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Refinement of Flipper-TR Force Field

Initial force field (FF) parameters of Flipper-TR were obtained by analogy from the CHARMM

General Force Field (CGenFF).S1 Atom names and types are reported in Figure S1a,b.

Partial charges from the CHARMM FF were retained only for few atoms (blue atoms in

Figure S2a). The remainder of charges were optimized using the Restricted ElectroStatic

Potential (RESP) approach,S2 providing the Merz-Singh-Kollman electrostatic potential.S3

Several bond, angle and dihedrals were derived and refined following standard procedures

(Figure S2b-d). Particular care was required for the optimization of Θ parameters, as it

is involved in the mechanosensitive process (Figure 1a, main text). The refinement of all

parameters required quantum mechanical calculations of optimized geometries, energies and

the Hessian (second derivative of potential energy) as prescribed by the ffTK parametrization

workflow.S4 In particular, the derivation of dihedral parameters required relaxed potential

energy surfaces of Flipper-TR computed for different fixed torsion angles.
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Figure S1: (a) Atom names, (b) types and (c) charges of Flipper-TR.
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Figure S2: Flipper-TR with highlighted molecular parameters subjected to rigorous refine-
ment using ffTK:S4 (a) partial atomic charges (blue: from CGenFF, red: optimized by
RESP), and (b) bond, (c) angle and (d) dihedral paramenters. The mechanosensitive dihe-
dral is highlighted by an arrow in (d).
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Additional Details and Results

Simulation System Compositions

Table S1: Simulation compositions for systems reported in this study. Values represent num-
ber of molecules (DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine, DPPC: 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine, PS: N-palmitoyl-D-erythro-sphingosylphosphorylcholine, CL:
cholesterol). Sodium cations are used as counterions for the negative charge in Flipper-TR.

System DOPC DPPC SM CL Water Flipper-TR ions (Na+)
DOPCa 94 - - - 4680 1 1

DOPC (PMF) 94 - - - 6272 1 1

DPPC (330K) - 116 - - 5636 1 1
DPPC (298K)b - 115 - - 4674 1 1
DPPC (PMF) - 116 - - 6806 1 1

SM/CL (330K) - - 111 48 4956 1 1
SM/CL (310K) - - 112 48 4956 1 1
SM/CL (PMF) - - 111 48 6436 1 1

Ternary 1 (2 reps) 400 - 306 86 28601 8 8
Ternary 2 (2 reps) 208 - 460 136 30509 6 6

a same for simulations at 330K or 298K and at different surface tensions.
b same for temperature-jump simulations.

Computational Analysis of Physicochemical Properties of Membranes

Analysis of membranes was performed on trajectories after centering the bilayer in the simu-

lation box along the z direction. Several membrane-related parameters were extracted using

MEMBPLUGIN:S5 area per lipid, mass interdigitation, membrane thickness, lipid tilt angle,

deuterium order parameter (SCD), and normalized mass density (Figures S3-S10).

For mass interdigitation, we reported a correlation-based fraction that accounts for the

overlap of masses between the two leaflets:

I2ρ = 4

∫
ρa(z)ρb(z)dz/

∫
[ρa(z) + ρb(z)]2dz
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with ρi(z) representing the mass density of each leaflet (a or b) along z. A lipid tilt angle is

the angle between an arbitrarily chosen vector in the lipid molecular frame and the normal

to the bilayer. We extracted the tilt angle for the polar head of DOPC, DPPC and SM using

the vector defined by phosphorus and nitrogen atoms (
−−→
PN in Figures S3-S8). The tilt angle

associated to the sn-2 acyl chain was calculated using vectors defined by C22 and C218 for

DOPC (
−−−−−−→
C22C218 in Figures S3 and S4), C22 and C216 for DPPC (

−−−−−−→
C22C216 in Figures S5

and S6), and C2F and C16F for SM (
−→
CC in Figures S7 and S8). For cholesterol, only one

tilt angle was reported using the vector formed by C13 and C10 atoms (
−→
CC in Figures S7

and S8).

