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ABSTRACT. The GTP-binding protein (G protein), transducin, serves as a key molecular switch in vertebrate
vision through the tight regulation of its GTP-binding (activation)/GTP hydrolytic (deactivation) cycle by
the photoreceptor rhodopsin. To better understand the strudtumetion characteristics of transducin
activation, we have set out to identify spectroscopic probes that bind to the guanine nucleotide-binding
site of this G protein and maintain its ability to interact with its specific cellular target/effector, the cyclic
GMP phosphodiesterase (PDE). In this study, we describe the characterization of a fluorescently labeled
GTP analogue, BODIP¥FL GTPyS (BOD-GTH'S), that binds to the alpha subunit of transdueir) (

in a rhodopsin- and By-dependent manner, similar to the binding of GTP or @FPwith an apparent
dissociation constant of 100 nM. The rhodopsin-dependent binding of BOD:&TdRyr is slow, relative

to the rate of binding of GT#S, particularly under conditions where rhodopsin must act catalytically to
stimulate the exchange of BOD-G¥8 for GDP on multiplear subunits. This reflects a slower rate of
dissociation of rhodopsin and® from ar—BOD-GTPyS complexes, relative to their rates of dissociation
from ar—GTPyS. The binding of BOD-GTPS occurs without a change in the intrinsic tryptophan
fluorescence ofyr, indicating that only a subtle movement of the Switch 2 domairgm@ccompanies

the binding of this GTPS analogue. Nevertheless, the BOD-G'Bboundar subunit is able to bind

with high affinity to the recombinant, purified subunit of PDE ¢ppg) labeled with 5-((((2-iodoacetyl)-
amino)ethyl)amino)naphthalene-1-sulfonic acid (IAEDANSG & 13 nM)), as well as bind to and stimulate

the activity of PDE, albeit less efficiently comparecotp—GTPyS. Taken together, these findings suggest
that the binding of BOD-GT#S to transducin causes it to adopt a distinct conformation that appears to
be intermediate between the inactive and fully active states,and this fluorescent nucleotide analogue
can be used as a reporter group to characterize the interactionsrothis conformational state with its
biological target/effector.

The vertebrate visual system provides an excellent modelto the heterotrimeric holotransducia{—GDP/3y) complex
for understanding how heptahelical receptors within the results in a weakening of its affinity for GDP, yielding a
plasma membranes of cells interact with heterotrimeric complex of rhodopsin and nucleotide-free transducin. GTP
G-proteins to initiate signaling cascadds. (n this photo- then binds toar, leading to its dissociation from both
transduction signaling pathway, light causes the isomerizationrhodopsin angby.
of the rhodopsin-containing chromophore, 11-cis-retinal, to  gtryctural studies have indicated that, like othex G
all trans-retinal. This leads to a change in the conformation subunits g is composed of two distinct domains: one that
of rhodopsin, resulting in the photoisomerization state known highly resembles the GTPase domain of the small G-protein
as metarhodopsin Il (meta MThe meta Il species bindst0  R5s and a second domain which is mainlyhelical in
the heterotrimeric G protein, transducin, which contains a content and thus referred to as the helical domain3J.
GDP-bounda subunit (r—GDP), as well asf and y The guanine nucleotide is trapped within the interface of the
subunits, which are noncovalently complexed to each other o, jike and helical domains. The binding of GTPatp
and can be dissociated only by denaturation (often referredinces structural changes within three regions of the Ras-
to as @y or simplyfy). Binding of light-activated rhodopsin - |ixe domain, designated as Switches 1, 2, and 3. The GTP-

bound form ofor then activates the downstream effector,
" This work was supported by NIH grant EY60429. the cGMP phosphodiesterase (PDE). The PDE is a tetrameric
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1 Abbreviations: GTP, guanosiné-Biphosphate; BOD-GTFS, (vpoe), ir_] the ratio 1:1_:2' Thepoe andﬁ"_DE subunits are
bodipy-FL modified form of GTRS; GTP/S, guanosine 5@-(3- responsible for catalyzing cGMP hydrolysis, whereas the two
thiotriphosphate); IAEDANS, 5-((((2-iodoacetyl)amino)ethyl)amino)-  yppe subunits bind to, and block, cGMP hydrolysis by the

naphthalene-1-sulfonic acid;—GTPyS, GTB/S-bounda subunit of ; ; indi ;
transducin; GDP, guanosiné-@iphosphate; PDE, CGMP phosphodi- catalytic subunits4). Upon binding to theyepe subunits,

esterase; MANT, methyl:3-anthranolyl group; RGS, regulators of the_G_TP'bounle is thPUght to relieve the inhibition of PDE
G-protein signaling activity. The hydrolysis of cGMP then leads to a closure of
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cGMP-gated channels on the rod cell membrane. This GTPyS species has a higher affinity for tier complex,
hyperpolarization results in an inhibition of neurotransmitter which blocks the binding of PDE. Overall, our results lead
release, which represents the signal that is conveyed to theus to conclude that BOD-GTS has the interesting property
optic nerve. of stabilizingar in what appears to represent an intermediate

Our laboratory has been interested in developing assaysconformational state between the inactive and fully active

utilizing fluorescence spectroscopy to characterize the variousforms of the G protein.
interactions that underlie phototransduction. The fluorescence
emission from the tryptophan at position 207 (W207pin ~ MATERIALS AND METHODS
increases upon exchange of either GTP or non-hydrolyzable
GTP analogues for GDP5( 6). The Sy subunit complex
has been labeled on its cysteine residues with the environ-
mentally sensitive fluorescent reagent, 2#aleimidyla-
nilino)naphthalene-6-sulfonic acid)(and used as a reporter
group to study rhodopsiry3y and ar—py interactions T,
8). Also, the reactive lysine oror was labeled with
fluorescent reagentS)and used to assayr—/fy interactions
(10) as well asar—PDE interactions {1, 12) using fluo-
rescence resonance energy transfer.

