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SAMPLE PREPARATION 

Rhodopsin was extracted and purified
1
 from bovine rhodopsin disk membranes (RDMs) using a 

detergent 3-[(3 Cholamidopropyl) dimethylammonio]-1 propanesulfonate) (CHAPS), which is 

crucial for membrane protein sample preparation
2
. A powdered membrane protein sample 

containing 73 % (w/w) of photochemically functional bovine rhodopsin and 27 % (w/w) of 

CHAPS was used for the neutron scattering experiment. A total of about 600 mg of the 

powdered rhodopsin was used to prepare a dark-state sample, and the photo-bleached ligand-free 

apoprotein opsin sample. Each of the samples was hydrated with 
2
H2O (h  ≈ 0.27), and enclosed 

in aluminum foil to prevent exposure to light. Finally, each of the samples was inserted in 

rectangular aluminum sample holder for the neutron scattering experiment.  

 

NEUTRON SCATTERING EXPERIMENT 

The neutron scattering experiment was performed with the near-backscattering spectrometer 

BASIS at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL)
3
. The 

BASIS measurements had an energy resolution of 3.4 eV (HWHM for Q-averaged resolution 

value). The data analysis was conducted in the dynamic range of ±100 eV in the energy 

domain. The analysis in the time domain used the data collected from −120 to +520 eV. EINS 

data were obtained by monitoring the elastic intensity determined by the integration over a ±3.4 

eV interval (HWHM of the elastic peak). The QENS data were collected over the range 220–

300 K, and at 10 K to characterize the sample-specific energy resolution of the spectrometer.  
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DATA REDUCTION AND ANALYSIS 

Calculation of mean-squared displacements (MSDs). The mean-squared displacement 

〈𝑥2(𝑇)〉  of hydrogen atoms in the samples is calculated from elastic incoherent neutron 

scattering (EINS) measurements
4-5

. Experiments were carried out from 20–300 K, which covers 

the dynamic transition temperature range in proteins. The EINS data collected from the samples 

are assumed to be predominantly from the motion of the hydrogen atoms in the protein. The 

MSD is calculated from the linear fit of the logarithm of the dynamic incoherent scattering 

function 𝑆𝑚(𝑄, 𝜔 = 0) versus 𝑄2  
using the following formulae: 

𝑆m(𝑄, 𝜔 = 0) = exp(−𝑄2〈𝑥2(𝑇)〉)                                                      (𝑆1) 

ln 𝑆m(𝑄, 𝜔 = 0) = −𝑄2〈𝑥2(𝑇)〉                                                          (𝑆2) 

 Furthermore, 𝑆m(𝑄, 𝜔 = 0)  is calculated from the ratio of the temperature-dependent 

elastic intensity 𝐼elastic(𝑄, 𝜔 = 0)  and elastic intensity at the lowest measured temperature, 

which is given by: 

𝑆(𝑄, 𝜔 = 0) =
𝐼elastic(𝑄, 𝑇, 𝜔 = 0)

𝐼elastic(𝑄, 𝑇~0, 𝜔 = 0)
                                                   (𝑆3) 

 

Energy domain data analysis. In a QENS experiment, the measured dynamic incoherent 

scattering function 𝑆𝑚(𝑄, 𝜔) of hydrogen atoms in a protein molecule is a combination of elastic 

and quasi-elastic components and can be  evaluated using the following expression: 

𝑆m(𝑄, 𝜔) = [𝐴0(𝑄)𝛿(𝜔) + ∑ 𝐴𝑖(𝑄)𝐿𝑖(𝑄, 𝜔)

𝑁

𝑖

+ 𝐵(𝑄)] ⊗ 𝑅(𝑄, 𝜔)            (S4) 

Here 𝐴0(𝑄)and 𝐴𝑖(𝑄) are the fractions of elastic and quasi-elastic components, respectively, 

δ(ω) is the Dirac delta function at zero energy transfer representing the elastic component, 𝐵(𝑄) 

is the background, R(Q,ω) is the resolution function, and  is the convolution operation. The 
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elastic component 𝐴0(𝑄) contains the information on the length scale of the diffusing entity 

