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S1.  Surface and hydration properties of the DDM in the corona of the two 

ShuA_DDM complexes  

The surface area (𝑆𝐴) properties for the whole DDM (𝑆𝐴DDM), the headgroup (𝑆𝐴HG) the 

dodecane alkyl chain (𝑆𝐴DOD) for the two ShuA_DDM systems were computed from the last 

150 ns of the simulations with trjVoronoi code [1][2][3] by excluding, as in previous works 

[4,5], the hydrogen atoms. From these calculations, we estimated the average 𝑆𝐴 ratio, 𝑓tail 

for the DDM surface alkyl chain of the corona with the relation: 𝑓tail = 1 − (1-(𝑆𝐴HG/

𝑆𝐴DDM)). The results obtained for each ShuA_DDM system and replicas are similar and 

reported in Table S1. 

 

 

 

Table S1: Average surface areas between a detergent molecule and water for the entire DDM 

(𝑆𝐴𝐷𝐷𝑀), its headgroup (𝑆𝐴𝐻𝐺
𝑉 ) and its dodecane alkyl tail (𝑆𝐴𝐷𝑂𝐷). All values are in Å2. ftail 

is the average surface fraction shared between the water and the DDM alkyl chain heavy 

atoms. The statistical errors (maximum errors) are always lower than 3.0 and 0.2% for the 

surface areas and ftail values. “Micelle” values are taken from ref. [4] for pure micelle with 

132 DDM with the CHARMM36 parameters. For the first and the second replicas (*). 

The low ftail values for the alkyl chain (∼8 % of the total DDM surface contact) indicate, in 

agreement with previous results [4], that in corona the DDM alkyl chain is protected from the 

water by DDM headgroup and/or are buried in the hydrophobic core of the corona. 

Concerning the surface contacts of the DDM headgroup, 𝑆𝐴HG, it represents a large part (∼92 

%) of the total SA to water of the corona and these values tend to slightly decrease (202.2 Å2 

to 197.6 Å2) with the increase in DDM in the corona.  

We also estimated the hydration level of each DDM in the corona using a simple distance 

criterion and consider that the water oxygen is in contact with any heavy atoms of the DDM 

if its distance is less than 3.5 Å [4]. The calculations were carried out for the whole 

DDM molecule ⟨𝑛DDM
𝑤 ⟩, the maltose headgroup ⟨𝑛MALT

𝑤 ⟩ and for the dodecane alkyl chain 

⟨𝑛C12
𝑤 ⟩. Again, each corresponding value for the 268 and 294 DDM systems was compared 

with those obtained for the pure DDM micelle [4]. The average numbers of water for the 

overall DDM, ⟨𝑛DDM
𝑤 ⟩, are found to be around 10. For the alkyl chain and the maltose 

headgroup, the values are found, on average, to be 9.5 and 1.0 waters, respectively, close to 

System ShuA_268DDM ShuA_294DDM Micelle 

𝑆𝐴𝐷𝐷𝑀 220.4/220.5* 214.7/214.5* 222.9 

𝑆𝐴𝐻𝐺
 202.2/202.3* 197.6/197.2* 202.8 

𝑆𝐴𝐷𝑂𝐷 18.2/18.3* 17.1/17.3* 20.1 

ftail 8.3/8.3 % 8.0/8.1* % 9.0 % 
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the values obtained from MD DDM or sophorose (glucose β1-2) micelles [4][5].  

The hydration of the different oxygen atoms in the detergent headgroup is also given and 

were computed from the averaged radial pair density functions (RDFs) from the last 100 ns 

of each run of maltose-oxygen, or ⟨nOx−Ow⟩ and by integrating the RDF up to their first 

minima at r ≈ 3.5 Å. The results for the water-maltose-oxygens (i.e. O2A-6A to O1B-6B, see 

Figure 2a for localization of these atoms on the molecule) pairs are listed in the Table S2, The 

results of these calculations show similar behaviors between the two ShuA_DDM complexes, 

with a total value around of 16 waters, which is not far from the value in DDM micelle (17.8 

waters) [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2: Nearest neighbors for the maltose oxygens. The DDM oxygen atoms are labeled as 

follows: O4B and O1B are the acetalic oxygens, O5A and O5B are the maltose ring oxygens, and 

all the remaining are hydroxyl oxygens (see Figure 2a in the main text). For the first system 

and its replica (*). “Total GlcA” and “Total GlcB” values give the average nearest neighbors 

for all the oxygen atoms of the outermost and innermost glucose unit, respectively. “Micelle” 

values are taken from [4] for pure micelle with 132 DDM simulated with the CHARMM36 

parameters. 

