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ABSTRACT: Mutations counterpart to dominant negative RasSer17Asn in theR-subunits of heterotrimeric
G-proteins are known to also produce dominant negative effects. The mechanism of these mutations remains
poorly understood. Here, we examined the effects and mechanism of the Ser43Cys and Ser43Asn mutants
of transducin-like chimeric GtR* in the visual signaling system. Our analysis showed that both mutants
have reduced affinity for GDP and are likely to exist in an emptysor partially occupiedspocket state.
S43C and S43N retained the ability to interact with Gtâγ and, as heterotrimeric proteins, bind to
photoexcited rhodopsin (R*). The interaction with R* is unproductive as the mutants failed to bind GTPγS
and become activated. S43C and S43N inhibited R*-dependent activation of GtR* and GtR, apparently
by blocking R*. Finally, both GtR* mutants lacked interaction with theγ-subunit of PDE6, an effector
protein in phototransduction. These results indicate that the S43C and S43N mutants of GtR* are dominant
negative inhibitors that bind and block the activated receptor in a mechanism that parallels that of
RasSer17Asn. Dominant negative mutants of GtR sequestering R*, such as S43C and S43N, may become
useful instruments in probing the mechanisms of visual dysfunctions caused by abnormal phototransduction
signaling.

GTP-binding proteins transduce a vast number of signals
inside a cell or across the cell membrane. Small monomeric
and larger heterotrimeric proteins represent two distinct
families in the superfamily of GTP-binding proteins. At the
center of signaling by the two families is a conserved GTPase
cycle that switches GTP-binding proteins between two
principal states: inactive, GDP-bound, or activated, GTP-
bound. A GTP-binding protein is activated by a guanine
nucleotide exchange factor (GEF), which induces the release
of bound GDP and its exchange for GTP. Intrinsic GTPase
activity, often under the control of GTPase-activating proteins
(GAPs), inactivates GTP-binding proteins. For heterotrimeric
GTP-binding proteins (G-proteins), the function of GEFs is
accomplished by agonist-activated G protein-coupled recep-
tors (GPCRs), which induce GDP-release from GR-subunits
of cognate G-proteins, followed by binding of GTP and
dissociation of GRGTP and Gâγ from the receptor (reviewed
in refs1-7). Dominant negative mutants, particularly those
of monomeric GTPases, have been very instrumental in
delineating the complexity of signaling pathways by GTP-
binding proteins. One of the best characterized dominant
negative mutants is RasS17N (6, 8). The serine residue, S17,
binds the magnesium ion in the nucleotide-binding pocket
of GDP- or GTP-bound Ras (4, 6). The S17N mutation
reduces Ras’s affinity for both GDP and GTP and blocks its
ability to reach an active conformation (6, 9). While RasS17N
fails to activate effector proteins, its nucleotide-free form

binds tightly and sequesters Ras-GEFs, thereby inhibiting
signaling by the wild-type Ras (6).

Mutations of the S17 counterpart residue in GR subunits
have been also shown to produce the dominant negative
phenotype, but the mechanism of these mutants remains
poorly understood (10-13). The Cys substitutions of Ser47
in GoR or Ser48 in GiR2 yield dominant-negative mutants
that seem to exert their effects through sequestration of Gâγ
(10, 11). A heterotrimer of GR and Gâγ is a prerequisite
for G-protein activation by a GPCR (3). Depletion of Gâγ
by GR mutants inhibits the activation of wild-type G-proteins
and blocks Gâγ-mediated pathways (14). However, the
mechanism of dominant negative GR mutants by Gâγ-
sequestration is nonselective and allows for the lingering
presence of unblocked activated receptors. In contrast, the
mechanism of the dominant negative S54N mutant of GsR
appears to be similar to that of RasS17N (12, 13). The GsR
S54N mutant blocked the GsR- and GqR-mediated signaling
from TSH receptor but not the GqR-mediated signaling from
theR1B-adrenergic receptor, suggesting that GsRS54N blocks
the TSH receptor (13). These findings indicate that the
precise mechanism of the Ser mutants of GR subunits may
depend on the type of GR or perhaps the nature of the
substitution. Here, we examined the mechanism of the Ser
mutations, S43C and S43N, introduced into the transducin-
like chimeric protein GtR*,1 which is readily expressed in
Escherichia coli(15). Transducin, a member of the Gi/Go
family, mediates a classical phototransduction cascade in rod
photoreceptor cells. The cascade is initiated by the interaction† This work was supported by National Institutes of Health Grant
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of photoexcited rhodopsin (R*) with transducin (Gt). GtRGTP
is subsequently released to activate the effector enzyme
PDE6 by displacing the inhibitory Pγ subunits from the
catalytic core PDE6Râ. Hydrolysis of cGMP by activated
PDE6 results in the closing of cGMP-gated channels in the
photoreceptor plasma membrane (16). The ease of purifica-
tion of rhodopsin in large quantities and the specificity of
R*/transducin coupling makes this system an excellent model
to probe the mechanism of dominant negative GtR mutants.
Furthermore, identification and characterization of dominant
negative inhibitors of phototransduction may have important
implications for potential therapies of specific forms of retinal
degeneration caused by excessive visual signaling (17-19).

