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photoreceptor rhodopsin, which absorbs the light and becomes activated. The activation
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transmit the signal to the optic nerve and from optic nerve to the brain (left). The
cartoon representation of rhodopsin in disk membranes (right). This figure has been
adapted from Palczewski et al. 2012 (1).
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Fig.1.2: A schematic representation of rhodopsin in a membrane lipid bilayer.
Rhodopsin dark-state (PDB id: 1U19) (2) X-ray crystal structure is overlapped with active
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part of the protein and the thread represents the curvature change. A balance of
curvature energy and solvation energy of hydrophobic mismatching regulates rhodopsin
signaling. The figure has been adapted from Bothelo et al. 2006 (5).
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Fig 1.9: A schematic phase diagram of hypothetical phospholipid is shown. As the
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Fig 1.13: (a) Summary of MD simulations (Number of water molecules as a function of
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adapted from Leioatts et al. 2014 (7).
Page 49
Fig 2.1: The photosequence of rhodopsin due to light absorption. The intermediates
have unique UV-absorption maxima which makes UV-visible absorption spectroscopy a
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al. 2002 (8).
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Fig 2.2: Representation of different components of sucrose density gradient used to
purify retinal ros disk membranes (RDM). The rhodopsin (RDM membranes) layer
appears at the interface between the 1.11 and 1.13 g/mL layers. Some rhodopsin is also
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Fig 2.3: Representative UV-visible spectrum of rhodopsin in disk membranes. The protein
is solubilized in detergent buffer containing 3% Ammonyx LO detergent in 15 mM Naphosphate buffer pH 6.7 containing 30 mM hydroxylamine. The ground state spectra
represent the dark state of the protein with absorbance maximum at 500 nm. The
bleached spectrum represents the spectrum after bleaching. The spectrum shows the
purity (A280/A500) ratio of 2.5.
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the year 2010. The UV-spectra were collected using a Cary 4000 spectrophotometer as
described in section 2.2.2.
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Fig. 2.5: The chemical structure of DTAB detergent. The detergent is cationic and plays
an important role in ion-exchange chromatography. The figure is taken from Selmani et
al. 2015 (10).
Page 61
Fig. 2.6: A schematic representation of mechanism of hydroxyapatite column
chromatography. It operates as dual mode column chromatography. The amine groups
of the protein electrostatically interact with the phosphate groups and the negative
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forms electrostatic interactions, a linear salt gradient is applied which disrupts the ionic
interactions, and the protein elutes at a specific band. The figure is adapted from BioRad (11).
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Fig. 2.7: The elution profile of the protein is shown. A single band of the protein is
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to the column. The flow rate is 1.2 mL/minute and each fraction is 4 mL with the protein
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Fig. 2.8: A representative UV-visible spectra of different fractions containing rhodopsin.
The fractions having good purity of rhodopsin A280/A500 ratio of 1.6−1.8 are collected and
pooled together. The red spectrum at the top represents the fraction with a very high
concentration of rhodopsin that cannot be detected completely by the spectrometer
(Cary 50; Agilent technologies).
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Fig. 2.9: Representative final UV-visible spectra collected after pooling the good
fractions. The yield of the purification is about 90% with purity A280/A500 ratio of 1.7.
Starting with 50 mg of RDM membranes about 45 mg was recovered using 18 g of
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Fig. 2.10: Chemical structure of (a) nonylglucoside (NG) and (b) dodecylmaltoside (DDM)
detergents. Note that the NG detergent has a 9-carbon acyl chain whereas DDM has a
12-cabon acyl chain. The difference in the headgroup and acyl chain length properties
results in different packing of the protein in these detergent micelles.
Page 67

20
Fig. 2.11: Representative UV-visible spectra of rhodopsin purified in NG. (a) The spectra
for different fractions of rhodopsin collected during purification. (b) The final spectrum
after pooling the good fractions together. Starting with 50 mg of RDM (A280/A500 = 2.80)
about 37 mg of rhodopsin was purified. The purity (A280/A500) of the final sample is 1.7
which is 95% pure rhodopsin.
Page 68
Fig. 2.12: Calibration curve to measure conductivity of the NaCl with 25 mM NG
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Fig. 2.13: (a) Difference spectra (photobleached minus dark state) for rhodopsin in
CHAPS detergent at picoseconds time scale. The photobleaching was performed using
optical laser of wavelength 480 nm. The retinal isomerization takes place in 200 fs (13).
Interestingly using TR-WAXS technique upon photoactivation, we observed global
changes in protein conformations. The changes in the difference spectra reflect the
protein fluctuations (“protein quake”(14)) after photobleaching. (b) The UV-visible
absorption spectra of the purified protein. The purity (A280/A500) of the protein is 1.6
almost 100% pure rhodopsin. The experiment required about 480 mg of the protein.
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Fig. 2.14: Example of zinc-extracted rhodopsin with DDM in generating rhodopsin-lipid
recombinant for understanding of role of membrane lipid electrostatics in rhodopsin
activation. The figure has been adapted from Chawla et al. 2016 (18).
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Fig. 2.15: Example of application of zinc-extracted rhodopsin with CHAPS (left) and DDM
(right) to small-angle neutron scattering studies. A comparison of dark state (resting
state) and light-activated states demonstrate an increase in the hydrated volume. The
insets shows the chemical structure of the detergent molecules and has been adapted
from Chae et al. 2010 (15).
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studies. (a) Comparison of crystal structures of active opsin (blue) versus dark-state
(salmon) shows more open structure of active opsin. (b) A comparison of -relaxation
times (from QENS analysis) for rhodopsin dark-state versus ligand-free inactive opsin
shows longer relaxation times for inactive opsin, implying a more closed structure of
inactive opsin compared to dark-state rhodopsin (c) Traces of powdered rhodopsin on
the filter paper pointed out by the arrow.
Page 78
Fig. 2.17: Circular dichroism (CD) spectra (on the left) and dynamic light scattering (DLS)
profiles (right) of DDM-detergent solubilized globular protein NAMPT is shown. The
example shows the application of detergents in studying globular protein biophysical
properties.
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(right) detergents (purification is explained above) at 15 C. A monodispersity of the
purified protein can be seen in both cases.
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Fig. 2.19: (a) Far-UV circular dichroism (CD) spectra of rhodopsin in detergent micelles
reported previously (16) (b) The CD spectra obtained after rehydrating the powdered
rhodopsin correspond to the spectra in part (a).
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Fig. 3.1: In rhodopsin dark state the counterion to the protonated Schiff base is Glu113
residue whereas in Meta-I the counterion is Glu181. Upon photobleaching H-bonding
network helps to transfer signals from the extracellular side to cytoplasmic side. The
figure has been adapted from Yan et al. 2003 (17).
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involved in the two ionic locks that are broken upon activation.
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been adapted from Chawla et al. 2016 (18).
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in a liposome. The charged-induced direct-reconstitution (CIDR) approach was used for
spontaneously reconstituting the rhodopsin in artificial membranes. The figure has been
adapted from Hua et al. 2011(19).
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hit the sample and the scattering from the sample is detected by the detector. (b) A
scattering profile is generated which helps is determining shape of the molecule. The fig.
has been adapted from Blanchet et al. 2013 (20).
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representing a multilamellar structure (18).
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inst shows the difference spectra of photobleached minus dark state. The figure has
been adapted from Lomonosova et al.2012 (21).
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extrusion. The spectra were acquired with an Agilent Cary 50 spectrophotometer using a
0.1 cm pathlength cuvette.
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membranes at 10 C temperature. On the right a comparison of methods used to
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Chawla et al. 2016 (18).
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recombinant membranes. Recombinants with DOPC (left) and recombinants with DOPE
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and polymerosomes (right). The figure is adapted and modified from Chawla et al. 2016
(18).
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positively charged membrane lipid headgroups. The top left shows the structure of
rhodopsin in the dark state. The circled part is magnified in bottom left figure. In the
dark state Glu134 forms an ionic interaction with Arg135. The top right shows the crystal
structure of the activated state. There is movement of TM6 on light activation. The
circled part is magnified at the bottom right, which shows that movement of TM6 brings
Glu134 into the vicinity of positive headgroups of the membrane. As a result the ionic
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resulting in constitutive activation of the protein.
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membrane (22) and Glu134 in the light state along the membrane normal. (c) The radial
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exposing the membrane bilayer to Glu134. (b) A close-up side view showing the
hydration shell. The figures have been adapted and modified from Chawla et al. 2016
(18).
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membranes (RDM) at different pH values. The experiment was done at 15 C with 30%
PEG 400 in 2 M RDM membranes.
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ABSTRACT
My thesis is focused on role of soft matter (membrane lipids plus water) in Gprotein coupled receptor (GPCR) activation. Notably GPCRs are one of the hot
topics that have attracted considerable attention in pharmacology and drug
companies.

About 50% of the modern drugs available in the market target

GPCRs. Although GPCRS are of immense importance in pharmacology, critical
information is missing about their activation mechanism. The major reason is that
extensive studies have not been done in native conditions. However GPCRs are
integral membrane protein and the role of membrane lipids and water is crucial in
rhodopsin signaling, which has not been investigated considerably. Here we used
rhodopsin, a canonical GPCR, to study the role of soft-matter (membrane lipids
and water) in rhodopsin signaling. We hypothesize that rhodopsin activation
involves an ensemble of states with an increase in hydrated protein volume. The
opening of the protein paves the way for G-protein binding and initiation of
rhodopsin signaling.

Since rhodopsin is an integral membrane protein, the

properties of membrane lipids could modulate rhodopsin activation. We used a
novel charge-induced directed-reconstitution method to recombine rhodopsin
spontaneously with artificial membranes and polymerosomes.

UV-visible

spectroscopy was used to characterize the light activation of the protein. We
report a novel allosteric mode of rhodopsin activation, where electrostatic
interaction between positively charged membrane head-groups and negatively
charged Glu134 disrupts the ERY motif of the second ionic lock, and leads to
constitutive activation of the protein.

Our results are in agreement with the

molecular dynamics simulations analysis, and are further supported by results
using the ATR-FTIR spectroscopy technique. In addition we have studied the
role of water in rhodopsin function using different size osmolytes. We observed a
surprising size-reversal effect on the rhodopsin activation mechanism. Small
osmolytes stabilize the active state whereas large osmolytes favor the inactive
state. It is proposed that small osmolytes can penetrate the protein core and
interact with the protein binding cleft. By contrast large osmolytes cannot access
the protein binding cleft, and exerts an osmotic pressure on the protein, leading to
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expulsion of water and stabilizing the inactive state. Based on osmotic stress
studies and transducin peptide binding assays, we propose a hydrationdehydration cycle that explains the rapid amplification rate and high fidelity in
rhodopsin signaling. Our studies lay the foundation to understanding role of soft
matter in rhodopsin-like GPCR activation, and pave the way for developing new
drugs in the pharmaceutical industry.
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DISSERTATION HIGHLIGHTS
Chapter one introduces the general understanding of GPCR signaling
followed by the current understanding of how lipid-protein interactions influence
the activation mechanism of rhodopsin, a canonical GPCR. There are three major
ways by which lipids can influence rhodopsin activation i.e. membrane curvature,
surface potential, and specific rhodopsin-lipid interactions such as hydrogen
bonding.

The role of all these three major players is investigated.

This is

followed by introduction of the flexible surface model (FSM), which explains
how the balance of curvature forces and hydrophobic mismatch between the
membrane protein and the acyl chain length of the lipid bilayer controls the
rhodopsin activation. In addition the current understanding of role of hydration in
rhodopsin signaling as well as the unsolved questions are described.
In chapter two the common techniques used to address the different problems
are gathered. First the rhodopsin extraction from bovine retinas and rhodopsin
characterization using UV-visible absorption spectroscopy are described. This is
followed by description of the method of purifying rhodopsin in DTAB detergent
using hydroxyapatite column. Furthermore the optimization of hydroxyapatite
column chromatography using nonylglucoside (NG), a neutral detergent, is been
explained. Next the size exclusion chromatography for detergent exchange is
described. The column purification of rhodopsin is compared to the zinc acetate
extraction method and pros and cons of both techniques are discussed.
Generation of powdered rhodopsin in CHAPS detergent is then illustrated. This
method is followed by application of CD spectroscopy to determine secondary
folds in the case of rhodopsin. Next the method for preparation of recombining
rhodopsin in membrane lipids is described.
Reconstitution of rhodopsin in liposomes and polymerosomes has a great
potential in the field of bio-nanoengineering, drug delivery, and understanding the
protein signaling. However the conventional method of generating rhodopsin
recombinants is time-consuming, complicated, and has low yield. Chapter three
focuses on the novel approach of charge-induced directed-reconstitution (CIDR)
to generate proteoliposomes and proteopolymerosomes.

Here spontaneous
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recombination of the protein with membrane lipids takes place due to electrostatic
interactions. The comparison of this approach with conventional methods of
generating protein-lipid recombinants is described. Further pros and cons of each
method are discussed. The recombinants generated using the new approach was
studied for their activity using UV-visible spectroscopy.

Using these

proteoliposomes and proteopolymerosome, we discovered a novel mode of
rhodopsin activation by allosteric regulation, where the positively charged
membrane head groups electrostatically interact with the negative charge of
Glu134 residue of the protein, and stabilize the active Meta-II state. In addition,
we used the small-angle x-ray scattering (SAXS) technique to ensure the correct
assembly of liposomes and polymerosomes with the protein. We also performed
a new molecular dynamics (MD) simulation analysis. Our model for rhodopsin
activation is in agreement with the MD simulation analysis. Furthermore we used
attenuated total reflection-fourier transform infrared (ATR-FTIR) spectroscopy
for transducin peptide binding assays to further confirm the presence of the active
rhodopsin state in the proteoliposomes. Our studies provide information about the
role of membranes in regulating protein activation. In addition to this, successful
application of the CIDR method provides an avenue for harnessing proteins in
non-biological membranes, and furthermore offers potential to be used in
membrane protein nanotechnologies.
In chapter four we introduce the osmotic stress studies to explore the effect of
hydration in signaling.

Membranes containing rhodopsin have three major

components viz. protein, water, and membrane lipids. Whereas the protein and
membrane effects have been studied earlier, the role of hydration is unclear.
Earlier osmotic stress studies, radiolytic studies, MD simulations, and X-ray
crystallography studies are not in agreement with each other.

We start by

describing the earlier literature and pros and cons for different techniques which
give information about the role of water in rhodopsin activation. In our work we
used different molecular weight osmolytes of polyethylene glycol (PEG) to
examine the influx or efflux of water on light activation. UV-visible absorption
spectroscopy was used for characterizing the different rhodopsin states. Our

31
studies show that there is large influx of bulk water (about ~60 water molecules)
upon activation of the protein. We discovered a surprising size-reversal effect of
the osmolyte on rhodopsin activated states. The small osmolytes favor the active
state whereas large osmolytes favor the inactive state. We provide a simple
mechanical analogy with a piston that acts analogous to the protein with
osmolytes. We suggest that small osmolytes go inside the transducin binding
cleft whereas large osmolyte cannot access protein core. Our results also explain
the reason for contradictory results in the earlier experiments as well. From our
high affinity G-protein peptide binding isotherms we suggest a hydrationdehydration cycle in rhodopsin signaling that explains the rapid-amplification rate
and high fidelity in rhodopsin signaling.
Chapter five is the last chapter of this dissertation. In this chapter an update
and the future directions for the current studies have been described. First the
optimization of hydroxyapatite chromatography and exploring its application with
other detergents has been described.

Notably hydroxyapatite column

chromatography has been successfully used with the DDM detergent, however the
technique need to be optimized for CHAPS detergent as well. In addition the
possibility of regenerating this column chromatography so that it can be used
infinitely and increasing the maximum capacity are discussed.

It should be

pointed out that this column can be used only 3–4 times after regeneration as of
now. Presently we have successfully been able to increase the maximum capacity
of the column for each run by 100%. Next the application of purified rhodopsin
in neutron scattering, and time-resolved wide angle X-ray scattering (TR-WAXS)
has been described. This is followed by optimizing the crystal conditions for
time-resolved serial femtosecond crystallography (TR-SFX). Preliminary crystal
trials for dark-state rhodopsin and retinal-free opsin are described. Lastly, future
studies to further explore the role of hydration in rhodopsin action using FTIR
spectroscopy and studies of osmolytes with rhodopsin in detergent solutions have
been described.
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CHAPTER 1: INTRODUCTION AND BACKGROUND
1.1 Introduction
Membrane proteins constitute about 30% of the gene sequences in human beings
(32). They play a key role in number of physiological processes regulation of heart beat
and vision in dim light. Examples of integral membrane proteins comprise channels,
transporters, and receptors. All of them are crucial for cellular functioning; however Gprotein coupled receptors (GPCRs) have attracted a lot of attention in the field of
pharmacology and drug design. It is not surprising that about 50% of the modern drug
targets of pharmaceuticals are GPCRs because they are involved in regulation of number
of physiological pathways.

Fig.1.1: Schematic representation showing how light is perceived in eyes by the rod cells.
Light strikes the rod cells located near the epithelium cells. Rod cells contain the
photoreceptor rhodopsin, which absorbs the light and becomes activated. The activation
of rhodopsin leads to initiation of signals which is passed to neural cells. The neural cells
transmit the signal to the optic nerve and from optic nerve to the brain (left). The
cartoon representation of rhodopsin in disk membranes (right). This figure has been
adapted from Palczewski et al. 2012 (1).
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Rhodopsin is seven-helix transmembrane (7-TM) receptorprotein that is present in the
rod cells in the retina of the eyes (Fig. 1.1). There are over 100 million rod cells that are
present in human eyes.

Rhodopsin is present in very high density in retinal disk

membranes (4.62 mM) (1) which is required for its high turnover upon photoactivation.
Rhodopsin has a molecular weight of 40 kDa and whether it exists as a monomer, dimer,
or oligomer in disk membrane is controversial (33, 34). A schematic representation of
rhodopsin in a membrane lipid environment is shown in Fig.1.2.

Fig.1.2:
Schematic
representation of rhodopsin in a
membrane
lipid
bilayer.
Rhodopsin dark-state (PDB id:
1U19) (2) X-ray crystal structure
is overlapped with active Meta-II
structure (PDB id: 3PXO) (3). A
change in helix 6 can be
observed. Rhodopsin activation
is modulated by the membranelipid properties and water
collectively referred to as softmatter.

Structurally GPCRs include seven transmembrane helices that span the membrane
lipid bilayer. The GPCRs are classified into five different classes based on sequence
homology and functional similarity. Rhodopsin-like receptors belong to Class-A GPCR
proteins comprising the largest group of G-protein coupled receptors. In our studies we
have used rhodopsin a canonical GPCR that is responsible for vision in dim light. The
recent advancements in fields of protein engineering(35), X-ray crystallography(3), and
NMR has made it possible to look at the structural changes and answer biophysical
questions related to GPCRs. However GPCRs are integral membrane protein and the role
of membrane and water collectively called as soft matter are crucial in GPCRs signaling.
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A lack of understanding of role of soft matter in GPCR signaling is a major impediment
in developing effective drugs.
Rhodopsin signaling is initiated when a photon of light is absorbed by the
chromophore of the photoreceptor. The chromophore 11-cis retinal isomerizes to alltrans retinal in the light-induced isomerization.

This process is very rapid; the

isomerization takes place in 200 fs when rhodopsin is solubilized in a detergent
environment (36).

This is followed by intermediate states viz. bathorhodopsin,

lumirhodopsin, and the Meta-I state. The inactive Meta-I state is in equilibrium with the
active Meta-II state.

The equilibrium depends on physical factors like pH and

temperature, as well as the detergent environment. The G-protein transducin binds to the
active Meta-II state at the cytoplasmic side of the membrane. This is still not clear how a
change at the extracellular side leads to big opening of the protein at the cytoplasmic side.
It is speculated that there is hydrogen-bond network which becomes disrupted on
isomerization of the retinal, which translates into a large change at the cytoplasmic side
(37) which underscores the importance of bulk water in the activation process. The Gprotein transducin is a heterotrimeric protein constituting of , , and subunits. There is
an exchange of GTP for GDP upon its activation by rhodopsin. What the factors are that
mediate the association and dissociation of the

subunit is not clear. Nevertheless the

specific binding and dissociation of the transducin

subunit is responsible for high

fidelity and rapid amplification in response to photon of light. Thereafter the

subunit

dissociates and binds to inhibitory subunit of phosphodiesterase E (PDE) which activates
the enzyme. The enzyme catalyzes the hydrolysis of cGMP to GMP. The function of
cGMP is to bind to the cation exchange and lead to influx of Na+ and Ca2+ ions.
Inhibition of the cation channel leads to the low level of Ca2+ ions in cytoplasm. This
leads to hyperpolarization of the nerve cells and the signal is passed to the brain for
activation. A schematic representation of phototransduction process is depicted in Fig.
1.3 (4, 38). In addition there is another Na+-Ca2+ exchanger which pumps calcium ions
out and sodium ions inside. The channel further adds to the low level of calcium ions in
the cytoplasm. A low level of calcium ions activates the membrane bound guanylyl
cyclase (GC) enzyme. The guanylyl cyclase enzyme converts GTP to cGMP and thus the
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activation of the enzyme leads to inhibition of PDE enzyme which results in opening of
the cation channel. The closing of the cGMP-gated channel leads to hyperpolarization of
the nerve cell which ultimate transfers the light signal to the visual cortex of the brain
where further processing occurs.
In the regeneration phase of the rhodopsin signaling, rhodopsin kinase (RK) binds to
the photoactivated rhodopsin which phosphorylates its C-terminus. The activation of RK
enzyme is facilitated by the low Ca2+ levels and the recoverin protein. The protein
arrestin binds to the phosphorylated rhodopsin and inactivates it. The hydrolysis of the
all-trans retinal occurs from the inactive rhodopsin with time. In the recovery phase, the
arrestin dissociates followed by dephosophorylation of the rhodopsin molecule. The
regeneration of all-trans retinal to 11-cis retinal occurs in separate cells (retinal pigmental
epithelium) and 11-cis retinal is transported back to the rod where it associates with opsin
to form functional dark-state rhodopsin.

Fig.1.3: Phototransduction cascade in rhodopsin signaling. Rhodopsin is activated by
light followed by binding to the inhibitory subunit of the cGMP phosphodiesterase
(PDE) thus activating the enzyme. The enzyme leads to reduction of cGMP which closes
the cation channel that transports Ca2+ ions inside the cytoplasm of the cell. This leads
to light induced hyperpolarization of the cell. The signal passes to the brain which allows
one to visualize objects in dim-light. The figure has been adapted from Lamb et al. 2006
(4).
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1.2 Lipid-Protein Interactions
Cell membranes not only act as a barrier to control the influx and efflux of
metabolites by the cell, but also dynamic lipid-protein interactions regulate the function
of the protein. Table 1 (31) illustrates some examples of some membrane lipids which
are crucial for activity of the membrane protein. Phospholipids are the major structural
lipids in rhodopsin that modulate the protein activity. The major phospholipids that are
present

in

rhodopsin

disk

membranes

are

phosphatidylcholine

(PC)

and

phosphatidylethanolamine (PE), constituting about 44% and 41% of the phospholipids in
the disk membranes. The other phospholipids that are present in disk membranes are
phosphatidylserine (PS) (13%) and phosphatidylinositol (PI) (1%) (39).

The

phospholipids PE and PS are present at the outer monolayer of the disk membrane
whereas PC is mainly present in the inner leaflet of the membrane. These structural
phospholipids contains very high amounts of polyunsaturated docosahexaenoic acid
(DHA) which is crucial for rhodopsin activation.
Table 1: Examples of membrane protein where membrane lipid composition is crucial for
function. The table has been adapted from Boesze-Battaglia et al. 1997 (31).

Some lipids can exist in more than one form and the property is called as lipid
polymorphism. The lipids may exhibit different curvatures. If the membrane headgroup
of the lipid has affinity for water in aqueous solution it will lead to positive curvature and
vice-versa. The phospholipid PC has a no net charge and exhibits zero overall curvature.
The phospholipid PE is overall neutral, however it exhibits a negative overall curvature.
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The positive curvature of PE makes it less hydrated than PC since there is neutralization
of charge in PE due to close contact between positively charged nitrogen in one bilayer
and negatively charged phosphate group in the opposing bilayer (40). Examples of the
chemical structures of PC and PE lipids are demonstrated in Fig. 1.4. The figure
represents the structure of DOPC and DOPE membrane lipids. The PC lipids cannot
form hydrogen bonding with the proteins whereas DOPE lipids can form hydrogen
bonds.

Fig.1.4: Representative examples of (a) PC (DOPC) and (b) PE (DOPE) phosopholipids.
The phosphatidylcholine has three methyl groups in the head group which makes it less
prone to curvature formation as compared to phosphatidylethanolamine, which has
three hydrogen atoms attached to nitrogen.
1.2.1 Rhodopsin-lipid interaction
The lipid-protein interactions for rhodopsin have been studied for some time, e.g.
using solid-state NMR spectroscopy (41), molecular dynamics simulations (7), and UVvisible spectroscopy (27). However there are still lots of caveats that prove to be an
impediment in understanding the activation mechanism of rhodopsin in a native lipid
environment.

The membrane lipid properties like membrane thickness, elasticity,

saturation, general lipid-protein interactions, and specific lipid-protein interactions can
regulate the protein fucntion. In addition, thermodynamic parameters of the surrounding
lipid domain drive the free energy change for Meta-I to Meta-II equilibrium. It is
interesting that both the membrane lipids and protein adjust to changes in each other.
There are rhodopsin-rhodopsin and lipid-lipid interactions that can also modulate the
activation mechanism.
Hydrophobic matching between the rhodopsin hydrophobic part and hydrophobic
fatty acid acyl chain length of the lipid molecules is required for general organization of
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the membrane. The previous experimental data suggests that a hydrophobic thickness of
27 Å is optimum to maintain the membrane organization (42). If the membrane bilayer is
thicker or thinner than the optimum, then the hydrocarbon chains of the lipids can stretch
or compress to match the hydrophobic surface of the protein. A comparison of the X-ray
crystallographic structures of the dark-state rhodopsin and active Meta-II state (2, 3)
show that there is an outward movement of transmembrane helix 6 (TM6) and also
importantly an elongation of transmembrane helix 5 (TM5). There is also an increase in
protein helicity with increasing bilayer thickness. The elongation of TM5 and change in
the protein helicity are the structural adjustments of the protein with respect to the lipid
bilayer.

Alternatively, a thick bilayer favors the active Meta-II state, because the

membrane lipids need to stretch to accommodate the elongation of TM5 helix.

Fig.1.5: A schematic representation showing how the equilbrium between rhodopsinactivation states is mediated by lipid-protein interactions. A. In bilayer having small
hydrophobic thickness metarhodopsin equilibrium is shifted to inactive Meta-I state. B.
Rhodopsin reconstituted in thick bilayer membrane favor Meta-II state. The membrane
lipid stretches and the elongation of the protein facilitates Meta-II state. The figure has
been adapted from Bothelo et al. 2006 (5) .
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A schematic representation of lipid-protein interactions that can play a role in
modulating the metarhodopsin equilibrium is shown in Fig. 1.5 (42). The membrane
bilayer can adjust its thickness and the protein can adjust its structure upon activation.
The two-way interconnection between protein-lipid interactions is crucial for rhodopsin
function. Thermodynamically, the summation of free energy change from Meta-I to
Meta-II state and free energy changes for the lipid-protein interactions regulate the
activation of the protein.

In addition, the lipid-lipid interactions or protein-protein

interactions may lead to oligomerization of the protein, in which case the Meta-I / MetaII equilibrium is shifted to the inactive Meta-I state (42).
1.2.2 Membrane surface potential
In addition to the above mentioned effects, the membrane electrostatic surface
potential can also effects the rhodopsin activation. The effect of membrane surface
potential has been studied using phosphatidylserine (PS), which has a negatively charged
headgroup. A representative structure of the PS lipid is shown in Fig. 1.6. In order to
understand the effect of the membrane surface potential, rhodopsin was purified and
recombined in the PS membrane lipids using methods of lipid reconstitution (12). The
pH titration of Glu134 was performed, and the results were compared to rhodopsin in
retinal disk membrane. The Glu134 residue is involved in second ionic lock and the
protonation of the Glu134 is required for complete activation of the protein (27). The
protein recombined in the PS membranes stabilizes the active Meta-II state. It has been
proposed that a negative surface potential charge on the membranes locally increases the
H+ concentration thus driving the Meta-I / Meta-II equilibrium to Meta-II state (43).
However there are additional mechanisms by which lipids having positively charged
amino group can favor Meta-II state (42).

