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Article
Electrostatic Environment of Proteorhodopsin
Affects the pKa of Its Buried Primary Proton
Acceptor
Chung-Ta Han,1 Jichao Song,1 Tristan Chan,2 Christine Pruett,1 and Songi Han1,2,*
1Department of Chemical Engineering and 2Department of Chemistry, University of California, Santa Barbara, California
ABSTRACT The protonation state of embedded charged residues in transmembrane proteins (TMPs) can control the onset of
protein function. It is understood that interactions between an embedded charged residue and other charged or polar residues in
the moiety would influence its pKa, but how the surrounding environment in which the TMP resides affects the pKa of these res-
idues is unclear. Proteorhodopsin (PR), a light-responsive proton pump from marine bacteria, was used as a model to examine
externally accessible factors that tune the pKa of its embedded charged residue, specifically its primary proton acceptor D97.
The pKa of D97 was compared between PR reconstituted in liposomes with different net headgroup charges and equilibrated
in buffer with different ion concentrations. For PR reconstituted in net positively charged compared to net negatively charged
liposomes in low-salt buffer solutions, a drop of the apparent pKa from 7.6 to 5.6 was observed, whereas intrinsic pKa modeled
with surface pH calculated fromGouy-Chapman predictions found an opposite trend for the pKa change, suggesting that surface
pH does not account for the main changes observed in the apparent pKa. This difference in the pKa of D97 observed from PR
reconstituted in oppositely charged liposome environments disappeared when the NaCl concentration was increased to
150 mM. We suggest that protein-intrinsic structural properties must play a role in adjusting the local microenvironment around
D97 to affect its pKa, as corroborated with observations of changes in protein side-chain and hydration dynamics around the E-F
loop of PR. Understanding the effect of externally controllable factors in tuning the pKa of TMP-embedded charged residues is
important for bioengineering and biomedical applications relying on TMP systems, in which the onset of functions can be
controlled by the protonation state of embedded residues.
SIGNIFICANCE Embedded charged residue plays an important role in gating the functions of natural and engineered
proteins. Our work elucidates that the electrostatic environment of liposomes in which proteorhodopsin resides can affect
the intrinsic pKa of its embedded D97 residue. The pKa change is accompanied with a structural rearrangement measured
by magnetic resonance spectroscopic techniques. Our study adds value to the biophysical understanding of how
electrostatic environment can affect the protonation behavior of embedded charged residues through a change of protein-
intrinsic structural properties. Changes of both the intrinsic and the apparent pKa of D97 under different electrostatic
environments reported here also offer a guideline for optimizing functions of transmembrane proteins that are controlled by
a similar mechanism as proteorhodopsin.
INTRODUCTION

Protonation or deprotonation of certain charged residues in a
transmembrane protein (TMP) controls the onset of many
TMP functions, including ion transport (1,2), redox reaction
(3), and catalysis (4). For example, an ion transport process
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of retinal proteins could involve concerted protonation and
deprotonation of several charged residues during its reaction
cycle to achieve a vectorial transport of ions across lipid bi-
layers (5–7). In proteorhodopsin (PR), a light-activated
pump transports proton from the intracellular to the extra-
cellular side of a marine bacterial membrane, whereas the
key aspartic acid residue D97 controls whether its function
can be initiated after photoactivation (8,9). This D97 residue
is not located on the surface but buried inside the protein
(10). The pKa of such a buried residue inside a TMP can
be different from the pKa of the same amino acid in aqueous
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Electrostatics Tune the pKa of D97 in PR
solution, and the value could vary from protein site to site
for the same amino acid (11,12). This pKa generally shifts
in the direction that favors the neutral form of the amino
acid when these residues are embedded in the hydrophobic
interior of the protein because the D96 residue inside bacte-
riorhodopsin has a high pKa and is mostly protonated (13).
Moreover, the pKa of embedded residues was also shown to
be affected by the environment in which the TMP resides.
For example, the pKa of the embedded D97 residue
(pKaD97) of PR can differ by more than one unit by the
extent of oligomerization of surfactant-reconstituted PR
(14,15), as well as the NaCl concentration in the buffer
that contains detergent-constituted PR (16). These results
unveiled that the external environment in which TMP re-
sides can affect the pKa of embedded charged residues,
but not the underlying mechanism. Identifying the key fac-
tors that determine the pKa of an embedded charged residue
is important for gaining a biophysical understanding and for
tuning the TMP functions in engineering applications with
the protein reconstituted in different synthetic host materials
(17,18).

The factors that determine the pKa of a protein-embedded
charged residue are not well understood, and their study is
challenging. Experimental and simulation studies on quan-
tifying the pKa of embedded charged residues have been
performed with a water-soluble protein, staphylococcal
nuclease (12,19–24), and a TMP, bacteriorhodopsin (25).
By applying continuous constant pH molecular dynamics
and virtual mixture of multiple states method (26–29), these
simulation studies successfully reproduced some of the
experimental pKa values determined by NMR techniques
(30,31), but large discrepancies between simulated and
experimental pKa are observed in most cases (28,32–34).
Various studies in the literature suggested water or ion pene-
tration in the vicinity (21,35,36), charge-charge interactions
with other ionizable groups (22,25,37), charge-polar inter-
actions (38), and hydrogen bonding of the embedded
charged residue to be microenvironmental factors that affect
the pKa of embedded charged residues on water-soluble
proteins (39). Other studies suggested that the ionization
of the embedded charged residue can induce conformational
rearrangements of protein structures (40–42) or that changes
in the electrostatic network around the embedded charged
residue can induce conformational changes that, in turn,
affect the ionization potential of the embedded charged res-
idue (43). Overall, these studies indicated that the microen-
vironments around the embedded charged residue in
proteins can sensitively modulate its pKa, but there is no
consensus regarding the mechanisms.

