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1. Extended Data 2 
Figure # Figure title 

One sentence only 

Filename 

This should be the 
name the file is 
saved as when it is 
uploaded to our 
system. Please 
include the file 
extension. i.e.: 
Smith_ED_Fig1.jpg 

Figure Legend 

If you are citing a reference for the first time in these 
legends, please include all new references in the 
main text Methods References section, and carry on 
the numbering from the main References section of 
the paper. If your paper does not have a Methods 
section, include all new references at the end of the 
main Reference list. 

Extended Data 
Fig. 1 

Detergent 
competition 
experiments to 
assess LptDE 
lipid binding 

Extended_Data_
Fig1.eps 

Detergent competition experiments to 
assess LptDE lipid binding. LptDE (5 μM, 
left) in 0.5% (w/v) C8E4 was mixed with 10 
μM Re-LPS (a, orange adducts), POPG (b, 
red adducts) or CDL (c, magenta adducts). 
The protein-lipid mixture was then 
supplemented with increasing 
concentrations of n-nonyl-β-D-
glucopyranoside (NG). Detergent addition 
decreases POPG and CDL binding, but has 
no pronounced effect on Re-LPS. 

Extended Data 
Fig. 2 

Thanatin 
binding 
efficiency and 
effect on Re-
LPS binding. 

Extended_Data_
Fig2.eps 

Thanatin binding efficiency and effect on 
Re-LPS binding. (a) Mass spectra recorded 
for solutions of LptDE (5 μM) with 
increasing concentrations of thanatin 
(green adducts). (b) Mass spectra of Re-
LPS-bound LptDE supplemented with 1 μM 
thanatin (as described in Fig. 1d) with a 
focus on the 16+ charge state showing the 
presence of the 2:1 Re-LPS:thanatin 
complex, particularly at higher Re-LPS 
concentration. (c) Quantification of the 
total amount of Re-LPS bound to LptDE in 
the absence or in the presence of thanatin 
(related to Figure 1d). Error bars represent 
s.d. (n = 3). (d) Thanatin-first nMS analysis: 
LptDE (5 μM) was initially mixed with 
thanatin and then supplemented with Re-
LPS (10 μM).  

Extended Data 
Fig. 3 

Sequence 
coverage of 
LptDE. 

Extended_Data_
Fig3.eps 

Sequence coverage of LptDE. 68 peptides 
covering 70.5% of LptD sequence (a) and 17 
peptides covering 87.4% of LptE (b) were 
identified following digestion with 
immobilized pepsin.  

Extended Data Representative Extended_Data_ Representative mass spectra for peptides 
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Fig. 4 mass spectra 
for peptides 
showing 
EX1/EXX 
kinetics. 

Fig4.eps showing EX1/EXX kinetics. Mass spectra 
are shown for apo-LptDE, LPS, thanatin or 
LPS + thanatin states. Two binomial 
isotopic envelopes produced the best fit 
for the spectra yielding low- (green) and 
high-mass (light blue) populations. The 
sums of the two binomial distributions are 
shown in red. (a) Peptide 66-92. (b) 
Peptide 105-115. (c) Peptide 116-19. (d) 
Peptide 119-129. (e) Peptide 130-141. (f) 
Peptide 171-179.  

Extended Data 
Fig. 5 

Monoexponen
tial fitting of 
the high-mass 
population in 
peptides 
showing EX1 
kinetics. 

Extended_Data_
Fig5.eps 

Monoexponential fitting of the high-mass 
population in peptides showing EX1 
kinetics. Extracted relative abundances of 
high- mass populations plotted as a 
function of labelling time and fitted to a 
single exponential function with a variable 
intercept and plateau (to account for the 
lack of saturation seen in most peptides) to 
obtain the rate of translation from the low-
mass population to the high-mass 
population (kop) and the half-life of the low 
mass population (t1/2). The apo state is 
indicated in purple, LPS-bound state in 
orange, thanatin-bound state in green, and 
LPS + thanatin state in maroon. Standard 
deviations are plotted as error bars 
(nbiological = 2; ntechnical = 3) but are in some 
instances too small to be visible. In the 
case of thanatin-bound state and LPS + 
thanatin state kinetic values could not be 
extracted because of poor fitting (the 
increase of high-mass population is 
incremental given the slow kinetics). In 
these cases, the dotted line is included 
only for visual guidance.  

Extended Data 
Fig. 6 

Re-LPS 
contacts and 
position within 
the β-taco. 

Extended_Data_
Fig6.eps 

Re-LPS contacts and position within the β-
taco. (a) Average percentage occupancy of 
Re-LPS contacts made with the β-taco with 
a 4 Å cut-off. These contacts have been 
compared to those made by the detergent 
in the SfLptD structure (PDB ID: 4Q35; 
marked by an asterisk) and found that 90% 
of residues which interact with detergent. 
(b) Top: Kernel density estimate (KDE) of 
the centre of mass (COM) position 
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between the five replicates indicate 
minimal diffusion over the course of the 
simulation. Middle: Partial density of Re-
LPS across the β-taco demonstrating 
consistent and rigid contact across the 
domain, this implies that the Re-LPS bound 
within the β-taco does not have enough 
simulation time to sample the entire 
soluble domain in different binding poses, 
which would account for the discrepancy 
in deprotected coverage across this 
domain when compared to HDX-MS 
(Supplementary Fig. 15). Bottom: 
reference cartoon structure of β-taco to 
compare with above plot axes.  

Extended Data 
Fig. 7 

Re-LPS contact 
mapped onto 
LptDE. 

Extended_Data_
Fig7.eps 

Re-LPS contact mapped onto LptDE. (a) 
Average Re-LPS contacts mapped onto 
cartoon representations of LptDE. (b) 
Residues interacting with the three Re-LPS 
lipids referenced in Figure 2c (Re-LPS(1-3)) 
are shown in stick representation. (c) C-
terminal strand of the β-taco is in contact 
with the bilayer (Supplementary Fig. 15c). 
(d) Ile186 and Phe187 are in transient 
contact with the Re-LPS lipids engaged 
with the lateral putative exit gate of the β-
barrel. The open gate causes Re-LPS lipids 
(shown in yellow and pink) to be laterally 
pulled into the β-barrel sinking them into 
the inner leaflet of the and allowing the 
tails to interact with the C-terminal strand 
of the β-taco. This may suggest how Re-LPS 
gets laterally extruded into the OM during 
the translocation process. 

Extended Data 
Fig. 8 

Extended Data 
Fig. 8. Re-LPS 
distance plots. 

Extended_Data_
Fig8.eps 

Extended Data Fig. 8. Re-LPS distance 
plots. Top: snapshot of the key lipid 
interactions between Re-LPS and the 
lateral gate peptide (232-251). Bottom: 
Plots measuring the distance from the 
geometric centre of the peptide (232-251) 
to the geometric centre of the lipids. Data 
plotted as the average of five repeats 
throughout the course of the simulation, 
standard deviation shaded grey. 
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Extended Data 
Fig. 9 

Sequence and 
structure 
alignments of 
KpLptD and 
EcLptA. 

Extended_Data_
Fig9.eps 

Sequence and structure alignments of 
KpLptD and EcLptA. (a) Sequence 
alignment between KpLptD and EcLptA. 
Red colour indicates conserved residues, 
yellow indicates highly similar residues. 
Circles indicate crucial residues for LptA-
thanatin interaction. Blue colour 
represents van-der-Waals interactions 
while green represents ionic bridges and 
H-bonds. (b) Structure alignment of LptD 
(PDB ID: 5IV9) with apo-LptA (PDB ID: 
2R1A). The RMSD is equal to 1.48 Å over 
115 Cα.  

 

Extended Data 
Fig. 10 

Evaluation of 
LptD-thanatin 
interaction 
stability. 

Extended_Data_
Fig10.eps 

Evaluation of LptD-thanatin interaction 
stability. (a) RMSD of thanatin docked to 
the bottom (i) of the β-jellyroll in its closed 
conformation compared to being docked 
to the top (ii) where standard deviation is 
coloured grey. (b) Right: schematic 
showing the orientation of the β-taco 
vector drawn through Cα of residues Asp33 
and Pro190, where x, y displacement is 
shown as red arrows. Right: x,y 
displacement of the β-taco vector mapped 
relative to the origin 0.0, 0.0 (defined as 
the original position of β-taco in the crystal 
structure) comparing the conformation 
space sampled of the apo-β-taco against 
when thanatin is docked to the (i) bottom 
and (ii) top of the β-taco. 
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Item Present? Filename 

This should be the 
name the file is 
saved as when it is 
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.pdf

Supplementary 
Information 

Yes Supplementary_i
nformation_LptD
E.pdf 

Supplementary Figures 1-18 and 
Supplementary Tables 1-5 

Reporting Summary Yes NCHEMB-
A200711687A_R
eporting_summa
ry_Revised.pdf 
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B. Additional Supplementary Files  8 
 9 

Type 

Number 

If there are multiple files of 
the same type this should 
be the numerical indicator. 
i.e. “1” for Video 1, “2” for 
Video 2, etc. 

