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Residues comprising the guanine nucleotide-binding sites of
the « subunits of heterotrimeric (large) G-proteins (Ga sub-
units), as well as the Ras-related (small) G-proteins, are highly
conserved. This is especially the case for the phosphate-binding
loop (P-loop) where both Ga subunits and Ras-related G-pro-
teins have a conserved serine or threonine residue. Substitu-
tions for this residue in Ras and related (small) G-proteins yield
nucleotide-depleted, dominant-negative mutants. Here we have
examined the consequences of changing the conserved serine
residue in the P-loop to asparagine, within a chimeric Ga sub-
unit (designated a*) that is mainly comprised of the « subunit
of the retinal G-protein transducin and a limited region from the
a subunit of Gil. The a;*(S43N) mutant exhibits a significantly
higher rate of intrinsic GDP-GTP exchange compared with
wild-type a*, with light-activated rhodopsin (R*) causing only a
moderate increase in the kinetics of nucleotide exchange on
a1*(S43N). The a*(S43N) mutant, when bound to either GDP
or GTP, was able to significantly slow the rate of R*-catalyzed
GDP-GTP exchange on wild-type a;*. Thus, GTP-bound
a*(S43N), as well as the GDP-bound mutant, is capable of
forming a stable complex with R*. a;*(S43N) activated the
cGMP phosphodiesterase (PDE) with a dose-response similar to
wild-type a*. Activation of the PDE by «*(S43N) was unaf-
fected if either R* or B1vyl alone was present, whereas it was
inhibited when R* and the $1y1 subunit were added together.
Overall, our studies suggest that the S43N substitution on a*
stabilizes an intermediate on the G-protein activation pathway
consisting of an activated G-protein-coupled receptor, a GTP-
bound Ga subunit, and the $1y1 complex.

G protein-coupled receptors (GPCR)? are one of the largest
families of membrane proteins and are involved in various
physiological functions. In the past several years, significant
advances have been made in the determination of structures at
an atomic level of GPCRs (1, 2), their cognate G-proteins, and
their downstream targets (3). In addition, structures have been
solved for complexes of G-proteins with their downstream tar-
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gets as well as their regulators (e.g. the regulators of G-protein
signaling (RGS) proteins) (3). However, one of the central unre-
solved questions in this field involves the mechanism utilized by
a GPCR to catalyze the release of GDP from its cognate G-pro-
tein (4, 5).

The x-ray crystal structures of various Ga subunits have
shown that they are composed of two distinct domains: one that
highly resembles the GTPase domain of the small G-protein
Ras, and a second domain which is mainly a-helical in content
and thus referred to as the helical domain. The guanine nucle-
otide is nestled between these two domains (4, 5). The binding
of GTP to ay induces structural changes within 3 regions of the
GTPase domain, designated as Switches 1, 2, and 3.

The vertebrate visual system in rod cells has provided an
excellent model system for understanding how GPCRs activate
heterotrimeric G-proteins and subsequently their downstream
targets (6, 7). In the visual transduction pathway, the absorption
of a photon leads to the isomerization of the covalently-bound
chromophore, 11-cis-retinal, to its all-trans configuration. This
converts rhodopsin to its functionally active conformation
referred to as metarhodopsin II (R*). The heterotrimeric
G-protein transducin is made up of a GDP-bound « subunit
(aep-GDP), as well as the B1 and 71 subunits, which are nonco-
valently complexed to each other and can be dissociated only by
denaturation. The R* species binds to heterotrimeric transdu-
cin (a;-GDP/B1y1l) with an extremely high affinity. This
results in a weakening of the affinity of a;. for GDP such that it
dissociates from the G-protein. GTP then binds to a. yielding a
species (a-GTP) that has a reduced affinity for both R* and
B1yl. The structural changes in the switch regions of a.-GTP
allow it to bind and activate the downstream effector enzyme,
the cGMP phosphodiesterase (PDE). The PDE is made up of
two catalytic subunits (appg and Bppge) and two smaller reg-
ulatory subunits (ypp) and catalyzes the rapid hydrolysis of
¢cGMP to GMP. The a-GTP species binds to yppr and
relieves its inhibition of the catalytic activity of the app and
Brpe subunits. The activation of PDE is terminated by the
hydrolysis of GTP by a., which is catalyzed by RGS9. The
conversion of cGMP to GMP leads to a closure of cGMP-
gated channels on the rod cell membrane. This hyperpolar-
ization results in an inhibition of neurotransmitter release,
which represents the signal that is conveyed to the optic
nerve.

Our laboratory has been interested in identifying and bio-
chemically characterizing . mutants that might help to shed
light on the mechanism by which GDP is released from a Ga
subunit, thus leading to G-protein activation (8-12). These
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efforts have resulted in the identification of various Ga mutants
with novel biochemical properties. Owing to the difficulties in
overexpressing native o in Escherichia coli, we have used a
chimera of a.r and o, referred to as a.+*, as a starting Ga-back-
bone for these studies (13).

G-proteins belonging to both the monomeric (small) and
heterotrimeric (large) G-protein families have a conserved ser-
ine or threonine residue in the P-loop. Mutation of this residue
in the small G-protein Ras results in the stabilization of its
nucleotide-free form relative to both its GDP- and GTP-bound
forms (14). This yields a Ras protein that has an enhanced affin-
ity for Ras-guanine nucleotide exchange factors (Ras-GEFs)
and thereby has been used as a dominant-negative inhibitor of
signaling by endogenous Ras in cells. Mutations of this residue
have also been performed in some Ga subunits. In the case of
Ga, or Ga,,, such changes resulted in their having an enhanced
affinity for the GBvy subunit complex (15, 16). A similar muta-
tion in Gag gave rise to an enhanced affinity for the 8-adrener-
gic receptor (17).