More specifically, we also found that the highest ⟨nOx−Ow⟩ values are obtained for the 

hydroxyl oxygen atoms O2A, O3A, O4A and O6A (2.8 – 2.3) of the outermost glucose (GlcA) 

⟨nOx−Ow⟩ ShuA_268DDM ShuA_294DDM Micelle 

O2A−Ow  2.2/2.1* 2.1/2.1* 2.3 

O3A−Ow  2.8/2.7* 2.8/2.7* 3.2 

O4A−Ow 2.3/2.3* 2.3/2.2* 2.6 

O5A−Ow 0.9/0.9* 0.9/0.9* 1.0 

O6A−Ow 2.2/2.2* 2.2/2.1* 2.3 

Total GlcA 10.4/10.4* 10.3/10.0* 11.4 

O1B−Ow 0.6/0.6* 0.7/0.6* 0.3 

O2B−Ow 1.5/1.5* 1.5/1.4* 1.6 

O3B−Ow 1.7/1.7* 1.6/1.6* 1.8 

O4B−Ow 0.3/0.3* 0.3/0.3* 0.5 

O5B−Ow 0.4/0.3* 0.5/0.4* 0.6 

O6B−Ow 1.4/1.3* 1.4/1.3* 1.6 

Total GlcB 5.9/5.9* 6.0/5.6* 6.4 

Total Headgroup 16.3/16.3* 16.3/15.6* 17.8 
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whereas the equivalent oxygen atoms in the innermost glucose (GlcB) (which is linked to the 

C12 alkyl chain) is ∼1.0 water smaller. The hydration of the ring oxygen atoms of the two 

glucose rings (i.e. O5A and O5B) is significantly lower than the hydroxyl oxygens (0.9 and 0.4, 

respectively) in agreement with previous findings [4][5]. Finally, for the oxygen atoms 

involved in the 1-4 glycosidic bond (O4A) and the ether link between the headgroup and alkyl 

chain (O1B), the corresponding hydration values are low values (< 0.3 and < 0.6) close to the 

values we found for glycolipids in micelles [4][5].  

S2.  Conformational properties of the DDM in the corona of the two the 

ShuA_DDM complexes  

The conformations of the DDM headgroup and tail for the surfactant were also investigated 

by computing the average end-to-end distance for the dodecane alkyl chain (dC12) (i.e. 

between the first (C1) and last carbon (C12) atoms) and the headgroup (dG2) (i.e. between the 

O4A and O1B oxygens of the maltose headgroup, see Figure 2a). These calculations were 

repeated for each replica. The dC12 values for DDM in the two ShuA_DDM simulations are 

found similar and around 12.0 Å. This is not far from the value we found for DDM in micelle 

(12.3 Å) [4]. A smaller value for dC12 is known to be the consequence of the partial folding of 

the alkyl chain and existence of “gauche defaults” [6][7] and also found in micelles with a 

same C12 chain (see for instance refs. [1][4][8][9]). This assumption is confirmed with the 

computation of the percentage of trans conformation (ptrans) extracted from the averaged and 

normalized dihedral distribution curves (we used a bin width of 1°). The average ptrans values 

for the CCCC dihedral angles of the detergent alkyl chain (first 3 columns in Table S3) 

indicate that these dihedral angles are mostly in their trans state with relative populations of 

72.1 %, in agreement with previous findings (e.g. refs [4][8][9]). Further analysis of the 

CCCC dihedral angles along the alkyl chain also show that the inner and outermost CCCC 

(i.e. C1C2C3C4 and C9C10C11C12) have a smaller trans population, ptrans ≈ 65 % as we found in 

micelle (67.7 % and 68.5 %, respectively) [4]. For the dihedral angles involving the atoms in 

the ether link (i.e. C1BO1BC1C2 and O1BC1C2C3) these angles are also in gauche and trans 

conformations with a similar relative trans populations of 10.5 % and 80.2 % as we found in 

micelle (5.0 % and 76.4 %) [4]. 
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  ShuA_268DDM ShuA_294DDM Micelle 

