
Modulation of Molecular Interactions and Function by Rhodopsin Palmitylation†

Paul S.-H. Park,*,‡,§ K. Tanuj Sapra, ),0 Beata Jastrzebska,§ Tadao Maeda,‡,§ Akiko Maeda,§ Wojciech Pulawski,z

Masahiro Kono,# Janis Lem,^ Rosalie K. Crouch,# Slawomir Filipek,z,& Daniel J. M
::
uller, ) and Krzysztof Palczewski*,§

‡Department of Ophthalmology and Visual Sciences, Case Western Reserve University, Cleveland, Ohio 44106, §Department of
Pharmacology, Case Western Reserve University, Cleveland, Ohio 44106, )Biotechnology Center, University of Technology, 01307
Dresden, Germany, ^Department of Ophthalmology, Program in Genetics, Program in Neuroscience, Molecular Cardiology Research
Institute, TuftsMedical Center, Boston,Massachusetts 02111, #Department of Ophthalmology,Medical University of South Carolina,
Charleston, South Carolina 29425, zInternational Institute of Molecular and Cell Biology, 02-109 Warsaw, Poland, and &Faculty

of Chemistry, University of Warsaw, 02-093, Warsaw, Poland0Current address: Chemistry Research Laboratory,
12 Mansfield Road, OX1 3TA Oxford, UK

Received March 11, 2009; Revised Manuscript Received April 3, 2009

ABSTRACT: Rhodopsin is palmitylated at two cysteine residues in its carboxyl terminal region.We have looked
at the effects of palmitylation on the molecular interactions formed by rhodopsin using single-molecule force
spectroscopy and the function of rhodopsin using both in vitro and in vivo approaches. A knockin mouse
model expressing palmitate-deficient rhodopsin was used for live animal in vivo studies and to obtain native
tissue samples for in vitro assays. We specifically looked at the effects of palmitylation on the chromophore-
binding pocket, interactions of rhodopsin with transducin, and molecular interactions stabilizing the receptor
structure. The structure of rhodopsin is largely unperturbed by the absence of palmitate linkage. The binding
pocket for the chromophore 11-cis-retinal is minimally altered as palmitate-deficient rhodopsin exhibited the
same absorbance spectrum as wild-type rhodopsin. Similarly, the rate of release of all-trans-retinal after light
activation was the same both in the presence and absence of palmitylation. Significant differences were
observed in the rate of transducin activation by rhodopsin and in the force required to unfold the last stable
structural segment in rhodopsin at its carboxyl terminal end. A 1.3-fold reduction in the rate of transducin
activation by rhodopsin was observed in the absence of palmitylation. Single-molecule force spectroscopy
revealed a 2.1-fold reduction in the normalized force required to unfold the carboxyl terminal end of
rhodopsin. The absence of palmitylation in rhodopsin therefore destabilizes the molecular interactions
formed in the carboxyl terminal end of the receptor, which appears to hinder the activation of transducin by
light-activated rhodopsin.

ManyGprotein-coupled receptors (GPCRs)1 are palmitylated
at cysteine residues in the carboxyl terminal region. It is unclear

what the precise role of palmitylation is at both the structural and

functional levels. This fatty acid linkage has been implicated in

various facets of GPCR function including coupling to and

activation of the heterotrimeric G protein, receptor phosphor-

ylation, internalization and desensitization, and localization of

the receptor (1, 2). Some receptors are dynamically palmitylated

while others are constitutively palmitylated. There is no con-

sensus among GPCRs on the role that palmitylation plays in

receptor structure and function, which may reflect the different

roles that this covalent modification plays in different systems.
Rhodopsin is a prototypical member of the GPCR family

(3, 4). Much is known about this receptor at both the structural
and functional levels. However, the role of palmitylation in the
light receptor is still unclear. Rhodopsin is palmitylated at
cysteine residues in the carboxyl terminal region at positions
322 and 323 in the bovine sequence. Several studies have been
conducted in rhodopsin to understand the effect of palmitylation
on its structure and function. The effects of palmitylation have
been studied by either chemically removing the fatty acid linkage
by treatment with either DTT or hydroxylamine or by mutating
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the cysteine residues that form the covalent fatty acid linkage and
expressing the mutant receptor in a heterologous expression
system (5-9). Apparent palmitylation-related changes have been
observed under certain conditions in some of these studies.
For instance, the absence of palmitylation has been shown to
affect transducin activation and rhodopsin regeneration, and
cause small changes to structure and stability. Some of these
effects, however, are not consistently observed among different
studies, which points to the difficulties in teasing out the effects
due to chemical treatment or expression in a heterologous system
with those that are truly endogenous to the fatty acid linkage
itself.

To circumvent secondary effects on receptor structure
and function, a knockin mouse model was generated expressing
palmitate-deficient rhodopsin that was mutated in cysteine
residues at positions 322 and 323 (10). Initial characterization
of these mice suggested that rhodopsin becomes hyperpho-
sphorylated upon light activation and that the shut-off of
the system is enhanced. We have utilized this model system
to further probe the effects of palmitylation on the structure
and function of rhodopsin. This knockin mouse has allowed
us to study palmitate-deficient rhodopsin collected from native
retinal tissue. We have looked at the structural impact
of palmitylation using single-molecule force spectroscopy
(SMFS) to specificallymonitor changes tomolecular interactions
formed within the receptor. At the functional level, we have
looked at the effects of palmitylation on the chromophore and
the binding-pocket environment of rhodopsin, interactions of
light-activated rhodopsin with transducin, and rod photorecep-
tor physiology.

EXPERIMENTAL PROCEDURES

Isolation of Disk Membranes from Rod Outer Segments
(ROS).All experimental procedures were conducted under dim
red light. All centrifugation steps were performed at 4 �C. ROS
were purified from the retina of wild-type C57BL/6 mice or
knockin mice expressing palmitate-deficient rhodopsin as de-
scribed previously (11). Generation of knockin mice expressing
palmitate-deficient rhodopsin was described previously (10).
Mice were 6-8 weeks old and 12-15 mice were used for each
preparation of purified ROS. Mice were dark adapted by
maintaining them in darkness overnight.