SCD order parameter is an experimentally-accessible value that characterizes the mem-

brane order and is defined as: SCD = −1
2
〈3 cos2 φ−1〉, with φ equal to the angle between the

C-H bond in the aliphatic tail and the membrane normal. In this work, the order parameter

was calculated for every carbon in the sn-2 tail of DOPC, DPPC and SM and for the sn-1

tail of DOPC and DPPC. It is worth noting that SCD for DPPC at low temperature is lower

than 0.25 for all carbon atoms even if the membrane is in an ordered state. These low values

are due to the orientation of the DPPC lipid tails in the membranes, which is close to the

“magic angle” (54.7◦) at which the order parameter approaches to zero.S6 Since SCD is cal-

culated with respect to the membrane normal, its value is thus affected by the orientation of

the lipids. The lipid tilt angles in DPPC at low temperature are not colinear but still gen-

erate a membrane in the gel phase state having two leaflets with identical phisyco-chemical

properties.

Figures S3-S8 summarize the analysis results for the systems simulated in this study.
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Figure S3: Analysis of DOPC bilayer at 330K in the presence of Flipper-TR (DTT).

Figure S4: Analysis of DOPC bilayer at 298K in the presence of Flipper-TR (DTT).
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Figure S5: Analysis of DPPC bilayer at 330K in the presence of Flipper-TR (DTT).

Figure S6: Analysis of DPPC bilayer at 298K in the presence of Flipper-TR (DTT).
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Figure S7: Analysis of SM/CL bilayer at 330K in the presence of Flipper-TR (DTT).

Figure S8: Analysis of SM/CL bilayer at 310K in the presence of Flipper-TR (DTT).
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Figure S9: Area per lipid and SCD for DOPC at 298K under different negative surface
tensions. Curves at 0 dyn/cm are retrieved from the first 250 ns of the simulation in DOPC
at 298K (Figure S4). All other systems were simulated for 250 ns after an initial equilibration
of 40 ns at the target surface tension.
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Figure S10: Additional two replicas of temperature-jump simulations of DPPC membrane
containing Flipper-TR (see Figure 5 in main text). The trajectories were differentiated
by re-initializing the velocity upon switching the temperature to 330K. Initial equilibrium
simulation at 298K is the same for all 3 replicas.
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Experimental Preparation of LUVs

DOPC LUVs. A thin lipid film was prepared by evaporating a solution of DOPC (30 µmol) in

MeOH/CHCl3 1:1 (1mL) on a rotary evaporator and then under vacuum overnight. The re-

sulting film was hydrated with a buffer (1.0mL, 10mM Tris, 100mM NaCl, pH 7.4) for 30min

at room temperature, subjected to freeze-thaw cycles (5×, liquid N2, 55◦C water bath) and

extruded (15×) through a polycarbonate membrane (pore size, 100 nm) using Mini-extruder.

The resulting DOPC LUVs stock dispersion had following characteristics, and was used for

the spectroscopic measurements without further purifications: 30mM DOPC in 10mM Tris,

100mM NaCl, pH 7.4.

For the measurement of partition coefficients, the original stock dispersion was diluted with

the buffer to give a new stock dispersion: 10mM DOPC in 10mM Tris, 100mM NaCl, pH

7.4.

DPPC LUV s were prepared similarly using DPPC instead of DOPC. Hydration and extru-

sion were performed at 55◦C. DPPC LUVs stock: 30mM DPPC in 10mM Tris, 100mM

NaCl, pH 7.4.

SM/CL LUVs were prepared similarly using SM (21µmol) and CL (9 µmol). Hydration

(with 1.5mL of the buffer) and extrusion were performed at 55◦C. SM/CL LUVs stock:

20mM SM/CL (7:3) in 10mM Tris, 100mM NaCl, pH 7.4.