Filename 

This should be the name the 
file is saved as when it is 
uploaded to our system, 
and should include the file 
extension. i.e.: Smith_ 
Supplementary_Video_1.mo
v 

Legend or Descriptive 
Caption  

Describe the contents of the 
file 

Supplementary Video N/A 
Supplementary_video.
mov 

Morph of LptDE 
complex. Morph 
between the closed 
conformation of the 
complex and the open 
conformation of the 
complex, with disulphide 
bonds between cysteines 
at the β-taco (Cys7, 
Cys149) and the β-barrel 
(Cys696, Cys697) shown 
as spheres. 
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3. Source Data 11 
 12 

Parent Figure or 
Table 

Filename 

This should be the name the file is 
saved as when it is uploaded to our 
system, and should include the file 
extension. i.e.: 
Smith_SourceData_Fig1.xls, or 
Smith_ 
Unmodified_Gels_Fig1.pdf 

Data description 

i.e.: Unprocessed Western Blots and/or gels, Statistical 
Source Data, etc.   
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Source Data Fig. 2 LptD_LPS_State_SourceData
_Fig2.xlsx 

HDX-MS data used to create deuterium 
uptake plots for apo and LPS-bound protein 
and to map the difference in relative 
deuterium uptake (LPS - apo) onto LptD 
structure. 

Source Data Fig. 3 
and 4 

LptD_Thanatin_LPS+Thanati
n_State_SourceData_Fig3an
d4.xlsx 

HDX-MS data used to create deuterium 
uptake plots for apo, thantin-bound and 
LPS+thanatin bound protein and to map the 
difference in relative deuterium uptake 
(Ligand bound - apo) onto LptD structure. 
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Abstract 28 

Lipopolysaccharide (LPS) transport to the outer membrane (OM) is a crucial step in the biogenesis of 29 
the microbial surface defences. Although many features of the translocation mechanism have been 30 
elucidated, molecular details of LPS insertion via the LPS transport (Lpt) OM protein LptDE remain 31 
elusive. Here we integrate native mass spectrometry with hydrogen-deuterium exchange mass 32 
spectrometry and molecular dynamics simulations to investigate the influence of substrate and 33 
peptide binding on the conformational dynamics of LptDE. Our data reveal that LPS induces opening 34 
of the LptD β-taco domain, coupled with conformational changes on β-strands adjacent to the 35 
putative lateral exit gate. Conversely, an antimicrobial peptide, thanatin, stabilises the β-taco, 36 
thereby preventing LPS transport. Our results illustrate that LPS insertion into the OM relies on 37 
concerted opening movements of both β-barrel and β-taco domains of LptD, and suggests a means 38 
for developing antimicrobial therapeutics targeting this essential process in Gram-negative ESKAPE 39 
pathogens. 40 

 41 

Introduction 42 

The outer membrane (OM) of Gram-negative bacteria is an asymmetric lipid bilayer with 43 
lipopolysaccharide (LPS) molecules on the outer leaflet and phospholipids in the inner leaflet1. Each 44 
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LPS molecule is composed of three moieties: lipid A, core oligosaccharide and an O-antigen glycan 45 
which itself varies in its composition (Fig. 1a). The O-antigen contains up to 200 sugars, with many 46 
bearing phosphate groups which interact with bivalent cations, allowing the formation of a tight 47 
network between LPS molecules2. While the lipidic portion of LPS prevents the passage of polar 48 
molecules, the oligosaccharides preclude toxic hydrophobic compounds from entering the cell, 49 
playing a major role in the resistance of Gram-negative bacteria to antibiotics3. 50 

LPS is extracted from the inner membrane (IM) and inserted in the OM by seven essential LPS 51 
transport (Lpt) proteins LptA-G (Fig. 1b)2. Three Lpt components, LptB2FG, form a type VI ABC 52 
mechanotransducer which extracts LPS from the outer leaflet of the IM4. LptC is a single-53 
pass membrane protein which inserts its helix between the transmembrane domains of LptF and 54 
LptG and regulates the transport of LPS from LptB2FG to LptA5-7, a soluble oligomeric protein that 55 
mediates the passage of LPS across the periplasm8. Finally, the heterodimer formed by the integral 56 
β-barrel OM protein LptD and the OM-anchored lipoprotein LptE is responsible for transporting LPS 57 
from the periplasm to the outer leaflet of the OM (Fig. 1c)9,10.  LptD possesses a 26-stranded β-barrel 58 
with a putative LPS lateral exit gate formed between strands β1 and β26. The N-terminal periplasmic 59 
region of LptD consists of a β-taco domain, a fold shared with LptA, LptC, LptF and LptG. Several 60 
crystal structures of the LptDE complex show that LptE is inserted within LptD barrel, forming a plug-61 
and-barrel complex (Fig. 1c)11,12. Further structural, genetic and crosslinking studies suggested that 62 
the lipid A portion of LPS interacts with the hydrophobic β-taco domain of LptD13-15. However, the 63 
molecular details of the insertion process remain elusive, particularly regarding the conformational 64 
changes induced by LPS binding, as well as the role of LptE in the translocation process.  65 

Currently, two antibacterial peptides targeting LptD have been described: the peptidomimetic 66 
compound murepavadin and the insect-derived thanatin. Both peptides target Gram-negative 67 
ESKAPE pathogens, a group of antibiotic-resistant bacteria representing a major threat to human 68 
health according to the World Health Organization16. Murepavadin was reported to specifically bind 69 
Pseudomonas aeruginosa LptD17,18 showing antimicrobial activity in a mouse septicaemia infection 70 
model19. Conversely, thanatin (Fig. 1c, inset) demonstrated broad-spectrum activity against bacteria 71 
(including Escherichia coli and Klebsiella pneumoniae)20 and interacts with E. coli LptA and LptDE21. 72 
According to previous studies, thanatin putative mechanism of action involves the disruption of the 73 
protein-protein interaction networks in the periplasmic portion of the Lpt complex, thereby 74 
impairing LPS transportation. Whilst the key interactions between LptA and thanatin have been 75 
reported21, little is known about the effects of thanatin binding to LptDE and the mechanistic details 76 
of its influence on LPS translocation. Elucidating the molecular details on LptDE-thanatin interaction 77 
will therefore provide key information for the development of novel antimicrobial drugs.  78 

Here, we combine native mass spectrometry (nMS) with hydrogen-deuterium exchange mass 79 
spectrometry (HDX-MS) and molecular dynamics simulations (MD) to examine the influence of 80 
substrate, lipids and inhibitor binding on the conformational dynamics of the LptDE complex. nMS 81 
afforded us an initial platform to investigate ligand binding properties22-25 of LptDE with various 82 
native lipids as well as with the inhibitor thanatin. The conformational dynamics of these events 83 
were explored in detail using HDX-MS26,27, while MD aided the mechanistic interpretation of nMS 84 
and HDX-MS experiments28-30. Together, the results reveal that the soluble domain of LptDE binds to 85 
LPS, opening the lateral exit gate of the barrel in the process. We find that thanatin binds to the LptD 86 
at the base of the LptD β-taco, thus preventing the flow of LPS into the OM. 87 

 88 

LPS and thanatin do not compete for LptDE binding 89 
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We selected LptDE from the pathogenic K. pneumoniae as our model system. Following expression 90 
and purification of the protein complex (see methods section) using n-dodecyl-β-D-maltopyranoside 91 
(DDM) as detergent, we performed a detergent screen to optimise conditions for nMS analysis31. 92 
Tetraethylene glycol monooctyl ether (C8E4) yielded well-resolved mass spectra releasing the intact 93 
LptDE heterodimer into the gas phase (Fig. 1d, left and Supplementary Table 1).  94 

We then explored the substrate binding properties of the complex by incubating K. pneumoniae full 95 
length LPS mixture with LptDE. Mass spectra showed the existence of a heterogeneous array of 96 
adducts with molecular masses in the ~4-5 kDa range indicative of LPS binding (Supplementary Fig. 97 
1). Given the heterogeneity of LPS, further nMS analysis at higher LPS concentrations would have 98 
been technically challenging in terms of resolution particularly when adding other ligands. To 99 
overcome this problem, we selected Re-LPS, an LPS substructure comprising the lipid A moiety and 100 
two ketodeoxyoctonic acids (Kdo) residues belonging to the core oligosaccharide (Fig. 1c). Re-LPS 101 
has the same endotoxin activity as LPS32 and has been used to investigate the functionality of the Lpt 102 
system in previous studies9,33. When added increasing concentrations of Re-LPS (5 μM, 10 μM and 20 103 
μM) to solutions of LptDE (5 μM) we observed additional adduct peaks (orange) increasing in a 104 
concentration-dependent manner, as well as a second Re-LPS binding event at higher concentrations 105 
(Fig. 1d, centre). To quantify the binding affinity, we incubated LptDE with up to 40 μM Re-LPS and 106 
extracted the peak intensities; the measured apparent dissociation constant (KD) was 7.64 ± 1.16 μM 107 
for the first binding event (Fig. 1d). 108 

