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ABSTRACT: We report an effort to engineer a functional, maximally blue-wavelength-shifted version of
rhodopsin. Toward this goal, we first constructed and assayed a number of previously described mutations
in the retinal binding pocket of rhodopsin, G90S, E122D, A292S, and A295S. Of these mutants, we
found that only mutants E122D and A292S were like the wild type (WT). In contrast, mutant G90S
exhibited a perturbed photobleaching spectrum, and mutant A295S exhibited decreased ability to activate
transducin. We also identified and characterized a new blue-wavelength-shifting mutation (at site T118),
a residue conserved in most opsin proteins. Interestingly, although residue T118 contacts the critically
important C9-methyl group of the retinal chromophore, the T118A mutant exhibited no significant
perturbation other than the blue-wavelength shift. In analyzing these mutants, we found that although
several mutants exhibited different rates of retinal release, the activation energies of the retinal release
were all∼20 kcal/mol, almost identical to the value found for WT rhodopsin. These latter results support
the theory that chemical hydrolysis of the Schiff base is the rate-limiting step of the retinal release pathway.
A combination of the functional blue-wavelength-shifting mutations was then used to generate a triple
mutant (T118A/E122D/A292S) which exhibited a large blue-wavelength shift (absorptionλmax ) 453
nm) while exhibiting minimal functional perturbation. Mutant T118A/E122D/A292S thus offers the
possibility of a rhodopsin protein that can be worked with and studied using more ambient lighting
conditions, and facilitates further study by fluorescence spectroscopy.

Trichromatic color vision is mediated by three types of
cone cells, which contain opsin pigments that absorb
maximally at three different wavelengths: blue (414 nm),
green (533 nm), and red (560 nm) (1-3). In contrast, dim
light vision is mediated by the rod photoreceptor rhodopsin
that absorbs maximally at 500 nm. Rhodopsin is the only
G-protein-coupled receptor (GPCR)1 with a crystal structure
and is arguably the best-characterized member of this large
and important family of sensory proteins (for reviews, see
refs4-6). All of these visual pigments are thought to share
a similar, general structure of seven TM helices (with a
chromophore, 11-cis-retinal, attached to a lysine residue) (7,
8). The resulting color absorption by the different opsins is
due to “spectral tuning” (i.e., controlling theλmax of rhodop-
sin) through interactions of amino acids lining the chro-
mophore binding pocket with the protonated Schiff base
(PSB) (9, 10).

The mechanism of spectral tuning in opsin proteins is
being elucidated by the efforts of several laboratories through
a combination of mutagenesis, absorption spectroscopy, and
Raman spectroscopy techniques (11-17). One of these
studies has shown that substitutions of nine rhodopsin amino
acids can account for∼80% of the opsin shift between the
blue cone pigment and rhodopsin (10), and suggested that a
blue-wavelength shift may be induced by dipolar substitu-
tions through long-range electrostatic effects on the change
in dipole moment of the photoexcited chromophore (10).
However, complementary experiments carried out on the
human blue cone pigment indicate that although mutagenesis
studies on bovine rhodopsin serve well as predictive models
of spectral tuning near the ring portion of the retinal,
mutations near the Schiff base do not (1). In general, although
these informative studies have gone far to shed light on
understanding the process of spectral tuning, little work
investigating the functional effects of introducing blue-
wavelength-shifting mutations into bovine rhodopsin has
been carried out.

The goal of this paper is to use some of the previously
identified blue-wavelength-shifting mutations to engineer a
maximally blue-wavelength-shifted rhodopsin that retains
functionality (i.e., normal stability of the MII state and ability
to activate the G-protein transducin). In the process of these
studies, we also identified and characterized a new blue-
wavelength-shifting mutation at site T118, a residue con-
served in most opsin proteins and found to be in contact
with the C9-methyl group of the retinal chromophore (18).
In addition, while characterizing these mutants, we found
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evidence supporting the conclusion that the rate-limiting step
in retinal release is the chemical event of Schiff base
hydrolysis.

