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Abstract 

G-protein–coupled receptors are the largest superfamily in the human genome, and 

involved in critical cellular signaling processes in living cells.  Protein structural 

fluctuations are the key for GPCR function that are driven and modulated by a variety of 

factors that are not well understood.  This dissertation focusses on understanding the 

activation of GPCRs using the visual receptor, rhodopsin as the prototype.  Rhodopsin is 

an ideal candidate for this study, as it represents the largest class of GPCRs, and is known 

to demonstrate more noticeable structural changes upon activation compared to the other 

GPCRs.  What structural fluctuations occur, the role of water, and how the retinal cofactor 

regulates the protein dynamics during rhodopsin activation are specific research problems 

addressed in this work.  Hypothesizing an ensemble activation mechanism, experiments 

were conducted using a variety of techniques to probe structural and dynamical fluctuations 

of rhodopsin in native membranes, as well as in membrane mimetics such as detergent 

micelles.  Time-resolved wide-angle X-ray scattering (TR-WAXS), small-angle neutron 

scattering (SANS), quasielastic neutron scattering (QENS), and electronic spectroscopy 

are among the prominent techniques used to gain insights into the photo-intermediates that 

are key to understanding the rhodopsin activation process.  The small-angle neutron 

scattering (SANS) experiments revealed a volumetric expansion of the protein molecule 

upon photoactivation of rhodopsin. Electronic spectroscopy together with the differential 

hydration study revealed the crucial role of water in rhodopsin signaling process, and signal 

amplification by water.  The quasielastic neutron scattering study conducted on powdered 

rhodopsin probed the changes in the local dynamics that are regulated by the retinal 

cofactor of the rhodopsin molecule.  The increased local steric crowding in the ligand-free 

opsin is consistent with collapsing of the apoprotein structure in the absence of the retinal 

chromophore leading to inactive opsin conformation.  Finally, a time-resolved wide-angle 

X-ray scattering study was conducted using the X-ray free electron laser at the SLAC 

national laboratory to probe the early structural fluctuations in rhodopsin photoactivation.  

The preliminary pump-probe experiments conducted on rhodopsin in CHAPS detergent 

micelles revealed a light-triggered protein quake that occur during the early activation 

stages of rhodopsin photoactivation.  Thus the protein fluctuations underlying the GPCR 

function are revealed by neutrons, X-rays, and other photons in a combined implementation 

of both spectroscopic and scattering techniques as applied to the investigation of rhodopsin 

activation. 
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Chapter 1 

Background 
1.1 G-Protein–Coupled Receptors 

 The ability of a living organism to recognize changes in the environment (external 

stimuli such as light, sugars, proteins, peptides, and lipids) and appropriately respond to 

these external stimuli is vital for its existence.  For instance, the unicellular organisms that 

evolved a sensitivity to light due to a mutation achieved a competitive advantage over the 

ones that who did not, by being able to move away from the harmful ultraviolet light in the 

surface of bodies of water.  The multicellular organisms such as eukaryotes have very 

complex cellular responses which help them to regulate many physiological functions as 

the environment around them change.  Vision, taste, respiration, and heartbeat are among 

the examples for such physiological processes vital for survival that are regulated by 

GPCRs as cellular responses to changes in the environment.  Membrane proteins such as 

G-protein–coupled receptors (GPCRs) are pivotal for these cellular responses, as they are 

a part of the interface between the cell and the external environment. 

GPCRs are a prominent class of membrane proteins responsible for the cell signaling 

in living organisms.  Despite the vast variety of the processes regulated, it turns out that 

nature has conserved a common structural design in the superfamily of GPCRs (Figure 

1.1).1  The seven-transmembrane helices spanning the membrane bilayer is common for all 

the GPCRs; hence, they are also known as seven-transmembrane domain receptors.  This 

largest superfamily in the human proteome comprises about 900 members, and governs 

many physiological processes in the human body.  Indeed GPCRs are most prominently 

known as pharmacological targets and they are targeted by at least about 30% of the 

molecular drugs today.2  The GPCR superfamily is further grouped into families based on 

evolutionary connections (there is no statistically significant homology between the 

members of a family).  These GPCR families include rhodopsin (class A), secretin (class 

B), glutamate (class C), adhesion, and frizzled (Figure 1.2).3  The class A GPCRs are the 

largest family in the GPCR superfamily, containing about 700 members that comprise the 

receptors for hormones, neurotransmitters, and light in the case of visual receptors.  The 

long-term goal of this dissertation research is to study the GPCR activation process using 
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the visual GPCR, rhodopsin, as a prototype, which in turn will help to understand the 

function and dysfunction of the physiological processes associated with them, as well as 

giving insights into more effective drug discovery.  

The external stimulus which a GPCR responds to is usually a chemical compound.  In 

general, these small chemical compounds are termed agonists, and they change the 

conformation of the receptor upon binding to the transmembrane (TM) domain.  The 

conformational changes in the TM domain affect conformational fluctuations on the 

cytoplasmic side of the membrane where heterotrimeric G-protein resides.  In the case of 

the stimulatory G protein (Gs), it acts as a switch and stimulates or activates its effector.4  

The structural changes in the cytoplasmic surface promote G-protein binding to its receptor 

via chemically non-specific interactions.  This activation of the G-protein triggers the 

exchange of GDP for GTP.  Binding GTP to the Gα subunit of the heterotrimeric G-protein 

Figure 1.1. The structural design of a typical class A GPCR in the membrane 

environment.  The amino acid sequence of the visual GPCR rhodopsin is shown using 

the one letter nomenclature of the amino acids.  The signature amino acids (red) are 

found conserved in more than 70% of the class A GPCRs.  The residues colored in 

blue (Ala, Gly, Ser, Cys, and Thr) are known to be the key amino acids involved in 

helix-helix interactions in membrane proteins.  The seven transmembrane helical 

structures are designated H1-7. The cytoplasmic loops are indicated as CL1–3, and 

extracellular loops are indicated as EL1–3.  The figure is adapted from Smith et al. 

2012.1  



24 
 

(consist of Gα•Gβ•Gγ leads to dissociation of Gβ•Gγ from the GTP-bound Gα (“ON state” 

subunit (Gα•GTP).  In the case of the -adrenergic receptor the Gα•GTP activates its 

effector adenylyl kinase, which catalyzes the formation of cyclic adenosine 

monophosphate (cAMP) from adenosine triphosphate (ATP).  The GTPase activity Gα 

converts Gα•GTP to Gα•GDP switching the Gα to “OFF” position.  One activated receptor 

can bind to many Gα•GTP subunits leading to rapid signal amplification.  How does the 

GPCR structure fluctuate during its activation? How do the Gα•GTP subunits bind to a 

single activated GPCR?  We propose a mechanism using rhodopsin as the model GPCR to 

answer these questions. 

 

 

 

 

 

 

 

 

Figure 1.2. The phylogenic tree of the G-Protein–Coupled Receptor superfamily.  The 

five families are indicated as branches; Rhodopsin (blue); Secretin (red); Adhesion 

(violet); Glutamate (orange); and Frizzled/Taste receptor 2 (green).  The further 

division into sub-families is based on the sequence similarities.  The GPCRs whose 

structures are determined are highlighted within the family branch.  The figure is 

adapted from the Ref.3 



25 
 

1.2 The Visual Receptor Rhodopsin 

The visual GPCR, rhodopsin is the canonical class A GPCR responsible for vision 

under dim light conditions in vertebrates.  The rod cells in the retina of the eye can be 

divided into two segments; the inner segment that is differentiated to carry out normal 

cellular activity, and the outer segment that is differentiated to receive photons.  The rod 

outer segments (ROS) encapsulate about 1200 retinal disk membranes (RDM) densely 

packed as a stack.  Each of these RDMs contains about 100,000 rhodopsin molecules 

(Figure 1.3).  The visual GPCR rhodopsin contains a vitamin-A derived 11-cis retinal 

chromophore in the center of the protein covalently bound to the protein via Lys296.  

Activation of a single rhodopsin molecule can activate more than 50 cognate G-protein 

molecules.5  In turn this light activation leads to hyperpolarization of the plasma membrane 

within a very short period due to closing many sodium channels in the rod cell plasma 

membrane.   

Figure 1.3. An image of the rod outer segment (left) and a cartoon representation 

of the positioning of rhodopsin molecules in the retinal disc membranes.  This 

figure was adapted from the Webvision website; 

 http://webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-of-the-

retina/ 

 

http://webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-of-the-retina/
http://webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-of-the-retina/
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Upon photoactivation, the 11-cis retinal chromophore isomerizes to all-trans isomer.  

Despite the high energy barrier (ca. 45 kcal mol–1), the isomerization occurs within 200 fs.  

This ultra-fast isomerization implies that the 11-cis retinal is in a conformationally 

frustrated state in the binding cavity of the protein. As a result, the actual energy barrier is 

reduced due to destabilization of the initial state (11-cis retinal), causing the isomerization 

to occur on an ultrafast time scale.  Also, this isomerization is too fast for early 

intermediates in the rhodopsin activation process to show significant differences in the 

protein structure by adapting to the most elongated conformation of the retinal 

chromophore.  (One should bear in mind that the conditions used to crystallize these early 
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Figure 1.4.  Rhodopsin photoactivation cycle.  Absorption of light by 11-cis retinal 

causes its isomerization to all trans retinal within 200 fs yielding photorhodopsin. 

Photorhodopsin is thermally decayed to bathorhodopsin, blue-shifted intermediate 

(BSI), lumirhodopsin, and inactive metarhodopsin-I.  Inactive metarhodopsin-I 

establishes an equilibrium with active metarhodopsin-II.  Subsequent dissociation of 

all-trans retinal from Meta-II yields active opsin, which reassociates with 11-cis retinal 

to reform dark-state rhodopsin. 
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intermediates impose structural restrictions that will inhibit the subtle changes in the 

protein structure.  This fact will be further discussed in the chapters to follow, as we 

investigated these early intermediates at more physiologically relevant temperatures than 

the previous crystallographic studies).  Consequently, the early intermediates such as 

photo- and bathorhodopsin (which are assumed to be similar in structure to the dark-state)6-

7 will be greatly destabilized with respect to the dark-state rhodopsin, due to increased 

strain imposed by the straighten chromophore, all-trans retinal.  The ultra-short lifetimes 

of the above intermediates are proof for the destabilization of those intermediates.  This 

frustration is released as the above transient intermediates decay through the subsequent 

intermediates to form the active metarhodopsin II which assumes an open conformation 

that facilitates transducin (the G-protein) binding.  

The two ionic locks in rhodopsin.  There is an extended, stable hydrogen-bonding 

network that is pivotal for maintaining the inactive, closed conformation in the dark-state 

rhodopsin.  This H2O mediated H-bonding network connects and stabilizes Glu181 and 

Tyr192 on the extracellular loop 2 (EL2), and Tyr268 that is connected to Ser186 on EL2 and 

Glu113.  The Glu113 is salt bridged to the protonated Schiff’s base (PSB).  This ionic lock 

between the H3 and protonated Schiff’s base is crucial for maintaining the inactive, closed 

conformation of rhodopsin.  Upon isomerization of 11-cis retinal to all-trans retinal, the 

aforementioned hydrogen-bonding network is slightly interrupted leading to deprotonation 

of the PSB.  The deprotonation of the PSB disrupts the ionic lock involving Glu113 and the 

PSB, which leads to destabilization of the inactive, closed conformation, resulting in the 

formation of the open conformation of active Meta II.  During the process, the second ionic 

lock, the salt bridge between Arg135 (on H3) and the Glu247 (on H6) that maintains the 

inactive, closed conformation of the protein is disrupted due to protonation of Glu134 of the 

highly conserved E(D)RY motif (Glu134-Arg135-Tyr136).  This transfer of the proton from 

the PSB to Glu134 is responsible for the formation of active Meta IIH+ that activates the G-

protein transducin.  Thus, breaking of these ionic locks is coupled to the conformational 

changes associated with rhodopsin activation.8-9  What is the driving for protonation of 

Glu134, and what is the role of bulk water in disrupting the ionic locks leading to the active 

open conformation of metarhodopsin II? These research questions are tackled in chapter 4, 

where the role of bulk water in rhodopsin activation is investigated.    
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On a separate but related note, the protonation and deprotonation of the Schiff base 

also affect the electron density on the retinal conjugate system.  For instance, the 

protonation of the PSB lowers the energy gap between the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of all-trans retinal.  

Therefore, the wavelength of the light absorbed by Meta I that has a PSB is longer (485 

nm) than the wavelength absorbed by Meta II (~ 380 nm) that has deprotonated Schiff’s 

base.10  

1.3 Role of Lipid Bilayer in Rhodopsin Activation 

It is also known that the lipid bilayer environment can regulate the structure and 

function of membrane proteins such as rhodopsin.  The hydrophobic surface of the integral 

membrane protein is widely dependent on the hydrophobic acyl chains of the lipid bilayer 

Figure 1.5.  A cartoon representation of the hydrophobic mismatch between the 

protein and lipid bilayer hydrophobic surfaces leading to expansion (top left) or 

contraction (bottom left) of the protein structure.  The figures on the right indicate 

negative, zero, and positive curvature of single layer of lipids respectively.  Figure 

is adapted from Ref.11 
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for stabilizing interactions.  In the absence of lipids, the hydrophobic surfaces of each 

protein molecule interact with each other through hydrophobic interactions. These 

hydrophobic interactions between the protein molecules in the medium cause the protein 

to aggregate in aqueous environments.  The aggregated protein does not have the same 

functionality as the non-aggregated protein, and might even lead to total loss of function 

due to changes in the protein structure. 

The effects of lipid membrane on the protein function are mainly indirect.  The flexible 

surface model (FSM) can be used to explain the influence of lipid membrane properties 

such as membrane curvature and elasticity on membrane protein function.  For instance, 

during activation the visual GPCR, rhodopsin undergoes various conformational 

fluctuations in a membrane environment; therefore, in a stiffer lipid bilayer environment, 

rhodopsin activation is not favored.  Furthermore, membrane curvature is another property 

that can affect the structure of the membrane protein in a lipid bilayer as illustrated in 

Figure 1.5.  The membrane curvature, in turn, can affect the protein function well.  Using 

the rhodopsin example, its activation leads to an expansion of the protein structure.  Thus, 

a lipid bilayer environment with a negative curvature favors rhodopsin activation, while 

the positive membrane curvature favors the inactive more closed protein conformations.  

The flexible surface model explains these situatiosn together with the hydrophobic 

mismatch.  Simply put, a negatively curved lipid bilayer presents a larger hydrophobic 

surface area with respect to the hydrophobic surface of the protein, which results in a 

hydrophobic mismatch situation.  To compensate for the hydrophobic interactions the 

protein is forced to expand so that the hydrophobic surface of the protein matches with that 

of the bilayer.  The expanded protein structure favors the active metarhodopsin II, thus 

explaining why the rhodopsin activation is promoted in lipid bilayers that have negative 

intrinsic curvature.  Similarly, the lipid bilayers with intrinsic positive curvature stabilize 

the inactive conformations of rhodopsin.  These are examples of how the lipid membrane 

properties indirectly affect the membrane protein function.11 
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Next, to illustrate how the lipid bilayer can have a direct impact on the membrane 

protein function, rhodopsin was reconstituted in an artificial membrane, 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP).  The non-biological DOTAP is a cationic lipid, 

and rhodopsin (isoelectric point of 6.2) has an overall negative charge at pH 7.  Under these 

conditions, we were able to employ the charge-interaction-directed reconstitution (CIDR) 

method to reconstitute the visual GPCR rhodopsin into a non-biological membrane.  We 

discovered that not only the positive charge drives the spontaneous reconstitution based on 

the charge interaction, but also an allosteric rhodopsin activation mode in the artificial 

membranes.  The cationic membrane favors the formation of the active Meta II even at low 

proton concentrations and zero membrane curvature.  This can be explained by direct 

interaction between the positively charged lipid and the Glu134 in the conserved E(D)RY 

motif, that breaks the ionic lock holding the H3 and H6 helices leading to further bending 

of the cytoplasmic side of H6 helix forming the active, open Meta II state.  Thus the 

rhodopsin activation was directly affected by the lipid membrane bilayer as illustrated in 

this example.12    

Figure 1.6.  A cartoon representation of how the interaction between the membrane 

surface charge affects the activation of rhodopsin in non-biological membranes.  The 

overall negatively charged rhodopsin (at physiological pH) is not only spontaneously 

reconstituted into the cationic artificial lipid DOTAP, but also the charged interaction 

with the Glu134 leads to disruption of an ionic lock crucial for maintaining the inactive 

conformation leading to activation of rhodopsin. 
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1.4 Protein Dynamics in Rhodopsin Activation 

The key to understanding the biological activities of pharmacologically important 

proteins, such as serotonin receptor which belongs to G-protein–coupled receptors 

(GPCRs), entails the protein dynamics.  Therefore, the static structural information that can 

be obtained from X-ray crystallographic structures is not sufficient to fully comprehend 

the biological function of protein molecules.  Currently, X-ray crystal structures are 

available for rhodopsin in the dark state,13 as well as several freeze-trapped 

photointermediates,14-15 including the ligand-free opsin apoprotein.  However, thus far little 

information is available regarding how the internal dynamics of the protein change during 

GPCR activation.16  The stimulation of the GPCR by the extracellular stimulus leads 

changes in the structural fluctuations of the protein that is crucial for GPCR activation in 

the membrane environment.  X-ray crystallographic experiments17 and recent time-

resolved wide-angle X-ray scattering studies18 conducted on the prototypical visual GPCR 

rhodopsin have revealed valuable information about the large conformational changes that 

occur during activation.   Neutron scattering techniques such as quasielastic neutron 

scattering provides a unique window into protein dynamics that are crucial in the GPCR 

activation.   

The fluctuations in the protein structure result in a significant number of 

conformational substates in a GPCR which can be represented by a hierarchical rough 

energy landscape, as illustrated previously for myoglobin conformational substates by 

Frauenfelder et al.19.  Extending this idea to rhodopsin as a prototypical membrane protein, 

the conformational substates (CS) involving in the visual GPCR rhodopsin activation can 

be arranged in a hierarchical energy landscape, with defined conformational substate tiers 

based on their fluctuation rate coefficients 19.  The transitions between the conformations 

such as dark-state rhodopsin and other photointermediates have the smallest rate 

coefficients, and they belong to the top tier designated (CS0).  Out of the several 

conformational states in this topmost tier, three conformations (dark-state rhodopsin, active 

Meta-II, and ligand-free opsin), have been studied in detail using X-ray crystallography 

and other spectroscopic techniques previously.  Notably, a given conformation (CS0) 

encapsulates a huge number of statistical substates tiers (CS1 and CS2) of the energy 
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landscape.  Neutron scattering together with the controlled hydration enables one to probe 

the dynamics in these lower tiers in the energy landscape.  Each CS1 tier comprises β-

substates, which arise due to local fluctuations of the protein molecule, such as side-chain 

methyl group rotations.  The CS1 tier encompasses the CS2 tiers, where the conformational 

substates arise due to the α-fluctuations these sizable structural changes (occurring within 

an alpha basin) can be slower by a larger magnitude, as large-scale motions occur in many 

small steps.19  The larger hops in the conformational space (after an average time 1 𝑘𝛽⁄ ) 

trace out the α-basins in the energy landscape; and the collection of α-basins form a β-

basin.  This random walk of the protein in the energy landscape forming the α- and β-basins 

gives a framework for understanding larger conformational changes of the protein during 

a reaction, such as GPCR activation of the cognate G-protein.   

Notably, the solvent plays a major role in protein dynamics; and in fact, the protein 

will not function at all without the aqueous solvent.  The minimum reported the degree of 

hydration (h) required for minimally functioning protein is h ≈ 0.2.  For a protein to gain 

the full functionality, it is essential to have h above 1.  The individual bond vibrations are 

largely independent of the solvent, while α- and β-fluctuations are solvent dependent.  The 

large-scale α-fluctuations are bulk-solvent slaved fluctuations, which includes 

conformational changes of the protein molecule resulting from anharmonic collective 

motions.  The β-fluctuations, on the other hand, are small local motions of the protein which 

slave to the solvation shell and can be harmonic or anharmonic fluctuations (depending on 

temperature) of the amino acid residues of the protein 20-26.  These β-fluctuations are 

independent of the bulk solvent, in contrast to the large-scale α-fluctuations which are 

solvent slaved. The amino acid residues of the protein, show significantly different motions 

(β-fluctuations) under physiological temperatures.27   

Because all the fluctuations mentioned above are thermally driven, temperature also 

plays a major role in protein dynamics 28.  However, the use of barrier heights alone to 

define the tiers in the energy landscape is an oversimplification.  The rate constant for α-

fluctuations generally can be approximated using the Vogel-Tammann-Fulcher (VTF) 

relation, 𝑘(𝑇) =  𝐴𝛼exp [𝐷𝑇0/(𝑇 − 𝑇0)]where , 𝐴𝛼, and 𝑇0are experimentally 

determined coefficients.  On the other hand, the same for β-fluctuations follow the standard 

D
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Arrhenius relation, 𝑘𝛽(𝑇) =  𝐴𝛽exp [−𝐸𝛽/(𝑘𝛽𝑇)].19  The proteins gain the required 

flexibility to physiologically function only above a certain temperature threshold known as 

dynamic transition temperature (TD).  For most of the proteins studied thus far, TD is around 

220 K, which is indicated by an upturn of the mean-square displacements (MSDs) versus 

temperature plot.  The MSD (〈𝑥2(𝑇)〉) can be divided into two components, the harmonic 

vibrational (〈𝑥2〉𝑣) and the anharmonic conformational (〈𝑥2〉𝑐) components. i.e. 〈𝑥2(𝑇)〉 =

〈𝑥2〉𝑣 + 〈𝑥2〉𝑐.  The conformational component consists of the α- and β-fluctuations as 

introduced above.  The MSD of a given atom of the protein molecule reveals information 

regarding the protein flexibility (also referred to as protein softness).  The slope of the plot 

of MSDs versus temperature plot is directly related to the protein softness.  i.e., steeper the 

slope of (MSDs) versus temperature plot, the softer the protein is.  

Quasi-elastic neutron scattering (QENS) is a premier technique to study the 

translational, rotational, and diffusive motions of chemical groups in soft condensed 

matter.29  In a biophysical context; QENS enables one to probe the molecular motions from 

picoseconds to nanoseconds and within atomic to molecular length scales.24, 30  It is the 

optimal scattering technique for studying the dynamics of biological molecules, as they 

mainly contain hydrogen atoms (H-atoms), which have the largest incoherent cross-section 

for neutrons 31.  In that case, the results of a QENS experiment are expressed as the dynamic 

structure factor, which is dominated by the contribution from H-atoms in the protein (due 

to hydrating the protein sample with 2H2O).30  The QENS data are analyzed both in the 

model-independent energy domain, and in the time domain using the mode coupling theory 

(MCT) which was originally developed to describe complex dynamics in glass-forming 

liquids 32.  Proteins resemble glass-forming liquids due to their complex nature, which is 

characterized by a sluggish non-exponential relaxation of the density and single-particle 

correlation functions.  The three steps of the time dependence of relaxations are: (i) short-

lived Gaussian-like region; (ii) a β-relaxation step described by two fast power-law decay 

functions 𝜙𝑞(𝑡) = (𝑡 𝜏𝑞
𝛽⁄ )𝑎 and 𝜙𝑞(𝑡) = (𝑡 𝜏𝑞

𝛽⁄ )𝑏 or a slow logarithmic decay 𝜙𝑞(𝑡) =

𝐴𝑞 + 𝐵𝑞ln (𝑡 𝜏𝑞
𝛽⁄ ); lastly, (iii) α-relaxation region described by a stretched-exponential 

decay that is governed by Kohlrausch-Williams-Watts law 𝜙𝑞(𝑡) = (𝑡 𝜏𝑞
𝛼⁄ )𝛽.32  Here, the 

𝜙𝑞(𝑡) is the density correlation function, and 𝜏𝑞 is the relaxation time.  Significantly, MCT 
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is known to predict the dynamic transitions and logarithmic decay phenomenon in globular 

proteins.33  Here we report for the first time the logarithmic decay phenomenon in a 

membrane protein belonging to the GPCR family proteins.  Moreover, we show how the 

cofactor influences the crucial dynamics in the activation of a canonical prototype for the 

Rhodopsin class (Family A) of the GPCRs. 

1.5 Membrane Proteins in Detergents 

Integral membrane proteins embedded in a lipid bilayer in nature.  The membrane 

protein consists of a substantially hydrophobic surface that interacts with the hydrophobic 

acyl chains of the lipid molecule.  The same hydrophobic surface of the membrane protein 

molecule is responsible for water insolubility of the membrane protein.  Therefore, the first 

step in crystallography is to solubilize and purify the membrane protein in detergent 

micelles.  The detergent molecules contain a hydrophilic head group and a hydrophobic 

tail group.  The hydrophobic tails interact with the hydrophobic surface of the protein 

molecule, while polar head group interacts with the surrounding polar aquatic environment. 

The detergent molecule is an amphiphilic molecule consisting of both polar and non-

polar parts in the same molecule.  The minimum concentration at which the detergent 

molecules aggregate to form micelles (known as the critical micelles concentration, CMC) 

and the number of detergent molecules per micelle (known as the aggregation number) are 

specific to the type of detergent.  The CMC also depends on factors such as the temperature, 

ionic strength, and pH of the solution.  At concentrations above the detergent CMC, the 

following equilibrium is established between the detergent monomers, the micelles and 

protein molecules.   

𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 ⇋ 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 

𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 + 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ⇋ 𝑝𝑟𝑜𝑡𝑒𝑖𝑛–𝑑𝑒𝑡𝑒𝑟𝑔𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 

The solubilization of the membrane protein requires increasing the detergent 

concentration substantially above the CMC to disrupt the lipid membrane structure, and 

form the protein-detergent complex (PDC) surrounding the large protein molecule.  If some 

lipid molecules are strongly bound to the proteins, then the PDCs can contain lipid 



35 
 

molecules co-solubilized together with the protein.34-35 As discussed later in this 

dissertation co-existence of some lipids is beneficial for protein crystallization.   

The complex equilibrium involved in the PDC formation makes it difficult to fully 

comprehend the molecular basis of membrane proteins using X-ray crystallography.  

Figure 1.7. The chemical structures of some of the detergents used.  3-((3-

cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS) is zwitterionic 

detergent (top).  n-dodecyl -D-maltoside (DDM) is neutral detergent with a 

disaccharide in the head group (middle), and n-octyl--D-glucoside (OG), n-nonyl--

D-glucopyranoside (NG) and n-heptyl--D-thioglucopyranoside (HTG) are neutral 

detergents with relatively small (one sugar) head groups.  Ref.36 
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Neutral and zwitterionic detergent molecules that form smaller micelles are most used for 

membrane protein crystallization.  The shorter hydrophobic tails help expose more of the 

protein’s hydrophilic intermolecular contact regions to facilitate the crystallization process 

37.  Furthermore, the head group size of the detergent can also be an important parameter, 

as the smaller polar head groups increase the polar accessible surface area of the protein.  

Ability to phase-separate into detergent-rich and detergent-poor phases also have been 

identified as a property desirable for membrane protein crystallization.38 

Lauryldimethylamine N-oxide (LDAO) is one of the very first detergents used for 

successful crystallization of membrane proteins.  Apart from LDAO, short chained 

detergents such as n-octyl--D-glucoside (OG), n-heptyl--D-thioglucopyranoside (HTG) 

and tetraethylene glycol monooctyl ether (C8E4) are some of the other common detergents 

used for solubilizing rhodopsin/opsin. 

1.6 Problems Addressed 

What structural fluctuations occurring during the early stages of rhodopsin 

activation?  The 11-cis retinal isomerizes to all-trans retinal within an ultra-short period 

of 200 fs; that would not give substantial time for the protein to change its structure to 

adapt the retinal chromophore structural change.  Consequently, it is accepted that the 

protein structure of the early intermediates (the lifetime is indicated within the brackets) 

such as photorhodopsin (ps), bathorhodopsin (ns), blue-shifted intermediate (ns), and 

lumirhodopsin (μs).  However, under the conditions where some of these structures were 

determined (cryogenic temperatures, and osmolytes as precipitants for crystallization), it is 

not clear if the protein structure will remain intact going through all four intermediates 

within a period of ca. few microseconds.  Therefore, time-resolved studies using the X-ray 

free electron laser (XFEL) was conducted to reinvestigate the early intermediates in 

rhodopsin activation.  The preliminary data obtained from the time-resolved wide-angle X-

ray scattering (TR-WAXS) studies experiments are described in Chapter 6, and indicate 

structural fluctuations occurring as early as first few picoseconds upon rhodopsin 

activation. 

How does the global protein structure changes when the rhodopsin is 

photoactivated?  The global structural changes regarding the shape and size during 
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rhodopsin activation are not well understood.  Despite the fact that X-ray crystal structures 

for the dark-state, and the activated state rhodopsin are available, the constraints imposed 

by the crystallization process inhibit the actual protein fluctuations occurring during 

rhodopsin activation.  Furthermore, previous attempts to utilize small-angle neutron 

scattering (SANS) performed 30 years ago to study rhodopsin activation suggested that 

photoactivation of rhodopsin in non-native environments leads to aggregation of the 

protein.  With the novel detergents, available SANS experiments were revisited to gain 

new insights into rhodopsin activation as described in chapter 3.  

What is the role of water in rhodopsin activation?  There is also an increase in the 

entropy upon conversion of inactive Meta-I state to active Meta-II state.  Mitchell et al. in 

2000 suggested that this is due to efflux of bound water from the interior of the protein to 

the bulk solvent.  However, such an efflux should lead to a more closed active rhodopsin 

conformation, which is counter-intuitive considering the increase of enthalpy upon Meta-I 

to Meta-II transition.  Notably the increased enthalpy suggests net bond breaking during 

active Meta-II formation, which should lead to an open, more relaxed protein 

conformation.  To address this controversy, we performed osmotic stress experiments on 

rhodopsin in native disk membranes, and discovered there is an actual influx of water upon 

rhodopsin photoactivation.  This leads to an active Meta-II state, which has an open 

conformation, which has a higher degree of conformational freedom (i.e., greater 

conformational entropy).  Also, this study provides insights into following questions as 

well; what is the driving for protonation of Glu113, and what is the role of bulk water in 

disrupting the ionic locks leading to the active open conformation of metarhodopsin II?  

How does the retinal cofactor affect the protein dynamics during rhodopsin 

activation?  The retinal cofactor undergoes structural changes during rhodopsin activation, 

which leads to the protein structural changes underlying formation of active rhodopsin.  If 

the retinal cofactor is capable of mediating the protein structure during the activation 

process, it should also play a role in regulating the protein dynamics.  In Chapter 5 we 

investigated how the protein dynamics are regulated by retinal cofactor using a quasielastic 

neutron scattering (QENS) methods, together with a novel powdered GPCR preparation 

method.   
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Chapter 2 

Materials and Methods 
2.1 Introduction 

About 60% of the pharmaceutical drugs target membrane proteins.1-3  Among the 

membrane proteins the G-protein–coupled receptors (GPCRs) are especially prominent as 

they are the largest superfamily in the human genome.  GPCRs are responsible for 

regulation of many key physiological processes such as taste, smell, and vision.  

Investigation of the structure and function of GPCRs are crucial for understanding the 

mechanisms of signaling.  The visual GPCR rhodopsin is responsible for vision under dim-

light conditions in vertebrates.  The relatively pronounced structural changes in the protein 

during activation compared to other GPCRs makes rhodopsin an ideal candidate for 

studying GPCR activation.  Investigations of rhodopsin activation involved extraction of 

the protein from its native membrane environment, and incorporating them in surrogate 

membranes such as detergent micelles.  This chapter is focused on the preparation of 

rhodopsin for various experiments in both native and non-native environments, while 

preserving its function.   

2.2 Preparation of Retinal Disk Membranes  

This procedure has been designed to purify rhodopsin in retinal disk membranes from 

bovine retinas.  Generally, starting with 50 retinas, one can obtain retinal disk membranes 

containing about 30–50 mg of rhodopsin with purity (A280/A500) of 2.4–2.7, based on the 

quality of the retinas.  Purification of rhodopsin in retinal disk membranes using a sucrose 

density gradient, characterization of the RDM using UV-visible spectroscopy, and the 

regeneration assay to determine the quality of RDM prepared is described below.6  

Acquisition of Bovine Retinas.  The bovine retinas are purchased from the W.L. 

Lawson Co., Omaha, NE.  The retinas are shipped in plastic capped jars (50 retinas in each) 

in 43% sucrose buffer containing aprotinin 0.001% (V/V), and 1 mM dithiothreitol (DTT). 

(Note. DTT is added to the 43% sucrose solution just before harvesting the retinas from 

the bovine eyes.)  These retinas containing plastic jars are double wrapped in aluminum 
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foil and shipped overnight to Tucson, AZ from Omaha, NE.   The retinas were frozen 

immediately upon arrival at –80 ⁰C.   

Sucrose density gradient solutions.  The sucrose gradient solutions are prepared by 

varying the sucrose concentration according to the table shown below.  For instance to 

prepare the 1.10 g/mL sucrose solution, 62.40 g of 42.0% sucrose, 0.100 mL of 1 M tris-

acetate buffer, 0.100 mL of 0.1 M of magnesium chloride, and double-distilled water to 

make the total weight of 110.0 g in a 100-mL volumetric flask. 

Table 2.1 Preparation of density gradient solutions 

Density / gmL–1 1.10 1.11 1.13 1.15 

Mass of 42% sucrose in 

water / g 

62.4 68.4 81.4 93 

Volume of 1 M Tris-acetate 

(aq) /mL 

0.1 0.1 0.1 0.1 

Volume of 0.1 M MgCl2(aq) 

/mL 

0.1 0.1 0.1 0.1 

Total mass of the solution 

after adjusting with distilled 

water / g 

110 111 113 115 

 

Homogenization of Retinas.  The homogenization step is carried out to release the 

tightly packed rhodopsin disk membranes (RDMs) from the rod cells contained in the 

retinas.  At the end of this step, a suspension of RDMs in an aqueous buffer solution is 

achieved.  The subsequent steps remove the remaining cellular impurities.  The retinas and 

the buffer solutions involved were kept on ice when they were not being used.  The 

centrifuge was always set at 4 C for any RDM/rhodopsin preparation unless otherwise 

specified.  Retinas were thawed by keeping the jar of retinas in a beaker wrapped in 

aluminum foil for approximately 1 hr at room temperature or overnight at 4 C.  The retinas 

were placed into a loose-fitting Teflon homogenizer (chamber clearance is 0.3–0.45 mm), 

overlaid with argon for about 5 min.  Homogenizing medium (prepared by mixing 1.62 g 

of 42.0% sucrose in water, 13.0 mL of 1.0 M sodium chloride stock solution, 0.400 mL of 

0.1 M magnesium chloride stock solution, 0.400 mL of 0.1 M ethylenediaminetetraacetic 

acid stock solution, 1.00 mL of 1.0 M tris-acetate buffer, and deionized water to have final 
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total weight of 226.0 g) is gradually added (maximum of 30 mL of homogenizing solution 

for 50 retinas), and about ten strokes are applied slowly while overlaying with argon every 

third stroke.  The homogenized retinas were transferred into the GSA centrifuge bottles, 

overlaid with argon, balanced with GSA centrifuge tube containing water before 

centrifuging (GSA rotor; Sorvall RC-5B centrifuge) for 20 minutes at 4,000 rpm (2600g) 

at 4 C.  The supernatant containing the RDM is collected using an 18-gauge needle syringe 

and stored away in wrapped in an aluminum foil at 4 ⁰C.   

 

The pellet was transferred into the tight-fitting Teflon homogenizer together with an 

equal volume of the homogenizing solution and homogenized to release additional RDM 

by applying 6–8 strokes.  The pellet was removed from the re-suspended RDM in the 

homogenizing solution by centrifuging (GSA rotor; Sorvall RC-5B centrifuge) for 20 min 

at 4,000 rpm (2600g) at 4 C.  The two supernatants were combined the second supernatant 

together with the supernatant from the first homogenization in a GSA centrifuge tube. (The 

pellet was discarded.)  The supernatant was added two volumes of 10 mM tris-acetate, pH 

7.4 buffer gently while stirring and overlaid with argon.  The resultant RDM suspension 

from the previous step was centrifuged (GSA rotor; Sorvall RC-5Bcentrifuge) for 50 

minutes at 7,000 rpm (8,000g) at 4 ⁰C.7   

Figure 2.1 The homogenizers used for 

homogenizing bovine retinas.  Two types of 

Teflon homogenizers are used with 

differences in chamber clearance.  The loose-

fitting homogenizers with a chamber 

clearance of 0.3–0.45 mm (left), and the tight 

homogenizer has chamber clearance of 0.1–

0.15 mm (right). 
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Sucrose Density Gradient Separation.  This step was carried out in the cold room at 4 

⁰C.  The resultant pellet was suspended in 1.10 g/mL sucrose gradient solution.  The pellet 

was broken into smaller particles by pulling up the suspension through the 18-gauge needle 

(via a syringe) and expelling the pellet through the 20-guage needle.  The sucrose gradient 

solutions 1.11 (10 mL), 1.13 (10 mL) and 1.15 (8 mL) were transferred into swinging 

bucket tubes.  The 1.10 sucrose gradient solution containing the suspended RDM is layered 

on the 1.11 layer using the 18-gauge needle.  The metallic tube holders were hung on the 

SW-28 rotor and centrifuged at 24,000 rpm (113,000g) at 4 C for 1 h (Beckman L8-M 

ultracentrifuge).  The RDM containing layer between the 1.11/1.13 g/mL was located and 

collected into small centrifuge tubes.   

Removal of Sucrose.  Sucrose being an osmolyte can affect the structural and 

functional properties of the biomolecules.  Therefore, it is essential that the sucrose be 

removed by a combination of dilution and precipitation of the pellet.  The sucrose was 

removed from the RDM by diluting the suspension and pelleting the RDM by centrifuging 

at 20,000 rpm for 30 min in the SS-34 rotor; Sorvall RC-5B centrifuge.  This step was 

repeated twice for effective removal of sucrose from the RDM suspension.  The resultant 

pellet from the third centrifugation was suspended in the 67 mM sodium phosphate buffer, 

pH 7.0, and stored in a –80 ⁰C freezer, after overlaying with a stream of argon.  

2.3 Spectroscopic Characterization of Rhodopsin 

RDM sample (15 μL) was transferred into a 1.5-mL Eppendorf tube.  The detergent 

stock buffer containing 3% Ammonyx LO detergent in pH 7.0 15 mM Na-Phosphate buffer 

(15 μL) was added followed by 4 M hydroxylamine (15 μL).  A blank solution was prepared 

in a separate Eppendorf tube which contains the same content as the sample, except for the 

RDM sample (15 μL).  The blank contains pH 7.0 15 mM Na-Phosphate buffer (15 μL) in 

lieu of the RDM sample.  The Cary 50 spectrometer was setup to collect spectra in the 

range of 700–250 nm in the scanning mode.  First, the blank solution containing quartz 

cuvette (path length 10 mm) was placed in the cuvette holder, and the baseline was 

collected.  Then the blank solution was replaced by the test solution containing the sample, 

and the spectrum was collected.  Then the sample was photobleached using the actinic fiber 
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optic illuminator with the 515-nm long-wavelength pass filter, and another spectrum was 

recorded.  The purity of the rhodopsin sample was determined using the following formula; 

Purity =
𝐴280 − 𝐴310

𝐴500,𝐷 − 𝐴500,𝐵
                                                  (2.1) 

where 𝐴280, and  𝐴310 are absorbance at wavelengths 280 nm and 310 nm respectively.  