EXPERIMENTAL PROCEDURES

Materials. Guanosine 5′-[γ-35S]thiotriphosphate triethy-
lammonium salt (GTPγS; 1100 Ci/mmol), nicotinamide
adenine [adenylate-32P]dinucleotide (32P-NAD; ∼1000 Ci/
mmol), and PD-10 desalting columns were from Amersham
Biosciences. GTP, GDP, and pertussis toxin were from
Sigma-Aldrich. DpnI restriction enzyme was from New
England Biolabs, Inc. TurboPfuDNA polymerase was from
Stratagene. DH5R and BL21(DE3) bacterial strains were
from Invitrogen. His‚Bind resin was from Novagen. Trypsin
treated withL-(tosylamido-2-phenyl)-ethylchloromethylke-
tone was from Worthington Biochemical Corp. Primers were
synthesized by IDT, Inc. Bovine rod outer segment (ROS)
membranes were prepared as described (20). EDTA-washed
ROS (E-ROS) were prepared as described (21). Gtâγ was
purified as described (22).

Mutagenesis and Expression of GtR*S43C and GtR*S43N.
The GtR*S43C and GtR*S43N mutants were obtained using
the pHis6-GtR* vector for expression of the transducin-like
chimera, GtR* (15), as a template in the PCR amplifications.
Reverse GtR* primer TCTGCTTGACAATGGTACACT-
TCCCGGATTCACCG and forward GtR* primer CGGT-
GAATCCGGGAAGTGTACCATTGTCAAGCAGA were
used to obtain the mutation S43C (bold) by following the
protocol of the QuikChange II site-directed mutageneis kit
(Stratagene). Similarly, the reverse primer GtR* TCTGCT-
TGACAATGGTATT CTTCCCGGATTCACCG and for-
ward GtR* primer CGGTGAATCCGGGAAGAAT ACCAT-
TGTCAAGCAGA were used to obtain the mutation S43N
(bold). The constructs were sequenced at the University of
Iowa DNA Core Facility. GtR*, GtR*S43C, and GtR*S43N
were expressed and purified as described (23).

Trypsin-Protection Assay.GtR*, GtR*S43C, and GtR*S43N
(2 µg) were incubated in 20 mM HEPES buffer (pH 8.0)
containing 100 mM NaCl and 2 mM MgSO4 (buffer A) and
50 µM GDP for 10 min at 25°C. Where indicated, 10 mM
NaF and 50µM AlCl 3 were included in buffer A. For the
GTPγS-bound GtR*, GtR*S43C, and GtR*S43N, 2 µg of
each protein was preincubated with bleached E-ROS (20 nM
rhodopsin) and Gtâγ (0.2 µg) in the presence of 50µM
GTPγS for 1 h at 25°C. Where indicated, trypsin (10µg/
mL) was added and the digestion was carried out for 10 min
at 25 °C. Digestions were stopped by heat treatment (100
°C) and the addition of SDS-PAGE sample buffer. Pro-
teolytic fragments were analyzed by SDS-gel electrophore-
sis followed by Coomassie Blue staining.

