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ARTICLE INFO ABSTRACT

Keywords: We summarize and critically review osmotic stress studies of the G-protein-coupled receptor rhodopsin. Although
G-protein-coupled receptors small amounts of structural water are present in these receptors, the effect of bulk water on their function re-
Membranes mains uncertain. Studies of the influences of osmotic stress on the GPCR archetype rhodopsin have given insights
ggg;z;:ﬁlemoscow into the functional role of water in receptor activation. Experimental work has discovered that osmolytes shift the
Signal transduction metarhodopsin equilibrium after photoactivation, either to the active or inactive conformations according to
Vision their molar mass. At least 80 water molecules are found to enter rhodopsin in the transition to the photoreceptor

active state. We infer that this movement of water is both necessary and sufficient for receptor activation. If the
water influx is prevented, e.g., by large polymer osmolytes or by dehydration, then the receptor functional
transition is back shifted. These findings imply a new paradigm in which rhodopsin becomes solvent swollen in
the activation mechanism. Water thus acts as an allosteric modulator of function for rhodopsin-like receptors in

lipid membranes.

1. Introduction

G-protein-coupled receptors (GPCRs) are membrane-spanning pro-
teins implicated in the regulation of various biological processes in eu-
karyotes by transmitting signals across cellular membranes. Somewhere
around 30 to 50% of drugs target diseases linked to dysfunctions of
pathways of rhodopsin-like receptors [1-4]. In recent years dozens of
GPCR structures have become available based on advances in their
crystallization [5-7]. Despite the great amount of structural information
provided by X-ray analysis, however, the experimental conditions
involved in crystallization render these studies strikingly incomplete.
The use of cryogenic temperatures, dehydration, and absence of a lipid
membrane reduce the dynamic allostery of the various receptor states to
a single representative structure. On the other hand, recent in-
vestigations of rhodopsin by small-angle and quasielastic neutron scat-
tering reveal that solvent swelling of the receptor occurs by water
absorption upon activation [8,9], a conclusion that is also supported by
all-atom molecular dynamics (MD) simulations [10,11]. In contrast to
ion channels and aquaporins, the role of water in GPCR mechanisms is

only now becoming understood. Wide-angle X-ray scattering (WAXS)
studies [12] further indicate that at ambient temperature the structural
changes of rhodopsin due to light activation may be greater than those
revealed previously by X-ray crystallography. Additional quantitative
data are thus needed on the changes in rhodopsin volume in the active
state.

As an example, Fig. 1 illustrates the first steps of the signal trans-
duction process of rhodopsin. Conversion of the ligand retinal by light
absorption (Fig. 1a) into an agonist leads to the receptor activating
conformational changes (Fig. 1b). The activated receptor then binds the
heterotrimeric G-protein (Fig. 1¢), which triggers exchange of GTP for
GDP on the G-protein a-subunit, followed by its dissociation and inter-
action of the subunits with other intracellular proteins in the signal
transduction cascade. Further understanding of rhodopsin-based
signaling requires that the effects of water and the membrane lipids
on the receptor should be considered (the so-called soft matter) [13,14].
Here we review our novel experimental strategy that yields trans-
formative new insights into the role of bulk water in rhodopsin activa-
tion. To observe the large-scale hydration-coupling interactions that are
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Fig. 1. Signal transmission by G-protein-coupled receptor rhodopsin en-
tails conformational changes and dynamic allostery. (a) Ligand trans-
formation into agonist upon photonic absorption leads to (b) rhodopsin
activating conformational changes. (c) Active receptor forms heterotrimeric
complex with G-protein. Exchange of GDP with GTP leads to dissociation of G,
subunit from the Gy, subunits and the receptor. Interaction of the subunits with
intracellular effector proteins continues the signal transduction cascade. Un-
derstanding GPCR signaling also involves effects of the lipid membrane
environment.

typically invisible to structural methods like X-ray crystallography or
cryogenic electron microscopy, we describe a unique approach that
shows how an influx of bulk water stabilizes the active rhodopsin
conformation. In addition, we discuss the role of the aqueous solvent in
activation—which surprisingly turns out to be much more significant
than simply giving a medium for organizing the cellular components.

2. Hydration changes of rhodopsin are observed upon light
activation

Rhodopsin activation occurs upon absorption of a photon of visible
light by 11-cis retinal, followed by its isomerization to the all-trans
conformation. The reaction mechanism for rhodopsin can be summa-
rized by the time-ordered activation sequence [15-18]: Rh+ hy—MI=
MIIL,=MIl, + H30"=MII,H*, where Rh is dark-state rhodopsin with its
11-cis retinal covalently bound by a protonated Schiff base linkage, MI
represents the preactive state with all-trans retinal and a protonated
Schiff base, MII, is the state with a deprotonated Schiff base but in the
inactive conformation, MII}, indicates the active state, and MII,H" is the
active state further stabilized with Glu'®* of the E(D)RY motif proton-
ated. Notably, the last four states populate a high-dimensional energy
landscape and are in dynamic equilibrium after photoactivation, which
can be biased according to the thermodynamic state variables (pH,
temperature, or membrane composition) [14,17,19,20]. The MII}, states
entails rotation of the cytoplasmic end of transmembrane helix 6 (TM6)
away from the rest of the helical bundle, thereby opening the binding
pocket for the transducin G-protein (Gt). In terms of structural biology,
the activating movement of the helix TM6 together with elongation of
helix TM5 are suggestive of greater receptor volume and internal hy-
dration [5,9,18,21,22].