MATERIALS AND METHODS

Materials.All buffers and chemicals were purchased from
either Fisher or Sigma except where noted below. Protease
inhibitor cocktail tablets and GTPγS were purchased from
Boehringer Mannheim. Dodecyl maltoside (DM) was pur-
chased from Anatrace (Maumee, OH), and GBX red filters
were from Eastman Kodak Corp. Polystyrene columns (2
mL bed volume) were purchased from Pierce. Frozen bovine
retinas were from J. A. Lawson Co. (Lincoln, NE). Trans-
ducin was purified from rod outer segments as previously
described (19). Restriction endonucleases were from New
England Biolabs (Beaverly, MA). 11-cis-Retinal was a
generous gift from R. Crouch (Medical University of South
Carolina and National Eye Institute). The 1D4 antibody was
purchased from the National Cell Culture Center (Min-
neapolis, MN). The nonapeptide corresponding to the C-
terminus of rhodopsin was acquired from the Emory
University Microchemical Facility (Atlanta, GA). Cuvettes
were purchased from Uvonics (Plainview, NY). Band-pass
filters and long-pass filters were purchased from Oriel
(Stratford, CT).

Buffers. The definitions of the buffers used in this report
are as follows: PBSSC [0.137 M NaCl, 2.7 mM KCl, 1.5
mM KH2PO4, and 8 mM Na2HPO4 (pH 7.2)], buffer A [5
mM Tris-HCl and 2 mM EDTA (pH 7.4)], buffer B [1%
DM and PBSSC (pH 7.2)], buffer C [2 mM ATP, 0.1% DM,
1 M NaCl, and 2 mM MgCl2 (pH 7.2)], buffer D [0.05%
DM and PBSSC (pH 7.0)], and buffer E [0.05% DM and
MES (pH 6.0)].

Construction and Expression of Rhodopsin Mutants. Site-
directed mutagenesis was performed as described previously
in the PMT4 plasmid (20, 21). Specifically, mutant T118A
was generated by replacement of theXhoI-PVuI fragment
in the synthetic bovine rhodopsin gene with synthetic
oligonucleotide duplexes containing the corresponding se-
quence GCC for ACC to generate T118A. Mutants A292S
and A295S were generated in a similar manner by replacing
the ApaI-AatII fragment containing the corresponding
sequence TCT with GCT at each site. Overlap extension PCR
was used to generateEcoRI andNotI fragments containing
either the G90S or E122D mutation (22). The sequences for
the primers were as follows: 5′GTCTTCGGTTCGTTCAC-
CACCACCCTC3′ for G90S and 5′GGGCGGTGACATTG-
CACTGTGGTCTCT3′ for E122D. These PCR fragments
were then subcloned into PMT4 usingBclI-XhoI restriction
sites for G90S andXhoI-SfiI sites for E122D. All mutations
were confirmed by the dideoxynucleotide sequencing method.
The mutant rhodopsin proteins were transiently expressed
in COS-1 cells using the DEAE-dextran method, and cells
were harvested 52-56 h after transfection (23, 24).

Purification of Rhodopsin Mutants. Prior to mutant
purification, the cell membranes were prepared as follows.
Briefly, five 15 cm plates of transfected COS-1 cells were
washed twice with 7 mL of cold PBSSC buffer, pelleted,
and subsequently lysed in 10 mL of cold buffer A containing
0.5 mM PMSF in the presence of protease inhibitors. Cells
were subsequently vortexed and spun at 45000g to pellet

cell membranes. The remaining steps in the procedure were
carried out under dark room conditions under filtered red
light. The membranes were resuspended in 10 mL of cold
PBSSC (pH 6.5) and regenerated with 11-cis-retinal (10µL
of a 10 mM stock) at 4°C for 1 h aspreviously described
(25), and then an additional 5µL of 11-cis-retinal was added
and regeneration allowed to proceed for an additional 1 h.
The purification of the rhodopsin mutants proceeded es-
sentially as the original procedure (23) except small poly-
styrene columns were used (26). Rhodopsin-containing
membranes were solubilized in 5 mL of buffer B containing
0.5 mM PMSF at 4°C for 1 h, and then centrifuged at
45000g. The supernatant was mixed with 200µL of 1D4
antibody-Sepharose beads (binding capacity∼ 1 µg of
rhodopsin/µg of resin) in buffer C containing 0.5 mM PMSF
and mutated at 4°C for 4-5 h. The slurry was subsequently
transferred to polystyrene columns and washed once with
50 mL of buffer D followed by a 40 mL wash with buffer
E by gravity filtration. During the last 5 mL of the second
wash, a 27 gauge 0.5 in. needle was attached to the column
to decrease the flow rate. Samples were eluted in 300µL
fractions of buffer E containing 200µM nonapeptide corre-
sponding to the 1D4 antibody epitope (the last nine amino
acids of the C-terminus of rhodopsin). A spectrum of each
elution fraction was recorded using a Shimadzu UV-1601
spectrophotometer (described below), and the purified samples
were snap frozen in liquid N2 and stored at-80 °C.

