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In order to monitor conformational changes following photoactivation and phosphorylation of bovine
rhodopsin, the two reactive sulfhydryl groups at Cys140 and Cys316 were specifically labeled with the
monobromobimane (mBBr) fluorophore. Although alterations in conformation after light exposure of
rhodopsin were not detected by fluorescence excitation scans (300e450 nm) of the mBBr-labeled pro-
tein, the fluorescence signal was reduced ~ 90% in samples containing photoactivated phosphorhodopsin.
Predominant labeling at either Cys140 or Cys316 in light-activated and phosphorylated rhodopsin merely
generated a decrease of ~38% and 28%, respectively, in the fluorescence excitation intensity. Thus, neither
mBBr-modified Cys140 nor mBBr-modified Cys316 were involved single-handedly in the remarkable fall
seen on the signal following phosphorylation of the protein; rather, the incorporation of phosphate
groups on the mBBr-labeled light-activated rhodopsin appeared to affect its fluorescence signal in a
cooperative or synergistic manner. These findings demonstrated that the phosphorylation of specific
hydroxyl groups at the carboxyl terminal tail of rhodopsin causes definite conformational changes in the
three-dimensional fold of the protein. Apparently, amino acid residues that are buried in the interior of
the inactive protein become accessible following illumination and phosphorylation of rhodopsin,
quenching in turn the fluorescence excitation signal of mBBr-modified rhodopsin.

© 2018 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

In photoreceptor rod cells, light activation of rhodopsin drives
the phototransduction cascade that initiates vision [1]. Upon
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illumination, the inverse agonist 11-cis-retinal of rhodopsin is iso-
merized to its all-trans geometry, which represents the chromo-
phore active form. This process leads to the formation of a series of
photoproducts that are recognized by their distinctive absorption
spectra (photorhodopsin, bathorhodopsin, blue shifted intermedi-
ate or BSI, lumirhodopsin, metarhodopsin I, and metarhodopsin II).
As a consequence, alterations at the cytoplasmic surface of
rhodopsin are produced, and three proteins, the G-protein trans-
ducin, rhodopsin kinase, and arrestin-1, are now capable of binding
to this region. Eventually, light converts metarhodopsin II that is
the activated signaling form of the receptor into metarhodopsin III,
which finally dissociates to opsin and free all-trans-retinal.

The cysteine thiol groups are widely employed for site-specific
protein modification. As indicated in Fig. 1, bovine rhodopsin pos-
sesses 10 cysteine residues at positions 110, 140, 167, 185, 187, 222,
264, 316, 322, and 323 [2,3], which have been shown to have the
following characteristics: i) Cys167, Cys222, and Cys264 are buried
within the transmembrane helices; ii) Cys110 and Cys187 form a
aire (SFBBM). All rights reserved.
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Fig. 1. Two-dimensional model of bovine rhodopsin. Shown is the secondary structure diagram that was acquired from the GPCRdb data base (http://gpcrdb.org/) for Bos taurus
rhodopsin (PDB ID:1F88; http://gpcrdb.org/construct/1F88/). The polypeptide crosses the disk membrane seven times, and amino acid residues are depicted using the single-letter
code abbreviation. The amino-terminal tail (N-terminal) and the intradiscal side or extracellular side (in other G-protein-coupled receptors) is toward the top, and the carboxyl-
terminal tail (C-terminal) and cytoplasmic or interdiscal side is toward the bottom. The transmembrane a-helices H1 to H7 and amphipathic helix HVIII are shown. C1, C2, and C3
correspond to the interdiscal or cytoplasmic loops, and E1, E2, and E3 correspond to the intradiscal or extracellular loops. The 10 cysteine residues of the protein at positions 110,
140, 167, 185, 187, 222, 264, 316, 322, and 323 are highlighted in black. Arrows indicate the site of cleavage by the S. aureus V8 protease (V8). Dashed lines illustrate an approximate
location of the disk membrane.
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disulfide bond [4,5] that sterically hinders the modification of the
neighboring Cys185; iii) Cys322 and Cys323 are palmitoylated and
attached to the disc membrane [6,7]; and iv) Cys140 and Cys316 are
located at the cytoplasmic side, and are very reactive to sulfhydryl
modification reagents [8,9]. Of these two residues, Cys316 appears to
be more reactive than Cys140 [10e13]. Additionally, the C-terminus
of rhodopsin has a cluster of serine and threonine residues that are
considered hallmarks for multiple phosphorylations [14]. It is
known that the light-induced conformational change in rhodopsin
exposes these residues at the rhodopsin C-terminal tail, causing
their rapid phosphorylation by rhodopsin kinase. Although light-
activated rhodopsin can be phosphorylated with up to nine phos-
phates in vitro [14], liquid chromatography-mass spectrometry or
direct sequencing revealed main phosphorylation sites by
rhodopsin kinase at Ser334, Ser338 and Ser343 [15e18]. However,
Azevedo et al. [19] have shown that the C-terminal serines and
threonines play distinct roles in the desensitization of rhodopsin. It
appears that the slower addition of phosphates to the threonines is
crucial to promote arrestin-1 binding and completely switch off the
protein [19].

Because the intensity and maximal wavelength of fluorescence
are sensitive to environmental changes, fluorescent dyes are
excellent probes for detecting local conformational changes in
proteins. Bromobimanes are highly efficient labeling agents for
proteins, giving rise to fluorescently labeled materials that exhibit
high quantum yields of fluorescence, and are especially stable
[20,21]. The primary sites for labeling in proteins are reactive
sulfhydryl groups, and the fluorescent moiety is small since it is
only formed by two pentacyclic rings. As such, these compounds
provide minimum of opportunity for perturbation of the protein
conformation near those sites at which they are covalently bound.
Here, we used the two accessible thiol groups of the native Cys140

and Cys316 of rhodopsin to attach specifically the mono-
bromobimane (mBB) fluorophore and determine the conforma-
tional changes induced in rhodopsin following photoactivation and
phosphorylation of the receptor protein. Preliminary results of this
study were presented in the Colloquium Biochimie: Bioquímica y
sus aplicaciones at Universidad de Carabobo, Valencia, Venezuela
[22].