To assess the specificity of LptDE:Re-LPS interactions we used an MS-based method that 109 
outcompetes weaker annular lipid-binding with detergents34. First, we analysed LptDE binding to 110 
cardiolipin (CDL) and phosphatidylglycerol (POPG) by adding a 2-fold excess of each lipid to LptDE. 111 
Using nMS we then compared the extent of binding with that observed with Re-LPS in 0.5% C8E4. We 112 
detected up to three lipid binding events for either CDL or POPG. Increasing concentrations of the 113 
detergent n-nonyl-β-D-glucopyranoside (NG), however displaced the second and third binding 114 
events for POPG and for CDL.  By contrast, the second binding event of Re-LPS to LptDE was only 115 
slightly reduced in 1 % NG (Extended Data Fig. 1). These results suggest that Re-LPS binds to LptDE 116 
in a specific manner, whereas CDL and POPG bind to LptDE in exposed regions that are readily 117 
displaced by detergents.  118 

When next examined the interaction between thanatin and LptDE. We observed binding even at 119 
sub-micromolar concentrations (Extended Data Fig. 2a), in line with the reported binding affinity 120 
with EcLptD21. To determine whether thanatin competes with Re-LPS we performed competition 121 
experiments in the presence of increasing concentrations of Re-LPS (5 to 20 μM) followed by the 122 
addition of thanatin (1 μM). Interestingly, additional adduct peaks observed in the mass spectra 123 
showed simultaneous binding of Re-LPS and thanatin to LptDE (Fig. 1d and Supplementary Table 1), 124 
including a small amount of LptDE bound to Re-LPS/thanatin in a 2:1 ratio (Extended Data Fig. 2b). 125 
Moreover, the total amount of Re-LPS bound to LptDE was only slightly reduced in the presence of 126 
thanatin (Extended Data Fig. 2c). We also added thanatin first (1 μM), followed by Re-LPS (10 μM). 127 
We observed a slight decrease in Re-LPS binding to LptDE, likely because of the allosteric effects 128 
played by thanatin. A certain amount of Re-LPS was still bound to the protein and some ternary 129 
complex was present because of the lack of directionality of the system (Extended Data Fig. 2d). 130 
These results suggest non-competitive binding of the thanatin peptide and Re-LPS substrate to 131 
LptDE.  132 

 133 

HDX-MS reveals LPS-induced LptDE conformational dynamics 134 
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To understand the conformational dynamics of LptDE during LPS translocation, we used HDX-MS to 135 
probe structural changes as a function of time upon binding of LPS, Re-LPS, and thanatin. The 136 
peptide coverage for LptDE in DDM (68 peptides, 70.5% coverage of the LptD sequence and 17 137 
peptides, 87.4% coverage of LptE, Extended Data Fig. 3), enabled an extensive analysis of the 138 
conformational changes of LptDE. We performed HDX-MS experiments at 5 different time points 139 
(0.167 min to 420 min) to sample conformational changes happening at different time scales35 140 
(Supplementary Fig. 2). We calculated the ΔHDX for all peptides at each time point and computed 141 
statistical significance (see methods section).  142 

First, we incubated LptDE with a 15-fold excess of LPS to assess the effects of substrate binding. The 143 
LPS-bound state of LptD revealed a decrease in HDX for peptides covering β-strands β1-β2 (peptides 144 
195-211, 195-218, 207-218) and β3-β4 (peptides 232-247, 232-251, Fig. 2a and Supplementary Fig. 145 
3a-b). These β-strands are adjacent to the putative LPS lateral exit gate, located at the edge between 146 
β1 and β2611-13,36. Conversely, we observed an increase in HDX in the β-taco domain (Fig. 2a), which 147 
has been proposed to accommodate LPS during the transport from the periplasmic component of 148 
the Lpt system to the OM13-15. Interestingly, we found that peptides covering residues 46-204 149 
displayed bimodal isotopic distributions, characteristic of EX1 or mixed EX1/EX2 (EXX) kinetics (Fig. 150 
2b, Extended Data Fig. 4, and Supplementary Fig. 4). Analytical SEC indicated that LptDE is stable in 151 
the buffer used for our experiments over the incubation times used during HDX-MS; indeed, SEC 152 
profiles show no significant oligomerisation or aggregation. Hence, the observed EX1 behaviour is 153 
not a consequence of structural destabilization leading to protein aggregation, rather it is a specific 154 
feature of the protein complex (Supplementary Fig. 5). This suggests that the β-taco peptides 155 
undergo concerted opening-closing motions at lower rates compared to the exchange reaction27,37,38. 156 
Most of these peptides were amenable to quantitative analysis enabling us to extract kinetic 157 
constants, such as the rate of conformational opening (kop) and the half-life of the closed state (t1/2). 158 
The fits to the curves indicated that the β-taco kop was increased in the presence of LPS (Extended 159 
Data Fig. 5). The kop values for the different peptides in the β-taco were within the same order of 160 
magnitude and neighbouring or overlapping peptides presented very similar values (Table 1). These 161 
results imply that the conformational events may be concerted; the presence of the substrate and 162 
consequent opening of the β-taco domain most likely causes the cooperative breakage of H-bonds 163 
between the β-strands leading to the EX1 behaviour. Hence, we hypothesise that β-strand 164 
separation is associated with β-taco opening. 165 

To see if this opening of the β-taco and protection of the lateral gate could also be induced by Re-166 
LPS we repeated our experiments using a 15-fold excess of the ligand. We observed analogous 167 
changes in dynamics in the β-taco and exit gate (Supplementary Figs. 6 and 7a-c). As a control 168 
experiment we measured the HDX for the same peptides but this time in the presence of POPG a 169 
lipid shown to bind in our nMS experiments above (Supplementary Fig. 8).  However, in this case 170 
there was no difference in D uptake, suggesting that the conformational changes observed are 171 
unique to substrate binding. 172 

Considering LptE in the presence of LPS or Re-LPS, both the N- and C- terminal peptides were 173 
deprotected (Supplementary Figs. 9a-b; 10a,d; 11a,d). From the crystal structure of KpLptDE (PDB 174 
ID: 5IV9) we can see that peptide 15-35 forms a loop. The structure lacks the last 26 residues (170-175 
196) which has not been observed in any X-ray crystal structure of LptDE from different species 176 
implying that it is a highly dynamic region. Indeed, the HDX of the peptides covering this region 177 
exchange rapidly, with more than 50% D uptake at the earliest time point. 178 

 179 
 180 
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MD simulations shed light on LptD-substrate interactions 181 

To lend further structural insights to our HDX-MS results and elucidate the mechanisms by which LPS 182 
specifically affects LptDE dynamics, we performed a series of all-atom MD simulations of the LptDE 183 
complex in its open and closed states. To this end, we repurposed the alchembed methodology39 to 184 
gradually grow the Re-LPS lipid inside the β-taco opening the domain in the process. In order to 185 
model LPS insertion in the OM through the β1-β26 lateral exit gate, we templated KpLptDE onto a 186 
structure of LptDE from Salmonella typhimurium, which the β-barrel has been previously modelled 187 
open12. In doing so, it became apparent that the process of opening may be synchronized between 188 
the β-strands of the lateral exit gate and the β-taco. Indeed, our analysis identified that the KpLptDE 189 
disulphide bonds, Cys7-Cys696 and Cys149-Cys697, where the latter is almost absolutely conserved, 190 
couple the C-terminal half of the β-barrel to the β-taco (Supplementary Movie 1). We hypothesise, 191 
therefore, that binding of LPS and derivatives thereof (such as Re-LPS) to the β-taco not only drives 192 
the opening of this domain but also primes the opening of the lateral gate of the LptDE β-barrel, 193 
upon LPS translocation. 194 

Altogether, five repeats of the apo-closed state and the lipid-bound open state were simulated for 195 
300 ns. In these simulations, global solvent contacts were assessed to be converged after 150 ns 196 
(Supplementary Fig. 12a). During the open state simulations, the barrel tended towards closure in 3 197 
replicates, though in 2 replicates we noticed that the gate remained in a stable open state at a 198 
distance of ~2.25 nm between four adjacent Cα atoms on β1 and β26 (Supplementary Fig. 13a). 199 
Thus, PLUMED40 upper and lower walls were used to sample a consistent open conformation, 200 
allowing us to test how wide the lateral exit gate should be to observe significant protection 201 
(Supplementary Figs. 12b-13b). Without restraints and a lateral gate distance of <2.25 nm (between 202 
β1 and β26), we were not able to observe such protection. 203 