In this study, we have changed the conserved serine residue
in the P-loop of at* to an asparagine residue (S43N). This
mutant, unlike wild-type a % is able to undergo GDP-GTP
exchange at a significant rate even in the absence of R*. Similar
to the phenotype shown by the Gag mutant toward the B-adre-
nergic receptor, the a*(S43N) mutant, when in the GDP-
bound state, slows R*-stimulated GDP-GTP exchange upon
wild-type a*. In addition, we show that the GTPyS-bound
form of a*(S43N) is capable of activating the PDE and of slow-
ing R*-stimulated GDP-GTP exchange upon wild-type a*.
Moreover, using the activation of PDE as a probe, we have been
able to show that GTPyS-bound a.+*(S43N) stabilizes what may
represent an intermediate complex that forms along the G-pro-
tein activation pathway and consists of both R* and the B1y1
subunit complex, together with the .. subunit.

During the course of our studies, Artemyev and co-work-
ers (18) reported the characterization of the same mutation
within the chimeric o.* subunit. However, they reported that
a1*(S43N) was not capable of undergoing an exchange of GTP
for GDP. We believe that this was likely due to a step in their
purification protocol that was carried out at room temperature
that would have resulted in the loss of the bound nucleotide.
We have indeed observed that prolonged incubation of the
ar*(S43N) mutant at room temperature renders it unable to
bind GTP+S, and while it is still capable of binding to R* and
preventing it from activating wild-type a*, it no longer exhib-
its many of the features that we describe below.

EXPERIMENTAL PROCEDURES

Materials—Frozen dark-adapted bovine retina were ob-
tained from Lawson (Lincoln, NE). All other chemicals were
from Sigma.

Purification of Visual Transduction Proteins—Rod outer seg-
ment (ROS) membranes were isolated as described (19). Holo-
transducin and PDE were obtained from ROS membranes
essentially as described (20). The PDE was further purified
by gel filtration chromatography on a HiLoad Superdex 200
HR26/60 column (GE Healthcare) equilibrated with HMAG
buffer (20 mm Na-HEPES, pH 7.5, 5 mm MgCl,, 1 mm Na-azide,
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and 10% glycerol). Urea-washed disc membranes were pre-
pared as described and served as the source of R* (21).

Purification of the B1yl Complex—Holo-transducin was
applied to two 5-ml Hitrap Blue-Sepharose columns (GE
Healthcare), connected in tandem, that had been pre-equili-
brated in G1GOA buffer (10 mm Na-HEPES, pH 7.5, 6 mMm
MgCl,, 1 mm DTT, and 10% glycerol). The columns were first
washed with 250 ml of GIGOA buffer. This was followed by a
250 ml of low salt wash (G1GOA buffer + 100 mm KCl) to elute
the B1y1 complex. The . subunit was then eluted with 250 ml
of high salt buffer (G1GOA buffer + 500 mm KCl). The B1y1
subunit complex was further purified by ion exchange chroma-
tography using a 5-ml Hitrap Q-Sepharose column by applying
a NaCl gradient (0-500 mm, 150 ml) in HMAG buffer (20 mm
Na-HEPES, pH 7.5, 5 mm MgCl,, 1 mm Na-azide, and 10% glyc-
erol). The B1y1 complex eluted at a salt concentration of ~100
mwm and was then concentrated, flash-frozen, and stored at
—80°C.

Expression and Purification of a;*—We have used a con-
struct designated pHis6Chi8, which was obtained from Dr.
Heidi Hamm (Vanderbilt University). This chimera has the cor-
responding region from «;; inserted between residues 215 and
295 of ar.. In addition, residues 244 and 247 were changed back
to the original amino acids in a, yielding what we refer to as
ar*. The recombinant a* subunits, both wild-type and S43N,
were expressed in BL21 (DE3) supercompetent cells and puri-
fied as described (11, 13). The proteins were further purified by
ion exchange chromatography as outlined for the 1yl com-
plex. The proteins were concentrated, aliquoted, snap-frozen,
and stored at —80°C. The final yield of chimeric a* was
typically ~1-2 mg of pure protein/liter of bacterial culture.
Nucleotide occupancy of the purified recombinant a* and
ar*(S43N) was determined using HPLC (11).

Determination of Active Concentrations of o,* Subunits—
The amount of active, functional a.;* was determined by assay-
ing [>*S]GTP~S binding activity. Rhodopsin was light activated
(R*) by incubation in ambient light for 5 min on ice. The o*
subunits (500 nm) were incubated in the presence of 50 nm R¥,
500 nm B17y1, and 50 um [**S]GTPYS, in HMDM buffer (20 mm
HEPES, pH 7.5, 5 mm MgCl,, and 0.01% (w/v) dodecylmalto-
side) at a total volume of 100 ul, for 1-2 h at room temperature.
Subsequently, 40-ul aliquots were applied, in duplicate, to
prewet nitrocellulose filters (Schleicher & Schuell, pore size,
0.45 wm) on a suction manifold. The filters were washed twice
with HM buffer (20 mm HEPES, pH 7.5, 5 mm MgCl,), added to
scintillation liquid (30% LSC Scintisafe Mixture), and counted
in a scintillation counter (LS6500 multipurpose scintillation
counter). All protein concentrations of a+* were determined by
this procedure.