2. Materials and methods

2.1. Materials

Bovine eyes were obtained from the nearest abattoir (Benefi-
ciadora Diagon, C.A., Matadero Caracas, Venezuela). Retinas were
extracted in the dark, under red light, and were maintained frozen
at - 80 �C. Reagents were purchased from the following sources:
anti-rabbit IgG alkaline phosphatase conjugate, Pierce; 5-bromo-4-
chloro-3-indolyl phosphate (BCIP), nitro blue tetrazolium (NBT),
middle range molecular weight protein markers, Promega; n-
dodecyl b-D-maltoside, Staphylococcus aureus V8 protease (aka
endoproteinase Glu-C), phenylmethylsulfonylfluoride (PMSF), N-
ethylmaleimide, L-cysteine, Sigma; rabbit polyclonal anti-
phosphoserine antibodies, Benchmark prestained molecular
weight protein markers, Invitrogen; monobromobimane (mBBr),
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dibromobimane (dmBBr), monobromotrimethylammoniobimane
(qmBBr), Calbiochem; nitrocellulose membranes (0.45 mm),
Advantec.

2.2. Preparation of rod outer segments (ROS) and dark-depleted
ROS membranes

ROS were isolated from frozen bovine retinas as described
previously [23]. Although rhodopsin is the major protein (>90%)
[1], other proteins are also present in purified ROS. As formerly
shown, most of these soluble and peripheral proteins can be
extracted in the dark using hypotonic buffer, and little protein be-
sides rhodopsin remains with the washed membranes [24,25].
Moreover, since the procedure is carried out in the dark, rhodopsin
is maintained completely functional. These hypotonically-washed
membranes are known as dark-depleted ROS membranes. Dark-
depleted ROS membranes were prepared by washing ROS with
5mM Tris-HCl (pH 7.4), 2mM EDTA, and 5mM b-mercaptoethanol
until no peripheral proteins were released. ROS and washed ROS
membranes were suspended in 100mM potassium phosphate (pH
6.8), 5mM magnesium acetate, and 5mM b-mercaptoethanol, and
stored in the dark at - 80 �C. The concentration of rhodopsin was
determined using its molar extinction coefficient (40,700M�1cm�1

at 500 nm) [26].

2.3. Preparation of an enriched-fraction of rhodopsin kinase

A partially purified fraction of rhodopsin kinase was acquired
according to Medina et al. [27]. Briefly, freshly isolated ROS were
extensively washed in the dark with 100mM potassium phosphate
(pH 6.8), 5mM magnesium acetate, 5mM b-mercaptoethanol, and
0.1mM PMSF. Then, the isotonically washed ROS were hypotoni-
cally extracted in the dark with 5mM Tris-HCl (pH 7.4), 5mM
magnesium acetate, 5mM b-mercaptoethanol, and 0.1mM PMSF.
An enriched fraction of rhodopsin kinase was obtained in the su-
pernatant following centrifugation. The partially purified
rhodopsin kinase fraction also contained other peripheral ROS
contaminating proteins such as transducin and arrestin-1.

2.4. Phosphorylation of photoactivated rhodopsin

Samples containing dark-depleted ROS membranes (50 mg of
rhodopsin) were incubated with a 50 ml aliquot of an enriched
fraction of rhodopsin kinase (10 mg of total protein), in the presence
of 50mM Tris-HCl (pH 8.0), 5mM magnesium acetate, 20mM po-
tassium fluoride, and 50 mM ATP. Experiments were initiated in the
dark under red light, followed by illumination (white light, 200
Watts) for 30min, at room temperature. Samples were centrifuged
at 100,000 g, for 20min, at 4 �C, and the resulting pellets contained
the photoactivated and phosphorylated rhodopsin. Phospho-
rhodopsinwas analyzed by immunoblotting using rabbit polyclonal
anti-phosphoserine antibodies (dilution 1:125). Blots were first
treated with alkaline phosphatase-conjugated secondary anti-
bodies against rabbit IgG (dilution 1:2000), and thenwith BCIP and
NBT (according to the instructions of the supplier) to visualize the
immunoreactive bands.

2.5. Fluorescent labeling of rhodopsin with bimane derivatives

Bimane derivatives (mBBr, dmBBr and qmBBr) were first dis-
solved in either acetonitrile or dimethyl sulfoxide. Washed ROS
membranes containing 2e4mg of rhodopsin were incubated
overnight (16 h), at 4 �C, and under constant agitation, with a 20
fold molar excess of mBBr, dmBBr or qmBBr, in a buffer containing
5mM Mes, 50mM Hepes, and 1mM EDTA (pH 6.7). Experiments
were carried out in the dark, under illumination, and following
illumination and phosphorylation of rhodopsin. The reaction mix-
tures were centrifuged at 100,000 g, for 20min, at 4 �C, and the
resulting pellets were washed in the same buffer containing a 20
fold molar excess of L-cysteine over rhodopsin. Finally, excess label
was removed by repeated washing with 5mM Mes, 50mM Hepes,
and 1mM EDTA (pH 6.7), until no free label was detected in the
supernatant. Under these conditions, the two reactive sulfhydryl
groups of rhodopsin at Cys140 and Cys316 were modified by the
bimane fluorophores. Covalent attachment of the labels was veri-
fied by subjecting the rhodopsin samples to SDS-PAGE analysis
[28]. After electrophoresis the gel slabs were visualized by UV
irradiation using a transilluminator, and photographed under UV
illumination (360 nm), either immediately or following a washing
step with 25% isopropanol and 10% acetic acid for ~ 24 h.

2.6. Predominant tagging of rhodopsin Cys140 or Cys316 with mBBr

Washed ROSmembraneswere incubated as abovewith a 20 fold
molar excess of mBBr for only 5min. Because of its higher reactivity,
Cys316 of rhodopsin was primarily modified with mBBr under this
short reaction time. The reaction was then terminated with the
addition of a 100 fold molar excess of N-ethylmaleimide over
rhodopsin [29].

Predominant labeling of Cys140 was achieved by blocking
cysteine 316 with N-ethylmaleimide. For this, dark-depleted ROS
membranes were initially incubated with a 20 fold molar excess of
N-ethylmaleimide over rhodopsin, for 5min, at 4 �C. Then, the
excess label was eliminated by washing the modified ROS first with
a 20 foldmolar excess of L-cysteine in 5mMMes, 50mMHepes, and
1mM EDTA (pH 6.7), and then with only buffer. Subsequently, the
ROS samplewas incubatedwith a 20 foldmolar excess of mBBr over
rhodopsin, as described above.

2.7. Digestion of rhodopsin with S. aureus V8 protease

Fluorescently labeled rhodopsin samples were digestedwith the
V8 protease as described by Farrens et al. [30], using a rhodopsin:V8
protease ratio of 20:1 (w/w). After an overnight incubation, at room
temperature, under constant agitation, the reactionwas stopped by
adding SDS-PAGE sample buffer [26], and the resulting fragments
were analyzed by SDS-PAGE. After electrophoresis, the fluo-
rescently labeled fragments were visualized using a trans-
illuminator with a UV light. The V8 protease cleaves rhodopsin
mainly at the C-terminal sides of Glu 239 and Glu 341 (Fig. 1)
[30,31], and generates two fragments, F1 (~27 kDa), from the NH2-
terminal residue (Asn 2) to Glu 239, and F2 (~13 kDa), from Ser 240
to Glu 341. In addition, a heptapeptide containing the remaining
carboxyl-terminal residues of rhodopsin is originated, (from Thr
342 to Ala 348). Since the larger F1 fragment contains Cys140 and
the smaller F2 fragment contains Cys316, the separation of the
fragments in the gel provides evidence for the predominant la-
beling of each cysteine with mBBr.

