate the importance of considering the 

native environment when interpreting results from both simulations and experiment.

Because of its high charge, LPS condenses a large number of divalent ions on its surface [8]. 

We found in both Pa-OM simulations that 15–16 divalent ions on average were within 4 Å 

of the proteins, most of them near the extracellular loops. These ions bridge interactions 

between LPS and the loops, stabilizing them. We also observe three clusters of negatively 

charged or polar residues binding an ion stably over both Pa-OM simulations. The first is 

formed by residues D335 in L1 with D871 and D885 in L13, although only the last residue 

is conserved [48]. The second cluster is formed by D616, T629, and E631 betweeen β14 and 

15 on the interior of the barrel near the periplasmic side; all three are highly conserved. 

Finally, the third cluster is formed by E719, D733, and D735, all on L9, although only the 

latter two are weakly conserved.

Due to its position over the barrel lumen, a movement of L4 has been suggested to be 

necessary for passage of the LPS oligosaccharide region [53]. Two residues in LptE (R91 

and K136) shown to be important for binding of LPS are near LptD’s L4 [54], and several 
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well-known OM assembly defect alleles, including LptD4213, contain deletions in L4, 

indicating that this loop is important for proper delivery of LPS [55, 56]. In the Pa-OM-1 

simulation, we observe L4 to move deeper into the barrel. This movement is precipitated by 

the unwinding of a small helix, which is still partially retained in Pa-OM-2 by the end of the 

1.5-μs simulation and fully retained in both Pa-DMPE-1 and Pa-DMPE-2 (Figs. 3 and S1–

S3). In Sf-apo, on the other hand, L4 moves toward the extracellular space (Sf-apo). The 

difference between the maximum and minimum positions is ~15 Å (Fig. 4; see also Fig. S4). 

This movement may enhance interactions between the oligosaccharide and O-antigen 

regions of LPS and L4 at an early stage of insertion.

Conversely, we also examined the effects of LptD on the OM. Specifically, we compared the 

order parameters of the LPS acyl tails within 12 Å of LptD’s lateral seam with those from all 

LPS. We find a nearly consistent decrease in order for those LPS tails near the seam (Fig. 

S5), similar to what was previously observed for the lateral gate of BamA [29]. This disorder 

of LPS tails near the gate may make it easier for another LPS molecule to insert into the 

membrane from LptD.

Position of the lumenal loops

Two so-called “lumenal loops” associate at the interface between the LptD N-terminal 

domain and lateral seam. Gu et al. previously noted that these loops demonstrate either an 

open or closed position in crystal structures [57]. They are in a closed position in the S. 
flexneri (PDB ID: 4Q35) [16] and the K. pneumoniae (PDB ID: 5IV9) [48] structures, which 

are the only two with the N-terminal domain resolved. For the structures without the N-

terminal domain, none of them possess sufficient resolution in both lumenal loops to fully 

characterize the state, but for the resolved loop, each state is represented. For example, in the 

truncated K. pneumoniae structure (PDB ID: 5IV8), loop 1 is disordered and loop 2 is in the 

open state, while in the P. aeruginosa structure (PDB ID: 5IVA), loop 1 is disordered and 

loop 2 is in the closed state (see Fig. S6 for remaining structures) [48]. Deletion of either of 

these lumenal loops was shown to be lethal in E. coli as was locking them together with a 

double cysteine mutation (R225C/S762C) [57].

In order to quantify the dynamics of the lumenal loops, we measured the distance between 

two residues on the loops, R225 and S762, in our simulations of SfLptDE with and without 

an LPS molecule present in the N-terminal domain (Fig. 5). When no LPS is present in the 

N-terminal domain, the loops remain firmly in the closed position (distance of ~6 Å). 

However, when the LPS substrate is present, the loops switch between closed and open 

states, with the latter, at a loop-loop distance of 10–20 Å, persisting for over 500 ns.

Gating at the lateral β-barrel seam

LPS follows a periplasmic bridge along the hydrophobic groove of LptC/A/D [57, 58]. Upon 

reaching LptD’s β-barrel, the LPS is believed to insert into the OM by breaching the seam 

formed by the N- and C-terminal β-strands of LptD (β1 and β26, respectively). Both 

crosslinking experiments and simulations indicate that these strands can separate, forming a 

lateral gate [21, 22]. Separation of the strands is made easier by the existence of conserved, 

essential prolines in β1 and β2 [48].
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Using the simulations of SfLptDE with and without an LPS molecule present in the N-

terminal domain, we measured the separation between β1 and β26 over time. When no LPS 

molecule is present in the N-terminal domain, the lateral gate remains closed over 3 μs 

(distance of ~5.5 Å; Fig. 6A); the gate also remains closed in all PaLptD simulations (Fig. 

