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Experimental Methods 

Materials. SDS-d25, DPC-d38, HFIP-d2, dithiothreitol (DTT)-d6, deuterium oxide (D2O; 99.8 

atom % D) and D2O containing 1% (w/w) DSS were obtained from C/D/N Isotopes (Pointe-

Claire, QC). LPPG was purchased from Avanti Polar lipids (Alabaster, AL). AR55 was produced 

as a C-terminally hexahistidine-tagged recombinant protein (comprising residues 1-55 of human 

AR, with a C-terminal KKGH6 extension) in Escherichia coli BL-21(DE3), extracted following 

inclusion body isolation, and purified using reverse-phase high performance liquid 

chromatography as detailed in our previous work.1 MnCl2 and all other chemicals were obtained 

from Sigma-Aldrich (Oakville, ON). 

NMR sample preparation and data analysis. All NMR solutions with micelles contained 20 

mM Na+CD3COO-, 1 mM DSS, 1 mM NaN3, 10 mM DTT-d6
 and were adjusted to pH 5.00 ± 

0.05 (SDS and LPPG) or 4.00 ± 0.05 (DPC) without accounting for deuterium isotope effects. 

Samples of uniformly 13C- and 15N-enriched AR55 with SDS (0.8 mM AR55, 96 mM SDS-d25, 

95% H2O, 5% D2O) and LPPG (0.56 mM AR55, 72 mM LPPG, 95% H2O, 5% D2O) and a 
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sample containing HFIP (0.9 mM AR55, 1 mM DSS, 5 mM DTT-d6, 10% D2O, 40% H2O, 50% 

HFIP-d2) were prepared. 1H-15N HSQC, 1H-13C HSQC, HNCO, HNcaCO, HNCA, HNcoCA, 

HNCACB, 15N-edited TOCSY, HcCH TOCSY, 15N-edited NOESY and 13C-edited NOESY 

experiments were collected for the NMR samples at 700 MHz (Bruker Avance III, NRC BMRF, 

Halifax, NS) or 800 MHz (Varian INOVA, NANUC, Edmonton, AB). All NOESY experiments 

for AR55 in SDS or LPPG were collected with a 125 ms mixing time, while a 150 ms mixing 

time was used for AR55 in 50% HFIP.  

For each NMR sample condition, data were processed, analyzed, and structures were generated 

using XPLOR-NIH ver. 2.192-3 as detailed for AR55 with DPC micelles.1 The final 40 member 

structural ensembles of AR55, validated using PROCHECK-NMR4 and analyzed for regions of 

structural convergence in the context of conformational sampling as detailed previously,5 have 

been deposited in the PDB6 using SMSDep (accession # 2LOT, 2LOV and 2LOW for AR55 

solubilized with SDS, LPPG and 50% HFIP respectively).  The chemical shift, spectral peak, and 

restraint data were deposited into the BMRB7  (accession #18224, 18226 and 18227 for AR55 

solubilized with SDS, LPPG and 50% HFIP respectively).  

Paramagnetic relaxation enhancement (PRE). Additional NMR samples of uniformly 15N-

enriched AR55 were prepared as above except with 10% D2O and 90% H2O and either 77 mM 

DPC or 125 mM LPPG with 0.5 mM AR55 or 110 mM SDS with 1 mM AR55. Samples were 

titrated with Mn2+ up to 1 mM, with 1H-15N HSQC spectra collected at each point. Data for AR55 

solubilized in SDS micelles were collected at Agriculture and Agri-Food Canada (AAFC, 

Charlottetown, PE) on a 600 MHz Bruker Avance III instrument equipped with a 1.7 mm room 

temperature TXI probe. Data for AR55 solubilized in DPC and LPPG micelles were collected on 

a 700 MHz Bruker Avance III spectrometer equipped with a 1.7 mm TCI cryoprobe at the NRCI 
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BMRF facility. For all datasets PRE was measured as the ratio of peak heights in attenuated (Iatt) 

and reference (Iref) spectra. Error (σPRE) was calculated by evaluating the standard deviation of the 

PRE as: 

       (1) 

where  and  represent the standard deviations of the spectral noise (as measured using 

NMRDraw8) in the Iatt and Iref spectra. Structural ensembles were visualized using PyMOL 

(Schrödinger LLC, Cambridge, MA). 

NMR relaxation data collection and analysis. NMR samples of 13C/15N labelled AR55 (1 

mM AR55, 20 mM Na+CD3COO-, 1 mM DSS, 5 mM DTT, 1 mM NaN3, 90% H2O/10% D2O ) 

were prepared with either 102 mM DPC or 150 mM LPPG. In addition, the previously prepared 

13C/15N sample of AR55 in SDS micelles was used. For all samples, 1H-15N HSQC spectra were 

collected to measure the R1 and R2 relaxation rates as well as the heteronuclear NOE at 16.4 T. 