2.8. Fluorescence excitation scans of mBBr-labeled rhodopsin
samples

Fluorescence spectra were measured with a Hitachi F-7000
spectrofluorometer equipped with a Xenon lamp. Excitation scans
were carried out from 300 to 450 nm, at 37 �C. The fluorescence
emission was detected at 470 nm.

Before determining the corresponding fluorescence spectra, all
samples of phosphorylated rhodopsin in ROS membranes were
extensively washed with 5mM Tris-HCl (pH 7.4), 2mM EDTA, and
5mM b-mercaptoethanol, in order to extract any new bound



Fig. 2. Fluorescent labeling of rhodopsin with bimane derivatives. Washed ROS
membranes were incubated in the dark with monobromobimane (mBBr), dibromo-
bimane (dmBBr), or monobromotrimethylammoniobimane (qmBBr). A, SDS-PAGE
separation of the modified rhodopsin samples on a 12% polyacrylamide gel. The slab
was immediately photographed under UV illumination to monitor fluorescence la-
beling (F), or stained for protein with Coomassie blue R-250 (Cb). The arrow indicates a
polypeptide band of ~38 kDa that correspond to rhodopsin. A low-migrating fluores-
cent spot was also seen (arrowhead), which is generated by the reaction of the residual
fluorophore and the b-mercaptoethanol contained in the sample buffer. B, Fluores-
cence excitation spectra of rhodopsin labeled with mBBr, dmBBr, and qmBBr in the
dark. In all cases, washed ROS membranes containing 0.15mg of rhodopsin were
employed.
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peripheral proteins that were introduced with the enriched frac-
tion of rhodopsin kinase.

Since all labeling reactions were performed on rhodopsin in ROS
membranes, rhodopsin-containing samples were solubilized using
1% w/v n-dodecyl b-D-maltoside in 5mM Mes, 50mM Hepes, and
1mM EDTA (pH 6.7) prior to assessing their fluorescence excitation
spectra. References or blanks only contained the solubilization
buffer [1% w/v n-dodecyl b-D-maltoside, 5mMMes, 50mM Hepes,
and 1mM EDTA (pH 6.7)], and the resulting spectra were either
subtracted from those of the corresponding rhodopsin-containing
samples or shown as part of the graphs.

2.9. Other procedures

Protein concentration was determined according to Bradford
[32], using bovine serum albumin as protein standard. SDS-PAGE
was carried out on 1.5-mm thick slab gels containing 10 or 12%
polyacrylamide [28]. The V8 proteolytic products of rhodopsinwere
separated by SDS-PAGE on 15% polyacrylamide gels. Because heat
induces the formation of high-molecular weight rhodopsin aggre-
gates, rhodopsin-containing samples were not boiled prior to SDS-
PAGE. Coomassie blue R-250 was employed for the visualization of
the polypeptide bands. For Western blot analyses, the proteins
were electrotransferred from the gels to nitrocellulose filters [33].
Molecular distances between amino acid residues were calculated
using the program Rasmol (version 2.7.1.1) on the crystal structures
stored in the protein data bank (PDB, https://www.rcsb.org/pdb/
home/home.do) for rhodopsin and metarhodopsin II (1U19 and
3PXO, respectively).

3. Results

The accessibility and reactivity of rhodopsin sulfhydryl groups
were initially probed using three bimane derivatives, mBBr, dmBBr,
and qmBBr. Although these compounds are originally non-
fluorescent, the bimane-tagged materials exhibit high quantum
yields of fluorescence when these derivatives react covalently with
cysteine thiol groups [20,21]. All three fluorophoreswere capable of
successfully modifying the native rhodopsin in its dark state, as
shown by the fluorescently labeled band of 38 kDa that was ob-
tained under UV illumination following SDS-PAGE separation
(Fig. 2A). An additional low-migrating spot was observed under UV
light when the gel was photographed immediately after the elec-
trophoresis separation (Fig. 2A, arrowhead). Fig. 3A and B revealed
that this spot probably resulted from the reaction between the
remaining of the fluorophore and the b-mercaptoethanol contained
in the sample buffer. It is atypical to find that a lower mobility spot
than rhodopsin is attributed to the interaction of mBBr and b-
mercaptoethanol, given that both are low molecular weight com-
pounds. However, Tasheva and Dessev [34] have reported artifacts
in SDS-PAGE due to the reducing agent present in the sample buffer.
Specifically, b-mercaptoethanol seems to be responsible for the
emergence of two non-protein bands with electrophoretic mobil-
ities that correspond to about 68 and 54 kDa [34]. Therefore, it is
not that rare to obtain a low-migrating spot produced by the re-
action between mBBr and b-mercaptoethanol.

Similar fluorescence excitation spectra were obtained for sam-
ples of rhodopsin labeled with mBBr, dmBBr, and qmBBr (Fig. 2B).
This figure shows that all fluorescently labeled rhodopsin samples
possess an excitation maximum at about 375e380 nm. Since the
highest fluorescence signal was acquired with mBBr, all the
remaining procedures were carried out using mBBr as the modifi-
cation reagent.

