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Experimental procedures 

Protein purification and stability: AmtB(His6), cloned into the pET22b vector
1
, was 

overproduced and purified as described previously
1
 except 0.03% (0.58 mM) of n-Dodecyl-β-

D-Maltoside (DDM) was use instead of 6 mM N,N-dimethyldodecylamine-N-oxide (LDAO) 

in the final Size Exclusion Chromatography (SEC) buffer (Tris/HCl 50mM, pH 7.8, NaCl 

100 mM, 0.58 mM DDM). AmtB was kept in SEC buffer at 4
o
C for subsequent 

characterisation. AmtB stability was assessed before and after each SAS experiment by SEC 

using a Superdex 200 10/300 (Ge Healthcare) gel filtration column (Figure S6). 

Size Exclusion Chromatography/Multiple Angle Light Scattering (SEC-MALS) analysis: 

SEC-MALS analysis of the AmtB-DDM complex was carried out using Superdex 200 10/300 

column (Ge Healthcare) attached on an Agilent 1100 HPLC system. 70 µl of AmtB at 75 µM 

in SEC buffer was injected at a flow rate of 0.5 ml/min. Light scattering, refraction index and 

absorbance at 280 nm were measured using a multi-angle light scattering mini DAWN 

TREOS detector (Wyatt Technology), a refractometer Optilab T-rEX detector (Wyatt 

Technology) and a Jasco UV-2077 Plus UV/vis spectrophotometer respectively. We used the 

ASTRA software package version 5.3.2.10 (Wyatt Technologies) to import the signals from 

the three detectors and analysed the data according to Slotboom et al. (2008)
2
. 

Analytical Ultra Centrifugation (AUC):  AmtB at 10, 22 and 87 µM was submitted to 

sedimentation velocity using a Beckman Coulter Optima XL-I analytical ultracentrifuge 

mounted with an An-50 Ti 4-hole rotor (49000 rpm at 4
o
C). The reference buffer used was 

the SEC buffer without detergents (50 mM Tris pH 7.8, 100 mM NaCl). Data were acquired 

every 6 min for 12 hrs, with interference and absorbance optics and were subsequently 

analysed using SEDFIT
3
 with the continuous c(s) distribution model. SEDNTERP was used 
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to determine the molar mass (46 647 g/mol) and the partial specific volume (0.749 ml/g) of 

AmtB. The partial specific volume of DDM used was 0.82 ml/g. The viscosity (1.567 cP) and 

the density (1.00557 g/ml) of the SEC buffer were determined using SEDNTERP. The ratio 

of detergent bound to the protein and the molecular weight of the complex (Table S1) were 

calculated using a method described previously.
4
 

Micro-Scale Thermophoresis (MST): AmtB(His6) was labelled using the kit Monolith His-

Tag according to manufacturer instructions (NanoTemper Technologies). Labelled samples 

of AmtB in the concentration range [6µM-200mM] were loaded into 16 hydrophobic coating 

grade capillaries and analyzed using the Monolith NT.115 (NanoTemper Technologies) 

analyser. The data were processed using the MO.Affinity Analysis software v2.2.4 

(NanoTemper Technologies) as previously described.
5
 

Characterisation of the sample: SAS experiments are very demanding in terms of sample 

quality
6-7

, therefore, before recording SAS data, we assessed the purity and monodispersity of 

the samples as follows: the mass of the complex calculated from our SEC-MALS analysis are 

constant across the elution peak (Figure S1). Secondly, SDS page and SEC analyses of our 

sample before and after the SAS experiments show that the protein is pure and stable for 

weeks at 4
o
C (Figure S6). Finally, to ensure that the protein was purified in an active form, 

we measured AmtB NH4
+
 binding activity by microscale thermophoresis. Clear NH4

+
 

dependent binding activity (Kd 0.6 mM) was measured, which indicates that AmtB is 

correctly folded and active (Figure S3). Taken together, these results show that our sample is 

pure, monodisperse and that the protein is active in detergent. Hence our sample is highly 

suitable for SAS analysis.   

Molecular Dynamics simulations:  

System preparation: The AmtB crystal structure at 1.35 Å obtained by Kademi et al. 

