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SUPPORTING MATERIALS 

 

FIGURE S1 pH-dependence optical absorbance change was used to map out the pKaD97 of PR. A. The 
background subtracted optical absorbance of PR under a range between 400 and 750 nm, which showed a 
pH-dependent absorbance change. B. The difference absorbance of PR between 400 and 750 nm under 
various pH in the spectral titration experiments. The difference absorbance is calculated by subtracting 
each spectrum with the one measured under the most basic condition in that set of spectral titration 
experiment. The value of difference absorbance at 570 nm (indicated by the dotted line) was normalized 
and plotted against the measured bulk pH to get the titration curve as shown in Figure 1. 

  



 

FIGURE S2 A. A Schematic diagram of PR-contained liposomes and chemical structures of the lipids 
used in this study: zwitterionic POPC, positively-charged DOTAP, and negatively-charged POPG. B. 
Apparent pKaD97 of WT PR reconstituted in negatively-charged POPC/POPG (80/20, mol/mol), pure 
zwitterionic POPC, and positively-charged POPC/DOTAP (80/20, mol/mol) liposomes in a HEPES 
buffer without additional NaCl (diamond) and the buffer with additional 150 mM NaCl (square). 

 

FIGURE S3 Difference optical absorbance at 570 nm under various bulk pH from WT PR reconstituted in 
A. negatively-charged POPC/POPG (80/20, mol/mol) liposomes and B. positively-charged 
POPC/DOTAP (80/20, mol/mol) liposomes in HEPES buffer contained different concentrations of NaCl. 

  



Using Gouy-Chapman theory to calculate the surface pH for spectral titration experiments 

Proton concentration on a charged liposome surface can differ from its concentration in the bulk solution. 
This concentration difference highly depends on the electrostatic potential on the charged liposome 
surface. Briefly, proton can be absorbed on a negatively-charged surface based on the double-layer theory, 
and results in a lower surface proton concentration in comparison to the bulk concentration. In contrary, a 
positively-charged liposome surface can repel protons and results in a higher surface proton concentration 
in comparison to the bulk concentration. The relationship between the proton concentration difference and 
the surface potential 𝜓଴ can be described by the Nernst equation 

𝑝𝐻௦௨௥௙௔௖௘ ൌ 𝑝𝐻௕௨௟௞ ൅
௭ிటబ

ଶ.ଷ଴ଷோ்
,                                                      (1) 

where z is the ion charge, which is +1 for proton, F is the Faraday constant, R is the ideal gas constant and 
T is the absolute temperature. The surface potential 𝜓଴ is related to the surface charge density σ. With an 
assumption that the liposome surface is a static and flat surface, we can use the Gouy-Chapman model to 
correlate the surface potential 𝜓଴ with the membrane surface charge density σ 
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where k is the Boltzmann constant, 𝜀଴ is the vacuum permeability constant, 𝑁஺ is the Avogadro constant, 
𝜀  is the dielectric constant, for water 𝜀 ൌ 78 , and 𝐶௘௟  is the electrolyte concentration, which is the 
concentration of applied salt with monovalent or divalent cations in the buffer. In order to resolve the 
surface potential 𝜓଴, we have to calculate the surface charge density σ. The surface charge density of a 
charged species i can be expressed as 
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where e is the elementary charge, 𝐴௅,௜ is the surface area per ionizable group of a lipid (0.597 nm2 for PC 

(1), 0.61 nm2 for DOTAP (2), 0.65 nm2 for POPG (3)), and 𝛼 is the degree of dissociation of an ionizable 
group that determines the percentage of it in its charged form. For example, in the case of POPC, it 
contains a phosphorous group that can distribute between a negatively charged form and a neutral form 
while it is associated with protons or other cations (e.g. Na). The degree of dissociation of this 
phosphorous group can be expressed as 
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where ሾ𝐻ଷ𝑂ାሿ and ሾ𝑁𝑎ାሿ are the proton and sodium concentration in the buffer, respectively. 𝐾ு  and 
𝐾ே௔  are the dissociation constant for the binding of proton and sodium to the phosphorous group, 
respectively. All the parameters for calculating the surface charge density of different ionizable 
headgroups are obtained from literature (4). The surface charge density σ of all the ionizable groups, 
including the aforementioned phosphorous group on lipids, can then be combined based on the ratio 
between different lipid species using the following equation: 
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By solving the nonlinear equations between (2) and (5), the surface potential 𝜓଴ on the charged liposome 
surface can be obtained. The surface potential 𝜓଴ under different bulk pH then can be used to calculate 
surface proton concentrations in a spectral titration experiment. The converted surface proton 
concentration series for each spectral titration experiment then was fitted by the Henderson-Hasselbalch 
equation to get the intrinsic pKaD97. This value represents the intrinsic acid dissociation constant of the 
D97 residue, while the apparent pKa does not take the surface proton concentration difference into 
account. The intrinsic pKaD97 still clearly changes for PR reconstituted in liposomes with different net 
charges and in buffers with different NaCl concentrations (Table S1).  