In theory, light activation causes changes in the conformational
structure of the cytoplasmic loops of rhodopsin allowing transient
recognition and binding of other signaling proteins of the visual
cascade. Either dark or illuminated washed ROS membranes were
incubated with mBBr, in order to evaluate whether the conforma-
tional changes that occur in light-activated rhodopsin hindered the
labeling of the accessible cysteine residues. As seen in Fig. 3A and B,
rhodopsin was equally labeled by mBBr in its dark and photolyzed
state. It is known that rhodopsin possesses 10 cysteine residues,
from which only Cys140 and Cys316 are available for chemical
modification [8,9]. Moreover, V8 proteolysis of rhodopsin generates
two fragments, F1 (~27 kDa, residues 1 to 239), and F2 (~13 kDa,
residues 240 to 341) [30]. Since Cys140 and Cys316 are included in F1
and F2, respectively, fluorescently modified rhodopsin samples
were digested with V8 to establish the labeling specificity. The
degradation products F1 and F2 were analyzed by SDS-PAGE, and
the fluorescent bands were identified by UV irradiation. As shown
by V8 proteolysis, mBBr was capable of modifying both rhodopsin
accessible cysteines, Cys140 and Cys316, on both the inactive dark
state and the light-activated state of the photoreceptor protein
(Fig. 3A and B). A slow-migrating spot that resulted from the
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Fig. 3. Fluorescent labeling of inactive or light-activated rhodopsin at Cys140 and
Cys316. Dark or illuminated washed ROS membranes were incubated with mBBr. Flu-
orescently modified samples of the photoreceptor protein were digested (þ) or not (�)
with the V8 protease, and the resulting polypeptide bands were analyzed by SDS-
PAGE. To monitor fluorescence labeling, the gel was immediately photographed (A)
or photographed after a washing step with 25% isopropanol and 10% acetic acid (B)
under UV illumination. Subsequently, the gel was stained for protein with Coomassie
blue R-250 (C). Lanes containing samples of the V8 protease (V8) and mono-
bromobimane alone (mBBr) were also included. Arrows indicate the migration of
rhodopsin (R), the resulting proteolytic fragments F1 and F2, and V8. In A, the
arrowhead points to a low-migrating fluorescent spot that is generated by the reaction
of mBBr and the b-mercaptoethanol contained in the sample buffer. This spot is
eliminated after the washing step (B). SDS-PAGE separation was carried out on a 15%
polyacrylamide gel.
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reaction of mBBr with the b-mercaptoethanol contained in the
sample buffer (Fig. 3A, arrowhead) was eliminated after washing
the gel with 25% isopropanol and 10% acetic acid (Fig. 3B).
Following fluorescence visualization by UV irradiation, the gel was
stained for protein with Coomassie blue R-250 (Fig. 3C). As illus-
trated in Fig. 3C, the commercial V8 protease that possesses a
molecular weight of 29,849 migrates as a doublet of ~30 kDa. As
such, this doublet (29/31 kDa) was observed in all V8 protease
digestion experiments and contaminated the lanes containing the
rhodopsin F1 and F2 fragments.

Under illumination, rhodopsin can be phosphorylated by
rhodopsin kinase on at least three sites located in its COOH-
terminal region, Ser334, Ser338 and Ser343 [15e18]. As seen by
immunoblotting using anti-phosphoserine antibodies (Fig. 4A),
rhodopsin in dark-depleted ROS membranes was phosphorylated
in a light-dependent manner when an enriched fraction of
rhodopsin kinase and Mg-ATP were used. No rhodopsin
phosphorylation was attained when the reaction was performed
in the dark (Fig. 4A). In this case, rhodopsin migrated as a band of
~35 kDa probably because the separation was carried out on a
10% polyacrylamide gel. Fig. 4B also illustrates that light-
activated and phosphorylated rhodopsin was fluorescently
labeled with mBBr, and both sites, Cys140 and Cys316 were
modified given that both F1 and F2 were fluorescently tagged
with mBBr (Fig. 4D). Therefore, the phosphorylation of the
exposed serine residues did not affect the labeling of these cys-
teines with mBBr. Moreover, prior labeling of the Cys140 and
Cys316 with mBBr did not hinder the phosphorylation of the C-
terminal tail Ser/Thr residues (Fig. 4C).

By a proper choice of the reaction conditions, either Cys140 or
Cys316 of rhodopsin could be predominantly labeled with mBBr
(Fig. 5A). The most reactive cysteine (Cys316) was primarily
labeled with mBBr when the reaction was carried out for only
5min. In this case, the F2 fragment containing Cys316 was pref-
erentially modified (~80e85%) following digestion with the V8
protease, despite the fact that some fluorescent F1 was also ob-
tained (~15e20%) corresponding to a minor amount of contam-
inating mBBr-labeled Cys140 (Fig. 5A). To label Cys140 selectively,
Cys316 was first quantitatively blocked by reaction with an excess
of N-ethylmaleimide for a short reaction time. Cys140 was then
fluorescently modified under conditions of high molar excess of
mBBr to rhodopsin. Proteolytic digestion with V8 protease
revealed that of the two fragments only F1 was fluorescent
(Fig. 5A), proving evidence that only Cys140 was modified with
mBBr. Although the amount of the mBBr-modified F1 band ap-
pears to be similar under both conditions (Fig. 5A), the effect of
the contaminating mBBr-modified Cys140 on the fluorescence
excitation signal of the protein containing predominantly the
mBBr-labeled Cys316 should be negligible. Moreover, since the
fluorescence signal is measured by arbitrary units, the small
amount of mBBr-labeled Cys140 is sufficient for the case where
only this cysteine is selectively modified with the fluorophore.
Following fluorescence visualization by UV irradiation, the gel
was stained for protein with Coomassie blue R-250 (Fig. 5B). As
shown before, the V8 protease migrated as a doublet of ~30 kDa,
which contaminated the lanes containing the rhodopsin F1 and
F2 fragments (Fig. 5B). In addition, rhodopsin samples that were
mainly modified with mBBr at Cys316 or Cys140 were successfully
phosphorylated by rhodopsin kinase (data not shown).

As control experiments, fluorescence spectra were initially
determined on the unmodified rhodopsin in its dark, light-
activated, or illuminated and phosphorylated states. As shown in
Fig. 6, these samples did not show any intrinsic fluorescence signals
throughout the range utilized to scan the excitation of the labeled
proteins (i.e. between 300 and 440 nm). However, two excitation
peaks were detected at about 237 nm and 470 nm in the three
samples (Fig. 6), which probably correspond to the intrinsic fluo-
rescence excitation signals of the protein aromatic residues and the
retinal chromophore, respectively. Interestingly, both peaks
showed downfield shifts compared to their regular maxima, indi-
cating that the aromatic residues and retinal are buried and prob-
ably interacting with other groups or moieties within the protein. It
is known, for example, that the fluorescence of the 5 tryptophans of
rhodopsin is quenched by their close proximity to the retinal
chromophore in its three dimensional structure [35]. Additionally,
fluorescence excitation spectra were monitored individually for L-
cysteine and mBBr, and neither of these compounds possesses
intrinsic fluorescence in the range that was evaluated. However,
when L-cysteine was reacted with mBBr, the resulting reaction
product was highly fluorescent, showing an excitation peak at
about 335 nm (data not shown).