In comparison to water-soluble proteins that are hydrated
in bulk water, TMPs are embedded in a lipid bilayer with a
densely charged surface formed by lipid headgroups and a
low dielectric interior made of hydrophobic lipid hydrocar-
bon chains (44,45). The protonation state of embedded
charged residues in TMPs reconstituted in such an environ-
ment could potentially be affected by the charge of lipid
headgroups, the orientation of water at the lipid bilayer sur-
face (46), the population of penetrated water inside lipid bi-
layers, or ion condensation around the surface of lipid
bilayers including protons (25). In fact, it has been sug-
gested that differences in the local proton concentration
on a charged lipid bilayer surface, which give rise to a
spatially varying surface proton concentration compared
to the bulk pH, affect the apparent pKa of embedded
charged residues in TMPs (47–50). Motivated by biophysi-
cal understanding objectives, we ask in this study whether
the deviation of surface proton concentration is the only ma-
jor factor that affects the protonation behavior of embedded
charged residues or whether the change of external factors,
such as lipid compositions, buffer and salt type, and/or salt
concentration, that affect the local proton concentration can
also affect the microenvironment around the embedded
charge through structural rearrangement to change its
intrinsic pKa.

Specifically, we focus on the question of whether the elec-
trostatic environment of the liposome in which PR resides
modulates the microenvironment around the embedded
charged residue and, in turn, induces an intrinsic pKa shift.
We also need to test whether potential shifts in pKa under
different external environments are associated with struc-
tural changes of PR, as seen in simulation studies of the wa-
ter-soluble protein staphylococcal nuclease (41,42), as
evidence of whether the observed pKa shift is not only an
apparent effect due to surface pH deviation. Here, we focus
on the charged aspartic acid D97 inside PR. PR is an excel-
lent model TMP, given its robustness that allows us to
explore the effect of a wide range of external environmental
conditions on pKaD97 of PR reconstituted in liposomes.
Moreover, because D97 is located near the retinal chromo-
phore of PR, the ultraviolet (UV)-visible absorbance of
the protein is sensitive to its protonation state (51). The
pKaD97 can therefore be determined conveniently by spec-
trophotometric titration rather than by the powerful, but
more challenging, NMR titration method, which requires
high resolution of the charged residue of interest (22,37).

We systematically altered the electrostatic environment
of PR reconstituted in liposomes by varying the salt type
and concentration inside aqueous solution and the net
charge of the liposome headgroup composition. Both the
apparent pKaD97 and the intrinsic pKaD97, which takes the
surface pH difference into account under these different en-
vironments, were compared to identify the key factors that
affect the pKa of the embedded charged residue D97. We
performed continuous-wave electron paramagnetic reso-
nance (cw EPR) and 1H Overhauser dynamic nuclear polar-
ization (ODNP) relaxometry, with a spin label attached to
site 174 to reveal possible structural changes in PR associ-
ated with the observed pKa shift (52–57), as site 174 on
the E-F loop of PR has been shown to be a sensitive reporter
on the light-activated structural movement of PR (58). The
Biophysical Journal 118, 1838–1849, April 21, 2020 1839
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insight gained from the embedded charged D97 in PR could
be extended to other TMPs activated by the protonation/de-
protonation at embedded sites.
MATERIALS AND METHODS

PR expression and purification

Cysteine-free green-light absorbing PR with a 6x-His tag on its C-terminus

were expressed and purified using previously described protocols (58,59).

The PR gene was cloned into a pET26b (þ) vector (Novagen, Madison,

WI) and transformed into a BL21(DE3) Escherichia coli strain for protein

expression. The expressed PR was purified by using Ni-NTA resin that

specifically binds with the 6x-His tag on PR and eluted by a buffer

(50 mM potassium phosphate dibasic buffer, 150 mM potassium chloride,

0.05 wt% n-dodecyl b-D-maltoside (DDM (pH 8.2))) with 300 mM of

imidazole. The PR was then buffer exchanged into the same buffer without

imidazole and concentrated by Amicon Ultra centrifugal filter units with a

50 kDa MWCO (Millipore, Burlington, MA) for storage or later PR-con-

taining liposome preparation.
Preparation of PR-containing liposomes

The lipid extrusion method was used to prepare large unilamellar vesicles

(LUVs). Lipids dissolved in chloroform (Avanti Polar Lipids, Alabaster,

AL) were mixed to achieve desired compositions in a glass vial, and the

chloroform was then removed through drying under a nitrogen stream

and overnight desiccating under vacuum. The dried lipids were resuspended

using a HEPES buffer (10 mM HEPES (pH 6.7)) with the desired concen-

tration of additional salt (KCl, NaCl, CaCl2, and MgCl2) as specified in

each experimental condition. The mixture was vortexed for at least

10 min under room temperature for complete resuspension, and the lipid so-

lution was then extruded 19 times through a miniextruder installed with a

Nuclepore polycarbonate membrane (200 nm pore size; Whatman, Maid-

stone, UK) to form LUVs.

PurifiedPRwas reconstituted into liposomes to formproteoliposomesusing

the BioBeads removal method (60). The extruded LUVs were mixed with

DDM surfactant solution to achieve a final DDM concentration that is two

times the critical micelle concentration (0.0088 w/v %) and shaken for 1 h

for lipid-surfactant complex formation. PRwas then added to the lipid-surfac-

tant solutionwith a 1:50protein/lipidmolar ratio andgently shaken for another

1 h. The PR-lipid-DDM solution was then transferred through six vials of mi-

crocentrifuge tubes loaded with 140 mg of SM-2 BioBeads (BioRad, Hercu-

les, CA) to remove DDM and drive PR proteoliposome formation.
Optical absorption measurements and analyses

PR pH-dependent optical absorbance change was recorded by a UV-1800

spectrophotometer (Shimadzu, Kyoto, Japan), and the data analysis for get-

ting the pKaD97 was done by the processing and fitting algorithm described

in previous studies (15). Prepared PR-containing liposomes were diluted by

the HEPES buffer with the desired salt concentrations to achieve a total vol-

ume of 750 mL and an initial optical density between 0.3 and 0.5 at 520 nm.