(hydrogen atoms in this case), whereas the quasi-elastic component provides information on the 

time scale of the diffusive motion of hydrogen atoms. The quasi-elastic components are 

represented by two Lorentzians (L1 and L2) that correspond to the dynamics of hydrogen atoms 

in the CHAPS and proteins in the protein-CHAPS  samples respectively
6
, and are given by the 

following expressions, 

𝐿1 =  
1

𝜋
 

Γ1(𝑄, 𝑇)

ω2 + Γ1
2(𝑄, 𝑇)

                                                         (S5) 

𝐿2 =  
1

𝜋
 

Γ2(𝑄, 𝑇)

ω2 + Γ2
2(𝑄, 𝑇)

                                                         (S6) 

where Г1 and Г2 are the half width at half maximum (HWHM) corresponding to H-atom motions 

in the CHAPS and proteins, respectively. 

 

Figure S1. Full-width at half-maximum (FWHM) of Lorentzian (21) of CHAPS component in different 

samples. (a) Dynamics of CHAPS in bulk CHAPS sample as functions of Q at different temperatures 

ranging from 220 K to 300 K. (b) FWHM of CHAPS component in protein-CHAPS samples averaged 

over all Q-values, corresponding to decoupled CHAPS dynamics in these samples at different 

temperatures. Note that rhodopsin and opsin correspond to the dark-state and the ligand-free apoprotein 

obtained after light exposure, respectively.  

a b 
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 The QENS data were fitted with the peak analysis software PAN in the Data Analysis 

and Visualization Environment (DAVE) package developed by NIST Center of Neutron 

Research (NCNR)
7
. Data in the energy domain were fitted in a symmetric energy range of ±110 

eV. The full-width at half-maximum (FWHM, 2Г1) obtained by fitting the data from the bulk 

CHAPS sample with one Lorentzian (one quasi-elastic component representing CHAPS 

dynamics solely) is plotted in Fig. S1a.  It can be clearly observed that above a temperature of T 

= 260 K, there is no Q- and temperature-dependence of the FWHM of CHAPS. On the other 

hand, the CHAPS dynamics was studied in the protein-CHAPS complex samples. As explained 

above, one of the two Lorentzians (L1) represents the dynamics of the hydrogen atoms in 

CHAPS. The values of the FWHM of CHAPS averaged over all the Q-values (21) are plotted as 

a function of temperature, as shown in Fig. S1b. Comparing to Fig. S1a, the FWHM values of 

CHAPS in protein-CHAPS samples are very close to that in bulk CHAPS sample, implying that 

the CHAPS motions are similar with or without the proteins, i.e. the presence of protein does not 

significantly alter the dynamics of CHAPS that can be detected in our QENS experiments. 

Therefore, when fitting the QENS data from the protein-CHAPS samples with two Lorentzians 

analysis, the FWHM (21) of CHAPS can be determined according to the results shown in Fig. 

S1b, and the FWHM (22) corresponding to the protein dynamics can be evaluated as a free 

parameter after the FWHM of CHAPS is fixed. The FWHM (22) values of dark-state rhodopsin 

and opsin obtained in this way are plotted in Fig. S2a,b respectively, which demonstrate a clear 

Q-  and T-dependence. 
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Figure S2. FWHM of Lorentzian (22) of (a) dark-state rhodopsin and (b) opsin as functions of Q at all 

measured temperatures. 

 

Time domain analysis. For the time domain data analysis, the detergent CHAPS contribution 

was subtracted from the protein-detergent complex, using the pure CHAPS data. Knowing the 

molar ratio of the detergent (CHAPS) to protein (rhodopsin or opsin) (~27:1), first we estimated 

their molecular weight ratio in the complex, which was 0.41:1 in both the cases. Since the total 

weight of the sample (protein-detergent complex) used for the neutron scattering experiment was 

known, it was possible to separately estimate the weight of the protein (rhodopsin or opsin) and 

the detergent (CHAPS) in each experiment. Assuming the protein and the detergent behave 

independently, one can then eliminate the detergent (CHAPS) contribution to the QENS signal. 