Fluorescence Measurements in LUVs

DOPC. To a gently stirred buffer solution (2.0mL, 10mM Tris, 100mM NaCl, pH 7.4) in a

quartz cuvette were added LUVs (5 µL of 30mM lipid). Emission (λexc = 440 nm) and exci-

tation spectra (λem = 575 nm) were recorded at 298 and 328K to serve as backgrounds. Slits

of 5 nm were used for both excitation and emission in all experiments. After thermostating

the prepared solution to 328K. Flipper-TR (20 µL of 10µM DMSO solution) was added and

emission spectra were recorded at regular intervals until the fluorescence intensity reached

its maximum and stabilized, typically after ∼10min. After the partitioning of the probe
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to LUVs was completed, the excitation spectrum was recorded, and the solution was cooled

down to 298K while measuring excitation spectra at regular intervals. Stable emission and

excitation spectra were measured after ∼15min. Obtained spectra were background sub-

tracted, and corrected using the correction function supplied by the manufacturer.

DPPC. Experiments in DPPC were performed analogously to those in DOPC (λem = 575 nm,

λexc = 440 nm for 328K, and 485 nm for 298K).

SM/CL. Experiments in SM/CL were performed analogously to those in DOPC (7.5µL of

20mM lipid, λem= 560 nm, λexc = 485 nm).

Table S2: Experimental partition coefficients of Flipper-TR in LUVs of different composition
at 298 and 310K.

Kp DOPC Kp DPPC Kp SM/CL (7:3)
298K (4.70± 0.58)× 106 (4.09± 0.28)× 105 (3.04± 0.29)× 105

328K (7.96± 0.75)× 106 (3.19± 0.26)× 106 (2.24± 0.26)× 106

Table S3: Experimental partition free energy of Flipper-TR calculated from values in Ta-
ble S2 using the formula ∆G = −RT lnKp.

∆G DOPC ∆G DPPC ∆G SM/CL (7:3)
[kcal/mol] [kcal/mol] [kcal/mol]

298K −9.1± 0.1 −7.6± 0.1 −7.5± 0.1
328K −10.4± 0.1 −9.8± 0.1 −9.6± 0.1

Partition Coefficient Measurements

LUVs composed of DOPC, DPPC or SM/CL (7:3) were added to a 2mL buffer solution

(Tris 10mM, 100mM NaCl, pH 7.4) containing Flipper-TR (50 nM) thermostated at 298 or

328K. The emission spectra were recorded after every lipid addition when equilibrium was

reached and a stable signal could be observed (2min for DOPC, 5min for DPPC and 15min

for SM/CL at 328K; 25min for DOPC, 30-60min for DPPC and 30-60min for SM/CL at
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Figure S11: Emission spectra of Flipper-TR (50 nM) in presence of increasing amount of
DOPC (a, b), DPPC (c, d) and SM/CL (7:3) (e, f) LUVs at 298 (left) and 328K (right).
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Figure S12: Plot of emission intensity of Flipper-TR versus increasing concentration of
DOPC (a, b), DPPC (c, d) and SM/CL (7:3) (e, f) LUVs at 298 (left) and 328K (right).
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298K). Kp values were obtained by fitting the following equationS7 to the data:

I = Imin +
Imax − Imin
1 + [H2O]

Kp[lipid]

,

where I is the emission intensity at the band maximum after every lipid addition, Imin is

the emission intensity before the lipid addition, Imax is the emission intensity at high lipid

concentration, [H2O] is the concentration of water (55.3M).

Fitting of Mechanosensitive Dihedrals

Dihedral distributions in Figure S13 were analyzed using a skewed Gaussian function which

takes into account asymmetry in the distribution.S8 The skewed Gaussian is expressed as:

fsG(Θ) = N e−ln2[ln(1+ 2b(Θ−Θc)
d ) 1

b ]
2

, (1)

where N and Θc are the height and the center of the distribution, respectively. The b

parameter represents the asymmetry and the parameter d is related to the full-width at

half-maximum (FWHM) by

FWHM = 2d
sinh b

b
. (2)

A single or the sum of two skewed Gaussian functions were fit to MD-derived dihedral

distributions according to the number of peaks. Fit and extracted parameters are reported

in Figure S14 and Table S4.
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Figure S13: Plot of mechanosensitive dihedral Θ as a function of time and respective his-
tograms in (a) DOPC, (b) DPPC, and (c) SM/CL at different temperatures.