Time Course of GTPyS Binding—R* and 1yl were mixed
with [**S]GTP%S to give a final GTPyS concentration of 50 um
in HMDM buffer. The GDP-GTP exchange reaction was initi-
ated by the addition of a1*, with the final volume of the reaction
mixture being 300 ul. At different times, 20-ul aliquots were
added to prewetted nitrocellulose filters and processed as
described in the previous section.

Fluorescence Measurements—Fluorescence measurements
were carried out using a Varian eclipse spectrofluorimeter. The
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binding of aluminum fluoride (AlF,) was measured by moni-
toring the intrinsic tryptophan fluorescence of a* (excitation:
280 nm; emission: 340 nm). a* (300 nm) was mixed with 1 ml of
HMDM buffer at room temperature and the tryptophan fluo-
rescence emission was monitored continuously for 1 min. Sub-
sequently, AlF, (final concentrations: 5 mmM NaF and 100 um
AlCl;) was added while monitoring the tryptophan fluores-
cence emission in real-time.

GTP+S binding to «.* was monitored by premixing R* (pre-
pared as described above) and 1yl in HMDM buffer contain-
ing GTPvS (50 um) and monitoring tryptophan fluorescence
(excitation: 300 nm; emission: 345 nm) in real-time. Subse-
quently, a* (300 nm) was added. All kinetic traces were cor-
rected for the fluorescence from R* and B1+y1.

The inhibition of GDP-GTP exchange upon a;*(wild-type)
by the GDP-bound form of a*(S43N) was measured by mon-
itoring the kinetics of GTPvyS binding using tryptophan fluores-
cence. This was carried out with 300 nm a*(wild-type), R* (5
nm), B17v1 (300 nm), 50 um GTPyS, and varying concentrations
of a.*(S43N).

The GTPvyS-bound form of a.1*(S43N) was prepared by incu-
bating the protein (5 um) with 100 um GTPvS in HMDM buffer
at room temperature for 2 h. The protein was subsequently
placed on ice. a.*(S43N)-GTP+yS was added at varying concen-
trations to a cuvette containing a mixture of R* (5 nm), S1yl
(300 nm), and GTPyS (50 um). Tryptophan fluorescence was
monitored for 1 min and a;*(wild-type) was added, and the
kinetics of GTPvyS binding were monitored. All kinetic data
were fitted to a single exponential Equation 1,

F=F.— (F. — Fo)exp(—kobst) (Eq. 1)
where F = fluorescence signal at any time ¢, F, = fluorescence
signal at time ¢ = 0, F., = fluorescence signal at ¢t = oo, k ., =
observed rate constant.

Labeling the B1vyl Subunit Complex—The 1yl complex
(10 um) was incubated in a buffer containing 20 mm Na-
HEPES (pH 7.5) and 5 mm MgCl, with a 0.5 mm solution of
5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sul-
fonic acid (IAEDANS), dissolved in dimethyl formamide, at
room temperature in the dark for 2 h. The reaction was
quenched by the addition of B-mercaptoethanol at 11.2 mm.
The labeled B1+y1 was separated from free probe and exchanged
into HMAG buffer on a PD-10 desalting column (Amersham
Biosciences). The extent of incorporation of the IAEDANS
moiety was calculated using an extinction coefficient of 5600
M~ ' cm ™! at 336 nm. The stoichiometry of labeling was deter-
mined by correcting the absorbance at 280 nm for IAEDANS
absorption and measuring the concentration of 81y1 using the
calculated extinction coefficient of 53,600 M~ ' cm ™. The stoi-
chiometry of labeling was determined to be 1.2 = 0.1 mol per
mol Blvyl.

Fluorescence Anisotropy Measurements—Anisotropy mea-
surements of IAEDANS-labeled B1y1 complexes were carried
out on a Cary eclipse spectrofluorimeter in the L-format. All
reported anisotropy values have been corrected by determina-
tion of G-factors using horizontally polarized light. The excita-
tion and emission wavelengths were set at 336 nm (band-
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width = 10 nm) and 490 nm (bandwidth = 20 nm), respectively.
An integration time of 10 s was used for all measurements.

Measurements of ¢GMP PDE Activity—The analysis of
c¢GMP hydrolysis by the retinal PDE was carried out as
described (22). Briefly, a pH microelectrode was used to mea-
sure the decrease in pH resulting from the production of a pro-
ton for each molecule of cGMP hydrolyzed by PDE. All assays
were carried out at 22 °C in a final volume of 300 ul containing
5 mm HEPES (pH 7.4), 100 mm NaCl, and 2 mm MgCl, (AB
buffer). The dose response for the activation of PDE by a..* was
determined by mixing R* (118 nm), 1yl (370 nm), 100 um
GTPyS, and a* in AB buffer. This mixture was incubated at
room temperature for 1-2 h. PDE (70 nm) was added and incu-
bated at room temperature for 5 min. The reaction was initiated
by the addition of 2 mMm cGMP. At the end of each assay period,
the buffering capacity (in mV/nmol) was determined by adding
500 nmol of sodium hydroxide. The rate of hydrolysis of cGMP
(nmol/s) was determined from the ratio of the initial slope of
the pH record (mV/nmol) and the buffering capacity of the
assay buffer (mV/nmol).

GTPvyS-bound a*(S43N) was prepared by incubating the
ar* subunit (5 um) with GTP+S (100 um) in AB buffer for 2 h at
room temperature. To determine the effects of R* and the B1y1
subunit complex on PDE activation, R* and/or Blyl were
mixed with GTPyS-bound a*(S43N), diluted in AB buffer
containing 100 um GTP+S to a final concentration of 250 nwm,
and incubated at room temperature for 5 min. PDE and cGMP
were added to this mixture and the PDE activity measured as
described above.