We next established a pipeline to generate simulated HDX data. We computed the backbone amide 204 
solvent contacts of each state, calculated the difference between states for each residue and then 205 
averaged over the peptide ranges obtained from the experimental sequence coverage (Extended 206 
Data Fig. 3). Therefore, by contrasting solvent contacts between states, we can better understand 207 
the direct effect of substrate binding and relate these differences to experimental EX2 behaviour 208 
(later H-bond studies allow us to comment on the role of EX1 kinetics involving the β-taco). The 209 
differential solvent contact plot (Fig. 2c) resembled the experimental data in several regards, 210 
including reproducing the observed deprotected peptides in the β-taco (peptides 46-58, 130-141, 211 
171-179) and protected peptides at the lateral exit gate (peptide 232-251). Furthermore, we 212 
determined the specific residues responsible for a significant change in solvent contacts (Fig. 2c and 213 
Supplementary Fig. 14). We can relate Re-LPS contacts within the β-taco with increased solvent 214 
exposure for those residues, however minimal lipid diffusion reduces Re-LPS sampling within the β-215 
taco and affords only certain areas of the domain enough solvent access to be statistically significant 216 
(Extended Data Fig. 6 and Supplementary Fig. 15). Our model suggests that on binding to Re-LPS, 217 
the β-taco opens up and allows solvent access, particularly for inward facing residues on the sides of 218 
the β-taco (Ile51, Lys58, Thr139 and Ala172), as well as also indicating the role of EX2 kinetics within 219 
the experimentally observed EXX regime on the β-taco. 220 

Regarding the lateral exit gate, we found that two residues on the outside of the barrel (Asn241 and 221 
Gly245) interact with Re-LPS (Fig. 2c). These lipids (labelled Re-LPS(1-3)) are caught within the open 222 
barrel (Fig. 2c) and are laterally pulled towards the inner leaflet of the bilayer which facilitates 223 
transient Re-LPS contacts with the C-terminal strand of the β-taco (Extended Data Fig. 7 and 224 
Supplementary Fig. 16). Later within the simulation, these lipids slowly diffuse away from the lateral 225 
exit gate which correlates with the peptide 232-251 not being shielded from the solvent and 226 
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therefore not being protected (Extended Data Fig. 8). We also observed that when the β-barrel 227 
opens up, the loop connecting β1 and β2 dips down and shields Met240 and Met247 within the 228 
barrel (Supplementary Fig. 17). Thus, although local lipid effects contribute to solvent shielding, a 229 
subtle internal conformational change further facilitates protection of the amino acids at the lateral 230 
exit gate. 231 

 232 
Thanatin binding stabilises the LptD β-taco 233 

We next investigated the effects of thanatin on the dynamics of the transporter through HDX-MS 234 
analysis (Supplementary Figs. 2 and 3c-d). In the presence of thanatin, regions belonging to LptD β-235 
taco presented decreased dynamics compared to the apo state, indicating stabilization upon ligand 236 
binding (Fig. 3a). We also observed mild deprotection on the LptE C-terminus (Supplementary Figs. 237 
9a and 10b,d), probably because of the altered dynamics of the neighbouring β-taco. 238 

Peptides covering the central and terminal region of the β-taco displayed significant protection at all 239 
measured time points along with decreased EX1/EXX correlated exchange, suggesting a slower 240 
conformational opening of this domain (Fig. 2b, Extended Data Fig. 4, and Supplementary Fig. 4).  241 
Additionally, peptides covering the N-terminal region of LptD β-taco (27-42 and 27-45) displayed 242 
decreased D uptake in the presence of thanatin. Differently from the peptides covering the rest of 243 
the periplasmic domain, these segments follow the EX2 kinetics, leading us to the hypothesis that 244 
thanatin directly interacts with this region.  245 

To assess thanatin binding mode, we performed sequence and structural alignments41 between LptD 246 
and EcLptA, which has been shown to bind thanatin on the N-terminus21. Key residues for LptA-247 
thanatin interaction are retained at the LptD N-terminus (Extended Data Fig. 9a); moreover, we 248 
observed structural homology between the N-terminal regions of the two proteins (Extended Data 249 
Fig. 9b). We docked thanatin to either end of the β-taco in the closed state and assessed the stability 250 
of each docking pose. We observed that thanatin is less stable when bound to the top (i.e. the 251 
membrane-facing end; RMSD = 0.34 ± 0.1 nm) of the β-taco compared to the N-terminus (RMSD = 252 
0.22 ± 0.05 nm). In addition, the N-terminal of β-taco itself deviates more from its original position in 253 
the crystal structure (distance = 1.13 ± 0.5 nm) when thanatin is docked at the top, compared to 254 
when it is bound to the N-terminus (distance = 0.65 ± 0.2 nm) (Extended Data Fig. 10). This suggests 255 
that the β-taco would have to shift extensively its conformation to accommodate thanatin at the 256 
top, making it less plausible for it to bind there. Additionally, differential solvent contact plot of 257 
thanatin bound to the bottom position in the closed state of the protein (Fig. 3b) revealed that the 258 
residues causing the N-terminal peptide to be protected are those that predominantly form H-bonds 259 
with thanatin (Val28, Ile30, Ala32, Asp33). Taken together, the HDX and MD results suggest that 260 
thanatin directly interacts with the N-terminal end of the β-taco, rather than the C-terminus. Hence, 261 
although we cannot exclude a contribution given by conformational changes, peptides covering this 262 
segment are likely protected because of the direct binding of thanatin.  263 

 264 

Thanatin interferes with LPS-induced β-taco opening  265 

Incubation of LptDE with LPS (or Re-LPS) and subsequent addition of thanatin yielded an HDX profile 266 
of the β-taco similar to what we observed in the presence of thanatin only (Fig. 4a, Supplementary 267 
Figs. 2, 3e-f, and 7d-f), suggesting that the stabilising effect of thanatin is stronger than the 268 
substrate-induced opening. Notably, we also detected protection on β1-β2 and β3-β4 segments, 269 
similar to what was observed in the presence of LPS only. The decreased conformational dynamics 270 
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of the LptD β-barrel suggests that substrate may still bind to LptD despite the presence of thanatin, 271 
in line with nMS experiments (Fig. 1d) and previous results suggesting that thanatin interacts with 272 
the N-terminus of the β-taco (Fig.3). 273 

Next, we generated a differential solvent contact plot to establish how thanatin affects solvent 274 
uptake in the open Re-LPS bound state (Fig. 4b). The plot showed the N-terminus of the β-taco being 275 
protected as when LptDE was in its closed state (Fig. 3b). Moreover, a residue-by-residue analysis 276 
revealed that protection is present throughout the length of the β-taco (Fig. 4b). In line with these 277 
results, when comparing the Re-LPS + thanatin open state with LptD closed state (Fig. 4c) we noticed 278 
decreased solvent contacts in both β-taco (although Re-LPS still binds in this region) and β-barrel 279 
lateral gate, in agreement with the experimental data (Fig. 4a).  280 

Assessment of the position and number of the H-bond network pertaining to the β-taco allows us to 281 
comment on future conformational changes associated with EX1 kinetics (unobservable by short MD 282 
timescales). Analysis of the number of H-bonds in the β-taco (Fig. 4d and Supplementary Fig. 18) 283 
indicates that Re-LPS binding causes a decrease in the number of backbone H-bonds while thanatin 284 
docking restores these H-bonds (Fig. 4d, left upper plot). Accordingly, the number of H-bonds made 285 
between the β-taco and solvent (Fig. 4d, left lower plot) increases from the closed state to the open 286 
(Re-LPS bound) state indicating that opening the β-taco weakens the internal H-bond network 287 
affording a greater propensity for global β-strand separation. Furthermore, the relative occupancy of 288 
the H-bonds within the β-taco changes in the different states where most of the H-bonds are 289 
between β-strands in the presence of thanatin (Fig. 4d, right). Hence, thanatin has a stabilizing 290 
influence through rearrangement of the H-bond network, propagating along several strands of the 291 
β-taco. This helps us to rationalise the global protection of the domain in both the closed (Fig. 3a) 292 
and open (Fig. 4a) states of the protein as well as the enhancement of EX1 kinetics observed in the 293 
substrate-bound state due to a greater proclivity for β-strand separation. 294 

 295 

Discussion 296 

The insertion of LPS in the outer leaflet of the OM is an essential step for Gram-negative bacteria 297 
membrane biogenesis. Mechanistic details of insertion process by LptDE and associated 298 
conformational dynamics upon substrate binding are largely unknown. Using nMS we showed that 299 
Re-LPS specifically binds to LptDE; moreover, the antimicrobial peptide thanatin does not impair the 300 
LptDE-LPS interaction and may also form a LptDE:Re-LPS:thanatin ternary complex (Fig. 1d). These 301 
results indicate that thanatin does not compete for the same binding site of LPS, but may act with 302 
another mechanism, such as allosteric modulation.  303 