𝐴500,𝐷 is the absorbance at 500 nm of the dark-state, and 𝐴500,𝐵 is the absorbane at 500 nm 

after bleaching dark-state rhodopsin in the presence of hydroxyl amine using a light source 

such as the green LED array light-source described earlier.  To calculate the yield of 

rhodopsin in the ROS purification the molar absorbtivity of rhodopsin ε = 40,600 M–1cm–

1 at 500 nm and relative molar mass of rhodopsin  Mr = 39,000 Da.  The optical density 

(OD) units can be used alternatively to calculate amount of rhodopsin.  An OD is defined 

as a 1 mL rhodopsin solution with an absorbance at 500 nm (A500) of 1 in a 1 cm path-

length cuvette.  1 OD is equivalent to 0.958 mg/mL ( 24.6 nmol/mL) rhodopsin 

concentration.  Next, the yield of rhodopsin in the ROS purification is assessed using the 

following equation; 

Amount of rhodopsin = (𝐴500,𝐷 − 𝐴500,𝐵) × 𝑓 × 𝑉𝑡                         (2.2) 

Here, the dilution factor (f) is 50, and 𝑉𝑡 is the total volume of the RDM suspension.  The 

amount of rhodopsin is calculated in mg units using the above equation.  Typically, a 

successful ROS purification yielded 100 mg rhodopsin per 100 retinas with a purity value 

(A280/A500) within the range of 2.4–2.7. 

2.4 ATR-FTIR Spectroscopy of Rhodopsin in Membranes 

The infrared spectroscopy is applied to probe the vibrational fluctuations of biological 

molecules such as proteins.  The vibrational modes of a molecule are sensitive to its 

environment.  Therefore, infrared spectroscopy can readily be used to study the effect of 

changes in the environment on the protein structure. Protonation or deprotonation of 

functional groups, ligand binding, changes in temperature and pressure are example 

interactions that are probed by infrared spectroscopy.  The Attenuated Total Reflectance 

Fourier-Transform Infrared (ATR-FTIR) spectroscopy is a method of performing 
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vibrational spectroscopy especially on membrane proteins in native or artificial lipid 

membranes.  The longer wavelength of the IR rays enables to study the protein in 

membranes as well as in aggregates as scattering at longer wavelengths is relatively 

negligible.  Additionally, the ATR-FTIR experiment is ideal for biological samples such 

as membrane proteins, as it is a fast technique producing a strong signal for small amounts 

of a sample.8   

When using ATR-FTIR spectroscopy to study rhodopsin activation, there are few 

signature bands that are more useful than the others.  In the dark-state structure, the Glu134 

in the conserved E(D)RY motif is deprotonated and has a stretching vibrational frequency 

at 1400 cm–1.  On the other hand, when the active Meta II binds to G subunit Glu134 

becomes protonated, and the stretching frequency increases to 1730 cm–1.  Note the 

interaction between the Gt and the Meta II makes the difference absorbance (spectrum for 

a given species – spectrum for the dark-state rhodopsin) a negative value.  The lack of 

negative absorption band for the E134Q mutant is evidence for the Glu134 origin of the 

1400 cm–1 band.  Thus, ATR-FTIR can distinguish between the dark-state and the G-

protein (Gt) bound active state of rhodopsin.  Additionally, Gt binding to the active Meta 

II increases the so-called Gt-induced IR bands9 around 1517 cm–1, 1550 cm–1, and 1641 

cm–1. 

Detector 

Infrared Source ATR Crystal 

The Layer of Sample in Contact 

with the ATR Crystal 

Figure 2.2.  Simplified schematic diagram of infrared (IR) light path through the ATR 

crystal exemplifying the total reflectance.   The figure was adapted from 

https://shop.perkinelmer.com/content/TechnicalInfo/TCH_FTIRATR.pdf 
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For example, spectra shown in Figure 2.3, the ability of the active Meta II formed in 

proteomembranes are confirmed by the appearance of the Gt-induced IR bands.  This in 

turn confirms that the Meta II formed due to photo-illumination of rhodopsin reconstituted 

in 100% DOTAP is the active Meta IIb where the Glu134 is protonated (over inactive Meta 

IIa that does not bind.  Briefly, the rhodopsin reconstituted in DOTAP10 in pH 6.9 15-mM 

sodium phosphate buffer was added transducin peptide derived from the C-terminal of the 

G subunit of the high-affinity transducin (amino acid sequence ILENLKDVGLF; 

Biomatic, Wilmington, DE).  A drop of the rhodopsin-DOTAP suspension was placed on 

the ATR crystal (ZnSe), and a dark-state spectrum was recorded by averaging 512 scans 

of 2 cm–1 at 20 oC.  Using a 528 nm green LED (WEEGN 10-CS, 10 cd intensity, Winger, 

Figure 2.3.  Rhodopsin reconstituted in proteasomes favor active Meta IIbH+ upon 

photoactivation.   The double difference ATR-FTIR spectra for transducin peptide bound 

rhodopsin in retinal disk membranes (top spectrum), and transducin peptide bound 

rhodopsin reconstituted into DOTAP.   The figure taken and the caption adapted from Ref.10 
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China) light source, the sample was illuminated for 6 s and the ATR-FTIR spectrum for 

the light-activated sample was obtained.  A separate ATR-FTIR spectrum was collected 

for a light-illuminated sample that did not contain transducin peptide.  The difference 

spectrum was generated by subtracting the light-illuminated sample, without transducin 

peptide, from the light-illuminated rhodopsin sample, with transducin peptide (Figure 2.3). 

In the experimental difference spectra shown in figure 2.3 the Gt-induced IR bands are 

present although somewhat shifted from the literature values (1654 cm–1,1640 cm–1, and 

1547 cm–1).   A control experiment was conducted with retinal disk membranes and showed 

the Gt-induced IR bands at the same wave numbers as for the rhodopsin reconstituted in 

DOTAP (Figure 2.3).  Therefore, the ATR-FTIR confirms the formation of active 

metarhodopsin II that binds transducin (Meta IIbH
+).  Thus, active Meta IIbH

+ formation is 

favored in the proteasome with positively charged DOTAP.  

2.5  Regeneration Assay 

Retinal disk membranes can contain a variable amount of bleached rhodopsin, which 

cannot be determined directly.  A regeneration assay is done to determine the amount of 

the bleached rhodopsin contained in the retinal disk membranes.  The 11-cis-retinal 

solution was characterized using Cary-4000 spectrophotometer by collecting a spectrum 

between 200 nm and 700 nm.  The typically 11-cis-retinal has an A280/A500 ratio between 

1.2–1.5.  Three 1.5-mL Eppendorf tubes labeled “control”, “bleached+11-cis-retinal”, and 

“regenerated” were added an RDM solution of 200 μL each (ideally the O.D. should lie 

around 0.20 for RDM sample).  The Eppendorf tube labeled “bleached+11-cis-retinal” was 

bleached using actinic flash for about 1 minute.  11-cis-retinal (approximately 1.5–2.0 

equivalents of retinal to rhodopsin, and approximately an O.D. of 0.32 for retinal) was 

added to the Eppendorf tubes labeled as “bleached+11-cis-retinal”, and “regenerated”.  All 

the tubes were placed in a water bath at 37 ⁰C for 1.5 h.  Then each of the tubes was added 

3% Ammonyx LO detergent containing 0.1 M hydroxylamine in 15 mM sodium phosphate 
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buffer, pH 6.6 (800 μL).  The UV-visible spectra for each sample were collected within 

700 nm and 270 nm, and the % regenerated was calculated using the following formula; 

Purity of the Regenerated Rhodopsin =  
𝐴280"control"

𝐴500"𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑"
                     (2.4) 

% Bleached =  100% −
(𝐴500"regenerated" − 𝐴500"control")x100

𝐴500"𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑"
                     (2.5) 

%Regenerated Rhodopsin =  
(𝐴500"bleached + 11 cis retinal"

𝐴500"𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑"
                     (2.6) 

Typically, the % regenerability is about 90%, and % bleached is about 2% with 2.1 post-

regeneration A280/A500 ratio. 

2.6 Purification of Rhodopsin in Detergents 

Membrane proteins such as rhodopsin are insoluble water.  The hydrophobic surface 

of the protein is interacting with the hydrophobic part of the lipid molecules in the lipid 

bilayer in the native environment.  Due to the large hydrophobic surface of the protein, 

rhodopsin is insoluble in polar environments such as water and consequently, hydrophobic 

protein surfaces interact with each other and cause the protein to aggregate; this can be 

detrimental to the protein stability.  Therefore, removing the membrane proteins from their 

native environment is a process that should be done very cautiously due to their adverse 

implications.  However, structural and functional studies necessitate the isolation of the 

membrane proteins from their native environment.  This section describes the extraction of 

rhodopsin from its native lipid environment into a detergent environment, making the 

protein more water-soluble. The methods described here are effectively used for 

purification of rhodopsin in a variety of detergents, including n-dodecyl-β-D-maltoside 

(DDM), n-nonyl-β-D-glucopyranoside (NG), and 3-[(3-

Cholamidopropyl)dimethylammonio]-propanesulfonate (CHAPS).  

2.6.1 Hydroxyapatite Column Chromatography 

The purified retinal disk membranes (RDM) are thawed in a cold room at 4 oC.  The 

first step is to exchange the storage buffer 15 mM sodium phosphate buffer, pH 6.9, with 
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DTAB chromatography detergent buffer containing 100 mM dodecyl trimethylammonium 

bromide (DTAB), 15 mM pH 6.9 sodium phosphate buffer, 1mM DTT, and 0.02% (w/w) 

NaN3.  Here, the thawed RDM suspension is centrifuged at 48,000g for 30 min at 4 oC.  

The resultant pellet is dissolved in the DTAB chromatography detergent buffer (~15 mL) 

so that the rhodopsin concentration would be ~5 mg/mL.  The resultant solution is 

incubated for 1 hour, before centrifuging for 20 min at 4 oC at 163,000g (Sorvall T-865.1 

rotor) to remove any unsolubilized cellular material. 

For purification of 50 mg rhodopsin (containing RDM), a glass column with 2.5-cm 

diameter is packed with 18 g of hydroxyapatite (Bio-Rad, DNA grade).  For packing the 

column, hydroxyapatite (18 g) is suspended in 15 mM pH 6.9 sodium phosphate buffer (~ 

50 mL), and poured into the glass column while stirring.  Once the column is packed the 

column bed is allowed to settle by waiting for ~15 min.  Above step is carried out at room 

temperature for efficient packing.  Once, the column is packed, the column is equilibrated 

with DTAB chromatography detergent buffer (~100 mL).  The DTAB solubilized 

rhodopsin is then loaded into the column using a disposable glass pipette.  The purified 

Figure 2.4. A representative UV-visible spectrum for a hydroxyapatite column purified 

rhodopsin in dodecyltrimethylammonium bromide (DTAB).  The purification of rhodopsin 

starting from the retinal disk membrane yielded a purity (A280/A500) of ca. 1.7. 
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rhodopsin is eluted using a linear NaCl gradient ranging 0–0.5 M in DTAB 

chromatography buffer at a flow rate of ca. 1 mL/min.  The pure rhodopsin fractions elute 

within 3 hours with purity (A280/A500) of 1.7–1.9. (Figure 2.2), with an overall yield of 

typically ca. 75%. 

 Detergent Exchange and Desalting.  The purified rhodopsin is not stable in the DTAB 

detergent, especially at temperatures above 4 oC.  For instance, the dark-state rhodopsin in 

detergents such as DDM, CHAPS, and Ammonyx LO are stable for more than ca. 6 hrs, 

and the presence of hydroxylamine (NH2OH) in the solution does not hydrolyze the Schiff 

base linkage between the retinal ligand and Lys296.  However, when rhodopsin is 

solubilized in DTAB detergent, the above Schiff base linkage is hydrolyzed without light 

exposure by NH2OH at rates that dependent on the DTAB and NH2OH concentrations 

(Figure 2.3).  As shown in figure 2.3 the 500 nm peak corresponding to the dark-state11  

rhodopsin decreases with time in rhodopsin solubilized in DTAB without light-exposure.  

It is noteworthy that the scattering remained the same as indicated by the lack of increased 

absorbance at shorter wavelengths with time.  Therefore, one can argue that the protein did 

not completely denature, though opened up enough so that the hydroxylamine can 

hydrolyze the Schiff base linkage between retinal and the Lys296 residue of the protein.  

This finding goes on to display the tendency of the protein to denature spontaneously in 

the presence of DTAB detergent.  Therefore, it is imperative to exchange the DTAB 

detergent with a more “rhodopsin-friendly” detergent as soon as possible.  

To exchange the “harsh” DTAB detergent with a “mild” detergent such as DDM, 

CHAPS, or OG, there are two basic methods employed in the research presented in this 

dissertation: the more conventional dialysis method, and the method involving centrifugal 

filters.  Briefly, in the dialysis method the dialysis bags are cut to 17 cm in length to hold 

about 30 mL of the sample (note a cm length correspond to 2 mL of sample volume).  The 

extra length is used for clipping either side of the dialysis bag later on.  The pieces of the 

cut dialysis bags are immersed in 300 mL of the boiled distilled water for few min, 

transfered to cold water immediately and left in cold water at 4 oC for 30 min before using.  

Transfer the sample solution into the dialysis bag after sealing one end with the clips using 

a 1000 μL micropipette.  The sample containing the dialysis bags are clipped on either side 
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and placed in placed in a 1000 mL beaker containing 30 mM DDM detergent (for instance) 

in 15 mM sodium phosphate buffer while stirring using a magnetic stirrer.  This would 

exchange the 100 mM DTAB with 30 mM DDM.  Dialysis is for 12 hours and followed  

by transferring the dialysis bags containing the samples into a new 1000-mL beaker 

containing 30 mM DDM.  After three such exchanges, the concentration of DTAB in the 

rhodopsin sample is reduced to 2.7 μM, while the concentration of DDM is raised to 30 

mM theoretically.  However, this method is not cost-effective as it consumes much 

detergent in the process.   

Alternatively, the centrifugal filters can be used to perform the detergent exchange.  

For instance, to exchange the DTAB detergent with CHAPS detergent, one can use the 30 

kDa molecular weight cut-off ultra-centrifugal filters (Amicon).  First, concentrate the 

rhodopsin sample (in DTAB detergent) 10 mg/mL using the 15-mL 30 kDa molecular 

Figure 2.5. Spontaneous hydrolysis of the Schiff’s base linkage between Lys296 and the 

retinal cofactor of dark-state rhodopsin by NH2OH in DTAB detergent.  The 500 nm peak 

corresponding to the dark state rhodopsin decreases, while a peak around 360 nm 

corresponding to free retinal increases in intensity with time.  The spectra are collected at 

20 oC over 10 minutes.   
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weight cut-off centrifugal filters by centrifuging (GSA rotor; Sorvall RC-5B centrifuge) 

for 20 min at 4,000 rpm (2600g) at 4 C.  This should result in a volume of ca. 3 mL; that 

is subsequently diluted ten times with 30 mM CHAPS detergent containing 15 mM sodium 

phosphate buffer. These concentration and dilution steps are repeated three times to reduce 

the DTAB concentration 100 μM.  Depending on the next step of the experiment, one can 

keep repeating the concentration and dilution steps until the DTAB concentration is 

lowered to the desired levels.  In some cases, this step is followed by running a size 

exclusion column, which will ensure the DTAB concentrations in the rhodopsin samples 

are insignificant. 

2.6.2 Rhodopsin Purification Using the Zn-Extraction Method 

The following protocol is adapted from Okada et al. 1998 to solubilize and purify from 

native membranes.  This procedure was successfully adapted to purify rhodopsin in a 

variety of detergents with very different properties, and includes some minor changes to 

the original protocol.  Rhodopsin is isolated from rhodopsin in disk membranes using the 

method described by Okada et al. (1998),12  with some modifications as described below.   

The purified RDM suspension in 15 mM Na phosphate buffer pH 6.9 is taken out from the 

–80 oC freezer, and thawed at 4 oC.  The RDM is a suspension is centrifuged at 20,000 rpm 

(48,000 x g) in an SS-34 rotor in Sorvall RC-5B centrifuge for 30 minutes.  The resultant 

pellet is resuspended in in 30 mM MES buffer, pH 6.8 containing 1.5% (w/w) n-heptyl β-

D-thioglucopyranoside (HTG), and 100 mM zinc acetate in a 100-mL volumetric flask 

covered with aluminum foil, and incubated for 3 hrs.  The incubated solution of the 

rhodopsin-HTG complex is then transferred to GSA centrifuge tubes and centrifuged at 

24,000g for 10 minutes in a GSA rotor using a Sorvall RC-5B centrifuge.  The resultant 

supernatant is separated from the pellet containing lipids complexed with Zn2+ ions.  The 

supernatant contains HTG solubilized rhodopsin that is subsequently characterized.   

Alternatively, this procedure can be performed with 15 mM (pH 6.9) sodium phosphate 

buffer, instead of 30 mM MES.  For instance, to purify rhodopsin in CHAPS detergent 

using the zinc extraction method., the RDM suspension in 15-mM sodium phosphate buffer 

pH 6.9 is centrifuged, and the resultant pellet is resuspended in 15-mM sodium phosphate 

buffer pH 6.9 containing 70 mM CHAPS and 100 mM Zn(CH3COO)2.  The solution was 

incubated for 30 min, and centrifuged at 24,000g in an SS-34 rotor in Sorvall RC-5B 
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centrifuge for 30 min at 4 oC.  The resultant supernatant is separated from the pellet 

containing the lipids complexed with zinc(II) ions and zinc phosphate complex.  The 

supernatant solution still contains excess zinc(II) ions; upon addition of equal volume of 

pH 6.9 15 mM sodium phosphate buffer, the solution becomes turbid to the naked eye due 

to the formation of zinc phosphate complex.  Centrifuging this solution at 24,000g in an 

SS-34 rotor in Sorvall RC-5B centrifuge results in rhodopsin solubilized in CHAPS with 

purity (A280/A500) of ca. 1.7 with ca. 75% yield.  This protocol has been tested successfully 

with neutral detergents such as DDM and NG as well, and the method was published in the 

article titled A Usual GPCR in Unusual Membranes.10 

Next, we purified the rhodopsin in CHAPS detergent using a zinc acetate extraction. 

It should be pointed out that this is the first instance of successfully using a zinc acetate 

extraction procedure with a zwitterionic detergent.  For determining the yield of the 

purified rhodopsin, we compared the amount of rhodopsin before and after purification.  

First, the amount of RDM before purification was estimated using UV-visible Next, the 

characterization of the purified protein was determined using UV-visible spectroscopy.  

The percentage ratio of the amount of the purified protein to the amount of rhodopsin in 

the RDM before purification gives the yield of purified rhodopsin.   

2.6.3 Size-Exclusion Chromatography 

 The size-exclusion chromatography is carried out further purify rhodopsin detergents 

such as DDM and CHAPS.  This experiment removes any remaining DTAB left over from 

the hydroxyapatite column step, or removes metal ions such as zinc left over from the zinc 

extraction purification of rhodopsin from the retinal disk membranes.  Size-exclusion 

chromatography is a separation technique that is based on the particle size.  The larger the 

particle, shorter the retention time is.  This is due to the ability of the larger particles to be 

excluded from the pores of the beads in the column material, and as a result, they elute 

faster versus the smaller particles that go into the pores of the beads and spend some time 

in them.  This technique can be used to separate excess detergent micelles, lipids, and other 

protein impurities from rhodopsin.  The size-exclusion protocol used to prepare the samples 

for small-angle neutron scattering and time-resolved wide-angle X-ray scattering (TR-

WAXS) is described using purification of rhodopsin in CHAPS as the example. 
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 For purification of 50 mg rhodopsin, 13.0 g of Sephadex G-50 (Sigma-Aldrich, St. 

Louis, OH) was suspended in sodium phosphate buffer (15 mM, pH 6.9), stirred well at 

room temperature to remove bubbles.  The Sephadex G-50 suspension was then poured 

into a glass column (2.5 x 28 cm) and allowed to settle at room temperature and with 

removal of any bubbles trapped within the column bed by stirring with a rod.  Once the 

column bed is completely settled and bubble-free, it is equilibrated with the same buffer 

use to run the sample through the column (the “running buffer” which is 30 mM CHAPS 

in pH 6.9 15 mM sodium phosphate buffer), with a volume equivalent to three times the 

column volume.  The rhodopsin sample in 30 mM CHAPS was concentrated to 10-15 

mg/mL using 15-mL 30 kDa mass cut-off ultracentrifugal filters (note if this column is run 

after the hydroxyapatite column, then the DTAB should be at least partially exchanged 

with the CHAPS detergent to avoid denaturation of rhodopsin).  The concentrated 

rhodopsin sample is the loaded onto the column bed using a disposable glass pipette, and 

eluted using the running buffer at a flow rate of 1 mL/min.  The pure rhodopsin is eluted 

within 90 min, and usually has a purity (A280/A500) of 1.7 and yield of ca. 90%.  The yield 

Figure 2.6.  The colors of dark-state and ligand-free opsin.  The column purified dark-state 

rhodopsin in CHAPS detergent(left) is bright red in color, while the ligand-free opsin in 

CHAPS detergent is yellow in color (right).  The 30 mg/mL dark-state rhodopsin in 30 mM 

CHAPS detergent containing 15 mM (pH 6.9) sodium phosphate buffer was bleached in the 

presences of 1% (w/w) to obtain the apoprotein opsin solution. 
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is defined by the total purified rhodopsin (mg) with respect to the total amount of rhodopsin 

(mg) loaded onto the column. 

2.7   Preparation of Powdered Rhodopsin 

Preparation and storage of functional membrane proteins such as G-protein-coupled 

receptors (GPCRs) are crucial to the processes of drug delivery and discovery.  Here we 

describe a method of preparing powdered GPCRs using rhodopsin as the prototype.  We 

purified rhodopsin in CHAPS detergent with low detergent to protein ratio so the bulk of 

the sample represented protein (ca. 72% w/w).  Our new method for generating powders 

of membrane proteins followed by rehydration paves the way for conducting functional 

and biophysical experiments.13   

Lyophilization (also known as freeze-drying) is a technique of dehydrating a sample 

under a vacuum at cryogenic temperatures; the method converts a solution of a protein 

sample (at room temperature) to a powder by removing water through the sublimation 

process.  Obtaining the powdered protein sample in this way may enhance the stability of 

the protein.  Moreover, this method of protein preservation has additional advantages over 

freezing the samples.14  For instance, during conventional freezing, the protein properties 

and its stability can be affected due to the local concentration of the salts of the buffer.14  

When water crystals are formed during the freezing process, the hydrated salt ions are 

partitioned into the excluded volume at very high concentrations, which in turn can affect 

the protein properties.  By contrast, flash freezing the protein using liquid nitrogen during 

lyophilization avoids such local concentration of salt ions before sublimation of water to 

obtain the powdered protein sample.  Because the frozen water is removed by sublimation, 

freeze-drying avoids the potentially detrimental thawing of the sample, which leads to local 

concentration of the salts as in the case of conventional freezing. 

In the present application, we investigated whether membrane proteins such as 

rhodopsin can be prepared as dry powders with either lipids or detergents.  The dry protein 

powders regain their photochemical functionality upon rehydration with bulk excess water.  

(The high optical density makes it challenging to investigate whether rhodopsin can be 

light activated in the powdered form, i.e., before rehydration.)  For this purpose, we 
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removed the bulk lipids12 to purify the integral membrane protein rhodopsin (Fig. 1a) in a 

detergent environment (for details see supplementary information, SI).  We chose 3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) detergent with an 

aggregation number15 of ca. 10 to achieve the minimum protein to the detergent molar ratio 

(27:1) (ca. 72 % w/w protein) in the samples.  Bovine retinal disk membranes (RDM) were 

solubilized in CHAPS detergent and purified using a zinc-extraction method.12  The 

rhodopsin purified in CHAPS had a purity (A280/A500) ratio in the range of 1.7-1.8 and a 

yield of about 60% (w/w) (percentage purified rhodopsin recovered from RDM (see SI for 

details).  The nominal amount of CHAPS detergent in the solid sample was about 25% 

(w/w), and was adjusted using ultracentrifugal filters of 30-kDa molar mass cut-off.  

Thereafter, the protein-CHAPS detergent solution was subjected to lyophilization by flash 

freezing at 77 K.  Surprisingly, UV-visible spectroscopic characterization of the powdered 

samples (after rehydrating) by dilution in excess water, keeping the detergent to protein 

ratio constant (ca. 600 μM CHAPS and 22 μM protein), showed the photochemical 

functionality of rhodopsin remained unaffected by lyophilization (Figure 2.6).  The 500-

nm peak observed for the rehydrated powdered rhodopsin-CHAPS samples indicated that 

the rhodopsin was still in the dark state and that photoillumination yielded a mixture of 

inactive metarhodopsin-I and active metarhodopsin-II states.16  This is surprisingly true for 

both rhodopsin in powdered disk membranes and powdered rhodopsin-CHAPS detergent 

preparations upon rehydration (Figure 2.8b).  Moreover, far-UV circular dichroism (CD) 

spectra acquired for the powdered rhodopsin-CHAPS samples and powdered opsin-

CHAPS samples when redissolved in water (ca. 20 μM protein) revealed that the helicity 

was indeed conserved as expected (Figure 2.8c).17-20   

Powdered membrane protein samples containing 72% (w/w) of bovine rhodopsin and 

28% (w/w) of CHAPS (3-[(3 Cholamidopropyl) dimethylammonio]-1 propanesulfonate)) 

detergent were prepared.  About 600 mg of the powdered rhodopsin sample was divided 

into two separate containers, one for preparing a dark-state rhodopsin sample, and other 

for the ligand-free opsin apoprotein.  The opsin was prepared by photobleaching the dark-

state sample with a locally constructed 515-nm LED light source.  Far-UV circular 

dichroism (CD) spectra were collected for the dark-state rhodopsin and opsin samples and 

confirmed that the helicity is conserved after the lyophilization and rehydration (Fig. 1c).  



58 
 

The samples were hydrated with D2O inside a glove box, to a hydration level of h ≈ 0.27 

(g D2O/g of protein) (ca. 600 water molecules per rhodopsin molecule) and were enclosed 

in aluminum foil to prevent exposure to light.  Finally, the samples were inserted in a 

rectangular aluminum sample holder for the near-backscattering Spectrometer (BASIS) 

used for the neutron scattering experiments as explained in Chapter 5.21 

Preparation of retinal disk membranes.  All procedures were carried out under dim 

red light (11-W Bright LabTM Universal Red Safelight bulb, CPM Delta1, Inc., Dallas, TX), 

at 4 ºC.  Retinal disk membranes (RDM) containing rhodopsin were isolated from bovine 

retinas as described previously.7  The RDM pellet was resuspended in 15 mM sodium 

phosphate buffer, pH 6.9, and characterized using UV-visible spectroscopy11 to determine 

the level of purity (A280/A500 absorption ratio was typically 2.4).  The rhodopsin 

concentration was estimated from the absorbance of the sample at 500 nm.10  The sample 

Figure 2.7. Characterization of the powdered rhodopsin in retinal disk membranes (RDM) 

prepared from bovine retinas upon rehydration with detergent buffer.  Dark-state rhodopsin 

absorbs strongly at 500 nm. After complete photobleaching in the presence of 

hydroxylamine, the purity (A280/A500) was determined.  The A280 is due to aromatic amino 

acids whereas A500 is specific to the protonated Schiff base of retinal bound dark-state 

rhodopsin.  The rhodopsin in disk membranes was solubilized in 3% Ammonyx LO detergent 

containing 15-mM sodium phosphate buffer (pH 6.9) containing 30 mM hydroxylamine at 15 

˚C and A280/A500 was determined to be 2.4. 
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was photobleached with green LED light of 515 nm, which activates rhodopsin to form 

metarhodopsin-II.7, 11  Including NH2OH ensures complete photobleaching of the dark-

state rhodopsin, and is confirmed by the nearly zero absorbance at ca. 500 nm. 

The extracted RDM membranes (0.3 mg/mL) were flash-frozen with liquid nitrogen 

followed by cryodesiccation.  The cryo-desiccation was done for 12 hrs at 100-mTorr 

vacuum pressure.  Lyophilization was performed until constant mass was obtained.  The 

Figure 2.8.  Powdered rhodopsin-CHAPS detergent complex retains functionality upon 

rehydration.  (a) Dark-state rhodopsin crystal structure (1U19)4  overlaid on ligand-free opsin 

crystal structure (PDB code 3CAP).5  (b) UV-visible spectra for rhodopsin-CHAPS complex after 

lyophilization and re-hydration with excess H2O (keeping the detergent to protein molar ratio 

constant).  Results are shown for the dark state, upon light activation, and for fully bleached 

opsin.  (c) Far-UV circular dichroism spectra for powdered rhodopsin and powdered opsin 

after rehydration in excess H2O.  Upon rehydration samples contained ca. 22 μM rhodopsin in 

ca. 0.6 mM CHAPS in 15 mM sodium phosphate buffer (pH 6.9), and spectra were collected at 

15 ˚C. 
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lyophilized RDM were resuspended in detergent in 3% Ammonyx LO detergent in 15-mM 

Na-phosphate buffer containing 30 mM hydroxylamine and UV-visible spectra were 

obtained7(Figure 2.5).  The UV-visible spectra of the rehydrated lyophilized RDM 

membranes in the dark state and photobleached states were collected to obtain the amount 

and purity of the protein.11 (Figure 2.5).  The UV-visible spectra of the RDM before 

lyophilization and after lyophilization were compared and no significant difference was 

obtained, implying high stability of the lyophilized RDM.  Notably rhodopsin in native 

disk membranes is more stable than the purified protein in detergents.  

Preparation of CHAPS-solubilized protein samples.  Retinal disk membranes (RDM) 

with a final rhodopsin concentration of 400 µM were dissolved in 15 mM sodium 

phosphate buffer, pH 6.9, containing 100 mM CHAPS, and 100 mM zinc acetate, and 

incubated for 30 min at 4 oC.12  The hydrophobic part of the detergent interacts with the 

protein hydrophobic surface, while the hydrophilic part interacts with the polar solvent thus 

solubilizing the membrane protein.  The solubilized rhodopsin was centrifuged at 24,000g 

(Sorvall SS-34 rotor) for 30 min.  Next, the solution was diluted with two volumes of 15 

mM sodium phosphate buffer, pH 6.9, and centrifuged at 24,000g (Sorvall SS-34 rotor) for 

30 min to remove non-solubilized membranes.  The supernatant was characterized using 

UV-visible spectroscopy to determine the quantity and purity.  The CHAPS-solubilized 

rhodopsin was diluted with 15 mM sodium phosphate buffer, pH 6.9, to adjust the detergent 

to rhodopsin molar ratio to be 27:1 (72% w/w protein).  To prepare the powdered opsin 

sample, 1% (w/v) hydroxylamine was added to 30 mg/mL rhodopsin in 50 mM CHAPS-

containing 15 mM sodium phosphate buffer solution, and completely photobleached using 

a 515-nm LED lamp, before starting the lyophilization step.  The presence of 

hydroxylamine ensures that hydrolysis of the Schiff’s base linkage between retinal and 

Lys296 upon photoillumination.11  The resulting hydrolysis of the retinal from the rhodopsin 

yields the apoprotein, opsin.16  About 300 mg (rhodopsin alone) was used for the 

preparation of the opsin sample.  A total of ca. 1000 mg of rhodopsin in RDM was 

solubilized to obtain the powdered dark-state and opsin samples used for the neutron 

scattering application.21   
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The protein samples were lyophilized as follows.  First, the CHAPS detergent-

solubilized protein samples were flash frozen at 77 K using liquid nitrogen.  Next, the flash-

frozen samples were subjected to a vacuum of 100 mTorr for 12 hrs in a homemade Schlenk 

line setup.  This step was carried out in a dark room to avoid light exposure of the dark-

state rhodopsin samples.  Finally, after ca. 12 hrs the powdered protein samples were 

transferred into Falcon 15-mL centrifuge tubes for storage at –80 oC.  A portion of the 

powdered sample was rehydrated with excess H2O for UV-visible characterization.  For 

the applications to quasielastic neutron scattering, it is necessary to replace all the 

exchangeable protons with deuterons in the protein sample.  Powdered samples prepared 

as described above were rehydrated with D2O and lyophilized again.  This step 

(lyophilization with D2O) was repeated 3x to ensure the exchange of protons with 

deuterons.  The final dry powdered rhodopsin and opsin samples were hydrated to 27% 

(w/w) using 99.9% D2O (Aldrich Chemistry, St Louis, MO) in a glove bag filled with argon 

gas, by placing a warm 99.9% D2O bath inside.  Finally, the hydrated sample was 

transferred to the aluminum cell, screwed tight, and inserted into the near backscattering 

spectrometer.   

2.8   Crystallization of Rhodopsin 

The following protocol describes the experimental methods involved in crystallization 

of rhodopsin.  More information about the principles behind the crystallization techniques 

is available in Chapter 6 of this dissertation.  All experiments are carried out in a dark room 

(black felt cloth and aluminum foil can be used to light-tight the rooms) illuminated with a 

dim red light (alternatively, red headlamps can be worn).  For the crystallization 

procedures, the first step is to extract the protein from their native lipid membrane 

environment and to purify them in detergents.  Purification of rhodopsin in detergents used 

column methods and zinc extraction methods as described previously in this chapter.   The 

details of crystallization of rhodopsin using various methods such as vapor-diffusion, spin-

column method, and batch crystallization methods are described herein.  The resulted 

crystals were then imaged using, light microscopy with and without the polarizer for 

birefringence detection UV-tryptophan fluorescence microscopy, and second order non-

linear imaging of chiral crystals (SONICC). 
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2.8.1. Concentrating the protein samples 

The rhodopsin samples purified using column purification methods or the modified 

zinc-extraction method need to be concentrated to or above 15 mg/mL for crystallization 

purposes.  Two methods of achieving high concentrations of the solubilized proteins are 

described below.   

Concentrating using Ultracentrifugal filters.  The most common method is to use 

ultracentrifugal filters with varying molar-mass cut-offs for concentrating the protein.  

Here we need to be cautious not to concentrate the detergent in this process, as it will affect 

the subsequent crystallization steps.  For instance, Table 2.2 summarizes the percent 

removal of the CHAPS detergent after a single spin using Ultra-centrifugal devices of 

varying molecular weight cut-off values.  The CHAPS detergent micelles form smaller 

micelles with ca. 10 detergent molecules per micelle.  Therefore, concentrating rhodopsin 

in CHAPS detergent, 30-kDa ultracentrifugal filters are used.  On the other hand, for the 

detergents forming larger micelles, it is essential to use appropriate ultracentrifugal filters 

with larger molecular weight cutoffs.  For instance, ultracentrifugal filters of 50-kDa and 

100-kDa molecular weight cutoffs are used for concentrating rhodopsin purified in NG and 

DDM detergents respectively.  For concentrating using ultracentrifugal filters, the 

Figure 2.9. 15-mL ultracentrifugal (50-kDa molecular weight cutoff) filters used to 

concentrate purified opsin in 1% OG, and opsin solubilized in 1% OG + 0.01% DDM.   
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detergent solubilized in detergent was transferred to the centrifugal filter (e.g., if 15-mL 

centrifugal filters are used, then ca. 10 mL starting volume of protein solution in detergent 

was transferred) and centrifuged at 3,000g. 

Table 2.2.  % removal of CHAPS detergent by 10 and 30-kDa molecular weight cutoff 

Amicon ultracentrifugal filters.  The data are extracted from the product website; 

www.emdmilipore.com.   

 Molecular Weight Cutoff  

% (w/w) CHAPS(aq) 10-kDa 30-kDa 

0.1 90% 96% 

1.0 66% 93% 

5.0 38% 73% 

 

Ammonium Sulfate Concentration of Rhodopsin.  Rhodopsin solubilized in 50 mM NG 

detergent (~ 30 mg) containing 30 mM MES pH 6.6 buffer (~ 30 mL in volume) is 

transferred to 50-mL Falcon centrifuge tube.  Solid NH4)2SO4 (25.9 g) is added to this 

solution while stirring and stored at 4 oC for 6 days wrapped in an aluminum foil.  Then, 

the resulted suspension is centrifuged at 5,400g for 4 min and the top most layer containing 

concentrated rhodopsin in detergent (very viscous) is collected using a 1000-μL pipette.  

The rhodopsin is then characterized using UV-visible spectroscopy to determine the 

concentration and the purity (A280/A500). 

2.8.2. Protein Crystallization Trials 

Vapor Diffusion Method.  This method is described further in chapter 6, and this 

chapter will only consider the experimental aspects of this method.  Conventionally, vapor 

diffusion crystallizations of proteins are performed in well-plates (such as 24- or 96-well 

plates).  These trials allow gradual variation of precipitant and/or protein concentrations 

for identifying optimum crystallization conditions.  First, concentrations can be varied in 

larger steps for a crude screen of the conditions.  Once the rough crystallization conditions 

are identified, one can have a fine screen on the conditions by varying the concentrations 

of precipitants in smaller increments further optimize the crystallization conditions.  

Example precipitants used in protein crystallization trials include; ammonium sulfate, 

http://www.emdmilipore.com/
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sodium malonate, sodium citrate, polyethylene glycol (PEG) of various molecular weights, 

and tacsimate.  An example precipitant concentration scheme for 96-well plate 

crystallization-conditions screening experiment is shown in Table 2.3.    

Table 2.3.  An example precipitant concentration scheme for vapor diffusion protein 
crystallization experiment for screening protein crystallization conditions.  

  1 2 3 4 5 6 7 8 9 10 11 12 

  Top entry: (NH4)2SO4 / M 

Bottom entry : BME /mM 

Top entry: Na malonate / M 

Bottom entry : BME /mM 

Top entry: Na citrate / M 

Bottom entry : BME /mM A 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 

  0 0 0 0 0 0 0 0 0 0 0 0 

B 1 1.2 1.4 1.6 1 1.2 1.4 1.6 0.9 1 1.1 1.2 

  0 0 0 0 0 0 0 0 0 0 0 0 

C 1.8 2 2.2 2.4 1.8 2 2.2 2.4 1.3 1.4 1.5 1.6 

  0 0 0 0 0 0 0 0 0 0 0 0 

D 2.6 2.8 3 3.2 2.6 2.8 3 3.2 1.7 1.8 1.9 2 

  0 0 0 0 0 0 0 0 0 0 0 0 

E 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 

  9 9 9 9 9 9 9 9 9 9 9 9 

F 1 1.2 1.4 1.6 1 1.2 1.4 1.6 0.9 1 1.1 1.2 

  9 9 9 9 9 9 9 9 9 9 9 9 

G 1.8 2 2.2 2.4 1.8 2 2.2 2.4 1.3 1.4 1.5 1.6 

  9 9 9 9 9 9 9 9 9 9 9 9 

H 2.6 2.8 3 3.2 2.6 2.8 3 3.2 1.7 1.8 1.9 2 

  9 9 9 9 9 9 9 9 9 9 9 9 
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Crystallization of rhodopsin by vapor diffusion method was carried out at 4 oC, 10 oC, 

and room temperature by incubating the prepared plates at the respective temperatures.  