Previous applications of osmotic stress methodology [23,24] have
determined changes in the number of water molecules associated with
the activity of soluble proteins such as hemoglobin [23], hexokinase
[24], and adenosine deaminase [25]. In addition, membrane proteins
and peptides have been investigated, including potassium channels
[26], alamecithin [27], sodium channels [28], and cytochrome c oxidase
[29]. For membrane proteins, it is required to consider the interactions
of water with the membrane lipid bilayer [30-32]. Changes in water
activity affect phospholipid acyl chain packing [33], the bilayer thick-
ness and interfacial area per lipid molecule [30,34], membrane curva-
ture [14], and the phospholipid lateral diffusion coefficients [35].
Earlier studies of visual rhodopsin have investigated the effect of hy-
dration on its activation and on acyl chain packing in the retinal disk
membranes (RDM) using small osmolytes such as glycerol, sucrose, and
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stachyose [36]. An example of deconvoluted difference spectra for the
MI-MII rhodopsin equilibrium in the RDM is shown in Fig. 2a. Data are
included for rhodopsin measured for the dark state, after partial
bleaching, following addition of hydroxylamine, and after complete
bleaching in the presence of hydroxylamine. The equilibrium constant
for the transition from the preactive MI to the active MII state, K =
[MII]/[MI], was established from the electronic (UV/visible) absorption
bands of MI and MII (Fig. 2a) [37]. Fig. 2b demonstrates the effects of
small osmolytes on the MI-MII equilibrium constant, K, at T = 20 and
35 °C. Notably, these studies have concluded that an efflux of water
occurs from the photoreceptor upon light activation.

In terms of equilibrium thermodynamics, the change in the number
of water molecules associated with the protein upon activation, AN,
can be determined from the slope of the InK value versus the osmolyte
concentration [38]:

[osmolal]

InK = —AN,
" 556

@
In the above formula, the InK dependence for small osmolytes indicates
the solution osmolality increases the equilibrium concentration of the
MII state. The shift of the metarhodopsin equilibrium to the active MII
state by osmolytes thus implies that this state is less hydrated, by Le
Chatelier’s principle. In this way, it has been estimated that 20 water
molecules are released during the MI-to-MII transition at 20 °C, and that
13 waters are released at 35 °C [36]. Moreover, biophysical analysis of
the fluorescence anisotropy decay of 1,6-diphenyl-1,3,5-hexatriene
(DPH) in terms of the rotational diffusion model has revealed that the
angular distribution of DPH about the membrane normal was narrowed
with greater osmolality [36], suggestive of an increase of the acyl chain
packing in membranes. Lower hydration of MII agrees with X-ray crys-
tallographic studies, which are insensitive to the bulk water movement
upon receptor activation and reveal only a few structural water mole-
cules present in the dark and the active states of rhodopsin. Yet these
findings present an enigma—e.g., they disagree with previous molecular
dynamics (MD) studies [10,39,40] suggesting that an influx of water
occurs upon light activation (Fig. 3). They are also inconsistent with the
reactivity of retinal to hydrolysis by hydroxylamine (Fig. 2a) at the MIL
stage of the photolytic pathway [41]. Lastly, our neutron scattering
studies furthermore indicate that rhodopsin hydration and the radius of
gyration both increase in the activation process [8,9]. Hence the prior
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Fig. 2. Formation of light-activated state of visual rhodopsin depends on
membrane hydration. (a) Example of deconvoluted difference spectra for
MI-MII rhodopsin equilibrium in retinal disk membranes at pH 7.0 and T = 30
°C with individual (right) MI and (left) MII spectra. Inset: absorption spectra of
rhodopsin. Spectra were measured (1) before bleaching, (2) after partial
bleaching, (3) following addition of hydroxylamine, and (4) after complete
bleaching in the presence of hydroxylamine. (b) Effects of solute osmolality on
equilibrium constant K for the MI-MII equilibrium at T = 20 and 35 °C. The
slope of each line equals —A N,,/55.6, where AN, is the change in the number
of water molecules in solute-inaccessible protein regions. (o) Glycerol, 20 °C;
(v) sucrose, 20 °C; (O) stachyose, 20 °C; (o) glycerol, 35 °C; and (v) sucrose, 35
°C; (#) control, both temperatures. Adapted from refs. [36, 37]. Copyright 1999
American Chemical Society.
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Fig. 3. Molecular dynamics simulations of rhodopsin reveal influx of bulk
water upon light activation. Snapshots of all-atom molecular dynamics (MD)
simulation of rhodopsin at (a) 0 ns, (b) 414 ns, (c) 963 ns, and (d) 1215 ns after
retinal isomerization in silico [10]. Internal water molecules (red) flood the
transducin binding cleft forming a channel to the retinal ligand.

results raise the question: Is the active MII state more or less hydrated
versus the inactive dark state?

To resolve this puzzle, we studied the influence of hydration on
rhodopsin activation using a series of hydrophilic polymer osmolytes
with different molar masses [42] (Fig. 4). Water-soluble polymers
(polyethylene glycol, PEG) were introduced for rhodopsin hydration
control due to the relatively large osmotic pressures (IT) that can be
attained (>10 MPa). The fraction of the active MII state was established
by UV/visible electronic spectroscopy (Fig. 4a). Difference spectra of
rhodopsin (light minus dark states) in retinal disk membranes (Fig. 4a)
were fit by a linear combination of the basis difference spectra of the MI,
AAyvi(A), and MII, Ady(4), states determined experimentally at pH 9.5
and 10 °C or pH 5 and 21 °C respectively: A4A(1) = c1Adw(D) +
coAAvm(A) [43]. The fraction of the active MII state, 9, was determined
by the relative contribution of its basis spectrum, 6 = ca/(c1 + c2) (Fig.
4a). Notably, the pH titration curves (Fig. 4a) establish how the polymer
osmolytes reversibly shift the metarhodopsin equilibrium to either the
preactive (closed) MI state or the active (open) MII state. By the law of
mass action, for a protein like rhodopsin, the back shifting of the equi-
librium to the preactive MI state means that in the forward direction
(transition from MI to MII state) an influx (flood) of water occurs. The
isotherms for different osmolytes (InK versus II) (Fig. 4b) reveal a
negative slope for large relative molar mass (M;) osmolytes (PEG 1500
and PEG 400), while a positive slope is seen for small osmolytes (PEG
300 and PEG 200). Consequently, osmolytes with a large molar mass
favor the inactive MI state (closed conformation). On the other hand,
small osmolytes increase the active (open) MII fraction in agreement
with previous work [36]. Because of the withdrawal of water observed
by large osmolytes and the shift of the equilibrium to the inactive MI
state, we conclude at this point that the active MII state is actually more
hydrated.