HDX-MS revealed an extended region in the periplasmic domain where peptides undergo correlated 304 
exchange denoting a slow concerted weakening of the H-bonds between the β strands defining the 305 
β-taco (Fig. 2a-b). The correlated exchange was enhanced by substrate which promotes the opening 306 
of the cavity of the β-taco and consequent breaking of the H-bonds between the β strands (Fig. 5, 307 
state ii, top). MD showed that Re-LPS binding inside the β-taco yields an open conformation 308 
promoting solvent exposure, particularly with residues that are directed towards the lipid (Fig. 2c). 309 
Considering these observations, we propose that the specific binding detected by nMS (Fig. 1d) is 310 
found in the hydrophobic pocket of the β-taco itself. Such a binding site would be largely unaffected 311 
by competing detergents, as confirmed by delipidation experiments on the Re-LPS bound complex 312 
(Extended Data Fig. 1).  313 
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Furthermore, the opening of the β-taco whilst maintaining the cysteine disulphide network on the β-314 
barrel would appear to also open the lateral exit gate in the process (Fig. 5, state ii, top). Indeed, 315 
both HDX-MS and MD indicate protection on strands β1-β2 and β3-β4, adjacent to the putative LPS 316 
exit gate (Fig. 2a). The decreased dynamics is related to both direct interactions with the substrate 317 
(Asn241 and Gly245) and conformational fluctuations on the β-barrel, providing evidence that these 318 
rearrangements are necessary to accommodate the substrate. Interestingly, an equivalent degree of 319 
lateral opening in an OM protein was recently reported for the BAM complex in response to 320 
substrate binding42.  321 

According to our data, apart from its protein-protein interaction disruption activity21, thanatin acts 322 
as non-competitive inhibitor of LPS transportation, through the binding on β-taco N-terminus and 323 
consequent stabilisation of this region (Fig. 5, state i, bottom). In the presence of both LPS and 324 
thanatin, the concomitant β-taco stabilisation and β1-β4 protection suggest simultaneous binding of 325 
the two ligands. We can therefore infer that the periplasmic domain of LptD is essentially in its 326 
closed state while the β-barrel undergoes the conformational changes characteristic of LPS 327 
interaction (Fig. 4). These findings support the idea that thanatin acts non-competitively to impair 328 
LPS translocation through stabilization of LptD periplasmic domain. Although this binding does not 329 
allow substrate sliding through the β-taco, LPS may still interact with LptD (Fig. 5, state ii, bottom).  330 

Our results indicate a situation whereby LptDE binds multiple LPS molecules, in accordance with the 331 
proposed PEZ model, which suggests that the Lpt system is filled with LPS at any given time2. In 332 
summary, our findings provide a deeper understanding of the LPS insertion process in the OM, 333 
highlighting crucial residues and specific conformational fluctuations for domains that are critical for 334 
LPS transport and suggesting an additional mode of action for the antimicrobial peptide thanatin. In 335 
line with this, a successful strategy for antimicrobial drug discovery may involve the development of 336 
peptidomimetics obstructing the LPS flow across the periplasm, not only by acting as protein-protein 337 
interaction disruptors, but also by stabilising LptD in its ‘inactive’ state.  338 
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 477 

Figure Legends 478 

Figure 1. Schematic of the LPS transport system and nMS analysis of LptDE, Re-LPS and thanatin. 479 
(a) Molecular structure of LPS: lipid A portion, core oligosaccharide and the O-antigen repeat, 480 
consisting of a high MW polysaccharide with multiple branching. Re-LPS is a substructure of LPS 481 
consisting of lipid A bound to two Kdo moieties. (b) Schematic of the Lpt system: LPS is transported 482 
from the inner membrane (IM) to the outer membrane (OM) through a multiprotein complex 483 
comprising seven proteins. LPS is extracted from the IM via the ABC transporter LptB2FG interacting 484 
with the single transmembrane protein LptC. LptA forms a head-to-tail oligomer across the 485 
periplasm interacting with LptC on the N-terminus and LptD on the C-terminus. LPS is then inserted 486 
in the outer leaflet of the OM by the heterodimer LptDE. (c) X-ray crystal structure of the OM plug-487 
and-barrel complex LptDE (PDB ID: 5IV9). LptD presents a β-barrel transmembrane region and a β-488 
taco soluble region that contributes to the formation of the periplasmic bridge. LptE is a lipoprotein 489 
inserted into the larger lobe formed of the LptD β-barrel. Inset: 3D-structure of thanatin (PDB ID: 490 
5XO4). (d) nMS analysis of LptDE ligand binding. LptDE (5μM, left) in 0.5% C8E4 was incubated with 491 
increasing concentrations of Re-LPS (centre, orange peaks), allowing for the calculation of an 492 
apparent KD for the first binding event, as described in the methods section. Error bars represent s.d. 493 
(n = 3). In a further experiment, Re-LPS-bound LptDE was supplemented with 1 μM thanatin (right). 494 
New charge state series corresponding to LptDE bound to thanatin (green) and both Re-LPS and 495 
thanatin (purple) are observed. Detailed information on theoretical and experimental molecular 496 
masses is provided in Supplementary Table 1. 497 

Figure 2. Conformational dynamics of LPS-bound LptDE. (a) Left: the deuterium uptake of 498 
representative peptides (105-115, β-taco and 232-247, β-barrel) plotted as a function of labelling 499 
time (0.167-420 min) for apo-LptDE (purple spheres) and LPS-bound LptDE (orange squares). Error 500 
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bars indicate s.d. (nbiological = 2; ntechnical = 3). Right: difference in relative deuterium uptake (scaled for 501 
the number of residues of each peptide) at the 16.67 min labelling time mapped on the crystal 502 
structure of LptD. Only peptides showing significant differences are coloured. Red and blue indicate 503 
increased and decreased deuterium uptake, respectively. Detailed information of HDX-MS data is 504 
provided in Supplementary Table 2. (b) Representative mass spectra for peptide 105-115 are shown 505 
for apo-LptDE and LPS-bound states. Two binomial isotopic envelopes produced the best fit for the 506 
spectra yielding low- (green) and high-mass (light blue) populations. The sums of the two binomial 507 
distributions are shown in red. (c) Top: schematic comparing the solvent uptake for the apo-closed 508 
and lipid-bound open states and the resultant differential map. Bottom: highlighted portions of the 509 
differential solvent uptake map, where significant residues are labelled (red and blue indicate 510 
increased and decreased uptake, respectively) and shown as sticks for both the lateral exit gate 511 
peptide (232-251) and peptides on the β-taco (46-58, 130-141, 171-179). Re-LPS bound snapshots 512 
are illustrated for the β-taco and β-barrel (1-3) respectively. 513 

Figure 3. Conformational dynamics of thanatin-bound LptDE. (a) Left: the deuterium uptake of 514 
representative peptides (27-45, β-taco N-terminus; 105-115, β-taco central region) plotted as a 515 
function of labelling time for apo-LptDE (purple spheres) and thanatin-bound LptDE (green squares). 516 
Error bars indicate s.d. (nbiological = 2; ntechnical = 3). Right: difference in relative deuterium uptake 517 
(scaled for the number of residues of each peptide) at the 16.67 min labelling time mapped on the 518 
crystal structure of LptD. Only peptides showing significant difference are coloured. Red and blue 519 
indicate increased and decreased deuterium uptake, respectively. Detailed information of HDX-MS 520 
data is provided in Supplementary Table 2. (b) Top: final snapshot of thanatin bound to the β-taco in 521 
the simulation. The H-bond network is shown as yellow lines between residues represented as sticks 522 
on the β-taco and thanatin respectively. Bottom: differential solvent contact plot between the apo-523 
closed state and state in which thanatin is docked to the bottom of the β-taco with significant 524 
residues shown as sticks.  525 

Figure 4. Conformational dynamics of LptDE in the presence of both LPS and thanatin. (a) Left: the 526 
deuterium uptake of representative peptides (105-115, β-taco and 232-247, β-barrel) plotted as a 527 
function of labelling time for apo-LptDE (purple spheres) and LptDE in the presence of LPS (orange 528 
squares) or both LPS and thanatin (maroon triangles). Error bars indicate s.d. (nbiological = 2; ntechnical = 529 
3). Right: difference in relative deuterium uptake (scaled for the number of residues of each peptide) 530 
at the 16.67 min labelling time mapped on the crystal structure of LptD. Only peptides showing 531 
significant difference are coloured. Red and blue indicate increased and decreased deuterium 532 
uptake, respectively. Detailed information of HDX-MS data is provided in Supplementary Table 2. (b) 533 
Top: differential solvent contact map between the open Re-LPS bound state with and without 534 
thanatin docked to the bottom of the β-taco. Bottom: comparison of the differential solvent map of 535 
the β-taco shown residue by residue (left) and averaged over experimentally determined peptides 536 
(right) where all significant residues are highlighted in a stick representation. (c) Top: cartoon 537 
schematic illustrating the comparison between the apo-closed state (1) and the open Re-LPS bound 538 
state (2) with thanatin docked. Bottom: HDX differential plot between states 1 and 2, with protected 539 
peptides highlighted on β-taco and β-barrel with significant residues labelled and shown as sticks. (d) 540 
Left: Kernel Density Estimate (KDE) distributions of H-bond frequency per frame of simulation for 541 
each state of the β-taco, considering the H-bond network on the β-taco itself (upper) and that which 542 
it makes with the solvent (lower). Right: H-bonds which are occupied more than 25% in one state 543 
compared to the other are shown, as indicated by the legends.  544 