Fluorescence spectra were measured following rhodopsin



Fig. 4. Labeling with mBBr of photoactivated and phosphorylated rhodopsin at Cys140 and Cys316. A, Rhodopsin in washed ROS membranes was phosphorylated in a light-
dependent manner using an enriched fraction of rhodopsin kinase (RK), in the presence of Mg-ATP. M¼molecular weight markers. B, Photoactivated and phosphorylated
rhodopsin was fluorescently labeled with mBBr. A sample of unlabeled rhodopsin is included (- mBBr). C, mBBr-labeled rhodopsin in the dark was phosphorylated by RK following
illumination. A sample of unlabeled rhodopsin is included (- mBBr). D, Light-activated and phosphorylated rhodopsin was labeled at Cys140 and Cys316 given that both fragments, F1
and F2, were fluorescently tagged with mBBr following digestion with the V8 protease (V8). Arrows indicate the migration of rhodopsin (R) and the proteolytic fragments F1 and F2.
Cb¼ Coomassie blue R-250 staining, WB¼western blotting using anti-phosphoserine antibodies, F¼ fluorescence labeling under UV illumination. In A, B and C, SDS-PAGE sep-
aration was carried out on 10% polyacrylamide gels; in D, SDS-PAGE separation was carried out on a 15% polyacrylamide gel.
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labeling with mBBr in its dark and photoactivated states. Interest-
ingly, only a minor shift of <1 nm in the wavelength of the
maximum fluorescence excitation peak was observed when both
samples were compared (Fig. 7A). These results demonstrated that
the light-induced conformational changes of photoactivated
rhodopsin cannot be probed by fluorescent labeling with mBBr at
Cys140 and Cys316. It is known that the fluorescence emitted bymost
molecules is extremely sensitive to their microenvironment. It
appears that the chemical microenvironment in close proximity to
the mBBr-modified cysteines of rhodopsin remains unaltered in the
dark and light-activated states of the photoreceptor protein. In
contrast, the intensity of the fluorescence signal decreased ~90%
when rhodopsin was light-activated and then phosphorylated
(Fig. 7A). For comparison, an experiment was also performed by
first phosphorylating the photoactivated rhodopsin, and then
subjecting the sample to labeling with mBBr at both cysteines
(Fig. 8). In this case, the initial fluorescence peak obtained for the
mBBr-labeled sample also decreased ~90% when the sample was



Fig. 5. Site-specific modification of rhodopsin Cys140 or Cys316 with mBBr. Dark-
depleted ROS membranes were incubated in the dark with mBBr for 16 h, to label
both accessible rhodopsin cysteines (Cys140 and Cys316). Rhodopsin Cys316 was selec-
tively modified by incubating washed ROS membranes with mBBr in the dark for just
5min (Cys316). Site-specific labeling of rhodopsin Cys140 was achieved by blocking
rhodopsin Cys316 with N-ethylmaleimide for 5min, and then the washed ROS sample
was incubated in the dark with mBBr for 16 h (Cys140). Fluorescently modified samples
of rhodopsin were digested (þ) or not (�) with the V8 protease, and the resulting
polypeptide bands were analyzed by SDS-PAGE. To monitor fluorescence labeling, the
gel was photographed after a washing step with 25% isopropanol and 10% acetic acid
(A) under UV illumination. Afterward, the gel was stained for protein with Coomassie
blue R-250 (B). A lane containing a sample of the V8 protease (V8) was included. Ar-
rows indicate the migration of rhodopsin (R), the resulting proteolytic fragments F1
and F2, and V8. SDS-PAGE separation was carried out on a 15% polyacrylamide gel.

Fig. 6. Fluorescence excitation spectra of unlabeled rhodopsin in its dark, light-
activated, or illuminated and phosphorylated states. The intrinsic fluorescence of
free rhodopsin in dark-depleted ROS membranes was determined in its ground (A),
photoactivated (B) or illuminated and phosphorylated (C) states. Excitation scans were
carried out from 200 to 600 nm, at 37 �C.
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initially phosphorylated.
Given that we are using dark-depleted ROS membranes and an

enriched fraction of rhodopsin kinase instead of using purified
proteins, it is plausible to consider that the loss of fluorescence in
phosphorylated rhodopsin could be caused by the binding of other
retinal proteins once rhodopsin is phosphorylated. If that is the
case, the specific interaction of eventual proteins to phosphorylated
rhodopsin might produce the quenching reported here. However,
in all the phosphorylation experiments, we mixed 50 mg of
rhodopsin as dark-depleted ROS membranes, and 10 mg of total
protein in the fraction containing the partially purified rhodopsin
kinase. Since the main protein component of the ROS disk mem-
branes is rhodopsin (>90%) [1], the amount of rhodopsin kinase,
transducin and arrestin-1 in the rhodopsin kinase-enriched frac-
tion was sub-stoikiometric and almost irrelevant when compared
to the significant amount of rhodopsin present in the reaction
mixtures. It is also crucial to keep in mind that prior to the mea-
surement of the fluorescence excitation spectra, the samples of
phosphorylated rhodopsin in the ROS membrane samples were
extensively washed with hypotonic buffer to promote the release of
any potential interacting proteins that were introduced with the
fraction that contained the partially purified rhodopsin kinase.

In order to determine whether there was any quenching effect
produced by the other protein components present in the partially
purified rhodopsin kinase fraction, we also performed the
following additional experiments as controls: i) a sample of
rhodopsin in dark-depleted ROS membranes was modified with
mBBr, and then was incubated with the enriched fraction of
rhodopsin kinase in the dark and in the presence of Mg-ATP
(Fig. 9A), ii) a sample of mBBr-labeled rhodopsin in dark-depleted
ROS membranes was illuminated in the presence of Mg-ATP but
without the addition of the enriched fraction of rhodopsin kinase
(Fig. 9B), and iii) a sample of mBBr-labeled rhodopsin in dark-
depleted ROS membranes was just illuminated in the presence of
the enriched fraction of rhodopsin kinase but in the absence of Mg-
ATP (Fig. 9C). Following extensive washes with hypotonic buffer,
the fluorescence excitation spectrum of each sample was
measured. As seen in Fig. 9, these three control samples showed
comparable excitation spectra with similar peaks at about
375e380 nm, and no quenching was revealed by the presence of
the partially purified rhodopsin kinase fraction. Moreover, no
fluorescence signal was seen when the spectra of the references
were measured (Fig. 9). Therefore, the loss of the fluorescence
signal seen above (Figs. 7A and 8) must be generated by confor-
mational changes induced in rhodopsin after its phosphorylation.

Fluorescence spectra were also determined on rhodopsin sam-
ples that were predominantly labeled at either Cys140 or Cys316, and
then phosphorylated, in an attempt to identify which of the two
mBBr-labeled cysteines was responsible for the decrease in the
fluorescence signal of the photolyzed phosphorhodopsin. For the
rhodopsin sample that was selectively labeled withmBBr on Cys140,



Fig. 7. Fluorescence excitation spectra of rhodopsin labeled with mBBr in its
inactive, photoactivated, or photoactivated and phosphorylated states. Samples of
rhodopsin in washed ROS membranes were labeled with mBBr in the dark. Shown are
samples of the protein modified at both cysteine residues (Cys140 and Cys316), or
selectively labeled at either residue 140 (Cys140) or 316 (Cys316). Aliquots of these
samples were directly used or subjected to either light-activation or light-dependent
phosphorylation. Dark state (continuous line), light-activated state (- - -), photo-
activated and phosphorylated state (·····).