Accordingly, we thus suggest that previous conclusions [36] are
based on usage of relatively small osmolytes, which penetrate the
transducin (G-protein) binding cavity and cannot withdraw water from
the receptor at relatively low concentrations (see below). For reasons of
penetration, the number of water molecules that enter rhodopsin upon
light activation should be calculated for the largest osmolytes, which are
most excluded from the protein. Clearly, the conjugate variables are the
hydrated volume (V) and the osmotic pressure (IT). The equilibrium
constant (K= [MII]/[MI]) thus depends on osmotic pressure IT and
reads:
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Fig. 4. Osmotic stress experiments reveal shifting of metarhodopsin
equilibrium depends on polymer osmolyte size. (a) Fraction of active MII
state (0) versus pH showing effect of controlled hydration (T = 15 °C) for
osmolytes of different molar mass (M;) (30-35% w/w polyethylene glycol,
PEG). Inset: representative electronic UV/visible difference absorption spectra
of rhodopsin (photobleached minus dark state). (b) Metarhodopsin (MII/MI)
ratio (InK) plotted versus osmotic pressure (IT) for different size PEG osmolytes
(pH 7.4, T = 15 °C). Forward or back shifting of the metarhodopsin equilibrium
occurs for small or large polymer (PEG) osmolytes, respectively. Adapted from
ref. [42]. Reproduced by permission of Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Here AV® =~ N,,V,, is the standard change in excess (partial) water vol-
ume of the initial and final states, Ny, is the number of water molecules,
and V,, is the partial molar water volume. By this method, we estimate
approximately 80 water molecules as a lower limit to the influx of water
upon light activation (Fig. 5). For partially excluded polymers (< PEG
400), the apparent volume change is given by AV,,, = AV°(1 —P),
where P is the partition coefficient between the protein and the solution.
It follows that there can be a reduction of the apparent hydrated volume
of rhodopsin upon activation in the presence of the small osmolytes, but
the AV, values should remain positive. Still, in our experiments we
observe a reversal of sign of the AV, values for small osmolytes (PEG
200, PEG 300). Evidently, the negative apparent hydrated volume is not
related to withdrawal of water by small osmolytes, but rather to shifting
of the metarhodopsin equilibrium to the active MII state due to
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Fig. 5. Light activation of rhodopsin leads to a large influx of water
molecules into the protein. Osmotic stress data for hydrophilic polymers
reveal numbers of water molecules (N,,) entering rhodopsin as indicated for
various-sized polyethylene glycols (PEGs). Smaller PEGs show smaller apparent
water influx than more excluded large PEGs. The number of water molecules
determined by the universal large osmolyte response(~80-100) is indicated by
the dotted line. Adapted from ref. [43]. Copyright (2022) National Academy
of Sciences.

additional interactions.

One possible interpretation is that this trend is due to the interaction
of small osmolytes with lipids, because the osmolyte interaction with the
protein is smaller due to partial or complete penetration into the
transducin binding cavity. In that case, membrane dehydration could
increase the bilayer thickness as strikingly demonstrated by solid-state
2H NMR spectroscopy [30,34] (Fig. 6). Examples of solid-state 2H
NMR spectra of DMPC lipids (Fig. 6a) show that for large osmolytes the
quadrupolar splittings, Av@, characterizing the carbon-deuterium bond
order parameters increase with greater osmotic or hydrostatic pressure,
indicating greater bilayer thickness and a smaller area per lipid (Fig. 6b,
c). Increased thickness of the membrane bilayer generally supports
rhodopsin activation. The volumetric chain thickness of the hydrocar-
bon layer, D, is related to the mean area per lipid, (A), according to
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Fig. 6. Lipid membranes deform under osmotic or hydrostatic pressure as
revealed by deuterium NMR spectroscopy. (a) Chemical structure of DMPC
lipid molecule. (b) Solid-state 2H NMR spectra provide residual quadrupolar
couplings (RQCs) and C->H bond order parameters for calculation of the
membrane structure. (c) Mean-torque model gives area per lipid in the liquid-
disordered (I1d) state. Osmotic pressure of polymer solution leads to changes in
area per lipid and elastic properties (area compressibility modulus 142 + 30
mJ m~2) that show emergence of elasticity from atomistic interactions. Force-
-based measurements thus reveal that osmotic and hydrostatic pressure affect
lipid bilayer properties. Adapted from ref. [32]. Copyright (2011) Elsevier.

Biophysical Chemistry 304 (2024) 107112

where V¢ is the total volume of an individual acyl chain, which is given
by the densitometry measurements of John Nagle and coworkers
[44,45]. Dehydration can also lead to greater magnitude of the negative
monolayer spontaneous curvature, as described by the flexible surface
model (FSM) [14]. Both effects will facilitate active MII formation in
lipid bilayers [14,41,46] in agreement with experimental observations
for small osmolytes (Figs. 4b), but opposite to large osmolytes. More-
over, experimental site-directed spin labeling (SDSL) studies [47] of
rhodopsin in n-Dodecyl-p-D-maltoside (DDM) micelles by Wayne Hub-
bell and coworkers have shown that the small osmolyte sucrose back
shifts the population toward the preactive MI component. Because the
forward shifting to MII is absent in the detergent-solubilized system, a
role of the lipid bilayer is supported in favoring the active state in the
presence of small osmolytes.

Additionally, the partial penetration of small osmolytes into the
protein might withdraw water from smaller internal cavities associated
with the MI-MII transition [4,5,48,49]. One example is afforded by
recent hydration studies monitoring bound water by infrared spectros-
copy in opsin and the E134Q mutant. The results suggest that Glu'3* of
the conserved E(D)RY motif is a hydration site at the protein-lipid
interface, which dehydrates going from MIIy, to the MII,H™ state [50].
Local dehydration of small protein regions such as these is in agreement
with MII stabilization by small osmolytes [36] (see Fig. 4a, b). The shift
to the active MII state could also be explicable by specific interaction of
small osmolytes with the transducin binding cleft. Specific PEG-protein
interactions are known to be inversely related to PEG size [51], although
we did not observe any substantial binding of small osmolytes to
rhodopsin (see below).