The QENS signal from CHAPS was multiplied by an appropriate factor based on the amount of 

CHAPS in the respective protein-detergent samples. Hence, the contribution from the protein 

dynamic structure factor 𝑆protein(𝑄, 𝜔) was calculated for each case. The intermediate scattering 

a b 
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function, I(Q,t) of the reduced  𝑆protein(𝑄, 𝜔)  is then calculated using Eq. S7. The I(Q,t) 

represents the relaxation process of mainly hydrogen atoms present in the sample. 

 

Figure S3. Comparison of intermediate scattering function (ISF) denoted by I(Q,t) for dark-state 

rhodopsin and opsin at temperatures T = 260 K, 280 K, and 300 K for Q-values from 0.3 Å
-1

 to 1.9 Å
-1

 

with a step of 0.2 Å
-1

. The solid lines in the panels are the fitted values to ISF with logarithmic decay 

model for the -relaxation region of protein dynamics at the corresponding Q-values and temperatures. 

 

 The QENS measurement gives a convolution of the incoherent dynamic scattering 

function 𝑆m(𝑄, 𝜔) of H-atoms in the sample with the energy resolution function R(Q,ω) of the 
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instrument. The inverse Fourier transformation ( ℱ−1 ) of 𝑆m(𝑄, 𝜔)  yields the intermediate 

scattering function (ISF) denoted by I(Q,t) of the measured spectra in the time domain, which is 

calculated as: 

𝐼(𝑄, 𝑡) =
ℱ−1[𝑆m(𝑄, 𝜔)]

ℱ−1[𝑅(𝑄, 𝜔)]
                                                        (𝑆7) 

 One should note that 𝐼(𝑄, 𝑡) is one of the most essential parameters to be derived from 

QENS experiment, which quantifies the time dependence of the relaxation of hydrogen atom 

dynamics. The time range in the -relaxation regime (1–400 ps) is much shorter than -

relaxation time range. Hence, it can be fitted with; 

  𝐼(𝑄, 𝑡) = 𝑓(𝑄, 𝑇) − 𝐻1(𝑄, 𝑇) ln[𝑡 𝜏𝛽 (𝑇)⁄ ] + 𝐻2(𝑄, 𝑇) ln2[𝑡 𝜏𝛽 (𝑇)⁄ ]          (𝑆8)   

which is derived from the mode-coupling theory (MCT) for glass-forming liquids
4
. Figure S3 

shows the decay of the intermediate scattering function (ISF) of hydrogen atoms in rhodopsin 

and opsin at T = 260 K, 280 K, and 300 K respectively at a series of Q-values. In Eq. S8 the 

characteristic -relaxation time is 𝜏𝛽  and 𝑓(𝑄, 𝑡) =  exp (−𝐴(𝑇)𝑄2)  is the temperature-

dependent prefactor, proportional to the Debye-Waller factor for small Q-values. The Q- and T-

dependent first-and second-order logarithmic decay parameters 𝐻1(𝑄, 𝑇)  and 𝐻2(𝑄, 𝑇) 

respectively, can be written as: 

𝐻1(𝑄, 𝑇) = ℎ1(𝑄)𝐵1(𝑇)                                                      (𝑆9) 

                                                         𝐻2(𝑄, 𝑇) = ℎ1(𝑄)𝐵2(𝑇)                                                    (𝑆10) 

Here ℎ1(𝑄) is a power law of Q for small Q-values, while 𝐵1(𝑇) and 𝐵2(𝑇) are temperature-

dependent fitting parameters. The direct relationship between H1(Q,T) and Q is given by 

𝐻1(𝑄, 𝑇) =  𝐵1(𝑇)𝑄𝛽 , where  is the exponent of Q, which takes the value 1-2, and B1(T) is a 

temperature-dependent parameter. The temperature dependences of the first-order logarithmic-
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decay parameter 𝐻1(𝑄, 𝑇) obtained from the fits for different Q-values for rhodopsin and opsin, 

are shown in Fig. 3c,d in the main text respectively. The corresponding values of 𝐵1(𝑇) are 

shown in Fig. S4. 

 

Figure S4. Plot of B1(T) as a function of temperature for dark-state rhodopsin and opsin fitted with 

exponential function.  
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