Fig. 8. Fluorescence excitation spectra of photoactivated phosphorhodopsin that
was subsequently labeled with mBBr. Rhodopsin in washed ROS membranes was first
photoactivated and phosphorylated, and then modified with mBBr at both cysteine
residues (Cys140 and Cys316). As a control, samples of dark and illuminated rhodopsin
were also modified with mBBr at Cys140 and Cys316. Dark state (continuous line), light-
activated state (- - -), photoactivated and phosphorylated state (·····).
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almost no change was observed in the fluorescence excitation
spectra of the inactive and light-activated rhodopsin (Fig. 7B).
Similar results were obtained for the rhodopsin sample that was
predominantly labeled with mBBr on Cys316 (Fig. 7C). On the con-
trary, the intensity of the fluorescence signal for the rhodopsin
samples that were primarily labeled with mBBr on either Cys140 or
Cys316 decreased ~38% and 28%, respectively, when the photore-
ceptor protein was light-activated and phosphorylated (Fig. 7B and
C). None of the phosphorylated samples generated a decrease of
~90% in the original fluorescence signal. These results demon-
strated that the effect caused by phosphorylation on the fluores-
cence of the labeled protein cannot be attributable to the
modification of only one of the cysteine residues. Moreover, the
effect did not appear to be additive but synergistic.

The chemical composition of the phosphoryl group confers
upon any phosphorylated protein certain additional
characteristics that affect the structural, thermodynamic and ki-
netic properties of the phosphorylated protein. In particular, each
phosphate group that is incorporated adds two negative charges
to the protein, modifying and disrupting the initial electrostatic
interactions, and generating potential structural changes in the
protein tridimensional fold. Our results clearly demonstrated that
the phosphorylation of Ser/Thr residues on the rhodopsin C-ter-
minal tail induced an important conformational change in the
photoreceptor protein, which can be probed by mBBr labeling at
Cys140 and Cys316. These findings may suggest that the C-terminal
tail containing the phosphorylated hydroxyl groups might be
positioned relatively close to the cytoplasmic surface of the pro-
tein where both mBBr-modified cysteines are located. Since mBBr
is very sensitive to its immediate surroundings and polar envi-
ronments are capable of quenching the fluorescence of mBBr-
labeled cysteines, fluorescence quenching may occur if as a
result of the phosphorylation-induced conformational changes of
rhodopsin, its carboxyl-terminal tail is rearranged in such a way
that the negatively charged phosphoryl groups are relocated into
a position in close proximity to the mBBr-tagged cysteines.
Computational analyses using the crystal structure of meta-
rhodopsin II that corresponds to photoactivated rhodopsin, was
employed to determine the distances between each of the sulfurs
at the sulfhydryl groups of Cys140 and Cys316 and each of the hy-
droxyl groups of Ser334, Ser338 and Ser343, which are the pre-
dominant phosphorylation sites. We noticed that Cys316 is
relatively close to the three serine residues (<10.5Å), which
partially might account for the decrease in fluorescence intensity.
However, Cys140 is far from the phosphorylated serines (>22Å),
making it unfeasible for the incorporated phosphoryl groups to
influence the fluorescence signal of the labeling fluorophore. In
addition, the fluorescence signal of the mBBr-modified rhodopsin
was not altered in the presence of various concentrations of so-
dium phosphate, either in the dark (Fig. 10) or following illumi-
nation (data not shown). Moreover, phosphate groups have not
been previously reported to act as fluorescence quenchers.
Therefore, we believe that the incorporated phosphate groups are
not responsible of the quenching. It is more likely that buried
amino acid residues in rhodopsin become available after illumi-
nation and phosphorylation, quenching in turn the fluorescence
excitation signal of mBBr-labeled rhodopsin.



Fig. 9. No fluorescence quenching was seen following incubation of mBBr-labeled
rhodopsin with the partially purified rhodopsin kinase fraction. A, Rhodopsin in
dark-depleted ROS membranes was modified with mBBr, and then incubated with the
enriched fraction of rhodopsin kinase in the dark and in the presence of Mg-ATP. B,
mBBr-labeled rhodopsin in dark-depleted ROS membranes was illuminated in the
presence of Mg-ATP but without the addition of the enriched fraction of rhodopsin
kinase. C, mBBr-labeled rhodopsin in dark-depleted ROS membranes was just illumi-
nated in the presence of the enriched fraction of rhodopsin kinase but in the absence of
Mg-ATP. Fluorescence excitation spectra were measured after extensive washes of the
samples with hypotonic buffer. The gray solid line included in each graph represents
the spectra of the corresponding blank containing just the solubilization buffer [1% w/v
n-dodecyl b-D-maltoside, 5mM Mes, 50mM Hepes, and 1mM EDTA (pH 6.7)].

Fig. 10. Fluorescence excitation spectra of mBBr-modified rhodopsin in the pres-
ence of various concentrations of sodium phosphate. Samples of rhodopsin in
washed ROS membranes were labeled with mBBr in the dark. Fluorescence spectra
were monitored in the presence of 50mM (A), 100mM (B), 200mM (C), 300mM (D),
400mM (E) or 500mM (E) sodium phosphate.
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4. Discussion

We used mBBr to modify the thiol groups of the accessible
rhodopsin cysteines, Cys140 and Cys316, in order to analyze confor-
mational changes taking place following light-activation and
phosphorylation of the protein. Both cysteines are located at the
cytoplasmic side of rhodopsin; Cys140 is the first residue in the C2
loop, and Cys316 is at the middle of the amphipathic helix VIII
(Fig. 1). Interestingly, the C2 loop is positioned at the cytoplasmic
termination end of transmembrane helix 3 that contains the Glu113

counterion, and helix VIII is situated after transmembrane helix 7
that contains the Lys296 bound to the 11-cis-retinal chromophore
via a protonated Schiff base linkage. In the ground state this posi-
tive charge is stabilized by the counterion Glu113. Upon activation
and metarhodopsin II formation, this salt bridge is broken, which
theoretically removes a structural constraint between helices 3 and
7. However, when fluorescence spectra were compared between
samples of mBBr-tagged rhodopsin under dark and light condi-
tions, no effect on the fluorescence signal was perceived and only a
minor shift of <1 nmwas observed in the wavelength values of the
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excitation maxima. Hence, no major alterations in conformation
after light exposure of rhodopsin were detected by fluorescence
excitation scans of the mBBr-labeled protein. Similar results were
obtained with rhodopsin samples that were predominantly labeled
at either Cys140 or Cys316, showing no variation between the fluo-
rescence excitation spectra of the inactive and light-activated site-
specific mBBr-labeled rhodopsins. Our results are consistent with
the X-ray diffraction structural findings of Choe et al. [36] that re-
ported that transmembrane helices 1, 2, 3, 4 and 7, as well as
amphipathic helix VIII, suffer little changes following rhodopsin
activation. On the other hand, transmembrane helices 5 and 6 are
the regions where the most significant structural alterations take
place when the crystal structures of the inactive and light-activated
forms of rhodopsin are compared [36].