UV-Vis Absorption Spectroscopy. All UV -vis absorption
spectra were recorded with a Shimadzu UV-1601 spectro-
photometer at 20°C using a bandwidth of 2 nm, a response
time of 1 s, and a scan speed of 240 nm/min unless otherwise
noted. For calculations, a molar extinction coefficient value
(λ500) for WT rhodopsin was taken to be 40 600 M-1 cm-1

(27). The samples were photobleached in buffer E by
illumination for 30 s (at a 6 Hzflash rate) with a Machine
Vision Strobe light source (EG&G) equipped with a wave-
length> 490 nm long-pass filter. This light treatment was
found to be adequate for full conversion of samples, as 5 s
was sufficient for full bleaching of WT rhodopsin. The blue-
wavelength-shifted mutants were bleached using a wave-
length > 470 nm long-pass filter to ensure full bleaching.
The presence of a PSB in the MII state for each mutant was
verified by adding H2SO4 to a pH of 1.9 and immediately
following photobleaching measuring the absorbance spectrum
(within 1 min) to look for the presence of a spectral species
at 440 nm (representative of a PSB linkage that is present
in the acid) (28). Rhodopsin mutants that exhibited abnormal
bleaching behavior were studied further as a function of time
after irradiation as described previously (29). Extinction
coefficients were determined as previously described in
buffer E at 15°C (30).

Measurement of the Rate of Retinal Release and/or MII
Decay by Fluorescence Spectroscopy. The MII stability was
assessed by measuring the time course of retinal release after
MII on a Photon Technologies QM-1 steady state fluores-
cence spectrophotometer (31). Each measurement was carried
out using 80µL of a 0.25µM mutant sample in buffer E,
and the sample temperatures were maintained using a water-
jacketed cuvette holder. After the samples had been pho-
tobleached to the MII state (see above), the retinal release
measurements were carried out at the appropriate temperature
by exciting the sample for 3 s (excitation wavelength) 295

7220 Biochemistry, Vol. 40, No. 24, 2001 Janz and Farrens



nm, 1/4 nm bandwidth slit setting) and then blocking the
excitation beam for 42 s, to avoid photobleaching the
samples. Tryptophan fluorescence emission was monitored
at 330 nm (12-nm bandwidth slit setting), and this cycle was
repeated for 90 min during each measurement. Results were
analyzed manually to determine thet1/2 values. Series of MII
decay rates were obtained at 13, 20, 27, and 33°C, and the
rates were applied to the Arrhenius equation [k ) Ae-Ea/(RT)]
to determine the activation energy (Ea) of each mutant
rhodopsin.

Determination of Transducin (GTR) ActiVation Rates.
Activation of GTR by rhodopsin was monitored using
fluorescence spectroscopy at 20°C as described previously
(21, 32, 33). The excitation wavelength was 295 nm (2 nm
bandwidth), and fluorescence emission was monitored at 340
nm (12 nm bandwidth). GT was added (final concentration
of 250 nM) to the reaction mixture containing 10 mM Tris
(pH 7.2), 2 mM MgCl2, 100 mM NaCl, 1 mM DTT, and
0.01% DM. The solution was stirred for 300 s to establish a
baseline. Photobleached mutant rhodopsin (see above) was
then added to the mixture to a final concentration of 5 nM
and the mixture allowed to stir for 300 s to equilibrate.
GTPγS was added to the reaction mixture to a final
concentration of 5µM, and the increase in fluorescence was
followed for an additional 2000 s. To calculate the activation
rates, the slopes of the initial fluorescence increase after
GTPγS addition were determined through the data points
covering the first 60 s.

RESULTS

Sites Selected for Mutagenesis in BoVine Rhodopsin.
Amino acids G90, E122, A292, and A295 were selected for
mutagenesis on the basis of previous work indicating that
substitutions at these sites confer a hypsochromatic shift (10,
32, 34-36). While other blue-wavelength-shifted mutants
have been previously reported (for example, W265 and
F268), we did not pursue mutations of these residues because
substitution at these sites either perturbs the ability of opsin
to bind retinal or results in a nonfunctional mutant pigment
(35, 37). The rationale for studying the amino acids we chose
is as follows. A serine residue at the equivalent of position
292 causes the blue-wavelength shift in the dolphin long-
wavelength sensitive cone photopigment (36). Mutations
G90S, E122D, and A295S were previously observed to
confer blue shifts inλmax when introduced into bovine
rhodopsin (10, 35). We investigated a previously unidentified
site, position T118, because it is conserved in most opsins
and is located approximately one turn above the counterion
(E113) and thus might be expected to perturb the location
of the counterion, resulting in a blue-wavelength shift (38).