3. Hydration of photoactivated rhodopsin affects binding of G-
protein-derived peptides

In general, peptide chemistry can contribute further important in-
sights into molecular interactions of proteolipid membranes, as shown
by the seminal work of Richard Epand and coworkers [52-55]. For
rhodopsin in lipid membranes, we established that upon light activation
greater hydration causes binding of C-terminal peptide derivatives of the
a-helix of the cognate G-protein transducin, while dehydration drives
unbinding [42]. Fig. 7 shows how the active MII fraction in the native
RDM depends on concentration of the transducin C-terminal peptide
analogue (amino acid sequence ILENLKDVGLF) when various osmolytes
are present. Such peptides have a high binding affinity to rhodopsin and
stabilize the active MII state when bound to the receptor [5,56-58].
Fitting the binding isotherms (Fig. 7 a, b) reveals that the larger poly-
mers (PEG 1500 and PEG 400) decrease the binding affinity by an order
of magnitude. This finding implies that the interaction of large osmo-
lytes and the transducin peptide with the protein is competitive. On the
other hand, for smaller osmolytes (M; < 400 Da), the effect is absent
(inset of Fig. 7a). As a result, small osmolytes do not compete for binding
to rhodopsin with the transducin peptide, either because they do not
bind to the protein or have much lower binding affinity. Further analysis
indicates that for large osmolytes, the peptide binding constant corre-
lates with proton uptake by Glu'3* of the conserved E(D)RY sequence
motif. Hence, water not only affects the equilibrium between active and
inactive states [59] of the receptor, but also governs the intrinsic binding
of its cognate G-protein.

4. Extended osmolyte studies reveal effects on pH-dependent
rhodopsin activation

Next, we conducted additional osmotic stress studies for a large
range of pH values, osmolyte concentrations, and molar masses [43].
Fig. 8 shows that the effect of pH on rhodopsin activation in the pH
range from 3 to 10 can be explained by an extended Henderson-
Hasselbalch equation involving two pKa values and a nonzero alkaline
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Fig. 7. Transducin C-terminal-derived peptide binding to light-activated
rhodopsin depends on hydration. (a) Active MII fraction (0) in native
retinal disk membranes (RDM) versus total concentration ([Sli) of high-
affinity transducin C-terminal peptide analogue (pH 7.4, T = 15 °C). Data are
fit to a single-site binding isotherm. Inset: effect on peptide binding constant for
different size polymer osmolytes. (b) Active MII fraction (0) versus log [Slot
value. Inset: Illustration of how C-terminal peptide competes with large
osmolytes (PEG 1500) yet is noncompetitive for small osmolytes (PEG 200).
Binding and unbinding of transducin-derived peptides occur due to hydration
and dehydration of rhodopsin. Adapted from ref. [42]. Reproduced by
permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

endpoint [15,17,41]. The main influence of PEG is its shifting of the
apparent pK, of Glu'®* following deprotonation of the Schiff base and
breakage of the ionic lock with Glu''® [5,17]. Protonation of Glu'3*
within the conserved E(D)RY motif is coupled to breaking another ionic
lock involving Arg'®® and Glu?*’, and stabilizes the outward-tilted TM6
helical conformation of the active substate referred to as MIIy, or MII,H"
in the protonated case [17]. Hence, the pKy of Glu'®* characterizes the
pH-dependent equilibrium between MI with a protonated Schiff base
and the MIILH' substate with a deprotonated Schiff base (so-called
anomalous pH dependence). Selectively stabilizing either the closed MI
or open MII states by PEG affects this pKa in addition to the protein
environment around the Schiff base (e.g., hydration within the protein).
Besides the pKu describing the rhodopsin activation, the pH titration of
rhodopsin also has a nonzero alkaline endpoint at greater temperatures,
due to thermally activated MII, and deprotonated MII, substates
(Fig. 8a) [17]. Both MII, and MII}, have a deprotonated Schiff base with a
maximum absorption at 380 nm, giving a nonzero apparent MII fraction
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Fig. 8. Hydration reversibly shifts pH-dependent activation equilibrium
of rhodopsin. (a) Influences of pH on rhodopsin activation involving highly
conserved E(D)RY motif. The lower pK, indicates protonation of the retinal
Schiff base. The higher pK, value (Glu'®* pK,) indicates protonation of Glu>*
which stabilizes the fully active MII state. (b) Osmotic stress from large
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from 7.4 to 5.2. At a saturating concentration of 30% w/w PEG 200 (T = 15 °C)
the Glu'®* pK, is maximally forward shifted to 8.2 favoring the active MII state.
An osmolyte effect is also seen on the alkaline endpoint: small osmolytes sta-
bilize the open MII, conformation even when Glu'3* is fully deprotonated,
increasing the alkaline endpoint, while dehydrating large osmolytes reduce the
alkaline endpoint and hence the deprotonated MII;, population. Adapted from
ref. [43]. Copyright (2022) National Academy of Sciences.

even at high pH values where little MII,H" is present [17]. Still, another
factor to keep in mind is an additional pK under acidic conditions that
manifests the protonation of the Schiff base in the MII,H" state [41]. As
the retinylidene Schiff base protonates below this pKjy, the apparent MII
fraction as established by UV-visible spectroscopy decreases (Fig. 8a).