The vapor diffusion can be performed in two distinct setups; the hanging drop set up and 

the sitting drop configuration.  In hanging drop the concentrated protein solution is mixed 

with the precipitant solution (from the well), and ~ 5 μL drop (for a 24-well plate, for the 

96-well plate the drop volume is significantly less) is placed on a round, glass cover slide 

that is placed inverted on the well.  Here, the drop of the protein solution containing the 

precipitants will be hanging above the well containing the precipitant solution.  On contrast, 

Figure 2.10. SONICC images (A, C) and UV tryptophan fluorescence images (B, D) of the 

rhodopsin nanocrystals.  These crystals are grown using the vapor diffusion method at 4 oC 

with varying concentrations of the precipitant sodium malonate and PEG 4000:  (A, B) 2.0 M 

sodium malonate and 10% PEG 4000, (C, D) 0.8 M sodium malonate and 10% PEG 4000.  
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in the sitting drop setup, the drop is placed on an island situated in the well that contains 

the precipitant solution.  Please see chapter 6 figure 6.4 explaining the two setups.    

Spin-Column Method.  The process is initiated by gradually increasing the 

concentration of rhodopsin, so that the solution reaches the supersaturation zone, leading 

to the transition of the protein molecules from the solution to crystals (see Chapter 6).  It 

is crucial to concentrate the protein slowly, as rapid concentration of the protein might lead 

to precipitation instead of crystallization.  Here the concentrated rhodopsin from the 

ammonium sulfate concentration step (~100 μL) is added to the crystallization buffer (200 

μL).  Note the crystallization buffer has a composition of 100 mM zinc acetate, 0.2 % 

Merpol DA, 8 mM -mercaptoethanol, 45 mM NG, and 0.05% sodium azide in 40 mM 

MES buffer (pH adjusted to 6.3 using concentrated NaOH).  The protein solution is 

transferred into a 50-kDa centrifugal filter, and spun at 3,000g in an Eppendorf centrifuge 

at 4 oC.  The removal of the detergent buffer during this step should be ca. 30 L/hr (can be 

determined gravimetrically to assess the rate of concentration of the protein solution).  

Dynamic light scattering (DLS) is performed to monitor the particle growth during the 

experiment.  For an instance Figure 2 shows a DLS spectrum for crystallization of 

rhodopsin in NG, and at the particle size was ca. 100 nm and monodispersed when the 

rhodopsin concentration was ca. 20 mg/mL.22 

Figure 2.11. Time versus 

radius plot from DLS 

experiment indicating a 

homogeneous distribution of 

particle sizes of around 100 nm 

for nonylglucoside(NG)-

solubilized rhodopsin.  The 

rhodopsin concentration is ca. 

20 mg/mL. 
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Free Interface Diffusion Method.  This method is used to grow smaller crystals used 

in time-resolved serial femtosecond X-ray crystallography (TR-SFX) experiments.  In this 

approach ca. 300 μL the precipitant solution, e.g., 3.0 M (NH4)2SO4(aq), PEG 6000, etc. are 

solutions in 30 mM MES buffer pH 6.6 is transferred to a 1.5-mL Eppendorf tube, and 

about 300 μL of the concentrated protein solution, e.g., 15 mg/mL opsin in 1% OG 

detergent is overlaid on the precipitant solution.  The growth of the crystals at the interface 

of the precipitant phase and the detergent phase is monitored primarily using light 

microscopy with birefringence capability.   The figure 2.10 shows the opsin crystals grown 

using the free-interface diffusion method. 

Batch Crystallization.  This method is a very straightforward method of crystallizing 

large amounts of protein crystals.23  The caveat is this method can only be employed when 

the crystallization conditions are optimized using a microscale crystallization method such 

as vapor diffusion method.  In this method ca. 300 μL the precipitant solution e.g., 3.0 M 

Figure 2.12.  The opsin nanocrystals grown using free interface diffusion showing 
birefringence under plane-polarized light.  The opsin crystals were grown using opsin 
solubilized in 1% OG and 2.1 M (NH4)2SO4 in pH 5.6 10 mM MES buffer.    
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(NH4)2SO4(aq), 9% PEG 6000, etc. are prepared in 30 mM MES buffer pH 6.6 and about 

300 μL of the concentrated protein solution, e.g., 15 mg/mL opsin in 1% OG are mixed in 

a 1.5-mL Eppendorf tube.  The resulted solution is incubated and periodically screened for 

crystals using microscopy/SONICC.  The growth of the crystals at the interface of the 

precipitant phase and the detergent phase is monitored primarily using light microscopy 

with birefringence capability.   The figure 2.11 and 2.12 show the lysozyme and opsin 

crystals grown using the batch crystallization method. 

The theoretical background on protein crystallization with an emphasize on membrane 

protein nanocrystallography for time-resolved serial femtosecond crystallography (TR-

SFX) studies are discussed further in Chapter 6.     
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Chapter 3 

Conformational Fluctuations in Rhodopsin Activation 
Revealed by Small-Angle Neutron Scattering 

Abstract 

The visual G-protein–coupled receptor, rhodopsin is responsible for vision under dim 

light conditions.  The protein conformational changes associated with the rhodopsin 

photoactivation are not well understood.  Here we investigate the rhodopsin 

photoactivation process using small-angle neutron scattering techniques in CHAPS and 

DDM detergents.  We discovered that the rhodopsin undergoes a volumetric expansion 

upon photoactivation and that the activation is more favored in relaxed protein 

environments as compared to more compact environments.  Photoactivation of rhodopsin 

in both DDM and CHAPS detergent-solubilized rhodopsin lead to unprecedented larger 

fluctuations in the protein structure, which are not possible to probe using high-resolution 

techniques such as X-Ray crystallography.  Our results indicate an large increase of the 

radius of gyration of the protein of about 6 Å upon rhodopsin activation, which is much 

greater than the comparison of the crystal structures of resting state and activated state 

rhodopsin suggests.  These findings are consistent with an ensemble-activation mechanism 

of the rhodopsin, which proposes that extended conformational fluctuations of the 

rhodopsin structure occur upon photoactivation. 

3.1  Introduction

G-protein–coupled receptors (GPCRs) represent the largest family of proteins in the 

human genome and comprise about 50% of current molecular drug targets. They play 

major roles in controlling physiological processes in the biological systems.  

Understanding the structural changes occur during GPCR activation is crucial in the 

development of novel therapeutic molecular drugs.  Here we studied the structural changes 

of the protein takes place in GPCRs, using rhodopsin as a model.  Rhodopsin is the visual 

GPCR responsible for vision under dim light conditions.  Photoactivation of rhodopsin 

leads to cis-trans isomerization of its chromophore 11-cis retinal.  This isomerization yields 

an equilibrium between two metastable states, inactive metarhodopsin I (Meta I), and 

active metarhodopsin II (Meta II).  Meta II state is the active state which can transduce the 
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signal to the G-protein, transducin.  This stage is followed by cleavage of the Schiff-base 

linkage between the retinal and the protein to yield the apoprotein, opsin.   

Does the rhodopsin activation lead to a single activated state, or an ensemble of 

activated sub-states as described by an ensemble-activation mechanism (EAM)?1  The key 

to investigating this problem is the structural changes that occur in the protein during 

photoactivation.  Previous X-ray crystallographic studies have established the differences 

between dark state, Meta II state, and opsin structures.2-5  However, the crystal lattice forces 

most likely constrain the conformation of the protein, and X-ray structures can only provide 

time-averaged snapshots of the protein structural fluctuations. On the other hand, recent 

time-resolved wide-angle X-ray scattering (TR-WAXS) studies of rhodopsin in disk 

membranes revealed significant structural fluctuations due to light activation, which are 

inaccessible by crystallographic studies.6 Previous hydrostatic pressure studies have 

reported a volume increase in the bacteriorhodopsin photocycle.7 Furthermore, our recent 

osmotic pressure experiments on rhodopsin activation reveal an influx of bulk water upon 

rhodopsin activation, that is consistent with the large-scale structural fluctuations in 

rhodopsin activated state.8  In this study, we demonstrate the application of small-angle 

scattering of neutrons and X-rays for investigation of structural fluctuations associated with 

rhodopsin activation.   

Small-angle scattering (SAS) are astructural techniques broadly applicable in biology 

to gain structural information on complex biomolecules.  SAS techniques such as small-

angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) are commonly 

used in structural biology.  Although molecular level structural information can be obtained 

through SAS, the resolution is not as high as one could obtain from high-resolution 

techniques such as NMR and X-ray crystallography.  Types of information we can obtain 

through SAS techniques include, size and shape of the macromolecules, correlations 

between particles, void fractions, fractal dimensions, aggregation behavior, etc.  Since SAS 

is a diffraction method, the same principles already established for X-ray diffraction can 

be used to understand the principles behind these techniques.   

Briefly, in small angle scattering the following conditions are assumed, (1) X-rays or 

neutrons are scattered by identical particles that are randomly oriented in the solution; (2) 
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Zero interference occurs between the scattered waves due to the not-so-high particle 

concentration in the solution, and (3) The scattering event is elastic.  That is to say, if the 

neutrons (SANS) or X-rays (SAXS) comes in with an incident momentum 𝑘𝑖
⃗⃗  ⃗, and scattered 

off the particles in the sample at an angle 2θ with a final momentum of 𝑘𝑓
⃗⃗⃗⃗ , then, |𝑘𝑖

⃗⃗  ⃗| =

|𝑘𝑓
⃗⃗⃗⃗ | = 2𝜋 𝜆⁄ , where, 𝜆 is the wavelength of the neutrons/X-rays used.  In the SAS 

experiment the signal in the momentum transfer 𝑞  is measured (Figure 3.1).  The 𝑞  is 

related to the scattering angle, 2θ by the equation |𝑞 | = 4𝜋 sin 𝜃 𝜆⁄ .  The 𝑞  can be related 

to the distance (𝑑) probed in the sample by; 𝑑 = 2𝜋 𝑞⁄ .9-10 

 

3.1.1 Small-Angle Scattering Instrumentation 

Figure 3.2 shows the basic components involved in a small-angle scattering (SAS) 

experiment.  The SAS instrumentation primarily consists of four elements. 1. The source: 

An X-ray source such as synchrotron or X-ray free electron laser (XFEL) for SAXS 

experiments, and a neutron source such as high flux isotope reactor (HFIR) or spallation 

neutron source (SNS) for SANS experiments.  2. Monochromator/Chopper: this 

component is responsible for unifying or defining the energy of the source used.  3. 

Collimating optics defines the angular divergence that decides the size of the beam at the 

detector.  4. The detector: Detects the scattered X-rays/neutrons.11 

 

𝑘𝑖
⃗⃗  ⃗ 

𝑘𝑓
⃗⃗⃗⃗  

�⃗�  

2𝜃 

Sample 

Figure 3.1. Schematic representation of a scattering event in a small-angle 

scattering experiment.  The incident and scattered wavevectors are indicated as 𝑘𝑖
⃗⃗  ⃗, 

and 𝑘𝑓
⃗⃗⃗⃗ .  The momentum transfer verctor is �⃗� .  
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First, 2D intensity data recorded in the detector are reduced by correcting for the dark 

current of the instrument and random background radiation after correcting for pixel 

sensitivity; the reduced 2D data are azimuthally averaged to obtain the 1D scattering 

profiles.  For the sake of simplicity, the discussion on the SAS principles from here on is 

carried on using SANS as the example.   

Scattering cross section.  The detector counts the scattered neutrons at a certain 𝑞  value 

in a solid angle element ΔΩ, I(q) (neutrons per sterad) and normalizes it with respect to the 

count of neutrons that cover the detector element (area) by that ΔΩ, I0 (neutrons/cm2).  

Analyzing the dimensions, one can derive; [𝐼(𝑞) 𝐼0⁄ ] = cm2/sterad that has units of area per 

unit solid angle.  Therefore, the differential scattering cross section can be defined as 

follows; 

𝑑𝜎

𝑑Ω
(𝑞) =

𝐼(𝑞)

𝐼0
                                                                   (3.1) 

and it is dependent on the sample dimensions.  Normalizing this differential scattering cross 

section with respect to sample volume (V) yields the differential cross section per unit 

volume; 

Figure 3.2.  Schematic representation of the small-angle neutron scattering 

instrumentation.  The path of the neutrons from the source to the detector is shown. 

Collimating 
Optics 

Sample 

Monochromator 
(chopper) 

Neutron 
Source 

Detector 
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𝑑Σ

𝑑Ω
(𝑞) =

1

𝑉

𝑑𝜎

𝑑Ω
(𝑞)                                                         (3.2) 

The scattering intensity distributions, I(Q) recorded are in terms of 
𝑑Σ

𝑑Ω
(𝑄) has units of cm–

1.  This explains why the I(Q) values recorded have units of cm–1. 

3.1.2 Effective Atomic Scattering Power 

Also referred to as Scattering length density, is a measure of how strong a nucleus 

scatters neutrons is expressed in terms of scattering length b.  The scattering length has 

dimensions of distance, and vary depending not only on the atomic number but also the 

nucleon number.  This is to say that different isotopes of the same nuclei can have different 

b values (see Table 3.1). Averaging the scattering length values of neighboring atoms over 

volume elements 𝑣 that have comparable dimensions to the neutron wavelength used in the 

experiment yields the scattering length density (SLD), 𝜌 = Σ𝑣𝑏𝑗 𝑣⁄ .  The volume 𝑣 is not 

a well-defined entity, but it would not affect the calculation of 𝜌 as much.  For an instance, 

one can use the molecular volume for calculation of scattering length density of a molecule.  

Therefore, one can rewrite the above equation to include the molar mass (M) and the 

volume density (d) of the molecule under investigation as follows; 

𝜌 =
𝑑𝑁𝐴

𝑀
∑𝑛𝑖

𝑖

𝑏𝑖                                                        (3.3) 

where 𝑁𝐴 is the Avogadro number, 𝑛𝑖 is the number of element i in the molecule, and 𝑏𝑖 is 

the scattering length density of the element i.  

The elements such as hydrogen (H), carbon (C), oxygen (O), and nitrogen (N) are the 

most abundant in biologically relevant molecules such as proteins, lipids, and DNA.  

However, the X-rays used in the conventional structural method of X-ray crystallography 

have very low scattering cross-sections for the above elements.  This is particularly the 

case for the most abundant element in the universe, the hydrogen atom.  This fact is evident 

as the electron density around the hydrogen atom is the lowest compared to other elements.  

On the other hand, the neutron scattering cross-section for the hydrogen atom is extremely 

large compared to the X-rays.  An illustrative application of the high sensitivity of the 

neutrons towards the element hydrogen is described below.         
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Table 3.1 Neutron scattering length and scattering cross section comparison for 

various biologically relevant elements12  

 Scattering Length / 10–5Å Scattering Cross Section /Barn 

coherent incoherent coherent incoherent 

Element 𝑏𝑐 𝑏𝑖𝑛𝑐 𝜎𝑐 𝜎𝑖𝑛𝑐 

H –3.74 25.28 1.76 80.30 

2H 6.67 4.04 5.59 2.05 

C 6.65 0.00 5.55 0.001 

N 9.36 2.00 11.01 0.50 

O 5.80 0.00 4.23 0.00 

 

For an illustration, let’s consider an example scattering length density calculation for 

H2O molecule, where coherent scattering length for H, and O elements respectively are 

𝑏𝐻= –3.741x10–5 Å and 𝑏𝑂=5.803x10–5 Å, molar mass is 18 g/mol, and the volume density 

is 1 g/cm3.   

𝜌 =
1.0 gcm−3 ∙ 6.022x1023

18 𝑔𝑚𝑜𝑙−1
(2 ∙ −3.741 + 5.803) ∙ 10−5Å       (3.4) 

= −0.56 x 10−6Å−2 

Similarly, scattering length density for D2O can be calculated to 6.38 x 10−6Å−2. When 

you have a mixture of molecules in a solution, one can calculate the average scattering 

length density as described below using a mixture of 16.8% (v/v) D2O in H2O as an 

example.  

 𝜌18%𝐷2𝑂 = (0.832 ∙ −0.56 + 0.168 ∙ 6.38)x 10−6Å−2 = 6.06 x10−7Å−2 

The calculated averaged SLD for 18% D2O in H2O matches with the scattering length 

density of DDM molecule.  The headgroup volume of DDM is 497.4 Å3 with scattering 

length density of 1.31 x10−6Å−2, and the tail group volume is 351.0 Å3 with a scattering 

length density of −0.39 x10−6Å−2, making up to an average scattering length density of 
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6.07 x10−7Å−2.  This condition is known as contrast matching, and it is one of the crucial 

advantages of SANS over SAXS experiment. 

The scattering equation for SANS can be summarized as shown in Eq. 3.3.  Here the 

scattering contrast (scattering length density difference between the background and the 

sample is given by Δ𝜌 term.  Δ𝜌 = 𝜌𝑆𝑎𝑚𝑝𝑙𝑒 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡.  At the contrast match conditions 

Δ𝜌 = 0, and a consequence scattering from the sample becomes undetectable.  We utilize 

this phenomenon to probe the protein structure in a protein-detergent complex, by matching 

the scattering length density of the detergent to that of the background solvent.  

𝐼(𝑞) =
𝑑Σ

𝑑Ω
= 𝑛𝑉𝑃

2Δ𝜌2𝐹(𝑞)𝑆(𝑞)                                              (3.5) 

Here, the number density, 𝑛 is the number of particles scattering neutrons per unit volume, 

and is related to the concentration of the sample in the solution.  𝑉𝑝 is the volume of the 

particle scattering neutrons. 𝐹(𝑞) is the particle structure factor (also known as the form 

factor) and embodies the scattered wave interference from the particle from different parts 

of it.  On the other hand, the structure factor, 𝑆(𝑞) represents interference of the scattered 

waves by different particles in the system.  The 𝑆(𝑞) is also known as the interparticle 

structure factor.13-14   

Previous neutron and X-ray scattering experiments on rhodopsin13 to our knowledge 

gave no information about the light activation of rhodopsin.  Here we illustrate a volumetric 

expansion of the protein resulted by the photoactivation of dark-state rhodopsin using a 

combination of small-angle neutron scattering (SANS), small-angle X-ray scattering 

(SAXS), and electronic spectroscopy.  These light-triggered global structural changes in 

the protein are not accessible with the X-ray crystallographic techniques, but are consistent 

with the TR-WAXS studies and hydrostatic pressure studies conducted on rhodopsin 

activation.6  The implications of this finding include new insights into significant structural 

fluctuations in protein that in the GPCR activation mechanism.  Also, this study supports 

the ensemble-activation mechanism that describes an ensemble of activated states as the 

increased volume of the protein entropically favors more configurations or activated sub-

states.   
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Upon photoactivation of rhodopsin the chromophore, 11-cis retinal isomerizes to all-

trans retinal.  This isomerization of the retinal chromophore, in turn, triggers structural 

changes in the protein.  The X-ray structures available reveal vital information regarding 

the structural differences between the dark-state rhodopsin, and the light-activated 

rhodopsin.  However, experimental conditions for X-ray crystallography (low temperatures 

and crystal lattice constraints) may affect the structural outcome of the protein.  Moreover, 

high molecular weight polyethylene glycol, (NH4)2SO4, etc., used in the crystallography as 

the precipitants to obtain protein crystals, act as osmolytes reducing the available bulk 

water in the system.  The reduction of available water that is shown to play a fundamental 

role in rhodopsin activation8, 15 will result in modification of the structure of the activated 

protein.   

With the experiment we performed, the detergent-solubilized rhodopsin is in an 

aqueous environment, and at 15 C which is closer to the physiological conditions where 

rhodopsin functions in nature.  In this study, we are shedding light on the protein global 

Figure 3.3. The helical movement in the protein structure upon activation of 

rhodopsin as observed in crystal structures.  The resting state structure 

corresponds to PDB 1U19, while the light-activated state corresponds to PDB 

4A4M. 
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structural changes occur during rhodopsin photoactivation using small-angle neutron and 

X-ray scattering together with electronic spectroscopy.  In this context, small-angle neutron 

scattering (SANS) is an ideal technique to probe rhodopsin-detergent and rhodopsin-lipid 

complexes through measurement of the intensity of the neutrons scattered as a function of 

scattering vector (Q).  Contrast variation enables us to highlight individual components of 

a multi-component system, without isotopic labeling of the sample.  

Our experiments demonstrate that for detergent-solubilized rhodopsin, SANS with 

contrast matching can detect structural differences between the rhodopsin dark-state, and 

light-activated states at the macroscopic scale (Figure 3.3).  The SANS techniques are not 

sensitive to nanoscale changes occurring in the protein structure upon photoactivation.  

However, the additive effect of the nanoscopic-scale changes is readily detected at low Q 

range of the SANS spectrum, which reveals photon-triggered larger fluctuations in the 

rhodopsin structure, which are not possible to probe using high-resolution X-ray 

crystallographic techniques. 

3.2 Materials and Methods 

3.2.1 Sample Preparation 

Retinal disc membranes (RDM) were isolated from bovine retinas according to the 

method described previously (see chapter 2).16
  After extracting rhodopsin in disk 

membrane; the protein was purified in CHAPS [(3-cholamidopropyl) dimethylammonio]-

propanesulfonate and DDM (n-dodecyl-β-D-maltoside) detergents as described previously 

2 with few modifications.  An RDM suspension in 15 mM sodium phosphate, pH 6.9 buffer 

containing 20 mg of rhodopsin is centrifuged at 48,000g (Sorvall SS 34 rotor) for 30 min.  

The pellet containing rhodopsin was added 1 M Zn(CH3COO)2(aq) and the detergent in 15 

mM sodium phosphate buffer, pH 6.9.  The detergent concentrations were 28 mM, 77 mM 

for DDM, and CHAPS detergents respectively.  This mixture was incubated while stirring 

for 30 minutes and centrifuged at 24,000g for 30 min.  The supernatant containing 

rhodopsin solubilized in DDM was transferred to another centrifuge containing an equal 

volume of 15 mM sodium phosphate, pH 6.9 buffer.  The solution was centrifuged again 

at 24,000g for 30 min.  The supernatant was separated from the pellet by means of 

decanting, and characterized using UV-visible spectroscopy to determine the purity level 
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A280/A500 and quantity of the rhodopsin.  The solution was concentrated to 10 mg/mL using 

centrifugal filters (100 KDa molecular weight cut-off for DDM, and 30-kDa molecular 

weight cut-off for CHAPS).  

The detergent-solubilized rhodopsin was further purified using a Sephadex G-50 

(Sigma-Aldrich), size-exclusion chromatography.  The column with a dimension of 1.7 cm 

x 28 cm was filled with Sephadex G-50 medium size beads suspended in 15 mM sodium 

phosphate, pH 6.9 buffer.  10 mg/mL detergent solubilized rhodopsin was run through the 

column using 19 mM DDM in 15 mM sodium phosphate, pH 6.9 (for DDM), and 30 mM 

CHAPS in 15 mM sodium phosphate, pH 6.9 buffer (for CHAPS).  The purity (A280/A500) 

of the purified protein is usually around 1.6–1.7 implying the protein is of high purity.  The 

% 2H2O was adjusted to 17% with Deuterium oxide (99.9 atom % D, Sigma-Aldrich, St. 

Louis, MO) by adding the detergent buffer prepared with D2O.  The final rhodopsin 

samples were characterized again using the UV-visible spectroscopy to determine the 

purity and concentration.  The final concentration of the detergents were 30 mM and the 

rhodopsin concertation was ca. 6 mg/mL for both DDM solubilized rhodopsin, and for 

CHAPS-solubilized rhodopsin.  

3.2.2 Sample Characterization 

Particle size distribution.  Dynamic light scattering (DLS) studies were conducted at 

15 C using Malvern Zetasizer Nano ZS instrument to determine the polydispersity of the 

sample and the changes in oligomeric states on light activation.  The rhodopsin (5 mg/mL) 

was purified in DDM (30 mM) and CHAPS (30 mM) detergent as mentioned in Chapter 

2.  The refractive index of the instrument was calibrated to the 15 mM sodium phosphate 

buffer.  The samples containing 30 mM CHAPS and 30 mM DDM were run as a control.  

We observed two peaks in DLS experiment (Figure 3.4) for the protein purified in both 

CHAPS and DDM.  The smaller peak corresponds to the DLS peak of only CHAPS or 

DDM and the bigger peak corresponds the protein in detergent micelles implying the 

protein is monodispersed.  Notably, on photobleaching, we did not see a change in 

oligomeric states of the protein suggesting the oligomerization of the protein is not required 

for activation.   
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Dissociation of the Schiff base linkage.  The acid denaturation studies were carried out 

to determine the stability of active Meta-II state in our samples and to distinguish it from 

all-trans retinal present during opsin formation.  The active Meta-II contains a Schiff base 
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Figure 3.4.  Rhodopsin-detergent complexes in both DDM and CHAPS are 

monodispersed.  Dynamic light scattering (DLS) profiles for DDM detergent and 

rhodopsin-DDM complex (top).  DLS profiles for CHAPS detergent and rhodopsin-

CHAPS complex bottom.  The hydrodynamic radius of the empty DDM is ca. 30 Å, 

while that for empty CHAPS micelles is ca. 15 Å.  For rhodopsin-DDM and 

rhodopsin-CHAPS complexes have a hydrodynamic radius of ca. 38 Å and 35 Å 

respectively.  
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linkage, which on acid denaturation does not hydrolyze whereas during formation of opsin 

there is hydrolysis of Schiff base.  A peak at 440 nm on acid denaturation is characteristic 

of the unhydrolyzed Schiff base in active Meta-II state.  From our acid denaturation studies, 

we concluded the photoactivated states in SANS studies represent about 50% of the 

activated Meta-II and 50% of the opsin. 

3.3 Results 
3.3.1 Rhodopsin in Non-Native Environments 

First, we extracted and purified rhodopsin in two different detergents using a modified 

zinc extraction method17 as described in Chapter 2 of this dissertation.  The detergent 

purified rhodopsin was photochemically characterized using UV-visible spectroscopy that 

shows a purity (A280/A500) level of ca. 1.75 (suggesting a high purity of rhodopsin 

extracted).  Further characterization with dynamic light scattering (DLS) experiment 

revealed that the sample is monodispersed in both CHAPS and DDM detergent purified 

rhodopsin (Figure 3.4).  The hydrodynamic radius for DDM solubilized rhodopsin is ca. 

38 Å, that is abundantly closer to that of the literature value of ca. 40 Å.  The hydrodynamic 

radius for CHAPS-solubilized rhodopsin was ca. 35 Å.  The hydrodynamic radii for empty 

detergent micelles are determined to be 30 Å for DDM, and ca. 12 Å for CHAPS.   

3.3.2 The Effect of Detergent to Protein Ratio on Protein-Detergent Complex 

We collected small-angle X-ray scattering data at 21 oC for rhodopsin-detergent 

complexes for empty detergent micelles and protein-detergent complexes of various 

detergent to protein ratios.  The experiment was carried out in two different detergents that 

have vastly different properties.  A neutral detergent, n-dodecyl--maltoside (DDM) and a 

zwitterionic detergent, 3-((3-cholamidopropyl) dimethylammonium)-1-propanesulfonate 

(CHAPS).  Note that DDM detergent has an average aggregation number of 100 and a 

critical micelle concentrate (CMC) of 0.15 mM)18.  For CHAPS detergent the average 

aggregation number of 10 and the CMC is 4–10 mM.19-21  The SAXS spectra, intensities 

of X-rays scattered by the molecules of the sample as a function of the momentum transfer 



83 
 

Q are collected for dark-state rhodopsin in DDM and CHAPS detergents in varying 

detergent to protein ratios ranging from ca. 400:1 to 100:1. are shown in Figure 3.5.    

 

Figure 3.5 The shape of the rhodopsin-detergent complex is dependent on the 

detergent to protein ratio.  The SAXS spectra for varying detergent protein ratios 

for DDM detergent (top) and CHAPS (bottom).  The insets represent the Guinier plots 

for the respective detergent to protein ratios.  The SAXS spectrum for empty 

detergent micelles are represented by black spheres both DDM and CHAPS 

detergents.   
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Table 3.2. Comparison of the experimental radii of gyration for DDM and CHAPS 

detergent micelles with the literature values. 

Detergent Rg / Å 

(experimental) 

Rg / Å 

(literature)22-23 

DDM 32 (30 mM) 33 

CHAPS 18 (30 mM) 15.4 (25 mM)  

 

Table 3.3. The radius of gyration determined using SAXS for varying DDM to 

rhodopsin ratios. 

DDM: Rhodopsin [Rhodopsin] / 

mgmL–1 

Rg / Å 

400:1 5 47.0 

200:1 4 45.5 

123:1 6 40.3 

80:1 9 n/a 

 

Table 3.4. Comparison of the experimental gyration radii for DDM and CHAPS 

detergent micelles with the literature values. 

CHAPS: 

Rhodopsin 

[Rhodopsin] / 

mgmL–1 

Rg / Å 

450:1 5 21.9 

260:1 5 24.8 

120:1 12 39.4 

50:1 24 39.3 

 

For rhodopsin solubilized in DDM detergent the radius of gyration Rg decreases with 

decreasing detergent to rhodopsin ratio.  At higher detergent to protein ratios e.g. DDM to 

rhodopsin 400:1, the excess DDM molecules added (with respect to the minimum detergent 

to protein ratio) seems to contribute to the size increase of the rhodopsin-detergent 

complex.  As the DDM to rhodopsin ratio is increased, the Rg increases as well.  It can also 

be observed that as the DDM to rhodopsin ratio is decreased further (80:1), there is an 

upward trend in the low 𝑄 region of the SAXS profile (accompanied by a shape change in 
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the SAXS profile) due to aggregation of rhodopsin.  This is consistent with the aggregation 

number of DDM (ca. 100), and the lack of detergent monomers to cover the hydrophobic 

surface of the protein causes rhodopsin monomers to interact with each other leading to 

aggregation.  The prominent sharp minimum around 𝑄 = 0.07 Å–1 signifies that 
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Figure 3.6 Expansion of the global structure of the protein upon rhodopsin 

activation.  The SANS spectra for the resting state and light-activated state for 

(top) rhodopsin solubilized in CHAPS detergent, and (bottom) rhodopsin 

solubilized in DDM detergent.  The changes in the SANS profiles at very low Q 

values are consistent with an expansion of the volume. 
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characteristic corona morphology of DDM containing rhodopsin-detergent complexes.  

See Appendix A for data. 

In the case of CHAPS detergent solubilized rhodopsin system.  The first feature we 

notice is that the shape of the SAXS profile that is different from the DDM system.  The 

characteristic sharp minimum in the scattering intensity we observe around Q = 0.1 Å in 

DDM24 with or without the rhodopsin complexed is not observed in the CHAPS system.  

Also, the unlike DDM, in the case of rhodopsin-CHAPS complex the shape of the SAXS 

profile undergoes a transition as the number of detergent molecules in the system is 

increased.  This signifies a colligative structural morphology change in a rhodopsin-

detergent complex; that is not observed with the DDM system.  Also, the calculated Rg 

values are generally smaller for CHAPS versus DDM system as expected considering the 

aggregation numbers of the two detergents.  Surprisingly, an increase of the number of 

CHAPS molecules in the solution (detergent to protein ratio) does not increase the Rg of 

rhodopsin-CHAPS complex, in fact, it slightly decreases the Rg value.  This goes on to say 

that the excess CHAPS molecules indeed are not contributing to the growth of the protein-

detergent complex, but it just increases the number of empty micelles in solution.  Also, 

the Rg values calculated for higher detergent to protein ratios are closer to that of 

monomeric rhodopsin calculated from the crystallographic structures (e.g. PDB code 

1U19, Rg ≈ 21 Å)2. As we decrease the detergent to protein ratio (i.e., increasing the number 

of protein per detergent molecule), the Rg calculated increases and undergoes a transition 

at CHAPS to rhodopsin ratio of 120:1.  The increase in the Rg from ca. 21 Å to 37 Å, could 

also mean the formation of dimeric rhodopsin. 

3.3.3 The Light-Triggered Volumetric Expansion of Rhodopsin 

We collected small-angle neutron scattering data at 15 ºC for functional detergent 

solubilized bovine rhodopsin at Bio-SANS beamline, high flux isotope reactor (HFIR) at 

the Oak Ridge National Laboratory (ORNL).  The 1D scattering profiles for the samples 

were obtained by azimuthally integrating the normalized 2D scattering intensity data.  The 

background neutron scattering by the detergent buffer was subtracted from the 

rhodopsin/detergent SANS data (Figure 3.7).  The SANS scattering profiles for detergent 

solubilized rhodopsin at detergent contrast matched conditions (17% 2H2O for CHAPS 
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detergent and 17.5% 2H2O for DDM detergent) over the 𝑄 range 0.0144 Å–1 ≤ 𝑄 ≤ 0.0444 

Å–1, exhibit significance differences between the resting state and the light-activated state 

(Figure 3.7).  The SANS difference spectra clearly shows that the intensity increase upon 

light-activation in the low 𝑄 region for both CHAPS and DDM detergent -solubilized 

rhodopsin are comparable in nature.   

The Guinier method is a model-free analysis method for small-angle scattering data 
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Figure 3.7 Quantitation of protein volume expansion upon rhodopsin 

photoactivation.  The Guinier plots for CHAPS (top) and DDM (bottom) detergent 

solubilized rhodopsin before and after photoactivation.   
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for dilute monodispersed samples where there are no interactions between the particles.  

For centrosymmetric, isotropic particles scattering the neutrons in the Guinier region, the 

scattering intensity I(𝑄) can be related to the momentum transfer (𝑄) as shown in the 

following equation; 

𝐼(𝑄) = 𝐼0 exp(−𝑅𝑔
2𝑄2 3⁄ )                                                   (3.6) 

ln 𝐼(𝑄) = −𝑅𝑔
2𝑄2 3⁄ + ln 𝐼0                                                   (3.7) 

𝐼0 = lim
𝑄→0

𝐼(𝑄)                                                                   (3.8) 

Here, the 𝐼0 is the forward scatter, and the 𝑅𝑔 is the radius of gyration.  Therefore, the plot 

of natural logarithm of scattered neutron, ln 𝐼(𝑄) versus square of momentum transfer (𝑄2) 

has a slope of −𝑅𝑔
2 3⁄ .14, 25   

The Guinier analysis scattering profiles obtained for dark-state and light-activated 

rhodopsin in detergents revealed an increase in the size of the neutron scatters, which is 

consistent with increased structural fluctuations of the protein structure upon light 

activation (Figure 3.7).  The dynamic light scattering experiments conducted in the resting 

state and the light-activated state rhodopsin reveals no sign of aggregation or 

oligomerization (Figure 3.4), which is disputes previous SANS studies which claimed 

photoactivation leading to aggregation of rhodopsin.13  For the first time, we discovered 

this volumetric expansion in the rhodopsin global structure that occurs upon activation of 

rhodopsin, which is consistent with the extended conformational changes triggered by light 

in the native disk membranes.6   

However, the SANS scattering profiles obtained for dark and light-activated state 

rhodopsin solubilized in higher %2H2O solutions (detergent is not contrast matched) 

showed no substantial difference between the resting-state and light-activated state SANS 

profiles.  These results delineate a significant benefit of the use of neutrons for probing the 

structural changes in the membrane proteins solubilized in detergent environments, 

contrast variation.  Thus SANS studies allowed us to contrast match the detergent in the 

background, enabling us to probe the rhodopsin conformational changes upon activation 
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exclusively.  

3.3.4 The Rhodopsin is More Compact in CHAPS Versus DDM Detergent  

CHAPS and DDM detergent-solubilized rhodopsin complexes (micelles) are 

apparently larger in size compared to their crystal structure counterparts.  Both Guinier 

analysis and CRYSON analysis revealed larger radius of gyration values for both DDM 

and CHAPS-solubilized rhodopsin compared to those calculated for the resting state PDB 

crystal structures.  The resting state structures and light activated structures used in this 

analysis are listed in Table 3.4. (The resting state structure of rhodopsin solubilized in 

Figure 3.8 Photochemical properties of rhodopsin-DDM complex and 

rhodopsin-CHAPS complexes are very different.  The UV-visible spectrum of 

rhodopsin in DDM before and after light-activation (top).  The UV-visible spectrum 

of rhodopsin in CHAPS before and after light-activation (bottom).  The spectra were 

collected over 5 hrs.   
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CHAPS detergent seems to have a slightly smaller value of the radius of gyration with 

respect to that of rhodopsin solubilized in DDM (value) (Figure 3.7).  The functional 

characterization of rhodopsin samples reveals that photoactivation of rhodopsin solubilized 

in CHAPS leads to inactive Meta-I photoproduct, which eventually decays to active Meta-

II state.  On the other hand, the rhodopsin solubilized in DDM detergent, directly yielded 

the active Meta-II rhodopsin upon photo-illumination (Figure 3.8).   

This implies that the more flexible protein structures as in the case of rhodopsin 

solubilized in DDM detergent promote activation of rhodopsin with respect to more 

compact protein environments such as rhodopsin solubilized in CHAPS detergent.  Also, 

the acid denaturation study suggests that with both CHAPS and DDM the Schiff base 

linkage is intact during the first hour after photoactivation.  In the second and third hours 

about 50% of the sample has the all-trans retinal attached to the protein, while 50% of the 

sample has  all-trans retinal hydrolyzed from the protein.  In the fourth hour the sample 

contains mainly ligand-free opsin that is in equilibrium inactive and active forms. 

3.4 Discussion 

The SANS resutlts provide us with a convenient tool to probe the conformational 

changes occurring in the GPCR such as rhodopsin upon activation.  The SANS data 

collected at detergent contrast-matched conditions from rhodopsin-detergent complexes 

for the resting state and the light-activated state established protein conformational changes 

leading to high amplitude fluctuations in the protein structure, indicated by the increase in 

the radius of gyration, Rg (Figure 3.7).  This light-triggered protein structural fluctuations 

discovered through the SANS experiment are consistent with our recent TR-WAXS studies 

conducted on rhodopsin in native membranes, demonstrating the largest helical movements 

upon photoactivation are about 80% greater compared to those observed in crystal 

structures.6  

Previous small-angle scattering studies have reported that the photoactivation of 

rhodopsin leads to aggregation of the protein, which is characterized by the exponential 

increase in the slope and the I(0) value within minutes after photobleaching.13  On the 

contrary, our SANS data demonstrate clearly that photoactivation does not lead to such 



91 
 

aggregation or oligomerization, as the increase in the I(0) and the slope in our Guinier 

region increases not more than 1.5-fold within 5 hours after photoillumination.  This shows 

that the increased intensity of the neutron scattered in very low 𝑄 values upon 

photoactivation is mainly due to an increase in the particle size, rather than aggregation of 

the protein.  The DLS experiments conducted further support this claim as it showed neither 

additional peaks nor peak broadening upon the photoactivation of the rhodopsin (Figure 

S3).  Considering the fact that the previous studies were conducted on rhodopsin 

solubilized in Ammonyx LO and Cemulsol detergents, one can attribute the difference in 

our results to the detergent properties.  However, we show that the rhodopsin is not 

aggregating upon photoactivation in two very different detergents, the zwitterionic CHAPS 

and neutral DDM detergent.  In the same study, the very low 𝑄 region in their Guinier plots 

to neutrons scattered by residual bleached rhodopsin (<3%) in the sample.13  Our DLS 

experiments essentially indicate only one size of protein-detergent complexis present for 

both the CHAPS and DDM-solubilized rhodopsin samples. 