RESULTS

The Purified Recombinant o *(S43N) Mutant Is Isolated with
Bound GDP—Both the Ga subunits of large G-proteins and the
Ras-related small G-proteins bind to GDP with a very high
affinity. This explains the requirement for an activated GPCR
or a GEF to catalyze the dissociation of GDP from Ga subunits
and Ras-related G-proteins, respectively, in order for GDP-
GTP exchange to occur. In the case of the small G-proteins, the
highly conserved serine/threonine residues in the P-loop help
to coordinate Mg>*, which is essential for the high affinity
binding of GDP, such that substitutions at this site yield nucle-
otide-depleted, dominant-negative mutants (14). Magnesium
is not necessary for the high affinity binding of GDP to the Ge
subunits of large G-proteins, possibly because of their helical
domain, which is lacking in the small G-proteins (23). However,
the x-ray crystal structure of the GDP-bound form of . shows
that the main-chain nitrogen of the serine residue at position 43
makes a hydrogen bond with one of the non-bridging oxygens
on the B-phosphate of GDP, thereby suggesting a potentially
important role in high-affinity binding (24). In addition, there
have been suggestions that substitutions for the conserved
P-loop serine/threonine residue in Ga subunits yield domi-
nant-negative inhibitors, raising the question of whether these
mutants are also nucleotide-depleted (16 —18, 25-27). Thus, we
performed HPLC analysis to determine whether the o*(S43N)
mutant, following its purification, still contained bound gua-
nine nucleotide. We found that as in the case for the wild-type
a;* subunit, the a*(S43N) mutant was purified with stoichio-
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FIGURE 1. HPLC analysis of the nucleotide occupancy of wild-type «;* and
a;* (S43N). Wild-type ag* (red) and a*(S43N) (green) at concentrations of
100 um were incubated in the presence of 7.5% acetonitrile for 5 min at room
temperature and centrifuged at 16,000 X g for 10 min at room temperature.
An aliquot of the supernatant (20 wl) was injected into a C18 reverse phase
HPLC column equilibrated with 100 mm KH,PO,, pH 6.5, 10 mm tetrabutylam-
monium bromide, 0.2% NaN,, and 7.5% acetonitrile, and then isocratic elu-
tion was performed. The absorbance at 253 nm was monitored. The elution
times of GDP and GTP standards are indicated by arrows.

metric amounts of bound GDP (Fig. 1), i.e. with stoichiometries
of 1 = 0.1 mol GDP per mol «.* and 0.8 = 0.1 mol GDP per mol
a*(S43N).

The x-ray crystal structure for the aluminum fluoride
(AIF,)/GDP-bound form of o shows that AIF, occupies the
y-phosphate-binding site of GTP (28). This structure has been
postulated to resemble the transition state for GTP hydrolysis.
When AIF, binds to the GDP-bound form of a there is an
increase in the intrinsic tryptophan fluorescence due to a con-
formational change in the Switch 2 region, one of three regions
of o that change conformation upon binding GTP (29). As
expected, a robust increase in tryptophan fluorescence was
observed upon addition of AlF, to the wild-type a.* subunit
(Fig. 2). However, the addition of AIF, to the a*(S43N)
mutant did not cause a detectable change in tryptophan fluo-
rescence. This was not entirely unexpected since the presence
of Mg?* is required for the AIF, -induced enhancement in tryp-
tophan fluorescence. The x-ray crystal structures of both the
GTPvS- and AlF, -bound forms of a.r show that the side-chain
hydroxyl oxygen of Ser-43 is one of the coordination sites for
the bound divalent cation (Mg®" in the GTPyS-bound
structure and Ca”>" in the AIF, -bound «. structure) (28, 30).
Thus, the a*(S43N) mutant would have a reduced affinity for
Mg>* and, consequently, might not be able to undergo the
AlF, -induced conformational change that alters the position of
Switch 2 and enhances its intrinsic tryptophan fluorescence.

R* Has Only Minor Effects on GDP-GTP Exchange within the
a;*(§43N) Mutant—Wild-type o* undergoes very slow gua-
nine nucleotide exchange when assayed in the absence of R*
and B1lvl, as monitored by either the enhancement in the
intrinsic tryptophan fluorescence that accompanies the ex-

APRIL 8,2011+VOLUME 286+NUMBER 14

1.6

— WI
S43N

-
[&)]
1

) Al A
,f A ahf ,J.lg\"k,n,’v.;‘ ll'!ﬁ‘ L ’Ldr‘l JLb'r..ﬁ',f.'\‘,ﬁ {I"rl\uﬂfi‘/ir‘

sl ik gl
N w IS
. L L
T s
S

Fluorescence (arbitrary Units)

ry
o
I

vhu‘ r |
Rk

09 . - - :

0 1 2 3 4 5
Time (minutes)

FIGURE 2. AIF; response of wild-type a;* and a;* (S43N). Wild-type a*

(red) and a*(S43N) (green) were incubated in HMDM buffer. At the indicated

time, 20 ul of a premixed aliquot containing 250 mm NaF and 150 um AICI; to

generate AIF, was added and the enhancement in tryptophan fluorescence
(excitation: 280 nm; emission: 340 nm) was monitored.