It follows that the empirical pH-titration curve includes two pKa
values and an alkaline endpoint. The data may therefore be modeled by
an extended Henderson-Hasselbalch formula for the active MII fraction 6
that reads:

O + 1 OPKaGu—pH
1+ ( 1 + 10PKass *PH) 10PKaGu—PH"

6(pH) = €]

Here, 0,k denotes the alkaline endpoint (apparent MII fraction at high
pH), while pKasp characterizes the MII,H" Schiff base protonation
equilibrium and pKj giu the Glu'®* protonation step (Fig. 8a). The pH
titration data for the apparent MII fraction of rhodopsin in four different
large-M; PEG solutions were used to determine the model parameters.
These results showed a striking pKa giu shift from 7.4 to 5.1 in the
presence of 50% (w/w) large polymer osmolytes (Fig. 8b). The pH
titration curves for rhodopsin activation are analogous to pharmaco-
logical dose-response curves [17,42] where the ligand binding affinity is
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changed by 2-3 orders of magnitude. This observed pKj gy shift implies
a model in which large osmolytes dehydrate the receptor to shift its
equilibrium to the closed MI state, stabilizing the intact ionic lock and
giving a lower MII fraction. An apparent MII fraction of unity is typically
not seen for these conditions, because of the MII,H" Schiff base pro-
tonation region of the titration curve, which begins to overlap with the
predominant MI-MII,H" region. Remarkably, the large-M; PEGs of
different molar mass have identical behavior with a nearly equal pKa g1y
shift, thus reinforcing the proposed universal osmotic effect by large
polymers (Fig. 8b). In the range of the alkaline endpoint of the titration,
base-catalyzed retinal hydrolysis follows photoactivation, yielding the
apoprotein opsin. A quantifiable influence of PEG on the alkaline
endpoint was extrapolated that was lowered by large polymer osmo-
lytes. The results show that large PEGs destabilize the more open MII},
substate under high-pH conditions, where Glu'3* is fully deprotonated,
agreeing with the pKj shift that favors the closed MI state under osmotic
pressure. In the case of small PEGs, the opposite effect is found, with
forward shifting of the metarhodopsin equilibrium by intermediate
concentrations of the osmolyte (Fig. 8b). For example, at a saturating
concentration of 30% (w/w) of PEG 200, the titration curve has a pKa giu
shift from 7.4 to 8.2 in the opposite direction to that seen for large PEGs.
In total, there is a pKja g1y difference of 3.1 units between the large and
small PEG titration curves, showing the dramatic influence that osmo-
lyte size poses for receptor hydration and proton transfer [60], together
with activation. This magnitude of the pKj shift is analogous to those
observed for constitutive mutations of rhodopsin or retinoid antagonists
[42,61].

5. Compressibility of hydrated volume and osmolyte saturation
of penetration are observed

It is also notable that the greater range of osmolyte concentrations
and molar masses reveals apparent compressibility changes for large
osmolytes, whereas saturation effects are observed for small osmolytes.
Fig. 9 indicates that the dependence of InK and correspondingly the

Increasing water
; removal

i Increasing PEG
- interaction / compressibility
1 <
|=PEG 10002
4 PEG 1500 +
APEG 2000
_2 | ®PEG 3000
APEG 4000
A PEG 6000
T 1 T ] T 1 T ] T
0 2 4 6 8 10

Osmotic Pressure / MPa

Fig. 9. Rhodopsin is dehydrated by large polymer osmolytes due to
nonspecific colligative properties giving a universal osmotic response.
Dehydration of visual rhodopsin by polyethylene glycol osmolytes is shown by
natural logarithm of the MI-MII equilibrium constant (K = [MII]/[MI]) versus
osmotic pressure of large PEGs which has an approximately second-order
relationship. A universal colligative trend arises for PEGs of M; between 1000
and 6000 Da with the linear term proportional to the change in hydrated vol-
ume. Inset: metarhodopsin equilibrium is shifted to the MI (closed) state by
large polymer osmolytes which are entropically excluded and dehydrate the
protein. Adapted from ref. [43]. Copyright (2022) National Academy
of Sciences.
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molar hydration volume on osmotic pressure is nonlinear. Hence, the
second-order term needs to be considered in the virial expansion of InK
as a function of osmotic pressure, which is given by:

ONS 1 ,
InK = InkK° — (RT)I'H- (EAC)H A ©)

Fitting the experimental data with this quadratic function gives the
change in protein hydrating volume AV° between MI and MII and the
number of hydrating water molecules per mole of rhodopsin N,, under
standard-state (zero osmotic pressure) conditions. Introducing the
relation AV°® ~ N,,V,, for the MI-MII transition, where V., is the partial
molar volume of water, for large PEG osmolytes between 1000 and
6000 Da an increase of 80 to 100 water molecules is calculated for the
MI-MII transition. The change of the second virial coefficient AC is ~
0.1 MPa~2 and apparently corresponds to changes of ~0.01 MPa ™! in
osmotic compressibility.

Coming back to how the metarhodopsin equilibrium behaves in the
presence of small PEGs (200-600 Da) as compared to large PEGs, the
difference can be readily appreciated as follows. Initial addition of small
PEG molecules shifts In K linearly to the MII state up to a critical satu-
ration point (Fig. 10). Medium-sized PEGs achieve this critical value at
smaller concentrations and a lower maximum MII fraction versus the
smallest-M; PEGs. In the higher-concentration regime, above this critical
value, the metarhodopsin equilibrium more closely resembles the large-
M, PEGs (Fig. 10). By fitting the osmotic pressure dependency curve as a
piecewise function, we calculated thermodynamic values for the MI-MII
transition, i.e., the change in hydration and the virial coefficient. At low
concentration, small osmolytes initially penetrate the rhodopsin protein
and stabilize the MII state through nonosmotic, chemical (quinary) in-
teractions. As more osmolyte molecules crowd the binding region, they
inhibit entry of further polymers as seen for large PEGs. Hence, osmotic
effects become dominant beyond receptor saturation, where such a
universal trend for small and large osmolytes (Figs. 9, 10) further sup-
ports our conclusion about increased hydration of rhodopsin upon light
activation. The critical saturation point varies with the polymer size,
because smaller osmolytes are more tightly packed within rhodopsin,
and reach saturation at greater concentrations (Fig. 10).

