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1. Materials

     M2TM (sequence: Ser-Ser-Asp-Pro-Leu-Val-Val-Ala-Ala-Ser-Ile-Ile-Gly-Ile-Leu-His-Leu-

Ile-Leu-Trp-Ile-Leu-Asp-Arg-Leu) with a purity of >98% were purchased from Shanghai 

Apeptide Co., Ltd. The lipids of 1,2-dilauroyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium 

salt) (DLPG), 1-palmitoyl-2-oleoyl- sn-glycero- 3-phospho- (1'-rac-glycerol) (sodium salt) 

(POPG), 1,2-dimyristoyl-sn-glycero-3 -[phospho-rac-(1-glycerol)] (sodium salt) (DMPG), 1,2-

distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DSPG), were purchased from 

Avanti Polar Lipids (Alabaster, AL). The hydrochloric acid (HCl) was purchased from 

Sinopharm Chemical Reagent Co., Ltd. The stock solution with different pH was prepared by 

diluting the HCl solution into ultrapure water from a Milli-Q reference system (Millipore, 

Bedford, MA). M2TM was dissolved in methanol and stored at -18 C. The phospholipids were 

prepared in mixed solvents of chloroform and methanol (with a volume ratio of 2:1) (purchased 

from Sinopharm Chemical Reagent Co., Ltd.). All of the lipid solution was kept at -18 C. Right-

angle CaF2 prisms were purchased from Chengdu Ya Si Optoelectronics Co., Ltd (Chengdu, 

China).

CaF2 prisms were thoroughly cleaned using a procedure with several steps: They were first 

soaked in toluene for at least 24 h and then sonicated in soap detergent solution for 0.5 h. After 

that, they were rinsed with deionized (DI) water before soaking in methanol for 10 min. All of the 
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prisms were then rinsed thoroughly with an ample amount of DI water and cleaned inside Harrick 

plasma chamber for 10 min immediately before depositing lipid molecules on them. Substrates 

were tested using SFG and no signal from contamination was detected.

2. Sample Preparation and SFG-VS Experiments

Single lipid bilayers were prepared on CaF2 substrates using Langmuir-Blodgett and Langmuir-

Schaefer (LB/LS) methods with a KSV mini trough LB system.1 Lipid bilayers were immersed in 

water inside a 2 mL reservoir throughout the entire experiment. The membrane-bound M2TM 

was prepared by interacting M2TM with CaF2 prism-supported lipid bilayer at 24C. A magnetic 

micro stirrer was used to ensure a homogeneous concentration of M2TM molecules in the 

subphase below the bilayer. The peptide without inserting into lipid bilayer was carefully 

removed by replacing the DI water or acid solution in the subphase. The SFG setup is similar to 

that described in our earlier publication.2 All SFG experiments were carried out at the room 

temperature (24 C). IR beams were protected by a home-built chamber purged with dry gas (dry 

gas generator, Peak Scientific) to avoid the IR energy loss due to water vapor absorptions. The 

high voltage applied to the detector of PMT was 1100 V for amide III signals and 700 V for 

amide I signals. The SFG spectra of amide I and amide III with different polarization 

combinations of ssp (s-polarized SFG output, s-polarized visible input, and p-polarized infrared 

input), ppp, and psp were collected after injecting M2TM solution into lipid bilayer and reaching 

equilibrium. All SFG spectra were averaged over 100 times at each point and normalized by the 

intensities of the input IR and visible beams.

3. Fitting of SFG-VS Signal

The SFG spectra were fitted using the standard procedure described by Eq. (S1).3,4

                                                                              (S1) 
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where A, , and  are the strength, resonant frequency, and damping coefficient of the 

vibrational mode (), respectively. A could be either positive or negative depending on the phase 

of the vibrational mode. A, , and  can be extracted by fitting the spectrum.
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4. Table S1- S3