Most previous reports showing light-dependent changes in the
fluorescence of rhodopsin have not used the approach that we
employed here. For instance, Imamoto et al. [8] incubated
rhodopsin in native membranes with Alexa594-maleimide, which
allowed them to monitor fluorescence changes at a wavelength of
605 nm. An increase in fluorescence intensity of ~20% was reported
following illumination of the Alexa594-labeled rhodopsin [8]. In
addition, Mielke et al. [9] modified rhodopsin Cys140 and Cys316

with fluorescein and Texas Red by using 5-
iodoacetamidofluorescein and C5-bromoacetamido Texas Red,
respectively. Measurements of the time-resolved fluorescence de-
polarization were carried out both in the ground dark state and in
the photoactivated state of the fluorescently-labeled proteins,
showing significant differences. Specifically, a large decrease in
motional freedomwas observed after illumination, which indicated
increased steric hindrance in the rhodopsin light-activated state
[9]. Interestingly, all three extrinsic fluorophore dyes, Alexa594,
fluorescein and Texas Red, are larger in size than mono-
bromobimane. Since they occupy a greater space within the pro-
tein, all three fluorescent labels may produce subtle folding
alterations close to the sites at which they are covalently bound,
yielding, in turn, measurable changes in their fluorescence signals.
In contrast, the fluorescent moiety of mBBr is small since it is only
formed by two pentacyclic rings, and as such, this compound
provide minimum of opportunity for perturbation of the protein
conformation near those sites at which they are covalently bound.
Perhaps, for that reason, no evident changes in the fluorescence
signal of mBBr-labeled rhodopsin were detected upon photo-
activation. Comparable mBBr labeling experiments as those pre-
sented here, were performed on rhodopsin constructs that contain
specific residues replaced by cysteines [37], but surprisingly similar
type of experiments were not carried out on thewild-type or native
protein. In fact, most work involving labeling of rhodopsin with
fluorophores utilizes site-directed fluorescence labeling. For
example, mBBr-labeling followed by fluorescence spectroscopic
analysis showed that the excitation spectra of the fluorescently-
labeled rhodopsin mutant V250C exhibited a downfield or blue
shift in its lmax of about 5e6 nm, indicating that the label at this
position became more hydrophobic following light-activation [37].
Labeling with PyMPO-maleimide, another cysteine-specific modi-
fication reagent, confirmed their findings [37]. Since Val250 is
located on the inner face of rhodopsin transmembrane helix 6, their
results provided direct evidence that rhodopsin activation involves
a conformational change in this region of the protein.

We also showed that the labeling of Cys140 and Cys316 withmBBr
did not thwart the phosphorylation of rhodopsin by rhodopsin ki-
nase; moreover, the phosphorylation of the hydroxyl groups at the
C-terminal tail of rhodopsin did not prevent the labeling of both
cysteine residues. These results are interesting, given that Krupnick
et al. [38] have shown that rhodopsin phosphorylation hindered
and decrease transducin binding promoting high-affinity arrestin
binding and allowing arrestin to effectively compete with trans-
ducin for binding to photoactivated rhodopsin. Probably, the effect
on transducin binding when rhodopsin is phosphorylated is
generated by polar repulsion rather than by steric hindrance.

Strikingly, the fluorescence signal was highly reduced (~90%) in
samples containing photoactivated and phosphorylated mBBr-
labeled rhodopsin at both cysteines. However, predominant site-
specific fluorescent labeling of light-activated phosphorhodopsin
at either Cys140 or Cys316 only produced a fair decrease of ~38% and
28%, respectively, in the intensity of its fluorescence signal,
demonstrating that the phosphorylation effects are not due to the
modification of a particular cysteine. Since the outcome detected in
mBBr-labeled photoactivated phosphorhodopsin at both cysteines
was not mimicked by adding the effects of each site-specific mBBr-
labeled phosphorhodopsin, we assumed that the effect acquired in
photoactivated phosphorhodopsin fluorescently tagged at Cys140

and Cys316 was not additive but synergistic and cooperative.
Suitable selection of the reaction conditions allowed us to pre-

dominantly modify with the mBBr probe either Cys140 or Cys316.
However, when the reaction was performed with the purpose of
modifying only Cys316, some contamination of ~15e20% with
mBBr-labeled Cys140 was attained. A clear-cut strategy to avoid
labeling contaminations would have been to generate rhodopsin
mutants carrying single Ser or Ala replacements at the position of
the two reactive cysteines. As a future recommendation, it will be
interesting to work with this Cys to Ser (or Ala) site-specific con-
structs in order to prevent potential overlapping of the fluorescence
signals and to confirm our findings.

It is mostly certain that by using the experimental strategy
designed here, there is an incomplete labeling of the protein,
especially in those cases when one of the Cys is predominantly
modified with mBBr. Therefore, the concentration of the covalently
bound fluorophoremight be lower when one of the Cys is primarily
labeled with mBBr. Accordingly, the fluorescence signals of the
samples in which the protein was predominantly labeled at either
Cys140 or Cys316 were inferior than the signal observed when both
cysteines were modified with the fluorescent compound at the
same time. For testing the functionality of a fluorophore-labeled
protein, a labeling stoichiometry close to 100% is mandatory
[35,40]. Yet, we are not testing here the functionality of the mBBr-
labeled rhodopsin, and as such, the concentration of the modified
rhodopsin should not be a concern. It is known that low labeling
stoichiometry can be used for most fluorescent studies, and is even
required when working with membranes and performing anisot-
ropy studies to prevent homo-energy transfer between nearby
fluorescent probes. Therefore, a lower incorporation of the mBBr
fluorophore in those cases where one of the Cys is predominantly
modified, should not affect the fluorescence quenching because the
generation of the dark-state, light-activated state, and illuminated
and phosphorylated state of rhodopsin is independent of the
amount of mBBr being incorporated into the protein and only de-
pends on the presence or absence of light and the appropriate
conditions that induce the phosphorylation of rhodopsin.