Figure 5. Schematic of LptDE-mediated LPS insertion in the OM. Starting from a putative apo form 545 
of LptDE (i), the interaction between LPS and LptDE determines β-taco opening to accommodate the 546 
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substrate and consequent loosening of the β strands between β-26 and β-4. This conformational 547 
change creates enough space to accommodate an LPS molecule within the β-barrel (ii), allowing the 548 
insertion in the OM through the lateral exit gate. Thanatin may bind LptD at any point of the 549 
insertion process, thus obstructing LPS flow through the stabilisation of the β-taco. 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

Tables 559 

Peptide State R2 kop (min-1) Closed state 
t1/2 (min) 

66-92 

Apo 0.98 2.6·10-3

[2.6·10-3; 4.7·10-3] 
267 

[147; 273] 

+LPS 0.96 9.6·10-3

[6.2·10-3; 1.4·10-2] 
72.2 

[50.0; 111] 

93-104 

Apo 0.91 2.9·10-3

[2.4·10-3; 4.2·10-3] 
238 

[166; 290] 

+LPS 0.89 6.2·10-3

[2.8·10-3; 1.0·10-2] 
112.4 

[68.4; 251] 

105-115 

Apo 0.98 4.5·10-3

[3.4·10-3; 6.8·10-3] 
153 

[103; 202] 

+LPS 0.92 9.6·10-3

[4.4·10-3; 1.8·10-2] 
72.4 

[38.6; 158] 

105-118 

Apo 0.98 3.1·10-3

[2.8·10-3; 4.0·10-3] 
226 

[176; 251] 

+LPS 0.97 7.4·10-3

[4.4·10-3; 1.1·10-2] 
72.4 

[63.7; 158] 

116-129 

Apo 0.98 3.6·10-3

[2.2·10-3; 5.9·10-3] 
193 

[116; 306] 

+LPS 0.93 1.8·10-2

[1.1·10-2; 3.4·10-2] 
39.6 

[19.9; 67.5] 

119-129 

Apo 0.98 3.3·10-3

[2.6·10-3; 5.8·10-3] 
213 

[120; 268] 

+LPS 0.96 1.1·10-2

[7.5·10-3; 1.7·10-2] 
61.1 

[41.0; 92.3] 
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130-141 

Apo 0.98 3.4·10-3

[2.6·10-3; 5.3·10-3] 
205 

[130; 263] 

+LPS 0.96 2.2·10-2

[1.4·10-2; 3.9·10-2] 
31.7 

[18.9; 49.2] 

171-179 

Apo 0.97 1.4·10-3

[1.2·10-3; 3.2·10-3] 
497 

[219; 570] 

+LPS 0.89
 

8.0·10-3

[3.4·10-3; 1.4·10-2] 
86.8 

[48.0; 202] 

 560 
 561 
Table 1. Kinetic parameters for LptD segments showing EX1 or EXX kinetics. 562 
 563 
 564 
 565 
 566 
 567 
Online methods 568 
 569 
Protein expression and purification 570 
 571 
The plasmids used for over-expression of K. pneumoniae LptD and LptE were a kind gift from Susan 572 
Buchanan (NIH Bethesda).  573 
Protein was cloned, expressed and purified adapting previously described protocols13. Amplified 574 
plasmids were co-transformed in E. coli BL21(DE3) (New England Biolabs) in order to co-express LptD 575 
and LptE. Cells were grown in LB media supplemented with 50 μg/ml kanamycin and 25 μg/ml 576 
streptomycin at 21 °C without IPTG induction until the culture reached stationary phase.  577 
Cells were collected by centrifugation at 5,000xg for 10 min at 4 °C and resuspended in buffer 578 
containing 200 mM NaCl, 25 mM Tris-HCl (pH 7.5), EDTA-free protease inhibitor cocktail (Roche) and 579 
10 μg/ml DNaseI. The cell suspension was passed several times through an M-110 PS microfluidizer 580 
(Microfluidics) at 15,000 psi. Insoluble material was pelleted by centrifugation at 20,000xg for 20 581 
min at 4 °C. The supernatant was incubated with 2% (v/v) Triton X-100 for 30 min at 4°C and then 582 
ultracentrifuged at 200,000xg for 1 h to collect membrane fractions.  583 
The protein was solubilized from the membrane fraction with 250 mM NaCl, 25 mM Tris-HCl (pH 584 
7.5), 20% (v/v) glycerol, 5% (w/v) Elugent (Millipore Merck) for 16 h at 4°C. Insoluble material was 585 
removed by centrifugation at 20,000xg for 20 min at 4 °C. Supernatant was filtered before loading 586 
onto a 5 ml HisTrap-HP column (GE Healthcare, Piscataway, NJ) equilibrated in 200 mM NaCl, 25 mM 587 
Tris-HCl (pH 7.5), 10% (v/v) glycerol, 20 mM imidazole and 0.1% (w/v) dodecyl maltoside (DDM) 588 
(Anatrace). After the clarified supernatant was loaded, the column was initially washed with 50 ml of 589 
200 mM NaCl, 25 mM Tris-HCl (pH 7.5), 10% (v/v) glycerol, 20 mM imidazole and 0.05% (w/v) DDM, 590 
and washed again with 50 ml of 200 mM NaCl, 25 mM Tris-HCl (pH 7.5), 10% (v/v) glycerol, 80 mM 591 
imidazole and 0.05% (w/v) DDM. The bound protein was eluted with 200 mM NaCl, 25 mM Tris-HCl 592 
(pH 7.5), 10% (v/v) glycerol, 300 mM imidazole and 0.03% (w/v) DDM. The protein was concentrated 593 
to 2.5 ml an Amicon Ultra-15 concentrator unit (Millipore) with a molecular cut-off of 100 kDa and 594 
buffer exchanged to 200 mM NaCl, 25 mM Tris-HCl (pH 7.5), 10% (v/v) glycerol and 0.03% (w/v) 595 
DDM using PD-10 desalting column. The sample was further concentrated and loaded onto the 596 
Superdex 200 Increase 10/300 GL size exclusion chromatography (SEC) column (GE Healthcare) pre-597 