(PDB ID: 1U7G)
8
 was used for the molecular dynamics simulations. The protein was 

processed using the CHARMM-GUI web interface.
9-10

 The mutations F68S, S126P, and 

K255L inserted in the crystallographic construct were reverted to the wild-type, all the 

selenomethionine modifications were changed back to methionine, and the N- and C-terminal 

residues were capped using acetyl and N-methyl amide groups, respectively. The protein was 

initially embedded in a DDM bilayer using CHARMM-GUI Membrane Builder plugin.
11-12

 

The system was subsequently solvated in water and K
+ 

and Cl
-
 ions were used to neutralise 

the system and reach a salt concentration of 50 mM. In-house code was then used to remove 

excess DDM molecules and to form a detergent torus around the protein of 260, 280, 300, 

320, 340 and 360 DDM molecules, respectively, in order to reflect the experimental 

conditions.  

Molecular dynamics simulations: All molecular dynamics simulations where 

performed with the GROMACS 5.1.4 software package.
13-14

 The CHARMM36 force field 

was used for the protein, the ions, and DDM.
15-16

 The water molecules were modelled with 

the TIP3P model.
17

 Water bonds and distances were constrained by the Settle method
18

, and 

all other bonds by the LINCS method.
19

 After a steepest descent minimization, the system 

was equilibrated by six consecutive equilibration steps with position restraints on heavy 

atoms of 1,000 kJ/mol*nm
2
. The first three equilibration steps were carried under a NVT 

ensemble using a Berendsen thermostat to keep the temperature at 310 K. The subsequent 

steps were conducted under a NPT ensemble, switching on a Berendsen barostat
20

 with 

isotropic coupling, to keep the pressure at 1 bar. Production molecular dynamics simulations 
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were carried using a v-rescale thermostat
21

 with a time constant of 0.2 ps, and a Berendsen 

barostat with isotropic coupling. A Verlet pair-list scheme was used for describing non-

bonded interactions, and two different cut-off values, of 1.2 Å and 1.5 Å were tested; no 

significant difference was observed between these two. A timestep of 2 fs was used 

throughout the simulations. The first 70 ns of production simulations were discarded from the 

analysis to allow rearrangement of the DDM molecules around the protein. 

SEC-SAXS analysis: Synchrotron SAXS data were collected on the B21 bioSAXS beamline 

at the DIAMOND Synchrotron. The exact same conditions were used than for the SEC-

MALS analysis in terms of sample, column and running conditions. 50 µl of AmtB at 75 µM 

were injected into the SEC-system. The running buffer used was 50 mM Tris pH 7.8, 100 

mM NaCl and 0.03% DDM. 15 frames of the elution peak corresponding to the membrane 

protein were averaged and subtracted to the running buffer using ScÅtter software. 57 frames 

corresponding to the buffer curve were averaged prior to the subtraction. SAXS data were 

collected in 255 time frames with 3 s per frame (13 min in total). The scattering images were 

averaged and the buffer scattering intensities subtracted using the program ScÅtter
 
and the 

same program was used to evaluate the radius of gyration (Rg). The data-collection 

parameters are presented in Table S2. 

SAXS curve predictions. SAXS curves were computed using the explicit-solvent calculations 

described previously
22

, as implemented in the WAXSiS method.
23

 Accordingly, a spatial 

envelope was constructed around the AmtB-DDM complex, such that the distance of the 

envelope’s vertices have a distance of 6 Å from all atoms in all simulation frames. Because 

the detergent exhibited substantial fluctuations, this procedure yielded an envelope that had a 

larger distance from the complex in most of the MD frames, suggesting that solvent density 

modulations due to the hydration layer were captured by the envelope volume. The spherical 

average was conducted using 1,200 Q-vectors per absolute value of the scattering vector Q. Q 

= (4π sin(θ)/λ), where 2θ is the scattering angle. The bulk solvent density was corrected to 

334 e/nm
3
 to correct for the slightly incorrect density of the CHARMM-modified Tip3p 

model, as described previously.
22

  

Explicit-solvent SANS predictions. We extended the WAXSiS method, which was originally 

developed for small- and wide-angle X-ray scattering calculations, to allow the calculation of 