Analysis of the Nucleotide-Bound State.Purified GtR*,
GtR*S43C, and GtR*S43N (400µg) were passed through

desalting PD-10 columns equilibrated with 20 mM Tris-HCl
buffer (pH 8.0) containing 2 mM MgSO4, and the proteins
were denaturated by boiling for 10 min. The samples were
centrifuged at 13000g for 10 min and then applied to YM-
10 Microcon filters (Millipore). The guanine nucleotide
composition of the filtrates was determined by chromatog-
raphy on a MonoQ anion exchange column (Pharmacia)
using a HPLC system (BioRad Model 2800). The column
was equilibrated with 20 mM Tris-HCl buffer (pH 8.0)
containing 5 mM MgSO4 and 2 mM â-mercaptoethanol.
Nucleotides eluted with a linear gradient of NaCl (0-800
mM/16 min) at the flow rate of 0.5 mL/min were monitored
at 254 nm. Under these conditions, the elution times of the
control GDP and GTP samples were 11.6 and 12.3 min,
respectively.

Pertussis Toxin-Catalyzed ADP-Ribosylation.GtR*,
GtR*S43C, and GtR*S43N (0.5µM) were mixed with Gtâγ
(0-3 µM) in buffer A. The reactions were initiated by the
addition of 5µM [32P]NAD (0.3µCi) and 3µg/mL pertussis
toxin (preactivated with 100 mM dithiothreitol and 0.25%
SDS for 10 min at 30°C) and allowed to proceed for 1 h at
25 °C. Aliquots from reaction mixtures were filtered through
Whatman cellulose nitrate filters. The filters were washed
three times with 20 mM Tris-HCl (pH 8.0) buffer containing
130 mM NaCl and 10 mM MgSO4 and counted in a liquid
scintillation counter. Additional aliquots from reaction
mixtures were mixed with sample buffer for SDS-PAGE,
heat-treated for 5 min at 100°C, and analyzed by electro-
phoresis in 12% gels and autoradiography.

GTPγS Binding Assay.GtR*, GtR*S43C, and GtR*S43N
(1 µM) mixed with 2µM Gtâγ and E-ROS membranes (0.12
or 0.5 µM rhodopsin) were incubated for 2 min at 25°C
under room light conditions. Binding reactions were initiated
with the addition of 20µM [35S]GTPγS (1 µCi). Aliquots
of 20 µL were withdrawn at the indicated times, mixed with
1 mL of ice-cold 20 mM Tris-HCl (pH 8.0) buffer containing
130 mM NaCl, 2 mM MgSO4, and 1 mM GTP, passed
through Whatman cellulose nitrate filters (0.45µm), and
washed three times with 3 mL of the same buffer without
GTP. The filters were dissolved in 5 mL of a xylene-based
3a70B counting cocktail (RPI Corp.), and [35S]GTPγS was
measured in a liquid scintillation counter. The initial rates
for the binding reactions were calculated as the slopes of
the linear fits.

To study the effects of the mutants on GTPγS binding to
GtR* and GtR, indicated amounts of the mutants were
preincubated with an equimolar concentration of Gtâγ and
indicated concentrations of E-ROS for 3 min at 25°C,
followed by the addition of GtR*Gtâγ or holotransducin,
Gt (0.3µM), and 20µM [35S]GTPγS (1µCi). Time courses
of GTPγS binding were determined at 25°C (aliquots
withdrawn at 1, 2, and 3 min), and the initial rates of the
reactions were calculated and compared.