 20

equilibrated with 200 mM NaCl, 25 mM Tris-HCl (pH 7.5), 10% (v/v) glycerol and 0.03% (w/v) DDM. 598 
Protein concentration was measured using a DS-11 FX Spectrophotometer (DeNovix).  599 
 600 
 601 
Lipids and peptides preparation 602 
 603 
Unless stated otherwise, all lipids [Kdo2-Lipid A (Re-LPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-604 
1'-rac-glycerol (16:0/18:1 PG, POPG), 1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (18:1 605 
cardiolipin, CDL)] used in this study were obtained from Avanti Polar Lipids powders and stock 606 
solutions were prepared following a previously established method31. LPS from K. pneumoniae 607 
(Sigma-Aldrich) was diluted in H2O to a stock concentration of 5 mg/ml. Thanatin was purchased 608 
from Biomatik and diluted in H2O to a stock concentration of 2.5 mM. Lipids and peptides were 609 
diluted in 200 mM AmAc supplemented with C8E4 for nMS experiments or 200 mM NaCl, 25 mM 610 
Tris-HCl (pH 7.5), 10% (v/v) glycerol and 0.03% (w/v) DDM for HDX-MS experiments. 611 
 612 
 613 
 614 
 615 
Native MS experiments 616 
 617 
Purified LptDE was buffer exchanged into MS Buffer (2x CMC of detergent of interest and 200 mM 618 
ammonium acetate) using a centrifugal buffer exchange device (Micro Bio-Spin 6, Bio-Rad) as 619 
previously described31.  The best quality mass spectra were obtained using 0.5% (w/v) C8E4 620 
(Anatrace) as detergent. The freshly buffer-exchanged proteins were kept on ice, with protein 621 
concentration measured as before.  622 
The protein samples were diluted as desired in 200 mM ammonium acetate buffer with detergent as 623 
necessary and loaded into a gold-coated capillary Clark borosilicate capillary (Harvard Apparatus) 624 
prepared in the laboratory43. The experiments were performed using a Q-Exactive UHMR Hybrid 625 
Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific). Typically, 2 μl of buffer 626 
exchanged protein solution was electrosprayed from gold-plated borosilicate capillaries prepared in 627 
house. The instrument parameters for MS are: 1.2kV capillary voltage, S-lens RF 100%, quadrupole 628 
selection from 1,000 to 20,000 m/z range, collisional activation in the HCD cell 200 V, nitrogen UHV 629 
pressure 8.0x10-10 mbar and 100°C capillary temperature. The ion transfer optics in positive mode 630 
was set as follows: injection flatapole 5 V, inter-flatapole lens 4 V, bent flatapole 2 V, transfer 631 
multipole 0 V. The resolution of the instrument was 17,500 at m/z=200 (transient time of 64 ms). 632 
The noise level was set at 3 rather than the default value of 4.64. Calibration of the instruments was 633 
performed using 10 mg/ml solution of caesium iodide in water. Where required, baseline 634 
subtraction was performed to achieve a better-quality mass spectrum. Data were analysed using the 635 
Xcalibur 3.0 (Thermo Scientific) and UniDec (www.unidec.chem.ox.ac.uk)44 software packages. 636 
Theoretical and observed molecular masses of all species are described in Supplementary Table 1.  637 
 638 
Lipid binding experiments. LPS and Re-LPS binding experiments were performed by diluting the 639 
lipids in 200 mM ammonium acetate supplemented with 0.5% (w/v) C8E4. To obtain the binding 640 
constant for the interaction between Re-LPS and LptDE, Re-LPS was added in increasing amounts 641 
while keeping the protein concentration constant. Peak intensities were extracted and the ratios of 642 
the intensity of the Re-LPS bound peak versus the total intensity of all observed species were 643 
calculated45. Average and s.d. of these ratios states from three independent experiments were 644 
plotted against Re-LPS concentration. The data were fitted globally using GraphPad Prism 8.0 with 645 
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the equation Y=Bmax*X/(X+KD) where Bmax is the maximum specific binding in the same units as Y. 646 
Using our methods, we could not deduce the low-affinity KD for the second Re-LPS binding as higher 647 
concentrations of Re-LPS binding to the protein were impractical to measure using our mass 648 
spectrometry method due to associated decreases in spectral quality, and the potential for favouring 649 
the capturing of non-specific binding events through the electrospray process. Protein delipidation 650 
experiments were performed by adding 10 μM of the relevant lipid (Re-LPS, POPG, CDL) to 5 μM 651 
protein in 0.5% (w/v) C8E4 and supplementing the mixture with increasing concentrations of n-nonyl-652 
β-D-glucopyranoside (NG) (0, 0.5 and 1% (w/v) final NG concentration) as described previously34. 653 
 654 
Thanatin binding experiments. Peptide binding experiments were performed by adding increasing 655 
concentration of thanatin to 5 μM LptDE. Effects of thanatin binding on Re-LPS binding were 656 
monitored by acquiring the mass spectra by adding a fixed amount of thanatin (1 μM) to the LptDE-657 
Re-LPS complex obtained by adding increasing amount of Re-LPS (5 – 10 – 20 μM). The relative 658 
abundance of LptDE:Re-LPS species in the absence and in the presence of thanatin were plotted as a 659 
function of Re-LPS concentration. The effect of Re-LPS on thanatin binding was monitored by adding 660 
Re-LPS (10 μM) to the pre-formed LptDE-thanatin complex obtained by mixing thanatin (1 μM) with 661 
LptDE (5 μM). Average and s.d. from these nMS experiments were calculated from three 662 
independent experiments. 663 
 664 
Hydrogen–deuterium exchange mass spectrometry (HDX-MS) 665 
 666 
Prior to HDX labelling, purified LptDE was purified at a concentration of 20 μM and all ligands were 667 
diluted in equilibration buffer (200 mM NaCl, 25 mM Tris-HCl (pH 7.5), 10% (v/v) glycerol and 0.03% 668 
(w/v) DDM). In the case of LPS binding experiments it was incubated with LPS in 15-fold excess 669 
(considering an average MW of 4.5 kDa). The same molar ratio was used for the experiments in the 670 
presence of Re-LPS and POPG. In the case of thanatin, the peptide was added in a 1:1 molar ratio. All 671 
ligands were incubated for 1h at 4°C to allow equilibration before HDX labelling. In order to study 672 
thanatin effect on substrate binding to LptDE, LPS or Re-LPS were added in 15-fold excess, the 673 
protein-substrate mixture was equilibrated for 1h followed by the addition of thanatin (1:1 674 
LptDE:thanatin ratio) and further 1h incubation at 4 °C.  675 
The HDX reaction was initiated by a 12× dilution into deuterated buffer (0.03% (w/v) DDM, 200 mM 676 
NaCl, 25 mM Tris adjusted to pD 8 using DCl at 20 °C) resulting in a labelling solution ~92 % D2O. The 677 
labelling reaction was incubated for a time course of 10 s (0.1667 min), 60 s (1 min), 1000 s (16.67 678 
min), 5000 s (83.33 min) and 7 hrs (420 min) at 20 °C and quenched with equal volume of ice cold 679 
quench buffer (200 mM NaCl, 25 mM Tris-HCl (pH 1.9), 0.03% (w/v) DDM, 15 mM TCEP).  680 
The quenched sample was injected into a nanoACQUITY UPLC System (Waters) and online digested 681 
by Enzymate™ BEH Pepsin Column (2.1 x 30 mm, Waters) at 20 °C using an isocratic 0.1 % (v/v) 682 
formic acid-H2O solution (200 μL/min). 683 
Peptide products were collected on a BEH C18 trap column (1.7 μm, 2.1 x 5 mm, Waters) at 0 °C for 684 
3 minutes for de-salting. Peptides were then eluted from the trap column on to a BEH C18 analytical 685 
column (1.7 μm, 1 x 100 mm, Waters) for separation using a reverse-phase gradient. The mobile 686 
phase consisted of a H2O/MeCN +0.1% formic acid (v/v) linear gradient from 3% to 35% MeCN at a 687 
flow rate of 40 μL/min. Wash buffer (1.5 M guanidinium chloride pH 2.8, 4 % acetonitrile, 0.8% 688 
formic acid) was used to clean the pepsin column. To prevent peptide carry-over a wash and a blank 689 
injection runs were performed between each labelling experiment.  690 
Following chromatographic separation, the peptides were injected in a hybrid ESI-Q-TOF mass 691 
spectrometer (Synapt G2-Si, Waters) for mass spectrometric analysis. MassLynx 4.1 (Waters) was 692 
used for controlling the mass spectrometer for the acquisition of MS and MS/MS data. Mass analysis 693 
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was performed in in positive ion mode. MS/MS spectra were obtained using data-independent MSE 694 
mode. MS conditions were optimised to avoid H/D exchange in the step-wave source region leading 695 
to false EX1 kinetics46. MS conditions were as follows: capillary 2.8 kV, sample cone 30 V, source 696 
offset 30 V, trap activation 4 V, transfer activation 2 V. The source temperature was set to 80 °C and 697 
cone gas flow 80 L/hr, the desolvation temperature was 150 °C and the desolvation gas flow of 250 698 
L/hr. Leucine Enkephalin was used as internal calibrant for mass accuracy correction and NaI was 699 
used for MS calibration. A summary for HDX experimental conditions is provided in Supplementary 700 
Tables 2-5 according to published guidelines35. 701 
 702 
 703 
HDX-MS data analysis 704 
 705 
Peptides from un-deuterated samples were analysed and identified by Protein Lynx Global Server 706 
3.0 (Waters). Peptide identifications were filtered using DynamX (Waters), according to the following 707 
parameters: minimum and maximum peptide sequence length of 5 and 30, respectively, minimum 708 
fragmentation products per amino acid of 0.15, minimum MS/MS products of 3, maximum [MH]+ 709 
error of 5 ppm. Additionally, the peptides had to be identified in 50% of the acquired MS/MS files. 710 
Moreover, all the spectra were visually examined and only those with high signal to noise ratios 711 
were used for HDX-MS analysis. 712 
The amount of relative deuterium uptake for each peptide was determined using DynamX 3.0 713 
(Waters) and were not corrected for back exchange since analyses compared different states of the 714 
protein and there was no benefit from normalizing the data.  Confidence intervals (CI) and Woods 715 
plots were generated using Deuteros software47; further statistical filters were applied as described 716 
below.  717 
In the comparative HDX analyses on different ligand-binding states, a peptide was considered to 718 
have a significant difference in HDX at a certain time point if this difference was greater than the 719 
calculated CI for two consecutive time points and statistically significant based on a Student’s t-test 720 
(two-sided, unpaired, p < 0.01). As an exemption to this rule, a difference was also considered 721 
significant if the last time point (420 min) displayed a difference in HDX at least two times larger 722 
than the CI, since this may indicate an increasing difference not completely sampled by the HDX time 723 
course. HDX results were mapped onto the LptDE crystal structure (PDB ID: 5IV9) using PyMOL 724 
(Schrödinger LLC). Only significant differences were mapped onto the protein structure. 725 
Spectra displaying bimodal distributions following the EX1 kinetics were quantified using HX-Express 726 
2.048,49. In EX1 kinetics, the low-mass envelope represents those residues that have not yet 727 
undergone the conformational change required for exchange, while the high-mass population 728 
represents multiple backbone hydrogens that have already undergone the H-D exchange following 729 
the correlated conformational fluctuations50. Some of these peptides were amenable for 730 
quantitative analysis to extract kinetic constants, such as the rate of conformational opening (kop) 731 
and the half-life of the closed state (t1/2). The relative abundances of high- and low-mass populations 732 
were calculated as described previously48,49 and the high-mass population relative abundance was 733 
fitted to an exponential equation: 734 
 735 = + − [1 − 	 ] 
 736 
where y is the fractional abundance of the high-mass population and t is the labelling time. The 737 
initial y intercept (y0) accounts for the fact that all peptides showing EX1 or EXX kinetics start with an 738 
initial open population; the plateau parameter (P) is set to be 1 at maximum. In the case of thanatin 739 
and thanatin + LPS states, we could not extract kinetic values since the exponential function could 740 
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not fit the data. This may be explained by the fact that the growth in the relative abundance of the 741 
high-mass population between early and late time points is incremental. 742 
GraphPad Prism 8 software (GraphPad, San Diego) was used to extract the best-fit values for the 743 
kinetic parameters (kop and the t1/2 of the closed state). 744 
 745 
 746 
Analytical SEC 747 
 748 
LptDE samples were incubated at 20 °C in equilibration buffer (200 mM NaCl, 25 mM Tris-HCl (pH 749 
7.5), 10% (v/v) glycerol and 0.03% (w/v) DDM). After 0, 60 or 420 min the samples were subjected to 750 
size-exclusion chromatography on a Superdex 200 Increase 10/300 GL column (GE Healthcare) pre-751 
equilibrated with the equilibration buffer. UNICORN 7.0 (GE Healthcare) was used to process 752 
analytical SEC data. 753 
 754 
 755 
 756 
 757 
Structure and sequence alignment 758 
 759 
Sequence alignment was performed using the NPS@ClustalW51 web service and rendered using the 760 
ESPript 3.0 web service41. Structure alignment between LptD (PDB ID: 5IV9) and apo-LptA (PDB ID: 761 
2R1A) was performed using PyMOL and the TopMatch web service52. 762 
 763 
 764 
Molecular Dynamics 765 
 766 
Modelling  767 
 768 
The open Re-LPS state of LptDE. As there is not currently a structure that describes the open state 769 
for either the β-taco and the β-barrel of LptD we sought to produce an open-state model of KpLptDE 770 
based on the current structure of its closed state (PDB ID: 5IV9). The hydrophobic groove of the β-771 
taco domain of KpLptD is too constricted to allow the binding of Re-LPS, however other structures 772 
(e.g. PDB ID: 4Q35 from Shigella flexneri) have shown that detergents, N,N-dimethyldodecylamine 773 
N-oxide (LDAO) and C8E4 are able to bind to this site. We therefore used the detergents to guide the 774 
position of a Re-LPS molecule within the groove, with the six acyl tails binding internally, and the 775 
KDO sugars directed towards the solvent. The β-taco was opened by alchemically inserting one Re-776 
LPS lipid within the hydrophobic groove by inverting the alchembed methodology to grow the lipid 777 
within the protein, rather than the protein within a lipid membrane39. This permitted the β-taco to 778 
gradually open while retaining the overall tertiary and secondary structures, until sufficiently wide 779 
(~2.0 nm across) to accommodate Re-LPS without steric clashes.  780 
 781 
For the β-barrel domain, we initially considered previous simulations of the open-state of the β-782 
barrel of LptD from Salmonella typhimurium, where the lateral gate was opened by applying a 783 
negative pressure of -100 bar within the membrane plane12. This provides a range of states that 784 
describe the open lateral exit gate. We used these templates to create a series of KpLptDE models 785 
with different distances between the β1 and β26 strands. For our preliminary simulations of the 786 
open state, we chose a distance of 2.0 nm that would be sufficient to enable a single Re-LPS 787 
molecule to be laterally inserted through the exit gate. This is equivalent to the of β1-β16 strands 788 