Fig.1.6: A schematic representation of PS (phosphatidylserine) lipid molecule. There is
overall negative charge on the head group of the lipid molecule.
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The question still needs to be answered regarding how much of the shifting of
metarhodopsin equilibria to active Meta-II is due to membrane surface potential, and how
much is due to the positively charged amino group. Furthermore, there can be additional
mechanisms by which charged lipid head groups or charged polymers may influence the
rhodopsin activation mechanism (18). For instance PS also exhibits lipid polymorphism.
Does lipid polymorphism play any role in case of the positive charge of PS lipids?
1.2.3 Hydrogen bonding
Another key player that plays a key role by which lipids can modulate the protein
function is hydrogen bonding. The amino group of the membrane lipid polar head groups
may form hydrogen bonds with rhodopsin.

The amino group of DOPE and

monomethylated DOPE (at a second position) has the ability to form hydrogen bonds
whereas DOPC and POPC lack the ability to form hydrogen bonds with the protein.
Thermodynamically the hydrogen bonds can contribute to the free energy change for the
formation of Meta-II state, and thus there will be more Meta-II formed in case of DOPE
than DOPE lipid.
In addition, rhodopsin recombined with membrane lipids having polyunsaturated
hydrocarbon chains as in the case of SDPC and SDPE also favors the active Meta-II state,
as demonstrated by solid-state NMR techniques (44). This is thought to be primarily
because the low potential barriers in case of these polyunsaturated lipids, which permit
them to adjust to the elongation of the protein.
1.3 Flexible Surface Model
The flexible surface model (FSM) is the biomembrane model that explains how the
nonspecific properties of the membrane lipids modulate the protein functioning, taking
into the account the current understanding of forces that are involved in lipid-protein
interaction (45). The FSM considers the non-specific forces like curvature elastic stress,
hydrophobic interactions, lipid polymorphism etc. of the membrane lipids and how they
influence rhodopsin activation.

The FSM describes how the curvature forces and

hydrophobic forces of membrane lipids counterbalance each other to maintain a planar
bilayer (Fig. 1.7). Furthermore, the thermodynamic parameters of the conformational
states are dependent on the energetics of lipid-protein association. The FSM provides a
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framework explaining how membrane lipids modulate rhodopsin activation. The FSM
acts as a nexus for explaining the theoretical and experimental results. The model has
attracted attention from membrane biochemists, structural biophysicists, and cell
biologists (46, 47).
The FSM describes the non-specific interactions of membrane lipids and the protein;
however, specific interactions like electrostatic interactions may also modulate the
protein activity.

Two
monolayers
combine to
form bilayer

Balance of curvature and hydrophobic
forces

Fig 1.7: Flexible surface model describes regulation of protein function in rhodopsin by a
balance of curvature and hydrophobic forces. Different head group phospholipids
contribute to different spontaneous curvature. The PE lipid has a negative spontaneous
curvature (H0 < 0) of an individual monolayer. In the membrane bilayer (where H = 0)
with PE, there is balance of curvature forces, and solvation forces. Integral membrane
protein function (such as in rhodopsin) is coupled to the balance of curvature and
hydrophobic forces.
The standard fluid mosaic model considers lipids as the structural element of
membrane proteins, which functions as the permeability barrier of the cell. The standard
model does not consider the physical properties of the lipids that may be important for
the integral membrane protein functioning (48). Furthermore, the standard model states
that there is weak coupling between membrane lipids and integral membrane proteins
(IMPs), inferring no role in the thermodynamics or energetics of the lipid-protein
association. However, the advancement in technology in the last couple of decades has
unveiled how the physicochemical properties of the lipids can control protein function (6,
49). In case of bacteria, the curvature changes for membrane lipids are important for
survival of the bacteria (50). In case of membrane-enveloped viruses like influenze, for
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the M2 proton channel the amount of membrane lipids is directly proportional to the
pathogenecity of the viruses. Notably EPR (electron paramagnetic resonance) and FRET
(Fluorescence resonance energy transfer) studies further show that association of the
protein as oligomers is dependent on the protein/lipid ratio (5, 51).

It has been

established that the membrane bilayer deformation plays a crucial role in the case of
fusion peptides, ionophores, and cytotoxic action. The differences in the ligand binding
site in M2 proton channel for solution NMR and solid-state NMR structures signifies the
role of membrane lipids for structural biologists and in drug designing (52).
The flexible surface model (FSM) considers the nonspecific material properties like
curvature forces and hydrophobic mismatching in regulation of protein function.
According to the FSM curvature stress and hydrophobic mismatching are not free from
each other. Rather they counter balance each other. The curvature free energy and chain
packing energy cannot be minimized at the same time, meaning that the bilayer is
frustrated by the presence of the protein. The free energy change that effects the protein
conformational change is the sum of the curvature free energy and the chain stretching
energy. A representation of the main features of FSM is shown in Fig. 1.8 (5).
Fig 1.8: Non-specific properties of the
membrane lipids modulate the
protein activity in accordance to
flexible surface model (FSM). The red
region depicts the hydrophobic part
of the protein and the thread
represents the curvature change. A
balance of curvature energy and
solvation energy of hydrophobic
mismatching regulates rhodopsin
signaling.
The figure has been
adapted from Bothelo et al. 2006 (5).
1.3.1 Lipid polymorphism
Biomembranes have tendency to exhibit lipid polymorphism, i.e., the existence of
lipid in more than one shape or phase. The phase change referred to here is not from
liquid to gel phase; rather the different shape can be micelle, hexagonal phase, or cubic
phase. For example, when detergent is mixed in water it forms hexagonal phase. Lipid
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polymorphism play a key role in homeostatic control in microorganisms (53). The X-ray
scattering techniques can be used to determine the average shape of the lipid (54).
Notably, rhodopsin in retinal disk membranes contains both lamellar and nonlamellar forming lipids. The presence of cruvature-favoring lipids is to compensate for
the solvation energy caused by the hydrophobic mismatching effect. An example of a
schematic phase diagram showing different phases in the absence of protein is provided
in Fig. 1.9. For a lipid having a tendency to form negative spontaneous curvature, there
is transition to the reverse hexagonal phase or lipid cubic phase from the planar lamellar
phase. Alternatively, the lamellar phase is favored on hydrating the head group because
of less negative spontaneous curvature.

Fig 1.9: A schematic phase diagram of
hypothetical phospholipid is shown. As the
temperature increases there is a greater
tendency to curve towards water. The L
(liquid-disordered) and L (solid ordered) are
the lamellar phases, and HII is the reversal
hexagonal phase. The figure has been
adapted from Brown (2012) (6).

1.3.2 Membrane curvature
Not all the lipids have the tendency to exhibit lipid polymorphism. The non-lamellar
lipids that can exist in different phases by changing the curvature play a key role in
regulating lipid-protein energetic. The molecular packing of membrane lipids is directly
proportional to the curvature energy. In general, a phospholipid has a polar head group
which has an attraction for water and nonpolar acyl chains, which have an aversion
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towards hydration. Single chain detergents (amphiphiles) have relatively small acyl
chain length compared to their head groups, and they tend to exist in a conical shape to
minimize the free energy (Fig 1.10a) (6) and exhibit micellar or normal hexagonal (type1) phases. Examples include CHAPS, DDM, and NG detergents. Next the membrane
lipids having a large headgroup like PC, where the head group has three methyl groups,
has a tendency to form a cylindrical geometrical shape (Fig. 1.10b). They have zero
overall curvature. Lastly, membrane lipids which have a small head group relative to
their acyl chain lengths like PE tend to have inverted conical geometry (Fig. 1.10c).
They form reverse hexagonal (type-2) phase (HII) phase. The concept of molecular
packing and membrane curvature is related to the lateral pressure profile ,which states
there is force of attraction with aqueous phase at lipid-protein interface and force of
repulsion between different acyl chain lengths (Fig. 1.10d).
1.3.3 Hydrophobic mismatch
The FSM considers the balance of curvature free energy and solvation energy due to
hydrophobic mismatch.

The mismatch here represents mismatching between

hydrophobic acyl chain length and rhodopsin hydrophobic amino acid residues that
interact with the acyl chain length. As mentioned above, the rhodopsin in disk membrane
has lipids that can exhibit negative curvature. Upon photoactivation, the elongation of
TM5 results in disruption of the lipid-protein interaction, and the curvature-forming
membrane lipid will tend to favor curvature, which is opposed by the hydrophobic acyl
chain length.
Fig 1.10: Phospholipids having different molecular
packing have different shapes. The molecular
packing is connected to the lateral pressure profile.
(a) The phospholipids like lysophospholipids having a
conical shape exhibits positive curvature. (b) The
phospholipids like PC exhibit zero curvature. (c) The
phospholipids like PE exhibits negatie curvature. (d)
The lateral pressure profile of phospholipid with
attraction at top and bottom of the lipid-protein
interface. The figure has been modified from Brown
(2012) (6).
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The overall free energy of the conformational change is decided by the balance of
curvature forces and hydrophobic mismatching. A thick membrane bilayer will have
hydrophobic mismatch, which will force the formation of curvature by non-lamellar
forming lipids (45). In addition, a change in membrane thickness or protein to lipid ratio
leads to dispersal of the rhodopsin molecule.
1.3.4 The new biomembrane model
As stated above rhodopsin in the native disk membranes contains a very high
percentage of PE which can exhibit lipid polymorphism. Overall, the lipid content is
such that it is close to the phase boundary for lamellar-hexagonal phases(55). Thus the
change in membrane lipids may lead to a change in the energetics of conformational
states of rhodopsin. Now for such a change the chemically specific properties may not be
necessary, but rather non-specific material properties are sufficient or even crucial, like
the curvature free energy at the lipid-protein interface. The FSM is not specific for
rhodopsin, but it is used as a prototype for other integral membrane proteins. The FSM
considers the effect of the bilayer thickness in terms of hydrophobic mismatch and nonlamellar forming lipids in terms of curvature free energy to explain the metarhodopsin
equilibrium change. A non-lamellar forming lipid with a negative curvature will tend to
favor active Meta-II state since there is elongation of TM5 in the active state as shown by
X-ray crystallography experiments (3). Similarly, a thinner bilayer will tend to favor the
inactive state. The information given by FSM helps to integrate the theoretical and
experimental knowledge to fill the gaps in the understanding of the rhodopsin activation
mechanism. A representative cartoon explaining the main characteristics of the FSM is
shown in Fig. 1.11 (6).
1.4 Role of Hydration
In vivo there are three major components of the biomembrane: the proteins,
membrane lipids, and water.

The importance of the role of hydration has been

recognized for a number of integral membrane proteins (56) like photosystem-II (57),
bacteriorhodopsin (37), and even in case of rhodopsin using MD simulations (58).
However, an extensive experimental study on the role of water has not been done, which
limits our understanding of rhodopsin signaling pathway. Here we have discussed about
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the current X-ray structures available, the inferred role of water from X-ray structures,
and the study of the role of hydration using MD (molecular dynamics) simulations
studies. Note that earlier experimental studies(59, 60) have been conducted, which
highlight the role of hydration in rhodopsin signaling, as we discuss extensively in
chapter 4. Here our focus is on the X-ray structures present in the pdb (protein data bank)
and the MD simulation studies that focus on the role of hydration in rhodopsin signaling.
In general, the structural waters are speculated to play a crucial role in maintaining
the hydrogen-bonding network that is required for transfer of the light signal from the
extracellular side to cytoplasmic side of the membrane. The photoactivation leads to
isomerization of the chromophore, followed by deprotonation of the Schiff base and
disruption of hydrogen bonding network. This is a common feature which may also be
applicable to other rhodopsin-like GPCRs.

Fig 1.11: Flexible-surface model (FSM): A mesoscopic hybrid view of lipid-protein
interaction. Lipid head groups are represented by the spheres and wormlike strings
represents the acyl chains of the lipids. There is a counterbalance of curvature free
energy and salvation energy due to hydrophophobic mismatch which controls rhodopsin
activation states. The figure has been modified from Brown (2012) (6).
1.4.1 Available X-ray structures
Recently there has been a great advancement in the field of protein expression and
recombination. However obtaining integral membrane proteins for calculating X-ray
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structures has been a bottleneck for the structural biologists (61). The X-ray structures
provide a snapshot of the protein in one conformation, but it does not give any
information about the dynamics of the system.

In addition, for integral membrane

proteins, the X-ray structures are generally obtained in non-native lipid environments.
Furthermore, the precipitants that are added for crystallization can change the properties
of the protein, as shown in a number of instances (62). This makes it challenging to
derive the information on bulk water from X-ray structures. However, X-ray structures
provide a very good starting point for MD simulations, and they are an extremely useful
tool for deriving conformationally related information from the static structures.

A

number of MD simulations have been performed that provide information about the role
of bulk water in the GPR activation mechanisms (7, 58).

Fig 1.12: The X-ray crystal structures of dark state rhodopsin (PDB id: 1U19)(2) and
active Meta-II state (PDB id: 3PXO)(3). There is a greater number of ordered internal
water in dark state rhodopsin compared to the active state.
The first major breakthrough in the field of GPCR X-ray crystal structures was
obtaining the dark-state rhodopsin structure in 2000 (63). After that, a number of crystal
structures were generated for the functionally inactive state (2, 64).

The second

breakthrough was in the year 2011 when rhodopsin active-state crystal structures were
available. (3, 24). These active structures were either for constitutively active rhodopsin
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or rhodopsin regenerated from opsin. In addition, there was discrepancy in these two
structures for retinal orientation. One possible explanation for this contradiction is that
rhodopsin activation involves various substates, as described by an ensemble-activation
mechanism (EAM) (27), whereas the X-ray structures available for active state are for
different conformational substates.
The rhodopsin activation is believed to involve a dynamically activated receptor
(DAR), where both membrane lipids and the protein are in motion (27). From the
comparison of X-ray structures in dark state and Meta-II state, we can obtain information
about the structural water present in the protein. The structure of active opsin has also
been solved (65). However, the information about the bulk water and the water present
near the lipid-protein interface cannot be obtained directly. A comparison of X-ray
structures for dark state rhodopsin and the active state showing structural water is
provided in Fig. 1.12 (2, 3). It is speculated that structural water helps in forming
hydrogen bonding networks that play a key role in long range signal transfer in the
rhodopsin activation mechanism.
1.4.2 Molecular dynamics simulations
Using the available crystal structures, a number of molecular dynamics simulations
have been done to understand the role of structural water and bulk water in rhodopsin
activation.

The atomic molecular dynamics simulations done using IBM Watson

BlueGene L/L computer using Blue matter in the native-like membrane environment (i.e.
1.0 to 0.98 ratio of SDPC to SDPE in presence of cholesterol and 7400 water molecules)
suggests that activation of rhodopsin is accompanied by an influx of bulk water (7).
These MD simulations predict that there is an influx of about 60 water molecules on
activation of rhodopsin. The MD simulations further show that internal water molecules
play a role in formation of continuous water channels that are formed on activation of
rhodopsin (58). In another simulation, the role of the aqueous environment in regulating
the pKa of Glu134 involved in disruption of second ionic lock was studied (66). It was
found out that the Glu134 protonation state is very sensitive to the environment. Based
on this study, we can infer that activation of protein involves an influx of water, where it
may play key role in signaling through hydrogen bonding networks and changing the
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apparent pKa of Glu134 which is required for complete activation of the protein. The Fig.
1.13 demonstrates the MD simulation studies showing influx of water on activation (7).
1.4.3 Unsolved questions
There are number of mysteries that hold back our understanding of the rhodopsin
activation mechanism, and the further design of effective drugs against GPCRs. The
activation of rhodopsin is initiated by isomerization of the chromophore located on the
extracellular side. How does a change on the extracellular side lead to a large opening of
the protein.

Is there any role of hydration involved?

electrostatics in lipid-protein interactions?

Next, what is the role of

How does this rapid amplification of

rhodopsin occur? What leads up to the high fidelity in rhodopsin signaling? In this
dissertation we have tried to answer these questions, which give new insight into role of
soft-matter (membrane lipid plus water) in rhodopsin signaling.

Fig 1.13: (a) Summary of MD simulations (Number of water molecules as a function of
time) showing influx of water in rhodopsin activation. Figures (b) and (c) show the
activated rhodopsin at 100 to 250 and 450 to 1470 ns time scales. The figure has been
adapted from Leioatts et al. 2014 (7).
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CHAPTER 2: EXPERIMENTAL METHODS AND MATERIALS
2.1 Introduction
The rhodopsin is present in the retina of the eyes.

For conducting in vitro

experiments, the first step is to extract the rhodopsin from the retinal disk membranes.
Here we used bovine rhodopsin as our model system. The information obtained from
studies of bovine rhodopsin can be used for humans, as most of the features are similar in
bovine and human rhodopsin (67). Furthermore we used UV-visible spectroscopy to
characterize the rhodopsin. The rhodopsin dark state, inactive state, and active states
have characteristic absorption maxima. The rhodopsin in retinal disk membrane is in the
native environment; however it contains opsin, a fraction of denatured rhodopsin, and
bleached rhodopsin. For estimation of the quality of rhodopsin, a regeneration assay is
conducted where the chromophore 11-cis retinal is mixed with opsin and the dark state of
rhodopsin is regenerated. For conducting studies like x-ray crystallography, neutron
scattering, and preparation of proteolipid recombinants, the protein needs to be purified in
a detergent environment. There are different approaches to purifying the rhodopsin in
different detergents. These include purification using column chromatography (12) or a
zinc extraction method (18, 68). At present these purification methods are specific to
certain detergents. Furthermore, a new method for generation of powdered rhodopsin has
been described (69). Powdered protein has a great applicability in field of drug designing
(70, 71) and biophysical studies (72).

After the protein is purified in the detergent,

circular dichroism (CD) spectroscopy is done to characterize the secondary structure of
the protein.

A characteristic CD spectrum for bleached and unbleached rhodopsin

implies the correct secondary folds of the protein (16, 73, 74). The CD spectra for
rhodopsin in different detergents were obtained. It is important to generate CD spectra of
the opsin protein in detergents. This is because in certain detergents, the opsin cannot be
regenerated (75), so that the biophysical characterization using CD spectroscopy provides
a way to determine the secondary structure of the protein. However the secondary
structure may not necessarily correlate with the activity of the protein, and further
techniques like FTIR spectroscopy needs to be used to characterize the presence of
functional protein. We also discuss the controls we used and the robustness of the
techniques.
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2.2 UV-Visible Absorption Spectroscopy
The UV-visible absorption spectroscopy is a very useful and powerful technique to
characterize rhodopsin. The inverse agonist 11-cis retinal has characteristic UV-visible
absorption spectra of in dark state, whereas the agonist all-trans retinal in different
activated states (like Meta-I state and Meta-II states) has unique absorption spectra (8).
The 11-cis retinal absorbs at 500 nm in the dark state, whereas all-trans retinal in the
Meta-I and Meta-II states have characteristic absorption maxima of 480 nm and 380 nm,
respectively. The UV-visible absorption spectroscopy gives results that are consistent
with and complementary to FTIR results (27). For obtaining the kinetic information time
resolved UV-visible spectroscopy is done or the intermediates are trapped.

Fig 2.1: The photosequence of rhodopsin due to light absorption. The intermediates
have unique UV-absorption maxima which makes UV-visible absorption spectroscopy a
powerful tool for characterizing rhodopsin. The figure has been adapted from Ernst et
al. 2002 (8).
2.2.1 Rhodopsin in disk membrane (RDM) purification
All the experiments were done in red dim light (15-W bulb, Kodak safelight filter 1
A) at 4 C unless stated otherwise. All the chemicals were purchased from Sigma-
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Aldrich (St. Louis, MO) unless specified. The retinas were purified as described by
Papermaster et al 1974 (9). We purchased frozen bovine retinas from W. L. Lawson, Co.
(Lincoln, NE) in 30 % sucrose solution containing 1mM DTT and 0.001% aprotinin kept
at −80 C freezer before use. The retinas when dissected from the bovine eyes in 30%
sucrose solution have greater stability and the yield of rhodopsin is much higher. The
role of DTT is to ensure that no aggregation occurs, while aprotinin is a protease inhibitor
that helps prevent proteolysis of the protein.
The retinas were thawed at 4 C followed by homogenization, first with a loosefitting homogenizer, and subsequently with a tight homogenizer, accordingly.

The

retinas may also be thawed at room temperature for an hour or kept at 4 C overnight for
thawing. The homogenization solution contains 30 % sucrose (w/w), 5 mM Tris acetate,
pH 7.4, 65 mM NaCl, 2 mM MgCl2, and 2 mM ethylenediaminetetraacetic acid (EDTA).
The role of EDTA is to chelate the excess divalent ions which are required for several
proteases for their activity and to reduce lipid oxidation. An absence of EDTA will lead
to denaturation and aggregation of the denatured protein. The role of NaCl and MgCl2 is
to increase the ionic strength of the buffer. The loose homogenizer helps to shear off
most of the rhodopsin in the disk membranes at the connection between the inner and
outer segments, and releases the rhodopsin-containing membranes in supernatant. For
carrying out the homogenization, the retinas (50 bovine retinas) are transferred into the
Teflon loose homogenizer (chamber clearance 0.3–0.45 mm).

This is followed by

addition of 30 mL of homogenizing buffer ((30 % sucrose (w/w), 5 mM Trisacetate, pH
7.4, 65 mM NaCl, 2 mM MgCl2, and 2 mM ethylenediaminetetraacetic acid (EDTA)).
About ten strokes of pestle are applied under a stream of argon gas. Then the sample is
centrifuged for 20 min at 2600g (Sorvall GSA rotor) at 4 C. The argon gas helps avoids
oxidative damage by oxygen gas.

The membrane lipids in rhodopsin contain

polyunsaturated fatty acids (PUFA) which are required for stability of the protein (76)
and presence of oxygen oxidizes the membrane lipids. The supernatant is collected and
saved.

The pellet is resuspended in the homogenizing buffer followed by

homogenization using the tight homogenizer and centrifugation for 20 min at 2600g at 4
C. This step releases additional RDM in the supernatant. For carrying out this step the
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pellet obtained after centrifugation in the last step is transferred to tight homogenizer
(chamber clearance is 0.1–0.15 mm) and about 30 mL of the homogenizing buffer is
added. About 8–10 strokes of pestle are applied followed by centrifugation at 2600g
(Sorvall GSA rotor) for 20 minutes.
The homogenization step is very crucial step. This is the step which decides the
ultimate yield of the rhodopsin. Adding too little homogenizing buffer will lead to a
lower protein yield, whereas excessive amount of homogenizing buffer will change the
change in density of the purified RDM in sucrose density gradient leading to lower yield
and bad purity. After the two homogenization steps, the combined supernatants are
collected, and diluted with two volumes of 10 mM tris acetate buffer pH 7.4. This is
followed by centrifugation at 8000g for 50 min at 4 C. When the homogenized retinas
are centrifuged at this speed, the membranes containing rhodopsin form a pellet at the
bottom, while the supernatant contains the impurities. This is another crucial step that
determines the yield and purity of the final RDM membranes. Addition of too much tris
acetate buffer will have maximum RDM but purity will be not good. Alternatively
adding too little of the buffer will result in lower yield but with relatively high purity. An
optimization of this step influences the quantity and quality of the final product. The
pellet containing RDM is collected and resuspended in a 1.10 g/mL sucrose density
solution containing 10 mM tris acetate buffer, 1mM MgCl2, and 0.1 mM EDTA. The
suspension is layered on the top of a sucrose density step gradient with sucrose densities
of 1.11 g/mL, 1.13 g/mL, and 1.15 g/mL correspondingly. The volumes of 1.11 g/mL
and 1.13 g/mL layers are 10 mL whereas the volume of 1.15 g/mL layer is 8 mL. The
supernatant contains mainly the impurities and is discarded. Qualitatively, one can take a
little bit of supernatant into the light and observe the color. If there is a color change in
the light, it implies presence of some rhodopsin in the supernatant. If there is significant
color change it will result in low yield. The tubes are centrifuged in swinging bucket
rotor at 113,000g for 60 min in a swinging bucket rotor (Beckman SW 28 rotor) at 4 C.
A general representation of the sucrose density gradient and its composition is illustrated
in Fig. 3 (9).
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The rhodopsin in disk membranes (RDM) forms a band in the sucrose density step
gradient at the interface between 1.11 and 1.13 g/mL layers (having 26–30% w/w
concentration). The RDM may also appear in the top band i.e. between 1.10 and 1.11
g/mL layer. Some impure RDM is also present at the bottom layer (between 1.13 and
1.15 g/L layer). Why the RDM is also found in these two layers is unknown. However
we speculate that the RDM exists in different oligomeric states and the presence of RDM
in different layer is probably due to its different oligomeric states. In addition, the
bottom layer should also contain the aggregated denatured protein and the explains why
the RDM in the bottom layer is impure. In future experiments, one can extract the
different layers and perform biophysical characterizations to observe differences in the
rhodopsin/RDM present in the different layers.

Fig 2.2: Representation of different components of sucrose density gradient used to
purify retinal ros disk membranes (RDM). The rhodopsin (RDM membranes) layer
appears at the interface between the 1.11 and 1.13 g/mL layers. Some rhodopsin is also
present in the bottom layer which is associated with other organelles The figure is
adapted from Papermaster et al. 1974 (9).
However the extracted rhodopsin at this step contains sucrose as well as other
proteins like transducin. To remove sucrose and proteins like transducin, deionized water
is added (to osmoticaly shock the membranes) and the protein is centrifuged at 48000g
(Sorvall SS-34 rotor) for 30 min at 4 C. The RDM is present in the pellet whereas other
proteins like transducin are present in the supernatant. The RDM is osmotically shocked
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(77) which leads to removal of sucrose. The process is repeated two times to ensure the
removal of sucrose and other proteins like transducin. After removing sucrose, the RDM
is resuspended in 15 mM Na-Phosphate buffer pH 6.7.
Alternatively, the pellet obtained after removal of sucrose may also be suspended in
67 mM BTP (bis-tris propane) buffer, pH 6.9, containing 120 mM NaCl and 2 mM
MgCl2 if the protein has to be used for other studies like osmotic stress studies which are
described in detail in Chapter 3. After resuspending in the appropriate buffer, the protein
is characterized using UV-visible spectroscopy as described in section 2.2.2 and stored in
a −80 C freezer for further use. The RDM stored in −80 C is very stable for several
years. The protein in its native lipid environment possesses high stability.
2.2.2 UV-visible spectroscopy with RDM
The UV-visible spectroscopy technique is conventionally used to characterize the
purified RDM membranes. As mentioned above, rhodopsin in the dark state and the
photointermediates have characteristic UV-visible spectra. This technique provides a
useful way to estimate the quantity and purity of the protein. However besides rhodopsin
the disk membranes contain lipids, which give a lot of scattering in the UV-visible
spectra, so the RDM cannot be characterized directly. For getting around this issue, the
sample is first dissolved in detergent buffer (3% Ammonyx LO (contains
lauryldimethylamine oxide) solution with 30 mM hydroxylamine in 15mM Na-phosphate
buffer pH 6.9) at room temperature. The detergent solubilizes the proteins as well as the
lipids, which helps in overcoming the scattering caused by the RDM membranes. The
detergent Ammonyx LO (containing lauryldimethylamine oxide as most abundant
component) is an inexpensive detergent, provides stability to the protein, and the results
are reproducible and reliable. However, the experiment needs to be conducted carefully
because the detergent has some scattering at the 280-nm wavelength. The detergent
buffer is used as the baseline. The addition of hydroxylamine is to ensure the complete
dissociation of the chromophore from the protein. Notably hydroxylamine attacks the
retinal group in Meta-II state, and dissociate opsin from retinyloxime; thus it leads to
complete photobleaching of the protein. Incomplete photobleaching may lead to an error
in the estimation by 10%. The chromophore 11-cis retinal in the dark state (or ground
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state) of rhodopsin shows an absorption maximum at 500 nm. The 280 nm peak is due to
the rhodopsin protein as well as the other proteins. A ratio of absorbance at 280 nm to
the absorbance at 500 nm gives the purity of the protein. The calculation of the purity is
given by equation 1. A theoretical ratio of 1.56 is the minimum for bovine rhodopsin
(78) representing almost 100% rhodopsin. A characteristic UV-visible absorption spectra
of RDM solubilized in detergent buffer (3% Ammonyx LO in 15 mM Na-Phosphate
buffer containing 30 mM hydroxylamine at pH 6.7) is shown in Fig. 2.3. The spectra
were recorded using Cary 50 spectrophotometer (Agilent Technologies Inc., Santa Clara,
CA). In Fig. 2.3 the grey line represents the baseline with detergent buffer, whereas the
green spectrum represents dark-state rhodopsin and the brown spectrum represents
photobleached spectrum. Photobleaching was performed using a locally constructed 515
nm LED light source.