Spectral Characterization of Rhodopsin Mutants.In
general, yields of purified mutant protein were comparable
to that of WT rhodopsin (∼10 µg/15 cm plate). All mutants
formed characteristic rhodopsin-like chromophores after
purification with spectral ratios [A280/A(λmax)] between 1.6
and 1.8 (Figure 2). All of the mutants (except G90S)
exhibited normal bleaching behavior with respect to forma-
tion of a λmax ) 380 nm species, characteristic of the MII
intermediate (7). Acidification of these photobleached samples
generated aλmax ∼ 440 nm species, indicating the presence
of a protonated retinal Schiff base (28). An example of

normal photobleaching behavior is shown for mutant T118A
(Figure 3A), and these results are compiled in Table 1. In
contrast, mutant G90S, while being capable of forming both
a MII species and a PSB, exhibited abnormal bleaching
behavior (Figure 3B). Following illumination, a residual
species with aλmax of ∼480 nm persisted in the G90S mutant.
This species was followed as a function of time after
irradiation, and even 10 h after illumination, a residual
amount of theλmax ∼ 480 nm species could be detected
(Figure 3B). To test whether this∼480 nm species is
representative of the MI photointermediate, bleaching was
performed in the presence of transducin. Transducin binding
should shift the MI-MII equilibrium to the MII state
(39-41). The presence of transducin (1µM) was observed
to have no effect on G90S bleaching behavior (data not
shown), suggesting the∼480 nm species in G90S is not a
normal MI-like photoproduct.

Retinal Release Rates of WaVelength-Shifted Single Mu-
tants. The rate of retinal release from the MII state was
measured using a fluorescence-based assay (31) at 20 °C.
Under the conditions used for bleaching, thet1/2 for retinal
release for WT rhodopsin buffer E was 15 min. The
correspondingt1/2 values for the wavelength-shifted single
mutants ranged from 4.8 to 26 min (Table 1). Only mutant
A295S exhibited a strikingly accelerated retinal release rate
(t1/2 ) 4.8 min). In contrast, mutant E112D exhibited a slower
rate of retinal release (t1/2 ) 26 min). The observed 2-fold
decrease in the level of retinal release for E122D with respect
to WT is in agreement with the slowed MII decay rate for
this mutant obtained by low-temperature time-resolved
spectroscopy (42). The values for each of the mutants are
compiled in Table 1.

Transducin ActiVation by WaVelength-Shifted Mutants. The
blue-wavelength-shifted mutants were next tested for their
ability to activate transducin using a fluorescence-based assay
which measures the increase in tryptophan fluorescence of
the GTR-GTPγS species (33, 43). The results are shown in
Figure 4B as initial rates of fluorescence increase relative
to WT rhodopsin. An example representative of the data that
were collected is shown in Figure 4A. Mutants G90S,
T118A, E122D, and A292S exhibit rates of fluorescence
increase that are similar to that of WT rhodopsin. Mutant
A295S was much less able to activate transducin as judged
from its initial rate of fluorescence increase. These results
are summarized in Table 2.

ActiVation Energy for Meta II Decay Measured by
Fluorescence Increase.The rate of fluorescence increase
from photobleached WT rhodopsin and blue-wavelength-
shifted mutants was measured in buffer E at four different
temperatures (13, 20, 27, and 33°C). The rate of fluorescence
increase in all cases was temperature-dependent, and Ar-
rhenius plots of these measurements indicate a temperature-
dependent linear relationship for all mutants (Figure 5). From
these plots, an activation energy (Ea) of 20.1 kcal/mol was
obtained for WT rhodopsin, in good agreement with the
previously reported value of 20.2 kcal/mol (31). Interestingly,
although several of the blue-wavelength-shifted mutants
exhibited different rates of retinal release (see Table 1), an
Arrhenius plot of the retinal release rates measured at
different temperatures showed nearly equalEa values for the
mutants (Figure 5 and Table 2). For example, mutants G90S,
T118A, and A292S had retinal release rates slightly faster
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than that of WT at any given temperature, yet the Arrhenius
plot of these measurements yieldedEa values that were very
similar for each (Table 2). The most extreme differences in
retinal release rates were found for mutant A295S (exhibited
a 3-fold increased rate of retinal release; 4.5 min) and mutant
E122D (exhibited a∼2-fold decreased rate of retinal release;
26 min).