For all PR samples, optical absorbance spectra between 400 and 750 nm

were recorded with a 0.5 nm and under interval at up to 30 different pH

values between 4 and 10. Acidic PR, with a protonated D97 residue, has

a maximum absorbance at �535 nm, which shifts to �518 nm upon depro-

tonation. Instead of directly tracking the maximum absorbance shift under

different pH, the pKa was obtained from the pH-dependent change in opti-

cal absorbance at 570 nm with a better resolution, fitting by the Henderson-

Hasselbalch equation. The details of how the pH-dependent difference

absorbance at 570 nm was obtained and converted to the spectral titration

curve are included in Fig. S1.
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Spin labeling of PR and cw EPR measurement

(1-Oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl) methanethiosulfonate

(MTSL) spin labels (Toronto Research Chemicals, Ontario, Canada) with

EPR sensitivity were conjugated to PR through disulfide formation with

the selected cysteine mutation site 174 on PR. The cysteine mutation site

was introduced to PR using the site-directed mutagenesis technique. After

PR with the cysteine mutation was expressed and purified, 1 mM dithio-

threitol was added to the PR-containing buffer to ensure the thiol groups

were fully reduced before the labeling reaction. The dithiothreitol was

then removed by a PD-10 desalting column (GE Healthcare, Chicago, IL)

containing Sephadex G-25 resin directly before the labeling reaction. A

10�molar excess of MTSL spin labels was then mixed with PR and shaken

for at least 16 h under room temperature for the conjugation reaction to

complete. The excess MTSL was removed via size exclusion chromatog-

raphy, in which PR was run through a HiLoadTM 16/600 SuperdexTM

200 pg column (GE Healthcare) connected to an NGC Medium-Pressure

Liquid Chromatography System (BioRad). The prepared spin-labeled PR

was then reconstituted into liposomes with the desired condition using

the method described above. The x-band (0.35 T) cw EPR spectra from

PR-liposome samples were recorded on an EMXPlus spectrometer (Bruker,

Billerica, MA), with a microwave power of 20 mW, a modulation amplitude

of 1 G, and a total sweep width of 150 G.
ODNP

ODNP measurements on PR reconstituted in liposomes were carried out in

the 0.35 T Bruker EMXPlus magnet. A homebuilt NMR probe was added

within a TE011 microwave cavity to hold the sample, and the probe was

connected to a Bruker Avance 300 NMR spectrometer to detect 1H NMR

signal from the sample. PR-liposome samples were loaded in capillary

tubes with a PR concentration of 200–500 mM and a volume of 3.5 mL.

The 1H NMR signal from water molecules around the spin-labeled site

on PR was collected under different powers of microwave irradiation to

get the 1H NMR enhancement series. The spin-lattice relaxation time T1 un-

der different microwave irradiation powers was collected by inverse recov-

ery experiments for temperature-correction purpose because of a sample

heating issue. The details of the automated ODNP experiment setup are

described in Franck et al. (56), and the detailed theory and derivation for

getting the reported cross-relaxivity ks as water dynamic information is

provided in the Supporting Materials and Methods.
RESULTS

Determining the pKaD97 of PR using UV-visible
spectral titration measurements

The primary proton acceptor D97 is buried in the interior of
the PR. Its protonation state affects the maximum absorption
wavelength of PR through changes in the environment
around the retinal chromophore of PR. This property allows
the pKa of the D97 residue (pKaD97) to be measured through
UV-visible spectral titration measurements (see details of
pKaD97 determination in the Materials and Methods
and Fig. S1). Fig. 1 shows exemplary data for pKaD97
determination of WT PR reconstituted in 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC)/1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(10-rac-glycerol) (POPG)
(80/20, mol/mol) liposomes in the HEPES buffer without
adding additional salt, along with a curvefit to obtain the
corresponding pKaD97 (7.62 5 0.02). The pKaD97 from



FIGURE 1 Difference optical absorbance at 570 nm under various bulk

pH from WT PR reconstituted in POPC/POPG (80/20, mol/mol) liposomes

and in a 10 mM HEPES buffer. The difference absorbance at 570 nm under

different pH was normalized to the difference between the maximum and

the minimum. The pH-dependent absorbance curve was fitted by the Hen-

derson-Hasselbalch equation to get the apparent pKaD97.

Electrostatics Tune the pKa of D97 in PR
wild-type PR (WT PR) was shown to be tunable and varies
from 6.2 to 7.6 depending on the sample condition (14,16).
Note that the titration curve in Fig. 1 is plotted against the
bulk pH in buffers, and the pKaD97 obtained from fitting is
the apparent pKa, which does not count in the deviation of
surface proton concentration from the bulk pH. To under-
stand the mechanism of how the surrounding environment
affects the pKaD97 of PR reconstituted in liposomes, the
electrostatic environment of PR-containing liposomes was
modulated.
Effect of concentration of cation in buffer and the
net charge of liposomes on apparent pKaD97