 

TABLE S1 Intrinsic pKaD97 and corresponding apparent pKaD97 of PR reconstituted in liposomes with 
different net charges and in buffers with different NaCl concentrations. The surface potential on 
liposomes is predicted by the Gouy-Chapman model. 

POPC/POPG (80/20) POPC/DOTAP (80/20) 

NaCl (mM) 
pKaD97, 

intrinsic 
pKaD97, 

apparent 
ψ0 (mV) 

NaCl 
(mM) 

pKaD97, 

intrinsic 
pKaD97, 

apparent 
ψ0 (mV) 

0 5.11 7.62 -142 0 7.64 5.63 116 
50 5.53 6.79 -72 30 6.74 5.90 48 
80 5.54 6.62 -62 75 6.65 6.14 29 
120 5.60 6.51 -53 120 6.52 6.14 22 
150 5.74 6.43 -40 150 6.42 6.14 16 

  

  



 

FIGURE S4 Difference optical absorbance at 570 nm plotted against surface pH predicted by the Gouy-
Chapman model from WT PR reconstituted in A. negatively-charged POPC/POPG (80/20, mol/mol) 
liposomes and B. positively-charged POPC/DOTAP (80/20, mol/mol) liposomes in HEPES buffer 
contained different concentrations of NaCl. 

 

 

FIGURE S5 Hill coefficients from the Henderson-Hasselbalch fitting for both the apparent pKaD97 
(hollow squares) and the intrinsic pKaD97 (filled squares) of WT PR reconstituted in negatively-charged 
POPC/POPG (80/20, mol/mol) liposomes (blue) and positively-charged (80/20, mol/mol) liposomes (red) 
in a 10 mM HEPES buffer. The HEPES buffer contained different concentrations of NaCl between 0 mM 
and 150 mM.   
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Overhauser DNP analysis for obtaining hydration dynamics 

The details of Overhauser DNP theory, hardware setup, and data analysis for hydration dynamic 
measurements were described in literatures (5-7). Here, basic principles of ODNP are included for 
explaining how hydration dynamics on the E-F loop of proteorhodopsin (PR) in this study were obtained. 
ODNP relaxometries can distinctively measure the hydration dynamics within 5-10 Å from a spin-labeled 
biological surface with nitroxide radicals. This information is extracted from the change of water 1H 
NMR signal enhancements under various microwave irradiation powers. Once a microwave irradiation is 
applied to the samples with spin-labeled biological surfaces, electron spins with higher polarization will 
transfer the energy through cross-relaxation to the 1H nuclei on water molecules to achieve 1H NMR 
signal enhancements, and this effect is dominated by the time-dependent dipolar coupling between the 
electron and proton spins. Since the dipolar coupling is short-range and distance-dependent, the NMR 
enhancement is solely limited to water molecules within 5-10 Å from the electron spins on spin labels. 
With these characteristics, this technique becomes a unique and powerful method to study local water 
dynamics on the surface of biomolecules that could provide underlying structural and functional 
information (8-11). 

The relationship between NMR signal enhancements and fitting parameters with water dynamic 
information can be derived from the equation of motion for polarization of proton spins interacting with 
electron spins on nitroxide radicals as below: 
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where 〈I୸〉 and 〈S୸〉 are nuclear and electron magnetizations under microwave irradiations, respectively. I0 
and S0 are nuclear and electron spin equilibrium magnetizations without microwave irradiation, 
respectively. ω0, ω1, and ω2 are zero-, single-, and double-quantum transition rates, which all represent 
transition probabilities of spin populations between different energy states. The first term here can be 
separated into two parts, where ω଴ ൅ 2ωଵ ൅ ωଶ can be defined as self-relaxation rate ρ and ω଴ is the 