Rhodopsin can be expected to be more flexible in the detergents compared to the native 

membranes.18  Comparison of the radius of gyration calculated for the resting-state 

rhodopsin solubilized in CHAPS detergent (38.37 Å) with that of the resting-state 

rhodopsin solubilized in DDM detergent (40.46 Å) reveals that the rhodopsin is more 

flexible in DDM detergent as compared to the CHAPS detergent environment.  The 

photoillumination of rhodopsin in CHAPS detergent micelles yields inactive 

Metarhodopsin I, which subsequently decay to Meta II within minutes at 15 oC.  On the 

other hand, the only photoproduct of rhodopsin solubilized in DDM micelle is the active 

Meta II, which decays to the apoprotein, opsin within 300 min upon photoactivation, as 

revealed by the acid denaturation study of the photoproduct (Figure S5 b).  These 

observations imply that the activation of rhodopsin is favored in more flexible protein 

structures such as rhodopsin in DDM detergent, as compared to more compact protein 

environments such as rhodopsin in CHAPS detergent. This phenomenon is consistent with 

an ensemble-activation mechanism of rhodopsin. 

In summary, the structural changes associated with rhodopsin activation in non-native 

(detergent) environments were studied using small-angle neutron scattering as the primary 
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technique.  The SANS profile collected for rhodopsin and the light-activated state in the 

neutral DDM detergent as well as the zwitterionic CHAPS detergent revealed a volumetric 

expansion upon photoactivation.  Our findings are consistent with an ensemble activation 

of rhodopsin, yielding a larger ensemble of activated states versus the dark (resting) state.  

This more flexible open conformation in the activated state could be the key for interaction 

with the cognate G-protein, transducin.  A question to be addressed using a future SANS 

experiment is whether the temperature has an effect on this volumetric expansion upon 

photoactivation.  This will aid us in understanding the thermodynamics of rhodopsin 

photoactivation as well.  

Table 3.5. Crystallographic structures referred in the study.   

PDB Code Functional State Calculated Rg /Å 

1U19 Dark-State dimer 27.89 

1GZM Dark-State dimer 27.93 

3CAP Opsin dimer 28.48 

3PXO Meta-II State dimer 28.88 
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Chapter 4 

G-Protein–Coupled Receptor Activation by Water 

Abstract 

The Rhodopsin family of G-protein–coupled receptors (GPCRs) comprises the targets 

of the majority of pharmaceuticals used worldwide, with considerable therapeutic 

potential.   Rhodopsin activation leads to series of conformational changes establishing a 

chemical equilibrium between closed inactive Meta-I and open active Meta-II states.   We 

address the role of hydration in signaling mechanism of rhodopsin, the vertebrate G-

protein–coupled receptor (GPCR) responsible for dim light vision.  To quantify changes in 

hydration during light activation, we measured the shifting of the metarhodopsin 

equilibrium due to osmotic pressure by using polyethylene glycol (PEG) osmolytes of 

different molar masses using conventional UV-visible absorption spectroscopy technique.  

Experimentally we discovered that light activation is accompanied by a large influx of bulk 

water into the protein interior on application of PEG 1500 and PEG 400 (≈75 water 

molecules for PEG 1500 and ≈20 water molecules for PEG400) at 15 C.  Most striking, 

the water uptake depends on the size of the osmolyte with a reversal seen for smaller 

osmolytes (PEG200, glycerol or sucrose).  Our results suggest that the small molecular 

weight osmolytes favor the open active Meta-II conformation by occupying the transducin 

binding cleft of the protein.   On the other hand, the large molecular weight osmolytes 

cannot occupy the transducin binding cleft, thus favoring the closed inactive Meta-I 

conformation due to the exertion of osmotic stress on the protein molecule.  Our results are 

supported by the molecular dynamics studies, which show an influx of bulk water on 

activation.  We propose a mechanism whereby thermally driven hydration-dehydration 

cycles of the rhodopsin core amplify signaling by coupling to fluctuations between active 

and inactive states, while maintaining the high fidelity characteristic of the visual process. 

4.1 Introduction 

G-protein coupled receptors (GPCRs) initiate signals that are critical for life to exist, 

and are well established for modulating cellular functions.  The majority of 

pharmaceuticals used by humans today target GPCRs, with considerable therapeutic 

potential, because they affect fundamental biological signaling processes.  The functions 
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of membrane proteins such as GPCRs depend on their environment, which includes water 

as well as the lipids.  Although the role of membrane lipids in modulating the 

conformational energetics and functioning of rhodopsin have been investigated 1-2, the role 

of water in GPCR activation at physiological conditions remains an enigma.  The role of 

water in biopolymer stability has been extensively investigated in the classical literature on 

protein thermodynamics 3 which is further illuminated by modern structural work involving 

neutron diffraction4 and X-ray diffraction.5  Notably a steady increase of crystallographic 

structural information for GPCRs has recently become available, which provides atomic 

detail of how these proteins pack into crystals at cryogenic temperatures in varying states 

of activity.  However, X-ray structures are the snapshots, and do not provide information 

about the activity of the protein in solution, or in its native environment.  In addition, 

membrane protein crystallization generally involves purification in detergents, and 

sometimes osmolytes like polyethylene glycol (PEG), glycerol, or sucrose are used as 

precipitants.  These non-native conditions employed during crystallization affect the 

protein hydration, which in turn can alter the structural and functional properties the 

protein.  Therefore, understanding the role of the hydration properties of GPCRs in the 

native environment is crucial for a proper understanding of GPCR function. 

The visual GPCR rhodopsin, is responsible for scotopic (dim-light) vision of 

vertebrates, and belongs to the largest sub-family of GPCR Family A.6  In this study 

rhodopsin is used as the model GPCR to shed light on the principles underlying GPCR 

activation.  During its activation, 11-cis retinal chromophore of rhodopsin absorbs a photon 

and isomerizes to yield all-trans retinal.  This isomerization leads to a thermodynamic 

equilibrium between inactive metarhodopsin-I and active metarhodopsin-II states.  The G-

protein binds to the active metarhodopsin-II, initiating the down-stream phototransduction 

cascade for dim-light vision in vertebrates.  The scientists in the field are yet to come into 

consensus about the role of water in the above process.  For an instance, the previous 

osmotic stress studies by Mitchell et al. suggest there is an efflux of water from the protein 

upon rhodopsin activation, which is contrary to the radiolytic protein footprinting studies7 

which suggest that bulk water is exchanged in activation in detergent environment.  In 

addition, Molecular Dynamics (MD) simulations show an influx of bulk water on 

rhodopsin activation.  Based on the MD simulations, we hypothesized that rhodopsin 
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activation leads to an increase in the hydrated protein volume in the activated 

metarhodopsin-II state with respect to the inactive metarhodopsin-I.  This chapter describes 

the study of the hydration on the thermodynamics of the equilibrium between the 

metarhodopsin-I/metarhodopsin-II equilibrium and transducin binding, using osmotic 

pressure/stress as the tool for regulating the hydration levels.  However free energy defined 

for the system has been always the concern in MD simulations.   

Even though both osmotic pressure and the hydrostatic pressure deal with the similar 

concepts, there are fundamental differences between the two.  Mainly, the hydrostatic 

pressure, pressurizes the whole system simultaneously, and it is not possible to hydrate or 

dehydrate components in a selective manner.  Therefore, it is not possible study the flow 

of the bulk water between a macromolecule such as a protein molecule and the rest of the 

solution reliably with the hydrostatic pressure experiments.  On the contrary, the osmotic 

stress experiments give us means of selectively dehydrating a macromolecule, such as a 

protein molecule in an aqueous solution.  In our case, the osmotic stress studies reveal 

substantial changes in the partial molar volume (corresponding to ≈60–80 water molecules) 

of the protein molecule upon activation of rhodopsin.  These volume changes are 

considerably greater than the volume changes observed in the corresponding hydrostatic 

pressure experiments (≈3 waters) 8-10.  The characteristic volumes are ≈20–25 times greater 

for osmotic pressure than for hydrostatic pressure.   

The previous experiments conducted by Mitchell et al. using relatively small 

molecular weight osmolytes revealed a shift in the metarhodopsin equilibrium towards the 

active metarhodopsin II state 11-12.  Based on these observations it was concluded that 

rhodopsin activation leads to an efflux of water from the protein molecule.  This 

explanation is counter-intuitive to X-ray crystal structures of dark and activated rhodopsin 

molecules available, as well as the molecular dynamic simulation experiments showing a 

larger influx of bulk water upon rhodopsin activation forming water channel into the 

protein 13.  Therefore, in this project we conducted similar osmotic stress experiments on 

rhodopsin activation using a range of osmolyte molecules with different sizes and types.  

Our observations support the X-ray crystallographic and molecular dynamic simulation 

results, and contradict the previous interpretation of the hydration studies on rhodopsin 
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activation.  Based on our results, we propose a novel hydration-dehydration mechanism for 

explaining amplified, high fidelity visual signaling by the visual GPCR, rhodopsin.  

4.2 Materials and Methods 

4.2.1 Sample Preparation 

All the procedures were performed at 4 C under dim red light.  The rhodopsin disk 

membranes (RDM) were purified from Bos taurus retinas as described in chapter 2. 14-15.  

The RDM containing rhodopsin with a purity (A280/A500) around 2.5 were suspended in pH 

6.9 GABi buffer (67 mM BTP + 130 mM NaCl + 2 mM MgCl2) to prepare a suspension 

of RDM with [rhodopsin] ~8 mg/mL 16.  (Figure 4.1).19    

 

The osmolyte solutions were prepared by dissolving the respective amounts of osmolyte 

compounds in GABi buffer corresponding to the final osmolyte concentrations, and the pH 

Figure 4.1. Rhodopsin disk membrane purification from bovine retinas and 

characterization of light activation properties in native membranes.  (A) 

Examples of electronic spectra for rhodopsin in dark-state (red line) and photo-

bleached with hydroxylamine (blue line) after partially solubilizing the rhodopsin 

disk membranes (RDM) in 3% (w/w) Ammonyx LO containing pH 6.9 GABi buffer.   

A280/A500 ratio gives an estimation of the purity of rhodopsin.  In this example the 

purity ≈2.5.  (B) An example of a pH titration curve for rhodopsin light activation in 

RDM.  The titration curve is not dependent on the exponent of the wavelength () 

used during the scattering correction, as evidenced by overlapping curves obtained 

for varying values of n. Here the n is the exponent of  used in the scattering 

correction.  All the data were collected at T = 8 C in GABi buffer.  The figure is 

adapted from Ref.19 
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was adjusted to the desired value using 1 M NaOH and/or 1 M HCl.  The osmolytes used 

in the experiments were polyethylene glycol (PEG 200, 300, 400, and 1500), glycerol, and 

sucrose (Sigma-Aldrich, St. Louis, MO, USA).  The sucrose samples served as control, as 

the effects of sucrose as an osmolyte were have been investigated previously by Mitchel et 

al. 17.  The osmolyte solutions were mixed with the RDM suspension so that the final 

rhodopsin concentration was 2 M (GABi buffer was added if needed).  To ensure the 

accuracy of the measurements, the pH was recorded before and after collecting difference 

spectra for each experiment.  The change in the pH was negligible before and after the 

experiment (~  0.1).  For the study of effect of hydration on transducin binding, a high-

affinity transducin-derived peptide with the amino-acid sequence ILENLKDVGLF 

(Biomatik, Wilmington, DE, USA), (denoted as GCT2, or Gt340–350 (K341L, 

C347V)), was dissolved in GABi buffer to prepare the peptide solutions with needed 

concentrations.  

4.2.2 Electronic Spectroscopy Data Collection and Analysis 

All the electronic (UV-visible) spectra were collected using the Cary-50 UV-visible 

spectrophotometer (Varian, Inc., USA) equipped with a thermostat for maintaining 

temperature.  The photoactivation of rhodopsin in RDM were studied at varying conditions 

by illuminating the dark-state rhodopsin samples with a green (528 nm peak wavelength) 

LED light source containing an array of 40 WEEGN10-CS LEDs (10000 mcd; Winger, 

China) for about 6 s.  The electronic spectra were collected before and after illumination, 

and the difference spectra were obtained by subtracting the dark-state spectrum from the 

light-activated state spectrum.  Note that averaging dark and light spectra separately yields 

increased signal to noise ratio.  However, averaging is only possible when the absorption 

spectra are stable.   For an instance, when conducting the experiment at higher 

temperatures, averaging the light-state spectra is difficult, as the spectra change at a rapid 

rate due to changes in the sample resulting from the high thermal energy of the system. 
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Since the RDM suspensions tend to scatter light, a correction for scattering was 

performed on the data using Eq. 4.1:  

∆𝐴corr = ∆𝐴 −
𝐶

𝑛                                                    (4.1) 

where ∆𝐴corr is the absorbance difference at a given wavelength,  after the correction for 

scattering; ∆𝐴 is the experimental absorbance difference at ; 𝐶 is the fitting constant; and 

n is the particle size dependent exponent of the  18.  For our RDM suspension, the n takes 

values of either 1 or 2 to achieve the proper correction. After confirming that the pH 

titration curves are independent of n, we used n = 2 for all our corrections (see Figure 4.1).19  

The wavelength at which the difference spectra crosses the x-axis (Fig. S2) can be used 

to calculate the fraction of the active metarhodopsin II state (MII) that is in equilibrium 

with inactive metarhodopsin I (MI) (𝜃) using Eq. 4.2: 

𝜃 =
zero-crossing − MI

ref

MII
ref − MI

ref
                                               (4.2) 

Figure 4.2. The difference spectra emphasize changes in spectral features 

better.  Example difference spectra obtained by subtracting the dark-state from the 

light activated state at different pH values for (A) with 30% PEG 400 in 2 μM 

rhodopsin suspensions in GABi buffer at 15 oC and (B) in the absence of PEG at 8 oC.  

Figure is adapted from Ref.19  
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Here the λzero-crossing is the wavelength at which the spectrum crosses the x-axis; and the 

reference wavelengths, 𝜆MI
ref is the wavelength at which the spectrum crosses the x-axis 

when the photoproduct is entirely MI (pH 9.5 and 10 C) and 𝜆MII
ref  is the wavelength where 

the spectrum crosses the x-axis when the photoproduct is entirely in the  MII state (pH 5 

and 21 C).   

Second method of determining metarhodopsin II fraction.  The fraction of MII (𝜃) was 

also determined using a linear combination of basis spectra (LCBS) approach.  In this 

method, the experimental UV-visible difference spectra of the pure Meta I and Meta II 

states were linearly combined to reproduce a difference spectrum of a given condition. 

Equation 4.3 was thus used to calculate the  values.   

Δ𝐴(𝜆) = (1 − 𝜃)Δ𝐴MI(𝜆) + 𝜃Δ𝐴MII(𝜆)                                   (4.3) 

Figure 4.3. The two methods of calculating the Meta II fraction yields nearly 

identical results.  In method I the Meta II fractions (s) were calculated from the 

zero-crossing points in the UV-visible difference spectra (Eq. 4.2).  The method II use 

a linear combination of basis spectra of complete Meta I and complete Meta II states 

to determine the  values (Eq. 4.3).  The difference between the two methods is within 

the error of our experiments implying the method for calculating θ is highly robust.  

Figure is adapted from ref. 19   
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The Δ𝐴MI(𝜆) and Δ𝐴MII(𝜆) represent the difference absorbance values for complete MI 

and complete MII states at the wavelength λ, respectively.  The fraction of Meta II state 𝜃 

is also the fitting parameter, and Δ𝐴(𝜆) is the experimental difference absorbance.  A 

comparison of the titration curves generated using 𝜃 calculated using the two methods 

shown Figure 4.3.  The 𝜃 values generated from the two methods are nearly identical. 

The 𝜃 values calculated for each pH point were used to plot the titration curve, and fit 

to an extended Henderson-Hassalbalch equation (Eq. 4.4) as previously described.16 

𝜃 =
𝜃alk + 10p𝐾A−pH

1 − 10p𝐾A−pH
                                                     (4.4) 

Here alk is the minimum 𝜃 observed at the high pH values (also referred to as the alkaline 

end-point), and KA is the acid dissociation constant for Glu134 deprotonation equilibrium. 

4.2.3 The Effect of Temperature on Rhodopsin Photoactivation 

Clearly the temperature is one of the thermodynamic sate variables know to affect the 

metarhodopsin equilibrium.  We determined the metarhodopsin equilibrium constant (KA) 

at a series of temperatures (T = 8 °C to 23 °C).  These experiments help us further 

characterize the energetics involved in the interaction between water and rhodopsin during 

activation process (Fig. 4.4).19  The samples were prepared as described above in GABi 

buffer at various pH values.  The electronic spectra were collected for dark and light 

activated samples and difference spectra were generated as described before.  The Meta II 

fractions calculated after the data reduction were plotted as a function of pH to generate 

the titration curves at different temperatures (Figure 4.4).  At lower temperatures the two-

state acid-base transition modelled by the simple Henderson-Hasselbach type pH titration 

curves are observed.  i.e The photo product at lower pH is completely Meta II (θ = 1) with 

a protonated Glu134, while the photoactivation at higher pHs yield complete Meta I (θ = 0) 

characterized by the zero alkaline end point.  By contrast, the metarhodopsin equilibrium 

is clearly shifted towards the active Meta II state as the temperatures approach 

physiological values.   It was also clear that at higher temperatures the alkaline end points 

take none-zero values (see the titration curves), indicating that the metarhodopsin 

equilibrium is not simply between two-states any longer.16  The ensemble of activated 



103 
 

states obtained upon rhodopsin activation is temperature dependent, as clearly evidenced 

by the non-zero alkaline endpoints, indicating that the fraction of active Meta II is 

considerable at higher temperatures, above 23 C, even at highly alkaline pH values.  Please 

Figure 4.4. Effect of osmolytes at different temperatures establishes the 

thermodynamics of the role of water in rhodopsin activation.  The hydration of 

the transducin binding cleft (protein core) depends on the osmolyte size.  (A)  The pH 

titration curves (plots of fraction of MII (θ) versus pH) for rhodopsin in native disk 

membranes at various temperatures.  The plots represented by dashed lines adapted 

from Ref. (3).  (B–D) The fraction of MII (θ) versus pH plots for 30% PEG 1500, PEG 

400, no PEG, and PEG 200, respectively, for rhodopsin in native disk membranes at 

temperatures of 8 oC (B), 15 oC (C), and 23 oC (D).  The figure and the caption are 

adapted from Ref. 19   
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see Appendix B, Table B1 for data. 

The ensemble-activation mechanism (EAM) predicts the presence of an ensemble of 

entropy-driven substates upon rhodopsin activation.16  The increasing temperature clearly 

shifts the metarhodopsin equilibrium towards the Meta II state, suggesting that the 

activation process is endothermic.  The elevation of the alkaline end-point with temperature 

proves the presence of more than one substate of Meta II state, indicating an increase in 

entropy upon activation of rhodopsin 20.  These alkaline end-points at higher temperatures 

provide evidence for the presence of MIIa (closed conformation similar to Meta I state) 

and MIIb (open conformation) substates of Meta II state.  On the other hand, decreasing 

the temperature below 10 °C simplifies the metarhodopsin equilibrium to a standard two-

state (acid and base) equibrium described by the Henderson-Hasselbach behavior.20-21 

 Further analysis of the metarhodopsin equilibrium constants at various temperatures 

using Van’t Hoff plots allowed us to determine the standard enthalpy and entropy changes 

associated with the metarhodopsin equilibrium.  The positive enthalpy change are 

associated with the transition between inactive Meta I state and the active Meta II states.  

The positive enthalpy change (ΔHo = +41.4 kJ/mol) associated with the Meta-I to Meta-II 

transition 16 suggest that breaking/weakening of the chemical bonds (endothermic process) 

occurs upon activation of rhodopsin.  Also, the positive entropy change associated with 

this transition is consistent with the increased hydration volume of the protein upon the 

Meta-I to Meta-II transition, which in turn suggests an increase in the protein fluctuations.  

Thus the increase in the configurational entropy corresponds to the increase in enthalpy 

that leads to increased protein fluctuations upon rhodopsin activation.  This increase in 

entropy and the shift in the alkaline endpoints with temperature support an ensemble-

activation mechanism of rhodopsin activation as considered above.  It was also obvious 

that the enthalpy change is minimum for rhodopsin activation in the native lipid bilayer, 

giving the optimal distribution of Meta-I and Meta-II substates at physiological conditions.   

 The thermodynamic analysis suggests that the inactive Meta-I state is favored by the 

enthalpy while the entropy favors the active Meta-II state.  Therefore, at increased 

temperatures the equilibrium shifts towards the active Meta-II state, overcoming the free 

energy barrier due to the entropic contribution in the equation ∆𝐺° = ∆H° − T∆S°.  The 
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effect of temperature on the role of water on metarhodopsin equilibrium was also studied 

by generating the pH titration curves at different temperatures in the presence of osmolytes.  

For an instance, at temperatures above 20 oC the small osmolytes shift the metarhodopsin 

equilibrium towards the active Meta-II state.  As shown in Figure 4.4, the titration curve at 

23 oC in the presence of PEG 200 is completely shifted towards the Meta-II state, such that 

there is no pH dependence of the metarhodopsin equilibrium anymore.   

4.2.4 Thermodynamic Analysis of Metarhodopsin Equilibria 

Previously the following scheme was adopted to describe the thermodynamic 

equilibrium between rhodopsin states after photoactivation:16 

 MI + H+  MIIa + H+  MIIb + H+  MIIbH
+
   (4.5) 

Due to the small fraction of the MIIa state, this scheme can be reduced by combining the 

MIIa and the MIIb states into MII 16 giving: 

 MI + H+  MII + H+  MIIH+
 (4.6) 

The equilibrium constants are defined by  𝐾12 = [MII] [MI]⁄  and 𝐾3 =

[MIIH+] [MII][H+]⁄  characterizing the MI-to-MII transition and proton uptake by the 

Glu134 accordingly.   

Using UV-visible spectroscopy, we determine the fraction of photoproducts with 

deprotonated Schiff base ( as follows: 

 

𝜃 =
[MII] + [MIIH+]

[MI] + [MII] + [MIIH+]
=

𝐾12 + 𝐾12𝐾3[H
+]

1 + 𝐾12 + 𝐾12𝐾3[H
+]

=
𝐾12 + 𝐾1210

pKA3–pH

1 + 𝐾12 + 𝐾1210pKA3–pH
 

(4.7) 

Here we express the MII concentrations via the MI concentration and equilibrium constants 

[MII] = 𝐾12[MI], [MIIH+] = 𝐾3[MII][H+] = 𝐾3𝐾12[MI][H+], and we define pKA3 =

–log10(𝐾3).  Note that at the alkaline endpoint  
alk = K12 / (1 + K12), which allows us to 

determine the 𝐾12 equilibrium constant, and then calculate 𝐾3 using Eq. (9). Because Eq. 

(9) is equivalent to the phenomenological Henderson-Hasselbalch function,  = ( 
alk + 10 

pKA−pH) / (1 + 10 
pKA−pH) assuming 𝑝𝐾A = 𝑝𝐾A3 + log10 (K12 / (1 + K12)), it can be fit to the 
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experimental titration data, which suggests we can treat the equilibrium constants 𝐾12 and 

𝐾3 as pH independent (see Tables 4.1 and 4.2).  

The free energies for the MI-to-MII transition and proton uptake can then be calculated 

using the individual equilibrium constants as ∆𝐺𝑖
0 = −𝑅𝑇ln𝐾𝑖. The enthalpy is estimated 

from the 𝐾𝑖 temperature dependences using the integrated Van’t Hoff equation ∆𝐻𝑖
0 =

−𝑅 𝜕ln𝐾𝑖 𝜕(1 𝑇⁄ )⁄ , and the entropy is obtained from the two other thermodynamic 

parameters as ∆𝑆𝑖
0 = (∆𝐻𝑖

0 − ∆𝐺𝑖
0) 𝑇⁄ .  The effect of the osmolytes on the thermodynamic 

equilibrium of rhodopsin is accounted for as a change of the 𝐾12 constant, because the 

osmolytes either prevent or facilitate MII formation.  The following tables summarize the 

data reduction and analysis obtained for different osmolytes at different temperatures: 

In the framework of the reaction scheme Eq. 4.5, we can see the trend of the MII-to-

MI ratio (K12 constant) with the size of the osmolyte. The ratio increases in the following 

sequence: PEG 1500, PEG 400, no PEG, and PEG 200. The larger the size of the osmolyte, 

the smaller the fraction of the active state MII fraction, with PEG 200 becoming larger than 

without osmolytes. Thus, small osmolytes have a reverse effect on the MII-to-MI 

equilibrium than the large ones. This finding explains the contradictory reports of the effect 

of hydration on the rhodopsin activation and the influx of water in the MII formation (see 

main text). 

We also observed a significant dependence of the apparent pKA values, which is the 

combined effect of the K12 and K3 changes. The pKA value decreases with the size of the 

osmolyte. Mainly it is due to the K12 changes (1.2 unit in pKA) because an analogous trend 

in K3 (1.0-unit change in pKA) is not evident.  Although there is an overall decrease in pK3 

value with the size of the osmolyte, these changes are not much larger than the experimental 

error. Nevertheless, the K3 equilibrium constant probably depends slightly on osmotic 

stress.  

4.3 Results  

4.3.1 Rhodopsin Cannot Function Without Water 
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We expected that the application of osmotic pressure should move the equilibrium 

towards the species with the smaller hydration volume.  On the contrary, Figure 4.519 shows 

that the metarhodopsin equilibrium can be either forward or backward shifted by the choice 

of osmolyte size.  For an instance, at 15 oC, and pH 7, it is clear that the small osmolytes 

shift the equilibrium towards metarhodopsin II, while the large osmolytes shift the 

equilibrium towards the inactive metarhodopsin I.  Thus, this study reveals that the smaller 

molecular weight osmolytes such as PEG 200, sucrose, and glycerol forward shift the 

metarhodopsin equilibrium towards the active metarhodopsin II.  By contrast, the larger 

osmolytes such as PEG 1500 and PEG 400 reverse shift the same equilibrium towards the 

inactive metarhodopsin I. 

The osmotic pressure dependence of the equilibrium constant at constant temperature 

can be represented by (𝜕 ln 𝑘/𝜕𝛱)𝑇.  Here the change in osmotic pressure (d𝛱) is related 

to the change in the chemical potential of water (𝑑𝜇𝑊) by 𝑑𝜇𝑊 = −�̅�𝑊𝑑𝜋 where, �̅�𝑊 is the 

Figure 4.5. Water gushes into the protein molecule during activation of 

rhodopsin.  The fraction of metarhodopsin-II (θ) vs. pH curves (the pH titration 

curves) illustrating the effect of polyethylene glycol (PEG) osmolytes on rhodopsin 

activation.  The data were collected at T = 15 oC in bis-Tris propane buffer, with 

osmolytes with varying average molecular weights.  The inset shows the shifting of 

the titration curves due to mutations in the protein structure.  The figure is taken and 

the caption was adapted from Ref. 19    
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partial molar volume of water.  Therefore, one can derive that the (𝜕 ln 𝑘/𝜕𝛱)𝑇 =

−(
∆𝑉𝑜

𝑅𝑇
)(1 − 𝜅𝛱).  Here the isothermal compressibility (κ) can be considered as negligible 

for water.  At the upper limit of 1 atm, the 𝜅 = 2.5 x 10–3.  Therefore, the change in the 

volume of the protein can be calculated using Eq. 4.1, which was derived from a unified 

energetic analysis. 

ln𝐾 = ln𝐾o −
∆𝑉oΠosm

𝑅𝑇
                                               (4.8) 

Assuming the change in the partial molar volume (∆Vo) is due to the change in the 

number of internal water molecules in the protein molecule, one can calculate the amount 

of water involved in the transition between inactive metarhodopsin I and active 

metarhodopsin II.  The slope of Eq. 4.8, which has the maximum negative value for the 

Figure 4.6. The effect of osmolytes on the rhodopsin activation is dependent 

on the osmolyte size.  The osmotic pressure dependence of the metarhodopsin 

equilibrium constant (K) at pH 7.4 and T=15 oC.  The data were collected at T = 15 
oC in bis-Tris propane buffer, with osmolytes varying in their average molar 

masses.  Figure is adapted from Ref. 19  Please see appendix B, Table B6 for data.  
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largest osmolyte, gives the change in the hydrated partial molar volume associated with the 

MI–MII transition.  Division of the partial hydrated volume (Vo) by the molar volume of 

water gives the number of water molecules that enter the receptor in the MII state.  A 

positive slope represents that there is an efflux of water upon the application of a small 

osmolyte.  In that case, the apparent protein volume change (Vapp) becomes negative, and 

cannot be explained simply by partial penetration of the osmolytes into the protein core.  

The reversal effect is related to the interactions of the osmolytes with the membrane.  

Figure 4.6 presents the osmotic pressure dependence of the metarhodopsin equilibrium 

constant, and Figure 4.7 summarizes the amount of water associated with the transition 

between the metarhodopsin states.  In the presence of osmolytes with molar mass of 300 

g/mol or less, the sign of the number of water involved in forming active metarhodopsin II 

is opposite to that of osmolytes of molar mass 400 g/mol or greater. 

  It seems that the use of the Eq. 4.8 is valid for larger osmolytes where the osmolyte 

is excluded from the protein entirely.  In other words, the osmolyte is large enough so that 

it cannot partially or completely enter into the cavities in the protein.  The smaller 

osmolytes are capable of entering into the protein molecule partially or completely, 

resulting in partial osmolyte behavior and/or non-osmotic actions such as binding to the 

accessible protein interior.  Therefore, in the case of smaller osmolytes, one can define an 

apparent change in partial volume (Δ𝑉𝑎𝑝𝑝
𝑜 ) instead of the actual partial molar volume 

change (Δ𝑉𝑜).  By using Gibbs-Duhem equation; Δ𝑉𝑎𝑝𝑝
𝑜 = Δ𝑉𝑜(1 − 𝑃), where P is the 

Figure 4.7. The number and the 

direction of the water flow involved in 

the metarhodopsin transition depend 

on the size of the osmolyte.  The 

volume change during the transition 

between the metarhodopsin states in 

terms of number of water molecules for 

osmolytes with varying molar mass are 

plotted.  The figure is adapted from Ref.19 
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partition coefficient of the osmolyte between the bulk solution and the accessible protein 

interior.  Therefore, in the absence of a Gibbs dividing surface, i.e., when there is no 

difference in the chemical potential between the bulk solution and the interior of the protein 

(due to complete penetration of the osmolytes into the protein or absence of any osmolytes), 

P = 1, and the Δ𝑉𝑎𝑝𝑝
𝑜 = 0.  However, for smaller osmolytes due to favorable interactions 

between the osmolytes and the protein interior, the value of P can be greater than 1 (P > 1) 

resulting a negative Δ𝑉𝑎𝑝𝑝
𝑜  value explaining the further shift of the equilibrium towards the 

metarhodopsin II.  This change in  Δ𝑉𝑎𝑝𝑝
𝑜  could be due to the osmotic stress action on the 

lipid bilayer, or non-osmotic stress (ex. chemically specific interactions).    

4.3.2 A Mechanical Analogy for Osmolyte Effect on Rhodopsin Activation  

How can we further explain the apparent reversal of the MI–MII equilibrium by 

osmolytes of varying molecule size? Above we have described how osmotic stress shifts 

the metarhodopsin equilibrium to the states having a/with smaller volume of polymer-

inaccessible water. By assuming only colligative properties, for large osmolytes the Gibbs 

dividing surface falls outside the membrane.  Hence there is a driving force for removal of 

water from the protein interior (Figure 4.8A).  The driving force originates from 

equilibration of the chemical potential of water between the protein interior and the 

stressing osmolyte solution.  

In the case of larger osmolytes, the observed decrease in the hydrated protein volume 

is related to an expulsion of internal water from the protein into the bulk solution.  Here, 

the activity of water in the protein interior is greater compared to the bulk solution 

containing the osmolytes, because the large osmolytes (> PEG 1000) do not cross the Gibbs 

dividing surface.  Consequently, the internal water moves across the Gibbs dividing surface 

into the bulk solution, thereby compensating the entropic penalty created by the large 

osmolytes in the bulk solution.  Note that the organization of the water molecules around 

the osmolyte molecules in the bulk solution yields a decrease in the entropy in the bulk 

solution.  The osmotic pressure created by the presence of the large osmolytes is equivalent 

to the sliding piston through a cylinder as indicated in the Figure 4.8B19 squeezing out the 

water in the cylinder through the semipermeable membrane.  Therefore, the work of 
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transporting water is 𝑤 = −ΠΔ𝑉, where Δ𝑉 = Δ𝑉𝑊 is the change in the hydrated volume 

of the protein. 

 

Figure 4.8. The effect of osmolyte on the metarhodopsin equilibrium depends 

on ability of the osmolyte polymer to penetrate the Gibbs dividing surface.  The 

Gibbs dividing surface is virtual semi-permeable membrane that separate the 

osmolytes in the solution from the hydrated interior protein volume.   (A) The larger 

osmolytes such as PEG 1500 are completely excluded from the protein hydrated 

volume, owing to the high configurational entropy penalty; and consequently the 

inactive metarhodopsin I conformation (closed) is favored by removing the internal 

water from the protein.  (B) Osmotic piston (mechanical) analogy illustrating the 

reduction of protein hydrated volume by the osmotic stress action of large molecular 

weight osmolytes.  (C) The smaller molecular weight osmolytes such as PEG 200 

penetrate into the protein interior hydrated volume including the Gt binding cleft 

thus stabilizing the open metarhodopsin II conformation.  (D) Osmotic piston 

(mechanical) analogy illustrating the penetration of PEG 200 into the protein 

interior.  Thus the small osmolytes restores the piston partially or entirely to the 

original position.  Figure is adapted from Ref. 19 
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With small osmolytes (Mr < PEG 300), the osmolyte polymers can penetrate into the 

interior hydration volume of the protein (including the transducin binding site) stabilizing 

the open conformation, metarhodopsin II.  The partial penetration of the osmolyte reverses 

the osmolyte effect, reducing the effect of osmotic action on the protein.  In the analogy to 

the mechanical model, the squeezed piston due to osmotic pressure is pushed back towards 

its original position (Figure 4.8D).  The complete penetration of even smaller osmolytes 

such as PEG 200 on the other hand translates into further increase of the protein hydration 

volume, corresponding to an apparent influx into the protein molecule.   

4.3.3 Membrane Deformation and Metarhodopsin Equilibrium  

Our osmotic stress studies were conducted in proteolipid membranes containing 

rhodopsin molecules.  The osmotic stress due to the presence of osmolytes in the solution 

affects both the protein molecule and the lipid bilayer of the biomembranes.  The 

dehydration of the rhodopsin (protein molecule) due to osmotic stress causes the 

backshifting of the metarhodopsin equilibrium towards the inactive metarhodopsin I state.  

However, in the presence of small osmolytes the same equilibrium further forward-shifts 

the equilibrium towards the active metarhodopsin II, which cannot be explained using the 

osmotic stress action on the protein molecule.  However, if we consider the osmotic stress 

action of small osmolytes on membrane lipid bilayer,22 we can explain this forward shift 

of the metarhodopsin equilibrium.   

With small osmolytes, the Gibbs dividing surface (the virtual semi-permeable 

membrane) between the protein molecules and the bulk solvent diminishes.  This is due to 

the smaller size of the osmolytes, making it possible for them to penetrate into the protein 

interior through the cavities on the protein surface.  Consequently, the smaller osmolytes 

do not exert osmotic stress action on the protein molecule, which explains why the 

metarhodopsin equilibrium is not shifted towards the inactive metarhodopsin I.  Therefore, 

one could expect that the metarhodopsin equilibrium is not affected by the small osmolytes.  

On the contrary, the metarhodopsin equilibrium is forward shifted towards the active 

metarhodopsin II state, in the presence of the smaller osmolytes.  One plausible explanation 

for this shift is the osmotic stress action on the lipid bilayer.  Dehydration of the lipid 

bilayer increases the bilayer thickness22 and the lack of surface water due to the osmolytes 
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induces a negative curvature,23-24 which in turn forward shifts the metarhodopsin 

equilibrium.  This happens even in the case of large osmolytes, but the effect of large 

osmolytes on the protein (favoring the closed conformation due to dehydration of the 

protein interior) supersedes the osmotic stress action on the membrane lipid bilayer. 

4.3.4 Analogy to Rhodopsin Mutations in Visual Impairments 

It is noteworthy that the osmolyte size effect we observed here is strikingly reminiscent 

to previously observed constitutive mutations of the protein and inhibitory retinoid effects 

on rhodopsin activation (Figure 4.5 inset).  In the case of inhibitory retinoids (9-desmethyl-

retinal), where the C9-methyl group is removed from the retinal chromophore, the 

metarhodopsin equilibrium is reversed towards the metarhodopsin I state, which is 

analogous to the large osmolyte (e.g. PEG 400) effect on the same equilibrium.  The lack 

of the methyl group in the retinal causes the protein molecule to favor the closed 

conformation (by collapsing the protein interior).  A similar effect is exerted by the larger 

molecular weight osmolytes, by removing the water from the protein interior, thereby 

causing the protein to be more collapsed favoring the inactive metarhodopsin I state.   With 

constitutive mutations such as E134Q, R135L, and E113Q the ionic locks are interrupted, 

resulting a forward shift of the metarhodopsin equilibrium towards the active 

metarhodopsin II (Figure 4.5 inset), which is comparable to the shift in the metarhodopsin 

equilibrium observed with small molar mass osmolytes (e.g. PEG 200).   Thus one can 

claim that the disruption of the ionic locks leads to an influx of bulk water as a consequence 

of opening up of the protein structure.  

The flow of bulk water into the protein interior is an entropy-driven process, and 

consistent with the molecular dynamics (MD) simulation studies by Leioatts et al. that 

shows the large influx of water into the more open metarhodopsin II structure 13.  X-ray 

crystal structures show elongation of helix-5 (H5) and outward movement of the helix-6 

(H6), thus providing evidence of the opening up of the protein structure upon rhodopsin 

activation.  However, it is almost impossible to observe evidence for the influx of water 

even in the metarhodopsin II crystal structure, due to experimental limitations due to use 

of high molecular weight osmolytes such as PEG 6000 as precipitant in the crystallization 

process.  As we have discovered, the higher molecular weight osmolytes not only remove 
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the water molecules from the interior of the protein due to osmotic action, but also favors 

the more closed conformation, inactive metarhodopsin I.  

4.3.5 Role of water in rhodopsin-transducin interaction 

Transducin is a membrane bound tri-subunit G-protein that binds to rhodopsin upon 

photoactivation.  At a glance the effect of small osmolytes on the metarhodopsin 

equilibrium resembles the effect of transducin, as they both favor active metarhodopsin II, 

yielding so-called extra metarhodopsin II.  Here we used a high-affinity C-terminal analog 

of the -subunit (CT), “transducin peptide” together with the osmolytes to study the effect 

of hydration on transducin binding.  Addition of the CT peptide clearly shifts the 

metarhodopsin equilibrium towards the active metarhodopsin II conformation.  