Table S4: Optimized fitting parameters for Flipper-TR in membrane of different lipid com-
positions and temperatures.

N1 Θ1 FWHM1 b1 N2 Θ2 FWHM2 b2

DOPC 298K 190± 16 69± 2 36± 8 +0.27± 0.26 261± 26 116± 1 32± 5 −0.20± 0.17
DOPC 330K 205± 9 70± 2 41± 6 +0.35± 0.17 274± 21 118± 1 31± 3 −0.13± 0.10

DPPC 298K 323± 9 143± 1 30± 1 +0.20± 0.06
DPPC 330K 206± 21 67± 2 34± 6 +0.19± 0.20 291± 13 118± 1 36± 5 −0.30± 0.17

SM/CL 310K 410± 10 139± 1 32± 1 −0.06± 0.05
SM/CL 330K 257± 10 61± 1 34± 2 +0.24± 0.11 303± 10 126± 1 32± 2 −0.22± 0.10
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Figure S14: Distributions of mechanosensitive dihedral Θ in DOPC (a, b), DPPC (c, d) and
SM/CL (e, f) at 330K (a, c, e), 310K (f) and 298K (b, d). Fitting curves and residuals are
shown as solid lines and circles, respectively.
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DOPC DPPC SM/CL
a b c

Figure S15: Optimized fitting parameter Θ1 and Θ2 as a function of the distance from the
midplane of (a) DOPC, (b) DPPC and (c) SM/CL membrane at 330K. Dihedral angle data
were retrieved from the umbrella sampling trajectories (30 ns per umbrella) and used for the
fit with Equation 1. Solid red lines are linear regression fit to the trend (Table S5). Few
outliers due to poor sampling of dihedral distributions were removed from (c) to improve the
quality of the linear regression.

Table S5: Linear regression parameter for Θc average values as a function of distance from
membrane midplane for DOPC, DPPC, and SM/CL at 330K (Figure S15). Dihedral angle
data were retrieved from the umbrella sampling trajectories (Figure 1 of main manuscript).

DOPC DPPC SM/CL (7:3)

Θ1
slope 0 0.13± 0.04 0.23± 0.09

intercept 69.8± 2.4 66.3± 2.6 61.8± 3.0

Θ2
slope −0.17± 0.08 −0.20± 0.25 −0.23± 0.29

intercept 118.1± 2.1 122.3± 1.6 123.1± 9.2
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Figure S16: Distribution of mechanosensitive dihedral Θ in DPPC and SM/CL at 310K
and 298K, respectively. We randomly selected 50 initial conformations from the trajectories
shown in Figure 3 for both DPPC (298K) and SM/CL (310K) and set artificially all the
Flipper-TR dihedral to 50◦ in the beginning of each simulation. Each system was then
simulated for 10 ns and the dihedral angles for the last nanosecond of all simulations were
collected to determine the distributions shown here.

Table S6: Optimized fitting parameters for Flipper-TR in a DOPC membrane at different
surface tensions.