Construction of a Substantially Blue-WaVelength-Shifted
Mutant with Minimal Spectral Perturbation.The spectral
characterization of rhodopsin blue-wavelength-shifted point
mutants indicated two of the mutations (G90S and A295S)
are structurally and/or functionally perturbing when intro-
duced into bovine rhodopsin (see Figures 3B and 4B and
Tables 1 and 2). G90S exhibits abnormal photobleaching

properties, whereas mutant A295S exhibits an accelerated
MII decay rate, suggesting it is not stable. In contrast, the
other three blue-wavelength-shifted mutants (T118A, E122D,
and A292S) exhibit behavior more like that of the wild type,
and thus were subsequently combined into a single mutant
and further characterized, as described below.

Spectral Characterization of Mutant T118A/E122D/A292S.
The triple point mutant T118A/E122D/A292S was expressed
at levels similar to that of WT (∼10 µg/15 cm plate) and
formed a rhodopsin-like chromophore with a spectral ratio
[A280/A(λmax)] of 1.7 (Table 3). Mutant T118A/E122D/A292S
exhibits a 47 nm blue shift relative to WT rhodopsin with a
λmax at 453 nm (Table 3 and Figure 6). The slight narrowing
of the spectral curve can be attributed to the E122D mutation

FIGURE 1: Models of bovine rhodopsin indicating sites for introducing blue-wavelength-shifting mutations. (A) Suggested two-dimensional
model of rhodopsin. Individual amino acids mutated in this study are shown in bold, and cysteine residues involved in a disulfide bond are
shaded gray. K296, the retinal Schiff base attachment site, and E113, the counterion, are boxed. The cytoplasmic side is at the top in this
rendition, with labels A-G referring to the TM helices below. (B) Three-dimensional model of the retinal binding pocket of rhodopsin
adapted from the bovine opsin crystal structure (18). Sites mutated in this study are shown with respect to the retinal chromophore.
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(35). The effects that individual mutations have uponλmax

of the pigment appear to be additive (Tables 1 and 3).
Photobleaching analysis indicates that the engineered opsin
is capable of forming a MII species (λmax ) 380 nm), and

upon acidification forms a PSB (λmax ) 440 nm) (Figure 6).
The rate of retinal release of the engineered opsin exhibits a
t1/2 value of 11.1 min. The spectral characteristics of T118A/
E122D/A292S are compiled in Table 3. Additionally, T118A/
E122D/A292S is functionally active. The engineered opsin
is able to activate transducin with a relative initial rate of
activation that is∼50% of that of WT rhodopsin (Table 3).

DISCUSSION

In this paper, we systematically investigated the structural
and functional consequences of introducing blue-wavelength-
shifting mutations into the retinal binding pocket of bovine
rhodopsin. Our goal was to develop a mutant rhodopsin that
exhibits maximal blue-wavelength shift yet remains stable
in terms of structure and function for future use in biophysical
studies. To achieve this goal, we engineered a series of five
point mutations based on their ability to confer a blue-
wavelength shift. Amino acids at positions 90, 122, 292, and
295 were chosen for mutation since these residues had been
shown in earlier studies to affect theλmax of the mutant
pigment (10, 32, 34, 35). In our hands, all of these mutants
exhibited expression levels similar to that of WT rhodopsin
(∼10 µg/15 cm plate) and could be purified to homogeneity
forming rhodopsin-like chromophores, with spectral ratios
[A280/A(λmax)] between 1.6 and 1.8 (Figure 2 and Table 1).
In the work presented here, we also characterize a mutation
at a new position, T118, where a threonine exists in almost
all known opsin proteins. We find that a T118A mutation
affects theλmax of the mutant pigment (Figure 3A). The
effects of the various wavelength-shifting mutations are
discussed further below.

Photobleaching BehaVior of Blue-WaVelength-Shifted Mu-
tants. All of the blue-wavelength-shifted mutants exhibited
normal photobleaching behavior (for example, see Figure
3A), except for mutant G90S, which exhibited a slow
decaying species at∼480 nm (Figure 3B). Note also that a
mutation at G90 (G90D) previously has been shown to
exhibit abnormalities in photobleaching behavior (34, 44).
Since theλmax of the residual decay species is∼480 nm, it
is possible that this mutation disrupts the MI-MII equilib-
rium (45). To see if the species represents a transient MI-
like species, we bleached it in the presence of transducin (1
µM), but no absorbance shift was observed, arguing against
the residual∼480 nm species being a transitional MI

FIGURE 2: UV-vis absorption spectra of WT and mutant rhodopsin
pigments in the dark state. The respective blue shifts inλmax are
indicated. The spectra were recorded in buffer E at 20°C. For
display purposes, the WT and A292S spectra were divided by 1.4
to allow for comparison with the other spectra.