Fig 2.3: Representative UV-visible spectrum of rhodopsin in disk membranes. The protein
is solubilized in detergent buffer containing 3% Ammonyx LO detergent in 15 mM Naphosphate buffer pH 6.7 containing 30 mM hydroxylamine. The ground state spectra
represent the dark state of the protein with absorbance maximum at 500 nm. The
bleached spectrum represents the spectrum after bleaching. The spectrum shows the
purity (A280/A500) ratio of 2.5.
For estimating the purity of the protein, the following equation is used:
Purity = ((A280 − A310) / (A500, dark − A500, bleached))

(1)
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Here A500, dark is the absorbance of the rhodopsin in the dark state at 500-nm wavelength.
The A500,

bleached

A500,bleached

is the absorbance of completely photobleached sample. The A310 and

represent the absorbance at 310 nm for the dark state and 500 nm for

completely photobleached samples, respectively. These values are subtracted to account
for the light scattering in the spectrum. In general, a purity of 2.4–2.7 for RDM is
considered good. If the protein will be subsequently purified by column chromatography
or zinc-extraction, the purity can go as worse as 3.0 but not higher than this.
For the quantification of the protein, the molar absorbtivity constant ( =40,600 M−1
cm−1 at 500 nm) is used. The protein molar mass is around 40 kDa consisting of 348
amino acid residues and having a GRAVY (Grand average of hydropathicity) value of
0.478 (79) corresponding to its hydrophobic nature. One O.D. unit corresponds to about
one mg of the rhodopsin. For the quantification of the protein equation 2 is used.
Amount of rhodopsin = (A500, dark − A500, bleached) × dilution factor × Vt

(2)

Here, the dilution factor is for addition of the RDM suspension to the detergent buffer,
and Vt is the total volume of the RDM suspension. Although recommended, the SDSPAGE is not required for the estimation of the protein (80) because the technique cannot
differentiate between the apoprotein opsin and rhodopsin. A regeneration assay is used to
evaluate the quality of the protein and to check the activity of the protein.
2.2.3 Regeneration assay
Regeneration of rhodopsin by combining ligand-free active opsin (ops*) and 11-cis
retinal is the physiological process that occurs in the eyes. In the in vitro experiments,
rhodopsin hydrolysis leads to formation of the apoprotein opsin and all-trans retinal.
However for the regeneration of the rhodopsin, 11-cis retinal needs to be provided
separately. The regeneration of rhodopsin with 11-cis retinal can be done in native lipid
membranes, as well as in some detergents like DDM, Digitonin, OG, Ammonyx LO, and
sodium cholate (81). However, in certain detergents like DTAB and SDS the rhodopsin
regeneration cannot be done (82). Interestingly in CHAPS it is not clear if the protein
can be regenerated (65) or not (82, 83). We speculate that the solubilized rhodopsin can
be regenerated in CHAPS detergent when the phospholipids are present, but in rhodopsin
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purified in CHAPS detergent the protein cannot be regenerated. This corroborates to the
observations by Hubbell et al that lipids are required for rhodopsin regeneration (84).
The first step for regeneration assay is to prepare the 11-cis retinal solution for the
assay. The pure ligand was obtained via US National Eye Institute in the crystal form. A
single crystal was taken and dissolved in 200
solution).

L of absolute ethanol solution (stock

The chromophore has a negligible solubility in buffer or water, but has

relatively very high solubility in organic solvents. The UV-visible spectra were obtained
after diluting the stock solution by 350 times using the appropriate baseline. The UVvisible spectrum should show an absorbance at 380 nm (A380) in the range of 0.3–0.8.
The stock solution is highly concentrated because the stock solution is prepared in
ethanol and during regeneration it is best to avoid significant ethanol, which may
denature the protein. The purity of the retinal is characterized by the A380/A250 ratio
where A250 is the absorbance at 250 nm, which should be between 1.2–1.5 (12). A higher
ratio implies the impure (bleached) retinal (all-trans retinal).
In the RDM membranes, there is active opsin which is produced due to
photobleaching, inactive opsin which cannot be regenerated, and the active protein. The
regeneration assay estimates the amounts of bleached rhodopsin, the percentage of
regenerability, and the post-regeneration A280/ A500 ratio. Three 1.5 mL eppendorf are
used and 200 L of RDM is pipette in each of them. The tubes are labeled as “control
(C)”, “bleached + 11-cis retinal (B)” and “regenerated (R)”. The control acts as a
negative control, where the rhodopsin is photobleached but the chromophore is not added
so there is no regeneration expected. In the ‘regenerated’ tube the chromophore is added
but the photobleaching is not done.

In the “bleached + 11-cis retinal” tube the

chromophore is added, followed by bleaching using 515-nm long-wavelength-pass filter
for about 2 minutes to ensure complete bleaching. The hydroxylamine is not added in the
regeneration assays since the hydroxylamine will react with the chromophore and inhibit
its binding with opsin. The chromophore is added in 1.5–2.0 molar equivalents of the
protein sample “R” and “B”. The molar absorptivity constant (ε) for 11-cis retinal is
about 25,000M−1 cm−1 (85). Too little chromophore will not regenerate the protein,
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whereas too much of an excess will interfere with the UV-spectra, and will also be not
economical.

Fig 2.4: An example of regeneration assay for rhodopsin in disk membranes. Here
percent regenerability is about 93%; percent bleached is about 14%; and postregeneration A280/ A500 ratio is 1.9. The results are obtained for the retinas purchased in
the year 2010. The UV-spectra were collected using a Cary 4000 spectrophotometer as
described in section 2.2.2.
After addition of the ligand all the three tubes are incubated in the water bath at 37 C
for about 90 minutes. The increase in temperature increases the kinetics of opsin binding
to the 11-cis retinal. Rhodopsin has a high thermal stability and the binding of the opsin
with the ligand increases its stability (86). After incubation the tubes are taken out and
UV-visible spectra are obtained as mentioned above in section 2.2.2. The following
equations are used to estimate the protein quality.
Post –regeneration ratio

=

A280 “control (C)”
A500 “regenerated (R)”

(3)
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% Bleached =

A500 “control (C)”
A500 “regenerated (R)”

× 100

(4)

To obtain % bleached this number is subtracted from 100.
A500 “bleached+11-cis-retinal (B)”

% Regenerated =

A500 “regenerated (R)”

× 100

(5)

A good regeneration result should have: about 93% regenerability; 3–5% bleached;
and 2.1 post-regeneration A280/ A500 ratio.

An example of UV-visible spectra of

regenerated rhodopsin in disk membranes is shown in Fig 2.4.
2.3 Column Chromatography
The RDM membranes cannot be used directly for a number of biophysical
applications, like X-ray crystallography or neutron scattering studies, and needs to be
purified further.

Moreover, to understand the rhodopsin activation mechanism in

artificial or native-like membranes, purification of rhodopsin from the RDM membranes
is required. Rhodopsin being an integral membrane protein requires the presence of
amphiphiles (detergents).

Therefore the right choice of detergent is important for

rhodopsin purification. Conventionally, there are three types of column chromatography
techniques which are used for purification of rhodopsin from the disk membranes. The
immunoaffinity column chromatography is based on the specific interactions (affinity) of
rhodopsin with a monoclonal antibody. The antibody 1D4 antibody recognizes the nine
C-terminal amino acids of rhodopsin. This technique has been successfully used for
generation of X-ray crystals (87) however this method is very expensive, and has been
explored only with neutral detergents. The second column purification method is based
on the interaction of carbohydrate moieties (mannose) present in rhodopsin with the
ligand (concanavalin-A) (88). The concanavalin-A column chromatography procedure is
also limited to the non-ionic detergents. The third column purification method employs
use of dual mode ion exchange and affinity chromatography technique for purification of
rhodopsin in detergent. The method has been used with a cationic detergent DTAB
(Dodecyltrimethylammonium bromide) (12) as well as with a neutral detergent like
Ammonyx LO (89) and gives a very high yield and reproducibility of the results. The
other advantages of rhodopsin purification using hydroxyapatite column includes being
cost effective, robust, and leading to complete delipidation of the protein. Here we have
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optimized the conventional method of column purification with DTAB detergent to give
90 % yield. In addition, with our optimization procedure more rhodopsin (100% higher)
can be extracted with the same amount of starting material. Furthermore, we have
successfully used the hyydroxyapatite column chromatography procedure with neutral
detergents like NG (n-Nonyl-β-D-Glucopyranoside) and DDM (n-Dodecyl β-Dmaltoside) detergents. We also optimized the method for NG detergent and in future
studies the method will be optimized for DDM detergent. However at present this
chromatography technique cannot be used directly with CHAPS detergent. We report
here an alternative method of purifying rhodopsin in CHAPS detergent, where the protein
is first purified in DTAB detergent, followed by size-exclusion chromatography for the
detergent exchange with CHAPS. The application of the CHAPS-solubilized protein for
time-resolved wide-angle X-ray scattering (TR-WAXS) studies has also been described.
2.3.1 Hydroxyapatite column chromatography with ionic detergents
The hydroxyapatite column chromatography procedure is used to purify rhodopsin in
cationic detergent DTAB (dodecyltrimethylammonium bromide) followed by incubation
of artificial membranes and dialysis to eliminate the detergent (90).

The chemical

structure of DTAB is shown in Fig 2.5 (10). The hydroxyapatite is basically constituted
of calcium and phosphate groups. The positively charged calcium ions interact with
negatively charged carboxyl and phosphate ions of the protein, and forms complexes,
whereas it repels the positively charged amine groups which interact with its phosphate
ions group (Fig 2.6) (11).

Fig. 2.5: The chemical structure of DTAB detergent. The detergent is cationic and plays
an important role in ion-exchange chromatography. The figure is taken from Selmani et
al. 2015 (10).
In the literature this method has been used for purification of 35–40 mg amounts of
rhodopsin in detergent starting from 50 mg of rhodopsin in disk membranes (90).
However we have found that the same procedure can be used for purification of
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minimum of 80 mg of rhodopsin starting with 90 mg of RDM membranes. The complete
procedure is carried out at 4 C under red dim light in the cold room. The rhodopsin in
disk membranes (RDM) (50 mg) extracted from the retinas are taken from the freezer at
−70 C and thawed at 4 C in the cold room. The RDM membranes are centrifuged at
48,000g (Sorvall RC-5B centrifuge) for 30 minutes at 4 C. The pellet containing the
rhodopsin is solubilized in 10–15 mL detergent buffer having a final DTAB
concentration of 100 mM in 15 mM Na-Phosphate buffer pH 6.7 and incubated for 1
hour. The final rhodopsin concentration is 3–5 mg/mL. Notably if the RDM membranes
were stored in some other buffer (like MES (2-(N-morpholino)ethanesulfonic acid) buffer
then buffer exchange should be done with 15 mM Na-phosphate buffer pH 6.7. For
exchanging the buffer, the protein (in first buffer) is centrifuged 48,000g (Sorvall RC-5B
centrifuge) for 30 minutes and the pellet obtained after centrifugation is suspended in
another buffer.
It should also be pointed that the rhodopsin purification by hydroxyapatite
chromatography can also be done completely in other buffers like 30 mM MES buffer,
pH 6.4. However different buffers should not be mixed. For instance MES (or sulfur)
contamination with phosphate buffer will result in a different elution profile with two
bands of rhodopsin instead of one band, and the protein cannot be used from either of the
bands unless further biophysical characterization (like regeneration assay, transducin
binding assays) is carried out. Interestingly the protein yield increases in this case. The
maximum volume should be about 15 mL. Increasing the volume will increase the
positive charge due to the DTAB detergent, which will interfere with the ion-exchange in
the chromatography. There will be a broad band or even two bands if an excess of
DTAB in solubilized RDM is added. In addition the protein is not very stable in DTAB
detergent, so increasing the DTAB amount should be avoided. The next step is to
prepare the hydroxyapatite column. The hydroxyapatite column prepared has a diameter
of 2.5 cm and height of 8 cm. The column volume is about 40 mL.
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Fig. 2.6: A schematic representation of mechanism of hydroxyapatite column
chromatography. It operates as dual mode column chromatography. The amine groups
of the protein electrostatically interact with the phosphate groups and the negative
carboxylic group interacts with positively charged bound calcium ions. After the protein
forms electrostatic interactions, a linear salt gradient is applied which disrupts the ionic
interactions, and the protein elutes at a specific band. The figure is adapted from BioRad (11).
The column is prepared by weighing 18 grams of hydroxyapatite (DNA grade;
Catalog # 130–0420; Bio-Rad; Hercules, CA) and resuspended in 15 mM sodium
phosphate buffer, pH 6.6. The hydroxyapatite quality and vendor is important, and
should not be changed. Note that rhodopsin purification can also be done in 30 mM MES
buffer pH 6.4 [with the same DTAB concentration]. There is an insignificant difference
in the yield on completely changing buffers. The column is equilibrated with 160 mL of
detergent buffer (100 mM DTAB in 15 mM Na-phosphate buffer pH 6.7). To reduce the
time and economize the detergent, the hydroxyapatite can directly be resuspended in
DTAB-detergent buffer rather than Na-phosphate buffer.

The preparation and

equilibration of the column can be performed at room temperature, but after the
equilibration of the column with DTAB-detergent buffer, the column can be kept at 4 C
overnight (minimum of 2 hours). Sometimes bubbles might form while pouring the
hydroxyapatite slurry into the glass chromatography column. It is not desirable to have
bubbles.

If the bubbles are present, one can tap the glass column or change the

temperature from higher to lower temperature, which will result in minimizing the cavity
and hence the bubbles will dissolve.
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Fig. 2.7: The elution profile of the protein is shown. A single band of the protein is
obtained after around 2 hours. The protein is delipidated (12) as the lipids remain bound
to the column. The flow rate is 1.2 mL/minute and each fraction is 4 mL with the protein
begining to elute at fraction number 35.
The detergent-solubilized RDM are centrifuged at 48,000g (Sorvall RC-5B
centrifuge) to ensure the complete solubilization of the protein. After the centrifugation
the protein is loaded on the hydroxyapatite column. The volume of the sample loaded on
the column should be about 12 mL. The flow rate is kept at 1.2 mL/minute using
peristaltic pump and each fraction is about 4 mL. A linear gradient of 0–0.5 M NaCl
solution containing 100 mM DTAB detergent in 15 mM Na-phosphate buffer pH 6.7 is
used for eluting the protein from the column. The gradient mixture contains 150 mL of
detergent buffer containing no NaCl in inner chamber and 150 mL of detergent buffer
with 0.5 M NaCl in the outer chamber of the gradient mixer. Rather than using a
continuous gradient, a two-step gradient can also be used (91). The protein starts eluting
after 2 hrs when the NaCl concentration is around 0.25 M. The elution profile of the
protein (A500/A280) is shown in Fig. 2.7. The protein is characterized using UV-visible
absorption spectroscopy with few modifications as mentioned above. The protein should
be characterized in DTAB detergent buffer with thermostat of the spectrophotometer at 4

65
C using a 1-cm cuvette.

No hydroxylamine should be added becuase in DTAB

detergent solution the hydroxylamine reacts with dark-state rhodopsin.

Fig. 2.8: A representative UV-visible spectra of different fractions containing rhodopsin.
The fractions having good purity of rhodopsin A280/A500 ratio of 1.6−1.8 are collected and
pooled together. The red spectrum at the top represents the fraction with a very high
concentration of rhodopsin that cannot be detected completely by the spectrometer
(Cary 50; Agilent technologies).
The dark spectra for all the fractions should be collected individually and the good
fractions (A280/A500 ratio of 1.6−1.8) are pooled.

The absorbance spectrum of the

collected fractions is taken to determine the concentration and purity of the purified
rhodopsin. For determination of the final rhodopsin yield and purity, the dark spectrum is
obtained followed by photobleaching in absence of hydroxylamine. A representative
example of UV-visible spectra of different fractions (obtained with Cary 50
spectrphotometer) is shown in Fig. 2.8. Normally around 90% of the rhodopsin is
recovered, with purity of about 1.7 representing about 95% pure rhodopsin. An example
of the final spectra is shown in Fig. 2.9.
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Fig. 2.9: Representative final UV-visible spectra collected after pooling the good
fractions. The yield of the purification is about 90% with purity A280/A500 ratio of 1.7.
Starting with 50 mg of RDM membranes about 45 mg was recovered using 18 g of
hydroxyapatite.
Although the DTAB hydroxyapatite column chromatography procedure gives high
yield, reproducible results, delipidates the protein (12, 89), and is economical, the protein
purified in DTAB detergent is not very stable (92). Moereover the protein is delipidated
which further adds to less stability of the purified protein in DTAB detergent. The
protein needs to be further exchanged with another detergent (93), or recombined with
membrane lipids, which is discussed in section 2.6. Briefly for reconstituting the protein
in membrane lipids, the protein is incubated with the lipids followed by dialysis to get rid
of the detergent in case of lipid recombination. The protein can further be used to study
the effect of membrane lipids on the protein activation.

Alternatively the DTAB

detergent can be exchanged with other detergents like CHAPS or DDM, and can be used
for crystallization, neutron scattering, and X-ray scattering techniques.
Here we have used the purified protein for TR-WAXS (time resolved wide angle xray scattering experiment) after detergent exchange, as well as for generating lipid
recombinants. The column-purified protein has been used previously for biophysical
studies and the protein purified by this method has been well-studied.
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2.3.2 Hydroxyapatite column chromatography with neutral detergents
Although hydroxyapatite column chromatography works on the ion-exchange
chromatography principle, and the choice of detergent is important for purifying the
protein using hydroxyapatite.

The hydroxyapatite chromatography has also been

successfully used for purification using neutral detergents (89). Here we describe the
protein purification in neutral detergents with NG and DDM detergents. Conventionally,
the protein is first purified in DTAB detergent, and then exchanged with other detergents
(90) (Section 2.3.3). However the amount of residual detergent in this case needs to be
quantified.

Detergent properties like aggregation number, cmc (critical micelle

concentration) (94), and formation of mixed micelles needs to be considered if one
detergent has to be exchanged with other. In addition, the yield of the protein is lower,
and it takes more time. Here we describe the purification of rhodopsin in NG and DDM
detergents directly using the hydroxyapatite column chromatography technique. The
chemical structures of NG and DDM detergents are shown in fig. 2.10.
Fig. 2.10: Chemical structure of
(a) nonylglucoside (NG) and (b)
dodecylmaltoside
(DDM)
detergents. Note that the NG
detergent has a 9-carbon acyl
chain whereas DDM has a 12cabon acyl chain. The difference
in the headgroup and acyl chain
length properties results in
different packing of the protein
in these detergent micelles.

We used throughout the protocol unless stated otherwise. The detergent buffer is
prepared by dissolving the detergent in the 15 mM Na-phosphate buffer pH 6.7. The
rhodopsin is purified essentially the same way as described in section 2.3.1 with few
modifications. A 50 mM concentration of the detergent was used. The concentration of
NG used is almost 8 times of the cmc (95). The protein concentration was 8 mg/mL
when it was loaded onto the column. We observed with a 0–0.5 M NaCl salt gradient,
the protein was eluted at fraction number 10 (40 mL of the salt gradient) with a flow rate
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of 1.2 mL/minute. The different fractions eluted are shown in Fig. 2.11a and the UVspectrum of the combined fractions is shown in Fig. 2.11b. The purification is fast and
the yield is generally around 75% with purity (A280/A500) of 1.6–1.8. However the
method is relatively expensive, since NG is an expensive detergent and the procedure
requires significant amounts of NG. Furthermore, the concentration of the detergent is
very high and the protein denatures faster with high detergent to protein ratio. One can
use a smaller gradient mixer (with smaller dimensions) and use less volume, or
alternatively one can use the same gradient mixer with lesser volume and with less
concentration of the salt to economize the protocol.

Fig. 2.11: Representative UV-visible spectra of rhodopsin purified in NG. (a) The spectra
for different fractions of rhodopsin collected during purification. (b) The final spectrum
after pooling the good fractions together. Starting with 50 mg of RDM (A280/A500 = 2.80)
about 37 mg of rhodopsin was purified. The purity (A280/A500) of the final sample is 1.7
which is 95% pure rhodopsin.
Optimization of hydroxyapatite column with NG detergent was performed.

The

major modification was that we used 25 mM NG detergent rather than 50 mM NG
detergent for carrying out the entire procedure, other than for solubilization of the protein
where 50 mM NG detergent was used. Next, the protein was loaded on the column
without altering the detergent to protein ratio (200:1) (96) higher than aggregation
number as above. We expected to see no change in the elution time as for 50 mM NG,
because NG is a neutral detergent, and the chromatography technique works mainly as
ion-exchange chromatography. Surprisingly, however, the elution of the protein was
observed at much longer time. This may be attributed to the different packing of the
protein with less detergent concentration in this case. We used a linear salt gradient from
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1 M–6 M in this case. The protein yield in this case is 60–65% with a spectral purity of
1.7–1.8.
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Fig. 2.12: Calibration curve to measure conductivity of the NaCl with 25 mM NG
detergent.
Next we collected the first fraction and the last fraction and used a conductivity meter
(VWR International; Radnor, PA) and recorded the salt concentration for which
rhodopsin was eluted first and last. The salt concentration for the first fraction was 1.7 M
and salt concentration of last fraction was 2.4 M based on the calibration plot shown in
Fig. 2.12. Note that the procedure does not work with a 12 mM NG detergent buffer
concentration.
We then used a two-step gradient rather than a linear gradient for purification of the
protein. The protocol used was the same with the following modifications. First, the
column was equilibrated with 25 mM NG detergent buffer containing 1 M NaCl. Next,
the protein was solubilized in 50 mM NG containing 1 M NaCl concentration. After the
protein was loaded on the column, the protein was eluted with 25 mM NG detergent
buffer containing 1.5 M salt concentration. The column runs for about 1 hour, and the
final protein yield is 60–65% with a purity of 1.7–1.8. The protein is further used for
crystallographic trials.

The above protocol provides a rapid, economical, and

reproducible method for purifying delipidated rhodopsin in NG detergent.
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We also used the hydroxyapatite column chromatography with DDM detergent
buffer. The DDM detergent has longer acyl chain, with more polar groups compared to
NG detergent (Fig. 2.10). The rhodopsin is purified in DDM detergent buffer in a similar
way as with DTAB detergent buffer, with the following modifications. First, the 10 mM
DDM detergent buffer concentration is used in the purification step. Second, the protein
is solubilized with 10 mM DDM detergent with a detergent to protein ratio of 150:1.
Third the protein is eluted with detergent buffer containing a gradient of 2–5 M NaCl
concentration. The purified protein has a purity of 70–75% with a purity (A280/A500) of
1.7–1.8. The major disadvantage of this column chromatography is the purification is not
yet very reproducible, and it needs to be explored further.
The The critical micelle concentration (cmc) and aggregation umber are two
important properties of detergent that influence stability of the protein. The cmc of
DTAB, NG, and DDM detergents are 14 mM, 6 mM, and 0.12 mM respectively. The
aggregation number for DTAB, NG, and DDM detergents are 72, 133, and 100
correspondingly.
Table 2: Summary of the protein purification with hydroxyapatite column
chromatography.
Detergent / conc.

Charge on detergent

% yield

Final purity

DTAB / 100 mM

Positive

90

1.6–1.7

NG / 50 mM

Neutral

75

1.7–1.8

NG / 25 mM

Neutral

60

1.75–1.85

DDM /10 mM

Neutral

75

1.7–1.8

2.3.3 Size-exclusion chromatography
The hydroxyapatite column chromatography has not been optimized for use with
anionic detergents (like sodium cholate) or zwitterionic detergents (like CHAPS). In case
of purification in CHAPS, rhodopsin is first purified in the cationic detergent DTAB
followed by size-exclusion chromatography for detergent exchange. Sephadex G-50 has
been used successfully for detergent exchange of DTAB detergent with DDM detergent
(93). After the purification of rhodopsin in DTAB detergent, the protein is concentrated
using 30-kDa centrifugal filters (Millipore; Billerica, MA) followed by diluting with 9
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volumes of CHAPS detergent buffer (30mM CHAPS in 15 mM Na-phosphate buffer pH
6.7). The protein was concentrated to 15 mg/mL before loading onto the column. The
dilution with CHAPS buffer serves two purposes. First it dilutes the DTAB detergent
with CHAPS, and protein is relatively more stable in CHAPS detergent. Second it dilutes
NaCl. The protein purified from hydroxyapatite column contains about 0.30 M NaCl. In
the literature Sephadex G-25 is used for desalting purposes (93). Notably Sephadex G-50
cannot be used for removing the salt. However it would be diluted and pass into the
stationary phase whereas the protein-detergent micelles would be in the void volume.
Furthermore, how the DTAB detergent interacts with rhodopsin-CHAPS complex and
how it affects the biophysical properties of rhodopsin remain as matters of further
investigation.

Fig. 2.13: (a) Difference spectra
(photobleached minus dark state) for
rhodopsin in CHAPS detergent at
picoseconds
time
scale.
The
photobleaching was performed using
optical laser of wavelength 480 nm.
The retinal isomerization takes place in
200 fs (13). Interestingly using TRWAXS technique upon photoactivation,
we observed global changes in protein
conformations. The changes in the
difference spectra reflect the protein
fluctuations (“protein quake”(14)) after
photobleaching. (b) The UV-visible
absorption spectra of the purified
protein. The purity (A280/A500) of the
protein is 1.6 almost 100% pure
rhodopsin. The experiment required
about 480 mg of the protein.
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Next, the column is prepared. For the preparation of the column 13.0 g of
Sephadex G-50 (Sigma-Aldrich) is measured and suspended in sodium phosphate buffer
(15 mM, pH 6.7) completely. Make sure to get rid of the bubbles, and the lurry is next
poured into the glass column (2.5 x 28 cm) and allowed to settle. The column is
equilibrated using 500 mL of the CHAPS detergent buffer
After preparation of the column, the protein (3 mL) is loaded onto the Sephadex G-50
column. The protein is eluted using 30 mM CHAPS stock solution. The flow rate is kept
constant at 0.4 mL per minute. Normally the protein will come from the column within
the void volume after 90 minutes. UV-visible absorption spectroscopy is then used to
characterize the purified rhodopsin. After the detergent exchange is done using Sephadex
G-50, 30-kDa centrifugal filters are used to concentrate the protein to 30 mg/mL. This
procedure has been used for WAXS (wide-angle X-ray scattering) studies at LCLS in
Stanford. The studies provide insight into the structural changes that takes place on a
picosecond time scale during rhodopsin activation (Fig. 2.13). The Sephadex G-50
column is further washed using 30 mM CHAPS detergent buffer containing 0.01%
sodium-azide. The UV-visible spectroscopy is used to ensure elution of all the impure
proteins. The column containing 30 mM CHAPS detergent buffer with 0.01% sodiumazide is stored at 4 C and can be used infinitely. Usually 80–90% of the protein is
recovered with a purity (A280/A500) of 1.6–1.7. It should be noted that while the protein is
eluting from the column, some protein is inevitably denatured so the last few fractions
should not be collected, because they contain hydrolyzed 11-cis retinal (or even all-trans
retinal in some cases), and adds to the impure protein. It is best to use freshly prepared
protein, because the protein in CHAPS has half-life of about 600 hours at 18 oC (92).
Alternatively flash-freezing of the purified protein can be performed; however flashfreezing and thawing of the protein may affect protein activity and denature the protein to
a certain extent (69). A regeneration assay can be performed to evaluate the quality of
the protein.