However, removal of the internal water of the protein via larger molar mass osmolytes 

such as PEG 1500 back shifts the equilibrium toward the inactive metarhodopsin I 

Figure 4.9. Removal of water reduces the transducin binding affinity to 

activated rhodopsin.  The difference (light-activated state minus the dark-state) 

spectra collected at pH 7.8 and T= 20 oC in the absence of the of C-terminal analog of 

the -subunit (CT) (blue), with 18 μM CT, with 18 μM CT + 12% PEG 1500 (cyan) 

and 18 μM CT + 36% PEG 1500 (green).  The osmotic pressure dependence of 

metarhodopsin equilibrium is studies at pH 7.8 and T=20 oC. 
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conformation (Figure 4.9).  Thus the transducin (Gt) binding affinity is readily regulated 

by the activity of water.  To fathom the effect of hydration on the transducin binding to the 

light activated rhodopsin, we calculated the binding constants from the peptide binding 

experiments.  Here we need to bear in mind that the binding of transducin favors the 

formation of additional metarhodopsin II (also known as extra metarhodopsin II) 25.  Our 

model is based on the following reaction scheme; 

Here we define two types of equilibrium constants, one for the equilibria between Meta II 

(MII) and protonated Meta II (MIIH+) (𝐾3& 𝐾3
′) and the second for the equilibria between 

metarhodopsin II and CT bound metarhodopsin II (𝐾4 & 𝐾4
′).  𝐾3and 𝐾3

′ characterize the 

protonation of metarhodopsin II and CT bound metarhodopsin II respectively. 𝐾3 =

[MIIH+] [MII][H+]⁄ ,  𝐾3
′ = [MIIH+ • S] [MII • S][H+]⁄ .  𝐾4 and 𝐾4

′ characterize the CT 

binding to metarhodopsin II and to protonated (Glu134) metarhodopsin II respectively.  

𝐾4 = [MII•S] [MII][𝑆]⁄  and 𝐾4
′ = [MIIH+•S] [MIIH+][𝑆]⁄ .  

𝜃 =
[MII] + [MIIH+]

[MI] + [MII] + [MIIH+]
=

𝐾12 + 𝐾12𝐾3[H
+]

1 + 𝐾12 + 𝐾12𝐾3[H
+]

                     (4.9) 

 where, 𝐾12 = [MII] [MI]⁄ .  Let the total rhodopsin concentration be [Rh].  Then the [Rh] 

can be written as; 

 [Rh] = [MI] + [MII] + [MIIH+] + [MII•S] + [MIIH+ • S]              (4.10) 

𝜃 =
[MII] + [MIIH+] + [MII•S] + [MIIH+ • S]

[Rh]

=
[MI](𝐾12 + 𝐾12𝐾3[H

+] + 𝐾12𝐾4[S] + 𝐾12𝐾3𝐾4
′[H+][S])

[Rh]
   

= (1 − 𝜃)(𝐾12 + 𝐾12𝐾3[H
+] + 𝐾12𝐾4[S]

+ 𝐾12𝐾3𝐾4
′[H+][S])                                                                                      (4.11) 

MI + H+ ⇌ MII + 𝐻+ + S ⇌ MIIH+ + S 

𝐾3   

𝐾4   𝐾4
′     

MII • S

+ H+ 

MIIH+ • S 



116 
 

Note, [MI] = [Rh](1 − 𝜃), and [S] is the concentration of the free peptide (CT) and [S]tot 

is the total CT concentration.  Therefore; 

[S]tot = [S] + 𝐾12𝐾4[S][MI] + 𝐾12𝐾3𝐾4
′[H+][S][MI]               (4.12) 

Hence, 

[S] =
[S]tot

1 + 𝐾12𝐾4[MI] + 𝐾12𝐾3𝐾4
′[H+][MI]

=
[S]tot

1 + (𝐾12𝐾4 + 𝐾12𝐾3𝐾4
′[H+])[Rh](1 − 𝜃)

                                      (4.13) 

The expression for [S] can be replaced in Eq. 4.11: 

𝜃 = (1 − 𝜃) (𝐾12 + 𝐾12𝐾3[H
+] +

(𝐾12𝐾4 + 𝐾12𝐾3𝐾4
′[H+])[S]tot

1 + (𝐾12𝐾4 + 𝐾12𝐾3𝐾4
′[H+])[Rh](1 − 𝜃)

)  (4.14) 

The quadratic equation for 𝜃: 

𝜃 (1 + 𝐾12�̃�4[Rh](1 − 𝜃))

= (1 − 𝜃) (�̃�12 (1 + 𝐾12�̃�4[Rh](1 − 𝜃)) + 𝐾12�̃�4[S]tot) (4.15) 

Here,  �̃�12 = 𝐾12 + 𝐾12𝐾3[H
+] and �̃�4 = 𝐾4 + 𝐾3𝐾4

′[H+] (Eq. 4.3). 

An auxiliary equation can be written as: 

𝑎𝜃2 + 𝑏𝜃 + 𝑐 = 0                                                  (4.16) 

𝑎 = 𝐾12�̃�4[Rh](1 + �̃�12)                                        (4.17) 

𝑏 = −(1 + 𝐾12�̃�4 

 
[Rh](1 + 2�̃�12 

 
) + �̃�12 + 𝐾12�̃�4[S]tot)                 (4.18) 

𝑐 = �̃�4 + 𝐾12�̃�4[S]tot + 𝐾12�̃�12�̃�4 

 
[Rh]                                 (4.19) 

Lastly, for all possible values of [Rh] and [S]tot, it can be shown that  𝑏2 − 4𝑎𝑐 > 0.  

Therefore, the solution of the equation (−𝑏 ± √𝑏2 − 4𝑎𝑐/2𝑎) is a continuous function 

with respect to the [S]tot and the fitting parameters, simplifying the curve fitting.  The �̃�4 
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constant used as a fitting parameter characterizes the peptide binding to both unprotonated 

metarhodopsin II (MII) and protonated metarhodopsin II MIIH+ states. There are 

complications that arise due to peptide binding (affecting the protonation equilibria) make 

it difficult to determine 𝐾4 and 𝐾4
′ constants separately.   

 The results show that the water activity modulates the transducin binding affinity thus 

enabling rapid high fidelity signaling process (Figure 4.10).  The binding of the transducin 

peptide (CT) to rhodopsin shifts the metarhodopsin equilibrium towards Meta II, due to 

formation of “extra metarhodopsin II” 25.  The effect of hydration on transducin binding is 

Figure 4.10. The binding isotherms reveal the effect of differential hydration 

due to polymer size in osmolyte solutions on C-terminal transducin peptide 

(CT) binding.  (A) The fraction of active metarhodopsin II (θ) as a function of total 

versus total CT concentration ([S]tot) for osmolytes of various molecular weights 

(ranging from PEG 200 to PEG 1500) at pH 7.4 and T=15 oC.  Inset: The bar graphs 

indicating the peptide binding constant in the presence (and absence) of osmolytes 

with different molecular weights.  The peptide binding-constant is not affected by the 

presence of small molar mass (Mr) polymer solutes.  (B) The θ versus log[S]tot for 

solutions containing different molecular weight osmolytes.   The ordinate intercepts 

reveal a striking progression in binding affinity depending on the polymer size (Mr).  

Inset: A cartoon depicting the effect of small and large osmolytes on transducin 

peptide binding to activated rhodopsin. Here the small osmolytes (PEG 200) are 

noncompetitive with transducin peptide in binding to Meta II.   While the large 

osmolytes (PEG 1500) reduce the peptide binding affinity to light activated rhodopsin 

by favoring the closed conformation.  Figure is adapted from Ref. 19 
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quantified by calculating the binding constants (𝐾4 and 𝐾4
′) using Eq. 4.6 26.  The calculated 

values are tabulated in Table 4.1.   

Table 4.1. Summary of the equilibrium constants with PEG osmolytes of different 

average molecular weights. 

Osmolyte 𝐾12 𝐾3
titration

/108 𝐾3
peptide binding

/108 

𝑝𝐾A3
titration

 𝑝𝐾A3

peptide binding
 �̃�4/107 

PEG 200 0.49 10 10 9.0 9.0 3.0 

No PEG 0.16 3.2 3.8 8.5 8.6 3.0 

PEG 400 0.18 0.25 0.63  7.4  7.8 0.10 

PEG 1500 0.02 1.0 1.6 8.0±0.6  8.2 0.30 
 

 N.B. The effect of smaller osmolytes on the metarhodopsin equilibrium is quite 

analogous to the effect of high-affinity transducin peptide on the same equilibrium.  In both 

cases water is displaced from the interior of the open metarhodopsin II state.  Figure 4.10 

displays the binding isotherms obtained by fitting the metarhodopsin II ratio (θ) to Eq. 4.6.  

On the contrary, the same binding isotherms indicate that the large osmolytes (PEG 400 

and larger) reduce the binding affinity of the transducin peptide (Figure 4.10).19  These 

binding isotherms are consistent with the destabilization of the transducin binding, active 

metarhodopsin II by the large osmolytes.  As previously established, dehydration of the 

protein interior shifts the metarhodopsin equilibrium towards the inactive metarhodopsin 

I, causing the binding affinity of the transducin peptide to reduce.    

It is noteworthy that the binding of the CT is noncompetitive with the small 

osmolytes as depicted in the cartoon (Figure 4.10 B inset).   The binding constant for CT 

is untouched by the presence of the small osmolytes in the solution, but the metarhodopsin 

equilibrium is still forward shifted forming extra metarhodopsin II.  These results suggest 

that the mechanism of small osmolyte favoring the metarhodopsin II is different from that 

of the CT.  Thus the smaller osmolytes do not compete with CT for transducin binding 

sites, but just replace the water molecules in the transducin binding cleft, stabilizing the 

open metarhodopsin II conformation.  Therefore, in the presence of the smaller osmolytes, 

the metarhodopsin equilibrium is further shifted towards the open metarhodopsin II, even 
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at lower concentrations of the CT.  However, as the transducin peptide concentration is 

further increased the smaller osmolytes are displaced from the transducin binding cleft 

making room for transducin to bind. 

4.4 Discussion 

This project focused on understanding the role of hydration in rhodopsin activation in 

native rhodopsin disk membranes 27.  Two new findings of the experiments we conducted 

are as follows; first, the osmotic stress experiments conducted using large osmolytes such 

as PEG 1500 revealed a substantial influx of water (about ~70 molecules) into the protein 

molecule upon formation of active metarhodopsin II (open) conformation.  Second, the 

differential hydration, due to osmolyte polymer size, affects the metarhodopsin equilibrium 

differently, i.e., the back shifting of the metarhodopsin equilibrium is reversed by the 

smaller molecular weight osmolytes due to partial penetration into the transducin binding 

cleft.  The molecular dynamics (MD) simulations 27,  X-ray crystallography 28, radiolytic 

protein foot printing 29 studies are consistent with the osmolyte size effect on rhodopsin 

activation.  This study further emphasizes the role of soft matter (water and lipids) on the 

function of biomembranes., i.e., the osmotic effects on the rhodopsin containing 

biomembranes can be of two kind: (i) the osmolytes can osmotically stress the protein 

molecules by dehydrating the protein interior, or (ii) the osmotic pressure developed due 

to exclusion of the osmolytes by the lipid bilayer will cause membrane deformation, which 

in turn affects the membrane protein function as described by the flexible surface model 

(FSM).30  Our results show that the differential hydration (due to osmolyte size) also affects 

the binding affinity of the transducin peptide to the activated rhodopsin.  These results give 

crucial insights into high fidelity and rapid visual signaling processes of the visual GPCR, 

rhodopsin.  

4.4.1 The Soft Matter Plays Pivotal Roles in Rhodopsin Activation in Membranes   

In what follows we briefly discuss the role of the soft matter (water and the lipids) in 

the rhodopsin activation as it occurs in a natural membrane bilayer.  The flux of water is a 

dynamical property while the distribution of water is an equilibrium property.  An influx 

of water into the protein molecule involves multiple “water channels” (hydrogen-bonded 

pathways) containing bound (ordered) water also referred to as wires or chains.  Therefore, 
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the interplay between the water and the water distribution in the transmembrane region of 

the membrane protein is associated with the functioning of membrane protein such as 

GPCRs.  Also, the recent MD simulations suggest that the water channels only open up 

upon active metarhodopsin II formation13.    

In addition, the dehydration due to the osmolytes not only affects the protein, but also 

the lipid bilayer in the biological membrane.  The dehydration of the protein interior favors 

the more closed conformation, the inactive metarhodopsin I.  On the contrary, deformation 

of the lipid bilayer due to osmotic stress action causes an increase in membrane thickness, 

and negative surface curvature shifting the equilibrium towards the active metarhodopsin 

II.  Parsegian et al. clearly showed that the dehydration of the lipid membrane surface 

favors the reverse hexagonal (HII) phase using their osmotic stress measurements.  

Dehydration due to osmotic pressure also causes an increase in the bilayer thickness of the 

lipid membranes as detected by solid-state deuterium NMR experiments.22  As evidenced 

by functional studies, an increase in bilayer thickness or an increase in the negative 

spontaneous curvature (H0) can forward shift the metarhodopsin equilibrium to the active 

metarhodopsin II state.20  Thus the role of water in rhodopsin activation can involve a 

balance between the dehydrating effect on protein (favoring metarhodopsin I) and 

dehydrating effects on the lipid bilayer (favoring metarhodopsin II).20  These opposing 

effects of dehydration on rhodopsin activation in membrane bilayers can account for the 

reversal of the backshifting of the metarhodopsin equilibrium by the small molecular 

weight osmolytes.   

The differential effects on metarhodopsin equilibrium can be explained using the 

shifting of the Gibbs dividing surface due to the varying polymer size.  The large osmolytes 

are completely excluded from the protein interior and the lipid bilayer (the Gibbs dividing 

surface lies beyond the membrane), thus dehydrating the entire membrane.  Since the effect 

of dehydration on the protein is greater compared to that on the lipid bilayer, consequently 

metarhodopsin equilibrium is back shifted towards the inactive metarhodopsin I state.  On 

the other hand, for the small osmolytes (< PEG 1500), the osmolyte polymers are capable 

of penetrating partiall or completely into the interior of the protein (the Gibbs dividing 

surface is very close to the protein molecule), negating the osmotic stress action on the 
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protein.   However, the dehydration effect on the lipid bilayer shifts the equilibrium towards 

the metarhodopsin II, resulting in a reversal of the backshifting of the metarhodopsin 

equilibrium.  In the case of smaller osmolytes, such as PEG 200, the osmolyte polymers 

are capable of essentially complete penetration into the transducin binding cleft, stabilizing 

the active metarhodopsin II conformation. This causes the further shifting of the 

metarhodopsin equilibrium to form extra metarhodopsin II.   

 According to the above discussion the soft matter in the membrane is not a mere 

spectator of the membrane protein function.  The studies presented here clearly 

demonstrate the functional role of water in rhodopsin activation. In additon our quasielastic 

neutron scattering resutls show that the hydration also affects the protein dynamics 31.  

Hence the coupling of these solvent-slaved dynamics of rhodopsin to the structural changes 

due to absorption of light by the retinal chromophore leads to larger scale motions in the 

protein in producing active rhodopsin.  Our studies provide further evidence for the above 

picture, as we discovered an influx of water upon rhodopsin photoactivation.  This influx 

of water is crucial for the rhodopsin’s intended function in two ways: first, it helps open up 

the protein to form the active Meta II state (open conformation) thus facilitating transducin 

binding to the protein.  Second, it further stabilizes the Meta II conformation by changing 

the pKa of the ionic lock-forming Glu134 residue.  Moreover, the metarhodopsin 

equilibrium is a reversible hydration step, where dehydration favors the inactive Meta I, 

while hydration favors active Meta II.  Based on purely thermodynamics grounds, it is clear 

that this reversible hydration is a part of regular rhodopsin function crucial for rapid high-

fidelity signaling by rhodopsin-like GPCRs. 

 4.4.2 Hydration-Dehydration Cycling Mechanism  

What are the mechanistic implications of the hydration on the catalytic transducin 

activation mechanism by activated rhodopsin?  Upon illumination of rhodopsin in the dark 

state, the 11-cis retinal chromophore isomerizes to all-trans retinal, yielding inactive 

metarhodopsin I under low internal hydration conditions.  Outward movement of 

transmembrane helices H5 and H632 open water channels into the protein interior, resulting 

in an influx of water into the protein.  This influx of water facilitates the disruption of ionic 

lock involving the ERY motif by deprotonation of Glu134 (lowering the pKa in the more 
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polar aqueous environment).  Therefore, the influx of water causes formation of active 

metarhodopsin II (MIIb state), yielding the metarhodopsin equilibrium.  This influx of 

water opens the interior of the protein including the transducin-binding cleft in the MIIb 

state (top center), thereby producing the high-hydration, high-affinity MIIbH
+ state (top 

right).  The MIIbH
+ substate activates G subunit of transducin (giving G•GTP).  The 

bound G •GTP dehydrates the transducin binding cavity,which in turn favors the closed 

conformation, metarhodopsin I.  Therefore, the dehydration causes the release of G•GTP 

from the activated rhodopsin due to the low affinity of the closed conformation towards 

transducin.  Upon release of the G•GTP subunit, water reenters the transducin binding 

cleft, favoring the formation of the transducin-binding open conformation, the MIIbH
+ state 

(Figure 4.11).19  Thus water plays a dramatic role in the signal amplification that occurs at 

the G-protein binding stage of the signaling process.  (Note that binding of the CT in our 

studies is analogous to the G•GDP binding and corresponds to small osmolyte effect on 

metarhodopsin equilibrium.) 

Thus we can envision the flow of water from the surface of the membrane into the 

membrane protein upon formation of active MIIb state.  The partial dehydration of the 

protein interior of the MIIbH
+ state due to transducin binding pushes the rhodopsin back to 

the MIIb state.  The metarhodopsin equilibrium is forward shifted, thus forming “extra 

metarhodopsin II”33 in the absence of GTP (le Châtelier's Principle).  This “extra 

metarhodopsin II” formation in the partially hydrated state is comparable to the effect of 

the small osmolytes in our study, where hydrated polymers occupy the transducin binding 

cleft.  The dissociation of the anchor involving the G subunnits of transducin negates the 

small osmolyte effect by back shifting the metarhodopsin equilibrium towards the inactive 

metarhodopsin I.  This back shifting of the equilibrium (destabilization of open MIIbH
+) 

could be due to a combination of factors: (i) Binding of the G•GDP removes water from 

the protein interior changing the pKA of the residues involved in the H5 and H6 helical 

movements that in turn cause the open protein structure to collapse into the closed 

conformation.  (ii) The released G subunits act as large osmolytes thus dehydrating the 

protein interior, and favoring the closed states such as MI and MIIa (similar to the effect of 

large osmolytes on the metarhodopsin equilibrium).  This destabilization of the open 
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metarhodopsin II states pushing the equilibrium towards more closed conformations causes 

the G•GDP to “pinch off” of transducin.  Thus transducin facilitates its own release by 

dehydrating the protein interior and forming MIIa (closed) state.  However, the dehydration 

of the lipid membrane around the rhodopsin receptor favors the reformation of the active 

MIIb allowing another transducin activation cycle to initiate.  Thus, as explained by the 

hydration-dehydration cycling mechanism, water modulates the activation involving the 

release of many transducin molecules per single rhodopsin receptor photoactivation, which 

is the basis of visual signal amplification.   

To elaborate briefly, the classical two-state mechanism (“On/Off switch”) does not 

suggest an “off-rate” comparable to the “On-rate”.  It is clear that it is essential to have a 

comparable “off-rate” for rhodopsin to function normally.  Otherwise, the overall signaling 

by rhodopsin would be considerably slower.  Cycling the on/off rates in conjunction with 

pre- and post- GTP/GDP exchange enables the contradictory dual requirements of high 

signal fidelity, due to a high on-rate, together with rapid signaling to be achieved.  

Modulation of the G-protein–binding affinity by water is one way of realizing this 

condition, as supported by the results in this dissertation. 

To further clarify, partial hydration of rhodopsin underlies a key aspect of rapid 

signaling and amplification.  If rhodopsin were to dehydrate and return to a low-affinity 

state prior to GTP/GDP exchange, the turnover rates would decrease (sub-optimal on-rate).  

But if rhodopsin were to remain in a high-affinity state, the off-rate of the post-GDP/GTP 

exchange complex would also decrease (sub-optimal off rate).  Transducin locks rhodopsin 

in the partially hydrated state, until GTP/GDP exchange is complete, and Gβγ dissociates 

from the active Gα•GTP subunit.  Modulation of the binding affinity of rhodopsin for 

transducin during the catalytic activation cycle is needed for rapid, high fidelity signaling.   

  The GTP/GDP exchange gates the process, and marks the point in the catalytic 

cycle where accelerating overall G-protein turnover requires a change from a high on-rate 

to a high off-rate.  Transducin subunit dissociation acts analogously to large osmolytes.  

Once GTP binds to Gα, the binding interface to Gβγ is destabilized.  The increased charge 

on GTP (relative to GDP) may increase local hydration at the expense of the Gα-Gβγ binding 

interface, thus facilitating dissociation of the heterotrimer subunits.  As hydration of the 
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Gα-Gβγ binding interface occurs, water is drawn from the interior of rhodopsin.  As with 

Figure 4.11. Rhodopsin Hydration-Dehydration Cycling Mechanism in Lipid 

Membranes for High Fidelity and Rapid Catalytic Activation of Transducin.  

The proposed fluctuations in metarhodopsin states regulated by water and lipid 

membrane during visual signaling are represented in a cartoon.  

Photoillumination of rhodopsin yields the inactive metarhodopsin I (MI) with a 

dehydrated interior that has a low affinity towards the transducin.  The retinal 

Schiff base indicated in yellow is protonated at this stage.  The MI partially 

transforms into MII substates establishing the metarhodopsin equilibrium.  

Deprotonation of the protonated Schiff base (PSB) in MIIa (not in the cartoon) 

disrupt the ionic lock involving Glu113 (first protonation switch) yielding the MIIb 

state.  During MIIb formation water floods in to the protein interior, increasing the 

affinity for the Gt•GDP sub unit of the heterotrimeric G-protein.  Uptake of a proton 

by the Glu134 (from ERY motif) yields the high-affinity MIIbH+ state, which 

subsequently binds transducin.  Removal of water due to insertion of CT helix of 

Gt•GDP expels water from the transducin binding cleft, dehydrating the protein 

interior.  This dehydration favors the closed conformation of the protein, which in 

turn catalyzes the conversion of GDP to GTP yielding the release of the G 

subunits.  The released G subunnits dehydrate the protein interior further by 

acting as a large osmolyte and favoring the closed conformation.  The result is 

pinching off of the Gt•GDP subunit thus reforming the MIIa which can go through 

another cycle of transducin activation.   Figure is adapted from Ref. 19   



125 
 

large osmolytes, rhodopsin returns to a low-hydration, low-affinity state (MI).  In this way, 

post-exchange dehydration modulates the off-rate, accelerating overall turnover, and thus 

signal amplification. 

4.4.3 A new view of GPCR activation in lipid membranes.   

Clearly we are stepping to a new era in understanding GPCR activation in native lipid 

membranes as we discover the crucial roles played by soft matter such as water and lipids 

in the rhodopsin activation process.  Besides the well-recognized role of the membrane 

lipids, water is also directly involved—the so-called dark matter of the membrane.  For the 

first time, we discovered that the transducin binding affinity is modulated by the internal 

hydration of rhodopsin.  The proposed hydration-dehydration cycling mechanism of 

transducin explains the signal amplification by a single activated receptor, while preserving 

high fidelity.  It is intriguing that the structural features of the seven-transmembrane bundle 

allow for this process to occur in the Rhodopsin family of GPCRs, quite apart from the 

sequence differences that exist within and across the GPCR classes.   
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Chapter 5 

Ligand Induced Protein Dynamics in G-Protein–Coupled 
Receptor Activation 

Abstract 

Structural fluctuations are the basis for the biological functions of G-protein–coupled 

receptors (GPCRs).  Although X-ray crystallography has revolutionized structural biology, 

understanding the activation of the GPCRs necessitates insights into the protein dynamics.  

Hypothesizing an ensemble-activation mechanism, we investigated the visual receptor, 

rhodopsin, as the canonical prototype to understand GPCR activation using a quasielastic 

neutron scattering (QENS) experiment.  The experiment involved preparation of powdered 

dark-state rhodopsin and the ligand-free opsin in CHAPS detergent micelles, that were 

partially hydrated to (h≈0.27) with 2H2O.  Analyzing the data using the conventional spatial 

motion model (SMM) as well as a novel energy landscape model (ELM) revealed the role 

of retinal cofactor in regulating the local dynamics of the protein crucial for rhodopsin 

activation.  In the SMM the quasi elastic spectrum is separated into two parts: the elastic 

peak (represented by a Dirac-delta function) and the quasielastic wings (represented by a 

Lorentzian function).  In contrast, the ELM assumes that the quasielastic broadening is 

inhomogeneous, and the QENS spectrum consists of a large number of shifted Lorentzians 

due to the presence of conformational substates (CSs).  The SMM analysis conducted in 

both the energy domain as well as in the time domain revealed that the overall relaxation 

rates for local hydrogen atom dynamics are slower in the ligand-free opsin versus the dark-

state rhodopsin.  According to an ELM, narrowing of the QENS spectra for the majority of 

the length scales tested indicates a smaller ensemble of CSs in the opsin state versus the 

dark-state rhodopsin.  Furthermore, the elastic incoherent neutron scattering (EINS) 

revealed comparable mean-square displacements (MSDs), suggesting that there is little 

difference in the overall protein softness between the ligand-free opsin and the dark-state 

rhodopsin.  Our experiments reveal an increased local crowding, consistent with a more 

collapsed protein structure in ligand-free opsin versus the dark-state rhodopsin.  Thus 

neutron scattering reveals the pivotal role of the retinal ligand in regulating the structural 

fluctuations crucial for GPCR function. 



129 
 

5.1 Introduction 

Protein dynamics are the key to understanding the biological functions of 

pharmacologically important proteins such as G-protein–coupled receptors (GPCRs) 1-5.  

The conformational fluctuations of the protein upon extracellular stimulation lead to the 

activation of GPCRs in a cellular membrane lipid environment.  X-ray crystallographic 

experiments 6 and recent time-resolved wide-angle X-ray scattering studies 7 conducted on 

the prototypical visual GPCR rhodopsin have revealed valuable information about the 

conformational changes that occur during rhodopsin activation.  Currently, X-ray crystal 

structures are available for rhodopsin in the dark state 8-10, as well as several freeze-trapped 

photointermediates 6, 11, including the ligand-free opsin apoprotein.  However, thus far little 

information is available regarding how the internal dynamics of the protein change during 

GPCR activation 12.  Here we describe the use of neutron scattering techniques used to 

study the changes in the local protein dynamics upon rhodopsin activation.  Our findings 

suggest that the intrinsic flexibility of the protein is unlocked by the light-induced 

isomerization of the 11-cis retinal cofactor of the visual GPCR rhodopsin in conjunction 

with two protonation switches required for interaction of the GPCR with its cognate G-

protein (transducin).  

We exploited advances in quasi-elastic neutron scattering (QENS) technology plus a 

novel sample preparation method to directly probe the effect of the retinal cofactor on the 

rhodopsin dynamics in the β-fluctuation time regime crucial for its activation.  Neutron 

scattering is optimal for studying the dynamics of biological molecules, as they mainly 

contain hydrogen atoms, which have the largest incoherent cross-section for neutrons 13-14.  

The QENS method is used to study the translational, rotational, and diffusive motions 

involving H-atoms in proteins, due to the polypeptide backbone, methyl, and methylene 

groups 15.  In a biophysical context, the QENS technology enables one to probe molecular 

motions from picoseconds to nanoseconds within atomic to molecular length scales 16-17.  

Upon hydrating the protein sample with 2H2O, the results of the QENS experiment are 

expressed as the dynamic structure factor, which is dominated by the contribution from H-

atoms in the protein 16.  The QENS data are analyzed both in the model-independent energy 

domain, and in the time domain, using the mode-coupling theory (MCT), as originally 
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formulated to the describe the complex dynamics in glass-forming liquids 18.  In this 

context, proteins resemble glass-forming liquids due to their stochastic nature 19, which is 

characterized by a highly non-exponential relaxation of the density correlations and single-

particle correlation functions.  Significantly, MCT predicts the dynamic transitions and 

logarithmic decay phenomena in globular proteins 20.  We report for the first time in this 

dissertation the logarithmic decay in a membrane protein belonging to the GPCR family 

proteins.  Moreover, we show how the cofactor influences the crucial dynamics in the 

activation mechanism of a canonical prototype for the Rhodopsin class (Family A) of the 

GPCRs. 

In our experiments, a novel powdered GPCR sample preparation in detergent was 

developed for the first time, with a high rhodopsin:detergent ratio, which together with the 

high temporal resolution were the key to the application reported herein.  A further 

important aspect is that refinement of the neutron back-scattering spectrometer at the Oak 

Ridge National Laboratory allowed us to probe the previously inaccessible dynamics of 

dark-state rhodopsin and the ligand-free opsin apoprotein.  Using a state-of-the-art BASIS 

spectrometer 21, we studied the effects of the retinal cofactor on the protein dynamics that 

are crucial for rhodopsin signaling.  First, our elastic incoherent neutron scattering (EINS) 

studies probed the mean-square displacements (MSDs) of the hydrogen atoms, and showed 

that the dynamic transition occurred at a temperature TD ~ 220 K for both dark-state 

rhodopsin and opsin.  For the first time, we showed that a membrane protein is similar to 

the case of globular proteins such as myoglobin 22 or β-casein 23.  This result suggests that 

above TD the proteins acquire the necessary internal flexibility to perform their functional 

activities.  Next, our complementary QENS experiments probed the β-fluctuations of the 

dark-and ligand-free opsin states of the protein, thus revealing new information about the 

role of protein local fluctuations such as methyl rotations in the activity.  Last but not least, 

we discovered that the local relaxation dynamics in the opsin apoprotein averaged over the 

whole protein is slower versus the dark-state rhodopsin, which corresponds to a greater 

flexibility of the protein conferred by removal of the retinal cofactor.  Because opsin is 

structurally similar to the metarhodopsin-II active state of the protein, which binds the 

cognate G-protein, our study shows how the retinal cofactor plays a crucial role in 

regulating the protein softness crucial for its activation in the actual signaling mechanism.  



131 
 

5.2 Materials and Methods 

5.2.1 Sample Preparation 

All the procedures were performed at 4 C under dim red light.  The retinal disk 

membranes (RDM) were purified from Bos taurus retinas as described in the Methods 

chapter 24-25.  UV-visible spectroscopy was used to characterize the RDM as described 

previously in Chapter 2 before purifying CHAPS detergent.  The RDM (final rhodopsin 

concentration of 400 µM) was dissolved in 15 mM sodium phosphate buffer, pH 6.9, 

containing 100 mM CHAPS, and 100 mM zinc acetate, and incubated for 30 min at 4 oC  

26. The hydrophobic part of the detergent interacts with the hydrophobic part of the protein, 

while the hydrophilic part interacts with the polar solvent, making the membrane protein 

soluble in water. It was centrifuged at 24,000g (Sorvall SS-34 rotor) for 30 min. This 

solution was diluted with two volumes of sodium phosphate buffer, pH 6.9, and centrifuged 

at 24,000g (Sorvall SS-34 rotor) for 30 min. The resultant supernatant was characterized 

using UV-visible spectroscopy to determine the quantity and purity. The CHAPS-

solubilized rhodopsin was diluted with 15 mM sodium phosphate buffer, pH 6.9, to adjust 

the detergent to rhodopsin ratio to be 27:1.  A total of about 1000 mg of rhodopsin in RDM 

was solubilized to prepare the powdered dark-state and opsin samples. 

For the QENS experiment, we needed protein samples with exchangeable protons 

replaced with deuterons, and controlled hydration of the samples with D2O. Therefore, it 

was imperative to remove all the water to produce dry rhodopsin samples via 

lyophilization. As a control, we first lyophilized rhodopsin in native retinal disk 

membranes (RDM). The resulting lyophilized powder was re-suspended with distilled 

water and characterized.  Lyophilization does not affect the purity (A280/A500 spectral ratio) 

of the rhodopsin disk membranes (Figure 2.8 in chapter 2). The rhodopsin-CHAPS 

complex concentration was increased up to 30 mg/mL (diluted before characterization with 

UV-visible spectroscopy). Note that the CHAPS micelles have a molecular weight of about 

6 kDa, which is about 5 times less than the molecular weight cut-off (30 kDa) of the 

ultracentrifugal filters. Therefore, it was assumed that during centrifugation the CHAPS 

detergent concentration remains the same, while the rhodopsin-detergent complex 

concentration increases. Next, the rhodopsin-CHAPS samples were frozen using liquid 
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nitrogen, and lyophilized under 100-mTorr vacuum for 12 hrs. The resulted powder was 

rehydrated with 99% 2H2O (Sigma-Aldrich, St. Louis, MO), and lyophilized again for 12 

hrs. The latter step was repeated 3 times to ensure complete substitution of the 

exchangeable protons with deuterons. A part of the lyophilized rhodopsin-CHAPS sample 

was rehydrated with distilled water, and characterized using UV-visible spectroscopy and 

circular dichroism spectroscopy (Figure 5.1).  The final A280/A500 ratio was 1.6–1.7 and a 

total of about 600 mg of powdered rhodopsin were produced. The opsin sample was 

prepared by photobleaching the 2H2O-hydrated dark-state rhodopsin sample in the presence 

of hydroxylamine, and lyophilizing again under 100 mTorr vacuum for 12 hrs. This process 

was repeated two more times after rehydrating with 99% 2H2O.27  

To prepare the powdered opsin sample, 1% (w/v) hydroxylamine was added to about 

400 mg (rhodopsin alone) of the rhodopsin-CHAPS sample, and completely photobleached 

using a 515-nm LED lamp, before starting the lyophilization step. The presence of 

hydroxylamine ensures the hydrolysis of the Schiff base linkage between retinal and 

Lys296 upon photoillumination.28  This hydrolysis of the retinal from the rhodopsin yields 

the apoprotein, opsin.29  The opsin sample was rehydrated with 2H2O, and lyophilized to 

remove any remaining H2O. The final dry powdered rhodopsin and opsin samples were 

hydrated to 27% (w/w) using 99.9% 2H2O in a glove bag filled with argon gas, by placing 

a warm 99.9% 2H2O bath inside. The hydrated sample was then transferred to the aluminum 

cell, screwed tight, and inserted into the spectrometer.   

5.2.2 Neutron Scattering Experiments 

The neutron scattering experiments were performed with the near-backscattering 

spectrometer BASIS 21 at the Spallation Neutron Source (SNS) at Oak Ridge National 

Laboratory (ORNL). For the chosen experimental setup, the BASIS has an energy 

resolution of 3.4 eV (full-width at half-maximum for the Q-averaged resolution value) 

and an extended dynamic range of 120 to +520 eV, compared to the more commonly 

used ±100 eV range.  Elastic incoherent neutron scattering (EINS) data were obtained by 

monitoring the temperature dependence of the elastic intensity determined by the 

integration over a ±3.4 eV integral (full-width at half-maximum of the elastic peak).  The 

quasi-elastic neutron scattering (QENS) data were collected at the chosen temperature set 
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points over the range 220–300 K and at 10 K (as the control), to characterize the sample-

specific energy resolution of the spectrometer.   

5.2.3 Data Analysis 

Energy-domain analysis. The double differential-scattering cross-section δ2σ/δΩδω in 

a solid angle δΩ with energy exchange of ħω measured at ω approaching zero (the energy 

transfer frequency, ω is equal to zero for elastic scattering) in the neutron scattering 

experiment.  During the QENS experiment, the measured dynamic incoherent scattering 

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

and quasi-elastic components. The elastic component and quasi-elastic components can be 

represented by a Dirac delta function δ(ω) and Lorentizian L(ω,Γ) functions respectively. 

Thus, the dynamic incoherent scattering function can be expressed as a superposition as 

shown below,  

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

𝑁

𝑖

]                         (5.1) 

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

respectively.  The Lorentzian function is given by; 

𝐿(𝜔, Γ) =
Γ(𝑄)

πΓ2(𝑄) + 𝜔2
                                                         (5.2) 

where Γ(𝑄)is the full width at half maximum of the Lorentzian component.  The resolution 

function 𝑅(𝑄,𝜔) is convoluted with model above (Eq. 9) as shown in Eq. 2.  The resulting 

function was used to fit the experimental data.  The elastic component 𝐴0(𝑄) contains the 

information on the geometry of the diffusing entity (hydrogen atoms in this case), whereas 

the Lorentzian component Ai, L(, ) provides information on the time scale of the 

diffusive motion of hydrogen-atoms.  The QENS data were fitted with the peak analysis 

software PAN in the Data Analysis and Visualization Environment (DAVE) package 

developed by NIST Center of Neutron Research (NCNR). 30 

Time-domain analysis. The QENS measurement gives a convolution of the incoherent 

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

yields the intermediate scattering function (ISF) I(Q,t) of the measured spectra in the time 

domain, which is calculated as: 

𝐼(𝑄, 𝑡) =
ℱ−1[𝑆inc(𝑄, 𝜔)]

ℱ−1[𝑅(𝑄,𝜔)]
                                                        (5.3) 

𝐼(𝑄, 𝑡) is one of the most essential parameters to be derived from QENS experiment, which 

quantifies the time dependence of the relaxation of the H-atom dynamics.  The time range 

in the -relaxation regime (~10 ps to 1 ns) is much shorter than -relaxation time range.  

Hence, it can be fitted with Eq. 2, which is derived from the mode-coupling theory (MCT) 

for glass-forming liquids 20.  In Eq. 2 the characteristic -relaxation time is𝜏𝛽 and 𝑓(𝑄, 𝑡) =

 exp (−𝐴(𝑇)𝑄2) is the temperature-dependent prefactor, proportional to the Debye-Waller 

factor for small 𝑄-values.  In addition, the 𝑄- and T-dependent first-and second-order 

logarithmic decay parameters 𝐻1(𝑄, 𝑇) and 𝐻2(𝑄, 𝑇) respectively, can be written as: 

𝐻1(𝑄, 𝑇) = ℎ1(𝑄)𝐵1(𝑇)                                                (5.4) 

𝐻2(𝑄, 𝑇) = ℎ1(𝑄)𝐵2(𝑇)                                                (5.5) 

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

temperature-dependent fitting parameters.  The direct relationship between H1(Q,T) and 𝑄 

is shown in Eq. 5.4.31 

5.3 Results 

5.3.1 Powdered Functional Rhodopsin  

A combination of a novel powdered rhodopsin sample preparation and advanced 

quasi-elastic neutron scattering (QENS) methods provided insights into differences in the 

hydrogen-atom dynamics in dark-state rhodopsin versus the ligand-free apoprotein opsin.  

For the QENS experiment, we needed protein samples with protons exchanged with 

deuterons, and defined hydration levels.  Therefore, it was imperative to remove all the 

water to produce dry rhodopsin samples via lyophilization.  As a control, we first 

lyophilized rhodopsin in native disk membranes (RDM) (see chapter 2 for details).  The 

resulting lyophilized powder was re-suspended with distilled water and characterized.  
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Lyophilization does not affect the purity (A280/A500 spectral ratio) of the rhodopsin disk 

membranes (chapter 2 figure 2.8).  

Figure 5.1. Powdered rhodopsin-CHAPS detergent complex retains its 

photochemical functionality and native helicity.  The UV-visible spectra (a) 

collected for lyophilized rhodopsin-CHAPS complex for dark state, light activated 

state, and ligand-free opsin after rehydration.  The circular dichroism (CD) spectra 

(b) for re-solubilized powdered rhodopsin and powdered opsin is the evidence for 

retaining the native helicity in the powdered protein samples.   Figure is adapted 

from Ref.31  
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The QENS experiments were focused on studying how the dynamics of the protein are 

affected upon rhodopsin photoactivation.  For this purpose, we removed the lipids bound 

to the integral membrane protein by purifying rhodopsin in a detergent environment (SI). 

