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S1. Supporting Information

S1. Molecular dynamics simulation of the predicted BTL transmembrane a-helix TM4 and TM4A in the DPPC
membrane for the initial stability assessment

Predicted BTL peptide TM4 / TM4A in lipid / water molecular systems were constructed
using CHARMM [64] utilizing the methodology presented in our previous studies of the TM2 and
TM3 segments of BTL [15,16]. The amino acid sequence that was predicted to encompass the BTL
transmembrane region of the TM4 helix was the sequence of 20 BTL residues: 258-277 [14] followed
by the prediction model with statistics sequence comprising 23 BTL residues: 254-276. Two three
dimensional models were generated by the available CHARMM topology and structural libraries
[65,66]. The a-helix conformation for each sequence was generated by constraining the backbone
torsion angles ¢ and ¢ to the values of -57° and -47° for each amino acid backbone torsion angle [87].
Analogously, [15,16] the additional amino acids corresponding to the residues located prior to the start
(256257 residues for TM4 system and 252-253 residues from the TM4A system) and subsequent to the
end of the transmembrane a-helix (278-279 residues for TM4 system and 277-278 residues from the
TM4A system) on the BTL sequences were added on the C-terminal and N-terminal end of TM4 and
TM4A. These additional amino acid residues were not constrained to the a-helical conformation.

S2. Circular Dichroism spectroscopy of TM4 transmembrane fragment in DPC and SDS micellar environments

Circular Dichroism secondary structure analysis was performed at 298 K on 0.15 mg/mL peptide
solutions using Jasco J-815 spectropolarimeter. The pH of the measured solutions was between 6.5, and
7.0 checked just before starting the experiments. Every spectrum was averaged from three independent
runs. CD spectra were acquired in the surfactant-free aqueous solution, trifluoroethanol (TFE), micellar
aqueous solutions of SDS and DPC, and micellar solution of DPC in H,O/CH3OH (v:v ~ 7:3). Finally,
the data were corrected by subtracting the background and analyzed as mean residue molar ellipticity
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O (degree x cm? x dmol~!) vs. wavelength A (nm). The content of the secondary structure was
calculated from the spectra using a CONTINLL method [88] using as a reference the database of 37
soluble and 13 membrane proteins (SMP50) with precisely known secondary structures.

Measurement of the 15N relaxation data for 15N-labeled Ala261 in the TM4 fragment in SDS-dys and DPC-d3g
micelle

Incorporation of 1"N-labeled residues in studies peptide dramatically expand our knowledge
about molecular dynamic processes in the backbone. the °N relaxation data were acquired for
I5N-labeled Ala261 in two available magnetic fields (14.1 T and 18.8 T) at 303 K for TM4 fragment
in SDS-d»5 and DPC-d3g environments. The experimental data were recorded using pulse sequence
presented in BioPack (Agilent Inc. PaloAlto CA, USA) written on base previously published studies.
[85] The '°N R; relaxation rates on 18.8 T were extracted from experiment conducted as eight delays —
10, 90, 170. 290, 410, 550, 690 and 850 ms — in SDS-d55 and DPC-d3g surfactants. The similar experiments
on 14.1 T were performed as a nine points — 10, 90, 170. 290, 410, 550, 690, 850 and 1010 ms — for TM4
in SDS-dy5, and as a ten points — 10, 90, 170. 290, 410, 550, 690, 850, 1010 and 1025 ms — for TM4 in
DPC-d3g media. The 15N R; relaxation rates on 18.8 T were acquired with eight delay - 10, 30, 50, 70,
90, 130, 170 and 210 ms — for ®N-labeled Ala261 in SDS-d»5 and DPC-d3g micelle. Due to fast relaxation
for TM4 in DPC-d3g the values of R; relaxation rate was obtained only on base five points (Figure 5B in
the main text). The data concerned steady-state 'H — 1N NOE on 14.1 T and 18.8 T were not possible
to obtain, probably due to low concentration of TM4 peptide for that experiments.