Tension [dyn/cm] N1 Θ1 FWHM1 b1 N2 Θ2 FWHM2 b2

0∗ 190± 16 69± 2 36± 8 +0.27± 0.26 261± 26 116± 1 32± 5 −0.20± 0.17
-50 182± 10 66± 1 36± 4 +0.31± 0.19 248± 14 118± 1 29± 2 −0.08± 0.12
-100 147± 10 68± 2 37± 7 +0.31± 0.25 279± 15 120± 1 30± 3 −0.18± 0.12
-200 458± 10 134± 1 25± 1 −0.06± 0.05

* same as DOPC 298K in Table S4
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Figure S17: Distributions of mechanosensitive dihedral Θ in DOPC at 298K and at (a)
-50 dyn/cm, (b) -100 dyn/cm, and (c) -200 dyn/cm surface tension. Fitting curves and resid-
uals are shown as solid lines and circles, respectively.
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Dynamics of Flipper-TR Twisting

Local dynamics of flipper twisting was characterized by torsion time autocorrelation func-

tions (TACFs) for the systems showing a bimodal distribution (Figure S13). TACF is defined

as:

TACF(Θ(t)) =
〈cos Θ(t) cos Θ(0)〉 − 〈cos Θ(0)〉2

〈cos Θ(0) cos Θ(0)〉 − 〈cos Θ(0)〉2
(3)

where brackets denote ensemble averages.S9 A stretched exponential function was fit to

each TACF (Figure S18) and the results are shown in Table S7. In order to estimate the

twisting frequency (Tf ), we used a dihedral time series where each point was the moving

average over 20 frames centered about the point (the time between two frames corresponds

to 10 ps). Then, the number of crossing of the middle point between maxima in the twist

angle distribution was counted and the total number was divided by the trajectory time in

nanosecond. This procedure was repeated 6 times, each time for a 50 ns trajectory block

(for a total of 300 ns per simulation). The final values reported in Table S7 correspond to

the mean and standard deviation over these 6 blocks.

Table S7: Optimized parameters for fit of a stretched exponential, exp(−(t/τ)β), to the
torsion time autocorrelation function (Equation 3 and Figure S18). Twisting frequency
(Tf ), defined as the number of times the mechanosensitive dihedral crosses the middle point
between the maxima in the twist angle distribution, is also reported as cycles per ns.

DOPC (298 K) DOPC DPPC SM/CL (7:3)
τ [ns] 1.67± 0.05 0.25± 0.01 0.17± 0.01 2.90± 0.20
β 0.48± 0.01 0.46± 0.01 0.42± 0.01 0.50± 0.01

Tf [ns−1] 1.2± 0.2 1.7± 0.3 1.8± 0.4 0.7± 0.1
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Figure S18: Torsion time autocorrelation functions (TACFs) for Flipper-TR mechanosensi-
tive dihedral in DOPC, DPPC and SM/CL membranes. Dihedral angles were retrieved from
data in Figure S13. Solid black lines are stretched exponentials fit to the data.
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Analysis of Ternary Lipid Mixtures

As a preliminary assessment of the DOB method, references histograms of twist angles in

DOPC at 298K and in SM/CL at both 310K and 330K were selected (Figure 3b of main

text), and these reference distributions were split in two datasets by dividing original data

in even and odd samples (Figure S19). These new datasets were used as reference and

test distributions, respectively, for the DOB-phase classification (Table S8). Intersections

higher than 0.9 were extracted for distributions corresponding to the same membrane, while

intersections between the distributions in different membranes were always lower than 0.75,

confirming the reliability of the approach.

Figure S19: Reference and test distributions of mechanosensitive dihedral Θ used in the
DOB-phase classification approach. Dihedral histograms were extracted from simulations in
DOPC at 298K and in SM/CL at 330K and 310K. The histograms are area-normalized with
1◦ bin-size. Reference and test data were obtained from the same simulation by assigning
even and odd samples to two different sets.

Table S8: Intersections between area-normalized histograms of reference and test twisting
angles in Figure S19.

REFERENCES
DOPC 298K SM/CL 330K SM/CL 310K

DOPC 298K 0.943 0.729 0.274
TESTS SM/CL 330K 0.747 0.927 0.413

SM/CL 310K 0.278 0.422 0.948
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Table S9: Results from DOB-phase classification for ternary mixture membranes (Membrane
1 and Membrane 2). Reference histograms used for the analysis are merged reference and test
distributions shown in Figure S19. Intersection values between area-normalized histograms
of references and Flipper-TRs in each ternary mixture membranes are shown. All histograms
were uniformly binned using a 1◦ bin-size.