Total CCCC 72.1/72.1* 72.1/72.8* 72.1 

C1C2C3C4 65.1/64.5* 65.4/64.6* 67.7 

C9C10C11C12 66.6/66.1* 69.5/66.8* 68.5 

O1BC1C2C3 10.5/10.6* 10.6/9.8* 4.9 

C1BO1BC1C2 80.1/81.1* 80.5/79.9* 76.4 

O6AC6AC5AO5A (ω1) 35.5/36.0* 36.0/38.0* 49.4 

O6BC6BC5BO5B (ω2) 55.5/55.9* 58.0/57.9* 41.2 

 

Table S3: Trans Populations, ptrans for selected dihedrals of the DDM alkyl chain and 

headgroup. Dihedral angles between −120° and +120° are considered as in the trans 

conformation. For the first system and its replica (*). See Figure 2a in the main text) for 

localization of the atoms in DDM molecule. “Micelle” values are taken from [4] for pure 

micelle with 132 DDM simulated with the CHARMM36 parameters. 

Concerning the maltose head end-to-end distance and conformation, the dG2 value (9.6 Å) are 

found similar to the value found for DDM in micelle (9.8 Å) and 4.8 % lower than the value 

found for maltose in fully extended conformation (10.3 Å with ΦH: H1AC1AO4BC4B = 0.0° and 

ΨH: C1AO4BC4BH4B = 0.0°). In Fig. S1, we have plotted the normalized distributions β1-4 

glycosidic dihedral angles ΦH/ΨH (P(ΦH,ΨH)) for DDM in the corona and found that these 

distributions are similar for two ShuA_DDM simulations. We observe a maximum at around 

(−20°, −10°) that differ slightly from the results obtained for DDM in the protein-free micelle 

(maximum near (−40°, −25°) ± 10°) [4]. 

 
Figure S1: Normalized distributions of the φH (left panel) and ψH (right panel of glycosidic 

dihedral angle pairs of the DDM headgroup. In black and green continue/dashed lines and red 

and magenta continue/dashed lines for the systems with 268 and 294 DDM, respectively and 

their replicas. Note that for ψH curves are superposed. 
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Finally, in the last two rows of Table S3, we have also listed the average relative populations 

of the two ω dihedral angles of the reducing (GlcA) and non-reducing (GlcB) glucose unit 

(i.e. ω1 = O6AC6AC5AO5A and ω2 = O6BC6BC5BO5B, respectively). Their conformations are 

found similar to that of DDM micelle i.e. trans, but with different populations (36.0 % vs. 

49.4 %) and (55.0 – 58.0 % vs. 41.2 %). Taking together, all these differences may explain 

the differences in the headgroup hydration and conformation of the DDM in the corona with 

the DDM in pure micelle. 

 

S3. Additional Figures  

 
Figure S2: Time evolution of the protein detergent complex-water surface contacts of the 

two ShuA_268DDM (in black and red colors) and ShuA_294DDM (in green and blue colors) 

simulations computed with the trjVoronoi program [1][2][3]. 

 

 
Figure S3: Evolution of the lengths of the X and Y box vectors during the course of the OM 
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simulation.  

 

 
Figure S4: Averaged 2D density maps for the systems with (a) 268 and (b) 294 DDM 

molecules (replica). Here the ShuA_DDM complex was centered at Z = 0 Å. 

 

 
Figure S5: Time evolution of the secondary structures of ShuA in presence of 268 DDM for 

the first simulation and its replica (left and right panels, respectively).  
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Figure S6: Time evolution of the secondary structures of ShuA in presence of 294 DDM for 

the first simulation and its replica (left and right panels, respectively). 
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Figure S7: Time evolution of the secondary structures of ShuA in the outer bacterial 

membrane.  
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Figure S8: Crystallographic vs. simulation RMSF for all the protein α carbons. The 

correlation coefficients R was computed by excluding the missing residues in the crystal 

structure. Panel a-b: ShuA_268DDM and its replica, c-d: ShuA_294DDM and its replica and 

e: ShuA_OM. See also Figure 7f in the main text to see the localizations of higher mobile 

residues in the protein.   
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Figure S9: Colored 3D representation of ShuA in the DDM environment (replica) with (a) 