For R1 measurements, recovery delays of 50, 100, 250, 600, 1000 and 1500 ms and for R2 

measurements delays of 10, 30, 50, 70, 90, 130 and 150 ms were used. For AR55 solubilized in 

DPC micelles a R1 measurement at 250 ms was not collected. For AR55 solubilized in SDS 

micelles the R1 time points at 50 and 100 ms were removed due to an experimental artifact. The 

1H-15N NOE was measured as the ratio of a saturated spectrum to a reference spectrum and error 

was propagated by measuring the spectral noise.9  

Since AR55 is composed of two distinct regions (TM and N-terminal tail), calculation of a 

meaningful and accurate correlation time for the complex is difficult. For this reason we 

analyzed our relaxation data with reduced spectral density mapping,10 which does not rely on an 

assumption of the correlation time. Specifically, R1, R2 and the heteronuclear NOE for a given 

backbone 15N nucleus were used to infer the values of J(0), J(ωN) and J(0.87ωH) at that site. 
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Mathematica (Wolfram Research Inc., Champaign, IL) notebooks9 were used to fit the R1 and R2 

relaxation data and fit the relevant reduced spectral density mapping parameters. 100 Monte 

Carlo simulations were performed to determine the errors of the fitted parameters. 

Diffusion-ordered spectroscopy (DOSY) and hydrodynamics analysis. The translational 

diffusion coefficient (DC) of each AR55-micelle system was determined using 1H diffusion 

ordered spectroscopy (DOSY) (32 scans, sweep width 14 ppm, relaxation delay 1.5 s) employing 

pulsed field gradient (PFG) NMR11 on a Bruker Avance 500 MHz (11.74 T) spectrometer 

equipped with a z-axis gradient and a BBFO SmartProbe. The DOSY pulse program 

incorporated stimulated echo and LED with bipolar gradient pulses and two spoil gradients12 

alongside presaturation during the relaxation delay for water suppression. The envelope of 1H 

signals was attenuated by linearly ramping the gradient strength up from 2% to 95% of the 

maximum (53.5 G/cm) in 16 steps. DC was calculated using Dynamics Center (Bruker) from the 

exponential fit of the observed signal decay as a function of gradient strength employing the 

Stejskal-Tanner formula:13 

I = I(0)exp[-DC×(2πγgδ)2×(Δ-δ/3)×1e4]        (2)       

where I is the observed signal intensity, I(0) is the unattenuated signal intensity, γ is the 

gyromagnetic ratio of 1H (4257.7 Hz/G), g is the gradient strength, δ is the gradient pulse length 

(optimized for a given sample between 6 and 8 ms), and Δ is the diffusion time (100 ms). The 

hydrodynamic diameter (dH) of each system was calculated using the observed DC from the 

Stokes-Einstein equation14: 

dH = kBT/3πηDC          (3) 

where kB is the Boltzmann constant, T is the absolute temperature, and η is the solution viscosity 

(estimated based on the ratio of H2O and D2O for a given sample). 
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Molecular dynamics simulations and trajectory analysis. All simulations were performed 

using the GROMACS 4.6.1 software package15-16 with graphical processing unit (GPU) card 

support employing the GROMOS 54A7 force field17 and SPC water model.18 DPC parameters 

were obtained from the automatic topology builder repository19 based on charges and topology 

reported by Tieleman et al.20 Simulations were carried out in rhombic dodecahedron boxes 

employing periodic boundary conditions with 54 DPC monomers, ca. 35000-36000 waters and 

0.15 M NaCl as a balance of system electrostatic charge. Each of the first four ensemble 

members of AR55 in DPC (PDB entry 2LOU1) was employed as the starting polypeptide 

conformation for a series of four independent MD simulations.   

Following randomized DPC placement and solvation, with steepest-decent energy 

minimization following each step, temperature and pressure equilibration were carried out with 

position restraints on the protein. Production runs at constant temperature, pressure, and number 

of particles were then carried out for ~100 ns following converged micelle formation (170-270 

ns total), as judged by following the radius of gyration (Rg) of DPC phosphate headgroups. In 

production runs, the particle-mesh Ewald algorithm21-22 was employed for long-range 

electrostatics and the Verlet scheme23 for short-range electrostatics, with a 1.0 nm cut-off for 

short vs. long range. In each simulation, a 2 fs time step was employed for integration, the 

LINCS algorithm24 was used to constrain protein and detergent bond lengths and the SETTLE 

algorithm25 to constrain water bond lengths and angles. Temperature was maintained at 310 K 

with a velocity rescaling thermostat26 with 0.1 ps coupling constant with detergent, protein, and 

solvent coupled separately. Pressure was held at 1.0 bar by the Parrinello-Rahman barostat,27-28 

with a time constant of 2 ps and compressibility of 4.5x10-5 bar-1.  
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Each trajectory was processed before analysis using the trjconv tool available with the 