nuclear spin relaxation (Tଵ,଴
ିଵ) unrelated to paramagnetic relaxation. The second term ωଶ െ ω଴ can be 

defined as cross-relaxation rate σ. After substituting in these definitions, the steady-state solution of Eq. 1 
under continuous microwave irradiation leads an expression of NMR signal enhancement E, which is the 
ratio between 〈I୸〉 and I0. 
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where |𝛾ௌ| 𝛾ூ⁄  is the ratio of electron and proton gyromagnetic ratios, which is close to 660. The cross-
relaxation rate σ can be expressed as a product of spin label concentration CSL and cross-relaxivity 𝑘ఙ, 
which is exclusively sensitive to changes in the fast water diffusivity with correlation times of order few 
to hundreds of ps. A few terms in Eq. 2 can be further simplified and defined as below: 
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where s is the saturation factor as a function of microwave irradiation power p, which would 
asymptotically approach a maximum value smax with an increment of the microwave power. For most of 
the biological samples with tethered spin labels that have slow tumbling rate, an approximation of 
s୫ୟ୶ ൎ 1 is valid(5, 6). T1 is the spin lattice relaxation rate of the system with spin labels, which is also a 
function of microwave power p.  By applying Eq. 3 and Eq. 4, Equation 2 can be further reorganized as 
below: 
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In order to obtain the cross-relaxivity kσ, the terms that are functions of microwave irradiation power p 
are extrapolated to infinite power, as the saturation factor s is known to be 1 under this condition. The 
NMR signal enhancement E and the spin lattice relaxation rate T1 can be experimentally measured 
through separate measurements under various microwave irradiation powers. The 1H enhancement series 
were done by single pulse experiments and the T1 was measured through inversion recovery 
measurements. The combination of E and T1 under different microwave irradiation powers with other 
constants and spin label concentration CCL are plotted as shown in Figure S4, and the trend is extrapolated 
to an infinite power for getting the reported kσ in the main text for different conditions. 

 

Figure S6 1H Overhauser dynamic nuclear polarization (ODNP) enhancement series of PR reconstituted 
in negatively-charged POPC/POPG (80/20, mol/mol) liposomes as an example of how the fitting in 
Equation 5 is done to obtain the cross-relaxivity kσ. 

  

60

50

40

30

20

10

0

k 
 (M

-1
ꞏs

-1
)

0.200.150.100.050.00

Power (W)



Measure the hydration dynamics at the lipid-water interface using MTSL-labeled C-WALP23  

MTSL-labeled C-WALP23 peptide is used as a control to measure the hydration dynamics at the lipid-
water interface, which is the location of the E-F loop on PR in lipid bilayers. This control can help us to 
verify whether the observed hydration dynamics change on the site 174 on the E-F loop of PR in Fig. 4 is 
uniquely caused by a change of its structure or solely a change of lipid environment experienced by the 
transmembrane protein (TMP). WALP peptide is commonly used as a model of TMP embedded in a lipid 
bilayer (12-14). The name of this peptide is an abbreviation of alternating hydrophobic alanine (A) and 
leucine (L) that forms an α-helical transmembrane structure and four membrane-anchoring tryptophans 
(W) at the membrane-water interface. The C-WALP23 peptide used here has an amino acid sequence 
provided in Fig. S3(a), with an additional cysteine (C) added above the tryptophans to mimic the location 
of the E-F loop on PR reconstituted in lipid bilayers. The cysteine residue is conjugated with a MTSL 
spin label for measuring the hydration dynamics around the membrane-water interface using ODNP. For 
MTSL-labeled C-WALP23 reconstituted in negatively-charged POPC/POPG (80/20, mol/mol) liposomes,  
150 mM in the HEPES buffer led to a higher cross-relaxivity kσ (28.3 ± 2.5 s-1) compared to with 0 mM 
NaCl (kσ = 26.4 ± 1.6 s-1), in contrast to a drop of kσ from 52.6 ± 4.5 s-1 to 44.2 ± 2.5 s-1 with the presence 
of 150 mM measured from site 174 on the E-F loop of PR The opposite trend of hydration changes in 
these two cases prove that the observed decrement of kσ on site 174 is caused by the change of local 
structure around 174, but not solely the change of lipid hydration experienced by the reconstituted TMP. 