We examined the effect of the external electrostatic environ-
ment on the apparent pKaD97 of PR by changing the net
charge of liposomes and the concentration of ions in the
HEPES buffer. The net charge of liposomes was adjusted
by mixing POPC with a zwitterionic headgroup with either
POPG with a negatively charged headgroup or 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP) with a positively
charged headgroup (structures shown in Fig. S2 A). The
apparent pKaD97 of PR was measured in the negatively
charged POPC/POPG (80/20, mol/mol) liposomes and posi-
tively charged POPC/DOTAP (80/20, mol/mol) liposomes
in the same HEPES buffer while successively increasing
the NaCl concentration from 0 to 150 mM. In the case of
negatively charged POPC/POPG (80/20, mol/mol) lipo-
somes, pKaD97 decreased gradually from 7.4 5 0.02 to
6.4 5 0.01 when the NaCl concentration in the buffer was
increased (Fig. 2 A, blue; spectral titration curves under
different NaCl concentrations for the Henderson-Hassel-
balch fitting are plotted in Fig. S3 A for reference). In con-
trary, an opposite incremental trend of pKa shift was
observed in the case of positively charged POPC/DOTAP
(80/20, mol/mol) liposomes while NaCl concentration was
increased from 0 mM (pKaD97 ¼ 5.63 5 0.01) to
150 mM (pKaD97 ¼ 6.14 5 0.02) in the HEPES buffer
(Fig. 2 A, red; corresponding spectral titration curves are
plotted in Fig. S3 B). The sharpest pKaD97 difference, which
is an up to �2 pH unit change, between the negatively
charged POPC/POPG and positively charged POPC/DO-
TAP liposomes can be observed when there is no additional
NaCl in the HEPES buffer. With the presence of more NaCl
in the buffer, the difference of measured apparent pKaD97
between PR in these two types of liposomes with opposite
net charges became smaller. For the PR-containing lipo-
somes constituted of pure zwitterionic POPC, the measured
pKaD97 lay between the ones from positively charged
POPC/DOTAP (80/20, mol/mol) liposomes and negatively
charged POPC/POPG (80/20, mol/mol) liposomes for both
buffers with and without NaCl (Fig. S2 B). These results
all follow a systematic trend, in which the apparent
pKaD97 shifted toward a lower value when the charge of
the liposome surface changed from net negative to net
positive.

The effect of adding different salts in the buffer was also
tested in the case of PR reconstituted in negatively charged
POPC/POPG (80/20, mol/mol) liposomes (Fig. 2 B). Add-
ing KCl (Fig. 2 B, diamond) with a monovalent cation
showed a similar trend of pKaD97 change as NaCl. The
case of adding salts with divalent cations (MgCl2 and
CaCl2) both showed a more abrupt apparent pKaD97 change.
The apparent pKaD97 dropped to 6.755 0.03 upon addition
of a lower ion concentration (1 mM) of Ca2þ (Fig. 2 B, cir-
cle) and declined even further to 6.10 5 0.02 at the highest
Ca2þ concentration (35 mM). This pKa measured under
35 mM Ca2þ is lower than the smallest value (6.43)
observed with monovalent cations at much greater NaCl
or KCl concentration. A similar trend was observed for
Mg2þ (Fig. 2 B, square). Concentrations of divalent cations
above 35 mM were not tested because no further change of
pKa is expected in that region. Overall, all the salt added can
change the apparent pKaD97 of PR reconstituted in nega-
tively charged liposomes. The observed pKa change is
steeper for divalent cations (Mg2þ and Ca2þ) in comparison
with monovalent cations (Naþ and Kþ).
Effect of concentration of cation in buffer and the
net charge of liposomes on intrinsic pKaD97

The electrostatic environment of the PR-embedding lipo-
somes, including the net charge of liposomes and the salt
concentration in buffer, dominantly and significantly modu-
lates the apparent pKa of the buried D97 residue. Early
bacteriorhodopsin (bR) studies suggested that distribution
shift between the protonated and the deprotonated form of
Biophysical Journal 118, 1838–1849, April 21, 2020 1841



FIGURE 2 (A) Apparent pKaD97 of WT PR re-

constituted in negatively charged POPC/POPG

(80/20, mol/mol) liposomes (blue triangle) and

positively charged (80/20, mol/mol) liposomes

(red triangle) in a 10 mM HEPES buffer. The

HEPES buffer contained different concentrations

of NaCl between 0 and 150 mM. (B) Apparent

pKaD97 of WT PR reconstituted in negatively

charged POPC/POPG (80/20, mol/mol) liposomes

in the HEPES buffer containing different concentra-

tions of NaCl (triangle, same as in A), KCl (dia-

mond), CaCl2 (circle), and MgCl2 (square) is

shown. (C) Intrinsic pKaD97 of WT PR reconstituted

in negatively charged POPC/POPG (80/20, mol/

mol) liposomes (blue triangle) and positively

charged (80/20, mol/mol) liposomes (red triangle)

in a HEPES buffer containing different concentra-

tions of NaCl is shown.

Han et al.
its embedded Schiff base counterion residue was due to a
deviation of the surface proton concentration from the
bulk pH around a charged lipid membrane surface (47,48).
This means that the observed pKa change in the spectral
titration experiment is only an apparent effect without
changing the equilibrium constant. Nevertheless, the elec-
trostatic environment may also cause a structural rearrange-
ment of TMPs to change the microenvironment around the
embedded charged residue and, in turn, induce a shift in
its intrinsic pKa.