Disk membranes were collected by osmotically bursting pur-
ified ROS. Purified ROS were resuspended in 1 mL of buffer A
(2 mM Tris-HCl, pH 7.4) and incubated overnight at 4 �C. The
membrane suspension was centrifuged at 16100g for 5 min and
the supernatant was discarded. Themembrane pellet was washed
twice with 1 mL of buffer A and three times with buffer B (2 mM
Tris-HCl, 150 mMNaCl, 2 mM EDTA, pH 7.4). Each time, the
membrane pellet was resuspended by homogenizing with a hand-
held pestle and centrifuged at 16100g for 5 min. The washed disk
membranes were resuspended in buffer A and examined by
SMFS or were resuspended in buffer C (67 mM potassium
phosphate, 1 mM magnesium acetate, 0.1 mM EDTA, 18%
sucrose, pH 7.0) and stored at -80 �C. Membranes stored at
-80 �C were thawed and washed twice in buffer A prior to use.
Concentration of rhodopsin in the disk membrane was deter-
mined by solubilizing an aliquot of isolatedmembranes in 20mM
Bis-Tris propane, 40 mM CHAPS (Anatrace, Inc., Maumee,
OH), pH 7.5, and reading the absorbance at 500 nm on
a Hewlett-Packard 8452A UV-visible spectrophotometer. A

molar extinction coefficient of 40600 M-1 cm-1 (12) was used
to compute the rhodopsin concentration.
Purification of Rhodopsin from Mouse Eyes. Eyes from

three dark-adapted mice (6-8 weeks old) were used for each
purification. Eyes were homogenized in 3mLof bufferD (10mM
Bis-Tris propane, 150 mMNaCl, pH 7.5) using a hand-held glass
homogenizer. The homogenate was centrifuged at 125000g for
5 min. The pellet was resuspended in buffer E (10 mM Bis-Tris
propane, 500 mM NaCl, 20 mM n-dodecyl-β-D-maltoside (Ana-
trace, Inc., Maumee, OH), pH 7.5) and shaken at room tem-
perature for 15 min. The suspension was then centrifuged at
125000g for 20 min. The supernatant was loaded on a 4.5 �
29 mm column of anti-1D4 antibody coupled to CNBr-activated
Sepharose 4B preequilibrated with buffer F (10 mM Bis-Tris
propane, 500 mM NaCl, 2 mM n-dodecyl-β-D-maltoside,
pH 7.5). Anti-1D4 antibody recognizes the carboxyl terminus
of bovine rhodopsin (13). The columnwas washed with 10 mL of
buffer F. Purified rhodopsin was obtained by eluting the column
with buffer F supplemented with 800 μM of 1D4 peptide
(TETSQVAPA) synthesized by United Biochemical Research,
Inc. (Seattle, WA). The absorbance spectrum of purified rho-
dopsinwas obtained using aHewlett-Packard 8452AUV-visible
spectrophotometer. The concentration of rhodopsin was calcu-
lated by measuring the absorbance at 500 nm and using a molar
extinction coefficient of 40600 M-1 cm-1 (12).
Single-Molecule Force Spectroscopy (SMFS). SMFS

was performed on ROS disk membranes isolated from mice as
described previously for bovine samples (14, 15). Disk mem-
branes were adsorbed on freshly cleaved mica and SMFS was
conducted using NPS Si3N4 cantilevers (nominal spring constant
0.06 N/m; Veeco Metrology, Santa Barbara, CA). Spring con-
stants of the cantilevers were determined in buffer solution using
a Picoforce atomic force microscope (VeecoMetrology). Force-
distance curves were obtained using a Multimode atomic force
microscope (Veeco Metrology). All SMFS experiments were
performed at room temperature (≈21 �C) in SMFS assay buffer
(150 mM KCl, 25 mM MgCl2, 20 mM Tris, pH 7.8). Force-
distance curves were analyzed using criteria established pre-
viously (15). Force peaks were analyzed using the worm-like
chain model assuming a persistence length of 0.4 nm (16). The
number of amino acid residues stretched above the membrane
surface was estimated from the contour length obtained from
worm-like chain model fits and assuming an amino acid residue
length of 0.36 nm.
Metarhodopsin II (MII) Decay Assay. Assays were

conducted using 10 nM of purified rhodopsin in 20 mM Bis-Tris
propane, 120mMNaCl, 2 mM n-dodecyl-β-D-maltoside, pH 6.0.
Rhodopsin was bleached for 15 s using a Fiber-Lite illuminator
and a 480-520 nm band-pass filter. Intrinsic tryptophan fluor-
escencewas then immediatelymonitored ona Perkin-ElmerLS55
fluorescence spectrometer using an excitation wavelength of 295
nm (2.5 nm slit) and an emissionwavelength of 330 nm (5nm slit).
The temperature of the cuvette was maintained at 20 �C with a
circulating water bath. The increase in tryptophan fluorescence is
correlated with the release of all-trans-retinal from the binding
pocket in rhodopsin (17). Fluorescence data was analyzed on
Sigma-Plot (Systat Software, Inc., San Jose, CA) by nonlinear
regression fitting to an equation describing first-order reaction
kinetics to obtain the time constant τ. Statistical significance
between data was assessed by a two-tailed student’s t-Test.
Transducin Activation Assay - Native Disk Mem-

branes. Transducin was purified from fresh bovine ROS as
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described previously (18). Transducin concentration was deter-
mined by Bradford assay (Bio-Rad, Hercules, CA). Purified
transducin and rhodopsin in disk membranes were mixed at a
concentration of 250 nM and 30 nM, respectively, in buffer G
(20mMBis-Tris propane, 120mMNaCl, 6 mMMgCl2, pH 6.0).
Samples were bleached for 15 s with a Fiber-Lite illuminator and
a 480-520 nm band-pass filter and then incubated for 400 s with
continuous low-speed stirring. The cuvette containing the sample
was maintained at 20 �C using a circulating water bath through-
out the assay. Activation of transducin was initiated by the
addition of GTPγS at a final concentration of 5 μM. Intrinsic
tryptophan fluorescence was monitored on a Perkin-Elmer LS55
fluorescence spectrometer using an excitation wavelength of
300 nm (5 nm slit) and an emission wavelength of 345 nm
(8 nm slit). Increased tryptophan fluorescence has been shown to
correlate with the guanyl nucleotide exchange that occurs in
transducin upon its activation (19, 20). Fluorescence data were
analyzed on Sigma-Plot (Systat Software, Inc., San Jose, CA) by
nonlinear regression fitting to an equation describing first-order
reaction kinetics to obtain the rate constant k. Statistical
significance between data was assessed by a two-tailed student’s
t-Test.
Transducin Activation Assay - COS Cell Membranes.