The C-WALP23 peptide was synthesized by RS Synthesis (Louisville, KY). We mainly followed the 
protocol published by Lueders et al. to prepare MTSL spin labeled WALP23 peptides(15).  The spin 
labeled WALP peptides dissolved in trifluoroethanol (TFE) was added to lipids with a 1:2200 peptide-to-
lipid molar ratio. The lipid vesicles with WALP peptides were prepared by the extrusion method 
described in the Method section to form lipid vesicles with 200 nm in diameter. All the WALP-contained 
liposomes were equilibrated in the same HEPES buffer as used for PR samples with the desired NaCl 
concentration. 

  



 

 

FIGURE S7 A. The cysteine residue conjugated with MTSL spin labels located on the top of the α-helix 
structure of WALP23 peptides mimic the location of E-F loop on PR reconstituted in lipid bilayers. The 
peptide sequence and its molecule weight of the C-WALP23 are included in the inlet table. B. The 
comparison of cross-relaxivities kσ measured by ODNP between MTSL-labeled C-WALP in 
POPC/POPG (80/20, mol/mol) and PR with MTSL spin label on site 174 (values reported in Figure 4) in 
a HEPES buffer with and without 150 mM NaCl. The liposomes samples with the C-WALP23 peptide or 
PR are all equilibrated at pH 8.5. 

  



FIGURE S8 Apparent pKaD97 of WT PR reconstituted in POPC/POPG (80/20, mol/mol) liposomes in a 
HEPES buffer with various NaCl concentrations (yellow, the same set of data as in Fig. 2 A). The pKaD97 
are compared to A. the ones of WT PR reconstituted in 0.05 wt% DDM in the same HEPES buffer with 
different NaCl concentrations (gray, triangle) and B. the ones of WT PR reconstituted in 0.06 wt% DDM 
in a Tris buffer that contains different concentrations of NaCl (gray, hollow triangle) published by 
Sharaabi et al (16).  



Effect of hydration environment in PR-contained liposomes on apparent pKaD97 

Several modulators that adjust only the extent of hydration of the PR-containing liposomes were applied, 
one at a time, to investigate their effects on the apparent pKaD97. First, the PR-contained liposome bilayer 
was dehydrated by adding either propranolol, a pharmaceutical drug blocker to rigidify lipid headgroup 
region (17), or ethanol, which reduces transient water pore formation across lipid bilayers (18). The 
addition of 1 mM propanolol to a HEPES buffer with 150 mM NaCl was found to have a negligible 
impact on the apparent pKaD97, with a drop from 6.43 ± 0.02 to 6.36 ± 0.07 (Table S2). A similarly 
negligible pKa shift can be observed upon adding 5 wt% ethanol to the HEPES buffer containing 150 mM 
NaCl (pKaD97 = 6.75 ± 0.12). The extent of hydration of PR-containing liposomes was increased by 
substituting 30 mol% of the POPC with an oxidized lipid POVPC to test its effect on the apparent pKaD97. 
The oxidized lipid POVPC with reoriented sn-2 hydrocarbon chain facilitates water penetration into the 
lipid bilayer to increase its hydration(19, 20). Again, no statistically significant difference was observed 
on the measured pKaD97 (6.36 ± 0.08 v.s. 6.43 ± 0.02). Overall, the applied modulators that are known to 
change the extent of hydration of PR-containing liposomes did not induce a significant pKa shift 
compared to the effect of salt concentration of the buffer. These observations suggest that the dehydration 
of lipid bilayers may not exert dominant effects on the pKa of embedded D97 inside PR, or that the 
experimental conditions and measurements are not sensitive to the relevant changes.  

TABLE S2 Apparent pKaD97 of PR reconstituted in POPC/POPG (80/20, mol/mol) liposomes in a 
HEPES buffer with 150 mM of NaCl under different hydration environments adjusted by different 
modulators. 

Condition Effect on liposome’s hydration Apparent pKaD97 

Controla 6.43 ± 0.02 

1 mM propanolol added in the buffer Decrease(17) 6.36 ± 0.07 

5 wt% EtOH added in the buffer Decrease(18) 6.75 ± 0.12 

30 mol% POVPC added in the liposomeb Increase(19, 20) 6.36 ± 0.08 
a The control sample used the HEPES-NaCl buffer as described in Materials and Methods, and 
POPC/POPG (80/20, mol/mol) was used for the liposome composition. 
b 30 mol% of POVPC were applied to substitute the POPG to make POPC/POVPC/POPG (50/30/20, 
mol/mol/mol) liposomes. 
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