FIGURE 3: UV-vis spectral properties of select blue-wavelength-
shifted rhodopsin mutants. (A) Photobleaching properties of T118A.
DS, dark state; MII, meta II state; PSB, protonated Schiff base (at
pH 1.9). (B) Photobleaching properties of G90S. Following
illumination (λ > 470 nm) for 30 s, a residual species remains with
a λmax of ∼480 nm. This species was followed as a function of
time as indicated.

Table 1: Functional Characterization of Wavelength-Shifted
Single-Point Mutants (Spectral Ratio, Absorption Maxima,
Absorption Shift, Extinction Coefficient, andt1/2 of Retinal Release
Rates)

A280/A(λmax) λmax

λ shift
(nm) ε (M-1 cm-1)a

MII decay
t1/2 (min)b

WT 1.8 500 - 40 600c 15
G90S 1.8 487d 13 39 000 10.3
T118A 1.8 484 16 41 000 10.6
E122D 1.6 477e 23 45 000f 26
A292S 1.7 489.5d 9.5 40 500 10.5
A295S 1.6 498 2 45 000 4.8

a Extinction coefficients determined in buffer E at 15°C; for further
details, see Materials and Methods.b MII decay assays performed in
buffer E at 20 °C as described in Materials and Methods.c The
extinction coefficient for WT was assumed to be 40 600 M-1 cm-1

(27). d λmax similar to that from ref35. e λmax similar to that from ref
10. f Extinction coefficient similar to that from ref30.
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intermediate (data not shown). Because the G90S mutant is
capable of activating transducin upon light activation (see
Figure 4B), and forms a PSB upon acidification (data not
shown), we surmise that the∼480 nm species represents an
active, MII-like intermediate containing a PSB, as was

suggested for the G90D mutant (34, 44). Additionally, G90S
exhibits a slightly faster rate of retinal release than WT
(∼50% faster, Table 1) but a rate not as fast as that reported
for G90D which (by a different assay) was found to have a
t1/2 PSB decay that was∼25% that of WT (44). Inter-
estingly, the recently determined crystal structure of WT
rhodopsin models the G90 residue more than 4.5 Å away
from the Schiff base attachment site (18), too far away for
direct hydrogen bonding interactions. This fact suggests other
factors contribute to the mechanism of wavelength shifting
by mutations at the G90 site. One possibility is that mutations
at this site disrupt bridging water molecules, which could
also account for the perturbed photobleaching and acti-
vation properties exhibited by this mutant. Indeed, pre-
vious results of investigating mechanisms of spectral tuning
in the human blue cone pigment have shown that al-
though substitutions in the ring portion of the retinal binding
pocket of bovine rhodopsin can be predictive on the basis
of the analogous residues in the human blue cone pigment,
mutations near the Schiff base are not necessarily comple-
mentary (1).

Transducin ActiVation. With the exception of the A295S
mutant, most of the mutants that were tested were able to
activate transducin with initial rates similar to that of WT
(Figure 4B). The fact that mutant T118A was able to activate
transducin so well was surprising; the recently determined
crystal structure of bovine rhodopsin reveals that this site is
found to contact the C9-methyl group of the retinal chro-
mophore (18). The local steric interaction between the retinal
C9-methyl with amino acids in the chromophore-binding
pocket has led to the “steric trigger” model of rhodopsin
activation (46). Experimental support for this model dem-
onstrates that regeneration of opsin with a 9-demethylretinal
analogue results in a reduced ability of the artificial pigment
to activate transducin (47). Furthermore, the C9-methyl group
is proposed to act as a scaffold for opsin to adjust key donor
and acceptor side chains for the proton transfer reactions that
stabilize the active signaling state (48), and is thought to
impact the MI-MII equilibrium upon photoactivation (45).