4
Increasing PEG
3 penetration
2 3
Increasing water
X removal
= T

0 .
HPEG 200
®PEG 300
-1+ APEG 400
APEG 600
APEG 1000
_2 T T T T T T T T T

O 2 4 6 8 10 12 14 16
Osmotic Pressure / MPa

Fig. 10. Small polymer osmolytes stabilize active rhodopsin by replacing
water until saturation is reached. Initially small osmolytes (PEG 200-PEG
600) forward shift In K to the MII state. A saturation effect is observed beyond
which the equilibrium is back shifted to MI, resembling dehydration by large
osmolytes. As PEG size increases, the trend behaves more like the universal
colligative behavior. Inset: small osmolytes such as PEG 200 penetrate the
transducin binding cavity and stabilize the open active MII state until the cavity
is saturated with small PEGs. Adapted from ref. [43]. Copyright (2022) National
Academy of Sciences.
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Our results show that the measured thermodynamic parameters of
the MI-MII transition also correspond to the expected property of
osmolyte saturation. With smaller PEGs, a slightly lower hydration
volume is found (Fig. 5), together with less of a change AC in virial
coefficient. Due to the small PEG replacing protein-associated water
molecules in the low-concentration regime, fewer waters are available
to withdraw from the protein in the osmotic regime, needing greater
osmotic pressures to generate similar volumetric reductions. Accord-
ingly, we obtain a less negative first-order term in the osmotic regime,
and lower apparent hydration volume for the MI-MII transition for the
small PEGs versus excluded larger PEGs. Furthermore, the stabilizing
effect of PEG penetration is observed in the lower virial coefficient
change AC for small PEGs. These small osmolytes penetrate and stabilize
the protein in the lower-concentration regime, thus decreasing the
variability in properties such as volumetric compressibility for the high-
concentration regime. More strongly interacting PEGs should experience
fewer number fluctuations within rhodopsin compared to water, corre-
sponding to smaller volume fluctuations of hydrated MII that may
typically give rise to a lower hydration compressibility or virial coeffi-
cient C in the active MII state.

6. Osmotic stress and hydrostatic pressure yield shifting of the
metarhodopsin equilibrium

One of the striking features of the visual photoreceptor is that both
hydrostatic pressure and osmotic stress shift the metarhodopsin equi-
librium toward the preactive MI state [62]. However, their mechanisms
of action are different. Hydrostatic pressure yields a change in the molar
volume of the protein (i.e., density), but not a change in the number of
water molecules Ny, in the receptor (a thermodynamically closed sys-
tem). The increase in density may entail the penetration of water mol-
ecules into small cavities or voids of rhodopsin, void collapse, or
alternatively, a higher-density solvation shell versus the bulk solvent
[63]. In the case of osmotic pressure, there is a change in protein hy-
dration across the (virtual) Gibbs dividing surface that separates the
interior rhodopsin volume from the external bulk water (thermody-
namically an open system). The two methods are complementary, and
together they give a more precise view of rhodopsin activation in a
hydrated lipid membrane. Analogously to the effect of pressure on
protein folding [64], the preactive MI state under pressure can be
viewed as more densely packed in which void volume and solvent in
internal cavities are minimized. On the other hand, active MII is a less
dense state with greater water content after photoactivation.

The question then arises: Why is the active MII state favored at
higher concentrations of large molar mass osmolytes (where the effect of
compressibility may occur), while hydrostatic pressure changes the
equilibrium to the preactive MI state? Here we recall that the second
virial coefficient in formula (4) can be challenging to interpret. For
example, if the main contribution to the second term is osmotic
compressibility, then the positive sign indicates that it increases upon
transition to the active MII state, due to fluctuations in the hydration
volume of the protein. The greater volumetric fluctuations are given by
0% = V2 — V2 = kg TxV where 6% is the variance of the distribution for
an (N,P,T) ensemble, in good agreement with the sponge model of a
solvent-swollen protein [9]. Greater volumetric fluctuations of the hy-
drated MII state lead to entropic stabilization of the active receptor,
offsetting the enthalpic penalty due to its formation [8,9,43,65,66].
These entropic increases are associated with the hydrated protein vol-
ume and are large compared to any entropic reduction from the solvent
molecules themselves. The new water molecules of hydration in active
MII still exist in a predominantly bulk-like state—as indicated by os-
motic stress techniques which detect weakly bound water [67], and
molecular dynamics (MD) simulations showing rapid exchange with the
protein [10,39]. Such colligative properties are entropic in nature and
stand in stark contrast to the tightly bound water molecules visualized
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by X-ray crystal structures [5,49,68] and radiolytic protein footprinting
[49].

Alternatively, the contribution to the second virial coefficient may be
related to quinary interactions of osmolytes with the protein itself that
have an enthalpic origin. The specific chemistry could shift the equi-
librium to the active MII state by interactions with the Glu'3* hydration
site mentioned above, as in the case of cationic lipids [69]. For large
osmolytes at low concentrations, an equilibrium shift to the preactive MI
state is favored. As the concentration of osmolytes increases, they can
penetrate more into rhodopsin, and the quinary interactions with the
protein can become greater. The compressibility changes and specific
interactions of large osmolytes with the protein could both contribute to
the difference of the second virial coefficient AC in the nonlinear term of
formula (4). Another aspect is that both large osmolytes and hydrostatic
pressure yield similar effects on rhodopsin activation, and they also have
comparable influences on lipid bilayer properties (Fig. 6) [30,70]. Yet,
for small osmolytes membrane dehydration shifts the equilibrium
oppositely to the active MII state [47], while for large osmolytes the lipid
influence is negligible versus the direct osmotic effect on the receptor,
which favors the closed inactive conformation. Since the osmolyte ef-
fects on the protein are clearly distinguished and a universal colligative
behavior is observed [43], we currently favor an interpretation in terms
of volumetric changes and compressibility.