Table S1. The structures of M2 determined by different methods

Construct PDB ID Environment pH/T loop Method

22-46 1MP6 DMPC(P/L=1/16) 7.0/42C - ssNMR5

22-46 1NYJ DMPC(P/L=1/8) 7.0/38C - ssNMR6

26-43 2H95 DMPC/DMPG 8.8/25C - ssNMR7

22-46 2KAD DLPC(P/L=1/15) 7.5/30C - ssNMR8

18-60,S31N 2KIH DHPC 7.5/30C 18-23,47-49,60 ssNMR9

22-46 2KQT DMPC 7.5/30C 22-23 ssNMR10

23-60,V27A, 

C50S
2KWX DHPC 7.5/30C 23,47-48,60 Solution NMR11

19-62,C50S 2L0J DOPC/DOPE 7.5/30C 19-22, 62 ssNMR12

19-49,S31N 2LY0 DOPC 6.8/40C 19-23, 48-49 Solution NMR13

19-49,S31N 2MUV DOPC 6.8/40C 19-23,49 Solution NMR14

19-49 2MUW DOPC 7.5/40C 19-23,49 Solution NMR14

18-60,S31N 2N70 DPPC(P/L=1/1) 7.8/RC 18-23,48-60 NMR15

18-60,C50S 2RLF DHPC 7.5/30C 18-23,49-50,60 Solution NMR16

22-47,I33M 3BKD OP/PEG 7.3/100K 22-23,47 X-ray,2.05Å17

22-46,G34A 3C9J OG/PEG 5.3/100K 22-23,41-46 X-ray,3.5Å17

25-47,G34A 3LBW OG/PEG 6.5/100K 47 X-ray,1.65Å18

21-47 4QK7 OG/PEG 8.0/100K 21-23,47 X-ray,1.10Å19

21-47 4QKC OG/PEG 5.5/100K 21-23,47 X-ray,1.10Å19

21-47 4QKL OG/PEG 8.0/0C 21-23,47 X-ray,1.71Å19

21-47 4QKM OG/PEG 5.5/0C 21-23,47 X-ray,1.44Å19

21-47,S31N 5C02 OG/PEG 8.0/100K 21-23,47 X-ray,1.59Å20
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Table S2. The orientation of M2 in membrane determined by different methods

Construct PDB ID Environment Thickness pH/T Tilt angle Method

22-46 DLPC bilayer 19.5Å 7.5 353 NMR21

22-46 POPC bilayer 26.5 7.5 263 NMR21

22-46 DMPC bilayer 23.0 ~7/25C 373 ssNMR22

22-46 DOPC bilayer 27.0 ~7/25C 333 ssNMR22

22-62,C50S 2L0J DOPC/DOPE 27.0 7.5/30C 32N,22C ssNMR12

22-46 1NYJ DMPC bilayer 23.0 7.0/38C 38 ssNMR6

22-46 2H95 DMPC bilayer 23.0 8.8 30N,21C ssNMR7

22-46 2KQT DMPC bilayer 23.0 7.5 32N,18C ssNMR10

26-62 DMPC/DMPG 23.0 pH8.0/43C 25N,80C ssNMR23

22-46,I33M 3BKD OG/PEG 7.3/100K 33 X-ray,2.05Å17

22-46,G34A 3C9J OG/PEG 5.3/100K 38 X-ray,3.5Å17

25-46,G34A 3LBW OG/PEG 6.5/100K 31N,19C X-ray,1.65Å18

18-60,C50S 2RLF DHPC micell 30 7.5 16 Solution 

NMR16

18-60,V27A, 

C50S

2KWX DHPC micell 30 7.5 15 Solution 

NMR11

22-46 2KAD DLPC 19.5Å 7.5 38 ssNMR8

18-60,S31N 2KIH DHPC 30 7.5/30C ssNMR9

22-46 OG/DMPC 7.0 31.66.2 ATR-FTIR24

22-46 1MP6 DMPC 23.0 7.0 38 ssNMR5
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Table S3. The fitting parameters of amide III SFG spectra of M2TM in Fig. 1B*

bilayer polarization A ω (cm-1) (cm-1) 𝜒 (2)
𝑃𝑒𝑎𝑘 1/𝜒 (2)

𝑃𝑒𝑎𝑘 2

Peak 1 7.96(0.5) 1261.2 18.0
DLPG

Peak 2 14.15(0.6) 1288.8 14.4
0.450.03

Peak 1 1.72(0.2) 1258.0 10.0
DMPG

Peak 2 10.47(0.2) 1292.1 15.0
0.250.03

Peak 1 2.61(0.4) 1258.0 18.0
POPG

Peak 2 11.06(0.3) 1293.5 15.0
0.200.03

Peak 1 9.6(1.0) 1234.4 37.9
DSPG

Peak 2 9.0(0.6) 1288.0 21.1
0.590.06

*The error margin is determined according to the fitting deviation of the fitting peak strength.

5. The helix tilt and rotation angle of M2TM in lipid bilayer

       The molecular orientation information of fully -helical structure can be obtained by relating 

SFG susceptibility tensor elements  to the SFG molecular hyperpolarizability ),,,,( zyxkjiijk 

tensor elements  via the Euler z-x-z transformation(Eq.(S2)).25-28 In Eq.(S2), ),,,,( cbanmllmn 

Ns is the number of molecules at the interface, q is the vibrational mode (q). The Euler 

transformation used here has a matrix in the form shown in Eq. (S3). The Euler angles θ (tilt 

angle), ψ (twist angle),  (in-plane rotation angle) are defined in Fig.S1A.
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Fig. S1 A) Euler angles (θ, ψ, ) relating the molecular (a, b, c) and macroscopic (x, y, z) 

coordinate systems. B) M2TM tetramer in the macroscopic (x, y, z) coordinate system.