Thus, we expected that a T118A mutation might be
functionally similar to an artificial pigment regenerated with

FIGURE 4: Transducin activation by blue-wavelength-shifted rhodop-
sin mutants. (A) Example of transducin activation as assessed by
the fluorescence assay. The assay directly monitors transducin
activation by measuring the increase in GTR tryptophan fluorescence
that occurs upon formation of the GTR-GTPγS complex when
GTPγS is added (arrow). For assay conditions and further details,
see Materials and Methods. (B) Comparison of the initial rates of
transducin activation by wavelength-shifted rhodopsin mutants. The
rate in the first minute after GTPγS addition relative to wild-type
rhodopsin is shown for each mutant.

Table 2: Relative Transducin Activation Rates and Activation
Parameters of Retinal Releasea

relative level of
transducin activation Ea (kcal/mol)

WT 1.00 20.1
G90S 0.74 19.6
T118A 0.84 19.7
E122D 0.76 16.3
A292S 0.77 19.2
A295S 0.25 21.1

a All experiments performed in buffer E as described in Materials
and Methods.

FIGURE 5: Arrhenius plot of the retinal release rates from
photobleached WT and mutant rhodopsins. The rate constants were
obtained from traces of the retinal release assay (see Materials and
Methods) performed in buffer E, with temperatures ranging from
13 to 33°C. The activation energy (Ea) of this process for WT and
all mutants is given in Table 2.
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9-demethylretinal; however, this was not observed. To our
surprise, while the T118A mutation clearly affects the
spectral tuning of the mutant pigment, it essentially conferred
no other structural or functional perturbations that we could
detect. However, mutations at this site may confer constitu-
tive activity of the receptor in the dark state, and future
experiments should address this possibility.

The wavelength shift caused by the T118A mutation may
be due to perturbation of the secondary structure of TM helix
3, and potentially causes the repositioning of the E113
counterion, or water molecules within the chromophore
binding pocket and/or neighboring amino acids, leading to
the observed blue-wavelength shift (10, 49, 50). Further, it
is also possible that the methyl group of the alanine
substitutions is sufficient to interact with the C9-methyl of
11-cis-retinal, thus accounting for WT-like function, or that
water molecules may compensate for the lost OH hydrogen
bond interactions as well as fill the steric void caused by
the alanine mutation. While we are not sure of the precise
mechanism of the blue shift caused by T118A, future studies
using a combination of site-directed mutagenesis at this
residue in conjunction with resonance Raman and/or retinal
analogues may prove helpful in understanding the cause of
the blue shift in this region. Our results do not resolve the
issue of the role the C9-methyl group plays in receptor
activation, nor the potential roles for amino acids that interact
with this important moiety. However, our results suggest that
future experiments might incorporate sterically small residues
such as glycine or bulky amino acid side chain groups at
position 118 to test the proposed steric trigger mechanism.

Additionally, a serine substitution at this site may provide
insight into the role of the hydroxyl residue at position 118
in signal transduction.

The A295S mutant had a 4-fold lower initial rate of
transducin activation than WT (Figure 4). Our interpretation
of this result is as follows. The A295S mutant exhibited rapid
retinal release rates, approximately 3-fold faster at 20°C
than that of WT (Table 1). During bleaching of the samples
(prior to incubation with the transducin mixture in the
cuvette), the faster initial retinal release rate of A295S
reduces the population that can activate transducin, leading
to the decreased rate of transducin activation in the G-protein
activation assay. Taking into account the parameters of the
assay and the MII decay rate for A295S (4.8 min), we
calculate that there is less than half of the active sample
present during the assay (data not shown). The rapid A295S
MII decay might be due to the fact that it is positioned
adjacent to the retinal Schiff base attachment site (K296).
This may be important because one model of rhodopsin
retinal Schiff base hydrolysis involves a tetrahedral carbino-
lamine intermediate in the MI-MII transition preceding
Schiff base hydrolysis (51). Thus, it is possible that the serine
substitution at A295 acts either to stabilize this intermediate
or to provide general acid catalysis (by activating a water
molecule involved in the attack) to this mechanism. Either
scenario would serve to expedite the Schiff base hydrolysis
reaction.

Thermodynamic Parameters and ActiVation Energies of
Retinal Release.The rate-limiting step for retinal release from
the chromophore binding pocket may be either (1) the
chemical process of Schiff base hydrolysis or (2) unfavorable
steric interactions between all-trans-retinal and amino acids
forming the binding pocket (shown here in brackets).