Our explanation for triggering of the light-induced changes is based
on the hydrostatic and osmotic pressure dependence of the rhodopsin
activation equilibrium [9,43]. Here we are inspired by the work of Hans
Frauenfelder et al. [71,72] for the idea of a hierarchical energy land-
scape (EL), which we now extend to include the protein softness [73]
based on pressure studies. The current research follows pioneering ex-
periments with rhodopsin [48,74,75-78] and applies these insights to
protein interactions with the lipids and aqueous solvent [14], as well as
effector proteins [42]. In this aspect, rhodopsin might be called “the
hydrogen atom of membrane biology* by analogy with myoglobin for
globular proteins [79]. Indeed, many of the foundational concepts of
membrane biophysics were first discovered with visual rhodopsin
[74-76] leading to the textbook fluid-mosaic model [80]. Previously,
the function of rhodopsin—namely, detection of a photon of visible light
and its conversion into a nerve impulse—was considered to be
straightforward, simple, and fully understood. But the situation is now
changed, due to breakthroughs in understanding its functional in-
teractions with the soft biomembrane matter (lipids and associated
water). For example, allosterism of rhodopsin was previously thought to
be confined to the protein and retinal cofactor—yet recent work shows
that the protein interacts with the lipids and the aqueous solvent in the
visual mechanism [14,43]. Far from the textbook view, rhodopsin gives
a new paradigm that touches many aspects of biology, chemistry, and
physics. It impacts our understanding of the soft membrane matter in
transformative ways linked to current trends in structural biology and
cellular signaling.

7. Energy landscape manifests basins of attraction for rhodopsin
photoactivation

As an illustration, let us consider a two-tier energy landscape as
introduced for both proteins [72,81] and lipids [82]. In both cases the
dynamics are broadly separated into fast local motions and slower col-
lective fluctuations [81,82]. For proteins, the local (#) fluctuations
originate from the hydration shell and may involve interstitial solvation
of cavities or voids (e.g., due to amino acid side chains, methyl groups,
or peptide backbone motions). Alternatively, the collective (@) fluctua-
tions arise from the larger-scale protein dynamics within its hydrated
volume, which are coupled to the bulk solvent (e.g., helical displace-
ments, hydrogen-bonded networks, and/or conserved switches). Each
molecule is different and hence a thermodynamic average or statistical
mechanical ensemble is applicable [83]. The high-dimensional land-
scape with its hills and valleys can be flattened onto a 2-dimensional
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plane that shows the hierarchy as the basins of attraction, e.g., corre-
sponding to the various tiers or energy levels [72]. Experiments indicate
that the g-fluctuations are coupled to the hydration shell and populate
the p-basins, while conversely the a-fluctuations explore the a-basins
through coupling to the bulk solvent. By studying the effects of both
hydrostatic pressure and osmotic pressure, we can further examine how
the energy landscape might suggest “slaving” of the fluctuations to the
solvent driving force [72,79]. Analogously, for membrane lipids, the
local dynamics of the acyl chains (e.g., trans—gauche isomerizations) are
coupled to the hydrocarbon microviscosity (i), while the collective
motions involve order-director fluctuations (ODF) that are related to the
bilayer elasticity (x) [84-86].

Experimentally the energy landscape can be probed by investigating
the effects of temperature [72] as well as pressure [64,87] as the rele-
vant thermodynamic variables of state. The force-based measurements
involve either hydrostatic pressure [62,88] or osmotic pressure [23, 38
43] to study the protein dynamics. Just as time- and temperature-
dependent studies explore the protein motions, effects of pressure can
elucidate the volumetric shape fluctuations that control membrane
protein functions. Relatively large values of the hydrostatic pressure (up
to ~7000 atm) can force water molecules into the protein interior, e.g.,
into small cavities or voids [64,87], where the large energies manifest
the strong interactions with water. As a result, hydrostatic pressure can
uncover the local g-fluctuations that are strongly coupled to the solvent
shell, giving the f-basins of the microscopic closed system. Conversely,
the smaller osmotic pressures [23,43] can withdraw or force water from
the hydrated protein volume into the surrounding solvent of the
microscopic open system. Because the osmotic pressures are smaller,
they act on the a-fluctuations that are coupled to the bulk solvent, as
represented by the a-basins of the hierarchical energy landscape.

However, what is sometimes neglected is that the hydration volume
may itself depend on pressure (either hydrostatic or osmotic). With the
above thinking we can then separate the compressibility due to either
the hydrostatic pressure [62,89,90] or osmotic pressure [43] into con-
tributions from the $- and a-fluctuations, respectively, keeping ergo-
dicity in mind [83]. The combined hydrostatic pressure and osmotic
pressure studies explore the various levels of the EL due to protein in-
teractions with water [42,43,87] and/or the membrane lipids [30,32],
and introduce the hierarchical protein softness in conjunction with the
a-compressibility and p-compressibility. Following Perera et al. [9], the
local compressibility (x) due to volumetric p-fluctuations and the
compressibility due to collective a-fluctuations are considered sepa-
rately. Studies of rhodopsin show the activation equilibrium after light
absorption is shifted to the preactive MI state by large hydrostatic
pressures (up to ~7000 atm) [62,89] and smaller osmotic pressures (up
to ~100-150 atm) [42,43]. Both force-based measures drive the
movements of water into or out of the protein [9], yet they act differ-
ently on the levels or tiers of the EL corresponding to the - and a-basins
of attraction. Relatively large hydrostatic pressures involve greater en-
ergies and act on the local g-fluctuations within the g-basins, while the
osmotic pressures entail smaller energies and affect the collective
a-fluctuations of the individual a-basins. For rhodopsin, we propose the
hydrostatic pressure (P) forces water into the protein due to the strong
local solvation as described by the f-compressibility. Alternatively, the
osmotic pressure (stress) (I1) affects the collective domain motions due
to the energetically weaker interactions with the bulk solvent as man-
ifested by the a-compressibility. Combined pressure measurements give
an experimental strategy for exploring the energy landscape in addition
to temperature as a thermodynamic state variable [72].