About 480 mg of the protein was purified for TR-WAXS experiment

presented here (Fig. 2.13a).
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2.4 Zinc-Acetate Extraction Method
The protein purified using column chromatography technique is very expensive. The
alternative method to purify rhodopsin in detergent solution is using a zinc extraction
method (68) (97). The method is cheaper, simple, yields high purity and amount of the
purified rhodopsin. The method has been used effectively with the neutral detergents and
has applications for producing protein crystals (97) .

The exact mechanism of the

rhodopsin purification with zinc in selective detergent is not clearly understood. It is
hypothesized that zinc forms a complex with negatively charged phosphatidylserine, and
precipitates the membrane lipids in the presence of detergents upon centrifugation. The
procedure can also be carried out with other divalent cations (like Mg2+); however there
is not complete sedimentation of the membranes in case of other divalent cations.
Surprisingly, with zinc 0.5 mole Zn2+ per mole of RDM membrane lipid is sufficient for
complete sedimentation (68).
The choice of detergent is crucial in this method. The electrostatic interactions play a
role in this method. If the detergent is anionic it will form a complex with Zn2+ and the
purification will not be completed. Similarly if the detergent is positively charged, it will
repel zinc ions resulting in unsuccessful protein extraction. Here we have reported the
successful extraction of the protein with neutral detergents, and in case of the zwitterionic
detergent CHAPS. Furthermore, we have used the zinc extracted protein in generation of
lyophilized rhodopsin (98). The powdered rhodopsin is very stable and has immense
importance in pharmacology.

Here application of powdered rhodopsin in neutron

scattering (quasi-elastic neutron scattering) experiment has been further shown. The
major disadvantage of the method is the zinc may form a complex with the protein, which
may interfere in its biophysical studies, and addition of zinc decreases the thermal
stability of the protein (99).
2.4.1 Zinc-acetate extraction with neutral detergents
The protein can be extracted in neutral detergents like NG, HTG (heptylthio
glucoside), and OG detergents as reported previously Okada et al. 1998 (68). Here we
report the zinc acetate extraction method with DDM detergent (Affymetrix, Inc.,
Maumee, OH).

The extracted protein is further used for generating lipid-protein
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recombinants (18), and for small-angle neutron scattering (SANS) studies. The method is
robust, simple, and economical.
The complete procedure needs to be performed at 4 C under red dim light, unless
stated otherwise. The RDM membranes are taken out from the −80 C freezer and
thawed. The zinc extraction procedure can be performed using either 30 mM MES buffer
pH 6.4 or 15 mM Na-Phosphate buffer pH 6.9. The rhodopsin is solubilized in 1% DDM
detergent containing 100 mM zinc acetate in 15 mM Na-phosphate buffer pH 6.7. The
detergent to protein ratio at this point is about 1300:1. This is a very critical step for the
zinc-extraction method.

The detergent to protein depends to a great extent on the

aggregation number of the detergent. Generally the detergent to protein ratio is 10 times
of the aggregation number of detergent with protein. A lower detergent concentration
will result in the incomplete solubilization of the protein, and the zinc will form a
complex with both membrane lipids and protein followed by pelleting upon
centrifugation.

The protein is incubated with the detergent and zinc-acetate for 30

minutes.
After incubation of the protein, centrifugation is performed at 17,200g for 30 min
(SS-34 rotor, Sorvall). Sedimentation of the membrane-lipid zinc complex is observed
after centrifugation.

The extracted protein with the detergent should be in the

supernatant. The purity (A280/A500) at this point is about 2.0. The supernatant is diluted
four times with the 15 mM Na-phosphate buffer pH 6.9, followed by centrifugation at
17,200g for 30 min (SS-34 rotor, Sorvall). Diluting the detergent concentration leads to
sedimentation of opsin which further purifies the protein. The purity (A280/A500) at this
point is about 1.7–1.8. Different detergents give different purity based on its packing
with the protein, and formation of complexes with the zinc. The protein is further
concentrated using 100-kDa centrifugal filters. A 100-kDa filters ensures that the protein
is concentrated whereas the DDM detergent concentration remains the same (100). This
method has been previously used with the HTG detergent to yield very high purity of
1.5–1.6, which is rarely obtained using the column chromatography procedure (68).
Application of the protein includes generation of lipid-protein recombinants as shown in
Fig. 2.14 (23).
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Fig. 2.14: Example of zinc-extracted rhodopsin with DDM in generating rhodopsin-lipid
recombinant for understanding of role of membrane lipid electrostatics in rhodopsin
activation. The figure has been adapted from Chawla et al. 2016 (18).
2.4.2 Zinc-acetate extraction with CHAPS detergent
Previously the zinc extraction method has been used successfully for purification of
the protein with alkyl (thio)glucoside detergents.

Since the method employs ionic

interactions, the detergent to be selected should be neutral. Here for the first time we
used this method successfully with zwitterionic CHAPS detergent.

The chemical

structure of CHAPS detergent is shown as an inset on the left in Fig. 2.15 (15).
Furthermore, we have shown the application of the extracted protein in generating
powdered rhodopsin (section 2.4.3) and in small-angle-neutron scattering studies (Fig.
2.15).
For the purification of rhodopsin in CHAPS detergent using zinc acetate method, the
rhodopsin in disk membranes (RDM) is solubilized in CHAPS detergent buffer (100 mM
CHAPS detergent in 15 mM Na-phosphate buffer,pH 6.9) and zinc acetate with final
concentration of 100 mM. The detergent to protein ratio is around 250:1 at this point.
The protein is incubated for about 30 minutes at 4 C to ensure complete solubilization of
the protein.
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Fig. 2.15: Example of application of zinc-extracted rhodopsin with CHAPS (left) and DDM
(right) to small-angle neutron scattering studies. A comparison of dark state (resting
state) and light-activated states demonstrate an increase in the hydrated volume. The
insets shows the chemical structure of the detergent molecules and has been adapted
from Chae et al. 2010 (15).
The chemical structure of the detergent is analogous to the membrane environment.
The CHAPS detergent has a very rigid acyl chain length, which mimics the hydrophobic
acyl chains of the membrane lipids. The hydrophilic region of the detergent interacts
with the polar solvent to solubilize the protein. The solubilization is followed by the
centrifugation at 24,000g (Sorvall SS-34 rotor) for 30 min. The insoluble pellet contains
zinc-coordinated membranes, along with other insoluble proteins, whereas the rhodopsin
is in the supernatant. The solution is further diluted using 15 mM Na-phosphate buffer
pH 6.7 to give a final detergent to protein ratio of 27:1. Diluting of the detergent leads to
precipitation of the impure protein.

This is followed by centrifugation at 24,000g

(Sorvall SS-34 rotor) for 30 min. The application of the protein is demonstrated in smallangle neutron studies (SANS) in Fig. 2.15. Furthermore the protein can be used for
preparation of lyophilized proteins, which is discussed in next section.
2.4.3 Powdered rhodopsin
Lyophilized proteins are of immense importance in the field of pharmacology and
drug targeting (69). Previously rhodopsin in disk membranes have been lyophilized and
used for several biophysical studies (101). Rhodopsin in membrane lipids is very stable
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so RDM may circumvent the harsh conditions (dehydration), but the question is whether
rhodopsin can survive the complete dehydration in detergent.
Dried rhodopsin in detergent micelles have been prepared before (59) using vacuum
concentrator or frozen and lyophilized (102) as digitonin-rhodopsin complex for
biophysical studies.

Here the lyophilizatoin of rhodopsin in disk membrane and

rhodopsin-CHAPS complex is described, for further application in quasi-elastic neutron
scattering studies using BASIS (backscattering spectrophotometer).
Firstly we lyophilized the rhodopsin disk membrane as a control.

The RDM

membranes were taken out from −80 C and thawed. The RDM contains 15 mM Naphosphate buffer pH 6.7 with the 0.3 mg/mL protein concentration. The RDM were
further flash frozen using liquid nitrogen, followed by cryodessication (lyophillization or
freeze-drying). In the process of flash-freezing followed by lyophillization, the frozen
water undergoes sublimation leading to dehydration of the protein. The lyophilization is
done with the vacuum line at 100-mTorr vacuum pressure overnight (12 hours). The
constant dry mass is achieved after 12 hours. The protein is rehydrated with detergent
buffer (3% Ammonyx LO with 30 mM hydroxylamine in 15 mM Na-phosphate buffer
pH 6.9) and UV-visible spectra are obtained. An active protein with 500-nm absorption
maxima in dark-state was observed implying functional rhodopsin.
Next the protein was lyophilized with rhodopsin purified in CHAPS detergent using
the zinc extraction method as described in section 2.4.2. After extraction the protein is
concentrated to 220 M in 50 mM CHAPS detergent using 30 kDa centrifugal filters.
The empty detergent micelles of the CHAPS detergent is about 6 kDa (aggregation
number of 10). The protein–detergent complex was flash frozen in liquid nitrogen
followed by lyophilization as for RDM mentioned above. The detergent to protein ratio
just before lyophilization is about 27:1 implying about 72% (w/w) of the protein. The
UV-visible spectra after rehydration with water showed the functional protein. About
400 mg of rhodopsin-CHAPS detergent complex in the dark state and about 400 mg of
opsin was lyophilized and used for quasi-elastic neutron scattering studies using the
backscattering spectrometer.
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Fig. 2.16: Example of powdered rhodopsin in quasi-elastic neutron scattering (QENS)
studies. (a) Comparison of crystal structures of active opsin (blue) versus dark-state
(salmon) shows more open structure of active opsin. (b) A comparison of -relaxation
times (from QENS analysis) for rhodopsin dark-state versus ligand-free inactive opsin
shows longer relaxation times for inactive opsin, implying a more closed structure of
inactive opsin compared to dark-state rhodopsin (c) Traces of powdered rhodopsin on
the filter paper pointed out by the arrow.
Using QENS the major finding is that longer -relaxation time of opsin is observed at
all the temperatures implying a more closed structure of opsin compared to dark-state
rhodopsin. It is prposed that dehydration of the opsin shifts the active opsin and inactive
opsin equilibria to inactive opsin. Furthermore the more closed structure of inactive
opsin explains the specificity of 11-cis retinal for active opsin during the regeneration in
the eye. The X-ray crystal structure of inactive opsin is not known, however present
understanding is that the inactive opsin is a closed structure (103-105). The application
of powdered rhodopsin is shown in Fig. 2.16.
2.5. Biophysical Characterization
After the protein is purified it is important to do biophysical characterization of the
protein and determine the functionality of the protein. In case of rhodopsin, the
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regeneration assay or G-protein binding assay is done to determine the activity of the
protein. The circular dichroism (CD) spectroscopy and dynamic light scatteing (DLS)
provides a good way to study the biophysical characteristics like secondary structures,
and hydrodynamic radius which correlate to the number of oligomeric units. The use of
detergents not only provides a way to study membrane proteins, but with advanced
detergents globular proteins can also be studied. In Fig. 2.17 we have provided an
example of a globular protein NAMPT (Nicotinamide phosphoribosyltransferase) which
is known to exist active as dimeric unit (106). Here we used the DDM detergent to
dissolve the oligomeric protein into the monomeric and dimeric components.
The circular dichrosism (CD) spectra on the left show the protein secondary structure
is conserved on the addition of the detergent. Although the protein is folded in agreement
to the X-ray crystallography, it does not necessarily mean the protein is active. The
activity assay is in progress, which will give information about the functionality of the
protein.

Fig. 2.17: Circular dichroism (CD) spectra (on the left) and dynamic light scattering (DLS)
profiles (right) of DDM-detergent solubilized globular protein NAMPT is shown. The
example shows the application of detergents in studying globular protein biophysical
properties.
Our studies open new avenues where globular proteins with high hydrophobicity can
be solubilized in the detergent environment. In this section, we used circular dichroism
(CD) spectroscopy and dynamic light scattering studies to determine the secondary
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structure folds and hydrodynamic radius (and number of oligomeric units) of the purified
rhodopsin.

Our results are in agreement to the previous data reported for CD

spectroscopy (16).
2.5.1 Dynamic light scattering studies
Dynamic light scattering technique is used for estimation of the hydrodynamic radius,
which further can be used to determine the number of units present if the shape of the
protein is known. It is very useful tool to determine if the solution is monodisperse or
polydisperse. It is also used to estimate the aggregation number of the empty detergent
micelle (107). The hydrodynamic radius of empty micelles for CHAPS (108) and DDM
(109) detergents are about 1.5 nm and 3.5 nm correspondingly, corresponding to
aggregation numbers of 10 and 100, respectively.
The DLS studies depends on the concentration of the protein, as well as the detergent
(108). Here we purified and concentrated rhodopsin (6 mg/mL) in DDM detergent (30
mM) and CHAPS detergent (30 mM) respectively, followed by obtaining DLS spectra
(Zetasizer nano-ZS instrument; Malrvern Instruments, Malvern, U.K.). The Dispersion
Technology Software (DTS) was used for data collection and analysis.

Fig. 2.18: Representative DLS results for rhodopsin purified in CHAPS (left) and DDM
(right) detergents (purification is explained above) at 15 C. A monodispersity of the
purified protein can be seen in both cases.
The DLS results show two peaks, one for empty detergent micelles, and the other for
rhodopsin-detergent complex. Our results corresponds to the monomeric form of
rhodopsin as reported before in the literature (110, 111). However the monomeric and
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dimeric hydrodynamic radii are very close and further biophysical characterization is
required. Nevertheless the results show the protein distribution is homogenous, and can
also be used in case of X-ray crystallography in addition to SANS studies.
2.5.2 CD spectroscopy studies with rhodopsin in CHAPS detergent
We performed CD spectroscopy with the rehydrated powdered rhodopsin in CHAPS
detergent. The CHAPS concentration is about 6 mM, which is very near to its cmc with a
detergent to protein ratio of about 27:1. The CD spectrum was obtained using an Olis
DSM-20 CD spectrometer equipped with a Quantum Northwest-CD (Northwest
Instruments Inc, Liberty lane, WA, U.S.A.). Rhodopsin is a 7TM protein having a very
high alpha-helicity. The CD spectra of rhodopsin in the inactive and bleached form are
shown in Fig. 2.19a (16) and compared with the CD spectra of dark-state rhodopsin and
opsin in Fig. 2.19b. The CD spectra were obtained around 8 C. A change in helicity of
the dark state compared to bleached rhodopsin or opsin was observed in a detergent
environment.

Fig. 2.19: (a) Far-UV circular dichroism (CD) spectra of rhodopsin in detergent micelles
reported previously (16) (b) The CD spectra obtained after rehydrating the powdered
rhodopsin correspond to the spectra in part (a).
We believe the change is attributed to a change in secondary structure in a detergent
environment. In a detergent environment, protein conformational changes are much
faster as compared to the protein in the native lipid environment. The protein in CHAPS
detergent is shown to have a very native-like CD spectra for the

-band which is
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observed above 300 nm wavelength (112). In the future, more experiments with CD
spectroscopy need to be done, where the spectra will be scanned above the range here.
We collected in total 10 spectra and averaged them to have a better signal to noise ratio.
2.5.3 CD spectroscopy studies with rhodopsin in DTAB detergent
Next we collected CD spectra for rhodosin with DTAB detergent to observe the
change due to the different detergent environment. The DTAB is a harsh detergent and
the protein denatures fast. We performed the CD experiment with 100 mM DTAB
detergent concentration and 50

M protein concentration.

We did not observe a

significant change in the alpha-helix character of DTAB-solubilized RDM versus
rhodopsin purified in CHAPS detergent. The DTAB detergent has light scattering which
does not allow us to go beyond 214 nm wavelength. However the results of CD spectra
for CHAPS and DTAB detergents allow us to conclude that CD spectroscopy is a robust
tool for estimating the secondary structure of the rhodopsin-detergent complex. It should
be pointed out that a correct secondary fold does not necessarily mean that the protein is
active (113). Further regeneration assay or transducin binding assays are required to
ensure the activity of the protein.
2.6. Lipid-Reconstitution in Membranes
This protocol is used for the reconstitution of rhodopsin with phospholipids.
Rhodopsin is purified in dodecyltrimethylammonium bromide (DTAB) (Section 2.3.1).
As mentioned above the purity of the protein in DTAB detergent is low, so after
purification, the protein is recombined with membrane lipids followed by dialysis to
remove the detergent.

Although the method is time consuming and laborious, it

generates homogenous rhodopsin-lipid recombinant which can be used for further
understanding the lipid-protein interactions.
The first step in this procedure is the preparation of the lipids. Lipids should be
prepared in advance (i.e. before the column is run). An empty round bottom flask is
weighed with the cap before adding the lipids. The lipids (Avanti polar lipids: Alabaster,
AL) are taken out from the −20 C freezer to have the mg of lipids needed for the desired
molar ratio to rhodopsin. The lipids should be kept in −20 C or −80 C inside the
desiccator with drierite. The lipids were thawed for half an hour before opening the cap
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to equilibrate to the room temperature. The chloroform was evaporated with argon, and
then put on the vacuum line overnight (50–100 mTorr) or until a constant weight was
obtained. The lipids are weighed and total mass is noted down to ensure the correct mass
of the lipids added. The exact weight is determined gravimetrically, and confirmed by
phosphorus analysis. The lipids were dissolved in 300 mM DTAB containing 15 mM
sodium phosphate buffer, pH 6.7. The argon gas was overlaid to ensure no oxidation of
the lipids and keep in the refrigerator (4 C). If the lipids have not been prepared as
above, i.e. if the lipid haven not been dissolved in 300 mM DTAB solution, one can
weigh the DTAB and add it (as a powder) directly to the purified rhodopsin/DTAB 100
mM sample.

The rhodopsin/DTAB (100 mM) solution was brought to a final

concentration of 300 mM DTAB. It is important to know the volume of 300 mM DTAB
added to solubilize the lipids if the lipids are prepared in 300 mM DTAB solution. One
can calculate how much volume needs to be added to the rhodopsin sample to obtain the
desired molar ratio of lipid/protein.
After mixing with the correct lipid to protein ratio, and the correct 300 mM DTAB
concentration, the sample was covered, and vortexed followed by gently overlaying the
sample with argon gas.

The sample was capped tightly with parafilm, covered in

aluminum foil, and incubated for 1–2 hours at 4 C. An aliquot was taken to monitor that
no denaturation has occurred during this time using UV-visible absorption spectroscopy.
No protein denaturaion was observed, usually nothing happens at 4 C. (Note that
rhodopsin is unstable in DTAB at higher temperatures.)

2.6.1 Dialysis
The first step in dialysis is to prepare the dialysis tubing Spectra/Por; Spectrum
Laboratories, Inc., Rancho Dominguez, CA, USA). It is possible to prepare the dialysis
tubing during one of the centrifugation or incubation times. However, it is recommended
to have everything ready beforehand: magnetic stirrer, dialysis tubing, and 500-mL
beaker. First, boil about 300 mL of distilled water. The dialysis bag is cut to be 17 cm
long (the capacity is 2 mL per cm and consider the space for the clip; also the bag should
not be pressurized). The dialysis bag is then immersed in the hot water, then taken out
from the hot water to the colder water and left it in the refrigerator (4 C) for 30 minutes
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ready to be used. The dialysis tubing (Spectra/Por; Spectrum Laboratories, Inc., Rancho
Dominguez, CA, USA) contains glycerol and by providing a heat shock, the pores of the
dialysis tube opens up and the glycerol is removed. The molalr mass cut-off for the
dialysis tubing is 12 kDa to 14 kDa.
After the incubation period, the sample solution is poured into the dialysis bag
already prepared. Both sides are clamped, and the membrane bag is placed in the
HEPES/EDTA dialysis buffer, under a N2 stream all the time! All procedures are
conducted in the cold room under complete darkness. Dialysis is done against 5 mM
HEPES and 1 mM EDTA for 5 days with one exchange every 12 hours, giving a total of
10 exchanges. The total volume of buffer used for the whole dialysis procedure is 870
mL of buffer per 1 mL of DTAB solution. The cut-off for the dialysis tubing allows the
DTAB to pass through the tubing but the membrane lipids have a lower monomer
concentration and stay in the dialysis tube by forming the membranes.
At this point of time, the DTAB detergent is completely removed and the protein
should be precipitated within the lipid membranes. The dialysis bag is taken out and the
recombinant sample is collected using a micropipette. This is an important step because
a lot of protein is lost during transfer or onto the walls of the dialysis bag. Next the UVvisible absorption spectrum of the recombinant sample is checked to estimate the purity
(A280/A500 ratio). The absorbance ratio generally increases by a maximum of about 0.2–
0.3 from the original sample before the dialysis. A ratio of A280/A500 above 2 the sample is
no longer good. The recombinants were centrifuged using a SS-34 rotor in the Sorvall
RC-5B centrifuge at 20,000 rpm (48,000g) for 1 hour at 4 C. The pellet is resuspended
in 67 mM sodium phosphate buffer containing 1 mM EDTA, pH 7.0, or in a 10 mM
sodium phosphate buffer, pH 6.6. The recombinant membranes are kept at −80 C.
Recombinant membrane samples can be stored for more than 4 months up to years at −80
C.
2.6.2 Phosphorus analysis
This procedure is used to determine the lipid-to-protein ratio of the recombinant
samples prepared in the Section 2.6.1. The first step is to generate a calibration plot of
the something known. A calibration plot is plotted with the known phosphorus (sodium
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monobasic phosphate) content as described further below.

The unknown sample

(rhodopsin recombinant membranes in our case) containing phosphorus is then subjected
to the same process, and UV-visible spectroscopy is conducted to estimate the
phosphorus content.
For obtaining the calibration plot, samples containing 0.5 to 10

g of phosphorus

(Na-phosphate monobasic and sodium phosphate dibasic) were placed in 10 mL screwcapped test tubes. Samples containing more than 0.25 mL of the liquid need to be dried
at 110 C in an oven. An amount of 60 L of 70% perchloric acid and 200 L of 18 M
sulfuric acid were added. The samples were heated in an aluminum heating block at
about 210 C until clear. It is important to make sure to wear protective eye glasses and
protective clothing. After the sample becomes clear, it is allowed to cool to room
temperature. An amount of 8.0 mL of deionized water, 1 mL of 2.5 % ammonium
molybdate, and 1.0 mL of 10% ascorbic acid were added, capped and shaken vigorously.
The samples were kept at 37 C in a water bath for about 1.5 hours. The phosphate ions
in the sample react with molybdate to generate a colored compound. Incubation was
followed by performing UV-visible absorption spectroscopy using the Cary 4000 UVvisible spectrophotometer to record the absorbance at 825 nm (A825). A calibration curve
of A825 versus phosphorus content ( g phosphorus) was plotted and shown in Fig. 2.20. A
linear relationship was obtained for the amount of phosphorus present to the absorbance
at 825 nm wavelength.
The rhodopsin recombinant membranes are subjected to the same procedure to
determine the lipid-to-protein ratio. The 67 mM BTP buffer containing 1 mM EDTA, pH
7.0 was used as baseline. We prepared DOPC: DOPE (1:3 ratio, 1:1 and 3:1 ratios),
Rhodopsin:POPC (1:50, 1:100, and 1:200 ratios), and Rhodopsin:DOPC (1:50, 1:100,and
1:200 ratios) recombinant using this procedure.
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Fig. 2.20: A calibration plot for estimating the amount of phosphorus in the sample.
2.6.3 Isopycnic density-gradient centrifugation
The recombinant membranes are subjected to density gradient centrifugation to
establish that they are homogenous with respect to the lipid/protein molar ratio. If the
sample (recombinant membranes) is homogenous, there should be only a single band
after centrifugation. A linear gradient (0–50 % w/w sucrose gradient) containing 10 mM
Tris-acetate pH 7.4, and 1 mM EDTA in a polyallomer centrifuge tube is made using a
gradient maker. The sample is centrifuged in a swinging bucket rotor (Sorvall AH-627)
at 113,000g for 6–12 h at 4 °C. The bands formed were observed in dim red light and
collected by using a Pasteur pipet. Successive layers of sucrose can be removed from the
top of the gradient until the desired band is reached. An alternative is to stick a pin into
the bottom of the centrifuge tube and collect the drops by hand. A single band was
observed for homogenous rhodopsin-lipid recombinant membranes.
2.6.4 Centrifugal-filters for detergent exchange
An alternative to dialysis is using centrifugal filters for detergent exchange for
formation of recombinants. After purification of protein in one detergent, the Millipore
filter with the appropriate cut-off is used, followed by concentration of the protein and
exchanging one detergent for the other. The sample is further concentrated by centrifugal
filter. The appropriate centrifugal-filter cut off will allow the first detergent pass through
the pores of the filter. After the sample is concentrated by the same procedure again, the
detergent buffer containing second buffer is added again. The process continues until the
time the residual concentration of the first detergent becomes negligible. The procedure
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has been used for exchanging the DTAB detergent for CHAPS detergent for TR-WAXS
studies. Furthermore, in the future one can use this method for generation of rhodopsinlipid recombinants which otherwise takes days and is a labor-intensive procedure.

88
CHAPTER 3: EFFECT OF POSITIVELY CHARGED CATIONIC MEMBRANES
AND POLYMEROSOMES ON RHODOPSIN ACTIVATION
3.1 Introduction and Background
G-protein–coupled receptors (GPCR) are integral membrane proteins that constitute
about 50 percent of the known drug targets and play a crucial role in several
physiological processes like vision in the dim light. Membrane lipids are known to
regulate the functioning of integral membrane proteins by mainly modulating membrane
curvature, lipid-protein interactions, and surface charge as discussed in Chapter 1.
However, it is not clear how artificial membranes and polymerosomes in synthetic
systems would affect the activity of membrane proteins (114). It is challenging to
harness membrane protein in artificial membranes because of the slow assembly kinetics,
and less efficiency, and to prepare membrane-supporting artificial proteomembranes with
systematically varied membrane chemistry and physical properties. Here using bovine
rhodopsin as a model GPCR, we for the first time report spontaneous reconstitution of the
eukaryotic GPCR in artificial membrane and synthetic systems using a novel chargeinduced-directed reconstitution (CIDR) mechanism. We also demonstrated the effect of
cationically charged membranes on rhodopsin photoactivation. Using synchrotron smallangle x-ray scattering (SAXS) on the varied protein recombinants, we determined that the
proteoliposomes and polymerosomes form 3-D multilamellar structures with a lamellar
periodicity of about 5.7 nm, corresponding to the transmembrane dimensions of
rhodopsin (19).

We also used different combinations of proteoliposomess

(DOTAP/DOPE and DOTAP/DOPC) and polymerosomes to show that the activated
states in these recombinants are independent of negative spontaneous curvature, and
hydrogen-bonding between the lipid headgroups and polar residues on the protein. We
used UV-visible absorption spectroscopy and determined that the positive surface charge
of proteoliposome (DOTAP/DOPE and DOTAP/DOPC) and positively charged
polymerosome favors activated Metarhodopsin-II on photoactivation.

We believe

positive surface charge stabilizes deprotonated Glu134 present on rhodopsin by
electrostatic interactions analogous to interactions in the Metarhodopsin-IIH+
conformational substate, which is known to activate G-protein transducin. Our results are
supported by molecular dynamics (MD) simulation analysis, which supports the
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probability of interactions of Glu134 and the positive charged head groups of the DOTAP
lipid membranes.

In addition, the ATR-FTIR (Attenuated total reflection-Fourier

transform infrared spectroscopy) results support the formation of active Meta-II state
upon activation. Our studies can be further used to explore the effect of membranes in
other GPCR activation mechanisms, and have a high applicability in the field of drug
delivery and bio-nanoengineering (115).