To further prove that the observed pKa shift is not only an
apparent effect dictated mainly by surface pH, we used the
Gouy-Chapman (GC) model to calculate the surface pH on
charged liposomes under the conditions tested in Fig. 2 A
(detail derivation included in the Supporting Materials and
Methods) (61,62). After calculating the surface pH on
charged liposome surfaces and replotting the spectral titra-
tion data against the surface pH, the intrinsic pKaD97 ob-
tained from Henderson-Hasselbalch fitting still changed
systematically under the electrostatic environment tested
(Fig. 2 C, surface potentials predicted from GC included
in Table S1; corresponding spectral titration data are plotted
in Fig. S4). The greatest deviation in the intrinsic pKaD97
from the apparent pKaD97 was found in buffers without
additional NaCl. Furthermore, the intrinsic pKa at 0 mM
NaCl is distinctly different for PR in POPC/POPG (80/20,
mol/mol) versus POPC/DOTAP (80/20, mol/mol) liposome
environments after taking surface proton concentration dif-
ference into account (5.11 vs. 7.64). In the presence of more
NaCl in the buffer, the intrinsic pKaD97 shifts in the opposite
direction to the apparent pKaD97 while the two values
converge. This shows us that the electrostatic effect exerted
on PR’s pKaD97 by its liposome environment is screened out
at high NaCl concentrations. If surface pH were the only
factor to affect the measured apparent pKaD97 in Fig. 2 A,
then comparable or similar intrinsic pKaD97 would be ex-
pected in Fig. 2 C under all conditions tested. In fact, we
found an opposite trend for the intrinsic pKaD97 compared
to the apparent pKaD97, whereas we also found that the
1842 Biophysical Journal 118, 1838–1849, April 21, 2020
intrinsic pKaD97 clearly changes for PR reconstituted in li-
posomes with different electrostatic environments. Our re-
sults suggest the observed pKaD97 change is not solely an
apparent effect caused by the deviation of proton concentra-
tions on charged liposome surfaces compared to the bulk so-
lution but due to actual changes of its acid dissociation
constant. It is also noted that all the spectral titration curves,
both for the ones plotted against bulk pH (Fig. S3) and sur-
face pH calculated by GC model (Fig. S4), show a similar
shape without significant distortion. This can be further sup-
ported by comparing the Hill coefficient from the Hender-
son-Hasselbalch fitting, where a similar Hill coefficient
was found between the spectral titration curves plotted
against bulk pH or surface pH under the same condition
tested (Fig. S5). These results further support our hypothesis
that the deviation of surface pH on charged liposome surface
is not the only nor the main driving factor affecting the
apparent pKaD97 (Fig. 2 A) for PR reconstituted in lipo-
somes with different electrostatic environments.

We then went on to test other possible mechanisms of
how the external electrostatic environment in which PR re-
sides may affect the intrinsic pKa of the embedded D97 res-
idue. Because the protonation behavior of embedded
residues can be determined by their local microenvironment
or the conformation of proteins, one of the most plausible
mechanisms is direct long-range or mediated short-range
electrostatic static interactions between charged lipid head-
groups and the embedded charged residues, here specifically
D97 (17,25). If changes in the external factors that change
the embedded residue pKa, under conditions that do not
alter the charge state of D97, are accompanied by structural
rearrangements of the protein, this would suggest that the
electrostatic effect of the external factors are coupled to
the protein-internal electrostatic network. Hence, we next
investigate whether a structural rearrangement of PR can
be observed under different electrostatic environments by
using EPR techniques with spin labels on PR, and measure-
ments were performed at a sufficiently high pH, at which the
majority of D97 remains deprotonated.
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Revealing the structure of PR E-F loop under
different electrostatic environment using cw EPR

cw EPR is a common technique for obtaining protein local
structural information. EPR sensitive spin labels with an un-
paired electron (e.g., MTSL) are covalently linked to the
selected cysteine mutation sites. Protein structural changes
around the labeled site can be reflected in the cw EPR line-
shape change if the spin label experiences altered dynamics
in the subnanosecond to tens of nanoseconds regime
(52,63). For MTSL-labeled PR, site 174 on the E-F loop
has been reported to be an interfacial site that showed cw
EPR lineshape change due to tertiary interaction after PR
experienced a light-activated structural movement (Fig. 3
A; (58)). Specifically, an increase of the immobile compo-
nent ‘‘i’’ and a reduction of the mobile component ‘‘m’’
on the cw EPR spectrum was observed upon photoactivating
PR (58). Here, we applied site-directed mutagenesis and
spin labeling on the same site 174 (Fig. 3 A) to detect
possible structural rearrangement associated with the
observed intrinsic pKaD97 change for PR under different
electrostatic environments.

X-band cw EPR spectra of PR spin labeled at site 174
were measured and compared between two differently
charged liposomes (negatively charged POPC/POPG versus
positively charged POPC/DOTAP) at two different NaCl
concentration (0 mM vs. 150 mM) in HEPES buffer and
at pH 8.5. For all cw EPR spectra shown here, the locations
of the restricted immobile (‘‘i’’) component and the faster-
moving mobile (‘‘m’’) component are highlighted at the
low-field region of the spectra (Fig. 3 B). The spectral
amplitude of these two components conveys the extent of
tertiary contacts that the nitroxide label on site 174 experi-
enced. PR reconstituted in negatively charged POPC/
POPG liposomes in a HEPES buffer with 0 mM NaCl that
showed the lowest intrinsic pKaD97 (5.11 5 0.02) is the
sample that revealed a dominance of the faster-moving mo-
bile (‘‘m’’) component in the cw EPR spectrum (Fig. 3 B, top
left). In contrast, the sample under the condition with the
highest intrinsic pKaD97 (7.64 5 0.01, positively charged
POPC/DOTAP, 0 mMNaCl) revealed a prominent immobile
component (‘‘i’’) and a concurrent reduction of the mobile
component (‘‘m’’) (Fig. 3 B, top right). PR reconstituted
in the same positively charged liposome but in the presence
of 150 mMNaCl in the HEPES buffer revealed a recovery of
the mobile (‘‘m’’) component (Fig. 3 B, bottom right),
although still less mobile compared to the condition that
yielded the lowest intrinsic pKaD97 for PR. No significant
cw EPR lineshape difference was observed when varying
the NaCl concentrations (0 mM vs. 150 mM) for the PR
sample reconstituted in negatively charged POPC/POPG li-
posomes (Fig. 3 B, blue spectra). We also measured and
compared the pKaD97 of the PR with MTSL spin labels on
site 174 to WT PR (data not shown). No significant differ-
ence was observed between the spin-labeled variant and
the WT PR. Taken together, these results show a trend of
a cw EPR lineshape change at site 174 that coincides with
the observed intrinsic pKaD97 shift, with a higher fraction
of the immobile component when the PR has a higher
intrinsic pKaD97. These observations suggest that the same
changes in the electrostatic environment that modulate the
pKaD97 of the buried D97 residue also cause structural mod-
ulation in PR’s peripheral E-F loop. We note that all PR-
liposome samples studied by cw EPR were equilibrated at
pH 8.5 so that at least 88% or more of the buried D97 is de-
protonated (even for the highest apparent pKaD97 ¼ 7.62).
Thus, the changes seen in cw EPR lineshapes are not a
consequence of structural changes that follow the proton-
ation of D97. It is possible that the electrostatic environment
couple to D97 is mediated by ordered surface water and is
reflected in the E-F loop spin-label dynamics. Hence, next
we examine the surface water diffusion dynamics around
site 174.
FIGURE 3 (A) PR structure and a schematic dia-