Wild-type and Cys322Ser/Cys323Ser bovine rod opsin
were transiently expressed in COS cells (21). Membranes
from transfected COS cells were isolated as described previously
(22, 23). The amount of opsin in the membrane preparations
was determined by slot blot analysis using known amounts of
bovine rhodopsin as a reference and probed with the anti-1D4
antibody (23).

The ability of rhodopsin and opsin to activate transducin was
determined using a radioactive filter-binding assay under pseudo-
first-order conditions (22, 23). The reaction mixture (50 μL final
volume) contained 4 nM opsin, 2.5 μM transducin, 3.0 μM [35S]
GTPγS, 20 μM 11-cis-retinal, 10 mM 2-(N-morpholino)ethane-
sulfonic acid (pH 6.4), 100 mM NaCl, 1 mM DTT, and 5 mM
MgCl2, pH 6.4. All components of the reaction mixture except
11-cis-retinal and [35S]GTPγS were first mixed. 11-cis-Retinal
was added from a stock dissolved in ethanol 1 min prior
to addition of [35S]GTPγS. Light-independent transducin activa-
tion rates were first determined over a 5 min period after
the addition of [35S]GTPγS. Light-dependent transducin
activation rates were then determined over a 30 s period
immediately after illuminating the reaction mixture for 6 s with
light (>495 nm).
Electroretinography (ERG) and Retinoid Analysis. Sin-

gle-flash ERG recordings on mice under scotopic and photopic
conditions and recovery of dark adaptation assays were per-
formed as described previously (24). Extraction, derivatization,
and separation on HPLC of retinoids from mouse eyes were
performed as described previously (24).
Molecular Dynamics Simulations.Minimizations and mo-

lecular dynamics simulations were performed using the program
CHARMM (25). A united-atom forcefield (CHARMM19 (26))
was used with an implicit membrane/water model IMM1 (27).
The latter is an extension of the EEF1 implicit water model to
heterogeneous membrane/aqueous media (28). In the IMM1
method the water/membrane system is achieved by changing
solvation reference parameters along the line perpendicular to the
membrane. There is an area 0.6 nm in thickness between water
and membrane environments that allows for gradual changes in
properties between them. At the hydrophobic border of this

layer, 90% of the environment derives from the hydrophobic
core. At the water border, 90% of the environment derives from
bulk water properties. Since these properties change according to
a sigmoidal function, there is no sharp change of properties. The
implicit solvent method reduces the number of degrees of free-
dom that are necessary for the evaluation of energy and force,
which allows for more efficient sampling of phase space than
explicit solvent methods. Differences in the movement of Helix 8
in palmitylated and unpalmitylated rhodopsin are small. These
small changes may be undetectable in rugged systems such as
those that include explicit phospholipid molecules. The IMM1
method with immobile membrane area allows for the investiga-
tion of small differences both in internal parameters and in
relation to the membrane border.

The structure of rhodopsin used in simulations was down-
loaded from Protein Data Bank (Protein Data Bank ID: 1U19)
(29). The initial placement of monomeric rhodopsin in the
membrane interior and the membrane thickness (3.2 nm) were
based on Orientations of Proteins in Membranes (OPM) data-
base (30). However, during minimization and initial stages of
molecular dynamics (up to 5 ns) rhodopsin was moved perpen-
dicular to the membrane by about 0.4 nm. Thus, productive
molecular dynamics simulations started from newly formed
equilibrium. To assess the influence of palmitates and to ensure
statistical validity, 32 independent 30 ns simulations were per-
formed: 16 simulations were conducted for palmitylated rhodop-
sin and 16 simulations were conducted for unpalmitylated
rhodopsin. The temperature was set to 300 K and was controlled
with Langevine thermostat (friction coefficient was set to 5 ps-1).
The bonds involving hydrogen atoms were constrained using the
SHAKE algorithm, allowing an integration time step of 2 fs. The
systems were heated to 300 K with 3 K rise every 5000 steps
during 500 000 steps. After heating, the systems were allowed to
equilibrate for 1 ns. We adopted the parametrization of retinal
and palmitates described previously (31-35), and we adjusted
these parameters for IMM1. The solvation parameters for retinal
and palmityl chainswere set up according to similar atom types in
IMM1.

RESULTS

Effect of Palmitylation on the Chromophore of Rhodop-
sin. Rhodopsin contains two palmitate groups that are linked to
cysteine residues at positions 322 and 323. Knockin mice were
generated previously that introduced point mutations resulting in
the replacement of the wild-type cysteine residues to serine
(position 322) or threonine (position 323) (10). The mutation
of cysteine residues resulted in rhodopsin molecules that lacked
palmitate linkages. These knockin mice therefore provide an
excellentmodel to study the effects of the palmitate linkage on the
structure and function of rhodopsin in native tissue and without
the need for chemical modification.

Knockin mice expressing palmitate-deficient rhodopsin
generate rod outer segments with rhodopsin properly targeted
to this location. Rhodopsin was purified from whole eye extracts
obtained from wild-type and knockin mice. The pigment
was purified on an affinity column packed with anti-1D4
antibody conjugated to Sepharose. The antibody specifically
detects the last eight amino acid residues of bovine and mouse
rhodopsin. The mobilities of wild-type and palmitate-deficient
rhodopsin on SDS-PAGE were similar (Figure 1A). The
absorbance spectrum for both types of rhodopsin exhibited a
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peak at about 500 nm (Figure 1B). The lack of palmitylation
therefore does not affect the environment surrounding the
conjugated chromophore.