S3. Carver-Richards model for two exchangeable sites from 3 P relaxation measurements

To explore the slow dynamic processes in DPC surfactant, the 3!P R, CPMG experiment. The
obtained data were analyzed with Carver-Richards model [52] described two—site conformational
exchange processes [51]:

T, = Y (S1)
TCP

where
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Life times in site < A >, 7, and site < B >, 13, populations P; and P, and k;, obey to the following
relations
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Table S1. The comparison of predictions of transmembrane regions of bilitranslocase using PredaTM
algorithm [22] with other algorithms.

Algorithm Number of predicted Predicted transmembrane regions
transmembrane regions
PredaTM 4 (TMregions 1,2,3,4) | 24-48,75-94,220 - 238,254 - 276
TMpred 4 (TMregions 1,2,3,4) | 26-45,75-102,217 - 237, 256 — 278
TopPred I 4 (TMregions 1,2,3,4) | 26-46,72-92,221-241,257 - 277
SOUSI 0
PRED-TMR 3 (TM regions 1, 2, 4) 27 - 46,75 - 94, 256 - 277
TMHMM 2 (TM regions 1, 4) 20-42,256 -278
HMMTOP 3 (TM regions 1, 3, 4) 20 - 43, 226 — 245, 257 - 277
Phobius 2 (TM regions 1, 4) 20-41,256 -277
SVMtm 2 (TM regions 1, 4) 27 - 41,257 -273
DAS-TMfilter 2 (TM regions 1, 4) 27 -42,257 -271
MEMSAT 2 (TM regions 1, 4) 22 - 42,257 - 275
SCAMPI 3 (TM regions 1, 3, 4) 21 -41,221 - 241, 256 - 276
MemBrain 3 (TM regions 1, 2, 4) 23 -42,74 - 82,256 — 270
Philius 3 (TM regions 1, 2, 4) 19 - 41,76 -99, 255 - 279
OCTOPUS 2 (TM regions 1, 4) 23 -43,254 - 274
TOPCONS 3 (TM regions 1, 3, 4) 21 -41,221 - 241, 259 - 279
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Table S2. The values of force constants (kcal/mol/A?) used during the equilibration of the TM4 and
TMA4A helices in the DPPC membrane [15,16,89].

Equilibration
Stage | stepl | step2 | step3 | step4 | step5 | step6
Ky 10 5.0 2.5 1.0 0.5 0.1
K> 5.0 2.5 1.0 0.5 0.1 0.0
Kuwforee 2.5 2.5 1.0 0.5 0.1 0.0
Kiforce 2.5 2.5 1.0 0.5 0.1 0.0
Kinforce 2.5 2.5 1.0 0.5 0.1 0.0

Kj - the force constant applied to the protein backbone
Kj - the force constant applied to the side chains
Kuforce - the force constant applied to keep water molecules away from the hydrophobic core

Kiforce - the force constant applied to the lipid tail
Ky force - the force constant applied to the movement of the lipid head
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Table S3. Structural statistics of distance constraints used for evaluation of the TM4 fragment in
SDS and DPC micelle. NMR restraints and structural statistics for the ensemble of 20 lowest-energy
structures of TM4 fragment in SDS-dy5 and DPC-dsg surfactants.

SDS-dys DPC-dsg

NOE distance constraints 258 278

Intra-residue [i-j|=0 124 170

Sequential |i-j|=1 113 88

Medium range [i-j|< 5 21 20
Hydrogen bonds

Distance constraints 12 16
Torsion angles restraints

Backbone (¢/1) 8 12
Ramachandran plot

Residues in most-favored regions (%) 82.5 85.0

Residues in additional allowed regions (%) 17.2 14.8

Residues in generously allowed regions (%) 0.2 0.2

Residues in disallowed regions (%) 0.0 0.0
RMSD to the mean co-ordinates

Ordered backbone atoms (A) 0.23 £+ 0.06" 0.18 + 0.05¢

Ordered side-chains atoms (A) 091 + 0.16 094 + 0.17
RMS Z-scores®

Bond lengths (A) 0.253 £0.185 | 0.127 + 0.310

Bond angles (°) 0.950 £+ 0.143 | 0.966 £ 0.129

Side chain planarity 1.252 +£0.049 | 1.228 4 0.050

Nonbonded of VAW and Coulomb energies | -1.144 + 0.158 | 0.429 + 0.108
Structure Z-scores®