change of GDP for GTPYS (k,,. = 0.01 min™ '), or by using a
filter binding assay to measure the exchange of GDP for
[**SIGTPvS (0.02 min ') (Fig. 3A, open squares). This is similar
to the spontaneous nucleotide exchange rate reported earlier
(31). In contrast, we found that the a;*(S43N) mutant under-
goes nucleotide exchange with a rate constant that is about
4 - 8-fold faster than that for the wild-type a.r* subunit (k. =
0.09 min~"') as monitored using intrinsic tryptophan fluores-
cence (Fig. 3A, dotted line). A similar rate constant was
obtained when using a filter binding assay to measure the
exchange of GDP for [>*S]GTP%S (k. = 0.08 min™"). A filter
binding assay was used to measure the rate of dissociation of
GDP using wild-type ar* or a*(S43N) that had been pre-
loaded with [*H]GDP. This experiment showed that the rate of
release of GDP from «.*(S43N) was 4-fold faster than that of
wild-type at* (Fig. 3A, inset). Thus, changing the serine to
asparagine at position 43 within the a* subunit apparently
causes a change in the conformation of the P-loop such that
there is an increase in the rate of GDP dissociation, which has
been suggested to be the rate-limiting step for GDP-GTP
exchange (32).

When R* was added together with the 81y1 subunit complex
to wild-type ar*, there was the expected marked increase in the
rate of GDP-GTP exchange. For example, the addition of 12 nm
R*, along with 300 nm 171, to 300 nm wild-type a* increased
the rate constant for guanine nucleotide exchange by at least
500-fold (Fig. 3B, inset, open triangles). This rate enhancement
due to light-activated rhodopsin is similar to what has been
reported earlier (10). However, the addition of even relatively
high levels of R* to the «*(S43N) mutant had only minimal
effects on the rate of nucleotide exchange (Fig. 3B). Specifically,
when the a.*(S43N) mutant was assayed in the presence of 112
nM R* and 400 nm Blvyl, the rate constant for GDP-GTP
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FIGURE 3. The R*-independent and R*-dependent GDP-GTP exchange activity of a.* (S43N). A, 50 um GTPyS or [**SIGTPyS was added to 300 nm a*(S43N)
orwild-type a;*.In the case of GTPyS (dotted: a;*(S43N)), the tryptophan fluorescence emission was monitored in real-time with the excitation wavelength set
at 300 nm and the emission wavelength at 345 nm. When assaying [**SIGTPvS binding to either a;*(S43N) (O) or wild-type a;* (), aliquots (20 ul) of the
reaction mixture were removed at the indicated times and added directly to pre-wetted nitrocellulose filters on a suction manifold to quench the reaction.
The filters were subsequently washed twice with HM buffer and added to 3 ml of scintillation fluid and counted on a scintillation counter. The y-axis shows the
number of pmol of GTPvS in 20 ul of the filtered reaction mix. The radioactivity data is shown as mean = S.E. of three independent experiments. A combined
single exponential fit (solid line) of all 3 data sets for a;*(S43N) yielded a rate constant of 0.076 + 0.005 min ' (= S.E.). Asingle exponential fit of the fluorescence
data for a*(S43N) yielded a rate constant of 0.085 = 0.003 min~' (mean = S.E.; n = 21). Data from experiments carried out in the absence of a;*(S43N) or
wild-type a;* are shown as closed circles. Inset, a;*(S43N) or wild-type a;* (5 um) was incubated in the presence of 100 um [*HIGDP for either 2 or 3 h,
respectively. The mixtures were diluted 10-fold into HM buffer containing 1 mm GTPvS and incubated at room temperature. At different times, aliquots (20 w.l)
of the reaction mixture were removed and treated as described above. The y-axis shows the percentage of [*HIGDP remaining bound to the a;* subunits,
relative to the amount bound after 15 s of incubation. Wild-type a*: [J. a;*(S43N) : O. B, 50 um [*>SIGTP+S was added to 300 nm a*(S43N) in the presence of
400 nm B1vy1 and the indicated concentrations of R* (O: no R*; A: 14 nm R*; [J: 112 nm R*). The samples were filtered and counted as described in panel A. The
y-axis shows the number of pmol of GTP+S in 20 wl of the reaction mix. The radioactivity data are shown as mean = S.E. of 3 independent experiments. Data
from experiments carried out in the absence of a;*(S43N) are shown as corresponding closed symbols. Inset, 50 um [>*SIGTPyS was added to 300 nm wild-type
a;* in the presence of 400 nm 311 and the indicated concentrations of R* (O: no R¥; A: 14 nm R*; [: 112 nm R*). The samples were filtered and counted as
described in panel A.

exchange was increased by only ~3-fold. The rate of GDP-GTP  ropy assay that allows for the direct monitoring of the binding
exchange upon wild-type o.* was too fast to be measured under  of Ga subunits to the B1yl subunit complex labeled with
these conditions (Fig. 3B, inset, open squares). These findings TAEDANS, and found that the a*(S43N) mutant bound to
suggested either that the c;*(S43N) mutant is impaired in its 8171 with an affinity that was similar to that for the binding of
ability to interact with R* or that the release of R* from the wild-type a.* to B1y1 (Fig. 4C). This indicates that the 81yl
activated, GTPyS-bound mutant is slow relative to its rate of  gybunit complex is able to bind to the a*(S43N) mutant but it
release from wild-type o *, thus compromising the ability of R*  js unable to help accelerate the nucleotide exchange reaction in
to act catalytically. the presence of R*.