Activation of rhodopsin by light results in the formation of the
active MII state. The decay of rhodopsin from the MII state can
be monitored by measuring the increase in tryptophan fluores-
cence that occurs when all-trans-retinal exits the binding pocket
(17). The decay of the MII state was measured for purified
rhodopsin (Figure 1C,D). The rate of MII decay was similar for
both wild-type and palmitate-deficient rhodopsin. Thus, the exit
of chromophore from the binding pocket after activation is
unaffected by the absence of the palmitate groups.

The complement of retinoids in the eye after exposing mice to
light was determined by HPLC analysis. Rhodopsin is conju-
gated by a Schiff base linkage in transmembrane Helix 7 to the
chromophore 11-cis-retinal, which acts as an inverse agonist
locking the receptor in the inactive state (36). Upon capture of a
photon of light, 11-cis-retinal is photoisomerized to all-trans-
retinal. This photoconversion initiates the activation of the
receptor molecule. All-trans-retinal is subsequently released from
the binding pocket of the receptor and enters into the retinoid
cycle that leads to the regeneration of 11-cis-retinal (37). Once
released from rhodopsin, all-trans-retinal is cleared from the disk
membrane and into the cytoplasm where it is enzymatically
reduced. The conversion of 11-cis-retinal to all-trans-retinal and
the clearance of all-trans-retinal were monitored in mice
(Figure 2). Dark-adapted mice were exposed to lighting

conditions that bleached about 60% of rhodopsin in the eye.
Retinoids were extracted from the eyes of dark-adapted mice at
different time points after illumination and were analyzed by
HPLC to monitor the time course of retinoid flow. The lack of
palmitylation does not affect the amount of 11-cis-retinal con-
verted to all-trans-retinal nor does it affect the clearance of all-
trans-retinal. Thus, the initial events of receptor activation are
unaffected by the lack of palmitate linkage.

FIGURE 1: Characterization of purified rhodopsin. Rhodopsin was purified from whole eye extracts of wild-type (WT) and palmitate-deficient
rhodopsin knockin (palm-/-)mice by affinity purification onan anti-1D4antibody column. (A) Purified rhodopsinwas run onanSDS-PAGE
gel and detected by silver staining. (B) The absorbance spectra of rhodopsin fromwild-typemice and palmitate-deficientmice. Both spectra show
the characteristic maximal peak for rhodopsin at about 500 nm. (C) and (D) The change in tryptophan fluorescence was monitored after light
activation of rhodopsin to measure the rate of chromophore release from the binding pocket. The data (gray) were fit by nonlinear regression
(black curve) to obtain the time constant τ. The average τ values are shown with the standard deviations for the number of experiments indicated
(n). The difference in the time constant was not statistically significant (p= 0.25) between wild-type and palmitate-deficient rhodopsin.

FIGURE 2: Retinoid analysis. Dark-adapted (DA) mice were
illuminated with light to bleach about 60% of rhodopsin molecules.
Retinoids were extracted from eyes at the times after light exposure
indicated and quantified by HPLC. Shown are the average levels
((SD) of all-trans-retinal (A) and 11-cis-retinal (B) in the eyes of
mice collected at different time periods after light exposure. Extracts
from three mice were used to calculate the average level of retinoids
at each time point except the 30 min time point where six mice
were used. Both male and female mice were used and were 6
weeks old.
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Effect of Palmitylation on the Interaction with Trandu-
cin. Rhodopsin contains an amphiphilic helix at its carboxyl
terminal region that lies peripherally to the membrane. Helix 8 is
important for the coupling and activation of the G protein
transducin. The palmitate linkage is commonly thought to act
as an anchor holding Helix 8 in place. We determined the ability
of rhodopsin to activate transducin indirectly under in vivo
conditions and directly under in vitro conditions.

The visual function of mice was tested by ERG. The ERG
response to different intensities of light wasmeasured under both
scotopic and photopic conditions (Figure 3). We quantified the
amplitude of the resulting a-wave and b-wave, which are
indicative of the electrical signal originating from the photo-
receptor and secondary retinal neurons, including bipolar cells,
respectively. Therewas no significant difference in ERG response
between mice expressing wild-type rhodopsin with those expres-
sing palmitate-deficient rhodopsin at the intensities of light
tested. Thus, the lack of palmitylation in rhodopsin does not
significantly affect its ability to produce the physiological re-
sponse in the retina upon light activation. The normal ERG
responses indicate that rhodopsin is able to couple to and activate
transducin thereby initiating the phototransduction cascade.

The ability of mice to dark adapt after exposure to intense
illumination was monitored by measuring the recovery in
the amplitude of the a-wave resulting from single-flash ERG
(Figure 4). Mice were illuminated with intense light that resulted

in the bleaching of about 60% of rhodopsin in the eye. The mice
were then placed in the dark and single-flashERG responses were
recorded every 5 min. The recovery of the a-wave amplitude was
measured to determine the time course of dark adaptation. The
ability of mice expressing palmitate-deficient rhodopsin was
significantly attenuated compared to wild-type mice. While
palmitylationdoes not affect significantly the ability of rhodopsin
to activate and produce amaximal physiological response, it does
affect the ability of the photoreceptors to dark-adapt and be
primed for signaling again.