S7). However, when an LPS molecule is present, the lateral gate in SfLptD becomes more 

dynamic, fluctuating from 6 to 7.5 Å separation, suggesting that the presence of a substrate 

can trigger gate opening. We note that on the 4-μs time scale, the LPS molecule moves only 

~4 Å toward the gate (Fig. S8).

To better quantify the impact of an LPS molecule in LptD’s N-terminal domain, we carried 

out free-energy calculations for gate opening. The cost for opening both with and without an 

LPS molecule present was relatively large: at least 30 kcal/mol for an increase of 10 Å (Figs. 

6B and S9). Notably, the cost was reduced by 10 kcal/mol when the LPS molecule was 

present, despite it not having any interactions with β1 and β26 directly (Fig. 1). This cost 

may be further reduced as the LPS molecule comes into contact with the gate strands. 

Comparison of the PMFs with the equilibrium simulation data in Fig. 6A suggests that the 

energetic cost of opening to small (~7.5 Å) separations is overestimated. We have also 

calculated the free energy as a function of separation from the equilibrium simulations (Fig. 

S10). Although only covering a range of 5–8 Å separation, the key result still holds, namely 

that the presence of the LPS substrate enhances gating.

Conclusions

The results presented here reveal some of the structural and dynamical features of LptDE 

that may be required for LPS insertion. Our simulations demonstrate that the N-terminal 

domain, which delivers LPS to LptD’s β-barrel, possesses a flexible hinge, likely to 

facilitate cohesion of the transperiplasmic bridge between the inner and outer membranes 

[20]. Upon presentation of the LPS substrate, there is a separation of the lumenal loops, a 

necessary step in the insertion process. At the same time, extracellular loop 4 is dynamic 

within the β-barrel, possibly to guide the oligosaccharide region of LPS through. In 

simulations of P. aeruginosa LptDE, for which the N-terminal domain was not fully 

resolved, a number of extracellular loops are stabilized in the presence of an asymmetric 

outer-membrane model containing LPS in the outer leaflet, although certain secondary 

structures are sometimes lost (Figs. 3 and S1–S3). Loss of these structures, which were 

observed in the crystal structure and maintained in simulations in a symmetric DMPE 

membrane, demonstrate the importance of simulating in a native-like environment [25].

Our free-energy calculations of lateral gate opening indicate that presence of a bound LPS 

substrate in the N-terminal domain significantly lowers the barrier for lateral gate opening in 

LptD (by at least 10 kcal/mol), despite not being in direct contact with the gate. However, 

the cost to open the gate (~30 kcal/mol) still remains higher than could plausibly be 

achieved, at least by a single inserting LPS molecule. In contrast, BamA and TamA, both of 

which aid insertion of outer-membrane proteins, require only ~10 kcal/mol to open to the 

same distance [59, 60]. However, our equilibrium simulations suggest that the free-energy 

cost with the bound LPS may yet be overestimated (Fig. S10). It remains to be seen if deeper 

insertion of an LPS molecule into the LptD β-barrel would further reduce the energetic cost.
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Although our work focused only on the end of the Lpt pathway, namely insertion of LPS by 

LptDE, structures of the LptB2FGC inner-membrane complex have recently been 

determined [17, 18]. LptB2FGC transfers LPS to one or more copies of LptA, which bridge 

the gap between the inner-membrane complex and LptDE in the OM [20]. With high-

resolution structures of all components now determined, modeling and simulation of the full 

transperiplasmic complex would allow us to test some of the ideas presented here, e.g., that 

the flexibility of the N-terminal domain of LptD is important for stability of the connection. 

Furthermore, the energetics of other steps, such as the hand-off of an LPS substrate from 

each component to the next in the bridge, could be calculated. It is possible that formation of 

the bridge and/or the presence of multiple LPS substrates could reduce the energetic barrier 

to lateral gate opening of LptD.

Given its essential role in building the Gram-negative bacterial cell envelope, LptDE 

presents an attractive target for the development of novel antibiotics [61]. So far, promising 

lead molecules are either peptides [62] or peptidomimetics [63, 64]. Analysis indicates that 

these molecules form β-hairpin-like structures and bind to the periplasmic N-terminal 

domain, possibly interrupting the transperiplasmic bridge [61]. Precise localization of where 

they bind and how they prevent bridge formation remain to be determined. How this bridge 

interacts with the cell wall, which lies between the two membranes, is also unknown [3].
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Highlights

• The Gram-negative bacterial outer membrane contains lipopolysaccharides, 

which must be inserted by the outer-membrane protein LptD.

• Simulations demonstrate that LptD’s N-terminal domain in the periplasm is 

dynamic, possibly aiding connection to the rest of the Lpt complex.