The Byl Subunit Complex Has No Lifect on the GDP-GTP As expected, the rate of R*-stimulated GDP-GTP exchange
Exchange Activity of the a;* (S43N) Mutant—The B1yl sub-

unit complex has been shown to increase the affinity of GPCRs
like R* for their Ga-signaling partners, as well as to help GPCRs

on wild-type a* was very slow in the absence of any added
B1vyl. However, the rate of GDP-GTP exchange was enhanced
) > e in the presence of 60 nm B1y1. Importantly, a similar rate of
to. further increase the rate of G—protem.actlvatlon (33—-37). The GDP-GTP exchange was observed when the IAEDANS-labeled
stimulatory actions of the B1vy1 subunit complex were clearly . . )

. . . . B1vy1 was used instead of unlabeled B1+v1 (Fig. 4C, inset), dem-
evident when assaying nucleotide exchange on the wild-type onstrating that the IAEDANS-labeled 1yl was functionall
ar* subunit, as the rate constant for R*-stimulated GDP-GTP . 1ng . YL was functl Y

equivalent to its unlabeled counterpart.

exchange increased from 0.02 min ' in the absence of 11 to * (S43N) S e R R*depend GDP-GTP
0.78 min~ " in the presence of 400 nm B1v1 (Fig. 44, inset). This az® (543N) OIOWS the Rate of - aepen ent )
Exchange on Wild-type a*—It was first shown for the small

rate enhancement, due to the B1y1 complex, is similar to that ! ; ) ) »
G-protein Ras, that changing the serine residue at position 17,

reported in earlier studies (10). However, this was not the case ) c N i )
when assaying the a;*(S43N) mutant, as the rate of nucleotide ~ corresponding to Ser-43 in cr”, to asparagine (S17N) yielded a

exchange upon the addition of 400 nM B1yl to a,*(S43N) in Potent dominant-negative inhibitor of Ras signaling by seques-
the presence of 14 nM R* was 0.11 min ' (Fig. 4A), similar to the tering upstream GEFs (38, 39). Likewise, the a;*(S43N)
rate constant obtained in the absence of 1yl (0.11 min~'). mutant, even at relatively low concentrations in comparison to
Similarly, the B1y1 subunit complex had no effect on the GDP- ~ wild-type a*, was able to inhibit R*-stimulated GDP-GTP
GTP exchange activity of the S43N mutant in the absence of R*  exchange on the wild-type a* subunit (Fig. 54, inset). Specifi-
(Fig. 4B). These findings raised the possibility that the cally, the addition of ~20 nm a,*(S43N) slowed the rate of
a*(S43N) mutant might not be able to effectively interact with ~ R*-stimulated nucleotide exchange on wild-type a* (300 nm)
the B1y1 subunit complex. We then used a fluorescence anisot- by ~70-fold (Fig. 54), indicating that the GDP-bound form of
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FIGURE 4. Effects of 311 on the GDP-GTP exchange activity of a* (S43N). A, 50 um [**SIGTPyS was added to 300 nm a*(S43N) and 14 nm R* in the absence
(O) or presence of 400 nm B1y1 (V). The samples were filtered and counted as described in the legend for Fig. 3A. The radioactivity data is shown as the mean *
S.E. of three independent experiments. The lines through the data show a simultaneous single exponential fit of all 3 data sets. Data from experiments carried
out in the absence of a;*(S43N) are shown as corresponding closed symbols. Inset, 50 um [>°SIGTPyS was added to 300 nm wild-type a;* and 14 nm R* in the
absence or presence of 400 nm B1+y1. The samples were filtered and counted as described in the legend for Fig. 3A. B, 50 um [*>SIGTP+S was added to 300 nm
a1*(S43N) in the absence (O) or presence of 400 nm B1+1 (V). The samples were filtered and counted as described in the legend for Fig. 3A. The y-axis shows
the number of pmol of GTP+S in 20 ul of the reaction mix. The radioactivity data is shown as the mean = S.E. of three independent experiments. The lines
through the data show a simultaneous single exponential fit of all 3 data sets. Data from experiments carried out in the absence of a;*(S43N) are shown
as corresponding closed symbols. C, aliquots of wild-type a;* (O) and a;*(S43N) (@) were added successively to the 811 complex (400 nwv) labeled with IAEDANS
in HMDM buffer and the fluorescence anisotropy was monitored (excitation = 336 nm, emission = 490 nm). The data were fit to a bimolecular binding model.
Inset, 50 um GTPvyS was added to 300 nm wild-type a;* and 10 nm R* in the absence (red line) or the presence of either 60 nm unlabeled B1y1 complex (green),
or the B1y1 complex labeled with IAEDANS (blue line) in HMDM buffer, and the tryptophan fluorescence emission was monitored in real-time with the
excitation wavelength set at 300 nm and the emission wavelength at 345 nm.

a1*(S43N) was able to bind to R* with high affinity and prevent
it from binding and activating the wild-type a* subunit.

Interestingly, we found that the GTPyS-bound form of the
a1 *(S43N) mutant was also capable of forming a stable complex
with R*. As shown in Fig. 5B, increasing concentrations of the
GTPvyS-bound form of this ar* mutant were able to reduce the
rate of R*-stimulated GDP-GTP exchange on wild-type a.*.
For example, the addition of ~50 nm GTPyS-bound . *(S43N)
slowed the rate of GDP-GTP exchange on wild-type a;* by
~10-fold (Fig. 5B, inset).

Addition of light-activated rhodopsin at 115 nm was able to
relieve the inhibition of nucleotide exchange on wild-type a.*
caused by the addition of either GDP-bound (Fig. 5C) or
GTPvyS-bound (Fig. 5D) a1*(S43N). This suggests the idea that
the a;*(S43N) mutant is acting by forming a stable complex
with R* and blocking its interaction with wild-type o.*.