We looked directly at the interaction between rhodopsin and
transducin under in vitro conditions. Retinas from mice were
collected and rod outer segments were purified. Disk membranes
were released from the outer segments by osmotic bursting and
washed. Rhodopsin in disk membranes was examined for its
ability to activate transducin. A fluorescence-based approach
was used to monitor the guanyl nucleotide exchange in the alpha
subunit in transducin that occurs upon its activation by rhodop-
sin. A small but significant difference was observed between the
rates of transducin activation promoted by wild-type and palmi-
tate-deficient rhodopsin. Palmitate-deficient rhodopsin was 1.34
times slower in activating transducin compared to wild-type
rhodopsin (Figure 5). Transducin activation rates were also
determined by a radioactive filter binding assay using bovine
opsin heterologously expressed in COS cells. Palmitate-deficient
opsin was expressed in COS cells by mutating cysteine residues at
position 322 and 323 to serine residues. Minimal transducin
activation was detected in the dark with COS cell membranes
containing opsin or rhodopsin (opsin reconstituted with 11-cis-
retinal) for both wild-type and unpalmitylated forms (Figure 6).
Light activation of rhodopsin resulted in transducin activation
rates for the wild-type receptor that was 1.71 times faster than the
unpalmitylated mutant. Thus, measurements made with both
native and COS cell membranes indicate that the absence of
palmitylation diminishes the ability of rhodopsin to activate
transducin.
Changes in Molecular Interactions Caused by the Ab-

sence of Palmitylation in Rhodopsin. SMFS allows direct
probing and structural assignment of molecular interactions that
have been established in membrane proteins under near-native
conditions (38). Rhodopsin in the disks of bovine rod outer
segments has been investigated previously by SMFS to reveal the
molecular interactions that stabilize the light receptor (15). SMFS
has revealed that the structure of rhodopsin is organized into
distinct structural segments that exhibit intrinsic stability to
unfolding. The force required to unfold these regions indicates

FIGURE 3: ERG responses. ERG responses were recorded frommice expressing wild-type and palmitate-deficient rhodopsin under scotopic (A)
and photopic (B) conditions. Each point represents the average response from each eye of threemice ((SEM).Malemice thatwere 6weeks of age
were used.

FIGURE 4: Dark adaptation after intense bleaching. Dark-adapted
mice were bleached for 3 min with intense light (500 cd 3m

-2), which
bleaches approximately 60% of rhodopsin. Recovery of the a-wave
amplitude was monitored with single-flash ERG at an illumination
intensity of -0.2 log cd 3 s 3m

-2. Each time point represents the
average a-wave recovery ((SD)measured in six (WT) or seven (Palm
-/-) male mice 6 weeks of age.
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the strength of the interactions that stabilize structural segments
of the receptor. However, the composition of inter- and intra-
molecular interactions that contribute to the stability of indivi-
dual structural segments remains unknown.We previously noted
in initial characterizations of bovine rhodopsin that the stable
structural segment formed by the carboxy terminal end might be
costabilized by the anchoring of palmitates attached to cysteine
residues at positions 322 and 323. Here, we tested this hypothesis
by characterizing diskmembranes obtained frommice expressing
palmitate-deficient rhodopsin. SMFS was carried out on disk
membrane samples obtained from the retina of wild-type and
palmitate-deficient rhodopsin mice. Force-distance curves were
recorded and analyzed using procedures previously established
for bovine rhodopsin and other membrane proteins (15).

Analyses of wild-type and palmitate-deficient rhodopsin from
mice revealed force peaks in force-distance curves that assigned
stable structural segments of the receptor. We focused our
analysis on force peaks corresponding to structural segments
previously assigned in bovine rhodopsin (15). The location of
those structural segments in the secondary structure of rhodopsin
is shown in Figure 7A. Both wild-type and palmitate-deficient
rhodopsin revealed these structural segments. The average force

and detection frequency of each force peak that denoted a
structural segment were determined for both types of rhodopsin
(Figure 8A,B). The force required to unfold each structural
segment is indicative of the stability in that region of the receptor.

Similar to bovine rhodopsin, the most stable structural seg-
ment in both wild-type and palmitate-deficient mouse rhodopsin
was segment H3,H4,C2,E2 (Figure 8A,B). This structural seg-
ment was detected in every force-distance curve analyzed and
required an average force of 157 pN and 169 pN to unfold in
wild-type and palmitate-deficient rhodopsin, respectively. The
difference in average unfolding force between the two types of
rhodopsin studied for each structural segment analyzed is
summarized in Figure 8C. All segments except for segment CT
showed small differences ranging from -16 pN to 12 pN. Seg-
ment CT exhibited the largest difference in average unfolding
force. Palmitate-deficient rhodopsin required 36 pN less force to
unfold in this segment compared to wild-type rhodopsin. In
contrast to differences in average unfolding force,more structural
segments exhibited large differences in detection frequency
between the two types of rhodopsin (Figure 8D). Once again,
segment CT exhibited the largest difference in detection fre-
quency with the detection of molecular interactions stabilizing
this region being less frequent in palmitate-deficient rhodopsin by
21%. Segments N1 and H6.2 also had large differences in
detection frequency between the two types of rhodopsin. Mole-
cular interactions in N1 and H6.2 were detected 14% and 18%
less frequently, respectively, in force curves for palmitate-defi-
cient rhodopsin compared to wild-type rhodopsin.

The two structural segments in the immediate vicinity of the
palmitylated cysteine residues areH8 andCT. The average force
required to unfold segment H8 in wild-type and palmitate-
deficient rhodopsin is 91 pN and 89 pN, respectively, and the
frequency of detection in both types of rhodopsin was 56% and
60%, respectively. Thus, there was very little change in either
average unfolding force or detection frequency between wild-
type and palmitate-deficient rhodopsin, which indicates that the
molecular interactions formed in this region are the same in
both types of rhodopsin and that the palmitate linkage is
unnecessary for the formation and stability of this helix. Both
mouse rhodopsin forms exhibited a force peak corresponding to
segment CT, which was previously thought to derive its
stability, at least in part, by the anchoring into the membrane
by covalently linked palmitate groups (15). This segment

FIGURE 5: Transducin activation bymouse rhodopsin in ROS diskmembranes. ROS diskmembranes were prepared frommice expressing wild-
type (A) and palmitate-deficient (B) rhodopsin as outlined in Experimental Procedures. The exchange of guanyl nucleotides in transducin was
monitored by tryptophan fluorescence.GTPγSwas added 400 s after light-activationof rhodopsin.The datawere fit bynonlinear regression to an
exponential rise model to obtain the rate constant, k. The average values are shown with the standard deviation for the number of experiments
indicated. The number of different preparations of membranes used to compute the average values in A and B was 4 and 3, respectively. The
difference observed in transducin activation rates between wild-type and palmitate-deficient rhodopsin was statistically significant (pe 0.0001).