We chose 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) 

detergent 32 with an aggregation number of 10 to have the minimum detergent/protein ratio 

in the samples we prepared.  The majority of the signal recorded is due to the protein 

dynamics, and the correction for the presence of the detergent is minimal during the 

subsequent data reduction and analysis.  The RDM were solubilized in CHAPS detergent, 

and purified using a zinc-extraction method 26.  The rhodopsin purified in CHAPS had a 

purity (A280/A500 ratio) of 1.8 and a yield of about 60%.  The nominal amount of CHAPS 

detergent in the sample was about 25% (w/w), and was adjusted using ultracentrifugal 

filters of 30-kDa molecular weight cut-off.   

Surprisingly, UV-visible spectroscopic characterization of the powdered samples 

(after rehydrating) showed that the photochemical functionality of rhodopsin remained 

unaffected by lyophilization (Figure 5.1).  The 500-nm peak observed for the rehydrated 

powdered rhodopsin-CHAPS samples indicated that the rhodopsin is still in the dark state, 

and that the photoillumination yielded a mixture of inactive Meta-I and active Meta-II.  

This is surprisingly true for both powdered rhodopsin disk membranes and rhodopsin 

solubilized in CHAPS detergent (Figure 2.8 in chapter 2, and Figure 5.1).  Moreover, far-

UV circular dichroism (CD) spectra acquired for the redissolved powdered rhodopsin-

CHAPS and powdered opsin-CHAPS samples revealed that the helicity remained in both 

the powdered rhodopsin and the powdered opsin samples (Figure 5.1).  To summarize at 

this point, we discovered that membrane proteins such as rhodopsin can be prepared as dry 

powders with either lipids or detergents by removing water without adversely affecting 

their structures.  The dry protein powders regain their photochemical functionality upon 

rehydration.  We believe this finding could be useful for other GPCRs, by providing a 

possible platform for high-throughput drug screening for other GPCRs like the β-adrenegic 

receptor.  Next, to determine how the protein dynamics change during GPCR activation, 

we studied rhodopsin as a canonical prototype using the QENS approach.  This is the first 

application of the QENS techniques to such powdered GPCR samples. 
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The temperature plays a crucial role in protein fluctuations.  At extremely lower 

temperatures, the motions in the protein molecule are limited to bond vibrations which can 

be explained using the harmonic oscillation model.  At such low temperatures, incoherent 

neutron scattering is elastic in nature as characterized by the narrow quasielastic neutron 

scattering spectrum (Figure 5.2).  At the lowest temperature in our experiment (10 K) we 

see the highest intensity at E = 0, and the narrowest spectrum which is characteristic to the 

elastic neutron scattering.  As the temperature increases the elastic peak (E = 0) decreases 

and the spectrum becomes broader (Figure 5.2).  This broadening of the elastic peak is 

known as quasielastic broadening.   

 

Figure 5.2 Increase of temperature results in decrease of the elastic component and 

the increase of the quasielastic broadening in the quasielastic neutron scattering 

(QENS) spectrum.  Normalized dynamic incoherent scattering function, Sinc(Q,ω) from 

dark-state rhodopsin and ligand-free opsin samples, respectively, at Q = 1.1 Å–1 from 

220 K to 300 K along with resolution. 
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5.3.2 The Protein Softness and Retinal Cofactor 

First, to determine whether the dissociation of the retinal ligand from rhodopsin affects 

the protein dynamics, we applied the elastic incoherent neutron scattering (EINS) 

technique (Fig. 2) 13, 33-34.  Experiments were carried out from 20–300 K that cover the 

dynamic-transition temperature in proteins. We analyzed the mean-square displacements 

(MSD) of H-atoms for dark-state rhodopsin and the ligand-free apoprotein, opsin. 

Assuming the motions are predominantly from harmonic oscillations of the hydrogen-

atoms in protein, hydrogen-atom MSDs 〈𝑥2(𝑇)〉 are calculated from elastic incoherent 

neutron scattering (EINS) intensities by applying a Gaussian approximation to the Debye-

Waller (DW) factor.  Note that this approximation is valid for small Q-values, generally 

less than 1 Å1 measurement 20, 35-36.  First, the self-dynamic incoherent scattering factor,  

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

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

Fig. 5.3. Calculation of mean square displacements (MSDs) using elastic incoherent 

neutron scattering (EINS) data.  The natural logarithm of the self-dynamic structure 

factor   is plotted as a function of momentum transfer square ( for partially hydrated 

rhodopsin (teal squares) and partially hydrated opsin (black circles).   
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𝐼elastic(𝑄, 𝑇~0,𝜔 = 0).  The 𝑆𝑚(𝑄,𝜔 = 0) is related to the 〈𝑥2(𝑇)〉 as indicated in the Eq. 

5.6. 

𝑆𝑚(𝑄, 𝑇, 𝜔 = 0) = exp (−𝑄2〈𝑥2(𝑇)〉)                             (5.6) 

ln 𝑆m(𝑄,𝜔 = 0) = −𝑄2〈𝑥2(𝑇)〉                                             (5.7) 

The MSD is calculated from the dynamic incoherent scattering. The slope of the linear 

fit of logarithmic of 𝑆𝑚(𝑄,𝜔 = 0) versus Q2 yields 〈𝑥2(𝑇)〉, which is independent of the 

length scale (Q).  In our study, we used the range of Q values where 𝑆𝑚(𝑄,𝜔 = 0) versus 

Fig. 5.4. Mean-square displacements of hydrogen atoms of rhodopsin and its ligand 

free apoprotein opsin are nearly identical and both shows a dynamical transition at 

T~ 220 K.  Elastic incoherent neutron scattering (EINS) results are shown for dark-

state rhodopsin and opsin.  Atomic mean-square displacements (MSDs) of H-atoms in 

dark-state rhodopsin (teal squares) and ligand-free opsin (black circles) are shown 

as functions of temperature.  Figure is adapted from Ref. 31  
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Q2 is linear under a Gaussian approximation 36-38.  Here, we chose the Q-values from 0.5 

Å1 to 1.7 Å1 that satisfies the Gaussian approximation to the Debye-Waller factor. The 

calculated MSDs are plotted as a function of temperature in Fig. 2.  Notably, there is a 

sudden increase in the MSDs above the dynamic transition temperature (also known to as 

the glass transition temperature 39) of TD ~ 220 K, indicating an onset of rapid thermal 

fluctuations of the substates in both rhodopsin and opsin 22. This dynamical transition in 

hydrated proteins indicates the change in motion of the protein groups from harmonic to 

anharmonic behavior above T~ 220 K.  Above this temperature, the protein has attained 

the conformational flexibility required to allow its corresponding functional activities 22.  

Evidently, for rhodopsin versus opsin, there is no major difference in hydrogen-atom 

MSDs of the samples within the measured temperature range.  At this point, we can 

conclude that at temperatures above ~220 K the protein attains the conformational 

flexibility required to perform its biological function, and that these slower time scale 

dynamics are cofactor-independent.  In the following sections, we describe how the 

cofactor-dependent hydrogen dynamics occurring at much faster time scales are studied 

using the QENS technique. 

5.3.3 Picosecond Dynamics are Slower in Opsin Versus Rhodopsin   

Having established that the hydrogen-atom mean-square displacements (MSDs) of the 

protein are independent of the retinal cofactor, the next step of our data analysis was to 

examine the wings of the quasi-elastic neutron scattering (QENS) spectra, which 

correspond to the QENS.  We conducted QENS measurements on partially hydrated with 

heavy water (2H2O) dark-state rhodopsin and the ligand-free apoprotein opsin, at 

temperatures above the dynamic transition temperature (220 K) ranging from T= 220 K to 

300 K, with Q ranging from 0.31.9 Å1.  The neutron-scattering signal, the dynamic 

incoherent scattering function Sinc(Q,), shows the expected increase in quasielastic 

broadening (Figures 5.2 and 5.3a-b) and decrease in the elastic fraction (Figure 5.2) with 

temperature, indicating faster psns diffusive motion in the hydration shell.  The observed 

temperature dependence for rhodopsin and opsin is illustrated in Figures. 5.5a-b, 

respectively, using the neutron-scattering signal at Q = 1.1 Å1.   
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Figure 5.5. Ligand-free opsin apoprotein shows slower hydrogen-atom 

dynamics compared to the dark-state rhodopsin.  Quasielastic neutron scattering 

(QENS) spectra for dark-state rhodopsin and ligand-free opsin samples are 

shown.  (a, b) Normalized dynamic incoherent scattering function, Sinc(Q,ω) from 

dark-state rhodopsin and ligand-free opsin samples, respectively, at Q = 1.1 Å–1 

from 220 K to 300 K along with resolution. (c, d) Analysis of the QENS spectra 

from dark-state rhodopsin and ligand-free opsin at Q = 1.1 Å–1 and T = 300 K, 

respectively; showing elastic scattering component (delta function shown as dark 

yellow line), quasi-elastic scattering components (two Lorenztians indicated by 

cyan line and magenta line), background (blue line), and the fitted curves (red 

line).  Figure is adapted from Ref. 31  
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Notably, the dynamic incoherent scattering function, 𝑆inc(𝑄, 𝜔) is a combination of 

elastic and quasi-elastic components, convoluted with the instrumental resolution, along 

with the background:  

𝑆inc(𝑄, 𝜔) = [𝐴0(𝑄)𝛿(𝜔) + ∑𝐴𝑖(𝑄)𝐿𝑖(𝜔, Γ𝑖) ⊗ 𝑅(𝑄, 𝜔) + 𝐵(𝑄)

𝑁

𝑖

]             (5.8) 

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

L(,) is a Lorentzian function, R(Q,) is the resolution of the instrument, B(Q) is the 

background, and ⨂ is the convolution operation.  In our experimental time (or energy) 

window, the measured QENS spectra consist of two major types of components; (i) the 

elastic component (center) that originates from the static atoms, and (ii) the quasi-elastic 

components (wings) that correspond to the mobile atoms in the sample.   

Figure 5.6 Opsin spectra are narrower compared to the rhodopsin spectra.  The 

isolated quasielastic neutron scattering (QENS) spectrum of dark state rhodopsin 

(red) and that of opsin (cyan) overlaid on top of each other.  The example spectra 

shown here are recorded at 270 K at Q = 0.3 Å–1.  The inset shows the difference 

between dark-state rhodopsin and opsin QENS spectra with respect to the elastic 

peak intensity.    
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To analyze the quasi-elastic components, we used two Lorentzians (L1 and L2), which 

correspond to the decoupled motions of the detergent (CHAPS) and protein respectively 

40.  Figures 5.5c-d demonstrate the analysis of Sinc(Q,) as a superposition of a Dirac delta 

function, two Lorentzians (L1 and L2), and a constant background, within the energy 

transfer range ±110 μeV for rhodopsin and opsin, respectively.  The full-width at half-

maximum (FWHM, Γ) of the Lorentzians provides information about the motions of the 

hydrogen atoms within the measured samples.  Referring to Fig. 5.5, our results 

demonstrate that the FWHM of L1 (1) is much broader than that of L2 and is Q-

independent, with the values very close to the FWHM values extracted from the pure 

CHAPS data.  By contrast, the FWHM of L2 (2) is much narrower and Q-dependent.  

Therefore, we can confidently attribute the faster CHAPS dynamics to L1 and the slower 

protein dynamics to the L2 component.  Using this model-free analysis, we can then readily 

separate the dynamics of rhodopsin and the detergent CHAPS, using the decoupling 

approach that has been successfully applied by Chu et al. to separate the dynamics of 

protein and its aqueous solvent in previous QENS experiments 41.  

Figure 5.7  The energy landscape model (ELM) analysis suggests ligand free opsin 

has a smaller ensemble of conformational substates compared to the dark-state 

rhodopsin. As an illustration, a number of narrow, shifted Lorentzians is shown under 

the rhodopsin quasielastic spectrum (red) and that of opsin (cyan).  The example 

spectra shown here are recorded at 270 K at Q = 0.3 Å–1.  The narrower quasielastic 

spectrum of opsin suggests that the number of conformational substates in opsin is 

less compared to that of dark-state rhodopsin.     
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Once the Lorentzians responsible for the protein dynamics are isolated from the 

quasielastic spectrum of the protein-detergent complex, we compared the dark-state 

rhodopsin versus the ligand-free opsin spectra.  An example for such comparison is 

depicted in Fig. 5.6.  This comparison clearly revealed that the quasielastic broadening is 

less in opsin compared to that of dark-state rhodopsin.  According to the energy landscape 

model (ELM) a quasielastic spectrum of a functional protein is inhomogeneous and consist 

of large number of shifted lines (broaden at least twice than the naturally broaden spectral 

lines) representing the conformational substates (CS) of a given state of protein.  According 

to this view, the narrowing of the quasielastic spectrum of the ligand-free opsin versus the 

dark-state rhodopsin indicates fewer lines (represented using shifted Lorentzians) under 

the opsin QENS spectrum as shown in Figure 5.7.  According to the ELM the number of 

CS in the ligand-free opsin state is less compared to the dark-state rhodopsin.  Thus the 

Figure 5.8.  The hydrogen-atoms of opsin relax slower versus rhodopsin.  

Comparison of the relaxation time () of dark-state rhodopsin and ligand-free opsin 

as a function of Q for T = 260 K to 300 K in 10 K steps.  Figure is adapted from Ref. 31  
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removal the retinal chromophore from the protein leads to a decrease in the entropy of the 

system.  

Lastly, in Figure 5.8, we plot the relaxation time () for diffusive motion of the 

hydrogen atoms of rhodopsin and opsin as a function of Q at temperatures between T = 260 

K and 300 K.  The relaxation times () were calculated using the relation,  = ħ/2 

corresponding to the diffusive motion at low Q-values.  Interestingly, we observe a 

significant and systematic difference in the relaxation time between rhodopsin and opsin 

in the Q range from 0.5 Å1 to 0.9 Å1 at all measured temperatures (Fig. 5.4).  In this Q 

range, the relaxation times of both states decreases with Q, corresponding to the diffusive 

motion of H-atoms within the protein secondary structure.  However, in the Q range from 

1.1 Å1 to 1.9 Å1, the relaxation time reaches its minimum value and is barely Q-

dependent, indicating that the motion in the protein is localized.  To summarize at this 

point, our results show for the first time that the diffusive motion of the hydrogen-atoms is 

slower in opsin compared to rhodopsin using QENS measurements.  This energy domain 

analysis gives us a firm foundation to extend the data analysis to the time domain, as we 

describe below. 

5.3.4 Dynamical Hydrogen-Atom -Fluctuations are Slower in Opsin 

To further investigate the differences in the hydrogen-atom relaxation dynamics in the 

dark-state rhodopsin and the ligand-free apoprotein opsin, we evaluated the relaxation 

dynamics of both rhodopsin and opsin in the real-time domain.  The intermediate scattering 

function (ISF) was calculated from the measured QENS data as described in the methods 

section.  The contribution of the detergent intensity was subtracted, according to the weight 

percentage from the data before the Fourier transformation.  Figure 5.9 shows the 

relaxation of the intermediate scattering function (I(Q,t)) of H-atoms in rhodopsin and 

opsin at T = 260, 280, and 300 K respectively at a series of Q-values.  The energy transfer 

range of the measurement is –120 eV to +520 eV, corresponding to the time range of a 

few picoseconds to nanoseconds. This high energy resolution was made possible mainly 

due to the Si(1 1 1) analyzer crystals, employed in the BASIS instrument as described by 

Mamontov et al. 21. 
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Notably, the three steps of the time dependence of the protein relaxations are the 

following: (i) a short-lived Gaussian-like ballistic region; (ii) the β-relaxation region 

governed by two power-law decays 𝜙𝑞(𝑡) = (𝑡/𝜏𝑞
𝛽
)𝑎 and 𝜙𝑞(𝑡) = (−𝑡/𝜏𝑞

𝛽
)𝑏or 

alternatively a logarithmic decay 𝜙𝑞(𝑡) = 𝐴𝑞 − 𝐵𝑞ln (𝑡/𝜏𝑞
𝛽
); followed by (iii) a stretched-

exponential decay for the α-relaxation region governed by Kohlrausch-Williams-Watts law 

𝜙𝑞(𝑡) = (−𝑡/𝜏𝑞
𝛼)𝛽  18.  As explained above, the two types of conformational fluctuations, 

α- and -fluctuations, can play a crucial role in GPCR function.  For the hydration level of 

our samples (h ~ 0.27), we were able to isolate the -relaxation dynamics of the rhodopsin 

Figure 5.9.  Application of 

mode-coupling theory 

(MCT) indicates the β-

relaxation time is longer 

for opsin versus 

rhodopsin within the 

experimental time 

window (10–400 ps).  

Comparison of 

intermediate scattering 

function (ISF) I(Q,t) from 

dark-state rhodopsin and 

opsin at temperatures T = 

260, 280, and 300 K at Q-

values ranging from 0.3 Å–

1 to 1.9 Å–1 with a step of 

0.2 Å–1.  Solid lines are the 

fitted lines to the ISF with 

a logarithmic decay model 

for -relaxation region of 

protein dynamics at 

corresponding Q-values 

and temperatures.  Figure 

is adapted from Ref. 31  
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and apoprotein opsin within the experimental time range of 10 ps to 400 ps 40.  In contrast 

to the α-fluctuations, which are bulk-solvent slaved, the -fluctuations are independent of 

the bulk solvent 5.  Therefore, at low hydration levels such as h ~ 0.27, the α-fluctuations 

can be considered to be absent in the protein, which allows us to study the -fluctuations 

with a slower rate coefficient.  With an increase of temperature, the protein local dynamics 

in the -relaxation regime become faster in both rhodopsin and opsin.  Furthermore, the 

protein dynamics show a striking Q-dependence, illustrating that the relaxation process 

varies within the different length scales (from Å up to nm) in the sample.  Notably, 

rhodopsin and opsin (both membrane proteins) demonstrate the characteristic logarithmic-

like decay of the ISF in the -relaxation regime, which has been previously observed only 

in globular proteins, such as lysozyme and β-casein 20, 36, 40.   

Next, having observed the logarithmic decay of the ISF within the -fluctuation 

regime, we applied mode-coupling theory (MCT) to fathom the differences in β-relaxation 

of opsin versus rhodopsin.  We fit the ISFs with an asymptotic expression derived from the 

MCT, which was originally developed to explain the complex dynamics in glass-forming 

liquids 42-47, given by the following equation:  

𝐼(𝑄, 𝑡) = 𝑓(𝑄, 𝑇) − 𝐻1(𝑄, 𝑇)ln [𝑡 𝜏𝛽(𝑇)⁄ ] + 𝐻2(𝑄, 𝑇)ln2 [𝑡 𝜏𝛽(𝑇)⁄ ]          (5.9) 

Here 𝜏𝛽(T) is the characteristic -relaxation time, and 𝑓(𝑄, 𝑇) = exp [−𝐴(𝑇)𝑄2]   is a 

Gaussian temperature-dependent prefactor.  The latter is proportional to the Debye-Waller 

factor for small Q-values. The quantities 𝐻1(𝑄, 𝑇) and 𝐻2(𝑄, 𝑇) are the Q- and T- 

dependent first-and second-order logarithmic decay parameters, respectively.  The decay 

parameter 𝐻1(𝑄, 𝑇) can be expressed as a power law in 𝑄 as given by, 

𝐻1(𝑄, 𝑇) =  𝐵1(𝑇)𝑄                                                  (5.10) 

where the exponent of Q takes the value  12, and 𝐵1(𝑇) is a temperature-dependent 

parameter.    The exponent  describes the power-law dependence of the H1 value. 

Next, to evaluate the differences in the relaxation of H-atoms within the β-fluctuation 

regime (10400 ps) for rhodopsin and opsin, we analyzed our data using MCT (Eq. 5.9) 
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as described above.  Fig. 5.10a compares the opsin versus the dark-state rhodopsin 

crystallographic structures 8.  The only opsin crystal structure available (opsin*) resembles 

the more open active Meta-II structure.  One could expect to have slower dynamics in 

opsin, which is an open conformation with respect to the dark-state rhodopsin.  The fitting 

parameter B1(T), is plotted in Fig. 5.10b.  The characteristic -relaxation time (𝜏𝛽) values 

we obtained through quantitative analysis of the ISF are plotted as a function of inverse 

temperature (Arrhenius plots) in Fig. 5.10c.  We observed longer β-relaxation times (𝜏𝛽) 

(slower β-fluctuations) for temperatures ranging from 220 K to 300 K, which suggests that 

the inactive opsin structure is softer with respect to the dark-state rhodopsin.  In the 

temperature range of 220–300 K, the 𝜏𝛽 values in both rhodopsin and opsin follow an 

Arrhenius behavior given by: 

𝜏𝛽 = 𝜏0 exp(𝐸𝑎 𝑘𝐵𝑇⁄ )                                                (5.11)   

 where, Ea is the average activation energy in the -relaxation regime, and kB is the 

Boltzmann constant.  As can be seen in Fig. 5c, at all temperatures the value of 𝜏𝛽 is greater 

for the ligand-free opsin than for the dark-state rhodopsin.  This observation indicates that 

the ligand-free opsin relaxes slower as compared to the dark-state rhodopsin.  The 

activation energy (Ea) of the atomic fluctuations calculated from the Arrhenius plots for 

dark-state rhodopsin and ligand-free opsin apoprotein are 8.5 ± 0.9 meV and 9.2 ± 0.5 

meV, respectively, and are very comparable.   

To recapitulate at this point, the time-domain analysis of the QENS data reveals a clear 

difference between the characteristic -relaxation time (𝜏𝛽) of H-atoms in rhodopsin 

versus ligand-free opsin averaged over the whole protein.  This analysis confirms the 

findings from the energy domain analysis, namely, that the H-atoms in opsin relax slower 

in the -fluctuation regime (10 – 400 ps) versus the dark-state rhodopsin.  Our results 

indicate that the secondary structures in the opsin are softer compared to those in dark-state 

rhodopsin.  The relaxation time (𝜏) analyzed in the energy-domain (of the order of 

nanoseconds) and the characteristic -relaxation time (𝜏𝛽) analyzed in the time domain (of 

the order of picoseconds) clearly indicate, on average, that the H-atoms in the opsin 

molecule fluctuate slower compared to those in of the entire rhodopsin molecule.  Hence, 
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we can conclude from the opsin dynamics that there is an increase in the softness of the 

protein molecule upon removal of the activating ligand from the binding pocket.   

5.4  Discussion 

We addressed the role of the cofactor of GPCRs like rhodopsin in the functional 

protein dynamics by combining a new functional powdered GPCR-detergent complex 

preparation with state-of-the-art QENS technology using a new back-scattering 

spectrometer.  The powdered GPCR-detergent complex preparation removes water from 

Figure 5.10.  Intermediate scattering function (ISF) fitted with logarithmic decay 

model reveals slower dynamics in opsin versus dark-state rhodopsin.  (a) Opsin* 

crystal structure (PDB code 3CAP) is overlaid on dark state rhodopsin crystal 

structure (PDB code 1U19).  (b) The plot of B1(T) as a function of temperature for 

dark-state rhodopsin and opsin fitted with an exponential function. (c) Arrhenius 

plot of characteristic -relaxation time  as a function of inverse temperature, 

evaluated from fitting ISFs with logarithmic decay model for dark-state rhodopsin 

and opsin. Solid green circles represent  of opsin, open black squares denote dark 

state rhodopsin, and dashed red and black lines represent the  values fitted with 

the Arrhenius law.  (d) and (e) First-order logarithmic decay parameter H1(Q,T) as 

a function of Q for dark-state rhodopsin and opsin, respectively.   Figure is adapted 

from Ref.31 
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the samples completely and enables the subsequent controlled hydration with 2H2O through 

the vapor phase.  The UV-visible characterization (after rehydrating) of the powdered 

samples shows that even one year after sample preparation (stored at –20 oC), the proteins 

are still photochemically functional.  This new method of preparing functional powders of 

rhodopsin may be applied to other GPCRs in the future, thus demonstrating the proof of 

concept. 

In the present application, we used the powdered GPCR preparation method to 

investigate the dynamics of rhodopsin versus the ligand-free opsin apoprotein.  Rhodopsin 

is a class A GPCR responsible for vision under dim-light conditions in vertebrates.  It is 

the canonical prototype of the Rhodopsin family of GPCRs 2.  The chromophore 11-cis-

retinal locks the rhodopsin in the inactive dark state 48, and acts as an inverse-agonist by 

preventing the interaction with its cognate G-protein (transducin) 49.  Upon photon 

absorption, the 11-cis-retinal chromophore isomerizes to all-trans, yielding rearrangement 

of the protein conformation due to two protonation switches 50-51.  The photoisomerization 

of retinal occurs within less than 200 fs, causing rhodopsin to undergo a series of multi-

scale transitions 29, 52.  The activation mechanism of the model GPCR rhodopsin is 

controlled by the chromophore in the ligand-binding pocket of the receptor.  The dynamics 

of the protein play a crucial role in its biological signaling function.  Site-directed spin 

labeling has been extensively applied to study rhodopsin 53, in addition to solid-state NMR 

methods 12.  The study of protein dynamics together with three-dimensional 

crystallographic structures can provide information about the flexibility and rigidity 

required by proteins for their physiological activities, e.g. as shown by all-atom molecular 

dynamics (MD) simulations 54-55.  We hypothesized that photoactivation of the dark-state 

rhodopsin leads to greater flexibility, which activates the transducin G-protein.  We 

compared the protein dynamics of the dark-state rhodopsin to those of ligand-free opsin, 

which is structurally similar to active Meta-II. Both elastic and inelastic neutron scattering 

were utilized with the broad aim of studying the functional protein dynamics that lead to 

transducin activation by rhodopsin.56-57  

Notably, the solvent plays a major role in protein dynamics—in fact the protein will 

not function at all without the aqueous solvent.  The individual bond vibrations are 
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effectively independent of the solvent, yet the α- and β-fluctuations are highly solvent 

dependent.  The large-scale α-fluctuations are bulk-solvent slaved fluctuations, which 

includes conformational changes of the protein molecule resulting from anharmonic 

collective motions.  The β-fluctuations, on the other hand, are local motions of the protein, 

which are slaved to the solvation shell due to either to harmonic or anharmonic fluctuations 

(depending on temperature) of the amino acid residues 5, 17, 58-62.  The β-fluctuations are 

independent of the bulk solvent, in contrast to the larger scale α-fluctuations which are 

solvent slaved 5.  With a hydration level of h ~ 0.27, we can assume that the bulk-solvent 

coupled α-fluctuations are completely frozen in our samples, while the β-fluctuations 

which are solvation-shell dependent remain.  The relaxation dynamics we probed in our 

experimental time range of 10–400 ps are within the -fluctuation time regime, and 

correspond to the internal protein motions, such as side-group motions and methyl group 

rotations. Protein amino acid residues show significantly different motions (β-fluctuations) 

under physiological temperatures.63   

Because all the above-mentioned fluctuations are thermally driven, temperature also 

plays a major role in protein dynamics 22.  However, the use of barrier heights alone to 

define the tiers in the energy landscape is an oversimplification.  The rate constant for α-

fluctuations generally can be approximated by the Vogel-Tammann-Fulcher (VTF) 

relation, 𝑘𝛼(𝑇) = 𝐴𝛼exp [−𝐷𝑇0/(𝑇 − 𝑇0)] where, 𝐷, 𝐴𝛼, and 𝑇0 are experimentally 

determined coefficients.  On the other hand, the β-fluctuations follow the standard 

Arrhenius relation, 𝑘𝛽(𝑇) = 𝐴𝛽exp [−𝐻𝛽/𝑘𝛽𝑇] 46.  Hence proteins gain the required 

flexibility to function only above a certain temperature threshold, known as the dynamic 

transition temperature (TD).  For most of the proteins studied thus far, TD is around 220 K, 

which is indicated by an upturn of the mean-square displacements (MSDs) versus 

temperature.  The MSD 〈𝑥2(𝑇)〉 can be divided into two components, due to the harmonic 

vibrations 〈𝑥2(𝑇)〉 𝑣 and the anharmonic conformational 〈𝑥2(𝑇)〉 𝑐 components. i.e. 

〈𝑥2(𝑇)〉 = 〈𝑥2(𝑇)〉 𝑣+ 〈𝑥2(𝑇)〉𝑐.  In addition, the conformational component consists of the 

α- and β-fluctuations, which are discussed above.  The MSD of a given atom of the protein 

molecule reveals important information regarding the protein flexibility (also referred to 

as the protein softness) 34.  The slope of the plot of MSDs versus temperature plot is directly 
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related to the protein softness, i.e,. the steeper the slope, the softer is the protein.  The 

increase of the slope above the ~ 220 K indicates an increase of the protein flexibility above 

the dynamic transition temperature (TD), which is crucial for the biological function of the 

GPCR.   

The spatial motion model (SMM) analysis of the QENS data shows that with an 

increase in temperature, the protein local dynamics (-relaxation fluctuations averaged 

over the entire protein) become faster in both rhodopsin and opsin.  Also, the internal 

protein dynamics also demonstrate a striking Q-dependence, implying that the relaxation 

processes vary within the different length scales in the sample (from Å to nm length scales).  

Notably, rhodopsin and opsin both demonstrate the characteristic logarithmic-like decay 

of the ISF in the -relaxation regime, as observed for other proteins and biomolecules such 

as lysozyme, transfer-RNA, and intrinsically disordered proteins such as β-casein 20, 36, 40.  

We fit the ISFs with an asymptotic expression derived from the mode-coupling theory 

(MCT), as described in the results section 42-47.  Successful application of MCT to the 

relaxation of ISFs revealed that the β-relaxation of opsin is slower versus dark-state 

rhodopsin, suggesting that the opsin apoprotein is relatively softer. 

5.4.1 Cofactor-Induced Dynamics of Rhodopsin Versus Opsin  

By combining elastic and inelastic neutron scattering, we discovered differences in the 

cofactor-dependent hydrogen-atom dynamics of rhodopsin versus opsin that depend on the 

length and time scales.  From EINS experiments, we found that the dynamic transition 

temperature (TD) is nearly 220 K for both rhodopsin and opsin, which is one of the first 

examples for a hydrated membrane protein-detergent preparation.  Such a dynamic 

transition is consistent with many previous observations on proteins and biomolecules both 

by experiments and molecular dynamics (MD) simulations 20, 23, 36, 40, 64-68.  The rapid 

increase in MSD above TD is proposed to be due to β-relaxation processes, corresponding 

to dielectric fluctuations in the hydration shell 46.  We observed that in the temperature 

range of 200–300 K, the MSDs for both rhodopsin and ligand-free opsin apoprotein are 

almost identical, even above the TD.  This implies that the averaged amplitudes of the 

motions due to the protein of rhodopsin and opsin are very much comparable with each 

other.   
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On the other hand, from both energy domain and time domain analysis of QENS data, 

we observed that the opsin dynamics are significantly slower at the lower Q-values 

(compared to rhodopsin).  This difference between the EINS and QENS experiments can 

be explained as follows:  For BASIS the elastic scan has an energy window of ~3.4 µeV, 

corresponding to a time scale of several hundreds of picoseconds.  Notably, the calculated 

MSDs are averaged over all the chosen length scales (Q-values).  It follows that any small 

Q-dependent differences in conformational fluctuations in terms of 〈𝑥2(𝑇)〉 between 

rhodopsin and opsin are averaged away when MSDs were calculated from the slope of 

logarithmic EINS intensities as a function of Q2 in the range 0.5 Å1 Q 1.7 Å1.  The 

sensitivity of the EINS technique is lower compared to that of the QENS experiments, 

where the Q-dependent difference in dynamics between rhodopsin and opsin is clearly 

observed.  In the QENS experiments, the data are analyzed independently at several 

individual Q-values, with higher time resolution.  In this way, from the time-domain 

analysis, we discovered that the -fluctuations of the ligand-free apoprotein are appreciably 

slower, with respect to that of dark-state rhodopsin 5.  In general, we need to distinguish 

equilibrium properties (e.g., softness or flexibility as determined from EINS experiments) 

from dynamical properties (determined from QENS experiments).   

Combining the results of elastic (EINS) and quasi-elastic neutron scattering (QENS) 

points us towards the following inferences.  For opsin compared to rhodopsin, the mean-

square atomic displacements 〈𝑥2(𝑇)〉 for the -fluctuations remain same, whereas a 

significant increase is found in the -relaxation time averaged over the entire protein.  For 

a harmonic confining potential, one might conclude from the β-relaxation times that opsin 

is rigid than rhodopsin, considering the average over the whole protein.  On the other hand, 

this conclusion could misrepresent the actual physics, because for a harmonic potential 

both the MSD and β-relaxation are governed by the same force constant (k).  (According 

to the fluctuation-dissipation theorem the relaxation and fluctuations are related.)  If the 

motions giving rise to the -relaxation are approximately described by a harmonic potential 

𝑉(𝑥) = (1 2)⁄ 𝑘〈𝑥2(𝑇)〉, then according to the virial theorem we have that 〈𝑉〉 = 〈𝑇〉 =

(1 2)⁄ 𝑘〈𝑥2(𝑇)〉.  Because a harmonic oscillator has 3N–5 = 1 degrees of freedom (for N = 

2 atoms), introducing the equipartition theorem gives 〈𝑇〉 = (1 2)⁄ 𝑘𝐵𝑇 for the mean 
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kinetic energy.  The mean-square displacement for a harmonic confining potential is thus 

〈𝑥2(𝑇)〉 = 𝑘𝐵𝑇/𝑘, that is to say, a linear temperature dependence is obtained (cf. Fig. 1).  

Because 〈𝑥2(𝑇)〉 is same for opsin compared to dark-state rhodopsin, for a purely 

harmonic potential we thus expect the -relaxation time to be  same in both cases.  On 

the other hand, simple harmonic arguments might not hold, because of the dissipative 

(damped) coupling of the internal protein oscillations to the both β- and α-fluctuations of 

the solvent 46.  Most likely, one should consider the MSDs and the β-relaxation times as 

independent, meaning there is no simple a priori relation, on account of the dissipative 

coupling of the protein fluctuations to the solvent (slaving) 5.   

The removal of the all-trans retinal from open metarhodopsin-II (yielding active 

opsin) would favor a softer structure versus dark-state rhodopsin.  However, the overall 

longer -relaxation time of opsin compared the dark-state rhodopsin suggests slower local 

dynamics in opsin versus dark-state rhodopsin.  Furthermore, -fluctuations in both ligand-

free opsin and the dark-state rhodopsin follow the Arrhenius behavior, that in turn allowed 

us to calculate the activation energies associated with local dynamics in the two states.  The 

Ea values calculated for both dark-state rhodopsin (2.14 ±0.17 kJ/mol) and the ligand-free 

opsin (2.18 ±0.11 kJ/mol) are almost identical.  Therefore, the difference between the 

relaxation rates needs to be explained using the Arrhenius coefficient (𝜏0), which 

encapsulates the steric effects on the local H-atom dynamics.  The slower relaxation rate 

implies that greater steric crowding in opsin versus the dark-state rhodopsin is retarding 

the H-atom dynamics within the -relaxation time regime.  This increased local steric 

crowding in the opsin could be due to two possibilities as described below.   

First, if the protein structure remains opened after the release of all-trans retinal from 

active metarhodopsin II (open conformation), then it might mean that the protein in opsin 

is under-hydrated compared to the dark-state rhodopsin (Note that both the dark-state 

rhodopsin and opsin were hydrated to the same level of h ~ 0.27), i.e., due to opening up 

of the protein core, the hydratable surface (hydration shell) of the protein is greater in opsin 

with respect to dark-state rhodopsin, resulting in under-hydration of the opsin.  The under-

hydration results in less lubrication for hydrogen atom motion, that is reflected in the 

Arrhenius coefficient (𝜏0), as the increased steric crowding, resulting in slower local 
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dynamics in opsin versus dark-state rhodopsin. 

The second possibility is the collapsing of the opsin protein structure, upon the 

departure of the dissociated all-trans retinal from the retinal binding core, leading to 

increased steric hindrance of local hydrogen atom dynamics of the protein.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

It is known that opsin exists in two forms: The open active form (Ops*), and closed inactive 

opsin (Ops) state.69 The closed inactive opsin cannot bind to 11-cis retinal or transducin, 

in contrast to Ops* .69.   The release of retinal ligand leads to a greater crowding/collapse 

of the structure in closed inactive opsin form, as revealed by our QENS studies, which are 

in agreement with the transient activation hypothesis69,70.  Furthermore, the presence of the 

inactive, closed opsin state in CHAPS detergent may point to the inability of rhodopsin to 

regenerate in CHAPS detergent.   

To decide the most probable scenario, we could consider the EINS results where we 

compared the mean square displacements (MSDs) of dark-state rhodopsin with that of 

ligand-free opsin.  The MSDs for the two states at any given temperature were comparable 

with each other.  This implies that the softness (an equilibrium property) of the two species 

are more or less comparable, and the protein structure of the two states are similar.  Thus, 

EINS results indicate that the protein structure, which opened up during formation of 

metarhodopsin II, has collapsed back to a structure more similar to that of the dark-state 

rhodopsin.  Because this collapsing occurs in the absence of 11-cis retinal, there will be 

more irregular interactions between the helices, causing increased local steric crowding in 

the ligand-free opsin state.  Thus, the more collapsed protein structure causes slower local 

dynamics (longer -relaxation times) in ligand-free opsin versus dark-state rhodopsin. 

To summarize at this point, our QENS study for the first time gives insight into the 

structural differences in dark-state rhodopsin and closed inactive ligand-free opsin, and 

explains why 11-cis retinal cannot bind to the closed inactive opsin in rhodopsin signaling.   

Although the MSD of the atomic fluctuations about the mean positions is  same for both 

ligand-free opsin and dark-state rhodopsin, the lower-frequency -fluctuations of opsin 

versus rhodopsin can be due to a tighter confining potential (e.g. decreased anharmonicity) 

for the atomic displacements at any given temperature, consistent with a locally more 
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collapsed protein structure in opsin, e.g., as previously suggested by single-molecule force 

spectroscopic studies.48  

Previously, QENS experiments on bacteriorhodopsin have been conducted to study 

the effects of temperature and hydration on the protein dynamics in a protein-lipid 

environment using the QENS technique 71-75.  The neutron scattering studies conducted of 

the local dynamics of bacteriorhodopsin and visual rhodopsin in the dark and light-

activated states revealed few significant differences.  However, our QENS study of the 

rhodopsin activation differs from the previous study in several ways.  First, our samples 

contained ~75% (w/w) rhodopsin and the remainder was the CHAPS detergent.  We were 

able to correct for the CHAPS background by measuring the QENS spectra for a CHAPS 

blank sample, and decoupling the detergent contribution from the whole sample 40.  Lastly, 

we used powdered samples of proteins with higher protein: detergent ratio, in which very 

large amounts (~300 mg each) allowed for more efficient data acquisition with better 

statistics and improved signal strength.   