ROS Pull-Down Assay.E-ROS membranes were resus-
pended in 50 mM Tris-HCl (pH 7.4) buffer containing 100
mM NaCl and 5 mM MgSO4. The rhodopsin concentration
was calculated using the extinction coefficient 40 600 M-1

cm-1 at A500 (24). GtR*, GtR*S43C, and GtR*S43N (2µM)
were mixed with E-ROS (0.5µM rhodopsin) in the absence
or presence of Gtâγ (2 µM) and incubated for 20 min at 25
°C under room light conditions in 50 mM Tris-HCl (pH 7.4)
buffer containing 100 mM NaCl and 5 mM MgSO4. The
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samples were centrifuged at 15000g for 15 min at 4°C.
Pellets were resuspended in the same buffer and centrifuged
three more times. The pellets were resuspended in 20 mM
Tris-HCl (pH 7.4) buffer containing 5 mM MgSO4, and one-
half of the membrane suspension (20µL) was added to SDS
sample buffer, followed by heat treatment (100°C, 5 min).
The other half was incubated for 30 min at 25°C in a volume
of 300µL of the same buffer containing 3 mM GTPγS. The
samples were centrifuged at 15000g for 15 min at 4°C. The
supernatants were collected and concentrated using Speed
Vac (Savant), and SDS sample buffer was added to the
concentrated supernatants, followed by heat treatment (100
°C, 5 min). The pellets were resuspended in the GTPγS-
containing buffer, incubated for 30 min at 25°C, and
centrifuged at 15000g for 15 min at 4°C. This step was
repeated twice. Finally, SDS sample buffer was added to
the pellets followed by heat treatment (100°C, 5 min).
Samples were analyzed by SDS-gel electrophoresis followed
by Coomassie Blue staining.

“Extra” Metarhodopsin II Assay.The absorbance spectra
of E-ROS (4µM rhodopsin) were measured at 4°C in the
absence and presence of 2µM transducin or 5µM GtR*,
GtR*S43C, or GtR*S43N prebound with equimolar concen-
trations of Gtâγ. The assay buffer contained 10 mM MOPS
(pH 7.6), 2 mM MgSO4, 1 mM dithiotreitol, 200 mM NaCl,
and, where indicated, 100µM GTPγS. A dark spectrum was
recorded first. A second spectrum was measured 1 min after
10 s of bleaching with a 150 W light source at a distance of
10 cm. The difference between the two spectra was calcu-
lated. Metarhodopsin II was assessed as the difference
between the absorbance at 380 and 420 nm (21, 25).

Pγ Fluorescence-Binding Assay.Fluorescence-binding
measurements were performed on a F-2500 fluorescence
spectrophotometer (Hitachi) in 0.5 mL of buffer A at 25°C.
Fluorescence of Pγ labeled with 3-(bromoacetyl)-7-diethy-
laminocoumarin (PγBC, 15 nM) (26) was measured with
an excitation of 445 nm and emission of 495 nm in the
presence of increasing concentrations of the GDP-, AlF4

--,
or GTPγS-bound GtR*, GtR*S43C, or GtR*S43N. The
AlF4

-- and GTPγS-bound proteins were obtained by prein-
cubation of 10 mM NaF and 50µM AlCl 3 for 10 min, or 50
µM GTPγS in the presence of bleached uROS membranes
(100 nM rhodopsin) and Gtâγ (100 nM) for 1 h, followed
by centrifugation for 15 min at 13000g.

Miscellaneous Procedures.Protein concentrations were
measured using IgG as a standard as described (27). SDS-
PAGE was performed using 12% acrylamide gels. GraphPad
Prizm (version 4) was used to fit the experimental data and
plot the graphs. Results are expressed as mean( SE for
three independent experiments.

RESULTS

Expression and Trypsin SensitiVity of the GtR*S43C and
GtR*S43N Mutants.Two mutations, S43C and S43N, were
introduced into the GtR-like chimeric protein GtR*, which
is readily expressed inE. coli (15). This effector competent
GtR* was generated previously, based on the GtR/GiR Chi8
(23), by introducing two GtR-specific residues H244 and
N247 (15). The yields of purified GtR*S43C and GtR*S43N
mutants were similar (∼1 mg/L of culture). A trypsin
protection assay was performed to assess the folding and

nucleotide-binding state of the mutants. When GtR* becomes
activated (GDP-AlF4-- or GTPγS-bound), a conformational
change occurs which protects the switch II region from
tryptic cleavage and results in the appearance of a∼34 kDa
band. As expected, the trypsin-protection test of GtR*
showed a∼20 kDa band in the GDP-bound state, and a∼34
band for the AlF4-- and GTPγS-activated conformations
(Figure 1). In contrast, the GtR*S43C and GtR*S43N
mutants were fully proteolyzed by trypsin regardless of the
presence of GDP, GDP-AlF4

-, or GTPγS (Figure 1). The
absence of the∼20 and∼34 kDa bands indicates that either
the mutants are deficient in GDP and GTP binding or their
guanine nucleotide-bound conformations are different from
those of GtR*.