268 and (b) 294 surfactants according to the number of contacts between the protein heavy 

atoms and the DDM heavy atoms. See Fig. 8 in the main text for details. Figure was produced 

with the PyMOL program [10]. 
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Figure S10: Patterns of interactions of protein residues with the DDM for ShuA_268DDM 

system and its replica. The graph shows, for each residue, the average number of contacts 

with the DDM alkyl chain (in black and green colors) and the headgroup (red and magenta 

colors). A contact is first counted when the distance of between the heavy atoms of a ShuA 

residue and the DDM is ≤ 4 Å. Multiple contacts between each DDM and protein residues 

heavy atoms are counted as one. The red and dashed bars above show the limits of the 33 β-

strands including the 22 TM β-strands, respectively. The four asterisks highlight the residues 

interacting with the N-octyl-β-D-glucopyranoside (OG) in the crystal (PDB entry: 3FHH) 

[11][10]. 
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Figure S11: Same legend as Figure S10 for the ShuA_294DDM system.  

 
Figure S12: Snapshot showing selected outer residues of ShuA in close contact (distance < 

4.0 Å) with n-octyl-β-D-glucopyranoside (βOG) heavy atoms presents in the crystal (PDB 

entry: 3FHH)[12]. Figure was produced with the PyMOL program [10]. 
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Figure S13: (Left) Representative snapshot of the ShuA_OM system associated with the 

number density profiles (right) for the protein (black), the LPS alkyl chain (red), the inner 

and outer sugar cores (green), PPPE (violet), PVPG (yellow), PVCL2 (orange), phospholipid 

phosphate groupe (maroon), calcium ion (cyan) and the water (blue). The protein is centered 

at Z = 0 Å and the OM normal is the Z axis. Note for visual clarity the phosphate shown in 

left Figure and K+/Cl- ions in the 1D density profiles. The density profiles are averaged over 

the last 100 ns of the MD simulations. Figure were produced with the PyMOL program [10]. 
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Figure S14: Patterns of interactions of protein residues with the different lipid constituents in 

the outer membrane. The graph shows, for each residue, the average number of contacts with 

the LipidA alkyl chain (in black), sugar core (in red), PPPE (blue), PVPG (in pink) and 

PVCL2 (in green) the headgroup (red). A contact is first counted when the distance of 

between the heavy atoms of a ShuA residue and its partner is < 4 Å. Multiple contacts 

between the each lipids and the protein residues heavy atoms are counted as one. The red and 

dashed bars above show the limits of the 33 β-strands including the 22 TM β-strands, 

respectively. The four asterisks highlight the residues interacting with the OG molecule 

presents in the crystal (PDB entry: 3FHH) [11]. 
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Figure S15: Representative snapshots showing the binding sites of the Pb2+ and Ca2+ ions 

and some ASP residues (i.e. Asparagine residue 380, 384, 386, 591) in the crystal (left panel) 

and in the membrane simulation (middle panel). In the simulations, only Asp 380, 384, 386 

interact strongly with Ca2+ ion and not Asp 591. This interactions are very stable during the 

course of the membrane simulation and occurs at an equilibrium distance of ~2.3Å 

(computed from the g(r), left panel) and in agreement with Albano et al. [12].  

 

 
Figure S16: (a) Distributions of the Z position of the ShuA TM β-barrels (black) with the C2 

and C4 atoms (i.e., the carbon bonded to carbonyl group) of lipid A (red) and C2 atoms (i.e., 

the carbon-bonded-to-carbonyl group) of PPPE, PVPG and PVCL2 phospholipids (blue). (b) 

Snapshot showing the limit of the hydrophobic thickness of the outer membrane. The beads 

for the C2-C4 and C2 atoms of the lipid A and phospholipids are in red, cyan, yellow and 

oranges colors, respectively. The colors scheme for the protein is the same as in Figure 1. The 

distance between the two peaks “Tmemb” highlighted with a horizontal arrow in (a) were used 

to calculate the hydrophobic thickness of the membrane. The OM is centered at Z = 0 Å and 

the OM normal is the Z axis. Figures were produced with the PyMOL program [10].  
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Figure S17: Selected Lys (pink) and Arg (blue) outer residues located in the Z > 10 Å region 

of ShuA that can interact with the negatively charged lipidA headgroup and the LPS inner 

sugar core (see also Figure 2e) in the main text. Figure was produced with the PyMOL 

program [10]. 

 

 

Figure S18: Contacts in apo-ShuA crystal (PDB entry 3FHH) [12] with the OG molecules 

represented as a sphere. Figure was produced with the PyMOL program [10].   
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