GROMACS package. The molecules were first made whole and then the protein and DPC 

molecules were clustered. Periodic boundary jumps were removed using the first frame of the 

respective trajectory as a reference. The system was then centered around the protein and a 

compact unit cell representation was employed. Every 100th frame (i.e., at 50 ps intervals) of the 

trajectory thus obtained was written to obtain the final trajectory used for analysis. The radius of 

gyration (Rg) was calculated for the DPC molecules for the period of simulation using g_gyrate 

tool and was used to evaluate micelle formation. The solvent accessible surface area (SASA) was 

calculated for DPC+protein over the period of the simulation for all trajectories using the g_SAS 

function. Based on converged Rg and SASA, the last 100 ns from each trajectory was extracted 

for further analysis of the protein-micelle complex behavior. Deviation and order parameter (S, 

as defined by Hyberts et al.29) of the φ and ψ dihedral angles for the 2000 frames for last 100 ns 

of the simulation for each model were calculated using an in-house tcl/Tk script. MD trajectories 

and frames were visualized using VMD.30 
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Table S1.The number of possible assignments and the numbers of assigned resonances for 
different isotopes and resonance types of AR55 in various membrane mimetics. Data for this 
table were generated using CCPNMR Analysis.31 Data for DPC were published previously1 and 
are provided strictly for comparative purposes. 

Category 
Total 
possible 

AR55_SDS 
assignments 

AR55_DPC 
assignments 

AR55_LPPG 
assignments 

AR55_HFIP 
assignments 

  
# % # % # % # % 

Carbon 315 262 83 270 86 258 82 258 82 
Proton 363 348 96 358 99 350 96 350 96 
Nitrogen 88 70 80 70 80 70 80 70 80 
Amide 126 124 98 124 98 124 98 124 98 
Backbone 254 252 99 249 98 246 97 246 97 
Backbone 
non-H 192 190 99 187 97 184 96 184 96 
Side chain 
H 301 286 95 296 98 288 96 288 96 
Side chain 
non-H 211 142 67 153 73 144 68 144 68 
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Table S2. Summary of the restraints employed for the final ensemble of 40 retained structures 
from 100 calculated structures. XPLOR-NIH energies, violation occurrences and structural 
statistics for AR55 solubilized in SDS, DPC, LPPG and 50% HFIP are shown. Data for DPC 
were published previously1 and are provided strictly for comparative purposes. 
 SDS DPC LPPG 50% HFIP 
Rounds of structure calculation 9 11 18 15 
Unique NOE restraints     
Total 1556 1608 1654 2355 
Intraresidue 740 788 756 776 
Sequential 444 424 470 594 
Medium range (|i-j| ≤ 4) 320 322 330 728 
Long range (|i-j| > 4) 2 0 0 6 
Ambiguous 50 74 98 251 
Residue Ramachandran plot 
statistics 

    

Core 43.0% 39.2% 30.6% 63.0% 
Allowed 45.5% 47.3% 55.6% 31.4% 
Generously allowed 10.1% 9.3% 12.1% 4.2% 
Disallowed 1.4% 4.2% 1.7% 1.5% 
XPLOR-NIH energies (kcal/mol)a     
Total 43.5 ± 1.4 39.8 ± 1.7 42.3 ± 2.5 44.6 ± 2.9 
NOE 1.3 ± 0.6 1.1 ± 0.6 1.5 ± 0.9 2.0 ± 1.2 
Violations     
NOE violations > 0.5 Å 0 0 0 0 
NOE violations of 0.3-0.5 Å 0 1 0 0 
NOE violations > 0.2-0.3 Å 1 0 1 5 
a Ranges are given by average deviations for XPLOR-NIH energies. 
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Table S3. RMSD values of the various superpositions of AR55 illustrated in Figure 1 of the 
main manuscript. Data for DPC were published previously1 and are provided strictly for 
comparative purposes. 

 Superposed Residues RMSD (Å) 
AR55 in SDS micelles 13-18 1.16 
 20-25 0.61 
 31-43 0.71 
 46-58 0.80 
AR55 in DPC micelles 14-19 0.70 
 20-25 0.66 
 29-46 1.33 
 47-57 0.99 
AR55 in LPPG micelles 22-25 0.30 
 27-45 1.16 
 46-58 1.20 
AR55 in 50% HFIP 13-27 0.71 
 30-41 0.33 
 42-59 0.56 
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Table S4. Translational diffusion coefficient (DC) and hydrodynamic diameter (dH) of pure detergent micelles and AR55-micelle 

complexes. 