In this scheme, rhodopsin forms MII (indicated by the
presence of a PSB) following illumination. The MII state
next converts to opsin with all-trans-retinal still in the binding
pocket. In the final stage (which is irreversible), free retinal
leaves the chromophore-binding pocket. Although some of
the retinal release rates differ from that of WT, the largest
difference was only a∼3-fold rate increase. While we cannot
unequivocally rule out the possibility that these residues play
a direct role, these findings suggest that none of the residues
described in this work play a direct catalytic role in the Schiff
base hydrolysis (if so, one would have expected the rates to
differ by 10-100-fold or more). Further, all of the mutants
in this study exhibit retinal releaseEa values that are quite
similar. It is possible that the introduced mutations structur-
ally perturb the protein enough to expedite retinal release
(A295S) or slightly slow it (E122D). The Arrhenius plots

Table 3: Functional Properties of Mutant T118A/E122D/A292S in Comparison with WT Rhodopsin (Spectral Ratio, Absorption Maxima,
Extinction Coefficient,t1/2 of Retinal Release Rates, Relative Transducin Activation Rates, and Activation Parameters of Retinal Release)

A280/A(λmax) λmax (nm) ε (M-1 cm-1)a MII decayt1/2 (min) relative rate of GT activation Ea of retinal release (kcal/mol)

WT 1.8 500 40 600b 15 1.0 20.1
T/E/A 1.7 453 40 000 10 0.51 21.1

a Extinction coefficients determined in buffer E at 15°C; for further details, see Materials and Methods. All values were rounded to the nearest
500 M-1 cm-1. b The extinction coefficient for WT was assumed to be 40 600 M-1 cm-1 (27).

FIGURE 6: UV-vis spectral properties of rhodopsin mutant T118A/
E122D/A292S (T/E/A) relative to those of WT. Mutant T/E/A
exhibits a 47 nm blue-wavelength shift relative to WT in the dark
state (DS). Following illumination (λ > 470 nm) for 30 s, T/E/A
adopts the MII state. Upon acidification (to pH 1.9), the absorbance
maximum of the T/E/A MII species changes to 440 nm, that of a
protonated Schiff base (PSB). The dark state (DS) spectrum of a
WT sample (dashed line) is included for comparison purposes.

DS 798
hν

[MII -PSB]T [opsin-retinal] f
opsin+ free retinal
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of retinal release rates illustrate that the slopes for most of
the mutants are similar to that of WT, while their intercepts
differ (Figure 5). We interpret this to mean that the slight
structural perturbations that these mutants confer are gener-
ally entropic in nature (52). The exception is E122D which,
judged by its slightly different slope, has enthalpic contribu-
tions as well. Additionally, since the rates of MII decay
(which monitors Schiff base hydrolysis) differ among the
various mutants, theEa values for the overall process of
retinal release are relatively similar. These data support the
theory that chemical hydrolysis is the rate-limiting step in
the retinal release pathway.

Functional Blue-WaVelength-Shifted Mutant. The informa-
tion gleaned from the characterization and analysis of the
individual blue-wavelength-shifting point mutations was used
to construct a triple point mutant, T118A/E122D/A292S. In
designing this mutant, we omitted mutant G90S (because of
the perturbed photobleaching properties) and mutant A295S
(because of the faster retinal release rate and minimal
transducin activation). Our results suggest that mutant
T118A/E122D/A292S confers a substantial blue-wavelength
shift while retaining most of its structural stability and ability
to activate transducin [note the normal photobleaching
properties (Figure 6) and ability to activate transducin (Table
3)]. We propose mutant T118A/E122D/A292S will be useful
in biophysical studies since the 47 nm blue shift allows the
protein to tolerate yellow-orange light (∼560 nm) at higher
intensity than WT, which offers a practical advantage when
handling the protein for techniques such as NMR and X-ray
crystallography. Additionally, we have begun to use the
T118A/E122D/A292S mutant in fluorescent spectroscopic
studies. One of the difficulties of using fluorescent probes
to study rhodopsin is the amount of spectral overlap of the
fluorescent probes’ emission with the dark and MII state of
rhodopsin. While fluorescent probes that have little spectral
overlap with rhodopsin exist, they are all large and bulky,
potentially perturbing the protein domains into which they
are introduced. The substantial blue-wavelength shift of
mutant T118A/E122D/A292S will facilitate site-directed
fluorescent labeling (SDFL) studies of rhodopsin by allowing
the determination of the percent fluorescent change due to
energy transfer from the fluorophore to the retinal in the dark
and MII states. This will also enable the use of small
fluorescent probes, such as those previously described (26).
Studies of this nature are currently under way in our
laboratory.
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