 24

separation observed for the BAM machinery for OMP insertion42. Through structural alignments of 789 
the open state models for both β-taco and β-barrel with the closed state structure, it was noted that 790 
the extent of domain opening was similar. This is a consequence of synchronized motions between 791 
domains given by the disulfide bonds (Cys7-Cys696 and Cys149-Cys697), in addition to the unzipping 792 
of the β1- β26 strands on interaction of the Re-LPS with the luminal gate15. 793 
 794 
Docking thanatin to β-taco domain of LptDE 795 
 796 
Thanatin was bound to LptD (PDB ID: 5IV9) by structurally aligning the LptA-thanatin complex (PDB 797 
ID: 6GD5) using PyMOL with hydrogen-bonds retained between the β-taco and the antibiotic. The 798 
coordinates of thanatin were then extracted and included with those of LptD to both the N- and C-799 
terminal of the β-taco. 800 
 801 
 802 
 803 
 804 
 805 
Atomistic simulations  806 
 807 
All simulations not requiring PLUMED were run using GROMACS 2019.153. Initially, all states of the 808 
LptDE complex were first converted to a coarse-grain (CG) representation using the Martinize 809 
python script54 and individually embedded in a bilayer using INSANE55. The outer leaflet contained 810 
pure Re-LPS and the inner leaflet was composed of cardiolipin, POPG and POPE to a 1:2:7 ratio. 811 
Elastic bonds were applied between protein beads, between 5 and 10 Å apart, with a force of 1,000 812 
kJ mol-1 nm-2. The systems were solvated in a box with martini water and sodium and chloride ions 813 
for charge neutrality at a concentration of 0.15 M. Following this, systems were energy minimised 814 
using the steepest descents method to a target force of 1,000 kJ mol-1 nm-1. CG simulations were run 815 
with the Martini 2.2 forcefield54 for 100 ns using 20 fs time steps. The final snapshots of the 100 ns 816 
equilibration were converted back to atomistic (AT) resolution with the AT protein structure aligned 817 
with the CG coordinates within the equilibrated bilayer56. Upon AT conversion, systems were further 818 
equilibrated for 1 ns, with position restraints applied to the protein and described by the 819 
CHARMM36 forcefield57. Finally, production simulations were run for 300 ns without restraints (with 820 
2 fs time steps) in explicit TIP3P water, using the V-rescale thermostat at 310 K and semi-isotropic 821 
Parrinello-Rahman pressure coupling at 1 atm58. For each state of the LptDE complex five replicates 822 
with different initial seeds were run. 823 
All simulations using PLUMED40 were run with GROMACS 2018.653. For those states of the protein 824 
complex requiring an open β-barrel PLUMED upper and lower walls were applied to the putative 825 
lateral gate at a distance of 2.25 nm and 2.75 nm respectively, applied on the post 150 ns 826 
equilibrated LptDE open systems. These restraints were added to already equilibrated simulations, 827 
requiring only a further 50ns equilibration for convergence (Supplementary Fig. 15b). These 828 
constraints were imposed between the centre of mass of grouped Cα atoms from residues Asn208, 829 
Ala209, Lys210 and Tyr211 on β1 and Thr725, Phe726, Gly727 and Ile728 on β26. The wall restraint 830 
was set to a force constant of 10,000 kJ mol-1 with the default exponent, offset and rescaling factors.  831 
 832 
Differential solvent uptake analysis  833 
 834 
Solvent contacts based on a cut-off distance of 0.4 nm were calculated between the oxygen of the 835 
water and the nitrogen of the protein backbone using a modified MDAnalysis contact script, as a 836 
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proxy for HDX59. The solvent contact data from apo and ligand-bound states of the LptDE complex 837 
were averaged for each residue between replicates for both states, with the averaged ligand-bound 838 
state subtracted from the averaged apo state. This produces an average differential solvent contact 839 
value for each residue. The confidence intervals are calculated using a two tailed test using a 95% 840 
significance level in much the same way as the Deuteros software47. Significant residues are 841 
extracted and mapped onto the structure as B-factors, then subsequently visualised in PyMOL. Red 842 
and blue indicate increased and decreased water contacts, respectively 843 
Once the average differential solvent contact value for each residue was calculated, these values 844 
were averaged over the same peptide coverage map as obtained by the HDX experiments described 845 
above. For simplicity, ‘cleavage sites’ are recognised only when there is no overlap and areas which 846 
are not resolved by experiment are not considered for the analysis. Calculating confidence intervals 847 
and mapping peptides considered to be statistically significant is conducted in the same manner as 848 
the above. 849 
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