REFERENCES

Membrane Replica Probe ID DOPC 298K SM/CL 330K SM/CL 310K Phase

1

1

1 0.750 0.866 0.354 O
2 0.648 0.770 0.558 O
3 0.864 0.768 0.367 D
4 0.896 0.758 0.328 D
5 0.795 0.794 0.432 B
6 0.861 0.758 0.367 D
7 0.898 0.765 0.335 D
8 0.897 0.784 0.340 D

2

1 0.859 0.843 0.377 B
2 0.737 0.887 0.449 O
3 0.891 0.759 0.325 D
4 0.884 0.750 0.343 D
5 0.803 0.817 0.406 B
6 0.573 0.617 0.115 O
7 0.905 0.815 0.316 D
8 0.846 0.808 0.380 D

2

1

1 0.891 0.759 0.318 D
2 0.682 0.853 0.347 O
3 0.889 0.824 0.333 D
4 0.791 0.778 0.422 B
5 0.568 0.698 0.267 O
6 0.918 0.737 0.301 D

2

1 0.573 0.747 0.625 O
2 0.729 0.914 0.377 O
3 0.841 0.727 0.358 D
4 0.631 0.746 0.554 O
5 0.796 0.840 0.289 O
6 0.838 0.735 0.369 D
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Figure S20: Last snapshots from MD simulations of Flipper-TR in ternary mixture mem-
branes (Membrane 1 and Membrane 2 composed of DOPC (cyan)/SM (green)/CL (purple)
with molar ratio of 50:39:11 and 26:57:17, respectively). Flipper-TRs are colored according
to the DOB-phase classification as reported in Table S9.
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Figure S21: Simulations and analysis of ternary mixture membrane replicas. (a) First and
(b) last snapshots from MD simulations of Flipper-TR in ternary mixtures with DOPC
(cyan)/SM (green)/CL (purple) of molar-ratio composition 50:39:11 (Membrane 1, upper
panel) and 26:57:17 (Membrane 2, lower panel). Several Flipper-TRs (pink in initial snap-
shots) were inserted into the membranes (8 and 6 for Membranes 1 and 2, respectively; only
one leaflet shown). In (b), the probes were colored according to the disordered, ordered,
borderline (DOB)-phase classification as reported in Table S22. Membranes were simulated
for 1 µs. DOB analysis was performed on the last 500 ns. (c) Same snapshot as in (b) with
the center of mass of CL, or acyl chains of SM and DOPC rendered as filled circles. White-
bordered discs indicate center of mass of Flipper-TRs in the leaflet, with the inner color
following the DOB-phase classification. Thickness map of (d) first and (e) last snapshots
with the white-bordered discs indicating center of mass of Flipper-TRs of both leaflets and
the inner color following the DOB-phase classification. (f) Average number of lipids within
3Å of each Flipper-TR in the membrane (data from 2 replicas are merged in the same plot).
Circles are colored according to the DOB-phase classification.
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Figure S22: Average number of lipids within 3Å of each Flipper-TR in Membrane 1 (left)
and Membrane 2 (right, the two simulation replicas for each system are merged in the same
plot). Each row shows data for different lipid pairs, i.e. SM-DOPC, CL-SM and CL-DOPC.
Data are colored according to the DOB-phase classification as reported in Table S9.
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Analysis of Flipper-TR Orientation in the membrane

In order to characterize Flipper-TR orientation in different membranes and conditions and

to provide values directly comparable with experiments, it is necessary to precisely know the

orientation of the transition dipole moment (TDM) of the probe with respect to its molecular

structure. We extracted the absolute value and direction of TDM of all 250 conformers from

the quantum mechanical (QM) calculations used to generate the spectrum of DPPC at 330K