Fig. 3.1: In rhodopsin dark state the counterion to the protonated Schiff base is Glu113
residue whereas in Meta-I the counterion is Glu181. Upon photobleaching H-bonding
network helps to transfer signals from the extracellular side to cytoplasmic side. The
figure has been adapted from Yan et al. 2003 (17).
Integral membrane proteins are important in regulation of diverse cellular function
from signaling to protein targeting, from prokaryotes to eukaryotes. The role of the
membrane environment is crucial in protein functioning (116). Rhodopsin is an integral
membrane protein that represents a canonical G-protein–coupled receptor responsible for
vision in the dim light. The chromophore 11-cis retinal is linked to the protein through
the Lys296 amino acid residue. Upon photoactivation, the inverse agonist 11–cis retinal
isomerizes to agonist all-trans retinal, followed by s a series of conformational changes
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leading to thermodynamic equilibrium between inactivated Metarhodopsin-I (Meta-I) and
activated Metarhodopsin-II (Meta-II) states.
Notably the rhodopsin activation involves two ionic locks. The first ionic lock
involves deprotonation of the Schiff base of the Lys296 residue, which is covalently
linked to the retinal. The counterion for the protonated Schiff base is the Glu113 residue,
which is located near to the extracellular side. The residue Glu113 is responsible for
maintaining the dark-state structure. A change in the pKa (117) of the Lys296 amino-acid
residue due to the change in the environment or mutation may disrupt the rhodopsin darkstate structure (118). It is believed that Glu181 residue provides an additional counterion
for Glu113 that upon photoactivation helps to transfer signals through a hydrogen
bonding network comprising helices. A representation of the hydrogen bonding network
is shown in fig. 3.1 (17).
The second ionic lock is present in the cytoplasmic side of the protein. It involves the
conserved ERY motif, where an ionic interaction between the side-chain of Glu134 and
Arg135 exists. The residue Arg135 also interacts with the Glu247 present on the TM6
helix. The activation of Glu134 is required for the complete activation of the protein
(27). Notably the Glu134 residue is located near the membrane headgroups, and recently
with the -adrenergic receptor it has been shown that the charged membrane lipids may
interact with the protein and modulate the protein activation (119). The titration of
Glu134 residue can be observed using UV-visible spectroscopy and FTIR spectroscopy
(18, 27). A neutralization of the charge of Glu134 leads to constitutive activation of the
protein (120).

The ionic interactions between Glu134 and Arg 135 is crucial in

modulating the conformational Meta-I/ Meta-II equilibrium (120). A representation of
the rhodopsin dark-state and active state involving critical amino-acid residues is shown
in Fig. 3.2. Is this interaction specific to the -adrenergic receptor, or is it also applicable
to other GPCRs like rhodopsin? A specific ionic lock can also play an important role in
lipid-protein interaction in the case of the

-adrenergic receptor. Can these specific

interactions allosterically (121) regulate protein activation in the case of rhodopsin?
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Fig. 3.2: A representation of rhodopsin X-ray
structures showing the amino-acid residues
involved in the two ionic locks that are broken
upon activation.

The role of membrane lipids is crucial in modulating rhodopsin functioning which has
been discussed in depth in chapter 1.

The membrane lipids influence rhodopsin

functioning by their physical properties, perturbation of lipids, lipid-protein interactions,
and electrostatics. The influence of physical properties of the membrane like the lipid
head group, acyl chain length, membrane curvature, and lipid-protein interactions are
explained by flexible surface model.

The small lipid head groups like

phosphatidylethanolamine (PE) exhibits negative spontaneous curvature, and shift the
Meta-I/Meta-II equilibrium towards the activated Meta-II state by promoting elastic
curvature stress and by the ability of PE to form hydrogen bonding with rhodopsin. On
the other hand, lipids with bulky headgroups with zero spontaneous curvature like
phosphatidylcholines favors the inactive Meta-I state. Together with frustration of the
curvature free energy, lipid-protein interactions govern the rhodopsin function by
hydrophobic matching, and hydrogen bonding between lipid headgroups and polar
residues in the protein. Another important player regulating the protein functioning is the
membrane electric surface potential. The role of electrostatics is important in rhodopsin
functioning.

It is known that Phosphatidylserine (PS) with a negatively charged

headgroup favors the activated Metarhodopsin-II state (43).

However, the role of

positive surface charge in rhodopsin photoactivation is not known. We hypothesize that
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because the surface charge plays a key role in integral membrane protein functioning,
positive surface charge should influence rhodopsin photoactivation independent of the
membrane curvature, or specific lipid-protein interactions like hydrogen bonding.
In this study, we studied the effect of positive surface charge on rhodopsin
activation states using UV-visible spectroscopy. The dark state of rhodopsin has a
maximum absorbance at 500 nm, whereas inactive Meta-I and activated Meta-II show the
maximum absorbance at 380 nm and 480 nm, respectively. We used different ratios of
recombinants of cationically charged DOTAP with DOPE, and used small-angle-X-ray
scattering (SAXS) first to see the assembly of the proteoliposome. Then we used UVvisible spectroscopy to see the effect of the recombinants on the Meta-I to Meta-II
equilibrium. To further check if the spontaneous curvature of the membrane has an
interplay with the positive charge of the DOTAP, we constructed different recombinants
of DOTAP with DOPC. Furthermore, to check if hydrogen bonding between the lipid
head groups and polar side chains of the protein are crucial for reconstitution of
rhodopsin, or its interaction with the cationically charged DOTAP, we made
recombinants with positive charged polymerosomes having no lipid component at all.
We synthesized the amphiphillic block copolymer Poly(4-vinyl-N-methylpyridine
iodide)-b-Polybutadiene-b-Poly(4-vinyl-N-methylpyridine

iodide)

(PBD2k-

(P4MVP30)2) which self-assembles into polymerosomes (18). Our results indicate that
the charge-interaction-directed reconstitution (CIDR) mechanism occurs within seconds
to form highly ordered proteoliposomal and proteopolymerosomal assemblies.

We

determined that the recombinants forms 2-D proteomembrane arrays, which in turn are
coupled along the transmembrane direction to form a 3-D multilamellar structure with a
lamellar periodicity of about 5.7 nm. The recombination does not depend on spontaneous
membrane curvature, or the hydrogen bonding in the lipid-protein interaction.

The

charge-induced directed reconstitution (CIDR) mechanism of lipid-reconstitution is
spontaneous, rapid, more efficient, and can be used to study the properties of
proteoliposomes and proteoploymerosome with systematically varied membrane
chemistry and physical properties. We furthermore used the ATR-FTIR technique, and
showed that the recombinants are functionally active and form activated Meta-II on
photoactivation.

The study gives an insight into the role of surface charge on the
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photoactivation of rhodopsin. We believe the positively charged lipids and polymers
break the conserved ERY salt bridge between Glu134 and Arg135 and thus stabilize
activated Meta-II. Constitutive activation of rhodopsin by lipids is shown for the first
time. The MD simulation analysis supports our model. The mechanism may further be
applied to other GPCRs, which will open an avenue for the improvement of membrane
protein-based nanotechnologies with maximum stability and performance (122).
Furthermore, by modulating the chemical and physical properties of the artificial
membranes, lateral organization of the rhodopsin can be regulated for use in molecular
motors, and other nanotechnology devices.
3.2 Spontaneous Recombination of Rhodopsin in Artificial Membranes
The conventional approach to prepare lipid-protein recombinants (Chapter 2) is time
consuming, labor intensive, and expensive. Here we describe a new approach, charge –
induced directed reconstitution (CIDR), to reconstitute rhodopsin in artificial membranes
and polymerosomes. The approach has been successfully used earlier with other integral
membrane protein (19).

This is the first instance where the approach has been

successfully used in case of GPCRs, and applied to understand rhodopsin's signaling
pathway. The first step in to prepare the liposome and polymerosome recombinants and
their characterization.
3.2.1 Liposome and polymerosome preparation
All the lipids DOTAP (1,2-dioleoyl-3-trimethylammonium-propane), DOPE (1,2dioleoyl-sn-glycero-3-phosphoethanolamine), and DOPC (1,2-dioleoyl-sn-glycero-3phosphocholine) were purchased form Avanti Polar Lipids Inc. (Alabaster, AL) and were
used for the preparation of liposomes.

The DOTAP was dissolved in mixture of

chloroform and methanol containing a 9:1 ratio to prepare the DOTAP stock solution.
The DOPC and DOPE lipids were dissolved in pure chloroform to obtain the stock
solution. The solvent to lipid ratio was adjusted to 1:80 for all these solutions. For the
preparation of liposome membranes with combinations of DOTAP, DOPC, and DOPE
the lipids were mixed with predefined ratios in glass vials. Next a stream of nitrogen gas
was overlaid over the solutions to evaporate the solvents, resulting in the formation of
lipid films. These lipid films were dried overnight with a vacuum pressure of 10 mTorr
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until constant dry mass was obtained. The step removes the solvent, which is followed
by resuspending the dried lipids with Millipore water such that the final lipid
concentration was 15 mg/mL. The liposome suspension was incubated overnight at 37
C temperature. Next, sonication was performed on the liposome suspension using a
probe sonicator (Sonics & Materials, Inc.; Newtown, CT). The sonication helps to
disrupt the large liposomal aggregates. This was followed by extrusion (using an Avanti
mini-extruder) 11 times using a filter of pore size of 100 nm, which results in formation
of uniform small unilamellar vesicles (SUVs). The liposomes needs to freshly prepared
and used within one week of the preparation.

Fig. 3.3: The chemical structure of the amphiphillic triblock co-polymer. The figure has
been adapted from Chawla et al. 2016 (18).
The amphiphillic tri-block cpolymer PBD35-b-(P4MVP30)2 (polybutadiene35-b(poly(4-vinyl-N-methylpyridine iodide)30)2) self-assembles into polymerosomes in water
in contrast to polymeric surfactants like NVoy, SMAs, and Amphipols. Next NMR
spectroscopy, FTIR spectroscopy, and TEM microsocopy are used to characterize the
polymer (18).

The polymerosome has an amphiphillic character analogous to the

membrane lipids. Here we describe the spontaneous recombination of the protein in
polymerosomes.
3.2.2 Charge induced directed reconstitution (CIDR)
The charge-induced directed-reconstitution (CIDR) approach is based on the
electrostatic interactions of the membrane lipids and the protein, resulting in spontaneous
reconstitution of the protein in liposomes or polymerosomes. The general principle
underlying this approach is the fact that a protein above its pI (isoelectric point) is
negatively charged. If a membrane lipid having a positive charge is introduced in the
system, the electrostatic interactions between the lipids and proteins will force out the
detergent (in the case of membrane proteins). Expulsion of the detergent allows the
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lipids to recombine with the protein. In our case, rhodopsin has a pI of 6.2 (123) and at
pH above 6.2 the protein will be negatively charged. If the negatively charged protein is
recombined with positively charged DOTAP membrane lipids, it should lead to
spontaneous reconstitution of the protein into liposomes.

The approach has been

successful in case of proteorhodopsin (122) and the bacterial reaction center (124). An
example of the assembly of the liposome and protein is shown in Fig. 3.4.(19).

Fig. 3.4: A multilamellar structure showing the assembly of proteorhodopsin embedded
in a liposome. The charged-induced direct-reconstitution (CIDR) approach was used for
spontaneously reconstituting the rhodopsin in artificial membranes. The figure has been
adapted from Hua et al. 2011(19).
3.2.3 Proteomembrane preparation
The complete procedure was carried out in the dark at 4 C unless stated otherwise.
The rhodopsin was purified in DDM detergent using the zinc extraction method as
described in Chapter 2. The purification of protein is followed by mixing the detergentsolubilized protein with liposomes in a stoichiometric ratio of 1:100, and a ratio of 1:20
for polymerosomes. The final DDM concentration should be less than 0.05%. Notably
the reconstitution approach works with high efficiency with this detergent concentration,
but it may also work with 0.1% detergent concentration and lower efficiency. The
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formation of the condensed form of the proteomembrane complexes occurred
spontaneously, which could be seen by settling at the bottom of the tube. As a control,
reconstitution was carried out in the pure zwitterionic lipids DOPE and DOPC and no
formation of proteoliposomes occurred.

As another control, DDM detergent was

replaced with zwitterionic CHAPS detergent, which also resulted in no formation of
recombinants with DOTAP lipid. About 80–100% recombination was obtained.
3.2.4 Small-angle X-ray scattering (SAXS) studies
Small angle x-ray technique is widely used for biophysical characterization of
membrane samples. In general a monochromatic X-ray beam hits the sample, resulting in
the scattering of the X-ray photons which are detected by the 2D detector. A scattering
profile is generated for the momentum transfer and intensity of the scattering.

A

characteristic SAXS profile is obtained for the recombinants. The technique is useful for
determining the shape of the complex. A general illustration of how the SAXS technique
works is shown in Fig. 3.5(20).

Fig. 3.5: A schematic representation of how the SAXS technique works. (a) An X-ray beam
hit the sample and the scattering from the sample is detected by the detector. (b) A
scattering profile is generated which helps is determining shape of the molecule. The fig.
has been adapted from Blanchet et al. 2013 (20).
Small-angle x-ray scattering (SAXS) was performed on the varied protein
recombinants. The peaks characteristic of a multilamellar structure with equally spaced
harmonics were obtained for all the recombinants (Fig. 3.6). A lamellar periodicity of 55
Å was obtained, which resembles to the transmembrane dimensions of recombined
proteorhodopsin (19).

The spontaneous reconstitution of the protein in all the

recombinants of DOTAP with DOPE/DOPC supports the crucial role of electrostatics in
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this mechanism. The recombinants are determined to form 2-D proteomembrane arrays,
which in turn are coupled along the transmembrane direction to form a 3-D multilamellar
structure with a lamellar periodicity of 5.7 nm, which is about the transmembrane
dimension of rhodopsin. The correlation between the lattices is visible; however, the
symmetry is unknown. The high intensity implies the recombinants are highly ordered.
A similar small angle X-ray study (SAXS) of the assembly of the protein in PBD2k(P4MVP30)2 polymerosomes yielded results similar to those for DOTAP with
DOPE/DOPC.

Fig. 3.6: Small-angle X-ray scattering (SAXS) profiles for proteorhodopsin (on the left)(19)
and for rhodopsin in DOTAP/DOPC (80/20 (top) or 20/80 (bottom) shows a similar profile
representing a multilamellar structure (18).
3.3 Understanding Rhodopsin Activation with Recombinant Membranes
After generating the recombinants we used UV-visible absorption spectroscopy for
determining the functionality of the recombinants and for studying the effect of positive
surface charge of thte lipid membranes and polymerosomes on rhodopsin
photoactivation.

A pH titration curve is plotted as a function of

(fraction on

Metarhdopsin-II). The titration is representative of Glu134 residue, which as mentioned
above is involved in the second ionic lock.
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3.3.1 Basic principles
Rhodopsin in disk membranes and in recombinants is present together with the
membrane lipids. These membrane lipids lead to scattering of the signals in UV-visible
spectroscopy.

An example of the UV-visible spectra in the native membranes

demonstrating light scattering is shown in Fig. 3.7 (21).

Fig. 3.7: Representative UV-visible spectra for rhodopsin in retinal disk membranes. The
inst shows the difference spectra of photobleached minus dark state. The figure has
been adapted from Lomonosova et al.2012 (21).
To avoid the problem of light scattering, extrusion or sonication can be done. Here
we applied the extrusion technique using an Avanti mini-extruder and 44 Å membrane
filters. The sample was passed through the filter 10 times. large aggregated particles are
filtered out. An example of the extruded UV-visible spectrum is shown in Fig. 3.8. The
spectra were obtained with RDM (ca. 5 M concentration) in Na-phosphate buffer pH 6.7
at 10 C. However, with extrusion and sonication techniques there are always concerns
about the system. The membrane deforms and reforms during the extrusion process. In
addition, one can use small amount of protein sample with smaller path length cuvette.
The problem using small amount of protein samples is that the signal also becomes
weaker.
An optimization of the sample concentration with regard to the signal-to-noise ratio
gives the best results. In addition, the spectral quality also depends on the spectrometer
used to collect the data. For instance, the Cary 4000 (Agilent technology) has better
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sensitivity and can generate better resolution UV-visible spectra than the Cary 50
(Agilent technology) spectrometer. Additionally, one can use integrating sphere with the
spectrophometer, which can also mitigate the scattering problems.

(The integrating

sphere needs to be placed in correct orientation to generate a good quality signal.)
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Fig. 3.8: Representative UV-visible spectra for rhodopsin in retinal disk membranes after
extrusion. The spectra were acquired with an Agilent Cary 50 spectrophotometer using a
0.1 cm pathlength cuvette.
However, for our studies with recombinants, we did not use extrusion, but rather we
optimized the sample concentration to obtain the best signal-to-noise ratio. Furthermore
we collected several spectra and averaged the spectra to get better data. Typically we
collected 10 spectra for the dark state and the photobleached state. The photobleaching
was done using locally constructed 515 nm LED source as mentioned in chapter 2. We
generated a difference spectrum (photobleached minus dark state), and calculated the
fraction of active Meta-II with the crossover wavelength using equation 5.
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The wavelength where the spectrum crosses the x-axis is represented as

zero-crossing

. The

ref
reference point for the Meta-I state is represented by λMI
which represents the

wavelength where the spectrum crosses the x-axis when the photoproduct is completely
in the Meta-I state. Similarly, the wavelength at which the spectrum crosses the x-axis
ref
when the photoproduct is completely in the Meta-II state (pH 5 and 21 C is given by λMI

. A representative difference spectra is shown in fig. 3.9 (left).

Fig. 3.9: Representative difference spectra (left) generated for rhodopsin-containing disk
membranes at 10 C temperature. On the right a comparison of methods used to
generate the pH titration curves are shown. The figure is adapted and modified from
Chawla et al. 2016 (18)
After calculating

(fraction of Meta-II) we generated a pH titration curve by fitting

the data to the extended Henderson-Hasselbalch equation given by eqn (6):

θUV-vi s
Here

alk

θal k 1 0pKA pH
1 1 0pKA pH

represents the alkaline endpoint,

UV-vis

(6)

represents the fraction of Meta-II state

in the photoproduct determined by UV-visible spectroscopy, and pKA is the apparent acid
dissociation constant for Meta-I/ Meta-II transition.
Next, we compared our method of obtaining theta with another method where

is

obtained by linear combination of the basis spectra, which is given by eqn. 7:
ΔA(λ) = (1– θ)ΔAMI(λ) + ΔAMII(λ)

(7)
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Here ΔA denotes the change in absorbance values.

No significant difference was

observed in the theta values obtained using the two different methods, demonstrating the
robustness of our method as seen in Fig. 3.9b.
3.3.2 pH dependence of metarhodopsin equilibrium
As discussed earlier in section 3.1 there are two ionic locks that are involved in
rhodopsin activation.

The disruption of the first ionic lock takes place by the

deprotonation of the retinylidene Schiff base by an internal proton transfer to Glu113
residue in the transmembrane domain of thodopsin.

Electronic (UV-visible)

spectroscopy can be used to monitor the protonation state of the retinal Schiff base. The
Meta-I state has a protonated Schiff base with maximum absorbance at 480 nm, whereas
the Meta-II state has a deprotonated Schiff base with maximum absorbance at 380 nm.
The second ionic lock disruption is due to the protonation of Glu134 residue. Note that
the deprotonation of the Schiff base by disruption of first ionic lock favors the Meta-II
state, whereas the deprotonation of Glu134 favors the inactive Meta-I state. In the earlier
literature this is referred to as the “anomalous pH dependence” of the metarhodosin
equibrium. The pH titration curve represents the protonation or deprotonation of Glu134
residue, which can be measured using UV-vivisible spectroscopy and FTIR spectroscopy
(19).
Clearly the UV-visible spectroscopy cannot be used to monitor specific amino-acid
residues. However, the metarhodopsin equilibrium represents an anomalous behavior,
where the Schiff base protonation/deprotonation involving first ionic lock is observed
using UV-viible spectroscopy, whereas the pH titration curve represents the Glu134
protonation/deprotonation state.

If we consider the fist ionic lock, an increase in pH

could be thought to increase the Meta-II state, with a corresponding increase in the 380
nm peak and vice versa. However the protein transfer is internal to the protein and
occurs from the Schiff base to the Glu113 residue, and does not directly affect the bulk
solute pH value. However an increase in 480 nm peak characteristic of Meta-I state is
observed on increasing the pH, contrary to the conventional thinking. Thus the first ionic
lock does not represent pH dependence behavior of Meta-I/Meta-II equilibrium.
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The unusual behavior can be explained by the disruption of second ionic lock
involving the protonation of the Glu134 residue of the conserved E(D)RY sequence
motif.. If we consider the Glu134 residue, a decrease in the pH will lead to the increase
in protonation of the Glu134 residue, which shuld result in shifting the metarhodopsin
equilibrium to the active Meta-II state corresponding to the UV-visible spectroscopy
results, and vice versa. In other words, the pH titration curve represents the protonation
and deprotonation states of the Glu134 residue, which corresponds to the Meta-II state
and Meta-I state, respectively. It follows that the pH titration curves generated using UVvisible absorption spectroscopy results are in good agreement with FTIR results, which
can be used to observe specific amino acid residues (19).

Fig. 3.10: The pH titration curves generated for the rhodopsin in the different
recombinant membranes. Recombinants with DOPC (left) and recombinants with DOPE
and polymerosomes (right). The figure is adapted and modified from Chawla et al. 2016
(18).
3.3.3 UV-visible studies with reconstituted rhodopsin in artificial membrane and
polymerosome
For obtaining the pH titration curves for our recombinants, we centrifuged the
recombinants at 1400g using a table top centrifuge for 30 minutes, and resuspended the
pellet in 67 mM BTP buffer containing 130 mM NaCl and 2 mM MgCl2 at various pH
values.
The pH titration curve shifts to the right with positively charged DOTAP or
polymerosomes. To eliminate the effect of specific hydrogen bonding or curvature
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effects, different recombinants with DOPE and DOPC were generated (Fig. 3.10). A
sequential change is observed with different recombinants suggesting that the positively
charged membranes and polymerosomes stabilizes active Meta-II state.
3.3.4 Novel mode of rhodopsin activation
Based on our results we propose a novel mode of rhodopsin activation in positively
charged membranes and polymerosomes which involves the disruption of second ioninc
lock with Glu134 in the conserved ERY motif. As mentioned above, in the dark state
rhodopsin the Glu134 andArg135 have an ionic interaction; however, upon activation the
side chain of Glu134 becomes protonated and disruption of the ionic lock occurs.

According to our model, in case of positively charged membranes or
polymerosomes, rhodopsin activation is accompanied by movement of the TM6 helix.
The movement of TM6 brings the negatively charged carboxylate ion of Glu134 and the
positively charged head group of the membrane in the vicinity of each other. It results in
disrupting the ionic interaction between Glu134 and Arg135, which leads to breaking of
the ionic lock, thus resulting in constitutive activation of the receptor, analogous to
Glu113 to Gln113 mutation (26, 120). A cartoon representation of the model is shown in
fig. 3.11.
3.4 Molecular Dynamics Simulations
For testing the validity of our model, we carried out analysis of molecular dynamics
(MD) studies with rhodopsin in a native-like membrane (Fig. 3.12 (a)) and integrated the
information with MD simulation results of DOTAP membranes.
collaboration with Dr. M. Pitman.)

(This work is a

Earlier molecular dynamics studies have been

discussed in Chapter 1. The compiling of these different pieces gives information about
the possibility of interaction of Glu134 with the trimethyammonium (TMA) head group
of the DOTAP membrane.
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Fig. 3.11: Schematic representation of the new model demonstrating the effect of
positively charged membrane lipid headgroups. The top left shows the structure of
rhodopsin in the dark state. The circled part is magnified in bottom left figure. In the
dark state Glu134 forms an ionic interaction with Arg135. The top right shows the crystal
structure of the activated state. There is movement of TM6 on light activation. The
circled part is magnified at the bottom right, which shows that movement of TM6 brings
Glu134 into the vicinity of positive headgroups of the membrane. As a result the ionic
interaction between Glu134-Arg135 is disrupted, breaking the second ionic lock and
resulting in constitutive activation of the protein.
3.4.1 Molecular dynamics (MD) simulations with DOTAP
The MD simulations for the pure cationic lipid bilayer in the absence of protein were
performed by Pokoma et al. 2013 (22).

Here the normalized density profile of

trimethylammonium group of DOTAP perpendicular to the membrane is plotted. The
blue curve in Fig. 3.12 (b) demonstrates the density profile. Next we compared the
normalized density profile with Glu134 for the activated state Fig. 3.12 (b) red curve. A
high overlap can be seen for the normalized density profile for ammonium moiety in
DOTAP with the Glu134 in the light state.
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Fig. 3.12: (a) A snapshot of
molecular
dynamics
(MD)
simulation analysis taken after
one microsecond (conducted by
M. Pitman). (b) Overlap of MD
simulation results for DOTAP
membrane (22) and Glu134 in the
light state along the membrane
normal. (c) The radial distribution
function
comparing
the
accessibility of Glu134 in the dark
state versus the light state. The
figures have been adapted and
modified fron Chawla et al. 2016
(18).

Fig. 3.13: Molecular dynamics (MD)
simulations of rhodopsin in nativelike membrane. The MD simulation
analysis (conducted by M. Pitman)
suggests that upon photoactivation
there is opening of many water
channels. (a) The membrane cation
access portal (MCAP) is a channel
formed as a result of opening of the
rhodopsin structure. A cytoplasmic
view is shown here showing contact
of water and the lipids exposing the
membrane bilayer to Glu134. (b) A
close-up side view showing the
hydration shell. The figures have
been adapted and modified from
Chawla et al. 2016 (18).

3.4.2 Radial distribution function
The radial density profile shows the overlap of Glu134 in the light activated state with
the TMA group of the DOTAP membrane but what about the dark state. Does Glu134 in
dark state also form the salt bridge with the head group of the DOTAP membrane? For
answering this question, we plotted radial distribution function of Glu134 in the dark
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state and the light state (Fig. 3.12 (c)). A high possibility of interaction between Glu134
and the TMA moiety of the DOTAP membrane is clearly evident in the case of the
photoactive state versus the dark state.
3.4.3 MD studies support new model
Based on the density profile and radial distribution function, the MD studies suggest
the high probability of salt bridge formation of Glu134 with the DOTAP headgroup.
This interaction stabilizes the Glu134 orientation in such a way that the Glu134 and
Arg135 interaction is disrupted, thus breaking the second ionic lock and constitutively
activating the protein. A schematic representation of the new model is shown in Fig 3.14.

Fig. 3.14: Representation of the new model in a nut-shell. Rhodopsin activation leads to
movement of TM6 bringing Glu134 and the positively charged headgroup of DOTAP (or
polymerosome) closer, thus disrupting the second ionic lock leading to constitutive
activation of the protein.
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3.5 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATRFTIR) Studies
Typically ATR-FTIR (Attenuated total reflection-Fourier transform infrared)
spectroscopy is used to obtain chemical and structural information about the proteins in
supported membranes. Here we have used ATR-FTIR to determine if the rhodopsin is
inactivated or not. Notably, the spectra obtained using UV-visible spectroscopy are not
sufficient to predict if the protein is active or inactive. As an example, a spectrum
obtained at 480 nm may represent inactive Meta-I or protonated Meta-II state (125).
Moreover, there are different substates of Meta-II like Meta-IIa and Meta-IIb. In the
Meta-IIa substate, there is deprotonation of the Schiff base, but the TM6 helix movement
does not move outward (126).

With ATR-FTIR spectroscopy we can examine if

transducin binds to the light activated state.
3.5.1 Introduction to technique
In this technique, an incident IR-ray beam hits the sample followed by TIR (total
internal reflection). The sample absorbs the beam, leading to a reduction in intensity
which is detected by the detector. The technique is widely used for protein structure
investigations. A schematic representation of the technique is represented in Fig. 3.15
(23).

Fig. 3.15: A representation of the ATR-FTIR spectroscopy technique. The figure has been
adapted from Glassford et al. 2013 (23).
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3.5.2 ATR-FTIR studies with rhodopsin in retinal disk membrane
For the transducin binding assay, double difference spectra are generated. First, a
difference spectrum between RDM membranes (photobleached minus dark) is generated
without the high affinity transducin peptide (synthesized by Biomatic, Wilmington, DE).
Second, the difference spectrum (between the photobleached minus dark spectra) with the
presence of transducin peptide is generated. Lastly the difference between first and
second spectra gives the peptide-induced changes. An example of ATR-FTIR spectra for
rhodopsin demonstrating the peptide-induced changes is shown in Fig. 3.16.