Nucleotide Bound State of GtR*S43C and GtR*S43N.To
further elucidate the nucleotide-bound state of GtR*S43C
and GtR*S43N, the mutants were denaturated to release
bound nucleotide, which was identified by HPLC. The HPLC
profiles show that the GtR*S43C and GtR*S43N mutants
contain a negligible amount of bound GDP compared to
GtR* when the same amount of proteins was analyzed
(Figure 2). This correlates with the results of the trypsin-
protection test and shows that the mutants have a severely
reduced affinity for GDP and are likely to exist in an empty-
pocket state.

Gtâγ-Dependent Pertussis Toxin-Catalyzed ADP-Ribosy-
lation of GtR*, GtR*S43C, and GtR*S43N.We next exam-

FIGURE 1: Trypsin-protection assay of GtR*, GtR*S43C, and
GtR*S43N. GtR*, GtR*S43C, and GtR*S43N (2µg) were treated
with trypsin (10µg/mL) for 10 min at 25°C in the presence of 50
µM GDP alone, or 50µM GDP, 10 mM NaF, and 50µM AlCl 3.
The GTPγS-bound proteins were obtained as described under
Experimental Procedures. Samples were analyzed by SDS-PAGE
in 12% gels and stained with Coomassie Blue.

FIGURE 2: Analysis of the nucleotides released from GtR*,
GtR*S43C, and GtR*S43N. Nucleotides bound to GtR*, GtR*S43C,
and GtR*S43N (400 µg) were released by boiling for 10 min,
filtrated through YM-10 Microcon filters, and separated on a
MonoQ column as described under Experimental Procedures. The
retention times for the GDP and GTP standards were 11.6 and 12.3
min, respectively.
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ined the ability of the mutants to interact with Gtâγ.
GtR*GDP is known to be ADP-ribosylated by pertussis toxin
at Cys347 (28, 29). Since holotransducin GtRâγ is a notably
better substrate than the GtR-subunit alone (30), ADP-
ribosylation by pertussis toxin is a sensitive assay to assess
the interaction between GtR and Gtâγ. GtR*, GtR*S43C,
and GtR*S43N all showed increased ADP-ribosylation in a
Gtâγ dose-dependent manner (Figure 3). Although the
GtR*S43C and GtR*S43N mutants required slightly higher
concentrations of Gtâγ to produce equivalent effects com-
pared to GtR*, they are clearly capable of interacting with
Gtâγ.

GtR*S43C and GtR*S43N Are Not ActiVated by R*.The
ability of GtR*S43C and GtR*S43N to interact with Gtâγ
allowed us to test the functional coupling of the heterotri-
meric mutants to R*. Control experiments demonstrated the
R*-dependent kinetics of GTPγS binding to GtR* in the
presence of Gtâγ (Figure 4). Unlike GtR*, both GtR*S43C
and GtR*S43N did not appreciably bind GTPγS even when
using a relatively high concentration of R* (Figure 4). This
result suggests that either the mutants either fail to interact

with R* or they bind to R*, but fail to subsequently bind
GTPγS and assume an activated conformation.

Binding of GtR*, GtR*S43C, and GtR*S43N to R*.To
determine if GtR*S43C and GtR*S43N retained the ability
to bind to R*, direct mutant binding to E-ROS was
investigated in the presence or absence of Gtâγ (Figure 5).
Both mutants bound to E-ROS membranes in the presence,
but not in the absence, of Gtâγ. Moreover, the mutant
binding was comparable to the binding of GtR*. The addition
of GTPγS to the E-ROS membranes caused activation and
elution of GtR*, but not GtR*S43C, supporting the mutant’s
inability to bind guanine nucleotides (Figure 5). The GTPγS-
induced elution of GtR*S43N was markedly reduced with
most of the mutant remaining membrane-bound (Figure 5).