APRIL 8,2011+VOLUME 286+NUMBER 14

R*and the B1vyI Subunit Complex Together Inhibit PDE Acti-
vation by a* (S43N)—Given the indications that the GTP~S-
bound a*(S43N) mutant can form a stable complex with R¥,
we were interested in seeing whether the a*(S43N)-GTP~vS
species was also capable of engaging and regulating the cyclic
GMP PDE. We found that like GTPyS-bound wild-type a %
the GTPyS-bound a*(S43N) mutant was able to bind to the
PDE and stimulate its activity in a dose-dependent manner (Fig.
6A). The activation of the PDE by wild-type a* was unaffected
when R* and the B1+y1 subunit complex were added separately
or together. This is because a.*-GTPvS has a very low affinity
for R* and B1+vyl. Similarly, the ability of a*(S43N)-GTP+S to
activate PDE was unaffected when R* and the 1yl complex
were added individually to a.*(S43N). However, surprisingly,
the addition of R* and the 1yl subunit complex together to
ar*(S43N) inhibited its ability to activate the PDE (Fig. 6B). The
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added a*(S43N). Inset: intrinsic tryptophan fluorescence is plotted as a function of time at different concentrations of a;*(S43N) (black: none, red: 47 nwm, green:
188 nm). G, 50 um GTPvS was added to a mixture containing either 5 nm (red or green line) or 115 nm R* (blue line), 300 nm wild-type a;*, 300 nm B1v1, in the
presence (green or blue line) or absence (red line) of 30 nm a;*(S43N) bound to GDP. The tryptophan fluorescence emission of the sample was monitored in real
time with the excitation wavelength set at 300 nm and the emission wavelength set at 345 nm. D, 50 um GTPS was added to a mixture containing either 5 nm
(red or green line) or 115 nm R* (blue line), 300 nm wild-type a*,300 nm 811, in the presence (green or blue line) or absence (red line) of 100 nm a.*(S43N) bound
to GTP»S. The tryptophan fluorescence emission of the sample was monitored in real time with the excitation wavelength set at 300 nm and the emission

wavelength set at 345 nm.

inhibition of the a.*(S43N)-stimulated PDE activity occurred
in a dose-dependent manner with respect to either R* (Fig. 7A)
or the B1vy1 subunit complex (Fig. 7B). This suggests that R*,
the activated form of a*(S43N), and the B1+y1 subunit complex
are able to form a ternary complex that prevents o*(S43N)
from stimulating PDE activity.

DISCUSSION

The visual phototransduction pathway has been proven to be
a valuable system for understanding how a heptahelical GPCR
can lead to the activation of its cognate G-protein and to the
stimulation of an intracellular effector activity (40). However,
despite an extensive number of biochemical and structural
studies, the exact sequence of events that occurs during this
process is not clear. According to the traditional model for
G-protein activation, a GPCR that is activated by an external

12708 JOURNAL OF BIOLOGICAL CHEMISTRY

stimulus like light or hormones binds to a heterotrimeric
G-protein. This binding triggers the release of GDP from the
Ga subunit and its replacement by GTP. The binding of GTP
has been shown to cause structural changes in the Ga subunit
(24). These structural changes have been proposed to cause the
dissociation of the Ga subunit from both the By subunit com-
plex and the activated GPCR. The GTP-bound Ga subunit can
then bind to and regulate its downstream targets.

Our strategy for gaining a better understanding of the mech-
anism of G-protein activation has been to identify and charac-
terize Ga mutants that might provide insight into different
stages of the activation process (10—12). In particular, we have
generated mutations within a chimeric o subunit, referred to
as ap*, that contains an insertion between residues 215 and 295
of the corresponding region from Ga;. Although the insertion
comprises 79 residues, there are only 21 amino acid substitu-
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tions, of which 12 are conservative. This insertion includes the
substitution of residues in the conformationally sensitive
Switch 3 region of a.;.. Despite these alterations, a.;* is similar to
retinal o in undergoing GDP-GTP exchange in a R*-depen-
dent manner and activating the cGMP phosphodiesterase.

In this study, we have changed the conserved serine residue
within the region referred to as the P-loop to an asparagine
residue. In the x-ray crystal structures of a, in complex with
either GDP or GTP%S, the main-chain nitrogen of Ser43 forms
a hydrogen bond with the non-bridging oxygen of the B-phos-
phate of the nucleotide (24, 30). In addition, the side-chain
hydroxyl oxygen of Ser-43 forms hydrogen bonds with the car-
boxyl oxygen of Asp-196, located in the Switch 2 region, in both
the GDP- and GTP+yS-bound forms of ., and with the side-

APRIL 8,2011+VOLUME 286+NUMBER 14

chain hydroxyl of Thr-177 in the GTPyS-bound structure of
Q.

One of the first observations we made regarding the
a*(S43N) mutant was its ability to undergo spontaneous GDP-
GTP exchange, in the absence of R*. The rate-limiting step of
the GDP-GTP exchange reaction is the release of GDP from the
ar subunit (32). Thus, the S43N mutation apparently causes a
change in the conformation of the P-loop to enhance the rate of
GDP release. Still despite its weakened affinity, a substantial
fraction of the purified a*(S43N) mutant contains bound GDP
as indicated by reverse-phase HPLC.