SANS curves. The calculations were identical to the original WAXSiS method
22

 except that 

atomic form factors were replaced by the coherent neutron scattering lengths. The neutron 

scattering length density was corrected as previously described
22

, such that the electron 

density of the solvent was 334 e/nm
3
. At non-zero relative D2O concentration cD2O, the 

neutron scattering lengths of polar hydrogen atoms of protein, detergent, and water were 

taken as b = cD2ObD + (1-cD2O)bH, where bD and bH denote the coherent scattering lengths of 

deuterium and hydrogen, respectively. Here, we defined hydrogen atoms as polar if they are 

bound to one of the elements O, N, S, or P. Hydrogen atoms of the backbone amine groups 

were assumed to be deuterated with 10% reduced probability, b’ = 0.9cD2ObD + (1-0.9cD2O)bH, 

as done previously.
24-25

 As a control, we tested the effect of randomly assigning bD and bH to 

polar hydrogen atoms according to the given D2O concentration, with new random 

assignments in every MD frame. This protocol models the solution ensemble with 

heterogeneous random deuteration, as present under experimental conditions.  As can easily 

be shown from the Debye equation, this protocol leads to a constant offset in the intensity 

curve (independent of Q). Since (i) we adjust the constant offset to account for the incoherent 
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scattering background, and (ii) random deuteration assignments lead to slower convergence 

of the SANS intensities, we used the simplified definition with constant, not randomly-

assigned, neutron scattering lengths for this work. 

Small Angle Neutron Scattering data measurement and analysis: To ascertain the 

reproducibility and the quality of our measurements, two independent set of SANS data were 

measured (September 2016 and March 2018) using two batches of AmtB purified 

independently. SANS experiments were conducted at 6
o
C using the large dynamic range 

diffractometer D22 at the Institut Laue-Langevin (Grenoble, France) in Hellma® quartz 

cuvettes 100QS with 1 mm optical pathlength.  300 µl of samples at a concentration of 110 

µM were extensively dialysed (3 times 12 hrs) against the size-exclusion chromatography 

buffer (50 mM Tris pH 7.8, 100 mM NaCl, 0.03% DDM and D2O as required) and used for 

the SANS experiment. The final dialysis buffer was used in the SANS experiment as the 

reference and subtracted to the protein signal. The samples were recorded at a 4 m/4 m 

detector/collimator distance, using a neutron wavelength of λ=6 Å. For each condition, 

H2O/D2O buffers, the empty beam, an empty quartz cuvette as well as a boron sample 

(electronic background) were measured. Exposure times varied between 20 min (empty cell, 

boron) and 3 hrs for the protein samples and buffers. Transmissions were measured for 1 min. 

The raw data were reduced (detector efficiency, electronic background and angular 

averaging) using a standard ILL software package. Finally, the corrected scattered intensities 

I(Q) (Q=(4π/λ) sin θ, where 2θ is the scattering angle, from the different Q-ranges and the 

respective buffer signals were subtracted using the program PRIMUS from the ATSAS 

suite.
26

 The data-collection parameters are presented in Table S2. 

Contrast Variation Series: The contrast match point of DDM was experimentally determined 

by measuring SANS contrast series of DDM (5 mg/ml) at 0, 20, 40, 60, 80 and 100 % D2O 

and used to plot (I(0)/(TsC))
1/2

 as a function of percentage of D2O in the solvent (Ts is the 

measured sample transmission).  The DDM contrast match point (22.2%) was determined by 

the intersection of a linear fit through all points with the abscissa as previously described.
27

 

Guinier plot: Guinier plots were used to calculate the Rg based on the following equation: 

ln[I(Q)] = lnI(0) - 1/3(Rg
2
*Q

2
), with QRg< 1.3. AmtB molecular weight, was determined 

from the I(0) intensity at 22% D2O using absolute calibration against H2O under the 

assumption that the detergent (free micelles and bound) had a negligible contribution at the 

contrast match point according to Compton et al., (2011)
27

(Figure S5 and Table S1). 

MONSA multiphase modelling: The multiphase volumetric analysis using MONSA
28-29

 

(extended version of DAMMIN) was used to obtain a three phases dummy atom models of 

the AmtB-DDM complex reporting the protein, DDM head and DDM tail phases 

respectively.  The analysis was done using all SAS (SAXS and SANS at 0, 22, 42 and 60 % 

D2O) data. The parameters used for the analysis were 1-the volume of the AmtB trimer 

(calculated from the amino acid sequence using the Biomolecular Scattering Length Density 

Calculator available on line (http://psldc.isis.rl.ac.uk/Psldc). The volume obtained was 