The M2TM forms -helical tetramer(Fig.S1B) which has a C4 symmetry.12,16,17 When the 

Euler angles of one of the helix is (θ, ψ, ), the angles of other helixes will be (θ, ψ, +90), (θ, 

ψ, +180) and (θ, ψ, +270), respectively. To simplify the calculation, we can take  as zero. 

The values of all the 27 molecular hyperpolarizability elements of tetramer( ) are thus abctetramer ,

determined by summing up the four corresponding helical hyperpolarizability elements( ) abc

using the following equation:

                                                                               (S4)
𝛽𝑡𝑒𝑡𝑟𝑎𝑚𝑒𝑟, 𝑎𝑏𝑐 =

4

∑
𝑖 = 1

𝛽
𝑖𝑡ℎ 𝑎𝑏𝑐

The total hyperpolarizability elements of tetramer for the A mode and E mode are given by,

For the A mode:

bbcaacbbctetrameraactetramer  44,, 
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For the E mode:

bbcaacbbctetrameraactetramer  44,, 
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Taking the tetramer as a whole, the following equations can be derived.25-28

For the A mode:
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For the E1 mode:
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where r = aac/ccc, and aac, aca and ccc are the molecular hyperpolarizability elements of 

helical monomer.  is the tetramer number. The hyperpolarizability elements of an -helix can t
sN

be obtained from the product of the components of the Raman polarizability and IR transition 

dipole moment.

     Due to the limited resolution of many SFG spectrometers (~5 cm-1 or more), the A mode and 

E1 mode cannot be readily resolved in the frequency domain, and therefore, the total 

susceptibility is often assumed to be the sum of the susceptibilities from these two modes:26-28

                                                                                                           (S13))2(
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The Chen lab has developed a methodology to determine the orientation of -helical monomer 

structure using SFG amide I spectra collected with different polarization combinations.26-28 The 

components of )2(
eff  of ssp, and ppp polarization combinations are given in Eqs. (S15)-(S16) in 

the lab coordinate system which is defined as the z-axis being along the surface normal and the x-

axis being in the incident plane.
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where SF, Vis and IR are the angles between the surface normal and the sum frequency beam, 

the input visible beam, and the input IR beam, respectively. Lii (i = x, y or z) denotes the Fresnel 

coefficients. After considering the Fresnel coefficient constants under current experimental 

geometry, Eqs. (S17)-(S18) are then given by

                                                                                                               (S17))2()2(
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According to Eqs.(S4)-(S18), the tilt angle () and twist angle can be related to the ppp and 

ssp spectral intensity ratio of peptide amide I signals by Eqs. (S19)-(S20).
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By applying the bond additivity model,26-28 the relationship of aca = 0.32ccc, aac= 0.58βccc, 

is deduced. Fig. 2D and Fig.S2 present a relation between the /  ratio and θ for a certain  2
ppp  2

ssp

twist angle (). Because sin(180-2) equal to sin(2), we only plot the case of  ranging from -

45 to 45 in Fig.2D. It is worth noting that the ratio of  at any tilt angle is larger than )2()2( / sspppp 

1.44 for the rotation angle () of -10 <  <100, while smaller than 1.44 for -80 <  <-10. It 

means that the measured (2) ppp/(2) ssp value at pH > 4.3 always falls below the possible (2) 

ppp/(2) ssp range of -80 <  <-10. In contrast, the (2) ppp/(2) ssp value at pH < 4.3 falls 

above the possible range of -10 <  <100. The resulting tilt angle fall in the range of 20 to 33 

for -30 <  <-60 at pH > 4.3(magenta color in Fig. S2), and about 17~35 for 90>  > 0 at 

pH=3.3, indicating that M2TM has similar rotation angle for the case at pH >4.3 and likely 

rotates its helical axis when the pH changes from pH > 4.3 to pH < 4.3. It is worth mentioning 
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that the tilt angle will be different for different psi values. For example, for (2) ppp/(2) ssp = 

1.2, the tilt angle() is -43 for  =- 20, whereas  = 27 for  = -45, see Table S4.

Table S4. The dependence of the tilt angle () to the rotation angle () for (2) ppp/(2) ssp=1.2 

and 1.65

Rotation angle()(degree) -20 -30 -40 -45(2) ppp/(2) ssp=1.2
Tilt angle ()(degree) 43 31 28 27

Rotation angle()(degree) 80 70 60 50
(2) ppp/(2) ssp=1.65

Tilt angle ()(degree) 24 20 18 17

Fig. S2. The relationship between (2) ppp/(2) ssp of the α-helix and helix tilt angle () for a 

certain rotation angle ().