gram of the a-helical structure of its E-F loop. The

spin-labeled 174 was shown to be located at the

interface between the region with fast water dy-

namics (blue shading) and the region with slow wa-

ter dynamics (red shading). The chemical structure

of the MTSL spin label is also shown along the

side. (B) cw EPR spectra of PR spin labeled at E-

F loop site 174 reconstituted in negatively charged

POPC/POPG (80/20, mol/mol) liposomes (blue

spectra) or positively charged POPC/DOTAP (80/

20, mol/mol) liposomes (red spectra) in 10 mM

HEPES buffers with 0 mM NaCl or with 150 mM

NaCl are shown. All the samples were equilibrated

at pH 8.5.
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Measuring the hydration dynamics around site
174 on PR E-F loop under different electrostatic
environments using ODNP relaxometries

ODNP relaxometry measures the surface water dynamics
within 1 nm of the spin-labeled surface and is sensitive to
changes in the hydrogen bond network of water surrounding
the spin label but also to subtle protein structural changes
that reflect themselves in changes in the dynamics of the
coupled hydration water to the protein surface (64). The
local hydration dynamics <10 Å around the MTSL-labeled
site 174 on PR were measured and compared under the four
conditions used in the previous section. In ODNP, local wa-
ter dynamic information is extracted from the electron-1H
spin cross-relaxivity ks that is sensitive to the dynamic of
diffusing, loosely bounded (approximately tens of picosec-
onds timescale) water obtained from 1H NMR signal en-
hancements of water molecules around the attached spin
label on PR under various microwave irradiation powers
(53,54,56). Details of the theory and the analysis are
included in the Supporting Materials and Methods (57).
These fitted ks can reveal changes in the hydration dynamics
associated with subtle structural movements around site 174
(Fig. 3 A) with greater sensitivity compared to cw EPR line-
shape analysis (58).

The cross-relaxivity ks around site 174 of PR reconsti-
tuted in two different liposome environments (negatively
charged POPC/POPG versus positively charged POPC/DO-
TAP) in two different HEPES buffers (0 mM NaCl vs.
150 mM) were measured and compared (Fig. 4). Interest-
ingly, we found consistent trends for changes in ks with
that in intrinsic pKaD97. Overall, the condition (positively
FIGURE 4 Cross-relaxivities ks that reflect the hydration dynamics

(approximately tens of picoseconds timescale) around MTSL-labeled site

174 measured by ODNP on PR reconstituted in negatively charged

POPC/POPG (80/20, mol/mol) liposomes or positively charged POPC/DO-

TAP (80/20, mol/mol) liposomes, in HEPES buffers with 0 mM NaCl or

with 150 mM NaCl. The intrinsic pKaD97 under each condition is also

plotted along the side as a reference (triangle). To see this figure in color,

go online.
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charged POPC/DOTAP, 0 mM NaCl) with the highest
intrinsic pKaD97 yielded the lowest ks among the conditions
tested, which agrees with a more immobile cw EPR spec-
trum (Fig. 3 B). For PR reconstituted in positively charged
POPC/DOTAP liposomes, 150 mM NaCl in the HEPES
buffer led to a higher ks (46.9 5 1.1 s�1) compared
to with 0 mM NaCl (ks ¼ 29.5 5 4.0 s�1), accompanying
the decrease in intrinsic pKaD97 from 7.64 5 0.01 to
6.42 5 0.02 with 150 mM NaCl. For PR reconstituted in
negatively charged POPC/POPG liposomes, the presence
of 150 mM NaCl in the HEPES buffer led to a lower ks
(44.2 5 2.5 s�1) at site 174 in comparison to the condition
without additional NaCl salt (ks ¼ 52.6 5 4.5 s�1). This
reduction in ks accompanies an increase in intrinsic
pKaD97 from 5.11 5 0.02 to 5.74 5 0.02. Here, the
ODNP measurements revealed a change in the hydration
environment of site 174 that was not reflected in the cw
EPR lineshape between these two conditions.

Control measurements were done on a model single a-he-
lical WALP23 peptide, with an MTSL spin label conjugated
to the cysteine residue right above its a-helix at the lipid-
water interface to mimic the location of site 174 on PR in
lipid bilayers (the sequence of the C-WALP23 peptide and
the location of the labeled site are described in Fig. S7 A).
When 150 mM NaCl was added to the solution, the hydra-
tion dynamics measured on MTSL-labeled C-WALP in
POPC/POPG (80/20, mol/mol) liposomes increased
(Fig. S7 B), in contrast to observing a decreased hydration
dynamic at site 174 for PR reconstituted in the same nega-
tively charged liposomes (Fig. 4). This observation shows
that the change in hydration dynamics observed at site
174 is not a reflection of changes in hydration dynamics
on the lipid bilayer surface because of nonspecific screening
of electrostatic effects. We note that high intrinsic pKaD97
implies an environment that stabilizes a neutral form of
the embedded D97 residue in PR, which is accompanied
by the stiffening of site 174 on the E-F loop and the slowing
down of the hydration layer near this site. Whatever the bio-
physical and structural basis of this observation, the external
electrostatic modulation that alters the intrinsic pKaD97 of
PR is accompanied by changes in its structure, independent
of the protonation or deprotonation of D97.
DISCUSSION