To prove that the binding of GtR*S43C and GtR*S43N
to E-ROS membranes reflects their interaction with R*, we
performed the MII-stabilization assay (25). Through a chain
of intermediate photoproducts, photoexcitation of rhodopsin
leads to an equilibrium between metarhodopsin I and
metarhodopsin II (MII) (31), of which MII (R*) is the
photoproduct that binds and activates Gt (32). When ROS
membranes are bleached in the presence of Gt, the stable
interaction between MII and Gt in the absence of GTP leads
to the formation of extra MII (25). The spectroscopic
measurements of MII showed that both GtR*S43C and
GtR*S43N stabilize MII similar to native GtR and GtR*
(Figure 6). As expected, the addition of GTPγS reversed the
MII stabilization effects of GtR and GtR*. In contrast,
GTPγS had little or no effect on the MII formation in the
presence of GtR*S43C and GtR*S43N (Figure 6).

GtR*S43C and GtR*S43N Inhibit R*-Stimulated GTPγS
Binding to GtR*and GtR. Intact binding of GtR*S43C and
GtR*S43N to R* coupled with their inability to bind GTPγS
and be released from the complex with receptor indicated
that the mutants may compete with GtR* for R* and block
GtR* activation. To test this hypothesis, we examined
GTPγS binding to GtR* in the presence of increasing
concentrations of the mutants. GtR* and the mutants were
reconstituted with equimolar amounts of Gtâγ to exclude
effects due to Gtâγ sequestration. As shown in Figure 7A,
the initial rates of GTPγS binding to GtR* decreased in a
GtR*S43C and GtR*S43N dose-dependent manner. GtR*S43N

FIGURE 3: Gtâγ-dependent ADP-ribosylation of GtR*, GtR*S43C,
and GtR*S43N. Pertussis toxin catalyzed [32P]ADP-ribosylation of
GtR*, GtR*S43C, and GtR*S43N (0.5µM each) was performed
in the presence of increasing concentrations of Gtâγ (0, 0.3, 1.0,
and 3µM) as described under Experimental Procedures. Samples
were analyzed by SDS-PAGE in 12% gels followed by autorad-
iography (A) or by filtering through Whatman cellulose nitrate
filters and counting the filters in a liquid scintillation counter (B).

FIGURE 4: Kinetics of GTPγS binding to GtR*, GtR*S43C, and
GtR*S43N. The binding of GTPγS to GtR* (9, 2), GtR*S43C
(1), and GtR*S43N ([; 1 µM each) in the presence of 2µM Gtâγ
and E-ROS membranes (120 nM rhodopsin9; 500 nM rhodopsin
2, 1, [) was initiated by the addition of 20µM [35S]GTPγS.
Aliquots were withdrawn at the indicated time points, passed
through Whatman cellulose nitrate filters (0.45µm), and counted
in a liquid scintillation counter. Thekapp values (min-1) are (9)
0.14 ( 0.01 and (2) 0.56 ( 0.04.

FIGURE 5: Binding of GtR*, GtR*S43C, and GtR*S43N to ROS
membranes. GtR*, GtR*S43C, and GtR*S43N (2 µM each) and
EDTA-stripped ROS membranes containing 0.5µM rhodopsin were
incubated in the absence or presence of Gtâγ (2 µM) for 20 min at
25 °C, centrifuged, and washed twice with isotonic buffer. Aliquots
of E-ROS were analyzed by SDS-electrophoresis (left two lanes
for each construct), while additional aliquots of E-ROS with bound
GtR*âγ or mutants were used for extraction with hypotonic buffer
containing 3 mM GTPγS as described under Experimental Proce-
dures. The membrane pellets (p) and the supernatants (s) after the
addition of GTPγS were analyzed by SDS-electrophoresis (right
two lanes for each construct).
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appeared to be a somewhat more potent inhibitor compared
to GtR*S43C. The addition of a 10-fold excess of GtR*S43N
over GtR* reduced the GTPγS binding rate by∼90% (Figure
7A). We also examined the ability of GtR*S43C and
GtR*S43N to block the R*-dependent activation of native
Gt isolated from bovine ROS. In this experiment, a lower
concentration of E-ROS (30 nM rhodopsin) was used to
achieve an initial GTPγS binding rate similar to that for
GtR*Gtâγ using 150 nM rhodopsin. The mutants also
markedly inhibited GTPγS binding to Gt (Figure 7B).