When the  ratio is smaller than 1.44, the SFG signal is dominant from the A mode; )2()2( / sspppp 

otherwise, both A mode and E1 mode contribute to the SFG signal. In addition, it has been 

reported that the typical frequency of E1 mode is about 5 cm-1 higher than that of A mode.29 Fig. 

S5C shows that the peak center in the ssp and ppp spectra at pH = 4.6 is lower than that at pH = 

3.7, which further confirms that the twist angle differs between these two pH values.
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5. The SFG spectra of M2 
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Fig.S3 The ppp amide I spectra of M2TM in lipid bilayers with different lipid chain lengths at pH 

~ 6.8.

Fig. S3 shows the ppp amide I spectra of M2TM in lipid bilayers with different lipid chain 

lengths. The spectra are dominated by a strong peak at 1655 (5) cm-1 from amide I vibration, 

which is an indication of an -helix or a loop structure.
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Fig. S4 Amide III (2) Peak1/(2) Peak2 ratio(black empty circle) and spin coupling (blue solid 

circle) data from previous EPR study30,31 as a function of the absolute value of bilayer thickness 

minus 2.9 nm. A) Spin coupling data for PC bilayer; B) Spin coupling data for mixed PC/PG 

bilayer.
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Fig.S5 The ppp amide I spectra of M2TM in DMPG bilayers prepared at different pH subphases.

Fig. S5 shows the ppp amide I spectra of M2TM in DMPG bilayers prepared at different pH 

subphases. As the pH value decreases, the ~1555 cm-1 and ~1720 cm-1 peaks become much 

weaker.



S12

 

1500 1600 1700 1800
0.00
0.05
0.10
0.00

0.04

0.00

0.03

x10

Wavenumber(cm-1)

x10

pH=3.7

pH=4.6

SF
G

 In
te

ns
ity

DI water
x5

A

1500 1600 1700 1800
0.0

0.2

0.00
0.05
0.10
0.00

0.03

0.06

Wavenumber(cm-1)

x10

x10 pH=3.7

pH=4.6

SF
G

 In
te

ns
ity

x5 DI water
B

1600 1650 1700 1750
0.00
0.05
0.10

0.00

0.04

 pH=4.6
 pH=3.7

ppp

Wavenumber(cm-1)

 pH=4.6
 pH=3.7

SF
G

 In
te

ns
ity

ssp
C

1200 1300 1400 1500
0.0

0.2

0.0

0.2

0.0

0.2

0.4

Wavenumber(cm-1)

pH=3.7

pH=4.6

SF
G

 In
te

ns
ity

DI water
D

0.0
0.1
0.2

0.0

0.1

0.0
0.1
0.2

1200 1300 1400 1500
0.0
0.1
0.2

0.0
0.1
0.2

 

  

Wavenumber(cm-1)

 

pH=7.1

 

  

pH=5.3

 

 

 

 

pH=4.3

  
 

pH=3.3

 

 

 

pH=7.5
SF

G
 In

te
ns

itt
y

E

Fig.S6 Amide I spectra of M2TM in DMPG bilayers at different pH conditions by adding a 

certain amount of HCl solution: A) ssp and B) ppp. C) A comparison between pH 4.6 and pH 3.7. 

D) The ssp amide III spectra of M2TM in DMPG bilayers at different pH conditions by adding a 

certain amount of HCl solution. E). The ssp amide III ssp spectra of M2TM in DMPG bilayer 

with a subphase pH prepared before the experiment.

In Fig.S6D, in addition to the peaks related to CH3 bending mode (1370 and 1465 cm-1), a 

new peak at 1415 cm-1 is observed at pH of 4.6 and 3.7. The 1415 cm-1 band was assigned to the 

protonated His37(ImH+).32 The weakening of 1555 cm-1 peak and the appearances of the 1415 

cm-1 peaks are the result of the cation- interactions between the protonated His37 imidazole 

rings and the  electrons of the Trp41 indole ring.32 These peaks reveal the orientation of Trp41 

changes in conjunction with the protonation of His37. Such spectral features are also found in the 

sample prepared in DMPG bilayer with a subphase pH prepared before the experiment(Fig.S6E).
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Fig.S7 Amide I spectra of M2TM in POPG bilayers at different pH conditions by adding a 

certain amount of HCl solution: A) ssp and B) ppp.
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Fig.S8 Amide I spectra of M2TM in DLPG bilayers at different pH conditions by adding a 

certain amount of HCl solution: A) ssp and B) ppp.
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Fig. S9 A) The ssp amide III spectra of M2TM in DLPG bilayers at different pH conditions by 

adding a certain amount of HCl solution. B) Fitting strength ratio of (2) Peak1/(2) Peak2 and 

ppp and ssp spectra ((2) ppp/(2) ssp) of the ~1655 cm-1 peak as a function of pH value.
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