Significant and systematic changes in both the apparent and
the intrinsic pKaD97 were found for PR reconstituted in lipo-
somes while we varied the net charge of phospholipid head-
groups in the liposomes, as well as the ion type and their
concentration in the buffer solution (Fig. 2). It is noteworthy
that the apparent pKaD97 of PR embedded in 0.05 wt%
DDM detergent micelles, unlike in liposomes, only showed
a small dependence on the NaCl concentration in buffers
(Fig. S8 A). This difference may be due to differences in
the surface potential between PR reconstituted in liposomes
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and detergent micelles (62). In the liposome environment,
PR, together with charged and zwitterionic lipids, creates
a well-defined planar surface that could strengthen the elec-
trostatic modulation induced by the presence of salt in
buffer, whereas PR in detergent micelle creates a relatively
weaker surface potential that may lead to a smaller depen-
dence of the apparent pKaD97 on the NaCl concentration
in buffers. Sharaabi et al. reported similar dependencies of
pKaD97 on the NaCl concentration in buffers, but with a
larger effect size for PR reconstituted in DDM detergent mi-
celles (Fig S8 B; (16)). This difference in the magnitude can
have diverse origins. PR oligomer distribution has been
shown to significantly affect the pKaD97 of PR reconstituted
in detergent micelles (14,15), but not in liposomes (unpub-
lished data), so that different degree of oligomerization
observed in different detergent concentration could concur-
rently affect the measured pKaD97 (15).

Because the addition of cations in buffer can change both
the extent of hydration and the electrostatic environments of
PR-containing liposomes (65,66), some might attribute the
observed pKaD97 shift to be a result of the hydration change
in liposomes. To clarify this, we examined several modula-
tors that adjust only the extent of hydration of the PR-con-
taining liposomes, one at a time. Overall, the applied
modulators that are known to change the extent of hydration
of PR-containing liposomes by changing water pore forma-
tion probability did not induce a significant apparent pKaD97
shift (Table S2). These observations suggest that even
though the addition of cations in buffer can also change
the hydration of lipid bilayers, it may not exert dominant ef-
fects on the pKa of the embedded D97 inside PR or that the
experimental conditions and measurements are not sensitive
to the relevant changes. In addition, other possible factors,
including the oligomer distribution of PR in liposomes or
the compositions of liposomes without changing their net
charge, that could be modulators of the pKaD97 of PR
were also examined, but no significant change in pKaD97
was observed (data not shown). These together suggest the
electrostatic environment around PR reconstituted in lipo-
somes should be the major factor determining its pKaD97.

Other retinal protein studies also revealed a transition in
the protonation-deprotonation equilibrium of its embedded
proton acceptor that depended on the ion concentration in
the buffer. These studies inferred that the transition is
induced either by ion-specific binding to the membrane pro-
tein or by a deviation of the surface pH on the membrane
surface. When adding 150 mM of NaCl into the buffer,
we found an opposite trend for the pKaD97 shift between
PR reconstituted in positively charged liposomes and nega-
tively charged liposomes (Fig. 2). This observation excludes
ion-specific bindings as the key mechanism because pKa
shift in the same direction should occur with specific bind-
ing, regardless of the liposome’s net surface charge. Further-
more, a much higher cation concentration was required to
induce a measurable pKa shift in the PR studied here
compared to bR. With bR, a complete transition of pKa
was observed when 10 mM of Ca2þ was added to the purple
membrane sample containing a bR concentration of 1.6 mM,
which corresponds to only a sixfold molar excess of ions
(67,68). In this study, the same transition reaches saturation
with Ca2þ concentration in the 10 mM range, corresponding
to a three orders of magnitude higher ion concentration
compared to the PR concentration of 10 mM (Fig. 2 B).
On the other hand, although a steeper apparent pKaD97
change was found for divalent cations compared to monova-
lent cations, this could be due to stronger association be-
tween the divalent cations and the negatively charged
POPG lipid headgroups compared to monovalent cations
(69). This stronger association may effectively screen the
negative charge on liposome surfaces at lower ion concen-
tration and so unify surface and bulk proton concentrations.
This result suggests the deviation of surface from bulk pH
due to interactions between the proton and charged lipid sur-
face to be one of the most plausible factors that affects the
apparent pKa of embedded charge residue.

Interestingly, the intrinsic pKaD97 modeled with surface
pH calculated for charged liposome surfaces using GC
models showed an opposite trend from the apparent
pKaD97 because the net charge of liposomes and the concen-
tration of NaCl in buffers were altered. Furthermore, the
intrinsic pKaD97 was found to be still significantly modu-
lated under different external electrostatic environments.
These observations further prove that surface pH on charged
liposome surfaces cannot be the main factor to give rise to
changes in the apparent pKaD97 (Fig. 2, A and C). Even
though the GC model might not quantitatively describe
the surface potential of liposome systems with mixed lipids
and in solution with different electrolyte concentrations, the
difference between the experimentally determined surface
potential j0 for POPC/POPG (80/20, mol/mol) liposomes
in a buffer with 50 mM electrolyte (j0 ¼ �102 mV) re-
ported in the literature (62) and the one predicted by the
GC model (j0 ¼ �72 mV) under similar conditions are still
comparable, suggesting that the GC-derived surface poten-
tial and pH represent physical trends. In the future, a more
careful study, probably directly measuring the surface pH
on PR-contained liposomes, will be required to obtain a
more precise surface potential and intrinsic pKaD97.

Taking all observations together, we hypothesize that
long-range interactions or mediated short-range interactions
between charged lipid headgroups and the embedded
charged residue inside protein must be at play, in addition
to the effects of surface potential and pH, for altering its
pKa. We gleaned protein structural information by cw
EPR lineshape analysis and ODNP relaxometry measure-
ments using PR spin labeled at site 174. Both methods re-
vealed that the addition in the intrinsic pKaD97 is
accompanied by changes in site 174 toward a more immo-
bile environment, both in terms of the dynamics of the
spin label according to cw EPR and the surrounding
Biophysical Journal 118, 1838–1849, April 21, 2020 1845
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hydration water according to ODNP (Figs. 3 and 4). In other
words, the observed change in intrinsic pKaD97 may be asso-
ciated with structural rearrangement of PR induced by
changes in the electrostatic environment.