In the present work, isolation of the protein component of the quasi-elastic neutron 

scattering signal from the detergent-protein complex was possible due to the advances in 

the data analysis.  We isolated the signal from the protein fluctuations from that of the 

CHAPS detergent by the decoupling method explained in Ref.41  Moreover, we analyzed 

the data in both energy and time domain at a series of temperatures.  We calculated the ISF 

at temperatures above the dynamic transition temperature (TD = 220 K), which was 

determined by our EINS experiment, up to 300 K.  Our QENS results clearly show that the 

relaxation time for diffusive motion of H-atoms (𝜏) (of the order of nanoseconds) and the 

characteristic -relaxation time of H-atoms (𝜏𝛽) (of the order of picoseconds) are longer 

in opsin compared to dark-state rhodopsin.  This longer relaxation time of β-fluctuations 

in the opsin state versus the dark-state rhodopsin signifies that the ligand-free opsin 

structure is more rigid with respect to the dark-state structure, which is consistent with an 

increased flexibility of the protein structure upon opsin formation 7.  Our results suggest 

that the motions of H-atoms in the photoreceptor are affected by the chromophore in the 

ligand-binding pocket.  Despite having an analogous structure, opsin demonstrates slower 

dynamics—that is to say, it is more rigid than the dark-state rhodopsin.   
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5.4.2 Comparison of Energy Landscape Model Versus Spatial Motion Model 

One of the fundamental differences between the energy landscape model (ELM) and 

the spatial motion (SMM) is the explanation for the broadening of the quasielastic neutron 

scattering (QENS) spectrum.  In the ELM, the broadening is considered to be 

inhomogeneous, composed of a number of narrow, shifted Lorentzians—there is no 

separate elastic line.  By contrast, the SMM assumes sharp elastic line at zero energy 

transfer (ΔE=0) and homogeneously broadened band composed of Lorentzians of varying 

band widths and amplitudes due to the spatial motion of the probing atoms.  The relatively 

narrower QENS spectra imply a tighter energy landscape for the ligand-free opsin versus 

the dark-state.  

In general, it is important to distinguish between the mean-square atomic 

displacements (an equilibrium property) and the corresponding relaxation rates of the 

fluctuations (a dynamical property).  The analysis of the elastic incoherent neutron 

scattering (EINS) experiment using the SMM is expected to reveal information regarding 

the protein flexibility (softness/stiffness) which is an equilibrium property.  The amplitude 

of the fluctuations (equilibrium property) is implied by the mean-square displacements 

〈𝑥2(𝑇)〉 from the EINS experiments, which reveal information regarding the protein 

flexibility.  The plot of 〈𝑥2(𝑇)〉 versus T, revealed the dynamic transition temperature (TD) 

for both rhodopsin and opsin around 220 K.  This is to say, that the overall protein 

flexibility takes a sudden change around 220 K.  However, comparison of MSDs curves 

for rhodopsin versus opsin does not reveal a significant difference between the two, 

implying that there is little or no change in the overall protein flexibility upon removal of 

the retinal ligand.  However, one needs to keep in mind that the EINS experiment 

determines the overall H-atom fluctuation amplitudes, which include the CHAPS detergent 

complexed with the protein.  Also, we need to consider the hydration level of the sample 

(h~ 0.27).  This hydration level restrict the fluctuations allowed in the protein to vibrations 

and the -fluctuations only.  The fact that our SANS revealed larger scale changes in the 

fluctuation amplitudes between the dark-state and the opsin implies the role of bulk water 

involving -fluctuations in rhodopsin activation.  The EINS experiment does not reveal 

changes in the local fluctuations of the protein between the rhodopsin and the ligand-free 
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opsin.  Thus we conducted the QENS experiments to probe the relaxation rates of the local 

fluctuations. 

The QENS experiment focuses on extracting the dynamic properties of the fluctuations 

such as the relaxation rates, and does not reveal direct information regarding equilibrium 

properties such as the protein flexibility.  The overall longer relaxation times () 

determined from the model-independent energy domain analysis of the QENS, and the 

longer -relaxation time () observed, suggest that the dynamics in the ps-ns time scale 

are slower in the opsin versus the dark-state rhodopsin.  Further analysis of the temperature 

dependence of the -relaxation rates using the Arrhenius law shows that the activation 

energies in the -relaxation regime for both dark-state and the opsin are almost identical.  

Therefore, the differences in the relaxation rates should be attributed to the Arrhenius 

coefficient, which encapsulates the effect of steric factors involving the H-atom dynamics.  

Therefore, the slower relaxation rates in opsin versus rhodopsin implies that the ligand-free 

opsin is more sterically hindered or crowded with respect to the dark-state rhodopsin, 

suggesting a more collapsed protein structure for opsin consistent with previous dynamic 

single-molecule force spectroscopy studies. 76   

Using QENS, we found that in the presence of 11-cis retinal, the protein has faster 

relaxation rates, thus enabling it to sample more conformational substates than in the 

ligand-free protein. Upon photoactivation, the 11-cis retinal isomerizes to all-trans, 

yielding greater flexibility of the protein in the active metarhodopsin-II.  Thus, the 

photoactivation leads to release of the frustration (11-cis retinal confines the protein in an 

energetically less favorable conformation) by isomerizing the 11-cis retinal to all-trans, 

increasing the protein flexibility crucial for subsequent binding and catalytic activation of 

the cognate G-protein (transducin).  Subsequent dissociation of the all-trans retinal from 

the metarhodopsin-II gives rise to active opsin (Ops*), which is structurally similar to the 

active metarhodopsin-II (45).  Therefore, one could expect opsin to be as flexible as 

metarhodopsin-II.  However, our EINS results indicated that the protein flexibility of 

ligand-free opsin is almost identical to that of the dark-state rhodopsin.  This is evidence 

for collapsing of the metarhodopsin-II like opsin structure in the absence of the all-trans 

retinal ligand to dark-state rhodopsin-like opsin structure.  The slower local dynamics of 
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the ligand-free opsin versus dark-state rhodopsin revealed by the QENS experiment 

suggests increased local steric crowding in the protein caused by the lack of retinal ligand, 

which interferes with the nonexchangeable H-atom dynamics.  In summary, our study 

supports the notion of the existence of two different states of opsin.  The first state, active 

opsin (Ops*), structurally resemble smetarhodopsin-II, and the second type, inactive opsin 

is generated by the collapsing of the Ops* in the absence of the 11-cis retinal.  Even though 

the inactive opsin is structurally similar to the dark-state rhodopsin, as indicated by the 

EINS studies and the previous dynamic single-molecule force spectroscopy studies76, the 

lack of the ligand causes local structural crowding, resulting in slower H-atom dynamics 

in the ligand-free opsin as revealed by the QENS experiments. 

5.4.3 Pivotal Role of Protein Flexibility in Visual Signaling  

According to our interpretation, in the presence of 11-cis retinal, the protein is 

intrinsically more rigid, as it restrains the local dynamics of the protein crucial for the 

activation of the visual GPCR, rhodopsin.  We suggest that this helps to maintain an 

energetically less favorable conformation (frustration).  Upon photoactivation, the 11-cis 

retinal isomerizes to all-trans, rendering a greater flexibility to the protein than in the 

ground state rhodopsin.  When the rhodopsin is light activated, the protein structure 

becomes softer and more flexible 7 forming metarhodopsin II.  Formation of metarhodopsin 

II involves disruption of two ionic locks 51, namely between Glu113 and the retinylidene 

protonated Schiff base (PSB), and Glu134 and Arg135, leading to increased flexibility of the 

protein structure.  The forces stabilizing the secondary structures in the opsin are weaker 

compared to the dark-state rhodopsin.  The latter explains the increase in softness of the 

opsin structure that we observed in our dynamical study, which is consistent with the 

ensemble-activation mechanism of the visual GPCR rhodopsin 77.  This increase in the 

protein softness is crucial to the subsequent conformational fluctuations of the protein, 

yielding the binding and catalytic activation of the cognate G-protein (transducin).  The 

protein flexibility increase can be attributed to the release of frustration due to 

conformational change of 11-cis retinal to all-trans retinal.  The active opsin formed 

following the dissociation of all-trans retinal from the Schiff-base linkage is still 

structurally similar to the active metarhodopsin-II 78.  Upon removal of the all-trans retinal 

from the retinal binding core, the protein collapses to a structure that resembles the dark-



160 
 

state rhodopsin, which is more rigid in nature.  (This collapsing of the protein and the 

removal of retinal from the protein core can be simultaneous). Correspondingly, using 

EINS we found that the ligand-free opsin is structurally similar to the dark-state rhodopsin, 

and the QENS revealed increased local steric crowding in opsin. 

In summary, our findings support the notion that the flexibility of the protein structure 

is regulated by the retinal cofactor.  This regulation in the protein softness by the retinal 

ligand is important for the interaction between the rhodopsin GPCR and its cognate G-

protein, leading to catalytical activation of transducin.  The 11-cis retinal isomerizes to all-

trans retinal as the response to the external stimulus (light in this case), which in turn 

Figure 5.11. The schematic rough energy landscape diagram for rhodopsin activation.  

Relative free energies of the active Meta II state, active opsin (Ops*), dark-state 

rhodopsin, and inactive opsin (Ops) are sketched on rough energy landscape diagram.  

The width of the potential energy well is related to the configurational entropy of a 

given state.  The transitions between conformational substates within a 

conformational state are indicated using double headed arrows.  Adapted from Ref.31 
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unlocks the intrinsic dynamics of the dark-state rhodopsin that is pivotal for its interaction 

with transducin.  Our findings pave the road to the study of the crucial dynamics of other 

biologically important membrane proteins in the GPCR superfamily of receptors, 

potentially contributing to the treatment of various metabolic disorders.  An important 

question remaining for future research is whether active metarhodopsin-II yields results 

consistent with softening of the protein structure compared to the apoprotein opsin due to 

the presence of all-trans retinal.   

Upon light activation of the dark-state rhodopsin, the 11-cis retinal cofactor isomerizes 

to all-trans retinal yielding active Meta-II state.  The active Meta II state is an open 

conformation and has a greater free energy and conformational entropy versus the dark-

state rhodopsin.  Dissociation of all-trans retinal from the active Meta-II state yields the 

ligand-free apoprotein opsin in its active state (Ops*), which has a slightly higher free 

energy and a comparable conformational entropy to the active Meta-II state.  The Ops* 

(open conformation) collapses to a closed conformation upon the reformation of the 

Schiff’s base linkage between the 11-cis retinal and Lys296 residue, resulting in the lower 

energy dark-state rhodopsin with a relatively smaller configurational entropy.  However, 

in the absence of 11-cis retinal in the binding pocket, Ops* collapses to inactive opsin (Ops) 

that is even more sterically crowded than the dark-state rhodopsin.  The inactive opsin is 

incapable of binding with the transducin, and the 11-cis retinal cannot enter into it due to 

the greater steric crowding in the retinal-binding cavity.  Thus the energy landscape of the 

rhodopsin activation is revealed by the neutron spectroscopy.   
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Chapter 6 

Time-Resolved X-Ray Diffraction Studies and Future 
Directions 

Abstract 

Rhodopsin is the canonical prototype of class A G-protein–coupled receptors (GPCRs) that 

are the targets of many human pharmaceuticals.  Here we report the use of X-ray free 

electron laser (XFEL) technology in a pump-probe, time-resolved wide-angle X-ray 

scattering (TR-WAXS) experiment to study the early activation events of the visual 

receptor rhodopsin. The XFEL beam generated by the Linac Coherent Light Source 

(LCLS) at SLAC National Accelerator Laboratory has a very high peak X-ray brightness, 

which is key for probing elusive ultra-fast structural changes that occur during biological 

function of protein molecules.  A highly sophisticated pump-probe experiment with 

femtosecond time resolution based on the diffraction-before-destruction principle was 

carried out using a 525-nm pump laser and LCLS as the probe with 40-fs X-ray pulses.  

Rhodopsin was purified in CHAPS detergent from bovine retinas, and was delivered to the 

X-ray beam using micro-jet technology involving a gas-dynamic virtual nozzle (GDVN) 

of 50-μm diameter.  The 2D images of the scattered X-rays were recorded with an ultra-

fast Cornell-SLAC Pixel Array Detector (CSPAD) with pump laser on-versus-off 

frequency of 60 Hz (X-ray pulse frequency 120 Hz) generating light minus dark-state data 

for specified time points after rhodopsin photoactivation.  The 2D-scattered X-ray 

intensities were radially integrated to generate 1D-scattering profiles (scattered X-ray 

intensity versus momentum transfer vector, Q).  On-the-fly data analysis using the OnDA 

software package revealed the light-triggered “protein quake” in rhodopsin during very 

early stages of its activation (within 400 fs).  The data collected from -200 fs to 2400 ps 

showed changes in the difference profiles indicative of conformational changes of 

rhodopsin during its activation process.  After a complete analysis of the TR-WAXS data 

for the rhodopsin-CHAPS detergent complex including molecular modeling, repeating the 

experiments in lipid nanodiscs will help us understand the early protein fluctuations 

triggered by light in a condition that closely resembles the native environment of 

rhodopsin.  Pump-probe experiments involving an XFEL bring structural biology to a 
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whole new level by enabling scientists to record high-resolution molecular movies of 

biomolecules in action.   

6.1  Introduction 

 The study of changes in the protein structure during activation of G-Protein-Coupled 

Receptor (GPCR) is crucial for understanding the function of the protein.  Thus far, 

Molecular Dynamics (MD) simulations provide such structural changes in the protein upon 

GPCR activation.  However, even with the most advanced computers in the world today, 

such MD simulations are limited to few hundred microseconds.  The calculated molecular 

movies still can be subjected to dispute if the experimental evidence is lacking.  The 

conventional protein crystallography can be complementary to MD simulations up to a 

certain extent.  The limited time-averaged structures obtained using synchrotron X-ray 

sources provide only limited information to comprehend the GPCR function fully.   

Use of X-ray Free Electron Lasers (XFELs) for structure determination takes the 

protein crystallography to whole new dimension.  The ability to determine the time-

resolved structures in contrast to time-averaged structures in the conventional 

crystallography is the most obvious advantage of Serial Femtosecond Crystallography 

(SFX).  Additionally, the conventional protein crystallography using synchrotron X-ray 

sources necessitates the growth of high-quality macroscopic crystals and conduct the 

experiment at cryogenic temperatures to avoid radiation damage.  The SFX experiments, 

on the other hand, are carried out using extremely brilliant free-electron lasers (FELs) 

circumvent the radiation damage by employing the “diffraction before destruction” 

principle.  Thus, SFX enables scientists to perform the experiments with smaller (< 1 mm) 

crystals at more physiologically relevant temperatures.1   

The “diffraction before destruction” principle simply means the rapid acquisition of 

the diffraction data, before the crystals are destroyed by the X-ray beam.2  This condition 

is only achievable using XFELs as proven by Hadju and coworkers using an MD 

simulation.2  Here a simulation conducted using T4 lysozyme demonstrated the explosion 

of the protein molecule resulted from the X-ray radiation damage (Figure 6.1).  An X-ray 

pulse with full-width half-maximum (FWHM) of 2 fs and integrated X-ray intensity of 3.8 
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x 106 photons per Å2 caused the lysozyme molecule to disintegrate within 50 fs of exposure 

to the beam.  Neutze et al. demonstrated that this molecular explosion does not take effect 

until after 5-10 fs of the encounter with the X-ray beam 3.  The requirement is the X-ray 

pulse to be short and intense enough to go through the sample and diffract before starting 

to cause the radiation damage.  The XFELs are ideal for these experiments due to three 

reasons; first, the radiation generated are highly coherent, second, the X-ray flux is 1012 

times more brilliant than synchrotron radiation,1 and third, the extremely short pulses (in 

the order of femtoseconds) is crucial for the high time-resolution that is required to capture 

ultrafast events in biological systems.  

In SFX the crystals in their mother liquor is delivered in a serial fashion to the X-ray 

beam using liquid microjet technology (Fig. 6.2).  The extremely brilliant X-ray beam can 

destroy any solid substance placed in the beam instantaneously.  However, the extremely 

short X-ray pulses (10–15 s pulse duration) of the FEL allow the single crystal to diffract 

before it is destroyed.  The diffraction pattern collected is related a randomly oriented 

single crystal is encountering the X-ray pulse.  A data set collected for such single crystal 

contains about ten thousand such diffraction patterns to account for many possible 

orientations of the single crystal.  In the time-resolved experiment, a pump laser with a 

fixed wavelength (472 nm) is used to photoactivate dark-state rhodopsin before exposed to 

Figure 6.1. The high flux X-ray destruction of protein molecules.  The time sequence 

of the X-ray induced T4 Lysozyme disintegration.  An X-ray intensity of 12 keV (3 x 

1012 photons) per 100-nm diameter spot was used in this simulation.    The figure 

was taken and caption adapted from Ref.3 
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the X-ray beam.  Changing the time gap between the pump laser illumination and X-ray 

beam exposure enables one to obtain the diffraction patterns related to varying time points.   

Figure 6.2. Schematic of serial femtosecond crystallography (SFX) for the collection 

of time-resolved data.  The injectors are used to deliver the crystals/non-crystalline 

single particles.  The ultra-high time resolution is achieved through the use of a pump 

laser to trigger the activation of rhodopsin before exposing to the X-ray laser to collect 

the diffraction pattern.  The time intervals can be varied by changing the distance 

between the pump laser illumination and the X-ray beam contact point of the liquid-

jet carrying the sample.   The figure and caption were adapted from Ref.1  

6.1.1 Pump-Probe Experiment 

The objective of these experiments is to excite the dark-state rhodopsin molecule and 

monitor the protein structural changes due to this excitation as a function of time.  It is 

possible to achieve very high time resolution in a pump-probe experiment where the 

rhodopsin molecule is excited using a pump laser pulse before exposing to a probe X-ray 
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pulse to collect the diffraction data after a defined time delay.  Since the pump and the 

probe pulse (~ 40 fs) durations are very short (femtosecond scale) it is possible to achieve 

high time resolution which is not possible with the conventional crystallography.   

This ultrafast pump-probe technique is very sensitive to the background noise.  

Therefore, it is essential to eliminate any possible signal due to background scattering.  For 

this purpose, the sample chamber where the liquid jet carrying the sample is kept under 

vacuum.  Also, a cone-shaped chamber containing helium is placed between the sample 

and the detector.  Having helium in place of air reduces the background scattering, as 

helium has a smaller electron cloud compared nitrogen or oxygen present in air for X-rays 

interact (the He cone is not needed at the CXI beamline as the environemnt is kept under a 

vacuum).  Apart from the instrumental modifications the statistics of the data are further 

enhanced by averaging a large number of images per time-delay. 

At the Coherent X-ray Imaging (CXI) beamline of the LCLS, the pump laser used for 

excitation operates at 60 s–1, while the probe X-ray laser has a frequency of 120 s–1.  The 

Cornell-SLAC Pixel Array Detector (CSPAD) has 120 s–1 refreshing frequency.  

Therefore, for each excited state (“laser ON state”) diffraction pattern one collects, a dark-

state diffraction pattern (“laser OFF state”) is collected within 60th of a second.  This 

collection of ON/OFF state data for each time point allows to eliminate any possibility of 

time dependent instrument related drifts of the signal over time.4   

6.1.2 Membrane Protein Nanocrystallography 

The conventional crystallization techniques such as vapor diffusion methods and batch 

crystallization used for water soluble proteins can also be applied to the crystallization of 

membrane proteins.  The protein concentration is elevated to the supersaturation phase via 

the addition of precipitants.  At the supersaturation state, the protein tends to form 

aggregates to reduce its concentration.  At certain conditions, the protein concentration 

reaches the nucleation zone (Figure 6.3) leading to crystallization of the protein.  In contrast 

to soluble protein crystallization, the membrane protein is crystalized as protein-detergent 

complexes.  Thus, it is pivotal to consider both the protein and detergent characteristics in 

optimizing the crystallization conditions as the resulting membrane protein crystal 
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properties including the space group of the crystals largely depend on the detergent/s (Table 

6.1).   

Table 6.1 Various detergents used to crystalize the visual GPCR rhodopsin in its 

various conformational states. 

Detergent Crystal Structure PDB id Resolution/Å 

NG rhodopsin dark-state 1F885 2.8 

NG rhodopsin dark-state 2I356 3.8 

NG rhodopsin dark-state 2I367 4.1 

NG photoactivated rhodopsin 2I377 4.15 

OG opsin 3CAP8 2.9 

OG/ OG (with DDM) metarhodopsin-II 3PXO9 3 

HTG rhodopsin dark-state 1U1910 2.2 

HTG bathorhodopsin 2G8711 2.6 

HTG lumirhodopsin 2HPY12 2.8 

LDAO (w/ C8E4) rhodopsin dark-state 1GZM13 2.65 

DM active rhodopsin 2X7214 3 

DM metarhodopsin-II 4A4M15 3.3 

DDM (partially 

exchanged with C8E4) 
mutant rhodopsin 2J4Y16 3.4 

 

 The column chromatographic purification of rhodopsin in detergents leads to complete 

delipidation of the membrane protein. Concanavalin A (Con A), 1D4 antibody, Mono-Q 

column, and hydroxyapatite are such stationary phase material used to separate lipids from 
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the detergent-solubilized rhodopsin.  However, it is apparent from the published data that 

whenever rhodopsin is completely delipidated it was required to have mixed micelles with 

a combination of long and short chain detergents, or add lipids in the crystallization 

process.  The relatively novel method coined by Okada et al. avoids the use of column 

procedures, and use divalent cation Zn2+ for purification of rhodopsin in detergents.17  Here 

the divalent cations such as zinc (II) complex with the lipid molecules in the membrane, 

making the interaction between the lipids and the membrane protein weaker.  In the 

presence of high detergent concentrations, the membrane proteins are removed from the 

lipid bilayer and inserted in the detergent micelle.  With this method rhodopsin can be 

purified to yield purity level A280/A500 of 1.6–1.8 (>90% purity), and considerably more 

effective than directly solubilizing the membranes in detergents.  However, the “zinc 

extraction” method is not capable of complete delipidation of the membrane protein.  This 

seem to be an advantage in crystallization as unlike with column purified rhodopsin, it is 

not required to reintroduce lipids during the crystallization process.  

 The protein or the protein-detergent complex (in the case of a membrane protein) can 

be crystalized from the aqueous solution of the protein by changing a variety of factors.  

Most commonly, change of the protein to precipitant ratio is employed in protein 

crystallization.  The salts such as sodium malonate, ammonium sulfate, sodium chloride or 

polyethylene glycols (PEGs) such as PEG 6000 are commonly used precipitants in protein 

crystallography.  For an instance increasing the precipitant (solute) concentration while 

keeping the protein concentration constant lead to protein crystallization and vice versa.  

The choice of the crystallization method depends on the crystal size one might need for a 

given experiment.  For an instance, the growth of smaller (nano- or micrometer scale) 

crystals for TR-SFX type of experiments, it is important that the growth of the protein 

crystal be inhibited after reaching the desired size scale.  Having a higher precipitant 

concentration relatively to the protein concentration facilitates the growth of such small 

scale protein crystals. The protein crystallization phase diagram (Figure 6.3) describes the 

protein crystallization processes and pathways employed by the various crystallization 

techniques such as batch crystallization, free-interface diffusion, and vapor diffusion 

methods.  In all these methods the objective is to reach the nucleation zone where the 

protein starts to crystalize.   
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Batch Crystallization Method—in this approach simply the protein is rapidly mixed 

with the precipitant solution so that the solution will be in the nucleation phase.  As the 

crystals form the proteins are removed from the solution thus prevents the overgrowth of 

the crystals.  This method is effective in the production of nano- or micrometer-sized 

crystals.  It is important to optimize the crystallization conditions including the protein, 

precipitant, and the detergent concentrations should be optimized before batch 

crystallization experiment.  Seeding can be very useful in batch crystallization (should be 

included in the precipitant solution before mixing with the protein).  

 Spin Column Ultrafiltration Method— this method was originally developed for 

crystallization of photosystem-I (PS-I) crystals18.  In this method, the concentration of 

protein is gradually increased to the super-saturation zone of the phase diagram (Figure 

6.3), which subsequently reach the nucleation phase where the crystals start to form.  The 

Figure 6.3. The protein crystallization phase diagram.  The pathways related various 

crystallization methods are indicated using various forms of line.  The figure was 

taken and caption was adapted from Ref17. 
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relatively rapid increase of the protein concentration leads to the formation of nano- and 

micrometer size ranges crystals of the protein. This method leads to the formation of 

uniform-sized crystals as the protein concentration remains constant.  The slow/gradual 

concentration of the protein is crucial as the rapid concentration leads to amorphous 

precipitation of the protein. It is customary to monitor the growth of the particle size during 

a spin column crystallization experiment.  This monitoring can be done either by imaging 

the solution samples using microscopy/UV-tryptophan fluorescence microscopy.  During 

nanocrystals growth where the nanocrystals are not clearly seen under a microscope, 

dynamic light scattering can be used to monitor the growth of particles.  Such monitoring 

can help avoiding the over-concentration of the protein solution that could lead to 

irreversible aggregation of the protein.  Especially for membrane proteins solubilized in 

detergent, it is essential to avoid concentration of the detergent micelles which adversely 

affect the membrane protein crystallization. 

 Free-Interface Diffusion— This method is developed to grow smaller crystals to 

needed for the time-resolved serial femtosecond crystallography (TR-SFX) experiments.  

In this method, the smaller crystals are grown at the interphase of the two phases the 

concentrated protein phase and the dense precipitant solution phase.  In the conventional 

FID, the concentrated protein solution is overlaid on the precipitant solution, and the 

crystals are grown at the interface.19  In the inverse FID, the precipitant solution is dropped 

through the concentrated protein solution.  At first, the protein crystals start forming at the 

interface of precipitant solution drop and the protein solution. And then protein crystals are 

formed at the interface of the precipitant solution and the protein solution.  The third 

variation for this FID is the centrifugation of the Eppendorf tubes containing the two layers 

of protein and the precipitant solution at a low speed (usually around 600g).  When the 

nanocrystals grown to a certain weight, they are precipitated under the increased gravity in 

the precipitant solution layer.  The lack of protein in the precipitant layer inhibit the further 

growth of the crystals (Figure 6.4).19  Thus FID method is an extremely beneficial method 

for growing nano- or microscale crystals for TR-SFX studies as it produces crystals fast 

with a limited the crystal size distribution.   
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 Vapor Diffusion Methods— In this method, the concentration of the precipitant in the 

solution is increased gradually, pushing the system to nucleation phase.  The protein 

solution is mixed with the reservoir solution containing the precipitant, and the drop is 

placed on an island/microbridge (sitting drop method) and on glass coverslip, which is 

inverted to cover the reservoir containing well (hanging drop method) (Figures 6.5A and 

B).  In both setups the initial concentration of the precipitant in the drop is half of that of 

the solution in the well.  In the closed system created by enclosing the precipitant solution 

and the drop, the water vapor diffuses from the drop to the solution in the well until the 

precipitant concentrations in the well and the drop are comparable.  The vapor diffusion, 

Figure 6.5. The vapor diffusion methods for protein crystallization by gradual 

increase of the protein and precipitant concentrations in the drop.  (A) the hanging 

drop vapor diffusion setup, and (B) the sitting drop vapor diffusion setup.  Figure 

was adapted from Wikipedia (http://www.gnu.org/copyleft/fdl.html, via 

Wikimedia Commons). 

Figure 6.4. The centrifugation of free interface diffusion set up leads to precipitation 

of the nano-size crystals.  Figure adapted from Ref.19 
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thus lead to increase of both protein and precipitant concentrations in the drop that results 

in pushing the system to the nucleation phase where the protein starts crystalize. 

6.1.3 Crystal Imaging 

The imaging is an important aspect in crystallography, as it is crucial for both 

crystallization condition screening and characterization of the crystals grown at the 

identified optimum conditions.   

Figure 6.6. The schematic of the light microscope with polarizing optics.  The light pass 

through the second polarizer only if it passes through a birefringent material.  Figure 

was adapted from the Leica microsystems website (http://www.leica-

microsystems.com/science-lab/polarization-contrast/) 

http://www.leica-microsystems.com/science-lab/polarization-contrast/
http://www.leica-microsystems.com/science-lab/polarization-contrast/
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Light Microscopy— is regularly used in crystallography for characterization of 

crystals.   The optical microscopy provides information such as the size and shape of the 

crystals.  However, it can be challenging to use optical microscopy due to the smaller size 

of the crystals prepared for the TR-SFX experiment.  Using of a polarizing microscope one 

can differentiate the micro-scale crystals from the amorphous precipitates, as the crystals 

show the phenomenon known as birefringence (also known as dichroism) under polarized 

light.  The birefringent objects such as crystals split a single ray of light into two rays by 

means of double refraction.   

The light microscope with polarizing optics consists of two polarizers on either side 

of the sample (Figure 6.6).  The polarized light is generated by light passing through the 

polarizer 1 is focused on the specimen using the condenser.  The birefringent material in 

the specimen splits the light ray into two, one of which has a polarizing plane turn 90o with 

respect to the original polarizing plane.  The objective magnifies the specimen image 

before reaching polarizer 2.  Only the polarized light with the polarizing plane is 90o with 

respect to the original polarizing plane (generated by birefringent material) is allowed to 
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Figure 6.7. The phenomenon of fluorescence depicted using Jablonski diagram for 

(A) single-photon excitation and (B) two-photon excitation processes.   
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pass through the polarizer 2.  Thus the polarizing optics appended to the light microscope 

allows separation of the micro scale crystals from the amorphous precipitate. 

Ultraviolet Two-Photon Excited Fluorescence (UV-TPEF) Imaging— is an imaging 

technique based on fluorescence.   The process of emission of photons resulted by 

absorption of the photons by a molecule/fluorophore.  The three stages (excitation, internal 

conversion, and emission) involved in this process are delineated in the Jablonski diagram 

(Figure 6.7).  In the case of two-photon excited fluorescence, the excitation is accomplished 

stepwise by simultaneous (within sub-picoseconds) absorption of two photons.  The UV-

active aromatic amino acid side groups such as tryptophan are excited using two longer 

wavelength rays, thus allowingone to detect aromatic amino acid side-chain containing 

protein.  However, this technique cannot differentiate between the crystalline protein and 

amorphous precipitated protein.  Therefore, it is necessary to use this technique together 

with a technique such as second order nonlinear imaging of chiral crystals. 

 

Figure 6.8. A scheme representing the process of second harmonic generation by 

femtosecond laser on a chiral crystal.  Two low energy photons (1064 nm) are 

absorbed to effect a transition that has an energy barrier of approximately twice the 

energy of a single photon.  Then a higher energy photon with an energy of twice the 

energy of photons absorbed initially is emitted.  The figure was adapted from 

formulatrixwebsite(http://formulatrix.com/proteincrystallization/products/sonicc

/index.html#main=how). 

1064 nm 

1064 nm 

532 nm 

Chiral Crystal 

532 nm 1064 nm 
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http://formulatrix.com/proteincrystallization/products/sonicc/index.html#main=how
http://formulatrix.com/proteincrystallization/products/sonicc/index.html#main=how
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Second-Order Non-linear Imaging of Chiral Crystals (SONICC) Imaging— is an 

imaging technique based on second harmonic generation (SHG) and used for definitive 

identification chiral crystals.  The distance between the nucleus and the electron cloud are 

distorted in the presence of a strong electric field such as from a femtosecond laser (pulse 

width of about 200 fs) giving rise to a phenomenon known as SHG.  The shorter pulse 

width (in femtosecond scale) minimizes the crystal damage due to ionizing heat.  This SHG 

results in doubling the frequency of the out-going radiation with respect to that of the 

incident radiation (Figure 6.8).  Since protein crystals are usually chiral as opposed to salt 

crystals, the SONICC can be conveniently used for sub-micron scale protein crystal 

detection.   

6.2 Results 

6.2.1 Preparation of Rhodopsin and Opsin Nanocrystals 

The rhodopsin nanocrystals < 1 μm in size were obtained using rhodopsin solubilized 

in the HTG/DDM mixed detergent micelles, and 6% (w/w) PEG 6000 as the precipitant 

are shown in Figure 6.7.  The nanocrystals grown here are obtained within a time period 

of 12 hrs with the free interface diffusion method as described previously in this chapter.  

The other rhodopsin samples crystallized with the 6% PEG 6000 are summarized in Table 

6.2.  Note, all the samples mentioned are prepared in pH 6 30-mM MES buffer with the 

detergent composition indicated in table 6.2.  The samples A and D were dialyzed against 

0.6 % DDM and HTG: DDM 25:1 (w/w) in 30 mM MES buffer. 

Table 6.2. Rhodopsin samples used for crystallization trials 

Sample [rhodopsin]/ mg/mL HTG % (w/w) DDM % (w/w) Buffer 

A 5 0.1* 0.6 30 mM MES pH 6 

B 8 1.5 0 30 mM MES pH 6 

C 4 1.5 0.09 30 mM MES pH 6 

D 8 0.75* 0.3 30 mM MES pH 6 

*estimated concentrations after dialysis 
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Figure 6.9. Rhodopsin nanocrystals are shown by light microscopic images (panels 

a and b) and the corresponding birefringent images (c,d) confirming the presence of 

crystals.  These crystals were produced using PEG 6000 as the precipitant.  

Diffraction pattern obtained using the serial femtosecond x-ray crystallography 

(SFX) experiment for dark-state rhodopsin nanocrystals.   
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Figure 6.10. Rhodopsin nanocrystals are shown by optical microscopic images 

through a red film (left) and the corresponding SONICC images (right) confirming 

the presence of crystals.  These crystals were produced using ammonium sulfate 

as the precipitant.   
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 Nanocrystals grown using rhodopsin solubilized in HTG detergents are imaged using 

the light microscope and the second order non-linear imaging of chiral crystals (SONICC) 

as shown in Figure 6.10.  The opsin was also purified using the protocol described by Park 

et al.8 and crystallized using batch and free interface diffusion crystallization methods.  The 

opsin crystals grown were characterized using light microscopic imaging with and without 

the polarizer, and UV-tryptophan fluorescence imaging.  The example needle shape crystal 

images are indicated in Figure 6.11.    

6.2.2 The Light-Triggered Protein Quake in Rhodopsin 

The dissipation of energy through the protein structure in a quake-like molecular 

motion is defined as the protein quake.  The TR-WAXS experiments were conducted on 

CHAPS-solubilized rhodopsin samples at Coherent X-ray Imaging (CXI) beamline of 

LCLS at SLAC National Laboratory.  The difference signal is; ΔS(q, Δt) = SL(q, Δt) – SD(q), 

where, SL(q, Δt) is the intensity of the X-rays scattered by the light-activated rhodopsin at 

a time delay of Δt and SD(q) is the intensity of the X-rays scattered by the dark-state 

Figure 6.11. Opsin nanocrystals are shown by optical microscopic images (left) and 

the corresponding birefringent images (right).  These crystals were produced using 

ammonium sulfate as the precipitant.   
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rhodopsin.  In Figure 6.11 the ΔS(q, Δt) is plotted as a function of the momentum transfer 

q for different time delays.   

 The WAXS profile around q = 0.5 Å–1 starts develop a feature ca. at Δt = 3 ps, that 

continues to grow till ca. Δt = 20 ps.  Then this feature diminishes with further increase of 

time and fades out around 1 μs (Figure 6.12).  It is noteworthy that a more prominent feature 

Figure 6.12.  The light-triggered protein quake at the early stages of rhodopsin 

activation.  The gas dynamic virtual nozzle (GDVN) generated liquid microjet of the 

rhodopsin-detergent sample is illuminated by the optical pump laser at a frequency of 

60 Hz (a).  The 2D scattering pattern generated on the CSPAD by the X-rays scattered 

by rhodopsin sample (b). Time dependent changes in the wide-angle X-ray difference 

profile upon light-illumination of rhodopsin in CHAPS detergent micelles.  The 

difference signal between the light-activated and the dark-state rhodopsin is plotted as 

a function of momentum transfer at time intervals ranging from –5 ps to 1 μs after light 

illumination (c).  Figure 6.12c is prepared by Prof. Richard Neutze during on-site data 

analysis of LB32 beam time at LCLS, SLAC in February 2014.      

a 

b 

c 
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in the WAXS profiles due to heating of the sample by the optical pump laser between q = 

1.5 Å–1 and 2.0 Å–1 needs to be removed in the further analysis of the WAXS data 

employing models (which is the next stage of this project).  The Figure 6.11 shows the 

amplitude of the difference signal as a function of time; that indicates the “rise and decay” 

of the light-triggered protein quake.     

6.3 Discussion and Future Directions 

 The molecular movies capturing the biomolecules in action is undoubtedly the next 

step forward in structural biology.  Even though the X-ray structures provide a solid 

foundation for understanding the structural basis of molecular workhorses, they lack 

information regarding structural fluctuations that is the key to understanding how the 

biomolecules function in living cells.  The time-resolved X-ray diffraction studies 

presented here give insights into how to obtain the missing pieces of the puzzle to 

understand biomolecular function fully. 

 We addressed the structural fluctuations during the early activation events in 

rhodopsin using state-of-the-art time-resolved diffraction techniques involving an X-ray 

free electron laser (XFEL).  The two-part study involves studying high-resolution time-

resolved structural fluctuations using rhodopsin nanocrystals, and a lower resolution time-

resolved experiment with the rhodopsin-detergent complex.  The production of high-

quality nanocrystals of rhodopsin that diffract ideally in the X-ray free electron laser with 

ultra-short femtosecond pulses is extremely challenging.  However, we were able to 

produce rhodopsin and opsin nanocrystals that diffracted in the pump-probe experimental 

conditions (Figure 6.9).  More crystallographic experiments need to perform to improve 

Figure 6.13. Rise and decay of the protein 

quake.  The amplitude of the difference signal 

at q = 0.5 Å–1 is plotted as a function of time.  

The protein quake has an onset around 10 ps, 

and a gradual decay after the peak around 20 

ps.  The figure was prepared by Prof. Richard 

Neutze as part of the onsite data analysis 

during February 2014 TR-WAXS beam time. 
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the quality and diffraction ability of the crystals in the XFEL to suit the time-resolved serial 

femtosecond crystallography (TR-SFX) studies.   

 For the time-resolved wide-angle X-ray scattering (TR-WAXS) experiment, the 

rhodopsin samples in the detergent environment were optimized.  First, the detergent 

CHAPS has a very low aggregation number20 of ca. 10.  This property made is possible for 

us to have a very low detergent to protein ratio (50:1), that in turn enables us to see more 

pronounced scattering changes due to protein structural changes.  The rhodopsin samples 

with high rhodopsin concentration (ca. 25 mg/mL), also results in a substantial increase in 

the signal to noise ratio.  The use of steel reservoirs over the PEAK (plastic polymer) was 

a step up, as it reduces the risk of reservoir leaks immensely.  The pretesting of the GDVNs 

was the key to optimizing the sample flow rates for liquid microjets.  A flow rate of 10 

μL/min and a stable liquid microjets were obtained for our samples with 50 μm internal 

capillary diameter nozzles.  The figure 6.10 shows a liquid microjet of 30 mg/mL rhodopsin 

in CHAPS detergent in pH 6.9 15 mM sodium phosphate buffer. 

 The TR-WAXS pump-probe experiment conducted on the rhodopsin in CHAPS 

detergent micelles revealed a light-triggered protein quake within the first few picoseconds 

of rhodopsin photo-illumination.  The high time-resolution made it possible to probe these 

ultra-fast structural changes that were unknown to structural biologists previously.  Note 

that it was known that the retinal isomerizes within 200 fs of light absorption, but based on 

freeze-trapped experiments the protein structure was believed to be intact for about 1 μs.  