166,864 Å
3
. 2-the volume of the 320 molecules of DDM head and tail (112,000 Å

3
 and 

108,800 Å
3
 respectively)

30
. The SEC-MALS, AUC and SAXS analysis shows that AmtB is 

trimeric (Table S1), hence a P3 symmetry constraint was applied. The MONSA analysis (200 

annealing steps) were done using DAMESV
28-29

 models. 10 model were generated, 

superimposed and checked for consistency (Figure S9). All models were very similar in size 

and shape for all three phases.  

http://psldc.isis.rl.ac.uk/Psldc
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Supporting Tables and Figures 

Table S1: Determination of the number of DDM molecules in the AmtB-DDM complex.
*
 

 Mw AmtB-

DDM 

Mw 

AmtB/oligomeric 

state 

Mw DDM DDM 

molecules 

SEC-MALS 287.2±16.7 144.4±11.1 / trimer 142.8±5.9 285±12 

AUC 312.6±14.5 148.8±6.8 / trimer 163.7±0.7 321±1 

SANS (I0) 

(22%D2O) 

n.a. 146.0±29.2 / trimer n.a. n.a. 

*Molecular mass in kDa. 

 

 

Table S2: SEC-SAXS and SANS data-collection parameters. 

 from SEC-SAXS from SANS batch 

Instrument/data processing B21 BioSAXS Diamond 

Light Source synchrotron 

beamline (UK) 

D22 beamline Institut Laue-

Langevin Neutron source 

with a multidetector (3He) 

16K resolution elements 

Beam geometry (mm) 1 X 5 55 x 40 

Camera length (m) 4.014 4/4 offset 

Flow (ml/min) 0.05  N/A 

Wavelength (Å) 0.99 6.0 (Δλ/λ = 10 %) 

s range (Å
-1

) 0.0022 to 0.42 0.045 to 0.4 

Exposure time (s) 3 (every 5 seconds) ~3600 to 10800/sample 

Sample configuration  cell path-lenght of 1 mm 

Concentration range 

(mg∙mL
–1

) 

see supporting information see supporting information 

Temperature (K) 298 279.15 

   

 

 

 

Table S3: Rg* calculated from Guinier approximation of the experimental and computed 

SAXS curves of the AmtB-DDM complex containing between 260 and 360 DDM molecules.  

260 280 300 320 340 360 
Experimental 

SAXS data 

43.1±0.24  44.0±0.30 44.5±0.26  45.6±0.10  47.8±0.16  48.6±0.13  45.5±0.09  

*Rg express in Å  
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Figure S1: Elution profile of AmtB purified in 0.03% DDM from a superdex 200 10x300 

column measured by OD at 280nm and scattering.  
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Figure S2:  (A) Absorbance at 280nm and (B) interference signals of analytical ultra-

centrifugation sedimentation profile of AmtB solubilised in 0.03% DDM. (C) Superposition 

of the c(s) distributions expressed at 20°C in water (blue: A280nm, purple: Interference).  
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Figure S3: Measurement of the ammonium binding on AmtB solubilised in 0.03% DDM by 

microscale thermophoresis. 
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Figure S4: Comparison of the SAXS curves from experiment (symbols) and computed from 

MD simulations of the AmtB-DDM complex containing between 260 and 360 DDM 

molecules (red lines).  
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Figure S5: Guinier plot comparison of the experimental (symbols) and computed (red line) 

SAXS curves of the AmtB-DDM complex containing between 260 and 360 DDM molecules.  
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Figure S6:  Size exclusion chromatography profile of AmtB solubilised in 0.03% DDM, 0% 

D2O, before and after SANS experiments. Before SANS measurement, peak elution 11.87 ml 

and after SANS measurement, peak elution 11.96 ml. (insert) 12.5% SDS-PAGE fraction 

analysis based of the elution peak.  
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Figure S7: Comparison of the two SANS dataset. () 0% D2O, () 22% D2O, () 42% 

D2O. The dataset at () 60% D2O have only been measured in March 2018.  
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Figure S8: Comparison of experimental (symbols) and computed (lines) SANS curves from 

MD simulations containing between 260 and 360 DDM molecules. 
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Figure S9: Top view of 10 different MONSA multiphase modelling using the SAXS and 

SANS data. The phase corresponding to the protein is represented by red beads, the 

hydrophilic and hydrophobic detergent density are represented by green and blue beads, 

respectively. 