Fig. 3.16: Representative ATR-FTIR spectra for peptide-induced spectral changes in
rhodopsin disk membrane (RDM) and rhodopsin in 100% DOTAP membrane. The figure
has been adapted from Chawla et al. 2016 (18).
The ATR-FTIR spectra were generated using Thermoscientific Smart iTR ATR-FTIR
instrument (Waltham, MA). The instrument had a 2 cm−1 resolution and a total of 512
scans were averaged to generate the final spectra.

The peptide-induced ATR-FTIR

changes for the RDM membranes is shown in Fig. 3.16 top spectra. The presence of the
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1654 cm−1, 1640 cm−1, and 1547 cm−1 peaks (127) validates an active Meta-II/peptide
complex.
3.5.3 ATR-FTIR studies with rhodopsin-transducin
Next the experiment was done with 100% DOTAP. The protein was prepared as
discussed in section 3.2.2, land the peptide-induced changes were observed as described
above.

Characteristic positive peaks were observed for the active Meta-II/peptide

complex. A peak at 1735 cm−1 indicated protonated Glu134, which is due to binding of
peptide which shifts the Meta-II to MetaIIH+ equilibrium towards MetaIIH+ according to
LeChatlier's principle. The spectrum is shown in Fig 3.17 bottom spectra.
3.5.3 ATR-FTIR spectroscopy supports formation of active rhodopsin
The ATR-FTIR spectroscopy was done to confirm the presence of the active Meta-II
state.

The “charge-interactions” (electrostatic interactions between the charged

membrane headgroup and the protonated Glu134 residue) cannot be solely visualized by
UV-visible spectroscopy directly, because it cannot distinguish between the various
Meta-II substates. However, ATR-FTIR spectroscopy gives characteristic signatures of
the active and inactive Meta-II states. Our combined ATR-FTIR and UV-visible results
show that the peptide binds to the active state of the protein. If the inactive Meta-II state
had the closed structure, the peptide would not have been able to bind to the protein,
resulting in the absence of the characteristic peaks as seen in Fig. 3.16. Additionally, the
experiments were done at 10 C, where no presence of inactive state has been observed in
literature (27). This also rules out possibility of inactive Meta-II state. Moreover,
additional FTIR studies are underway for further understanding the structural changes
associated with rhodopsin activation in artificial membranes.
3.6 Conclusions
To summarize, for the first time we generated the rhodopsin in artificial membranes
using a charge-induced directed recombination approach. Furthermore we report a novel
allosteric mode of rhodopsin activation in the artificial membranes. The information
further underscores the role of membrane lipid-specific protein interactions in rhodopsin
signaling. Additionally, the method of generating recombinants has great potential in the
field

of

the

bio-nanoenginering

and

drug

delivery

systems.
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CHAPTER 4: OSMOTIC STRESS STUDIES WITH RHODOPSIN
4.1 Introduction and Background
G-protein coupled receptors (GPCRs) play a vital role in various cellular and
physiological processes. They have immense importance in the pharmacology as 50% of
the drug targets are GPCRs. Being integral membrane proteins there are three major
components that are involved in their function viz. the protein, membrane lipids, and
water. There are various GPCR X-ray structures that are available which give insight
into the activation mechanism of the protein (2, 3). The role of the membrane lipids and
how physical and chemical properties of the membrane lipids influence GPCR function
are also extensively studied (6). However the role of hydration in GPCR signaling is not
clearly understood and remains an open question.
Notably, the role of hydration is extremely important in various cellular functions in
both prokaryotes and eukaryotes. There are three major types of water that are known to
influence the protein structure and function. They are categorized as structural water
which can be observed in X-ray structures, water molecules at lipid-protein interface, and
bulk water. Water may be involved in hydrogen-bonding networks (128), or may alter
the electrostatic interactions at the protein-membrane lipid interface, which modulate
protein function (129). From the X-ray crystal structure, one can infer the role of
structural water, but the role of bulk water cannot be inferred from X-ray structures.
Moreover, in the case of integral membrane proteins, the X-ray structures are obtained in
a non-native environment, which may alter protein hydration properties (130). Thus it is
difficult to study the role of bulk water from the X-ray structures.
Here we used rhodopsin a canonical GPCR to study the role of bulk water to
understand the rhodopsin function. Rhodopsin signaling is initiated by the absorption of
photon by the chromophore 11-cis retinal, which acts as inverse agonist. Upon photon
absorption, the chromophore isomerizes to all-trans retinal, which acts as an agonist. The
change of the retinal conformation leads to disruption of hydrogen-bonding networks,
and leads to opening of the protein, which is also observed from X-ray studies and wideangle X-ray scattering (WAXS) studies (131). How this small change in retinal at the
extracellular side results in a huge opening at the cytoplasmic side is not clearly
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understood. There are various states formed during this conformational change, like
bathorhodopsin and isorhodopsin, which are followed by formation of an equilibrium
between the closed inactive Meta-I state and the open active Meta-II state. The opening
of the protein is superseded by binding of G-protein transducin.

Transducin is a

heterotrimeric protein consisting of alpha, beta, and gamma subunits. The binding of
transducin is followed by GTP to GDP exchange, which leads to dissociation of the G
subunit from the G

subunits. The GTP bound G subunit binds to the inhibitory

subunit of phosophodiesterase-E (PDE) activating the enzyme. The activation of the
PDE enzyme is followed by a cascade of reactions leading to hyperpolarization of the
membranes, and the signal is passed to the brain.
Here we performed osmotic stress studies to study the role of water in the rhodopsin
signaling. In addition, we discussed the role of thermodynamics in modulating protein
function. Notably analogous studies have been done earlier in the case of ion channels
(132), where osmolytes are used to expel water out of the protein, leading to closing of
the channels. It is now well known that hydration plays a key role in modulating protein
activity in case of ion channels (133) but what about other integral membrane proteins
like rhodopsin? Does hydration play any role in modulating rhodopsin activity?
The earlier studies to understand the role of water in rhodopsin activation lead to
contradictory results.

Mitchell et al. 1999 (60, 134) used small molecular weight

osmolytes like sucrose and glycerol for the osmotic stress studies, and they found there is
an efflux of water on rhodopsin activation. Later on Angel et al. 2009 (59) conducted
radiolytic studies with rhodopsin in DDM detergent micelles, and they found no net
change in the bound water molecules upon rhodopsin activation. Notably, these studies
were not done in the native membrane environment. The rhodopsin function in a nonnative environment has always been in question, becuase the DDM detergent used in
these studies has properties that influence rhodopsin signaling states. These studies were
conducted much before the first X-ray structure of active rhodopsin was obtained.
Comparison of the X-ray structures of dark-state and active state suggests the opening of
protein on activation. In addition, the WAXS studies conducted by Malmerberg et al.
2015 (131) suggested a large opening of the protein in the Meta-II state compared to
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dark-state rhodopsin in the native membranes. The X-ray studies and WAXS studies are
in agreement with molecular dynamics (MD) simulations studies, which suggests an
influx of about 60 water molecules on rhodopsin activation (7). These contradictory
results lead one to question the role of water in rhodopsin signaling. Here we performed
osmotic stress studies using different size osmolytes, and studied how osmolytes
modulate rhodopsin activation using UV-visible absorption spectroscopy (as mentioned
in chapter 2), which further gives insight into the rhodopsin activation mechanism.
We hypothesize that opening of the protein leads to an increase in the number of
configurations, allowing an influx of bulk water that result in complete activation of the
protein. The opening of rhodopsin paves way for G-protein (transducin) binding, which
initiates the rhodopsin signaling. Based on our osmotic stress studies, we present a new
model which depicts the role of hydration in rhodopsin signaling.

The

results

demonstrate how the different size osmolytes influence the rhodopsin states differently.
Small osmolytes favor the Meta-II state, whereas large osmolytes favor the inactive
Meta-I state. We attribute this size reversal effect with small osmolytes to the interaction
of small osmolytes with the transducin binding cleft and the membranes. Our results for
the first time explain the rapid amplification and high fidelity in rhodopsin signaling in
the eyes and gives insight into role of hydration in rhodopsin activation. Our findings
are in agreement with our molecular dynamics (MD) simulations, which show a large
influx of water due to light activation, forming almost a complete channel through the
protein. The water channel is “held open” by the all-trans retinal agonist (7), and
accounts for the increased chemical reactivity to water-soluble reagents such as
hydroxylamine (5). The study can further be applied to other rhodopsin-like GPCRs to
understand the role of water in the GPCR activation mechanism.
4.2 Indirect Evidence for Influx of Bulk Water on Rhodopsin Activation
Based on our experiments for rhodopsin in disk membranes with detergents like
DTAB and NG, we speculate that rhodopsin activation is accompanied by an influx of
bulk water. Furthermore, from comparison of the dark state and Meta-II structures, the
increase in the protein's hydrated volume is evident. One can argue that the opening of
the protein is relatively less than other GPCRs like the

-adrenergic receptors (35).
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However, the crystal structure provides a snapshot of the protein in motion. Additionally,
the WAXS study by Malmerberg et al. 2013(131) has shown that there is 50% more
opening of the protein in the membrane compared to X-ray structures.
4.2.1 Study of solubilized rhodopsin in DTAB detergent
As mentioned above, rhodopsin activation involves two ionic locks. The first ionic
lock involves deprotonation of the retinylidene Schiff base and the Glu113 residue. The
role of Glu113 is believed to maintain the pKa of the Lys296 residue.

Rhodopsin

activation results in opening of water channels that are involved in modulating rhodopsin
signaling. The bulk water from the cytoplasmic side plays a crucial role in hydrolysis of
retinal (135). Hydroxylamine is added during the characterization of rhodopsin, which
reacts with the all-trans retinal to form retinyloxime, and completely dissociates the
chromophore from the protein.
Hydroxylamine does not react with the rhodopsin in the dark state, but it reacts with
the activated protein when the protein opens up. But what about the accessibility of
hydroxylamine to rhodopsin solubilized a detergent like DTAB or NG when the protein
structure is open. Here we solubilized rhodopsin disk membranes with 100 mM DTAB
detergent together with 100 mM hydroxylamine. We observed a surprising decrease in
500-nm peak and increase in the 367-nm peak in the dark state upon addition of
hydroxylamine in presence of 100 mM hydroxylamine (Fig. 4.1(left)).
We believe this is because in denaturing detergents like DTAB, the protein is partially
open and small molecules like hydroxylamine can gain access to the all-trans retinal
within its binding pocket. Hydroxylamine is known to react with the mutant rhodopsin
(E113N) even in the dark state (117, 136). The mutational studies imply this process
involves disruption of the environment around Glu113, i.e. it involves the first ionic lock
containing the Glu113 residue. In addition, the role of first ionic lock in the retinal
hydrolysis has been studied previously (135).

These findings hint toward the

involvement of first ionic lock upon "chemically bleaching" the protein with
hydroxylamine.
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Fig. 4.1: (left) The time-dependent UV-visible spectroscopic studies of RDM solubilzed in
DTAB detergent in presence of 100 mM hydroxylamine. (right) CD-spectroscopy of
solubilized RDM in DTAB detergent in presence of 100 mM hydroxylamine. The UVspectroscopy experiments were done at 4 C and pH 7.0 (15 mM Na-phosphate buffer).
Next, to rule out the possibility of the protein becoming denatured, we carried out
circular dichroism (CD) spectroscopy. The CD specta were obtained as discussed in
chapter 2. With CD spectroscopy (Fig.4.1 (right)) we observed that the protein secondary
folds are intact, and a typical alpha-helical spectrum was obtained. Due to the light
scattering caused by the detergent and membrane lipids, we were not able to go beyond a
215-nm wavelength.
4.2.2 Study of solubilized rhodopsin in NG detergent
A similar effect is obtained in the RDM solubilized in 50 mM neutral NG
(nonylglucoside) detergent with the same temperature and pH as for the cationic DTAB
detergent in the presence of hydroxylamine. Surprisingly, this effect is specific to some
detergents, and is not observed in the case of detergents like DDM or CHAPS. This
detergent-specific effect give an insight into the structural properties of the protein. We
infer that in detergents like DTAB or NG the protein is more open in the dark state,
which leads to conformational flexibility. Thus obtaining X-ray crystal structural is not
easy in these detergents.
4.3 Osmotic Stress Studies with Polyethylene Glycol (PEG)
In our studies, we used polyethylene glycol (PEG) with different molar masses.
Notably small osmolytes exert higher osmotic pressures than the large osmolytes. Thus
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when small osmolytes are added to the protein solution, more water molecules are
expected to be expelled from the protein molecule as compared to large osmolytes. In
other words small osmolytes upon addition to rhodopsin should favor more inactive
Meta-I state compared to large osmolytes. Yet exactly the opposite was discovered in
our research.

Fig. 4.2: Representative UV-visible difference spectra for rhodopsin in retinal disk
membranes (RDM) at different pH values. The experiment was done at 15 C with 30%
PEG 400 in 2 M RDM membranes.
We used 30–35% PEG solution in our studies. The osmolytes were added to RDM
suspensions having a concentration of 2 M.

The UV-visible spectroscopy was

performed with a Cary 50 spectrometer as described in chapter 3.
Conventionally, rhodopsin activation is believed to involve two states as an on/off
switch. The Meta-I is the inactive state and Meta-II is the active state. The two-state
activation switch holds true at low temperatures (like 10

C); however at higher

temperatures like 15 C or 20 C additional substates exists within the manifolds of Meta I
and Meta II states. Moreover for complete activation of the protein, Glu134 is required
to be protonated (27). The activation mechanism of rhodopsin takes place very rapidly
on the millisecond timescale. Results of the molecular dynamics (MD) simulations show
that there is an influx of about 60 water molecules after photoactivation in case of
rhodopsin (7).

In our studies, we used UV-visible absorption spectroscopy in

combination with different molecular size polyethylene glycol osmolytes to study the role
of water in the rhodopsin activation mechanism, as described in chapter 3. Examples of
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the difference spectra produced upon addition of the osmolyte are shown in fig. 4.2. The
titration curve is generated over a pH range of 5 to 9.5, and a modified HendersonHasselbalch function is fit to the data to obtain the pKa and alkaline end point, as
described in chapter 3. From the titration curves, we clearly observe the effect of large
osmolyte (PEG 400, PEG 1500, dextran 2000, 000) on the rhodopsin activation states. A
clear shift of the curve to the left is observed upon addition of osmolyte, which implies
that addition of large osmolytes shift the pH titration curve in favor of the inactive Meta-I
state.

Fig. 4.3: The pH titration curves for rhodopsin in RDM containing large molar mass
osmolytes at 15 C.
Our results for the first time provide experimental evidence for the influx of bulk
water molecules in the rhodopsin activation mechanism in a natural membrane lipid
environment. According to our studies, there is an increase in protein hydrated volume in
the active Meta-II state, which is in agreement with the MD simulations results. The
available X-ray structures and WAXS structures do not provide information about the
hydration in the transducin binding cleft. We observe a large shift to the inactive Meta-I
state in case of PEG 1500, as compared to dextran of higher molecular weight size. (Fig.
4.3) This finding is attributed to difference in the osmotic pressure exerted by the
different osmolytes. Our results give complementary information to the hydrostatic
pressure experiments that study the voids within the protein (137, 138) .
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4.3.1 Study using polyethyleneglycol with different size
After studying the effect of the different types of osmolytes on the metarhodopsin
equilibrium, we studied the effect of large molar size osmolytes for a series of
polyethyleine (PEG) solutes. We surprisingly discovered that depending on the molar
size of the osmolyte, the metarhodopsin equilibrium is shifted towards either acidic or
basic pH values. From the pH titration curve (Fig 4.4 (left)) , it is evident that large
osmolytes (PEG 1500 and PEG 400) back shift the pKA value for the metarhodopsin
equilibrium (pH curves shift to left). By contrast, small osmolytes (PEG 200, sucrose,
glycerol) forward shift the pKA value for the metarhodopsin activation equilibrium (pH
curves shift to right).

Additionally, small osmolytes increase the alkaline endpoint

(similar to the effect of increased temperature, see below).

Fig. 4.4: (left) The effect of small osmolytes versus large osmolytes on the rhodopsin
metarhodopsin equilibriumat different pH values. (right) A plot of ln K vs osmotic
pressure showing the influx of water with large osmolytes and the opposite efflux of
water with small osmolytes upon rhodopsin activation.
The non-zero alkaline end point implies the existence of an ensemble of states, e.g. as
predicted by an ensemble activation mechanism (EAM). According to the EAM theory,
the activation of rhodopsin is not a two-state state transition, but it includes an ensemble
of states. From the isotherms for different molar size osmolytes (ln K versus osmotic
pressure) in Fig. 4.4 (right), we can see there is positive slope for small molar size
osmolyte, whereas there is negative slope for higher molar size osmolytes (PEG 400 and
PEG 1500). The positive slope means there is influx of water upon addition of osmolyte,
whereas a negative slope represents there is efflux of water on application of osmolyte.
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Data for large osmolytes show that activation of rhodopsin involves a large uptake of
bulk water into the protein interior, e.g. the transducin binding cleft. By contrast, small
osmolytes penetrate the cleft and exclude water. We believe the small osmolytes can
enter the transducin binding cleft, and acts analogously to transducin, favoring the active
Meta-II state in contrast to the large osmolytes (Fig. 4.5 (left).
In the Fig. 4.5 (right), we compared the effect of osmolytes to results for constitutive
mutations and inhibitory retinoids (24-26).

In the case of 9-desmethylretinal, an

inhibitory retinoid, a shift is seen towards the left of the titration curve, analogous to large
osmolytes. We propose in this case that the first ionic lock with Glu113 is perturbed,
which shifts the equilibrium to the closed inactive Meta-I state. By removing the crucial
C9-methyl group, there is a reduction of the core water, thus changing the environment
for Glu113, and leading to collapse of the protein thereby favoring the inactive state.
Similarly, the constitutive mutations (E134Q and R135L) are analogous to the effect due
to small osmolytes. In the case of constitutive mutations, the second ionic lock involving
Glu134 and Arg135 of the conserved ERY motif is disrupted.

We believe the

neutralization of the charge (E134Q) and altering the electrostatic interaction (R135L)
leads to change in apparent pKA of these amino acids, leading to constitutive opening of
the protein and the influx of bulk water.
4.3.2 Effect of temperature
Next, we investigated the effect of temperature on the metarhodopsin states in the
presence of the osmolyte.

The pH titration curve is plotted using the two-state

Henderson-Hasselbach function, as mentioned in chapter 3. We conducted our study for
the temperature range from 8 C to 23 C. A comparison of results for rhodopsin in disk
membranes (RDM) at different temperatures is shown in Fig. 4.6 (left). An increase in
the alkaline end point, as well as the shifting of the curve towards Meta-II state, can be
seen on increasing the temperature. The osmolyte effects are in agreement with the
results without osmolyte. The shift of the alkaline endpoint with greater temperature is
consistent with an entropy-driven ensembleiactivation mechanism (27).
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Fig. 4.5: (left) A cartoon representing that the small osmolytes may penetrate the
transducing-binding site whereas large osmolyte cannot gain access to the binding cleft.
(right) A comparison of osmolyte effects to constitutive rhodopsin mutations (24-26).
On increasing the temperature a shift of the pKa to the right side can be clearly seen,
which indicates that increasing temperature favors active Meta-II state. A surprising shift
can also be observed in the alkaline end-point upon increasing the temperature. As stated
above, this shift of the alkaline end point implies an ensemble of activated states, which
is driven by an increase of entropy. If it was two-state switch, then the alkaline end point
would have been same; only the pKa would have changed on increasing the temperature.
An increase in the Meta-II fraction on increasing temperature makes complete sense
because the activation of rhodopsin is very rapid, and about 90% of the protein is in the
Meta-II state at physiological temperature and pH conditions. The Meta-I and Meta-II
states formed in presence of osmolytes are in equilibrium, but whether the osmolyte
effect is reversible is a question that still needs to be addressed.
Studies of the osmolyte effects at different temperatures is illustrated in Fig.4.6
(right). A constant shift of pKa in case of large osmolytes at different temperatutes is
observed. In other words, the change of temperature does not affect the shift in pKa
significantly in case of large osmolytes. In addition, at higher temperature in the case of
small osmolytes (PEG200), a surprising pH-independent shift is observed towards the
active state analogous to binding of transducin or its high-affinity peptide. Notably the
shift of the pH titration curve in the case of the transducin peptide is of higher magnitude
compared to the small osmolyte effect.

Antagonistic effects of osmotic stress and
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temperature are observed for different size osmolytes. Previous investigations with small
osmolytes have concluded that photoactivation leads to the release of ~35 waters from
rhodopsin (60). We have essentially confirmed these findings, and moreover we observe
a similar trend in the case of sucrose, glycerol, and PEG 200.

Fig. 4.6: (left) Effect of temperature on rhodopsin activation without osmolyte (27). The
pH titration curves in the presence of different osmolytes are shown (top right) at
temperatures of 8 C and (bottom right) at 23 C.
Most striking, however, we discovered that the trend is completely reversed as the
size of the osmolyte increases, e.g., beyond what can enter the protein core (transducinbinding cleft) in the active rhodopsin state. Hence we propose that changes in water
activity are coupled to the protein internal environment, depending on whether the
osmolyte gains access to the protein interior or not. The pH-titrable group is known to be
Glu134 (18), indicating that what is involved is the accessibility of the transducin binding
cleft with its conserved ERY motif to water.
Table 3: Summary of the parameters obtained after fitting extended HendersonHasselbalch equation.
Osmolyte
No PEG

T/ C
8
10
15
20
23

alk

0§
0*,§
0.14
0.15*
0.27

pKA
7.0±0.3
7.1±0.3*
7.6±0.3
7.7±0.3*
8.0±0.3

pKA3
9.0§
9.1§
8.5
8.5
8.6

K12
0.01§
0.01§
0.16
0.18
0.37

K3 / 108
10.0§
12.6§
3.2
3.2
4.0
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35wt%
PEG 200‡
35wt.%
PEG 400‡
35wt.%
PEG 1500‡

30
37
8
15
23
8
15
23
8
15
23

0.38*
0.58*
0.10
0.33
1.0||
0§
0.15
0.25
0§
0.02±0.07
0.07

7.8±0.3*
7.8±0.3*
7.8±0.3
8.5±0.3
N/A||
5.9±0.3
6.6±0.3
6.7±0.3
5.4±0.3
6.3±0.3
6.6±0.3

8.2
8.0
8.8
9.0
N/A||
7.9§
7.4
7.3
7.4§
8.0±0.6
7.8

0.61
1.38
0.11
0.49
99 ( )
0.01§
0.18
0.33
0.01§
0.02±0.07
0.08

1.5
1.0
6.3
10
N/A||
0.79
0.25
0.20
§

1.0
0.63

‡

The experiments at 15 C were done with 30% PEG.
Ref..
§
Due to limited accuracy (the error of the alk measurement is at least 0.01) for the
alkaline end point, the K12 values cannot be estimated smaller than 0.01.
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 value, alk, equal to 1.
†
Where not indicated the errors for the experiment were estimated to be less than 10%.
*

4.3.3 Thermodynamic parameters involved
After studying the effect of temperature on rhodopsin activation, we analyzed how
the enthalpy and entropy of the system regulates the metarhodopsin equilibrium. On
increasing the temperature, there is an increase in Meta-II state both with and without
osmolyte, indicating the process is endothermic.

Furthermore, the existence of an

ensemble of states at higher temperatures implies an increase in the number of
configurations, which signifies the role of entropy in the rhodopsin activation. For
rhodosin in the natural RDM, the standard enthalpy change (ΔHo) for Meta-I to Meta-II
transition is +41.4 kJ/mol (27). An increase in hydrated volume upon the activation
signifies a positive entropy change. The (positive) enthalpy change corresponds to an
increased (positive) standard entropy change, giving a universal relationship for
rhodopsin activation.

Since the standard enthalpy change and entropy changes are

positive, the overall free energy of the system is governed by the temperature. The
entropy factor favors the activated meta-II state, whereas the enthalpy factor favors the
inactivated Meta-I state. The (positive) enthalpy change corresponds to an increased
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(positive) standard entropy change, giving a universal relationship for rhodopsin
activation.
The activation of rhodopsin follows the Meta-I to Meta-II transition. The Meta-I
structure contains the protonated Schiff base of retinal with the Lys296 residue. The
protein transition from Meta-I to Meta-II leads to deprotonation of the Schiff base, and
formation of the Meta-IIa substate, followed by the helix H6 tilt and formation of the
Meta-IIb active state. The general thermodynamic equation representing the activation
mechanism is shown in equation (8).
MI + H+

MIIa + H+

MIIb + H+

MIIbH+

(8)

Interestingly, the fraction of Meta-IIa is only about 10% even at the high temperatures.
Thus we can combine the contribution of Meta-IIa and MetaIIb into Meta-II which yields
the following expression:
MI + H+

MII + H+

MIIH+

(9)

We define the equilibrium constant by the following expressions:
(10)
(11)
Here, K12 defines the equilibrium constant for Meta-I to Meta-II transition whereas K3
describes the equilibrium constant for Meta-II to Meta-IIH+ where Meta-IIH+ defines the
active Meta-II state with protonated Glu134 residue. Notably, protonated Glu134 is
required for complete activation of the protein.
From the UV-visible absorption spectroscopy, we calculated the fraction of Meta-II
(theta) mathematically
=

(12)

Combining eqns. (10), (11), and (12), we get:
(13)
Here we express the MII concentration via the MI concentration and equilibrium
constants

,

, and we define
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. Note that at the alkaline endpoint

allows us to determine the

alk

= K12 / (1 + K12), which

equilibrium constant, and then calculate

using Eq. (9).

Because Eq. (9) is equivalent to the phenomenological Henderson-Hasselbalch function,
=(

alk

+ 10pKA−pH) / (1 + 10pKA−pH) assuming

log10 (K12 / (1 + K12)), it

can be fit to the experimental titration data, which suggests we can treat the equilibrium
constants

and

as pH independent.

The free energies for the MI-to-MII transition and proton uptake can then be
calculated using the individual equilibrium constants as
estimated from the

. The enthalpy is

temperature dependence using the integrated van’t Hoff equation
, and the entropy is obtained from the two other

thermodynamic parameters as

. The effect of the osmolytes on

the thermodynamic equilibrium of rhodopsin is accounted for as a change of the
constant, because the osmolytes either prevent or facilitate MII formation.
In the framework of the reaction scheme Eq. (8), we can see the trend of the MII-toMeta-I ratio (K12 constant) with the size of the osmolyte. The ratio increases in the
following sequence: PEG 1500, PEG 400, no PEG, 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 Meta-II-to-Meta-I equilibrium than the large ones. This finding explains the
contradicting reports of the effect of hydration on the rhodopsin activation and the influx
of water in the Meta-II formation (60).
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. Mostly it is due to the K12 changes (1.2 unit in pKA) because the 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 error.
Nevertheless, the K3 equilibrium constant probably depends slightly on osmotic stress.
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4.3.4 Calculation of number of water
The ratio of Meta-II / Meta-I is defined as the equilibrium constant (Keq). A ln Keq
versus osmotic pressure plot will give the change in the number of waters when
rhodopsin changes from the Meta II(open) to Meta I (closed) state. Sucrose was used as
control to observe the effect of small osmolytes studied earlier for osmotic stress studies.
In Fig. 1D one can observe that there is an average of 60 bulk water efflux of water
molecules with PEG 1500.

In case of small osmolytes influx of about 60 water

molecules with PEG 200 is attributed to the formation of “extra meta-II”. How the plot
of ln Keq versus osmotic pressure is used to calculate number of water molecules has been
mentioned in this section.
Here is an example for calculations of number of water molecules:
The fig 4.4 (right) repersents ln Keq versus osmotic pressure plot for RDM in presence of
large osmolyte (PEG 1500) at pH 6.00 and at a temperature of 15 oC. The slope ( V/RT)
(0.503 MPa-1) is used to calculate change in the number of water molecules from open
state (in absence of osmolyte) to closed state (in presence of osmolyte). Thus

V (at 15

C) is equal to 0.00120320 m3mol-1. So change in number of water molecules (N) =

V

/ volume of one water molecule = 66.6 molecules of water.

Fig. 4.7: Histogram showing number of
water molecules with different osmolytes. A
systematic change is observed on changing
the size of the osmolyte. There is an influx
of about 60 water molecules on rhodopsin
activation.