First-generation packing quality -1.110 £ 0.437 | 0.333 £ 0.355

Second-generation packing quality -1.651 + 0.517 | -0.353 4+ 0.374

? region Pro258 — Leu266
b region Pro258 — Met268
¢ evaluated with Whatlf software [90]
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Table S4. Diffusion measurements were performed on 'H, >H and 3'P isotopes at 303 K.

Micellar media TH Dy, Ry, (A 2H Dyr Ry, (A) S1p Dy, Ry (A)
1071 (m?/s) 10~ (m?/s)° 1071 (m?/s)°
SDS-d»s5 7.54 4+ 0.01 37
SDS-dps + TM4 824 +0.06 34
DPC-d3g 7.30 4020 38 6.97 4 0.02 40
DPC-d3g + TM4  8.19 % 0.07 34 6.98 4 0.22 40

?Experimental data obtained on 18.8 T
PHydrodynamic radius calculated with Stokes-Einstein equation
“Experimental data recorded on 14 T

7 of 29
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Table S5. 3P relaxation data obtained on 14.1 T magnetic field at 303K with and without TM4 segment

inside DPC-d3g micelle.

Media Ry (s71) Ry (s~ 1)
DPC-dsg 0.933 + 0.003 7.874 £+ 0.062
DPC-dsg + TM4 | 0.959 + 0.005 | 83.333 + 13.889
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Figure S1. The 3D Ramachandran diagrams for the backbone torsion angles and secondary structural
analysis. (A) The backbone torsion angles ¢ and ¢ of the predicted residues of the transmembrane
helix (generated for residues 258-277 TM4 helix and 254-277 TM4A helices. (B)) Two-dimensional time
plots of the secondary structure analysis. Purple color depicts the presence of the a-helical structure,
rarely occurring green lines indicate the presence of turns while the blue lines indicate the presence
of the 31¢-helical structures (only a few frames). Residue numbers from 3-22 or 3-25 on the y-axis

correspond to the 258-277 or 254-276 residues of the BTL TM4 or TM4A sequences respectively.
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Figure S2. RMSD during MD simulations. RMSD time graphs of the backbone atoms for the a-helices
TM4 (initial prediction) and TM4A (prediction with statistics).
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Figure S3. CD spectra of the TM4 fragment. CD spectra of TM4 fragment recorded at 298 K in different
media: aqueous solution (red), TFE (black), SDS (pink), DPC (green), and DPC in H,O/CH3OH (blue).
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Figure S4. The backbone distance constraints and stereo view of TM4 in SDS-dy5 micelle. The sequence
plot of a backbone 'H — 'H distance constraints yielded from the analysis of 2D NOESY experiment in
SDS-dps5 micelle (up). Stereo view of the high-resolution 3D structure of TM4 evaluated with CYANA
software (down).
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Figure S5. The backbone distance constraints and stereo view of TM4 in DPC-d3g micelle. Sequence
plot of backbone 'H - 'H distance constraints yielded from analysis of 2D NOESY experiment in
DPC-d3g micelle (up). Stereo view of the high-resolution 3D structure of TM4 evaluated with CYANA
software (down).
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Figure S6. (A) Comparison of the 3D structures of the TM4 peptide in SDS (blue) and DPC (green)
obtained on the basis of NMR data. The orientation of a-helices are shown by N- and C-termini. (B) The
N-terminal (Phe257) and C-terminal (Ser270, Thr271 and Leu272) residues, demonstrated structural
alterations in anionic (SDS) and zwitterionic (DPC) media. Changes for ¢ and ¢ torsion angles are
highlighted.
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Figure S7. The 'H PGSE spin echo attenuation obtained for the TM4 peptide in SDS-da5 (blue) and
DPC-d3g (green) micelles at 303 K. The obtained value of Dy, coefficient for TM4 fragment in SDS-dy5
surfactant is similar to reported previously by our group [17].
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Figure S8. Energy of hydrophobic interactions of the TM2, TM3 and TM4 transmembrane fragments
with SDS micelle. Energy of hydrophobic interactions of the transmembrane domains of BTL protein
with SDS-dp5 micelle in residue specific manner. The data were calculated using previously evaluated
3D structures TM2 [16], TM3 [15], and TM4 (this work) peptides with YASARA software using
AMBER14 force field. Presented alignment of the TM3 peptide has reverse order due to orientation in
membrane in respect to the TM2 and TM4 fragments.
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MD progress [ns]