GtR*S43C and GtR*S43N Fail To Interact with the
γ-Subunit of PDE6.GDP-bound GtR is known to have a
basal affinity for the PDE6γ-subunit, which is markedly
enhanced in the AlF4-- or GTPγS-activated conformations
of GtR (26, 33). This increase in the interaction with Pγ can
be monitored by a binding assay utilizing fluorescently
labeled Pγ, PγBC (26). The fluorescence binding assay was
performed to determine whether the conformations of
GtR*S43C and GtR*S43N allow them to bind Pγ. No
interaction of either mutant with PγBC was detected,
regardless of the presence of GDP, GDP-AlF4

- (Figure 8),
or GTPγS (not shown). In control experiments, GtR*
displayed an∼8-fold and a∼14-fold increase in the affinity

for PγBC when activated by AlF4- (Figure 8) and GTPγS,
respectively (not shown).

DISCUSSION

A number of mutant GR subunits exerting often only weak
dominant negative effects have been described (34-37).
Activation of heterotrimeric G-proteins by agonist-bound
GPCRs releases potentially two signaling species: GRGTP
and Gâγ. Consequently, dominant negative mutants of GR
might act by blocking GPCRs, by inhibiting GRGTP-
mediated activation of effectors or by sequestering Gâγ. To
date, no dominant negative mutant GR subunits that ef-
fectively prevent activation of effectors by GRGTP have been
identified. Two mutations of GsR, G225T and G226A, were
shown to reduce its ability to bind GTP and assume an
activated conformation (34, 35). These GsR mutants were
reported to inhibit hormone-induced stimulation of adenylyl
cyclase. Corresponding mutations in GiR2 also produced
dominant negative effects (36, 37). The main mechanism of
the GR mutants with the impaired ability to undergo
activational conformational change is likely based on the
sequestration of Gâγ (14). GR mutants sequestering only
Gâγ would be potent inhibitors of G-protein signaling
mediated by Gâγ. However, such mutants would not be
efficient in blocking G-protein pathways with GRGTP as
transducers due to the catalytic role of Gâγ during G-protein
activation by GPCRs (14). Concentrations of Gâγ much
lower than stoichiometric may allow significant activation
of GR. Therefore, the most effective and specific mechanism
for a dominant negative GR should involve the sequestration
of activated GPCRs, just as RasS17N binds and blocks Ras-
GEFs. A stable empty-pocket complex between GRâγ and
GPCR is formed in the absence of guanine nucleotides (3,
5). With this rationale, a triple dominant negative mutant
that combined mutations reducing GsR’s affinity for both
GDP and GTP was designed (14). This mutant was shown
to be a robust and selective inhibitor of Gs-dependent
hormonal stimulation of adenylyl cyclase, presumably through
the sequestration of activated GPCR (14). Still, mutants in
GR subunits with a substitution at the position corresponding
to RasS17 remain the best candidates as singly mutated
dominant negative inhibitors. The mechanism of these
mutants remains controversial (10-13). GsRS54N was
shown to block the TSH receptor (13), whereas GoRS47C
and GiR2S48C were reported to act through sequestration
of Gâγ (10, 11).