• Equilibrium simulations and free-energy calculations reveal that the lateral 

gate in LptD becomes easier to open when a substrate LPS molecule is 

present in the N-terminal domain.

Lundquist and Gumbart Page 13

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Front (A) and side (B) views of LptDE with an LPS molecule bound in the N-terminal β-

jellyroll domain. The structure is taken from the Sf-LPS simulation at approximately 1900 

ns into the simulation. The LptD β-barrel domain is shown in gold with the β1 strand in 

purple, β26 strand in red, extracellular loop L4 in blue and N-terminal domain in orange. 

LptE is shown in gray. The LPS molecule is shown in sticks with C, O, N, and P atoms in 

gray, red, blue, and tan, respectively. Hydrophobic residues predicted to embed into the outer 

membrane (based on Orientations of Proteins in Membranes database [23]) are shown in 

white sticks. The main dynamical features of LptDE observed in the equilibrium simulations 

were a large change in the angle of the N-terminal domain, a separation of the LptD β-barrel 

seam strands induced by the presence of the substrate, and a significant movement of L4 

toward the periplasm.
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Figure 2: 
(A) Alignment of SfLptDE (PDB ID: 4Q35) and KpLptDE (from Klebsiella pneumoniae; 

PDB ID: 5IV9) crystal structures, demonstrating the difference between their N-terminal 

domain positions. (B) Snapshots at 40 ns and 2820 ns illustrating a similar range of N-

terminal-domain motion observed in the Sf-LPS simulation. (C) Angle between the 

membrane normal and the principal axis of the LptD N-terminal domain vs. time for 

SfLptDE with LPS bound (Sf-LPS, red) and Sf without LPS bound (Sf-apo, black). For 

reference, location of snapshots used in (B) are highlighted in blue and red dotted lines.
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Figure 3: 
PaLptDE structure and dynamics for the first runs in DMPE and in OM. (A) Root-mean-

square fluctuation (RMSF). Higher RMSF is seen for the DMPE system compared to the 

OM system for a number of extracellular loops, especially L6 and L9. (B) Location of key 

loops with respect to the overall structure. (C, D) Prominent secondary structure differences 

in L4 (blue), L6 (red), L7 (yellow) and L9 (green). Timeline of secondary structure is shown 

in Fig. S1. RMSF and timeline for the second runs are in Fig. S2 and S3, respectively.
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Figure 4: 
Distance from center of membrane vs. time of L4 for (A) Pa systems (residues 436 to 448) 

and (B) Sf systems (residues 341 to 353). An increase in distance indicates movement 

towards the extracellular space (such as Sf-apo) and a decrease indicates movement toward 

the periplasm (such as Pa-OM-1). The center of the membrane is defined here using the 

reference point predicted by the OPM (Orientations of Proteins in Membrane) server [23].
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Figure 5: 
(A) Alignment of SfLptDE (closed) and StLptDE (open) crystal structures demonstrating the 

difference in the position of the lumenal loops. (B) Distance between lumenal loops 

(measured by the Cα atoms of R225 and S762) demonstrating a gate near the barrel seam. 

Discrete switching occurs between a closed state (6–8 Å) and an open state (10–20 Å).
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Figure 6: 
(A) Separation of β1 and β26 strands from SfLptD vs. time. β1 was defined as the Cα atoms 

of residues 228 to 237 and β26 as those of residues 750 to 759. An increase in strand 

separation is observed in LptD with LPS bound (red) vs. that without LPS bound (black). 

(B) Potential of mean force (PMF) vs. strand separation for LPS-bound and apo systems. A 

significant reduction in energy is found for the bound state (red) with respect to the unbound 

state (black). Statistical error is shown for each PMF as a light red and grey shaded region 

for Sf-LPS and Sf-apo, respectively.
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Table 1:

Summary of simulations performed. Names starting with “Sf” pertain to the S. flexneri structure in PDB ID 

4Q35 and “Pa” to the P. aeruginosa structure in PDB ID 5IVA. SfLptDE includes the β-barrel and N-terminal 

domains, while PaLptDE includes only the β-barrel domain. Sf systems were either simulated with (Sf-LPS) 

or without (Sf-apo) an LPS molecule bound in the N-terminal domain of LptD. Pa systems were simulated in 

either a symmetric membrane environment (DMPE) or an asymmetric outer membrane model (OM) with two 

replicas run for each. All simulations were performed at a temperature of 310 K.

name membrane PDB length (ns)

Sf-apo DMPE 4Q35 4040

Sf-LPS DMPE 4Q35 4080

Pa-DMPE-1 DMPE 5IVA 1540

Pa-DMPE-2 DMPE 5IVA 1550

Pa-OM-1 OM 5IVA 1530

Pa-OM-2 OM 5IVA 1730
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