Figure S9. The time dependence of the distance between TM4 peptide and micelle center of mass. (A)
The time dependence of the distance between a center of mass of TM4 peptide in SDS and DPC micelle
during MD simulations. In both cases TM4 segment "flows’ from the center towards to the surface of a
micelles. (B) Effect of snorkeling for N-terminal lysines with phosphate groups located on surface of
DPC micelle. The phosphocholine part of DPC monomers are presented as balls and side chains of
residues from TM4 fragment shown as balls and sticks.
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Figure S10. Energy of hydrophobic interactions of the TM4 transmembrane fragment with SDS and
DPC micelle. The energy of hydrophobic interactions (AH,) spanning over all residues of the TM4
segment in the SDS-dp5 and DPC-dsg micelles obtained from the NMR solved 3D structures in Figure 7.
The energies were calculated with YASARA software and AMBER 2014 force field. An average energy
(per residue) is depicted as the horizontal line.
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Figure S11. Content of the a-helical conformation in the TM4 fragment defined with CD measurements
(shadow), NMR (filled) and molecular dynamic simulations (empty) procedures in SDS (blue) and

DPC (green) surfactants.
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Figure S12. Time plot of the of the secondary structure analysis for the TM4 fragment in SDS-dp5 and
DPC-dsg micelle obtained during molecular dynamic simulations performed in Yasara software.
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Figure S13. Radial distribution functions (RDF) plots. RDF obtained with Ptraj program for TM4
peptide in SDS-dy5 micelle. RDF of hydrophobic (red), hydrophilic (green) and water molecules (blue)
calculated for heavy atoms in the side chains.
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Figure S14. Radial distribution functions (RDF) plots. RDF plots obtained with Ptraj program for TM4
peptide in DPC-d3g micelle. RDF of hydrophobic (red), hydrophilic (green) and water molecules (blue)

calculated for heavy atoms in the side chains.
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Figure S15. The 3D structure of (A) TM2 [16], (B) TM3 [15] and (C) TM4 transmembrane fragments of
BTL protein in SDS-dp5 micelar media solved with NMR spectroscopy.
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Figure S16. The fragments of 2D "H—!H NOESY spectrum acquired for TM4 fragment in SDS-d,5
micelle. The 2D homonuclear "H—!'H NOESY data collected with mixing time 120 ms for TM4
fragment in SDS-dps micelle at 303 K on Agilent DDR2 800 NMR spectrometer. (A) — correlations

between amide and aliphatic protons are shown; (B) — the region characteristic for amide protons.
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Figure S17. The fragments of 2D "H-—'H NOESY spectrum acquired for TM4 fragment in DPC-d3g
micelle. The 2D homonuclear 'H—!'H NOESY data collected with mixing time 120 ms for TM4
fragment in DPC-d3g micelle at 303 K on Agilent DDR2 800 NMR spectrometer. (A) — correlations
between amide and aliphatic protons are shown; (B) — the region characteristic for amide protons.
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