FIGURE 6: Transducin activation by bovine rhodopsin in COS cell
membranes. Wild-type and unpalmitylated (Cys322Ser/Cys323Ser)
bovine opsin were expressed in COS cells. The rate of incorporation
of [35S]GTPγS was monitored in a suspension containing COS cell
membranes and transducin by a radioactive filter binding assay.
Rates were determined for opsin, dark-adapted rhodopsin (+11-cis-
retinal - dark), and light-activated rhodopsin (+ 11-cis-retinal -
light). The average ((SEM) rates from data collected in triplicate are
shown (n = 3). Activity was not corrected for basal transducin
activation at this pH.
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exhibited the largest difference between wild-type and palmi-
tate-deficient rhodopsin in both average unfolding force
(36 pN) and frequency of detection (21%) (Figure 8C,D). The
average force required to unfold this structural segment was
113 pN and 77 pN for wild-type and palmitate-deficient
rhodopsin, respectively. Thus, the absence of palmitylation
causes segment CT to become less stable and significantly
changes the molecular interactions that stabilize this region.

The average unfolding force was multiplied by the detection
frequency for each structural segment to compute the normalized
force (39). The normalized force factors in both average unfold-
ing force and detection frequency, and therefore differences in
normalized force will represent a more complete picture of the
changes occurring in molecular interactions under different
conditions. The difference in normalized force for each analyzed
structural segment between the two types of rhodopsin was
calculated (Figure 8E). The largest difference occurred in segment
CT with palmitate-deficient rhodopsin exhibiting a decrease in
normalized force by 41 pN. All other analyzed structural
segments displayed smaller differences in normalized force
indicating that the stability of rhodopsin is largely unchanged
in the absence of palmitylation except for the region making up
segment CT (Figure 7B).

DISCUSSION

Rhodopsin is naturally palmitylated on cysteine residues at
positions 322 and 323 at its carboxyl terminal region. We have
used a knockin mouse model expressing palmitate-deficient
rhodopsin to investigate the effect of the palmitate groups on
the structure and function of the light receptor. Thismousemodel
has allowed us to obtain samples from native retinal tissue and
avoid effects associated with chemical processing of samples. For
instance, we have observed that treatment of disk membranes
with 1 M hydroxylamine (e.g., ref 9) disrupts the membrane
structure resulting in an inability todetect disk structures byAFM
(data not shown). Thus, while hydroxylamine treatment may not
affect the receptor molecule itself, it does have the potential to

alter other properties such as membrane structure. These changes
to the membrane may have led to the differences observed in
the literature for the effects attributed to the palmitylation of
rhodopsin such as differences measured in the level of regenera-
tion of rhodopsin by 11-cis-retinal between rhodopsin mutated
at Cys322 and Cys323 versus hydroxylamine-treated rhodopsin
(8, 9). In the current investigation, we characterized both the
functional and structural effects of palmitylation on rhodopsin.

Chromophore-Binding Pocket of Rhodopsin Unchanged
in the Absence of Palmitylation. The different regions in the
structure of rhodopsin do not exist or function independently of
each other, and therefore changes inmolecular interactions in one
region of the protein can potentially have effects on themolecular
interactions in other regions (40). This interdependency has been
demonstrated in mutations in rhodopsin that cause instability
and misfolding of the protein, which leads to retinitis pigmentosa,
and in the stabilizing effects of zinc ions on the structure of the
light receptor (14, 41, 42), where changes in one region of the
protein affect other areas of the protein far removed. Thus, we
looked at whether a change occurring in the carboxyl terminal
region of the proteinwould affect properties in the binding pocket
of 11-cis-retinal, which is situated within the transmembrane
helices closer to the extracellular surface of the receptor.

Characterization of palmitate-deficient rhodopsin obtained
from knockin mice indicates that the absence of the fatty acid
linkage does not significantly affect the properties or environ-
ment surrounding bound 11-cis-retinal. Purified rhodopsin from
wild-type and palmitate-deficient rhodopsin mice exhibit iden-
tical absorbance spectra and rates of release of the chromophore
upon light activation (Figure 1). The levels of retinal as assessed
byHPLC of extracts from eyes ofmice are also similar (Figure 2).
At the level of structure, minimal changes in molecular interac-
tions were observed in structural segments involved in the
chromophore-binding pocket (Figure 7B). Thus, the lack of
palmitate linkage does not affect the ability of rhodopsin to bind
11-cis-retinal or to release all-trans-retinal from the binding
pocket after receptor activation.

FIGURE 7: Stable structural segments of rhodopsin. (A) Stable structural segments assignedpreviously for bovine rhodopsin (15) are shownon the
secondary structure of rhodopsin. The segments are colored inwhite and black with the identifying segment name indicated. (B) The difference in
normalized force between palmitate-deficient and wild-type rhodopsin for each stable structural segment is highlighted on the structure of bovine
rhodopsin (Protein Data Bank ID: 1U19). Segments with a lower or greater normalized force in palmitate-deficient rhodopsin are shown in red
and blue, respectively. Palmitate groups are in green and 11-cis-retinal is in orange. Segments near the palmitate groups are labeled.
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This lack of effect related to the chromophore is consistent
with studies of palmitate-deficient rhodopsin heterologously
expressed in COS cells, where palmitates were removed by
mutating cysteine residues at positions 322 and 323 to serine
residues. The absence of palmitate groups did not affect the
ability of the mutant rhodopsin to bind chromophore or change
the absorbance spectrum and extinction coefficient (8). It is also
consistent with observations made with other GPCRs that bind
small molecule ligands within the transmembrane helices in a
similar location as 11-cis-retinal in rhodopsin (43-48). The
absence of palmitylation in these GPCRs did not significantly
affect the affinity for ligands, even in cases where the absence of

palmitylation affected activation of the G protein (43-46). Thus,
palmitylation does not appear to significantly affect the environ-
ment surrounding the chromophore in rhodopsin or ligand-
binding pocket in other GPCRs.
Effect of Palmitylation on the Structure of Rhodopsin Is