We propose several possible mechanisms to explain the
connection between the modulation of pKaD97 and the struc-
tural rearrangement of PR observed from the E-F loop. The
first possibility could be a change of local hydrogen bond in-
teractions between the embedded charged residue of interest
and surrounding residues, as its importance on tuning the
pKa of embedded residue has been revealed by previous
retinal protein studies (17,25,39). In the case of PR, the
conserved H75-D97 interaction was proposed to stabilize
the protonated D97 and hence increase the pKaD97 (39). Mu-
tation of H75 to different amino acids that cannot form
hydrogen bonds with D97 brought down the pKaD97. The
observed pKaD97 shift in this study may be due to a pertur-
bation of the H75-D97 contact after PR was reconstituted in
different electrostatic environments. A similar interaction
compared to the H75-D97 contact in PR was also found in
rhodopsin. The ionic lock between E134 and R135 has
been suggested to stabilize the inactive MII state of
rhodopsin, whereas reconstituting rhodopsin in either pure
positively charged liposomes or triblock copolymer mem-
branes with high cationic charge density can break down
this ionic lock to drive a transition of rhodopsin to its active
state (17). In the said rhodopsin study, the charge neutraliza-
tion between positively charged DOTAP lipid headgroups
and the deprotonated E134 was proposed to drive this tran-
sition. Their MD simulation results showed a direct contact
between site E134 and the DOTAP lipid headgroups, made
possible by the shallow location of E134 near the interface
between the lipid bilayer and the aqueous phase. However,
the D97 residue in PR is embedded inside the protein inte-
rior rather than exposed near the lipid bilayer-aqueous inter-
face. Hence, even if the external electrostatic environment
caused a modulation in the H75-D97 interaction, it must
be mediated by long-range electrostatic interactions
involving the protein. In future studies, the modulation in
the H75-D97 distance must be directly examined as a func-
tion of changing external electrostatic environments that
modulated pKaD97 by solid-state NMR spectroscopy but at
a sufficiently high pH to keep D97 deprotonated in the
different environments.

The second possibility is that the observed structural rear-
rangements can affect the relative positions between D97
and other surrounding polar or charged residues, the afore-
mentioned H75 being one candidate, and hence its pKaD97.
Theoretical studies have suggested that the charge density of
an active site inside an enzyme can be affected by the posi-
tions of critical residues via electrostatic preorganization
(43). In studies of bR, the orientation of positively charged
R82 in simulation was found to affect the protonation state
of other embedded charged residues on this protein,
including its Schiff base primary proton acceptor D85
1846 Biophysical Journal 118, 1838–1849, April 21, 2020
(25). In the case of PR, a weaker coupling was found be-
tween the analogous R94 and the primary proton acceptor
D97 because mutating this positively charged arginine into
other neutral amino acids did not affect its pKaD97 (70).
However, remote residues beyond the proximal H75 have,
in fact, been implicated in the modulation of pKaD97,
namely site 178 on the E-F loop, whose mutations have
been found to significantly affect the pKaD97 (51). NMR
studies revealed that the A178R mutation modulated the
structure of PR, affecting the chemical shifts of up to 31 res-
idues from site 178, including the D97 residue (71). These
results demonstrate the importance of the E-F loop on the
structure and function of PR, including the microenviron-
ment around D97 that determines its pKa. Our observation
of E-F loop movement registered around 174 is thus consis-
tent with the past studies identifying long-range interaction
between site 178 and the embedded D97 residue. However,
high-resolution structure studies under different electro-
static environments are needed to answer these questions
conclusively.

We discuss one more possible mechanism. The water
molecules hydrating the surface of PR may also be reor-
iented by the external electrostatic environment and so
affect the protonation state of the embedded D97. In the
studies of bR, a hydrogen bond network between structural
water molecules inside the protein and two aspartic acids
has been suggested to affect the protonation or the deproto-
nation of its D85 residue, which reveals the importance of
protein-bound water’s orientation in determining the proton-
ation state of embedded charged residues (72). Although
such structural water has not been resolved from existing
PR structures (10,73), a basis for this speculation is given
by the direct observation of changes in surface water dy-
namics under conditions in this study where pKaD97 is
altered (shown in Fig. 4). Clearly, a more careful study is
required to better understand the effect of changes in the in-
ternal protein structure and hydration layer landscape after
PR is reconstituted in different electrostatic environments.
CONCLUSION

Our study found that both the apparent and intrinsic pKa of
an embedded charged residue D97 inside a transmembrane
protein PR can be tuned by changing the ion concentration
in the buffer or the net charge of liposomes in which PR is
reconstituted. Although the deviation of local pH on charged
liposome surfaces from bulk pH could be one of the factors
to affect the measured apparent pKa, the intrinsic pKa
modeled with the GC equation was still strongly modulated
under different external electrostatic environment, likely
through long-range interactions between charged lipid head-
groups and the embedded charged residue. These long-
range interactions are likely mediated by protein structural
changes and/or ordering of water, as hinted by changes in
structural and hydration dynamics properties at site 174 of
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the E-F loop of PR according to cw EPR lineshape and
ODNP measurements. This work does not interrogate the
underlying mechanism and structural basis of the intrinsic
pKa modulation but underscores the importance of the envi-
ronments, including the valency and the concentration of
cations in buffer or the net charge of surrounding biomi-
metic environment, in modulating the activity and function
of liposome-reconstituted TMPs, especially for those with
functions modulated by the protonation state of embedded
charges. This insight is critical for the study of many
different TMPs in the context of biomedical and bioengi-
neering research.
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