Surprisingly, R* was much less effective at stimulating GDP-
GTP exchange on a.*(S43N) compared with the wild-type a..*
subunit. The main binding site for R* on the a subunit is

JOURNAL OF BIOLOGICAL CHEMISTRY 12709
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Thus, the GTP-bound a*(S43N) mutant, thatis incapable of binding Mg®" and undergoing such a conformational change, is able to form a stable complex with

R*and B1y1.

located at the C terminus, which is a considerable distance from
the P-loop (4). This suggested that the impaired ability of R* to
catalyze GDP-GTP exchange on a+*(S43N) might not be due to
R* having a reduced affinity for the GDP-bound form of
a1*(S43N). Instead, the a*(S43N) mutant may be impaired in
its ability to undergo the necessary conformational change fol-
lowing GTP binding that enables a rapid release of R*, thereby
making R* a less efficient catalyst of the nucleotide exchange
reaction.

Mutation of the homologous serine residue in the mono-
meric G-protein Ras to an asparagine (S17N) yields a protein
whose nucleotide-free form has an extremely high affinity for
its GEFs (14, 38). Introduction of this mutant into cells inhibits
the activation of wild-type Ras, such that it behaves as a domi-
nant-negative inhibitor (38). Similar to the S17N mutant of Ras,
the ar*(S43N) mutant inhibits the activation of wild-type a.*.
Because GTPS is able to bind to a*(S43N) in the absence of
R*, we were able to prepare GTPyS-bound «;*(S43N) and
examine its effects on the GDP-GTP exchange activity of wild-
type ar*. We found that the GTP+yS-bound form of a.*(S43N)
was also able to inhibit R*-dependent GDP-GTP exchange on
wild-type a* in a dose-dependent manner. These findings
suggest that upon the binding of GTPS, the o *(S43N) mutant
was still capable of associating with the activated receptor.

GTPvyS-bound wild-type a*, that was prepared in the pres-
ence of low concentrations of R* and B1+1, activated the cGMP
PDE very effectively. The presence of high concentrations of R*
and Blvyl, either separately or together, had no effect on the
ability of GTPyS-bound a* to activate the PDE. This is con-
sistent with the observation that upon binding GTP+S, wild-
type a* dissociates from R* and 11 (41). The GTPyS-bound
form of o *(S43N) is able to activate the cGMP PDE with a
dose-response that is similar to that for wild-type a*. Neither
the addition of R* alone, nor 311 alone, had any effect on the
activation of the PDE by GTPyS-bound a.*(S43N). However,
the combined addition of R* and B1vy1 strongly inhibited the
activation of the PDE by a*(S43N). This provides evidence for
the existence of a ternary complex consisting of R*, GTPvS-
bound a*(S43N), and B1vyl. The existence of such a ternary
complex was initially postulated based on the enhancement of
the cholera toxin-catalyzed ADP-ribosylation of retinal o that
was induced in the presence of R*, the B1y1 subunit complex,

12710 JOURNAL OF BIOLOGICAL CHEMISTRY

and the non-hydrolyzable GTP analog Gpp(NH)p (42, 43). The
ability of a ternary complex to form consisting of an activated
receptor, an activated Ga subunit, and a G+ subunit complex
carries interesting implications for the mechanisms that
describe the reaction pathway for the activation of heterotrim-
eric G-proteins, as it raises important questions concerning
whether Gy has a role in influencing the binding of GTP and
the ensuing GTP-induced activating conformational change
within Ga, as well as when the activated GTP-bound Ga sub-
unit dissociates from GB7y and the receptor, as this has been
been traditionally assumed to be necessary for Ga to engage
and regulate its effector activity.

Based on these findings, we propose the following model
(Fig. 8). The exchange of GTP for GDP within a Ga subunit
complexed to 1yl and R* leads to the formation of a ternary
complex. We postulate that the a*(S43N) mutant stabilizes
the ternary complex, such that it persists even following
GDP-GTP exchange on a*(S43N). It has been shown that the
binding of Mg>" is essential for the enhancement in intrinsic
trytophan fluorescence that accompanies the conformational
change in Switch 2 that occurs upon the activation of retinal c.
(44). In the case of the a*(S43N) mutant, we observe changes
in its intrinsic tryptophan fluorescence upon binding GTP~S,
but these changes are substantially smaller than those for wild-
type a..*. The Switch 2 region is one of two regions on the a.
subunit, with the other being the N-terminal helix, that is
involved in binding to the Blyl complex (45). This subunit
complex has been shown to increase the affinity of o for R*
(34). Thus, in order for GTP-bound « to dissociate from R¥,
the affinity of B1y1 for o has to be reduced and this might be
an outcome of a Mg®"-induced conformational change that
occurs in Switch 2. The inability of the GTP-bound a*(S43N)
mutant to undergo this Mg**-dependent conformational
change would then stabilize a ternary complex consisting of R*,
a*(S43N)-GTPvS, and Blyl. However, the free GTPyS-
bound «.*(S43N) species (i.e. when not associated with either
R* or B1vy1) is able to activate the cGMP PDE as effectively as
wild-type a*. This indicates that upon GDP-GTP exchange,
a*(S43N) is able to couple to its biological effector (i.e. the
PDE), provided that neither R* or B1y1 is bound to this mutant
so as to interfere with effector binding.

VOLUME 286+NUMBER 14+APRIL 8, 2011
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In summary, we have characterized an S43N mutant of a Ga
subunit and shown that it can stabilize a ternary complex that
also includes a GPCR (R*) and a GBy complex (81+y1). Thus, the
a*(S43N) acts as a dominant negative inhibitor of wild-type o
by sequestering R* and 311, even when it is bound to GTP.
Perhaps more importantly, this a.i* mutant makes it possible to
trap a previously uncharacterized intermediate along the
G-protein activation pathway (i.e. consisting of the receptor,
the GTP-bound Ga subunit, and the GBy complex).
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