Mainly Localized to the Carboxyl Terminal End. SMFS
analysis revealed that molecular interactions stabilizing structur-
al segments that are distal from the palmitate groups are largely
unaffected (Figures 7B and 8). Thus, palmitylation does not
appear to significantly affect the molecular interactions of
rhodopsin as a whole. This is consistent with previous circular
dichroism studies on rhodopsin that showed that the absence of

FIGURE 8: Effect of palmitate groupson themolecular interactionsof rhodopsin.ROSdiskmembraneswere examinedbySMFS todetermine the
effect of palmitate groups on the molecular interactions of rhodopsin. Force-distance traces were collected from samples prepared from mice
expressing wild-type (WT) or palmitate-deficient (Palm -/-) rhodopsin. The number of force-distance traces analyzed for wild-type and
palmitate-deficient rhodopsinwas 113 and 171, respectively. Force peaks previously assigned in bovine rhodopsinwere analyzed (15) (Figure 7A).
(A)Average unfolding forces ((SEM) for each analyzed segment is shown forwild-type (black) and palmitate-deficient (gray) rhodopsin. (B) The
frequency of detection of each analyzed segment is shown for wild-type (black) and palmitate-deficient (gray) rhodopsin. (C, D, E) The difference
in average unfolding force (C), detection frequency (D), and normalized force (E) between palmitate-deficient and wild-type rhodopsin is shown
for each analyzed segment. In each case, a positive number denotes a larger value for palmitate-deficient rhodopsin. Normalized force was
calculated by multiplying average unfolding force with detection frequency.
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palmitylation does not cause any gross structural changes in
rhodopsin (6). Segments H8 and CT are the two structural
segments that are in the direct vicinity of the cysteine residues
covalently linked to palmitate groups (Figure 7A). Since the
effect of palmitylation appears to be localized to the immediate
region where the fatty acid linkage occurs, the molecular inter-
actions stabilizing these two regionswould be the onesmost likely
affected. Segment H8 is upstream of the palmitate linkage and is
entirely composed of Helix 8, which is an amphiphilic helix at the
carboxyl terminal region of rhodopsin that lies peripherally to the
membrane. Segment CT occurs immediately after the cysteine
residues that are palmitylated.

Helix 8 can adopt its helical structure independently from the
receptor but requires the presence of the lipid bilayer (49-52).
Palmitylation in rhodopsin and other GPCRs is often thought to
anchor the carboxyl terminal region to the lipid bilayer and allow
Helix 8 to maintain interaction with the surface of the membrane
(2). Segment H8 exhibited minimal difference between wild-type
and palmitate-deficient rhodopsin in average unfolding force,
detection frequency, and normalized force (Figures 7B and 8).
The absence of change in this structural segment suggests that the
molecular interactions stabilizing this region, including those
present within the helical structure and those involved in inter-
actions with the membrane, do not require palmitylation. Thus,
in contrast to previous assumptions, the adoption of a helical
structure and the maintenance of interaction with the membrane
by Helix 8 appear to be independent of palmitylation.

The ability of Helix 8 to adopt its proper structure and
maintain contact with the lipid bilayer in the absence of palmi-
tylation is consistent with the fact that not all GPCRs are
palmitylated such as the middle/long wavelength cone opsin,
which is still predicted to form Helix 8 (53). It is also consistent
with a spin-labeling study investigating the mobility of the
carboxyl terminal region of rhodopsin, which indicated that

palmitylation is not the sole determinant in anchoring this region
of the protein to the lipid bilayer (54). Molecular dynamics
simulations were conducted to test further these notions that
contrast previously held views (Figure 9). Within the limitations
of the simulation times, significant changes were absent in the
position of transmembrane helices and in the structure of Helix 8
in the absence of palmitylation. In addition, Helix 8 maintained
contact with the membrane throughout the simulations. Helix 8,
however, was more mobile without palmitate anchorage and
sampled a wider range of positions during the simulation period,
which may contribute to the differences in the transducin
activation rate discussed later.

We had previously attributed the detection of molecular
interactions assigned to segment CT to the anchoring of the
protein into the membrane by the palmitate groups in this region
(15). If the origin of stability is solely due to the anchoring of this
structural region of the receptor to the membrane, then the
absence of palmitylation in rhodopsin in our preparations should
not exhibit a peak in force-distance curves corresponding to this
region. Segment CT was detected in SMFS data from palmitate-
deficient rhodopsin, which suggests that palmitylation is not the
only determinant in stabilizing this region. In contrast to segment
H8, segment CT exhibited the largest difference among structural
segments in average unfolding force, detection frequency, and
normalized force between the two types of rhodopsin tested
(Figures 7B and 8). The average unfolding force and detection
frequency were greatly reduced compared to wild-type rhodop-
sin, indicating the absence of palmitylation significantly alters the
molecular interactions formed in this region, which results in
destabilization. Thus, while palmitylation is not the sole deter-
minant of stabilizing segment CT, its absence significantly
destabilizes this region of the receptor.
Functional Consequences of the Destabilization of the