(Figure 4b, main text). To retrieve the orientation of the TDM in the molecular frame,

its direction with respect to the Flipper-TR geometry was described using two angles, as

performed in previous studies.S10,S11 Atoms C41, S28 and C19 (Figure S1a) were selected as

references to define vector
−−−−−→
C41S28 and

−−−−−→
C41C19. The angle between the TDM and the plane

formed by these two vectors is defined as δ. The angle between the TDM projection on this

plane and
−−−−−→
C41S28 is defined as γ. We obtained the following values: δ = 0.6◦ ± 2.2◦ and

γ = −8.2◦ ± 1.5◦. Considering the associated errors on δ and γ and after testing the same

procedure in other membranes, these values do not show a significant dependence on the

lipid environment. Once the orientation of TDM in the molecular framework is known, the

determination of its orientation in our simulations can be described with two Euler angles, θ

and ψ. Flipper-TR “tilt angle” θ is the angle between the TDM and the membrane normal

(Z axis). This value can be directly compared with Surface Second Harmonic Generation

(SSHG) experiments. ψ is the angle between the Z axis and a vector in the molecular plane

(defined by the three reference atoms) perpendicular to the
−−−−−→
C41S28. This angle is associated

with the rotation of the molecule around its long axis and it was not reported in this work,

as it does not show any relevant information. A single skewed Gaussian (Equation 1) was

fit to θ distributions (Figure 8 in main text and Table S10 ). We estimated an uncertainty

of ∼5◦ on the average tilt angle due to a small fluctuation of the TDM absolute orientation

in ordered and disorder lipid phases.
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Table S10: Optimized parameters for fitting of a skewed Gaussian (Equation 1) to the
Flipper-TR transition dipole moment orientation with respect to membrane normal (θ) for
different lipid compositions and temperatures. An additional uncertainty of ∼5◦ for θc should
be taken into consideration due to a small fluctuation of the TDM in ordered and disorder
lipid phases.

θc FWHM b

DOPC 330K 26.2± 1.3 89± 18 +1.0± 0.2
DOPC 298K 37.9± 1.2 39.8± 2.2 −0.14± 0.10

DPPC 330K 22.2± 0.7 33.7± 1.6 +0.47± 0.07
DPPC 298K 32.3± 0.2 9.9± 0.3 −0.04± 0.04

SM/CL 330K 13.9± 0.5 23.6± 1.7 +0.33± 0.09
SM/CL 310K 13.5± 0.2 10.9± 0.3 −0.01± 0.04

Figure S23: Area per lipid for DOPC at 298K under different positive surface tensions. All
systems were simulated for 250 ns after an initial equilibration of 40 ns at the target surface
tension.
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Additional Files

• DTT.pdb: PDB file of Flipper-TR after QM geometry optimization.

• DTT.psf: PSF file of Flipper-TR containing optimized partial charges.

• DTT.str: CHARMM stream file containing topology and parameters of Flipper-TR

after QM refinement.

• Movie 1: Molecular structure of Flipper-TR highlighting the mechanosensitive dihe-

dral.

• Movie 2: Intercalation of Flipper-TR in DPPC and DOPC membranes at 330K (hy-

drophilic heads and alkyl chains of lipids in green and orange, respectively).

• Movie 3: Microscopic view of Flipper-TR interaction with DPPC lipids in So and Ld

membranes at 298K and 330K, respectively (hydrophilic heads and alkyl chains of

lipids in green and orange, respectively).

• Movie 4: Temperature-jump simulation of a DPPC membrane containing Flipper-TR.

Initial equilibrium simulation at 298K (blue) was heated instantaneously to 330K for

60 ns (red) and then cooled down back to 298K (orange). Area per lipid and the

mechanosensitive dihedral are shown side-by-side with the membrane and Flipper-TR

conformations as a function of time.

• Movie 5: Ternary lipid mixture (DOPC (cyan)/SM (green)/CL (purple) of molar-ratio

composition 50:39:11) containing 8 Flipper-TRs (pink) shown at the beginning and at

the end of the simulation.
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