 δ range 
(ppm) SDS SDS+AR55 DPC DPC+AR55 LPPG LPPG+AR55 

DC  

(10-10 m2/s) 

1.16-1.34A 1.33± 0.02 1.14 ± 0.02 1.32 ± 0.02 1.09 ± 0.05 0.76±0.01 0.69±0.01 

6.40-8.93B X 0.89 ± 0.07 X 0.94±0.05 X 0.69±0.07 

dH  

(nm) 

1.16-1.34A 4.88 ± 0.08 5.72 ± 0.08 4.89 ±0.06 5.89±0.26 8.52±0.14 9.45±0.16 

6.40-8.93B X 7.27 ± 0.53 X 6.82 ±0.34 X 9.42 ±0.91 

  
A The peak P1 (from 1.16 to 1.34 ppm) corresponds to methyl/methylene protons, so represents detergent (pure micelle sample) or 

convoluted micelle without and with protein incorporated (micelle + protein sample).   
B The peak P2 (from 6.40 to 8.93 ppm) corresponds to protein amide protons, so represents exclusive AR55 signal (bound to micelle 

complex). 
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Figure S1. 1H-15N HSQC for AR55 (acquired at 16.4 T and 37 °C) in LPPG micelles with assignments 
annotated. Note that sidechain cross-peaks denoted with an asterisk are aliased (un-aliased frequencies 
reported in the BMRB). 
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Figure S2. 1H-15N HSQC for AR55 (acquired at 16.4 T and 37 °C) in SDS micelles with assignments 
annotated. Note that sidechain cross-peaks denoted with an asterisk are aliased (un-aliased frequencies 
reported in the BMRB). 
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Figure S3. The percentage signal intensity remaining for selected signals after addition of Mn2+ to the 
indicated NMR sample. Data is shown for AR55 solubilized in SDS with 150 µM Mn2+, DPC with 1 
mM Mn2+ and LPPG with 1 mM Mn2+. 
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Figure S4. Through-space contacts observed for AR55 solubilized in (A) SDS micelles, (B) DPC 
micelles, (C) LPPG micelles and (D) 50% HFIP. Values of CSI32 as well as secondary structure 
predictions using the DANGLE algorithm33 are shown. This figure was generated using CCPNMR 
Analysis.31 
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Figure S5. A breakdown of per-residue NOE contacts used to calculate the final ensembles of AR55 
structures. Intraresidue, short (sequential), medium ( ) and long range NOE interactions shown 
for AR55 in (A) SDS, (B) DPC (previously published;1 shown for comparative purposes), (C) LPPG 
and (D) 50% HFIP. Note that these plots do not include the ambiguous NOE contacts listed in Table 
S2. 

€ 

i − j ≤ 4
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Figure S6. An overview of the convergence of φ (A) and ϕ (B) dihedral angles of the 40 members of 
the AR55 structural ensemble in SDS micelles. Both the deviation (bars) and order parameter (line) are 
indicated. 
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Figure S7. An overview of the convergence of φ (A) and ϕ (B) dihedral angles of the 40 members of 
the AR55 structural ensemble in LPPG micelles. Both the deviation (bars) and order parameter (line) 
are indicated. 
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Figure S8. 1H-15N HSQC for AR55 (acquired at 16.4 T and 37 °C) in 50% HFIP/H2O with 
assignments annotated. Note that sidechain cross-peaks denoted with an asterisk are aliased (un-aliased 
frequencies reported in the BMRB). 
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Figure S9. An overview of the convergence of φ (A) and ϕ (B) dihedral angles of the 40 members of 
the AR55 structural ensemble in 50% HFIP. Both the deviation (bars) and order parameter (line) are 
indicated. 
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Figure S10. (A) Radius of gyration (Rg) for DPC molecules and (B) solvent accessible surface area for 
protein and DPC molecules tracked as a function of simulation time for each of the four replicate MD 
simulations performed using the indicated model from the DPC structural ensemble (PDB entry 2LOU) 
as a starting structure.  
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Figure S11. AR55 TM1 kink angle, calculated using MC-HELAN,34 as a function of simulation time 
tracked as a function of simulation time for each of the four replicate MD simulations performed using 
the indicated model from the DPC structural ensemble (PDB entry 2LOU) as a starting structure. 
Simulation times correspond to the final 100 ns of each simulation (i.e., following convergence (Figure 
S10)). Average and standard deviations for each simulation are - model 1: 86° ± 11°; model 2: 104° ± 
7°; model 3: 74° ± 20°; model 4: 164° ± 7°. For comparison, the initial kink angle for each NMR-
derived ensemble member from PDB entry 2LOU was – model 1: 43°; model 2: 96°; model 3: 7°; 
model 4: 60°. 
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