Carboxyl Terminal End. The absence of palmitylation and

FIGURE 9: Effect of palmitylation assessed bymolecular dynamics simulations. Simulations were conducted to test the influence of palmitylation
on the structure of rhodopsin. 32 independent simulations were conducted for 30 ns each: 16 simulations of rhodopsin with palmitylation and 16
simulations of rhodopsin without palmitylation. To determine the effect of palmitylation on the structure of rhodopsin surrounding the region of
the palmitate groups, several angles were chosen and measured. Those angles (angles 1-5) are highlighted on the crystal structure of rhodopsin
(Protein Data Bank ID: 1U19). Shown are two different side views of rhodopsin with horizontal lines denoting the border of the lipid bilayer (A
andB) and a top viewof rhodopsin from the cytoplasmic side (C).Helices are rainbow colored fromblue (Helix 1) to orange-red (Helix 7), and red
(Helix 8). The average value obtained in simulations for each angle and their standard deviations are as follows: angle 1 (Helix 7 to the normal of
themembraneplane), 9.8�(2.8� (palmitylated) and8.8�(2.7� (unpalmitylated); angle 2 (Helix 1 toHelix 7), 25.2�( 3.4� (palmitylated) and24.7�
( 2.6� (unpalmitylated); angle 3 (Helix 7 to Helix 8), 90.3� ( 5.9� (palmitylated) and 97.7� ( 7.9� (unpalmitylated), angle 4 (Helix 8 to the
membrane plane), 8.2�( 5.0� (palmitylated) and-0.2�( 7.5� (unpalmitylated), and angle 5 (cytoplasmic end of Helix 1 toHelix 8), 51.5�( 6.9�
(palmitylated) and 55.5�( 8.6� (unpalmitylated). The difference in the average value obtained for each angle between simulations of palmitylated
and unpalmitylated rhodopsin is shown.
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destabilization of segment CT appears to have several functional
consequences in rhodopsin. Both wild-type and palmitate-defi-
cient rhodopsin can promote transducin activation under both in
vivo and in vitro conditions (Figures 3, 5, and 6). Palmitate-
deficient rhodopsin is 1.3-1.7-fold slower in activating transdu-
cin compared to wild-type rhodopsin in in vitro assays. Exposed
regions on the cytoplasmic surface of rhodopsin can interact with
transducin and affect its activity. Helix 8 plays an important role
in the interaction of rhodopsin with and activation of transducin
(7). Molecular interactions stabilizing segment H8, which en-
compasses Helix 8, are largely unchanged in the absence of
palmitylation and therefore likely do not contribute to the
difference observed in transducin activation. Likewise, large
changes are absent in structural segments that include the
exposed cytoplasmic loops in rhodopsin, thereby suggesting that
these regions also do not significantly contribute to the differ-
ences observed in in vitro transducin activation assays. Since the
largest effect on the structure of rhodopsin occurs in segment CT,
the less efficient transducin activity promoted by palmitate-
deficient rhodopsin is likely a result of the destabilization that
occurs in the carboxyl terminal end.

The effects observed in previous studies of rhodopsin palmi-
tylation on the activity of transducin are different from those
observed in the current study. Rod outer segment membranes
treated with DTT to remove palmitate groups do not show
significant changes in transducin activation rates (5). In contrast
to guanyl nucleotide exchange rates, the rate of light-induced
GTPase activity of transducin was increased in palmitate-defi-
cient rhodopsin from rod outer segment membranes treated with
hydroxylamine (9). This effect appears to be dependent on the
nature of the preparation or presence of the membrane since
light-induced GTPase activity of transducin was unaffected by
the absence of palmitylation in purified preparations of depal-
mitylated receptor (8). Purification and depalmitylation proce-
dures can disrupt the native organization of rhodopsin and
thereby prevent the detection of changes we have observed in
native rod outer segment and COS cell membranes.

Although a small difference is observed in in vitro transducin
activation assays, a significant change is not detectable in the
physiological response of the rod photoreceptors in ERG record-
ings (Figure 3). Likewise, suction electrode recordings of single
rod photoreceptor cells from the same knockin mice do not show
significant differences in the rising phase and time to peak of the
response (10). Thus, the diminished transducin activation ob-
served in vitro in the absence of palmitylation is not large enough
to significantly affect the physiological response of the rod
photoreceptor cells.

The absence of palmitylation in rhodopsin affects the recovery
of photoreceptors after light stimulation. Monitoring the recov-
ery of the a-wave after exposingmice to intense light that bleaches
about 60% of rhodopsin showed that dark adaptation is delayed
in mice expressing palmitate-deficient rhodopsin (Figure 4). This
delayed recovery after strong bleaching in ERG recordings is
consistent with single-cell suction recordings of rod photorecep-
tors that showed the recovery of the response to be incomplete at
higher intensity flashes in the absence of palmitylation in
rhodopsin (10). The rate of clearance of all-trans-retinal from
rhodopsin and the disk membranes is unchanged in mice
expressing wild-type or palmitate-deficient rhodopsin (Figure 2).
The delayed dark adaptation in rod photoreceptors of mice
expressing palmitate-deficient rhodopsin is therefore likely due to
properties related to the rhodopsin molecule itself. Since the

largest change in rhodopsin structure caused by the absence of
palmitylation occurs as a destabilization of the carboxyl terminal
end, the delayed dark adaptation after strong bleaching condi-
tions may be related to the destabilization of this region.

In contrast to strong lighting conditions, dim flashes of light
results in a faster recovery of the response in single-cell recordings
of photoreceptors expressing palmitate-deficient rhodopsin (10).
This enhanced shut-off has been thought to be related to the
increased level of receptor phosphorylation observed upon light
stimulation in palmitate-deficient rhodopsin mice. Palmitylation
and the level of phosphorylation appear to be correlated in
GPCRs (1). The mechanism leading to this increased phosphor-
ylation is unclear. The residues in rhodopsin phosphorylated by
rhodopsin kinase are present in segment CT. The destabilization
in segment CT in the absence of palmitylation may release steric
hindrance of rhodopsin kinase interactions thereby allowing
rhodopsin to become hyperphosphorylated.
Concluding Remarks. The availability of knockin mice

expressing palmitate-deficient rhodopsin has made it possible
to conduct detailed structural and functional studies on the effect
of palmitylation on rhodopsin activity and rod photoreceptor
physiology. The absence of palmitylation does not significantly
affect themolecular interactionswithin rhodopsin as awhole, but
rather, is localized to molecular interactions at the carboxyl
terminal end. The destabilization in the carboxyl terminal end
observed in the absence of palmitylation appears to affect the
interactions with transducin and play a role in altered dark
adaptation. The inefficient transducin activation caused by the
absence of palmitylation does not result in any detectable
difference in the physiological response of rod photoreceptor
cells and the effects on dark adaptation observed in the absence of
rhodopsin palmitylation likely will not be critical for humans
under normal conditions. While the absence of palmitylation in
rhodopsin alone may not critically affect human vision under
normal conditions, it may have more drastic consequences under
prolonged extreme lighting conditions or under conditions where
there are alterations or mutations in other molecules or proteins
involved in phototransduction or the retinoid cycle.
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