We now come back to further explaining the backshifting of the
metarhodopsin equilibrium by hydrostatic and osmotic pressure
[42,62,89]. In the case of rhodopsin, we propose that the local volu-
metric p-compressibility is greater in the preactive MI state than the
active MII state. Relatively large values of the hydrostatic pressure can
selectively force water into the MI state giving a volumetric decrease, e.
g., by disrupting hydrogen-bonded water networks of the solvent shell.
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For the active MII state, however, the collective a-compressibility can be
greater due to the less tightly bound bulk solvent. Because it is saturated
with water, additional solvent cannot be forced into the protein as in the
preactive MI state. The greater a-compressibility of the active MII state
versus the preactive MI state may be due to collective tilting of the
transmembrane helices observed with site-directed spin-labeling
[18,77] and time-resolved X-ray solution scattering [12]. The changes in
p- and a-compressibilities can evolve as the energy flows within the
protein due to unlocking the active receptor state. Volumetric fluctua-
tions of the active MII receptor may thus underlie the G-protein
(transducin) binding and release in the visual mechanism [42].

Often it is stated that the effects of hydrostatic pressure and osmotic
pressure on proteins or lipid membranes are different—but this is only
partially true. In our view “pressure is pressure” (force per unit area)
[9,30], and the distinction involves only the force and whether the
system is closed or open [43]. For rhodopsin, we propose that the
application of hydrostatic pressure drives the hydration water into the
smaller protein cavities, while osmotic pressure forces water out of the
larger protein pockets or clefts into the bulk solvent. Hydrostatic pres-
sure acts on the protein plus solvent within the microscopic closed
system, whereas osmotic pressure acts on the protein separated from the
solvent by the semipermeable Gibbs dividing surface (virtual mem-
brane) of the microscopic open system [30,32,43]. The greater
p-compressibility of the preactive MI state allows water to be forced into
the protein versus active MII, yielding an overall volumetric decrease
under large hydrostatic pressures (up to ~7000 atm). Conversely, the
osmotic force acts like an internal pressure within the hydrated protein
volume. It drives water molecules into the surrounding solution to
equilibrate the solvent chemical potential, e.g., due to hydrophilic
polymers like polyethylene glycol (PEG). Notably osmotic pressure
(stress) entails lower magnitude forces (up to ~150 atm) versus hy-
drostatic pressure because the coupling interactions with bulk water are
weaker than for the solvent shell. In either case, backshifting of the
metarhodopsin equilibrium occurs upon light activation under the
applied external force. Although the back shifting is in the same direc-
tion, the total volume change is less for the local g-fluctuations (~3-6
water molecules) than for the larger collective a-fluctuations (~80-100
water molecules). The explanation is that molecular contacts and ionic
locks in the active MII state are disrupted that allow the protein volu-
metric fluctuations to be coupled to the large influx (flood) of water
described by our sponge model for rhodopsin activation [42].

8. Significance for structural biology: hydration-dehydration
cycling of rhodopsin

For visual rhodopsin the proposed water movements are significant
for its light signaling function—they open up new ways of thinking
about its interactions with effector proteins like transducin. Following
light absorption, the water influx into the rhodopsin interior allows
proton uptake to occur via Glu'®* of the conserved E(D)RY motif,
yielding the high-affinity MII,H" substate. Exposure of the G-protein
recognition site enables Gt-GDP to bind via the a5 helix of the transducin
C-terminus (Fig. 11). Still, the rapid transducin activation rate ensures it
cannot remain strongly bound, but rather the G-protein must be released
quickly after GDP-GTP nucleotide exchange. Hydration-dehydration
cycling involving rhodopsin transmembrane helical fluctuations sat-
isfies the criteria of high G-protein binding and unbinding rates (Fig. 11)
[42]. After transducin binding rhodopsin is able to dehydrate, shifting
the equilibrium back to the preactive MI state. Exchange of GTP for GDP
then leads to dissociation of the transducin Gg, subunits, locally with-
drawing water analogous to large polymer osmolytes. Transducin is able
to catalyze its own release by expelling the G,-GTP subunit facilitating
the next round of the G-protein activation cycle. Rhodopsin activation is
coupled to large-scale changes in protein hydrated volume as shown by
osmotic stress studies that provide clear evidence of an influx of
~80-100 water molecules into the protein going from the preactive MI
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Fig. 11. Hydration-dehydration cycling explains catalytic activation of
transducin by light-activated rhodopsin. Coupling of water influx and efflux
by rhodopsin (blue) to binding and unbinding of the G-protein transducin
(green) accounts for rapid visual signaling by a sponge-like allosteric mecha-
nism. (Upper left) Rhodopsin enters cycle in the low-hydration low-affinity MI
state by visible light isomerization of the retinal protonated Schiff base (SB)
(yellow). (Upper middle) In the MII}, substate [16] the SB becomes deproto-
nated breaking the ionic lock to the Glu''3/Glu'®! complex counterion (first
protonation switch). Transmembrane helix TM6 tilts away from the helical
bundle [16] initiating influx of water into the transducin-binding cleft [10]
(MII,). (Upper right) Water influx into the protein facilitates proton uptake via
Glu'®* of the conserved E(D)RY motif giving the high-hydration high-affinity
MIL,H" substate (second protonation switch). (Lower right) Exposure of the G-
protein binding cleft allows binding of Gt-GDP via the a5 helix of the transducin
C-terminus. (Lower middle) Exchange of GTP for GDP dissociates the trans-
ducin Gy, subunits dehydrating rhodopsin and giving the partially hydrated
MII, substate. (Lower left) Transducin catalyzes its own release by pinching off
the GGTP subunit, while the GTPase-activating protein (GAP) terminates
signaling by GTP hydrolysis on transducin. Adapted from ref. [42]. Reproduced
by permission of Wiley-VCH Verlag GmbH & Co. KGaA Weinheim.

to the active MII state. The opposing effects of polymer osmolytes on the
metarhodopsin equilibrium uncover how large molar mass solutes are
excluded from rhodopsin. They dehydrate the active state of the receptor
according to Le Chatelier’s principle, while small osmolytes penetrate
the protein increasing the active state fraction. Hydration also affects the
interaction of the receptor with peptide analogues of its cognate G-
protein whose binding affinity may change in accord with a hydration-
mediated sponge model. In the new paradigm, water acts as an allosteric
modulator of rhodopsin interactions with effector proteins such as
transducin. Whether functional water movements as studied by
pressure-based techniques occur in other GPCRs, and whether disease-
causing mutations involve changes in water influx, pose interesting
future questions for drug discovery.
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