The next phase of this study is to carry out a comprehensive data analysis to understand 

what exact structural changes rhodopsin molecule are indicated by the protein quake.  Next, 

theoretical WAXS spectra will be calculated using the crystallographic structures and 

CRYSOL.4, 21 The future experiments will include probing the structural fluctuations of the 

rhodopsin during its entire photoactivation cycle, i.e., the inclusion of longer time delays 

between the pump and probe lasers into our experiments.  This will give us the whole 

movie of rhodopsin photoactivation. 

 Also, these experiments can be carried out in other detergents with different properties 

such as DDM.  Note that the DDM detergent is a more flexible detergent compared to the 

CHAPS detergent, and it favors the active Meta II state once the metarhodopsin 
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equilibrium is achieved.  Therefore, there are reasons to believe that the ultra-fast structural 

fluctuations in rhodopsin are more pronounced in DDM versus the CHAPS detergent.  

However, the much greater (about 10 times) aggregation number of DDM (ca. 100 in 

average) can make it challenging to observe the protein signal with a substantial signal to 

noise ratio.   

 Then we would like to confirm that these ultra-fast structural fluctuations occur in 

rhodopsin in environments closer to its natural habitat, by performing the experiment in 

nanodiscs.  Rhodopsin reconstituted into lipid nanodiscs can be the closest link to the native 

membrane lipid bilayer where GPCRs functions naturally.  This investigation will aid us 

in understanding the role of lipids in modulating the structural fluctuations that are crucial 

for rhodopsin activation. 

 The rhodopsin nanocrystals need to be further optimized to obtain high-quality 

diffraction patterns.  Conducting time-resolved serial femtosecond crystallography in these 

nanocrystals will probe the structural fluctuations in atomic resolution.  Considering the 

previous successful rhodopsin crystallizations that produce high-resolution crystal 

structures seems to suggest that presence of minute amounts of lipids during crystallization 

improves the crystal quality.  For instance, the 2.2 Å resolution dark-state crystal structure10 

was obtained using the zinc extraction purification protocol described in chapter 2, where 

delipidation is not as effective as the column purification methods.  Therefore, the 

reintroduction of small amounts of membrane lipids to the column purified rhodopsin or 

opsin is an experiment we can perform to produce high-quality nanocrystals. 

 The time-resolved diffraction methods described in this chapter have shown the 

potential of producing a molecular movie of the visual receptor rhodopsin in action in its 

native environment.  These time-resolved imaging techniques bring our understanding of 

the function of biological workhorses such as proteins to a greater level than possible by 

conventional crystallographic methods.  
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Appendix A 

In Appendix A, the data relevant to the Chapter 3 of this dissertation that investigates 

the structural changes in the protein upon rhodopsin activation are tabulated.  The data here 

were collected at the Bio-SANS beamline at the high-flux isotope reactor (HFIR) in the 

Oak Ridge National Laboratory (ORNL).  These data belong to collaboration between the 

Michael Brown group of University of Arizona, Tucson, Arizona, and Prof. Xiang-qiang 

Chu group of the Wayne State University, Detroit, Michigan. 

The differential scattering cross-section data are tabulated together with the respective 

momentum transfer (Q) values for dark-state rhodopsin in CHAPS detergent (Table A1), 

light-activated state rhodopsin in CHAPS detergent (Table A2), dark-state rhodopsin in 

DDM detergent (Table A3), and light-activated state rhodopsin in DDM detergent (Table 

A4).  All the data were collected at 15 oC, in contrast matched (~17% D2O) pH 6.9 15-mM 

sodium phosphate buffer. 

 

Table A1. SANS data table for dark-state rhodopsin in 30 mM CHAPS detergent 

Q / Å–1 I(Q) / cm–1 I error Q error 
0.01437 0.1453 0.007366 0.005892 

0.0148 0.1154 0.007704 0.006036 

0.01525 0.1302 0.006515 0.006185 

0.01571 0.1234 0.006998 0.006339 

0.01619 0.129 0.00639 0.006499 

0.01668 0.122 0.006224 0.006664 

0.01718 0.1185 0.006247 0.006835 

0.0177 0.1174 0.005902 0.007012 

0.01824 0.1251 0.006089 0.007196 

0.01879 0.1166 0.005934 0.007385 

0.01936 0.1234 0.005564 0.007581 

0.01995 0.1167 0.005453 0.007784 

0.02055 0.1172 0.005165 0.007993 

0.02118 0.1149 0.004953 0.00821 

0.02182 0.1089 0.005049 0.008434 

0.02248 0.1051 0.004832 0.008665 

0.02316 0.1138 0.004776 0.008904 

0.02386 0.108 0.004598 0.00915 

0.02459 0.09955 0.004424 0.009405 

0.02533 0.1013 0.004437 0.009668 

0.0261 0.1037 0.004207 0.00994 
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0.02689 0.09705 0.004113 0.01022 

0.0277 0.1079 0.003949 0.01051 

0.02854 0.0992 0.003973 0.01081 

0.02941 0.09484 0.003714 0.01112 

0.0303 0.09061 0.003745 0.01144 

0.03122 0.09182 0.003642 0.01176 

0.03216 0.08982 0.003506 0.0121 

0.03314 0.09351 0.003425 0.01245 

0.03414 0.08736 0.003296 0.01281 

0.03518 0.0927 0.003188 0.01319 

0.03624 0.08621 0.003185 0.01357 

0.03734 0.08536 0.003044 0.01397 

0.03847 0.0893 0.002896 0.01438 

0.03964 0.08264 0.002945 0.0148 

0.04084 0.083 0.002847 0.01523 

0.04207 0.07936 0.002712 0.01568 

0.04335 0.07793 0.00282 0.01614 

0.04466 0.07906 0.002662 0.01662 

0.04602 0.07786 0.002563 0.01711 

0.04741 0.07825 0.002453 0.01762 

0.04885 0.07638 0.00239 0.01814 

0.05033 0.07402 0.002314 0.01868 

0.05185 0.07207 0.002258 0.01923 

0.05342 0.07121 0.00219 0.0198 

0.05504 0.07141 0.002134 0.02039 

0.05671 0.0672 0.002076 0.021 

0.05843 0.06399 0.002009 0.02163 

0.0602 0.06474 0.001957 0.02227 

0.06202 0.06457 0.002007 0.02294 

0.0639 0.06177 0.002078 0.02362 

0.06584 0.06038 0.002141 0.02433 

0.06783 0.05867 0.002156 0.02506 

0.06989 0.05972 0.002153 0.02581 

0.07201 0.06006 0.002138 0.02659 

0.07419 0.05524 0.002111 0.02738 

0.07644 0.05435 0.002116 0.02821 

0.07875 0.05432 0.002105 0.02905 

0.08114 0.05172 0.002067 0.02993 

0.0836 0.05466 0.002051 0.03083 

0.08613 0.05602 0.002034 0.03175 

0.08874 0.04937 0.001986 0.03271 

0.09143 0.0555 0.001985 0.03369 

0.0942 0.05256 0.001969 0.03471 
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0.09705 0.05214 0.001905 0.03576 

0.09999 0.05398 0.001916 0.03683 

0.103 0.04923 0.001872 0.03794 

0.1061 0.05195 0.001858 0.03909 

0.1094 0.05256 0.00183 0.04027 

0.1127 0.04926 0.001799 0.04148 

0.1161 0.04931 0.001774 0.04273 

0.1196 0.04996 0.001761 0.04402 

0.1232 0.04743 0.001718 0.04535 

0.127 0.04578 0.001706 0.04672 

0.1308 0.04678 0.001833 0.04813 

0.1348 0.04793 0.00245 0.04959 

0.1389 0.04772 0.003364 0.05109 

0.1449 0.04642 0.001564 0.054 

0.15 0.04595 0.001533 0.05585 

 

 

Table A2. SANS data table for light-activated rhodopsin in 30 mM CHAPS detergent 

Q / Å–1 I(Q) / cm–1 I error Q error 
0.01437 0.1672 0.00741 0.005892 

0.0148 0.1512 0.007785 0.006036 

0.01525 0.1672 0.006586 0.006185 

0.01571 0.1593 0.007074 0.006339 

0.01619 0.1673 0.006462 0.006499 

0.01668 0.1454 0.006268 0.006664 

0.01718 0.1587 0.006325 0.006835 

0.0177 0.1379 0.005938 0.007012 

0.01824 0.1529 0.00614 0.007196 

0.01879 0.1381 0.005973 0.007385 

0.01936 0.1486 0.005607 0.007581 

0.01995 0.1392 0.00549 0.007784 

0.02055 0.1399 0.005201 0.007993 

0.02118 0.1336 0.004978 0.00821 

0.02182 0.1213 0.005067 0.008434 

0.02248 0.1284 0.004868 0.008665 

0.02316 0.1302 0.0048 0.008904 

0.02386 0.1254 0.004623 0.00915 

0.02459 0.1196 0.004451 0.009405 

0.02533 0.115 0.004455 0.009668 

0.0261 0.1091 0.004212 0.00994 

0.02689 0.1112 0.004131 0.01022 
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0.0277 0.1153 0.003956 0.01051 

0.02854 0.1079 0.003982 0.01081 

0.02941 0.1076 0.003729 0.01112 

0.0303 0.09962 0.003755 0.01144 

0.03122 0.1074 0.00366 0.01176 

0.03216 0.09912 0.003515 0.0121 

0.03314 0.1002 0.003432 0.01245 

0.03414 0.09959 0.003308 0.01281 

0.03518 0.09974 0.003193 0.01319 

0.03624 0.09311 0.003191 0.01357 

0.03734 0.08795 0.003045 0.01397 

0.03847 0.09184 0.002897 0.01438 

0.03964 0.08408 0.002945 0.0148 

0.04084 0.08446 0.002846 0.01523 

0.04207 0.08344 0.002715 0.01568 

0.04335 0.08445 0.002824 0.01614 

0.04466 0.07814 0.00266 0.01662 

0.04602 0.078 0.002561 0.01711 

0.04741 0.079 0.002452 0.01762 

0.04885 0.07804 0.00239 0.01814 

0.05033 0.07533 0.002314 0.01868 

0.05185 0.07301 0.002258 0.01923 

0.05342 0.07417 0.002191 0.0198 

0.05504 0.07226 0.002133 0.02039 

0.05671 0.0691 0.002076 0.021 

0.05843 0.06713 0.00201 0.02163 

0.0602 0.06545 0.001957 0.02227 

0.06202 0.06809 0.002008 0.02294 

0.0639 0.06212 0.002077 0.02362 

0.06584 0.0637 0.002142 0.02433 

0.06783 0.0579 0.002155 0.02506 

0.06989 0.05992 0.002152 0.02581 

0.07201 0.06154 0.002138 0.02659 

0.07419 0.05753 0.002112 0.02738 

0.07644 0.05868 0.002118 0.02821 

0.07875 0.05622 0.002106 0.02905 

0.08114 0.05132 0.002066 0.02993 

0.0836 0.05553 0.00205 0.03083 

0.08613 0.05537 0.002033 0.03175 

0.08874 0.05306 0.001987 0.03271 

0.09143 0.05796 0.001986 0.03369 

0.0942 0.05234 0.001968 0.03471 

0.09705 0.05482 0.001906 0.03576 
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0.09999 0.05514 0.001916 0.03683 

0.103 0.05061 0.001872 0.03794 

0.1061 0.05259 0.001857 0.03909 

0.1094 0.05327 0.00183 0.04027 

0.1127 0.04838 0.001798 0.04148 

0.1161 0.05071 0.001774 0.04273 

0.1196 0.05012 0.00176 0.04402 

0.1232 0.05085 0.001719 0.04535 

0.127 0.04927 0.001708 0.04672 

0.1308 0.05012 0.001834 0.04813 

0.1348 0.05131 0.002452 0.04959 

0.1389 0.04818 0.003362 0.05109 

0.1449 0.04672 0.001565 0.054 

0.15 0.04665 0.001534 0.05585 

 

 

 

Table A3. SANS data table for dark-state rhodopsin in 30 mM DDM detergent 

Q / Å–1 I(Q) / cm–1 I error Q error 
 0.01437 0.1342 0.006802 0.005892 

0.0148 0.1178 0.007137 0.006036 

0.01525 0.1256 0.00602 0.006185 

0.01571 0.121 0.006471 0.006339 

0.01619 0.1339 0.00592 0.006499 

0.01668 0.1231 0.005758 0.006664 

0.01718 0.1221 0.005782 0.006835 

0.0177 0.1151 0.005456 0.007012 

0.01824 0.124 0.005628 0.007196 

0.01879 0.1122 0.00548 0.007385 

0.01936 0.1264 0.005149 0.007581 

0.01995 0.1125 0.005034 0.007784 

0.02055 0.1153 0.004769 0.007993 

0.02118 0.1059 0.004564 0.00821 

0.02182 0.1074 0.004665 0.008434 

0.02248 0.107 0.004468 0.008665 

0.02316 0.1145 0.004416 0.008904 

0.02386 0.1076 0.004248 0.00915 

0.02459 0.1031 0.004096 0.009405 

0.02533 0.1052 0.004106 0.009668 

0.0261 0.1005 0.003885 0.00994 
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0.02689 0.09469 0.003798 0.01022 

0.0277 0.09861 0.003639 0.01051 

0.02854 0.09545 0.003666 0.01081 

0.02941 0.09241 0.003431 0.01112 

0.0303 0.08671 0.003458 0.01144 

0.03122 0.08634 0.003362 0.01176 

0.03216 0.08772 0.003238 0.0121 

0.03314 0.08398 0.003157 0.01245 

0.03414 0.078 0.003038 0.01281 

0.03518 0.08249 0.002937 0.01319 

0.03624 0.07592 0.002936 0.01357 

0.03734 0.06861 0.0028 0.01397 

0.03847 0.07279 0.002663 0.01438 

0.03964 0.07 0.002712 0.0148 

0.04084 0.06502 0.002617 0.01523 

0.04207 0.06159 0.002494 0.01568 

0.04335 0.06178 0.002594 0.01614 

0.04466 0.06133 0.002448 0.01662 

0.04602 0.05895 0.002355 0.01711 

0.04741 0.05932 0.002254 0.01762 

0.04885 0.05459 0.002195 0.01814 

0.05033 0.05027 0.002125 0.01868 

0.05185 0.05002 0.002075 0.01923 

0.05342 0.04895 0.002012 0.0198 

0.05504 0.04718 0.001958 0.02039 

0.05671 0.04498 0.001907 0.021 

0.05843 0.04116 0.001845 0.02163 

0.0602 0.03893 0.001796 0.02227 

0.06202 0.04176 0.001843 0.02294 

0.0639 0.03823 0.001908 0.02362 

0.06584 0.03881 0.001968 0.02433 

0.06783 0.03816 0.001982 0.02506 

0.06989 0.04077 0.00198 0.02581 

0.07201 0.04098 0.001965 0.02659 

0.07419 0.03853 0.001944 0.02738 

0.07644 0.04322 0.001951 0.02821 

0.07875 0.03864 0.001938 0.02905 

0.08114 0.03905 0.001906 0.02993 

0.0836 0.04396 0.001891 0.03083 

0.08613 0.04694 0.001877 0.03175 

0.08874 0.04498 0.001835 0.03271 

0.09143 0.04818 0.001832 0.03369 

0.0942 0.04784 0.001819 0.03471 
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0.09705 0.05012 0.001762 0.03576 

0.09999 0.05211 0.001771 0.03683 

0.103 0.05038 0.001733 0.03794 

0.1061 0.05172 0.001719 0.03909 

0.1094 0.05318 0.001694 0.04027 

0.1127 0.05119 0.001666 0.04148 

0.1161 0.054 0.001644 0.04273 

0.1196 0.05467 0.001631 0.04402 

0.1232 0.05526 0.001593 0.04535 

0.127 0.05193 0.001582 0.04672 

0.1308 0.05375 0.0017 0.04813 

0.1348 0.05116 0.002269 0.04959 

0.1389 0.05285 0.003117 0.05109 

0.1449 0.05744 0.001561 0.054 

0.15 0.04814 0.001523 0.05585 

 

 

 

Table A4. SANS data table for light-activated rhodopsin in 30 mM DDM detergent 

Q / Å–1 I(Q) / cm–1 I error Q error 
0.01437 0.1701 0.006874 0.005892 

0.0148 0.1533 0.007214 0.006036 

0.01525 0.1647 0.006093 0.006185 

0.01571 0.1504 0.006531 0.006339 

0.01619 0.1647 0.005977 0.006499 

0.01668 0.15 0.005809 0.006664 

0.01718 0.1595 0.005852 0.006835 

0.0177 0.1438 0.005507 0.007012 

0.01824 0.1543 0.005684 0.007196 

0.01879 0.1442 0.005537 0.007385 

0.01936 0.1458 0.005182 0.007581 

0.01995 0.1423 0.005084 0.007784 

0.02055 0.1344 0.0048 0.007993 

0.02118 0.1316 0.004604 0.00821 

0.02182 0.1281 0.004698 0.008434 

0.02248 0.128 0.004501 0.008665 

0.02316 0.1353 0.004447 0.008904 

0.02386 0.1234 0.004272 0.00915 

0.02459 0.1191 0.004119 0.009405 

0.02533 0.1138 0.004121 0.009668 
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0.0261 0.1145 0.003905 0.00994 

0.02689 0.1088 0.003818 0.01022 

0.0277 0.1125 0.003658 0.01051 

0.02854 0.1039 0.003679 0.01081 

0.02941 0.1031 0.003445 0.01112 

0.0303 0.09523 0.00347 0.01144 

0.03122 0.09622 0.003375 0.01176 

0.03216 0.09219 0.003246 0.0121 

0.03314 0.09509 0.003171 0.01245 

0.03414 0.0859 0.003048 0.01281 

0.03518 0.0866 0.002943 0.01319 

0.03624 0.07884 0.002941 0.01357 

0.03734 0.07934 0.002812 0.01397 

0.03847 0.07721 0.002669 0.01438 

0.03964 0.07643 0.00272 0.0148 

0.04084 0.06903 0.002623 0.01523 

0.04207 0.06679 0.0025 0.01568 

0.04335 0.06355 0.002598 0.01614 

0.04466 0.06166 0.00245 0.01662 

0.04602 0.05812 0.002357 0.01711 

0.04741 0.05911 0.002256 0.01762 

0.04885 0.05594 0.002198 0.01814 

0.05033 0.05189 0.002128 0.01868 

0.05185 0.05126 0.002077 0.01923 

0.05342 0.04919 0.002014 0.0198 

0.05504 0.04875 0.001961 0.02039 

0.05671 0.04375 0.001908 0.021 

0.05843 0.04236 0.001847 0.02163 

0.0602 0.04339 0.0018 0.02227 

0.06202 0.04391 0.001846 0.02294 

0.0639 0.0402 0.001911 0.02362 

0.06584 0.03514 0.001967 0.02433 

0.06783 0.03797 0.001984 0.02506 

0.06989 0.04098 0.001982 0.02581 

0.07201 0.04372 0.001969 0.02659 

0.07419 0.03865 0.001945 0.02738 

0.07644 0.04057 0.001951 0.02821 

0.07875 0.04117 0.001942 0.02905 

0.08114 0.03701 0.001906 0.02993 

0.0836 0.04279 0.001892 0.03083 

0.08613 0.04718 0.001879 0.03175 

0.08874 0.04452 0.001836 0.03271 

0.09143 0.04954 0.001835 0.03369 
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0.0942 0.04843 0.001821 0.03471 

0.09705 0.04997 0.001763 0.03576 

0.09999 0.05172 0.001773 0.03683 

0.103 0.05076 0.001735 0.03794 

0.1061 0.05364 0.001721 0.03909 

0.1094 0.05391 0.001695 0.04027 

0.1127 0.04944 0.001666 0.04148 

0.1161 0.05414 0.001645 0.04273 

0.1196 0.05559 0.001633 0.04402 

0.1232 0.05573 0.001595 0.04535 

0.127 0.05376 0.001584 0.04672 

0.1308 0.05468 0.001702 0.04813 

0.1348 0.05268 0.002272 0.04959 

0.1389 0.04838 0.003115 0.05109 

0.1449 0.057 0.001561 0.054 

0.15 0.04733 0.001522 0.05585 
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Appendix B 

The data tabulated here are relevant to the Chapter 4 of this dissertation that describes 

the role of water in rhodopsin function.  The initial data generated for this work using UV-

visible spectroscopy technique were reduced as explained, and fitted into various functions 

as described in the methods section of the chapter. 

The Table B1 summarizes the data reduction and analysis of the UV-visible 

spectroscopic data for fitting using the extended Henderson-Hasselbach equation (Eq. 4.4).  

The Meta-II fraction (θ) calculated using x-axis crossing point as described by Eq. 4.2.  For 

the reproducibility purposes an alternative method was used to calculate the Meta-II 

fraction as described by Eq. 4.3.  In Table B2 the calculated Meta-II fraction () values 

obtained from Mahalingam et al. 2008 are tabulated under various pH for different 

temperatures.  The calculated  values are subsequently fitted using an extended 

Henderson-Hasselbach equation (Eq. 4.4) into titration curves shown in Figures 4.4A 

together with new experimental data.  The calculated values for alkaline end-point (θalk), 

𝑝𝐾A, 𝑝𝐾A3, K12, and K3 values are tabulated in Table B2 for various temperatures and 

osmolytes with various molecular weights.  These values are calculated using the Eq. 4.7 

as described in chapter 4 relating the Meta-II fraction to the pH at different temperatures.  

The calculated equilibrium constant values are subsequently used to calculate the 

thermodynamic parameters such as change in free energy, enthalpy, and entropy (Please 

see chapter 4).   

The data for transducin peptide binding isotherms in the presence of various molecular 

weight 30% (weight by weight) polyethylene glycol (osmolyte) solutions are tabulated in 

Table B3.  These data were used to generate the Figure 4.10 by fitting the fraction of Meta-

II versus concentration of high-affinity transducin peptide to the Eq. 4.14.  As described in 

chapter 4 the differences between the small osmolytes and the large osmolytes on peptide 

binding are delineated by these data.     

Table B4 tabulates the ln K data for various osmotic pressure (Π) for PEG osmolyte 

of various molecular weights (varying from average molecular weight of 200 g/mol to 1500 

g/mol).  The equilibrium constant (K) is defined as the ratio between active Meta-II and 

Meta-I.  The osmotic pressure data were obtained from Peter Rand website 
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(http://www.brocku.ca/researchers/peter_rand/osmotic/osfile.html#data) for various 

concentrations of PEG osmolytes.  The ln K is plotted as a function of osmotic pressure 

(Π) in chapter 4, Figure 4.6.  The change in the partial molar volume was calculated from 

the slope and represented as number of water in Figure 4.7 and the data are tabulated in 

Table B5. 

The data from the pH titration curves for activation of genetically mutated rhodopsin 

are tabulated in Table B7.  The data were generated by digitizing the titration curves using 

the plot digitizer software (http://plotdigitizer.sourceforge.net/).   The digitized data are 

plotted in Figure 4.5 for comparison of mutations with the effect of water on the rhodopsin 

activation. 

 

 
Table B1. The pH titration curve data for various temperatures.  MII fractions 
corresponding to different pH values at temperature 8, 15, and 23 oC. 
 

 Temperature 

Osmolyte 8 oC 15 oC 23 oC 

 pH θ (MII 

fraction) 

pH θ (MII 

fraction) 

pH θ (MII 

fraction) 

without 

osmolyte 

  

  

  

  

  

  

  

  

  

5.00 1.00 4.70 1.00 5.00 1.00 

5.90 0.82 6.40 0.93 6.00 0.99 

6.50 0.85 6.90 0.90 7.00 0.91 

7.00 0.53 7.50 0.68 7.30 0.86 

7.20 0.36 7.90 0.40 7.80 0.75 

7.40 0.21 8.70 0.20 8.30 0.54 

7.60 0.18 9.00 0.18 8.50 0.37 

8.00 0.11 9.50 0.18 8.80 0.34 

8.40 0.03  --  -- 9.20 0.33 

9.00 0.00  --  -- 9.50 0.33 

35% 

(w/w) 

PEG 200‡ 

5.00 1.00 5.00 1.00 5.00 1.00 

6.50 0.95 6.00 1.00 6.00 1.00 

7.30 0.85 7.00 0.99 7.00 1.00 

http://www.brocku.ca/researchers/peter_rand/osmotic/osfile.html#data
http://plotdigitizer.sourceforge.net/
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7.50 0.79 7.50 0.95 7.30 1.00 

7.70 0.60 7.90 0.93 7.80 1.00 

7.90 0.44 8.20 0.76 8.30 0.99 

8.20 0.37 8.50 0.63 8.50 1.00 

8.40 0.19 8.70 0.59 8.80 0.99 

9.20 0.19 8.90 0.50 9.20 0.99 

 --  -- 9.20 0.42 9.50 0.99 

 --  -- 9.50 0.42  --  -- 

35% 

(w/w) 

PEG 400‡ 

  

  

  

  

  

  

  

  

  

5.20 0.74 4.80 0.94 5.20 1.00 

5.60 0.66 5.60 0.93 6.00 0.78 

6.00 0.40 6.30 0.66 6.50 0.62 

6.20 0.37 6.60 0.54 7.00 0.55 

6.40 0.27 7.00 0.44 7.20 0.52 

6.70 0.34 7.30 0.29 8.00 0.25 

7.00 0.31 8.60 0.24 8.50 0.25 

7.40 0.13 9.00 0.11  --  -- 

8.70 0.00 9.50 0.14  --  -- 

9.40 0.00  --  --  --  -- 

35% 

(w/w) 

PEG 

1500‡ 

4.90 0.75 4.70 0.83 5.00 0.99 

5.20 0.69 6.40 0.45 6.00 0.79 

5.40 0.50 6.90 0.21 6.50 0.54 

5.60 0.38 7.50 0.12 7.00 0.36 

5.70 0.28 7.90 0.05 7.50 0.24 

6.00 0.13 8.70 0.01 8.00 0.11 

6.50 0.06 9.00 0.00 8.50 0.04 

7.40 0.00 9.50 0.00 9.00 0.04 

8.50 0.00  --  --  --  -- 
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Table B2. The pH titration curve data for different temperatures obtained from 
Mahalingam et al. 2008 2 
 

Temperature pH  (fraction of active Meta-II state) 

10 C 

5.18 0.90 

6.15 0.73 

6.62 0.58 

7.16 0.46 

7.28 0.47 

7.74 0.35 

8.31 0.18 

8.79 0.06 

9.27 0.01 

9.73 0.01 

10.22 0.02 

20 C 

4.99 0.99 

6.49 0.84 

6.98 0.75 

7.52 0.64 

8.00 0.49 

8.52 0.25 

9.01 0.19 

9.52 0.15 

10.01 0.13 

30 C 

5.02 0.99 

5.96 1.00 

7.25 0.87 

7.76 0.74 

8.26 0.54 

8.27 0.55 

8.27 0.50 

8.78 0.43 

8.78 0.42 

8.79 0.44 

9.26 0.44 

37C 

5.17 1.00 

6.24 0.99 

6.51 1.00 

7.09 0.96 

7.58 0.81 

8.09 0.75 

8.09 0.70 

8.11 0.69 
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8.59 0.68 

8.59 0.67 

9.09 0.64 

9.10 0.62 

 

 

 

Table B3. Summary of thermodynamic parameters in temperature change 
 

Osmolyte T/ C  alk pKA pKA3 K12 K3 

No 

osmolyte 

8 0§ 7.0±0.3 ≥9.0§ ≤0.01§ ≥10.0x108.0§ 

10 0*,§ 7.1±0.3* ≥9.1§ ≤0.01§ ≥12.6108.0§ 

15 0.14 7.6±0.3 8.5 0.16 3.2x108.0 

20 0.15* 7.7±0.3* 8.5 0.18 3.2x108.0 

23 0.27 8.0±0.3 8.6 0.37 4.0x108.0 

30 0.38* 7.8±0.3* 8.2 0.61 1.5x108.0 

37 0.58* 7.8±0.3* 8.0 1.38 1.0x108.0 

35wt%  

PEG 200‡ 

8 0.10 7.8±0.3 8.8 0.11 6.3x108.0 

15 0.33 8.5±0.3 9.0 0.49 10.0x108.0 

23 1.0|| N/A|| N/A|| ≥99 (∞) N/A|| 

35wt.% 

PEG 400‡ 

8 0§ 5.9±0.3 ≥7.9§ ≤0.01§ ≥7.9x107.0§ 

15 0.15 6.6±0.3 7.4 0.18 2.5x107.0 

23 0.25 6.7±0.3 7.3 0.33 2.0x107.0 

35wt.% 

PEG 

1500‡ 

8 0§ 5.4±0.3 ≥7.4§ ≤0.01§ ≥2.5x107.0§ 

15 0.02±0.07 6.3±0.3 8.0±0.6 0.02±0.07 1.0x108.0 

23 0.07 6.6±0.3 7.8 0.08 6.3x107.0 

‡ The experiments at 15 C were done with 30% PEG. 
* Ref. 1. 
§ Due to limited accuracy (the error of the θalk measurement is at least 0.01) for the alkaline end point, 
the K12 values cannot be estimated smaller than 0.01.  Hence, pKA3 − pKA = −log (K12 /(1 + K12)) ≥ 2, 
and pKA3 ≥ 9.0 for 8 and ≥ 9.1 for 10 C (for RDM without PEG).  
|| For PEG 200 at 23 C and above the pKA value cannot be determined due to complete shift of the 
equilibrium to the MII state, and the absence of the MI state at any pH.  It is reflected in the alkaline θ 
value, θalk, equal to 1. 
† Where not indicated the errors for the experiment were estimated to be less than 10%. 

 

Table B4. The fraction of Meta-II ()data for various concentrations of transducin 
peptide tabulated for osmolytes of various molecular sizes at 15 oC. 
 

Osmolyte [peptide] /M  (active Meta-II 

fraction) 

No PEG 

0 0.65 

4 0.89 

8 0.96 
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1 0.68 

2 0.79 

12 0.99 

16 1 

20 0.97 

24.6 1 

  

30% (w/w) 

PEG 200 

0 0.94 

1 0.94 

2 0.94 

12 0.98 

20 0.98 

30 % (w/w) 

PEG 300 

0 0.68 

2 0.76 
4 0.84 
8 0.88 

16 0.9 
32 1 

30 % (w/w) 

PEG 1500 

0 0.37 

1 0.46 

4 0.66 

8 0.74 

16 0.82 

20 0.91 

32 0.95 

40 0.95 

 

 

 

 

 

 

Table B4. The data for ln K vs osmotic pressure  
 

Osmolyte Osmotic Pressure /MPa ln K 

PEG 200 

0 0.33 

4.33 2.10 

2.88 1.32 

2.56 1.15 

1.30 0.62 

0.46 0.49 

PEG 300 

0.01 0.12 

1.30 0.24 

2.25 0.28 

3.42 0.36 

4.85 0.49 
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PEG 400 

0.02 0.32 

0.77 0.32 

1.18 0.16 

1.84 0.08 

3.00 -0.28 

2.18 -0.04 

4.86 -0.66 

4.05 -0.45 

PEG 1500 

0 0.21 

3.38 -1.49 

2.57 -0.83 

0.78 0 

0.31 0.21 

 

 

 

 

 

 

Table B5. The calculated number of water molecules expelled by various molecular 
weight osmolytes upon rhodopsin activation. 
 

Osmolyte Apparent number of water 

molecules 

  

PEG 200 −52* 

Sucrose (pH 8) −21* 

PEG 300 −10* 

PEG 400 33 

PEG 1500 (18 C) 66 

 

 
 
 

Table B7. The pH titration curve results for the mutants 
 

Mutant pH          (fraction of active Meta-II state) 

WT (wild-type) 8.64 0.00 

7.73 0.07 

7.26 0.16 

6.77 0.31 

6.77 0.29 

6.10 0.49 
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6.12 0.54 

5.59 0.91 

5.18 0.93 

8.64 0.00 

7.73 0.07 

E134Q 5.11 0.97 

6.30 0.94 

7.29 1.04 

8.60 1.02 

9-DM 7.02 -0.01 

5.52 0.10 

5.02 0.24 

4.48 0.47 

4.02 0.81 

3.50 0.91 

R135L 8.59 1.02 

7.28 1.02 

5.11 0.99 
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Appendix C 

The data tabulated in appendix C are relevant to the Chapter 5 of this dissertation that 

investigates the role of retinal cofactor in regulating protein dynamics during rhodopsin 

activation.  The data here were collected at the BASIS spectrometer (beamline) at the 

spallation neutron source (SNS) in the Oak Ridge National Laboratory (ORNL).  These 

data belong to collaboration between the Michael Brown group of University of Arizona, 

Tucson, Arizona, and Prof. Xiang-qiang Chu group of the Wayne State University, Detroit, 

Michigan. 

The Table C1 presents the mean-square displacements (MSDs) calculated for each 

temperature (ranging from 20 K to 300 K) by applying the Gaussian approximation to the 

Lamb-Mossbauer factor (Also known as elastic incoherent structure factor (EISF)).  As 

described in chapter 5, a plot of natural logarithm as a function of square of the momentum 

transfer yields a linear plot for low Q values.  The slope of these plots are proportional to 

the MSDs.  The Tables C2 to C10 presents the full-width at half-maximum determined for 

isolated Lorentzians for rhodopsin, opsin, and CHAPS detergent at temperatures ranging 

from 220 K to 300 K. 

Table C1.  The mean-square displacements (MSDs) hydrogen atoms of rhodopsin 

and opsin for the temperature range of 70 K to 300 K. 

Rhodopsin Opsin 

Temperature / K MSD / Å2 Temperature / K MSD / Å2 

70 0.0063 70 6E-08 

76 0.0101 75 0.0086 

80 0.0061 80 0.0002 

86 0.0086 85 0.0046 

90 0.0073 90 0.0042 

96 0.0116 95 0.0054 

100 0.0097 100 0.0078 

106 0.0127 105 0.0079 

110 0.0124 110 0.0086 

116 0.0209 115 0.0111 

120 0.0222 120 0.0168 

126 0.0156 125 0.0138 

130 0.0277 130 0.0133 

136 0.0199 135 0.0124 
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140 0.0217 140 0.0181 

146 0.0239 145 0.018 

150 0.0266 150 0.0169 

156 0.0242 155 0.0244 

160 0.0256 160 0.024 

166 0.0321 165 0.0261 

170 0.0291 170 0.0298 

176 0.037 175 0.0251 

180 0.0336 180 0.0325 

186 0.039 185 0.0343 

190 0.0414 190 0.0348 

196 0.0405 195 0.0378 

200 0.0466 200 0.0417 

206 0.0462 205 0.0393 

210 0.0519 210 0.0462 

216 0.0547 215 0.0502 

220 0.059 220 0.0532 

226 0.0571 225 0.0537 

230 0.0681 230 0.0606 

236 0.0743 235 0.068 

240 0.0767 240 0.073 

246 0.0802 245 0.0837 

250 0.0962 250 0.086 

256 0.1019 255 0.1011 

260 0.1081 260 0.106 

266 0.1199 265 0.1183 

270 0.1228 270 0.1262 

276 0.1386 275 0.1325 

280 0.1435 280 0.1481 

286 0.159 285 0.1615 

290 0.1683 290 0.185 

296 0.1839 295 0.1935 

300 0.195 300 0.1956 
 

Table C2.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 220 K. 

 FWHM /ΜEV 
MOMENTUM TRANSFER (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.03561 0.08282 1.213 

0.5 0.06093 0.05759 0.9851 
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0.7 0.04689 0.04937 1.373 

0.9 0.05379 0.03871 2.378 

1.1 0.04011 0.03127 17.77 

1.3 0.07337 0.05169 20.13 

1.5 0.07835 0.01381 19.23 

1.7 0.06177 0.0444 22 

1.9 0.05041 0.05388 19.11 

 

Table C3.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 230 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.104 0.039 1.109 

0.5 0.04477 0.0631 0.7811 

0.7 0.07629 0.0335 0.9545 

0.9 0.1014 0.0379 2.831 

1.1 0.3945 0.0506 19.18 

1.3 0.07867 0.0455 22.56 

1.5 0.1239 0.0359 21.67 

1.7 0.09127 0.1029 19.96 

1.9 0.122 0.0827 20.53 
 

Table C4.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 240 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.1798 0.0635 0.9642 

0.5 0.1532 0.053 1.208 

0.7 0.04995 0.0642 1.174 

0.9 0.1516 0.0262 18.17 

1.1 0.7066 0.0973 17.57 

1.3 0.6 0.0533 23.28 

1.5 0.4601 0.2037 20.84 

1.7 0.09056 0.5535 27.21 

1.9 0.4147 0.0763 21.4 
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Table C5.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 250 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.1264 0.1563 2.424 

0.5 0.1214 0.131 2.421 

0.7 0.1315 0.1453 1.344 

0.9 0.197 0.0917 21.09 

1.1 1.035 0.5563 18.64 

1.3 1.021 0.6991 26.82 

1.5 0.6562 0.3734 22.85 

1.7 0.1412 0.6486 23.76 

1.9 0.6144 0.3573 21.44 
 

 

 

Table C6.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 260 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.1359 0.1069 1.251 

0.5 0.164 0.1289 1.061 

0.7 0.1731 0.1573 1.532 

0.9 0.3215 0.2487 16.27 

1.1 1.654 1.272 19.99 

1.3 1.808 4.007 19.31 

1.5 1.297 0.7404 15.17 

1.7 1.024 1.718 18.48 

1.9 1.038 0.6455 15.62 
 

Table C7.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 270 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.1908 0.1373 17.81 



212 
 

0.5 0.2386 0.1729 23.81 

0.7 0.2956 0.2265 19.36 

0.9 0.5388 0.3905 18.23 

1.1 1.613 2.071 19.4 

1.3 1.764 7.009 22.01 

1.5 2.333 1.138 22.14 

1.7 3.115 3.494 18.84 

1.9 2.791 0.9567 16.5 
 

 

Table C8.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 280 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.145 0.0998 17.11 

0.5 0.2157 0.1671 21.32 

0.7 0.4247 0.3113 18.27 

0.9 0.6915 0.5137 17.61 

1.1 2.204 5.298 20.16 

1.3 1.812 8.38 17.08 

1.5 3.588 2.011 17.58 

1.7 4.541 7.822 19.49 

1.9 2.671 1.521 19.71 
 

 

Table C9.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 290 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.2288 0.1776 16.68 

0.5 0.3855 0.2883 20.24 

0.7 0.65 0.3641 17.67 

0.9 0.9258 0.6594 20.88 

1.1 5.371 4.698 20.19 

1.3 8.106 9.936 19.23 

1.5 7.271 2.481 21.5 
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1.7 9.63 8.941 21.84 

1.9 11.04 2.013 18.28 
 

 

Table C10.  Full width half maximum (FWHM) values calculated from the 

Lorentzians for rhodopsin, opsin, and CHAPS detergent at 300 K. 

  FWHM /μeV 

Momentum transfer (Q) /Å–1 rhodopsin opsin CHAPS  

0.3 0.2638 0.1608 14.14 

0.5 0.4409 0.3422 21.38 

0.7 0.6667 0.5909 18.15 

0.9 1.028 0.8636 18.01 

1.1 4.284 8.979 20.35 

1.3 12.31 11.26 21.39 

1.5 7.144 7.202 19.85 

1.7 14.64 12.39 22.78 

1.9 12.22 5.475 16.67 
 

 