A summary of the number of water molecules in form of histogram is shown in Fig.
4.6.
( ln K /

According
)T

to

( V o /RT)(1

the

conventional

) where K =

thermodynamic

relationship

/ (1− ) is the equilibrium constant,
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which depends on pH and represents the ratio of active Meta-II state to inactive Meta-I
state. Here

is the fraction of active Meta-II state,

is the osmotic pressure,

is the

isothermal compressibility of water, and Vo is the change in excess water volume in the
two states under standard conditions (T, P). From our plots of lnK vs osmotic pressure,
we did not observe any curvature, and furthermore

itself is negligible so

term can be

neglected. After integrating the conventional thermodynamic relationship, we obtain lnK
= lnK0 − (∆V /RT) . Here the value of K0 represents the equilibrium constant at zero
osmolyte concentration.

Interestingly, the above expression holds true for large

osmolytes, which are completely excluded from transducin binding cleft. But for small
osmolytes there are non-osmotic effects, and the above expression cannot be used
directly. For small osmolytes, rather we consider the apparent change of the number of
water molecules where

=∆Vapp / ∆Vw < Nw due to the partial osmotic action.

The change in apparent number of water molecules depends greatly on the size and
shape of the osmolyte. In the case of PEG osmolyte, we consider that PEG 1500 cannot
enter the transducin binding cleft at all, and thus it is considered as a completely excluded
polymer. A histogram of the number of water molecules versus different osmolytes is
shown in fig. 4.7. A systemic change in apparent number of water molecules is observed
with the size of the osmolytes from PEG 1500 to PEG 200. For partially excluded
polymers, an apparent volume change is described by using the Gibbs-Duhem equation
leading to the result that

Vapp = V (1 − P), where P is the the partition coefficient for

the polymer solute between the exterior solution and the protein core. However, the size
reversal due to small osmolytes also needs to consider the non-osmotic effects
(membrane effects).
4.4 Peptide Binding Studies
In order to answer if the small osmolyte is interacting at same site as transducin or
not, we did binding assays using a transducin-derived high-affinity peptide. Here we
added osmolyte along with the peptide and estimated the equilibrium constant (Keq) for
the osmolytes.
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4.4.1 Effect of osmolytes on peptide isotherm
Next we ask if the small osmolytes are binding to the transducin binding site, and
thereby favoring Meta-II according to Le Chatlier’s principle, analogously to the Gprotein transducin. For answering the question, we caried out transducin binding studies
in presence of the osmolyte. We used high-affinity C-terminl transducin binding peptide
(Biomatik, Wilmington, DE, USA) with the amino-acid sequence ILENLKDVGLF, also
denoted as G t340–350 (K341L, C347V).

The peptide was added along with the

osmolyte (30% w/w) and RDM (2 M), and UV-visible absorption spectroscopy was
carried out to characterize the metarhodopsin equilibrium. The peptide has a very high
affinity to the transducin binding cleft of rhodopsin, and stabilizes the active Meta-II
state. The effect of the peptide is much greater than the effect of the small osmolyte.

Fig. 4.8: Binding isotherm of peptide with different osmolytes in RDM membranes.
A binding isotherm was generated for the peptide binding to rhodopsin with and
without peptide (Fig. 4.8). Clearly the large osmolyte (PEG 1500) antagonizes the effect
of the peptide, whereas the peptide has additive effect on the small osmolyte. This
finding suggests the active MII state is a relatively open structure (with a considerable
amount of water). Applied osmotic stress destabilizes the MII state, back shifting the
equilibrium towards the inactive closed-state structure (MI).
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However, the effect is reversed for the smaller molar mass osmolytes (Mr > 300
Da)—reported here for the first time. Large polymer solutes remove water by a classical
(entropic) mechanism, whereas small osmolytes or
binding cleft for transducin (Gt).

CT peptide can penetrate the

This finding suggests the small polymer solutes

(osmolytes) do not compete with the transducin peptide for the binding site, but rather
replace the water of hydration. Our results imply a model whereby small osmolytes and
the CT peptide are both able to access the open active MII conformation.
4.4.2 Calculation of peptide binding constant
For obtaining the equilibrium constant the following scheme was used:

MI + H+ + S

MII + H+ + S

MII•S + H+

MIIH+ + S

MIIH+•S

Here [S] represents the C-terminal transducin binding peptide. The following quadratic
equation was used to obtaine the peptide binding constant (

).
(14)

where
(15)
(16)

(18)
By fitting the above quadratic equation (eqn. 14) to the data, we derive the peptide
binding constant (

). We found that for small osmolytes or no osmolyte that the peptide

binding constants are the same.

This finding implies that small osmolytes do not

compete with the transducin binding peptide. Rather they go along with the peptide in
the transducin binding cavity.

It implies that small osmolytes do not bind to the
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transducin binding peptide. In case of large osmolytes, the peptide binding constant is
about 10-fold smaller than the small osmolyte, which is consistent with the dehydration
due to the large osmolytes. It is important to recognize that the CT peptide binding is
noncompetitive with small osmolytes (Fig. 3 inset). Large polymer solutes remove water
by a classical (entropic) mechanism, whereas small osmolytes or

CT peptide can

penetrate the binding cleft for transducin (Gt). The transducin peptide binding constant is
unchanged by small osmolytes, which shift the equilibrium towards the active Meta-II
state versus the osmolyte-free control (noncompetitive binding) (Fig 4.9).

Fig. 4.9: The data derived from peptide binding experiments were fit to eqn (14) to derive
equilibrium constant.

Fig. 4.10: Peptide binding experiments show that small
osmolytes do not bind to the transducin binding site
but go along with the peptide.

This finding suggests the small osmolytes do not compete with the transducin peptide
for the binding site, but rather replace the water of hydration (Fig. 4.10). Our results
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imply a model whereby small osmolytes and the CT peptide are both able to gain access
to the open active Meta-II conformation. Thus osmolytes go along with the peptide and
dehydrate the transducing binding cleft. Our model can be explained by considering a
container having a semi-permeable membrane (permeability for small osmolyte but not
for large osmolyte) and a piston that is used to apply an external pressure as explained in
the next section.
Table 4: Peptide binding constant results with various osmolytes
Osmolyte
10
PEG 200
No PEG
PEG 400
PEG
1500

/107

/108

/
8

0.49
0.16
0.18

10
3.2
0.25

10
3.8
0.63

9.0
8.5
7.4

9.0
8.6
7.8

3.0
3.0
0.10

0.02

1.0

1.6

8.0±0.6

8.2

0.30

4.4.3 Mechanical piston analogy for explaining osmolyte effect
A mechanical analogy using the piston is used to explain the water movements upon
rhodopsin activation. Consider a cylindrical container filled with water (Fig. 4.11) and
the bottom of the cylinder represents the semi-permeable membrane. This membrane has
permeability for small osmolytes (sucrose, PEG 200) (Fig. 4.11) but not for large
osmolytes (Fig. 4.12). In the presence of large osmolytes, applying pressure to the piston
will force the water to move down the container and across the semipermeable membrane
to the exterior space. This is analgous to the osmotic pressure due to a large osmolyte
which will be corresond to the work done by by the piston. It will lead to closing the
container analogous to the closed state in case of rhodopsin in presence of a completely
excluded large osmolyte. However, in the case of small osmolytes where the membrane
has permeability for small osmolytes there will be movement of osmolytes together with
the water inside the container, corresponding to a back pressure (Fig. 4.11).
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Fig. 4.11: Mechanical piston analogy explaining effect of small osmolyte.
The small osmolytes will thus replace the hydrated volume and the container will be
stuck in its initial open state. This mechanical piston scenario is analogous to rhodopsin,
where the small osmolyte enters the transducin binding cleft and traps the open Meta-II
state. The small osmolyte does not necessarily need to bind within the protein interiorl, it
smiply needs to come to equilibrium with the external osmolyte present in very high
concentration. The interaction of the small osmolytes with the protein interior explains
the decrease in apparent number of water molecules; however it still does not explain the
reversal of sign. To explain the sign reversal we need to consider non-osmotic effects,
which are discussed in next section.

Fig. 4.12: Mechanical piston analogy explaining effect of large osmolyte.
4.4.3 Effect of the osmolytes on the membrane lipids
Small osmolytes exert high osmotic pressures than large osmolytes but our results
shows size-reversal for osmolytes leading to formation of extra Meta-II for small
osmolytes.. We think the formation of ‘”extra Meta-II” is attributed to the osmolyte
membrane lipid interaction. In the RDM membranes, osmolytes also interact with the
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membranes. As stated earlier small osmolytes exert higher osmotic pressure ( ) and
large osmolytes exert relatively small osmotic pressure (139) and solid-state NMR
spectroscopy shows small osmolytes interacts with the membranes and favors active
Meta-II state.
4.5 Wet-Dry Cycle
A wet-dry cycle is proposed that explains the high fidelity and rapid signaling in
rhodopsin signaling. Notably every 2 out of 3 photons absorbed leads to activation of the
protein. The signal processing is very rapid. Here we propose the role of soft matter
(hydration) in the rhodopsin signaling.
The results for hydration and dehydration of the active substates of rhodopsin in
equilibrium suggest—on purely thermodynamic grounds—that reversible hydration
involving on the order of ≈60-80 water molecules, is a prominent function of rhodopsin
(and other GPCRs). Fig. 4.13 depicts how hydration-driven modulation of G-protein–
binding affinity can yield accelerated turnover of GTP/GDP exchange. Upon visible
light-driven isomerization of 11-cis to all-trans retinal, rhodopsin enters the cycle in a
low-hydration, low-affinity Meta-I state (top left).

A balance of opposing forces

produces active Meta-II due to the osmotic lipid effect, involving protein hydration with
dehydration of the lipids surrounding the membrane protein. Formation of active MIIb is
favored by an increase in the (spontaneous) monolayer curvature (H0) of the lipids
surrounding the protein (negative for curvature towards water), with an increase in
bilayer thickness (140). Increased curvature proteolipid interface surrounding rhodopsin
entails a release of water from the lipid head groups, which become more tightly packed.
A tandem movement of TM helices H5 and H6 as first shown by Hubbell et al. (141) then
gives an influx of water into the protein core(7). Hydration influx opens the protein
interior together with the transducin-binding cleft in the MIIb state (top center), leading to
the high-hydration, high-affinity MIIbH+ state (top right).

Exposing the G-protein

binding cleft enables binding of Gt•GDP by the α5 helix of the transducin C-terminus
(bottom right).
One can thus suggest a movement of water from the membrane surface into the
protein—i.e., at the expense of the surrounding membrane lipids—in forming the active
(open) MIIb state of the proteolipid membrane. (Fig. 4.13). As transducin occupies the
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binding cleft, water is expelled, leaving rhodopsin in a partially hydrated MIIb state
(center top and bottom). In the absence of GTP "extra MII" is formed (142), which in
accord with le Châtelier's Principle corresponds to forward shifting the metarhodopsin
equilibrium. The partially hydrated state is analogous to the presence of small osmolyte,
where the binding cleft is occupied with hydrophiles, and the interior of rhodopsin is wet
(MIIb). The process is unidirectional, inasmuch as it is gated by GTP/GDP nucleotide
exchange on transducin. Release of the G

anchor requires hydration of the transducin

subdomains with a corresponding dehydrating effect on rhodopsin, leading to back
shifting towards inactive MI. Notably, the back shift is analogous to the large osmolyte
(protein) effect that dehydrates the rhodopsin/protein core.

The open MII state of

rhodopsin is destabilized, "pinching off" or "kicking off" the active Gα•GTP subunit,
which in turn accelerates the signaling process (bottom left). Transducin thus catalyzes
its own release through dehydration of rhodopsin, restoring the empty MII state primed
for another round of catalytic G-protein activation. The effect of water is thus a
combination of a protein and lipid effects—fostering both pre- GTP/GDP exchange
activation and binding, and the post-GTP/GDP exchange pinching off of the Gα•GTP
subunit, thereby priming rhodopsin for another round of catalytic G-protein activation.
Wet-dry cycling of the transducin binding cleft explains both the role of water and the
membrane lipids in achieving high fidelity, rapid catalytic activation of transducin in the
visual signaling mechanism.
4.5.1 Role of soft-matter in rhodopsin activation
Our studies show for the first time the role of water in rhodopsin signaling. The
opening of the protein leads to an influx of bulk water. The question is whether the water
goes inside the protein as a result of opening of the protein, or whether it performs any
specific function. Our studies suggest that role of water is not merely to go inside the
protein, but it changes the apparent pKa in case of Glu134 and regulates the second ionic
lock. Moreover, the role of hydration in regulating the first ionic lock is known (135).
Here we also describe the role of hydration in the rhodopsin signaling using a wet-dry
cycling model.
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Fig. 4.13: Based on our results a new model for activation of transducin by rhodopsin is
proposed. The role of hydration-dehydration cycles explains the G-protein amplification
in visual signaling. Both the high fidelity and rapid signaling are explained for the first
time.
4.6 Conclusions
The role of hydration is important in rhodopsin signaling. It acts at various steps and
regulates rhodopsin signaling. First the bulk water regulates the first ionic lock (135) by
modulating the hydrolysis of the retinal. Second upon photoactivation, as the protein
opens up there is influx of bulk water which also modulates the apparent pKa of key
amino acid residues involved in rhodopsin activation. Third, it regulates transducin
binding and dissociation, which maintains the high fidelity and rapid signaling in
rhodopsin signaling. We have used rhodopsin as a prototype to study role of hydration.
The osmotic studies can further be applied to other GPCRs to study the activation
mechanism in other rhodopsin-like GPCRs.
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CHAPTER 5: FUTURE DIRECTIONS
5.1 Optimization of Hydroxyapatite Column Chromatography Technique
Although the column chromatography technique with hydroxyapatite column is
reasonably optimized, we believe that the methods can be further improved with higher
yield and high regeneration. Previously, we used 18 g of hydroxyapatite to purify 45 mg
of rhodopsin starting with 50 mg of RDM membranes. However by resuspending the
column directly in detergent buffer before the equilibration step, we were able to purify
the same amount using 9 g of hydroxyapatite column. This cuts the cost by 100%.
5.1.1 Exploring hydroxyapatite column with CHAPS detergents
In order to answer if hydroxyapatite column chromatography can be used with
CHAPS (Anatrace) detergent, we did a pilot column chromatography starting with 4 g of
hydroxyapatite using a glass column (1.5

12 cm). The protocol used was the same as in

chapter 2 with these modifications. The CHAPS detergent used was 30 mM and the salt
gradient was from 0 M NaCl to 2 M NaCl containing 30 mM CHAPS detergent in 15
mM Na-Phosphate buffer pH 6.7. We were able to obtain 30% yield with 2.0 (A280/A500)
ratio. We beleive that by optimizing the salt gradient we may be able to obtain high yiels
and high purity. The experiments are in preliminary phase.
5.1.2 Regeneration of hydroxyapatite columns
The regeneration of the hydroxyapatite column will be done in the future, where after
elution the protein will be washed with buffer containing 1mM DTT, 5M NaCl, and
0.01% sodium azide solution. The column will be reused by equilibrating the column
with equilibration buffer as mentioned in chapter 2 followed by loading the RDM disk
membranes for purification.
5.3 Crystallography Trials
We also conducted crystallographic trials both with dark state rhodopsin and ligandfree opsin. The two different methods we used were the vapor diffusion method and
batch crystallization. In general, protein crystallization follows the phase diagram a
shown in fig. 5.1. A protein crystallizes in its nucleation zone. A phase diagram explains
why an optimum protein and precipitant concentrations are important in the
crystallization. Furthermore, the phase diagram may also depend on the temperature
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(143) or the protein conformation. For instance, rhodopsin the dark state has a different
phase diagram than the rhodopsin in the active state, and that is why it is hard to obtain
photostable crystals of rhodopsin.

Fig. 5.1: A schematic phase diagram representating the batch crystallization process.
The figure has been adapted from Kupitz et al. 2014 (28).
In case of vapor diffusion there are two basic methods: hanging drop vapor diffusion
method and the sitting drop vapor diffusion method. Here we have used hanging drop
vapor diffusion methods and the batch crystallization method. The crystallization trials
start with the hanging drop crystallization method, where a relatively small amount of the
protein sample is utilized, and one can screen for several conditions.

In batch

crystallization method a relative huge amount of sample is required.
In hanging drop vapor diffusion method, about 5
(concentration may vary) is mixed with 5

L of the protein drop

L of the precipitant solution in a circle

siliconized cover slip (Hampton Research; Aliso Viejo, CA). The cover slip is positioned
upside down as shown in Fig. 5.2. The precipitant is present at the bottom of the plate.
With time there is vapor equilibration between the precipitant and the hanging drop. At
equilibrium the precipitant concentration in the reservoir and the protein will be the same.
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An example of 24 well plate is shown in Fig. 5.3. An example of a pipetting scheme for
the 24-well plate is shown in Table 5.

Fig. 5.2: A schematic representation of the hanging drop vapor diffusion method. The
figure has been adapted from Pechkove at al. 2014 (29).

Fig. 5.3: A photo of 24-well hanging drop plate (VDX plates purchased from Dr. Montort
laboratory, University of Arizona).
The following information is crucial while crystallization:
1) Buffer (concentration, pH)
2) Temperature
3) Detergent (Vendor) and concentrations (in case of membrane protein)
4) Protein concentration
5) Precipitant and concentration
6) Date when the plating is done
7) Date the plate is screened
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Table 5: An example of pipetting scheme. A, B, C, and D represents the rows and the
numbers 1,2,3 represents the well/cell number.
Lysozyme (mg/mL)
20% saturated NaCl
3M AMS (Ammonium Sulfate)
10% PEG 200

10
A1
B1
C1

20
A2
B2
C2

40
A3
B3
C3

80
A4
B4
C4

100
A5
B5
C5

120
A6
B6
C6

6% PEG 6000

D1

D2

D3

D4

D5

D6

Batch crystallization is performed once the phase diagram is determined, or in other
words when the screening conditions for growing crystals are determined. In the batch
crystallization we mixed 300 L of the protein sample (concentration may vary) with 100
300

L of the precipitant solution, followed by mixing and incubation (for different

periods of time). If the concentration of protein and the precipitant is in the right zone
then there will be fast crystal formation. One can obtain a huge amount of protein
crystals using this method.
5.3.1 Crystallization trials with dark-state rhodopsin
All the experiments were done under red dim light at 4 C temperature unless stated
otherwise. The protein was purified using the zinc extraction method as described in
chapter 2 with the following modifications. First RDM membranes (10 M) containing
30 mM MES buffer pH 6.8 were solubilized in HTG (n-Heptyl- -D-thioglucopyranoside)
detergent buffer containing 30 mM MES pH 6.8 , 100 mM zinc acetate, and 1.5% HTG
detergent.

The solution was incubated in a 100 mL volumetric flask covered with

aluminum foil, and incubated for 6 hours. After incubation, centrifugation was done at
48,000g (Sorvall RC-5B centrifuge) for 30 minutes. The membranes were pelleted down
at the bottom and the supernatant was collected containing the protein . The protein was
characterized using UV-visible spectroscopy as described in chapter 2.
A280/A500 ratio) of the sample is generally between 1.6–1.7.

The purity

Next the protein was

concentrated using 30 kDa centrifugal filters (Millipore Inc.) to obtain a final
concentration of 15 mg/mL.
After obtaining the protein, the sitting drop vapor diffusion method was used with 96well plates for rhodopsin crystallization trials. The precipitants ammonium sulfate,
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sodium malonate, or sodium citrate were used in varied concentrations as described in
table 6.
Table 6: Pipetting scheme used for rhodopsin dark state crystallization.

A
B
C
D
E
F
G
H

1
2
3
4
Top entry: (NH4)2SO4 / M
Bottom entry : BME /mM
0.6
0.7
0.8
0.9
0
0
0
0
1
1.2
1.4
1.6
0
0
0
0
1.8
2
2.2
2.4
0
0
0
0
2.6
2.8
3
3.2
0
0
0
0
0.6
0.7
0.8
0.9
9
9
9
9
1
1.2
1.4
1.6
9
9
9
9
1.8
2
2.2
2.4
9
9
9
9
2.6
2.8
3
3.2
9
9
9
9

5
6
7
8
Top entry: Na malonate / M
Bottom entry : BME /mM
0.6
0.7
0.8
0.9
0
0
0
0
1
1.2
1.4
1.6
0
0
0
0
1.8
2
2.2
2.4
0
0
0
0
2.6
2.8
3
3.2
0
0
0
0
0.6
0.7
0.8
0.9
9
9
9
9
1
1.2
1.4
1.6
9
9
9
9
1.8
2
2.2
2.4
9
9
9
9
2.6
2.8
3
3.2
9
9
9
9

9
10
11
12
Top entry: Na citrate / M
Bottom entry : BME /mM
0.5
0.6
0.7
0.8
0
0
0
0
0.9
1
1.1
1.2
0
0
0
0
1.3
1.4
1.5
1.6
0
0
0
0
1.7
1.8
1.9
2
0
0
0
0
0.5
0.6
0.7
0.8
9
9
9
9
0.9
1
1.1
1.2
9
9
9
9
1.3
1.4
1.5
1.6
9
9
9
9
1.7
1.8
1.9
2
9
9
9
9

We used SONICC (second order non-linear imaging of chiral crystals) and UVtryptophan microscope to characterize the crystals.

The crystallographic trials were

conducted in the Petra Fromme laboratory at Arizona State University (ASU). The
SONICC instrument screens for chirality in the crystals. Generally (not always) the salt
crystals are not chiral and UV-tryptophan fluorescence is also used to screen for the
protein (Fig. 5.4). As one can see from fig. 5.4 (A) the white spot in the SONICC
corresponds to the protein (B) confirming the crystal is the protein crystal. The
precipitants used in this case were 2.0 M sodium malonate and 10% PEG 4000, Similarly
for Fig. 5.4 (C), and (D) the precipitants used were 0.8 M sodium malonate and 10% PEG
4000. After obtaining the dark state rhodopsin crystals, the next step is to obtain the
diffraction pattern of the protein crystal. The protein diffraction pattern depends on the
shape of the crystal, homogeneity of the sample, and size of the crystal. A crystal that
has a good shape does not necessarily give a good diffraction pattern. For getting a good
quality crystal, the sample should be homogenous, although in case of rhodopsin the
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protein crystals reported contain lipids, sugar moiety, and sometimes zinc ions too. This
is a hint that for rhodopsin to crystallize there has to be some other components present.

Fig. 5.4: The protein crystllals for rhodopsin dark state obtained using SONICC (second
order non-linear imaging of chiral crystals) instrument (A, and C) and UV-tryptophan
fluorescence microscope (B, and D).
5.3.2 Crystallization trials with lysozyme
After getting the crystals for dark state rhodopsin we screened for the crystal
conditions for ligand-free opsin. Notably rhodopsin activation leads to formation of
ensemble of activated structures, which are in motion so obtaining the intermediate state
is challenging. A number of strategies have been successfully used for obtaining the
active Meta-II state either by mutation or regenerating opsin.
Here our aim to generate ligand-free opsin and generate crystals, which can be further
used for time-resolved X-ray crystallography studies for structural determination. Here
we also report crystallization studies with lysozyme which is used as a control for protein
crystallography. Initially we used the hanging drop vapor diffusion method for lysozyme
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crystallization.Lysozyme powder was purchased (3X crystallized, dialyzed, and
lyophilized) from Sigma-Aldrich.

The scheme described in table 5 was used for

crystallography trials. The hanging drop experiment was done as mentioned above. The
following results were obtained:

Fig. 5.5: The lysozyme crystals screened using Olympus 110AL1.5X WD61 microscope in
Dr. Montfort laboratory, University of Arizona.
The results from Fig. 5.5 were obtained using the parameters as defined below:
Method: Hanging drop crystallization
Buffer: 20 mM Na-Acetate buffer, pH 5.5
Temp: 4 C
Protein conc.: 120 mg/mL
Precipitant: 20% saturated NaCl
Time: 24 hours
After obtaining the conditions that may be used for crystal formation, we used batch
crystallization where the idea is to obtain high density nanocrrystals to be used at LCLS
(Linac Coherent Light Source) for TR-SFX (time-resolved serial femtosecond
crystallography) studies.
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Fig. 5.6: The lysozyme crystals screened using Olympus 110AL1.5X WD61 microscope in
Dr. Montfort laboratory, University of Arizona.
Lysozyme is one of the easiest proteins to crystallize. For the batch crystallization
100 L of the precipitant NaCl (40% of saturated NaCl) was added to 100 L of the
protein sample (120 mg/mL). Here is the summary of all the parameters used for batch
crystallization of the protein.
Method: Batch crystallization
Buffer: 20 mM Na-Acetate buffer, pH 5.5
Temp: RT (22 C)
Protein conc.: 60 mg/mL
Precipitant: 20% saturated NaCl
Time: 10 minutes
As evident from fig. 5.6., we were able to obtain high density nanocrystals but the
question is whether these are salt crystals or the protein crystals. To distinguish between
the salt crystals and protein crystals we used a Leica polarizing microscope (Arizona
State University, Tempe, Arizona) followed by UV-fluorescence microscopy (Fig. 5.7).

142

Fig. 5.7: The polarizing microscope results for lysozyme crystal showing low polarization.
The low resolution is attributed to the camera used to capture the image.
After we observed polarization of the lysozyme nanocrystals, we subjected the
crystals to UV-tryptophan fluorescence microscopy. A white spot indicates the protein
crystal as can be seen in Fig. 5.8.

Fig. 5.8: A light for the lysozyme crystals
obtained using Jansi Scientific microscope
(Seattle, WA).
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Correspondence of the polarizing microscope image with the UV-tryptophan
fluorescence image confirms the presence of lysozyme crystals. After we obtained the
crystals the next step was to get the diffraction pattern. However we also report here
some other methods of screening crystals using Izit crystal dye (Hampton Research;
Aliso Viejo, CA). We tried this dye on the distorted crystals obtained using the batch
crystallization method as described in Fig. 5.10.

Fig. 5.9: A UV-tryptophan fluorescence for the lysozyme crystals obtained using Jansi
Scientific microscope (Seattle, WA). A white spot shows the presence of a crystal. The
lysozyme crystals were used a control in our experiments.

144

Fig. 5.10: A light microscope image for lyzozyme crystals screened using Izit crystal dye.
An amount of 2 L of the dye was soaked in the crystals and the crystals absorbed the
dye.
The following conditions were used for growing the crystals shown in Fig. 5.10:
Method: Batch crystallization
Buffer: 20 mM Na-Acetate buffer, pH 5.5
Temp: Rom temperature (RT)
Protein conc.: 20 mg/mL
Precipitant: 15% saturated NaCl
Time: 2 hours
The dye is methylene blue which is known to be absorbed by the protein crystals and
not the salt crystals. This dye is another tool one can use to differentiate between the salt
and protein crystals. However the dye sometimes does not get absorbed in case of
integral membrane proteins, and may sometime dissolve the crystals.
sometimes it may take up to 24 hours to observe the absorption of the dye.

In addition,
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Fig. 5.11: Another promising batch crystallization condition that shows formation of
lysozyme crystal. The crystals were screened using an Olympus 110AL1.5X WD61
microscope.
We also tried another batch crystallization crystal where we obtained small sized
lysozyme crystals. The crystal image is shown in Fig. 5.11. The following conditions
where used:
Method: Batch crystallization
Buffer: 20 mM Na-Acetate buffer, pH 5.5
Temp: RT (22 C)
Protein conc.: 20 mg/mL
Precipitant: 20% saturated NaCl
Time: 1 hour
The batch crystallization was performed as mentioned above. Here the tetragonal
shape of the crystal was observed. The distribution of the crystals was heterogeneous
with formation of single crystals to aggregation of the crystals were observed as can be
seen in Fig. 5.11.
Powder X-ray difraction studies were then undertaking using [describe insturment]. A
ring of spots characteristic of protein crystals could be observed in Fig. 5.12. The image
shows the diffraction of the crystals shown in Fig. 5.7. After getting the diffraction
pattern for the lysozyme control, the next step was to obtain the crystals for ligand free
opsin. Although the crystallization has been done with active opsin, the crystallization
for inactive opsin has not been reported in the literature. We believe inactive opsin is
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more closed than active opsin. The structural constrants define the specifity of 11-cis
retinal to active opsin on regeneration.