FIGURE 6: The meta II stabilization by GtR*, GtR*S43C, and
GtR*S43N. The absorbance spectra of E-ROS (4µM rhodopsin)
were measured at 4°C in the absence and presence of 2µM
holotransducin (Gt) or 5µM GtR*, GtR*S43C, or GtR*S43N
prebound with equimolar Gtâγ. The assay buffer contained 10 mM
MOPS (pH 7.6), 2 mM MgSO4, 1 mM dithiotreitol, and 200 mM
NaCl (filled bars), and 100µM GTPγS (open bars). A dark
spectrum was recorded first. A second spectrum was measured 1
min after 10 s of bleaching with a 150 W light source at a distance
of 10 cm. The difference between the two spectra was calculated.
Metarhodopsin II was assessed as the difference between the
absorbance at 380 and 420 nm.

FIGURE 7: GtR*S43C and GtR*S43N inhibit R*-stimulated GTPγS
binding to GtR* and GtR. GtR*S43C and GtR*S43N (0.5-3 µM)
were preincubated with an equimolar concentration of Gtâγ and
E-ROS (A, 150 nM, B, 30 nM rhodopsin) for 3 min at 25°C,
followed by the addition of GtR*Gtâγ (A) or holotransducin, Gt
(B) (0.3 µM each), and 20µM [35S]GTPγS (1µCi). Time courses
of GTPγS binding were determined at 25°C (aliquots withdrawn
at 1, 2, and 3 min), and the initial rates of the reactions were
calculated.

FIGURE 8: Binding of GtR*, GtR*S43C, and GtR*S43N to PγBC.
The relative increase in fluorescence (F/Fo) of PγBC (15 nM)
(excitation at 445 nm, emission at 495 nm) was determined in the
presence of increasing concentrations of GtR* (9, 0), GtR*S43C
(2, 4), and GtR*S43N (1, 3) in the GDP- (closed symbols) or
GDP-AlF4

--bound (open symbols) conformations. TheKd values
for GtR* (nM) are (9) 75 ( 8 and (0) 9 ( 2.
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We have generated the S43C and S43N mutants of
transducin-like GtR* and examined their effects on the
rhodopsin/transducin/PDE6 visual signaling pathway. Our
results demonstrate that both mutants have reduced affinity
for guanine nucleotides and are likely to exist in an empty
or partially occupied pocket state. GtR*S43C and GtR*S43N
retained the ability to interact with Gâγ and, as heterotrimeric
proteins, bind R*. The interaction with R* is unproductive
in that the mutants fail to bind GTPγS and become activated.
Moreover, by binding and blocking R*, GtR*S43C and
GtR*S43N can inhibit R*-dependent activation of GtR.
Finally, GtR*S43C and GtR*S43N did not show any
interaction with the effector protein. Therefore, both mutants
are dominant negative inhibitors that bind and block the
activated receptor similarly to the effects of GsRS54N (13).
Yet, unlike the GtR* mutants, GsRS54N appears to retain
some GTP-binding capacity and can increase basal cellular
cAMP levels in the absence of hormonal stimulation (12,
13).

Our results suggest that the dominant negative mechanism
of the Ser residue mutations in GR subunits is not dependent
on the type of G-protein (Gs or Gi/o/t) or on the type of
mutation (Asn or Cys). Theoretically, the Ser to Asn or Cys
mutants in all GR families should be capable to some extent
of blocking activated cognate GPCRs. This study is the
second report of a dominant negative transducin-R. A recent
study had reported a dominant negative phenotype for
transducin-R mutant R238E (38). However, our subsequent
investigation of GtR*R238E revealed properties entirely
inconsistent with those of a dominant negative inhibitor (39).
In contrast to the reported phenotype (38), we found that
GtR*R238E binds GDP and GTP, and is fully capable of
activational coupling to R* (39).

A number of visual disorders, including certain forms of
inherited and light-induced retinal degenerations or stationary
night blindness, are caused by excessive phototransduction
signaling (17-19). Often, the source of excessive signaling
is constitutive activity or inadequate inactivation of the visual
receptor (17-19). Dominant negative mutants of GtR that
sequester R* and block activation of native Gt, such as S43C
and S43N, may become very useful instruments in probing
the mechanisms of visual dysfunctions. They could also
potentially serve as therapeutical tools for more severe forms
of retinal degeneration due to abnormal phototransduction.
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