It is plausible that there is some lipid reorganization when
photoactivated phosphorhodopsin is generated in the ROS mem-
branes, and that lipids in themembranemay quench the signal. It is
known that the lipid composition of ROS disks is highly specialized,
containing a large fraction of polyunsaturated fatty acids, particu-
larly docosahexaenoic acid [41,42]. Interestingly, the reconstitution
of rhodopsin in model membranes has revealed that the functional
activity of the photoreceptor protein is enhanced by the incidence
of docosahexaenoic acid acyl chain-enriched phospholipids
[43e45], and this effect was improved by the presence of phos-
phatidylethanolamine [46]. In contrast, the inactive ground state of
rhodopsin is stabilized by cholesterol [47]. Also, it has been



S. Rodríguez et al. / Biochimie 150 (2018) 57e69 67
reported that rhodopsin is sensitive to bilayer thickness, lipid
packing, membrane order, and curvature elastic stress [48]. Since
docosahexaenoic acid is known to lower the packing density and
order of lipid membranes, it probably facilitates the conformational
transitions that lead to the photoactivated state of the protein. On
the other hand, cholesterol likely counteracts these effects by
ordering the membrane and increasing its thickness. In addition,
docosahexaenoic acid and phosphatidylethanolamine are non-
lamellar-phase-forming lipid components and introduce negative
curvature elastic stress in membranes. By dynamics simulations,
Salas-Estrada et al. [49] have shown that a local ordering effect
appeared to take place in the membrane upon changes that are
induced in the rhodopsin structure following activation. Likewise,
docosahexaenoic acid acyl tails and phosphatidylethanolamine
headgroups behaved like weak ligands, preferentially binding to
rhodopsin in inactive-like conformations and inducing subtle but
significant structural changes [49]. On the basis of all these obser-
vations, the light-activation of rhodopsin in lipid bilayers seems to
be influenced by the composition of its lipidic environment, and
concomitantly, there appear to be alterations in lipid bilayers after
rhodopsin activation. Thus, the quenching of the fluorescence
signal reported here could be produced by lipid reorganization in
the membrane, but if that is the case, it may seem likely that the
lipid reorganization is a direct consequence of the conformational
change caused by the phosphorylation of Ser/Thr residues on the C-
terminal region of photoactivated rhodopsin.

Since we showed that the fluorescence signal of the mBBr-
modified rhodopsin was not modified in the presence of
increasing concentrations of sodium phosphate, it seems unlikely
that the incorporated phosphate groups are responsible of the
observed quenching. Alternatively, our findings can be justified by
additional conformational changes that may take place as a
consequence of rhodopsin photoactivation and phosphorylation. If
this is the case, residues that are good fluorescence quenchers, and
are probably buried in the dephosphorylated state of the photo-
receptor protein, are capable of becoming accessible to reach the
vicinity of the mBBr-modified cysteines decreasing in turn their
signal intensity. It is known that bimane fluorescence can be
quenched by tryptophan and, to a lesser extent, tyrosine side chains
in proteins [50e52]. This quenching occurs through an excited-
state electron transfer mechanism that requires close proximity
between the bimane fluorophore and the aromatic side chain, with
a sphere of quenching on the order of �10 and 15Å for Tyr and Trp,
respectively [50,52]. Hence, it is possible that aromatic side chains
that are buried in the interior of the three-dimensional structure of
both the dark and the illuminated states of rhodopsin, become
accessible and proximal to the mBBr-labeled cysteines, following
the conformational changes that are induced by phosphorylation
on photoactivated rhodopsin, and, in consequence, these side
chains will generate position-specific fluorescence quenching.

Various reports attempting to elucidate the structure of the
COOH-terminal tail of rhodopsin containing the phosphorylation
sites have been published. The structure of a peptide that corre-
sponds to the last 19 residues of bovine rhodopsin (residues
330e348), containing various number of phosphates, was deter-
mined by using two-dimensional NMR [53]. This study showed
little ordering of the peptide upon phosphorylation; however,
Kisselev et al. [54] have shown byNMR that although this peptide is
completely disordered in solution, it becomes structured upon
binding to arrestin-1. Consistently, Getmanova et al. [55] have re-
ported by using NMR spectroscopy that the phosphorylated C-
terminus is highly mobile in the intact mammalian photoreceptor
rhodopsin. Interestingly, binding of the fully phosphorylated
polypeptide, representing the last 19 residues of bovine rhodopsin,
to arrestin-1, leads to the peptide folding into a helix-loop structure
[56]. No three-dimensional structure of the photoactivated phos-
phorhodopsin is yet available; however, the crystal structure of a
constitutively active form of rhodopsin bound to a pre-activated
form of arrestin-1 was determined by serial femtosecond X-ray
laser crystallography [57]. The structure reveals an overall archi-
tecture of the rhodopsin-arrestin-1 assembly in which rhodopsin
uses distinct structural elements, including transmembrane helix 7
and the amphipatic helix VIII, to recruit arrestin-1. Correspond-
ingly, arrestin-1 adopts the pre-activated conformation, which
opens up a cleft in the protein to accommodate a short helix formed
by the C2 loop of rhodopsin. While seven-transmembrane-helix
receptors undergo major conformational changes in their intra-
cellular pockets from an inactive to an active state, the differences
in conformation between a G protein-bound state and an arrestin-
bound state are relatively small [58]. However, some dissimilarities
have been found, such as the larger outwards movement of the C-
terminal half of helix 6 and the slightly larger intracellular pocket in
the G protein bound receptor. Yet, the phosphorylation and the
conformational change in the C-terminal tail of these receptors are
specific for arrestin recruitment. Recently, Zhou et al. [59] have
reported that the phosphorylated C terminus of rhodopsin forms an
extended intermolecular b sheet with the N-terminal b strands of
arrestin-1. Phosphorylation was detected at rhodopsin C-terminal
tail residues Thr336 and Ser338, and these two phosphoresidues,
together with Glu341, form an extensive network of polar in-
teractions with three positively charged pockets formed by three
groups of basic residues in arrestin-1. All these findings are
consistent with the phosphorylation-induced conformational
changes of light-activated rhodopsin that have been probed here by
fluorescent modification at Cys140 and Cys316.

5. Conclusions

By using fluorescent labeling with monobromobimane at Cys140

and Cys316, we demonstrated that the phosphorylation of Ser/Thr
residues on the C-terminal region of photoactivated rhodopsin
induced a significant conformational change in the protein.
Therefore, the phosphorylated carboxyl terminal end of rhodopsin
seems to be directly involved in shaping the cytoplasmic surface of
the photoreceptor protein into a conformation that is most likely
associated with deactivation and termination of its signaling state.
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