Fig. 5.12: A powder X-ray diffraction pattern observed for lysozyme crystals (used as a
congtrol) at the University of Arizona facility.
5.3.3 Crystallization trials with opsin
Opsin was obtained from rhodopsin disk membrane as described by Park et al. 2008
(143) and Scheerer et al. 2008 (65). Briefly rhodopsin in disk membranes was obtained
as described in chapter 2. and photobleached in the presence of hydroxylamine followed
by sonication. The photobleaching ws performed as mentioned in Chapter 2. Next the
sample was photobleached to form retinyloxime (λmax = 362 nm). The retinyloxime was
removed by diluting with fatty acid free BSA (bovine serum albumin). The ratio of A280
to A362 nm was about 4:1. A peak around 362 nm represents the retinyloxime formed
after bleaching in presence of hydroxylamine. Most retinyloxime is present in the free
solution but some retiyloxime is bound to the membrane. The free retinyloxime was
washed away but retinyloxime bound to membrane could not be removed using our
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procedure. We also performed zinc extraction procedure with opsin however it does not
get rid of membrane bound retinyloxime and furthermore zinc forms complexes during
crystallization.

Fig. 5.13: A representative UV-visible spectrum of opsin obtained after removing free
retinyloxime. The blue curve shows the opsin spectrum.
The opsin concentration was determined by UV-visible spectroscopy using ε280 =
81,200 M-1cm-1 (144). After this OG detergent (Anatrace) was added such that the final
concentration would be 1% (w/v). Next the sample was incubated on ice for 2 hours.
This was followed by centrifugation at 113, 000g using Beckmann centrifuge using T865.1 rotor at 4 C for 10 minutes. A small aliquot of 100 uL was taken and centrifuged
using desktop centrifuge at 8,000g for 20 minutes. The ratio of A280 / A360 was again
calculated from UV-visible spectrum. An insignificant difference was observed for the
ratio before and after solubilizing in the detergent. The samples were concentrated using
50 kDa centrifugal filters at 2,400g (Sorvall SS-34 rotor) for 2 hours and the final
concentration of opsin was estimated to be 5 mg/mL using UV visible spectroscopy. The
absorbance was about 1.1 units at 280 nm.
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Fig. 5.14: The opsin crystals observed under a polarizing microscope.
For opsin, the hanging drop and the batch crystallization trials were performed using
the method as described above. Figure 5.14 shows two promising conditions where the
crystals were obtained using the following conditions:
Method: Batch crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: RT (22 oC)
Protein conc.: 5 mg/mL
High affinity transducin peptide (as mentioned in Chapter 4) was added with 1:8
ratio of protein to peptide.
Detergent: 1% OG
Precipitant: 2.0 M Ammonium sulfate in 100 mM MES buffer pH 5.6
Time: 24 hours (left and middle), 12 hours (right)
Further X-ray diffraction pattern need to be obtained for the crystal obtained. The
interesting observation for these crystals was that these crystals were highly temperature
sensitive. The crystals were grown at room temperature and at 4 C the crystal dissolves.
Furthermore the reproducibility for crystal formation was low. Another challenge that
needs to be overcome is the crystal density. The density of the crystals was very low, and
furthermore centrifugation was followed by removing the supernatant at 2500g (Sorvall
centrifuge) to concentrate the crystals. Due to low density of the diffraction pattern could
not be obtained.
The opsin crystals were not observed with PEG 400 and PEG osmolytes.
Furthermore other detergents like 1–1.5% NG, and 1–1.5% HTG were also used but we
did not observe formation of crystals for at least in 2 weeks with these detergents. We
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also used cocktails of detergents (as mentioned in the appendix) and some of them
yielded successful results. The CHAPS, Na-cholate, and DTAB detergents are not good
choicees for crystallography because these detergents are charged, which interferes with
the formation of the crystals. Osmolytes PEG 1500, and PEG 8000 were also used but
they formed aggregates with the protein. One can also try crystallization with Ammonyx
LO detergent in future or use screening kits from Hampton research.

Fig. 5.15: The needle-shaped salt crystals under a polarizing microscope (left) and the
corresponding UV-tryptophan fluorescence with no white spots confirming the needlshaped crystals were salt crystals (right).
In an interesting crystal trial (Fig. 5.15) we suspected the formation of thermostable
crystals. However, the UV-tryptophan microscopy results showed the crystals were
actually the salt crystals. Here are the crystallization conditions used:
Method: Batch crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: RT (22 C)
Protein conc.: 10 mg/mL
Precipitant: 2.0 M Ammonium sulfate in 100 mM MES buffer pH 5.6
Detergent: 1% OG
Time: 2 days
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In addition to the batch crystallization, hanging drop experiments were also
conducted for more than 1000 conditions. We obtained a few successful trials and a
representative of one of the successful trial is shown in Fig. 5.16. The needle shaped
opsin crystals were confirmed by UV-tryptophan fluorescence microscopy results.

Fig. 5.16: The needle-shaped opsin protein crystals under light microscope (left) and the
corresponding UV-tryptophan fluorescence with corresponding white spots confirming
the needle-shaped opsin crystals (right).
Here are the conditions that were used for growing the crystals.
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: 15% NaCl
Detergent: 1% OG +0.01% DDM
Time: 7 days
The next step is to obtain the diffraction pattern and obtain high density of the
crystals.

The crystals obtained will be subjected to free-electron laser at LCLS in

Stanford. The experiment will give information about the structural changes for inactive
versus active opsin which is missing as of now. It is speculated that inactive opsin is a
closed state and active opsin is open state but what about inactive opsin and dark state. Is
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inactive opsin more closed than dark state rhodopsin? What is the role of structural water
in inactive opsin? Further rhodopsin and opsin crystal trials conditions are mentioned in
appendices.
5.4 Future Osmotic Stress Studies
The osmotic stress studies have been conducted using UV-visible absorption
spectroscopy. However, the UV-visible absorption spectroscopy may not be sufficient to
study all the intermediates formed. For example, absorbance maxima at 480 nm may
refer to Meta-I state or protonated Meta-II states. These two forms can be differentiated
using pH titration curve. An increase in pH will favor the protonated Meta-II state, but a
decrease in the amount of Meta-II and vice-versa. Similarly an intermediate Meta-III is
formed at 465 nm which sometimes might be difficult to observe due to overlap with
Meta-I state.

The Meta-III state represents all-trans 15-syn conformation, with a

protonated Schiff base. A summary of the different retinal forms is shown in Fig.5.17
(30).

Fig. 5.17: Representation of different metarhodopsin states together with the major
chemical differences. The figure has been adapted from Bartl et al. 2008 (30)
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In addition to UV-visible absorption spectroscopy, FTIR spectroscopy is commonly
used to confirm the presence of active and inactive state. Furthermore one can also
perform transducin binding assays to confirm the presence of active and inactive states.
5.4.1 FTIR studies with osmolyte and rhodopsin
Light-induced rhodopsin changes are accompanied by structural and chemical
changes. Notably FTIR spectroscopy captures the chemical changes that are associated
with formation of the intermediates (27). We are planning to obtain pH titration curves
with FTIR spectroscopy as with UV-visible spectroscopy, to validate the states we have
observed with UV-visible spectroscopy.
5.4.2 Detergent osmolyte studies
We are also conducting osmolyte studies with rhodopsin solubilized in various
detergents. The studies will be conducted with DTAB detergent. The studies cannot be
conducted with NG or DDM detergents, because the osmolyte (polyethylene glycol)
precipitates with the detergent. In general the DTAB detergent is harsh, which is known
to denature the protein. Here we present the osmolyte studies with 100 mM DTAB
detergent. The osmolyte stabilizes the active and inactive (Meta-I and Meta-III) states
before hydrolyzing the retinal. A representative UV-visible spectra showing Meta-I and
Meta-II is shown in Fig. 5.18.

Fig. 5.18: Representative UV-visible spectra showing the formation of Meta-I and MetaIII (mostly) in 100 mM DTAB detergent in presence of 19% PEG 400 (w/w).
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From fig. 5.18 one can see a broad peak around 460 nm. The 465 nm absorption
represents the inactive Meta-II state. An alternate pathway for hydrolysis of retinal is
shown in Fig 5.19 (30).

Fig. 5.19: A pathway representing the possible pathway for rhodopsin hydrolysis. The
figure has been adapted from Bartl et al. 2008 (30).
Interestingly increasing the polyethylene glycol concentration stabilizes the protein
and one can observe formation of a transient Meta-II state as shown in Fig. 5.20. With
time, the Meta-II state goes down whereas Meta-I and Meta-III state goes up (Fig. 5.18).
This is in agreement with our osmotic stress results, where addition of osmolytes favors
the inactive state. The system becomes complicated when osmolyte is added to the
detergent solubilized RDM membranes, where a number of other interactions may also
interfere with our hypothesis. A difference spectra (photobleached minus dark)
representing the different states is shown in Fig. 5.21

Fig. 5.20: UV-visible spectra showing the formation of Meta-II in 100 mM DTAB
detergent in presence of 20% PEG 400 (w/w). The process is very fast and hard to
capture without a time-resolved UV-visible spectrophotometer.
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Fig. 5.21: Representative UV-visible spectra showing formation of Meta-I and Meta-II in
100 mM DTAB detergent containing 19% PEG 400 and 20% PEG 400 respectively.
In the future, one can delipidate the protein using the hydroxyapatite column as
described in chapter 2, and purify the protein in DTAB detergent followed by addition of
the osmolyte. In addition, one can also try higher polyethylene glycol concentrations and
other osmolytes (like PEG 200, and PEG 1500) to further understand the hydrationmediated rhodopsin signaling.
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7. APPENDIX
In Table A1 thermodynamic parameters involved in rhodopsin activation at different
temperatures is presented. The parameters are obtained by fitting the data for

(fraction

of Meta-II) vs pH to the modified Henderson-Hasselbalch equation as mentioned in
chapter 3.
Table A1: Summary of thermodynamic parameters obtained at various temperatures.
alk
Osmolyte
pKA
pKA3
K12
K3
T/ C
No PEG
8
0§
7.0±0.3
9.0§
0.01§
10.0x108.0§
10
0*,§
7.1±0.3*
9.1§
0.01§
12.6 108.0§
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%
8
0.10
7.8±0.3
8.8
0.11
6.3x108.0
PEG 200‡
15
0.33
8.5±0.3
9.0
0.49
10.0x108.0
||
||
||
23
1.0
N/A
N/A
N/A||
99 ( )
35wt.%
8
0§
5.9±0.3
7.9§
0.01§
7.9x107.0§
‡
PEG 400
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.%
8
0§
5.4±0.3
7.4§
0.01§
2.5x107.0§
PEG
15
0.02±0.07
6.3±0.3
8.0±0.6
0.02±0.07
1.0x108.0
1500‡
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. (27).
§
Due to limited accuracy (the error of the alk measurement is at least 0.01) for the
alkaline end point, the K12 values cannot be estimated smaller than 0.01. Hence,
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 value, alk, equal to 1. † Where not
indicated the errors for the experiment were estimated to be less than 10%.
Table A2 summarizes the experimental data for

(fraction of Meta-II) vs pH at 8 C,

15 C and 23 C for various PEG osmolytes. The data was further fitted to modified
Henderson-Hasselbalch equation to generate the titration curves as shown in Fig 4.6.
Table A2: The experimental pH titration curve data at various temperatures for different
molecular weight PEG osmolyte.
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Osmolyte

No PEG

35wt.%
PEG 200‡

35wt.%
PEG 400‡

35wt.%
PEG 1500‡

8 C
pH
5.0
5.9
6.5
7.0
7.2
7.4
7.6
8.0
8.4
9.0
9.5
5.0
6.5
7.3
7.5
7.7
7.9
8.2
8.4
9.2
--5.2
5.6
6.0
6.2
6.4
6.7
7.0
7.4
8.7
9.4
4.9
5.2
5.4
5.6

(MII
fraction)
1.0
0.82
0.85
0.53
0.36
0.21
0.18
0.11
0.026
0.0
0.0
1.0
0.95
0.85
0.79
0.60
0.44
0.37
0.19
0.19
--0.74
0.66
0.40
0.37
0.27
0.34
0.31
0.13
0.0
0.0
0.75
0.69
0.50
0.38

pH
4.7
6.4
6.9
7.5
7.9
8.7
9.0
9.5
---5.0
6.0
7.0
7.5
7.9
8.2
8.5
8.7
8.9
9.2
9.5
4.8
5.6
6.3
6.6
7.0
7.3
8.6
9.0
9.5
-4.7
6.4
6.9
7.5

Temperature ( T )
15 C
23 C
pH
(MII
(MII
fraction)
fraction)
1.0
5.0
1.0
0.93
6.0
0.99
0.90
7.0
0.91
0.68
7.3
0.86
0.40
7.8
0.75
0.20
8.3
0.54
0.18
8.5
0.37
0.18
8.8
0.34
-9.2
0.33
-9.5
0.33
---1.0
5.0
1.00
1.0
6.0
1.00
0.99
7.0
1.00
0.95
7.3
1.00
0.93
7.8
1.00
0.76
8.3
0.99
0.63
8.5
1.00
0.59
8.8
0.99
0.50
9.2
0.99
0.42
9.5
0.99
0.42
--0.94
5.2
1.0
0.93
6.0
0.78
0.66
6.5
0.62
0.54
7.0
0.55
0.44
7.2
0.52
0.29
8.0
0.25
0.24
8.5
0.25
0.11
--0.14
-----0.83
5.0
0.99
0.45
6.0
0.79
0.21
6.5
0.54
0.12
7.0
0.36
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5.7
6.0
6.5
7.4

0.28
0.13
0.061
0.0

7.9
8.7
9.0
9.5

0.05
0.01
0.0
0.0

Table A3 summarizes the experimental data for

7.5
8.0
8.5
9.0

0.24
0.11
0.039
0.039

(fraction of Meta-II) vs

concentration of high-affinity transducin binding peptide at 15 C for various PEG
osmolytes. The data was used for generate the binding curve and calculate the peptidbinding constant as mentioned in Fig. 4.8.
Table A3: The experimental data showing (active Meta-II fraction) and concentration
of high affinity transducin for various PEG osmolytes at 15 C temperature.
Osmolyte
[peptide] / M
(active Meta-II
fraction)
No PEG
0
0.65
4
0.89
8
0.96
1
0.68
2
0.79
12
0.99
16
1
20
0.97
24.6
1
30wt%
0
0.94
PEG 200
1
0.94
2
0.94
12
0.98
20
0.98
0
0.68
30wt%
2
0.76
PEG 300

30wt%
PEG 1500

4
8
16
32

0.84
0.88
0.9
1

0
1
4
8
16
20
32

0.37
0.46
0.66
0.74
0.82
0.91
0.95
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40

0.95

Table A4 represents the data for lnK vs osmotic pressure ( ) for various molecular
weights PEG osmolyte. The data was used to calculate number of water molecules as
represented in Fig. 4.7. The K (equilibrium constant) represents fraction of Meta-II to
Meta-I. The osmotic pressure data was obtained from Peter Rand website (139).
Table A4: The data for lnK vs Osmotic pressure used for calculating number of water
molecules
Osmolyte
Osmotic Pressure /Mpa
lnK
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
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 A5 summarizes the apparent number of water molecules calculated as
mentioned in section 4.3.4.
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Table A5: Number of water molecules for various osmolytes
Osmolyte
Apparent number of water molecules
PEG 200
−52*
Sucrose (pH 8)
−21*
PEG 300
−10*
PEG 400
33
66
PEG 1500 (18 C)
*Negative sign represents formation of extra Meta-II likely due to osmolyte-membrane
interactions.
Table A6 summarizes the experimental data for (fraction of active Meta-II state) vs
pH at various temperatures for rhodopsin in disk membranes. The data was obtained
from Mahalingam et al. 2008 (27) and digitized using software plot digitizer. The pH
titration curve is plotted in Fig. 4.6.
Table A6: The experimental pH titration curve data for rhodopsin in disk membrane at
different temperatures obtained from Mahalingam et al. 2008 (27)
pH
Temperature
(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
5.02
0.99
30 C

160

37 C

5.96
7.25
7.76
8.26
8.27
8.27
8.78
8.78
8.79
9.26
5.17
6.24
6.51
7.09
7.58
8.09
8.09
8.11
8.59
8.59
9.09
9.10

1.00
0.87
0.74
0.54
0.55
0.50
0.43
0.42
0.44
0.44
1.00
0.99
1.00
0.96
0.81
0.75
0.70
0.69
0.68
0.67
0.64
0.62

Table A7 summarizes the experimental data for (fraction of active Meta-II state) vs
pH at various temperatures for constitutive rhodopsin and modified retinoids (25, 26,
145). The data was digitized using software plot digitizer. The pH titration curve is
plotted in Fig. 4.5.
Table A7: The experimental pH titration curve results for the rhodopsin mutants and
modified retinoids (25, 26, 145)
pH
Mutant
(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
6.12
0.54
5.59
0.91
5.18
0.93
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8.64
7.73
5.11
6.30
7.29
8.60
7.02
5.52
5.02
4.48
4.02
3.50
8.59
7.28
5.11

E134Q

9-DM

R135L

0.00
0.07
0.97
0.94
1.04
1.02
-0.01
0.10
0.24
0.47
0.81
0.91
1.02
1.02
0.99

Table A8 summarizes the conditions used for crystallization trials for rhodopsin in
dark state. Each element in the table represents a well in 24-well plates as described in
chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or NaCl (10–30%)
Detergent: 1% OG
Time: 21 days
Table A8: Crystallography trials with rhodopsin dark state extracted using zinc acetate
method as described in Chapter 2
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.6M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
AS (0M)
NaCl(10%)
NaCl(12%)
NaCl(14%)
NaCl(16%)
NaCl(18%)
NaCl(20%)
NaCl(22%)
NaCl(24%)
NaCl(28%)
NaCl(30%)

Table A9 summarizes the conditions used for crystallization trials for rhodopsin in
dark state. Each element in the table represents a well in 24-well plates as described in
chapter 5. The following conditions were used:
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Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 15 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or NaCl (10–30%)
Detergent: 1% OG
Time: 21 days
Table A9: Crystallography trials with rhodopsin dark state extracted using zinc acetate
method as described in Chapter 2
AS (1.8M)
AS (2.8M)
NaCl(10%)
NaCl(20%)

AS (2.0M)
AS (3.0M)
NaCl(12%)
NaCl(22%)

AS (2.2M)
AS (3.2M)
NaCl(14%)
NaCl(24%)

AS (2.4M)
AS (3.4M)
NaCl(16%)
NaCl(28%)

AS (2.6M)
AS (0M)
NaCl(18%)
NaCl(30%)

Table A10 summarizes the conditions used for crystallization trials for rhodopsin in
dark state. Each element in the table represents a well in 24-well plates as described in
chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: RT
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or NaCl (10–30%)
Detergent: 1% OG
Time: 21 days
Table A10: Crystallography trials with rhodopsin dark state extracted using zinc acetate
method as described in Chapter 2
AS (1.8M)
AS (2.8M)
NaCl(10%)
NaCl(20%)

AS (2.0M)
AS (3.0M)
NaCl(12%)
NaCl(22%)

AS (2.2M)
AS (3.2M)
NaCl(14%)
NaCl(24%)

AS (2.4M)
AS (3.4M)
NaCl(16%)
NaCl(28%)

AS (2.6M)
AS (0M)
NaCl(18%)
NaCl(30%)
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Table A11 summarizes the conditions used for crystallization trials for rhodopsin in
dark state. Each element in the table represents a well in 24-well plates as described in
chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: RT
Protein conc.: 15 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or NaCl (10–30%)
Detergent: 1% OG
Time: 21 days
Table A11: Crystallography trials with rhodopsin dark state extracted using zinc acetate
method as described in Chapter 2
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.6M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
AS (0M)
NaCl(10%)
NaCl(12%)
NaCl(14%)
NaCl(16%)
NaCl(18%)
NaCl(20%)
NaCl(22%)
NaCl(24%)
NaCl(28%)
NaCl(30%)
Table A12 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.02% DDM
Time: 7 days
Table A12: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A13 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.02% DDM
Time: 7 days
Table A13: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A14 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.02% DDM
Time: 7 days
Table A14: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A15 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.02% DDM
Time: 7 days
Table A15: Crystallography trials with opsin mentioned above.
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A16 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal) (2.6–
3.4M)
Detergent: 1% OG
Time: 14 days
Table A16: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A17 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG
Time: 14 days
Table A17: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A18 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG
Time: 14 days
Table A18: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

167

Table A19 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG
Time: 14 days
Table A19: Crystallography trials with opsin mentioned above.
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A20 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 1.5 % OG
Time: 14 days
Table A20: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A21 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 1.5 % OG
Time: 14 days
Table A21: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A22 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1.5 % OG
Time: 14 days
Table A22: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A23 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1.5 % OG
Time: 14 days
Table A23: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A24 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.06% DDM
Time: 7 days
Table A24: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
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Na-Mal(3.1M)

Na-Mal(3.2M)

Na-Mal(3.25M)

Na-Mal(3.3M)

Na-Mal(3.4M)

Table A25 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.06% DDM
Time: 7 days
Table A25: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A26 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.06% DDM
Time: 7 days
Table A26: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A27 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.06% DDM
Time: 7 days
Table A27: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A28 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 1% OG +0.06% DDM
Time: 7 days
Table A28: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A29 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A29: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A30 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A30: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A31 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A31: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A32 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 3% OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A32: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A33 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 3 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A33: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A34 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal) (2.6–
3.4M)
Detergent: 3 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A34: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A35 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1.5% OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A35: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A36 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 1.5 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A36: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A37 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal) (2.6–
3.4M)
Detergent: 1.5 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A37: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A38 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate(Na-Mal)(2.6–3.4M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A38: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A39 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal)(2.6–3.4M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A39: Crystallography trials with opsin with various precipitants. Opsin was
obtained as mentioned in Chapter 5
AS (1.8M)
AS (2.8M)
Na-Mal(2.6M)
Na-Mal(3.1M)

AS (2.0M)
AS (3.0M)
Na-Mal(2.7M)
Na-Mal(3.2M)

AS (2.2M)
AS (3.2M)
Na-Mal(2.8M)
Na-Mal(3.25M)

AS (2.4M)
AS (3.4M)
Na-Mal(2.9M)
Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)

Table A40 summarizes the conditions used for crystallization trials for opsin. Each
element in the table represents a well in 24-well plates as described in chapter 5. The
following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M) or Na-Malonate (Na-Mal) (2.6–
3.4M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A40: Crystallography trials with opsin with various precipitants
AS (1.8M)
AS (2.0M)
AS (2.2M)
AS (2.4M)
AS (2.8M)
AS (3.0M)
AS (3.2M)
AS (3.4M)
Na-Mal(2.6M) Na-Mal(2.7M) Na-Mal(2.8M)
Na-Mal(2.9M)
Na-Mal(3.1M) Na-Mal(3.2M) Na-Mal(3.25M) Na-Mal(3.3M)

AS (2.6M)
AS (0M)
Na-Mal(3.0M)
Na-Mal(3.4M)
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Table A41 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A41: Crystallography trials with opsin with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A42 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A42: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
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AS (1.8M)
AS (2.8M)

AS (2.6M)
AS (3.0M)

AS (2.7M)
AS (3.1M)

AS (2.8M)
AS (3.2M)

AS (2.9M)
AS (3.4M)

Table A43 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A43: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A44 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3% OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
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Table A44: Crystallography trials with opsin with various precipitants
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A45 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A45: Crystallography trials with opsin with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A46 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
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Table A46: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A47 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
High affinity transducin binding peptide conc.: 20 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A47: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A48 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
High affinity transducin binding peptide conc.: 10 mg/mL
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Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A48: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
Table A49 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
High affinity transducin binding peptide conc.: 40 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Anatrace: OH, USA)
Time: 14 days
Table A49: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
Table A50 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
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Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
High affinity transducin binding peptide conc.: 40 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3% OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A50: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A51 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
High affinity transducin binding peptide conc.: 20 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A51: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)
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Table A52 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
High affinity transducin binding peptide conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 3 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A52: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
Table A53 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Anatrace: OH, USA)
Time: 14 days
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Table A53: Crystallography trials with opsin with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A54 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Anatrace: OH, USA)
Time: 14 days
Table A54: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A55 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Anatrace: OH, USA)
Time: 14 days
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Table A55: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A56 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5% OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A56: Crystallography trials with opsin with various precipitants
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A57 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
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Table A57: Crystallography trials with opsin with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A58 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A58: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A59 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
High affinity transducin binding peptide conc.: 20 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Anatrace: OH, USA)
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Time: 14 days
Table A59: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A60 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
High affinity transducin binding peptide conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Anatrace: OH, USA)
Time: 14 days
Table A60: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
Table A61 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C

189
Protein conc.: 10 mg/mL
High affinity transducin binding peptide conc.: 40 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Anatrace: OH, USA)
Time: 14 days
Table A61: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
Table A62 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
High affinity transducin binding peptide conc.: 40 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5% OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A62: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A63 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
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retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
High affinity transducin binding peptide conc.: 20 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A63: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A64 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
High affinity transducin binding peptide conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1.5 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A64: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
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AS (1.8M)
AS (2.8M)

AS (2.6M)
AS (3.0M)

AS (2.7M)
AS (3.1M)

AS (2.8M)
AS (3.2M)

AS (2.9M)
AS (3.4M)

Table A65 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Anatrace: OH, USA)
Time: 14 days
Table A65: Crystallography trials with opsin with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A66 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Anatrace: OH, USA)
Time: 14 days
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Table A66: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A67 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Anatrace: OH, USA)
Time: 14 days
Table A67: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A68 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1% OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
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Table A68: Crystallography trials with opsin with various precipitants
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A69 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A69: Crystallography trials with opsin with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A70 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
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Table A70: Crystallography trials with opsin with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A71 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
High affinity transducin binding peptide conc.: 20 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Anatrace: OH, USA)
Time: 14 days
Table A71: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A72 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
High affinity transducin binding peptide conc.: 10 mg/mL
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Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Anatrace: OH, USA)
Time: 14 days
Table A72: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
Table A73 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. Each element in
the table represents a well in 24-well plates as described in chapter 5. The all-trans
retinal was not removed. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
High affinity transducin binding peptide conc.: 40 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Anatrace: OH, USA)
Time: 14 days
Table A73: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
Table A74 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
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Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 10 mg/mL
High affinity transducin binding peptide conc.: 40 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A74: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)

Table A75 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 5 mg/mL
High affinity transducin binding peptide conc.: 20 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A75: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants.
AS (0M)
AS (2.8M)
AS (1.8M)
AS (2.8M)

AS (1.8 M)
AS (2.2M)
AS (2.6M)
AS (3.0M)

AS (1.9 M)
AS (2.3M)
AS (2.7M)
AS (3.1M)

AS (2.0M)
AS (2.4M)
AS (2.8M)
AS (3.2M)

AS (2.1M)
AS (2.5M)
AS (2.9M)
AS (3.4M)
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Table A76 summarizes the conditions used for crystallization trials for opsin. The
opsin was obtained by photobleaching the rhodopsin disk membrane. The all-trans
retinal was not removed. Each element in the table represents a well in 24-well plates as
described in chapter 5. The following conditions were used:
Method: Hanging drop crystallization
Buffer: 100 mM MES buffer pH 5.6
Temp: 4 C
Protein conc.: 2.5 mg/mL
High affinity transducin binding peptide conc.: 10 mg/mL
Precipitant: Ammonium sulfate (1.8–3.4 M)
Detergent: 1 % OG (Glycon Biochemicals:Luckenwalde, Germany)
Time: 14 days
Table A76: Crystallography trials with opsin containing high-affinity transducin peptide
with various precipitants
AS (0M)
AS (1.8 M)
AS (1.9 M)
AS (2.0M)
AS (2.1M)
AS (2.8M)
AS (2.2M)
AS (2.3M)
AS (2.4M)
AS (2.5M)
AS (1.8M)
AS (2.6M)
AS (2.7M)
AS (2.8M)
AS (2.9M)
AS (2.8M)
AS (3.0M)
AS (3.1M)
AS (3.2M)
AS (3.4M)
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