However, while several probes are available to study the
interactions between individual components in this system,
it has been difficult to label in @ manner that allows it to
be activated and stimulate its target/effector (PDE) activity.
For example, whenr—GDP is labeled at lysine 267 with a
fluorescent probe, it is unable to bind rhodopsin and
exchange GTP for GDPL(Q), whereas, a preactivated—
GTPyS can be labeled at this lysine residue and hipgk,
but it cannot stimulate cGMP hydrolysis by PDE. Thus,
we have set out to introduce a fluorescent probe into the
guanine nucleotide-binding site ofr that can be used to
directly monitor its interactions with its other binding partners
in the phototransduction signaling system.

Materials. Frozen dark-adapted bovine retina were ob-
tained from Lawson (Lincoln, NE). IAEDANS and BOD-
GTPyS were purchased from Molecular Probes (Eugene,
OR). All other chemicals were obtained from Sigma Chemi-
cal Co. (St. Louis, MO).

Protein Purification.Rod outer segment membranes were
isolated as described by Gierschik et 4b)( Holotransducin
and PDE were prepared from ROS membranes essentially
as described by Kroll et al.1f) and then were further
purified on a HiPrep Superdex 200 HR 26/60 column that
was equilibrated with 20 mM HEPES, pH 7.4, plus 10%
glycerol. Urea-washed disk membranes that were highly
enriched in rhodopsin were prepared as described in Min et
al. (18). All proteins were flash-frozen in liquid nitrogen and
stored at—80 °C. The yppe Subunit was purified from
Escherichia colistrain BL21 (DE3) as described by Skiba
et al. 9.

Modification ofyppe with IAEDANS Purified yppe (5 M)
was reacted with 1 mM IAEDANS at pH 7.4 for 1 h. The
protein was separated from free probe on a PD-10 column
equilibrated with 20 mM HEPES, 5 mM Mggland 100
mM NaCl (HMN). The concentration of labelegpe was

One such group of candidates included guanine nucleotideM&asured by absorbance at 336 nm, using a molar extinction

analogues labeled with thé-methyl-3-O-anthranolyl group  coefficient of 5700 M* cm™.

(MANT), as they have proven to be very useful in studying Fluorescence Meas_uremenllssost fluorescence measure-

G proteins of both the heterotrimeric and Ras familg (~ Ments were made using an SLM 8000c spectrofluorimeter,
14). Unfortunately, transducin appears to be unigue among although in some cases, a Varian ec!lpse spgctrofluorlmeter
the class of heterotrimeric G proteins in its inability to bind Was used. All experiments were carried out in HMN buffer
MANT-labeled guanine nucleotides. However, recently Neu- containing 0.01% dodecylmaltoside (HMNDM).

big and colleagues reported the binding of a fluorescent When the excitation and emission spectra of BOD-3P
GTPyS analogue, labeled at the sulfur on the thiophosphoryl bound toor were measured, rhodopsin in urea-washed disk
group with the BODIPY fluorophore (BOD-GHiS), to the membranes (referred to from here on as simply rhodopsin)
a subunits of the Go, Gi, and Gs proteins of the large G i HMNDM buffer was first mixed with transducin and
protein superfamily15). This guanine nucleotide analogue incubated in room light for 5 min, prior to the addition of
differs from the MANT class of nucleotides in being labeled BOD-GTFyS. This mixture was then incubated at room
on the terminal phosphate, rather than on the ribose ring. Intemperature for 1 h. The excitation and emission slit widths
this study, we show that BOD-GJS can bind tour in a were set at 4 nm.

rhodopsin- ang3y-dependent manner with an almost 2.5-  When kinetic experiments were performed, rhodopsin was
fold increase in the fluorescence of the BODIPY moiety. initially resuspended in HMNDM to a concentration of 500
The binding of BOD-GTRS to ar was not accompanied nM, and then incubated with transducin in room light for 5
by an increase in intrinsic tryptophan fluorescence, which min. The BOD-GTRS was added to the incubation mix,
normally occurs as an outcome of its activation by either and the kinetics of binding were monitored continuously.
GTPyS or AlF,~ (5). Moreover, the kinetics of binding of ~ When the fluorescence of the BODIPY probe was monitored,
BOD-GTP/S to ar were slow relative to the rate for the excitation and emission wavelengths were set at 500 and
rhodopsin- an@y-dependent binding of GTFS toar. This 520 nm, respectively. When monitoring the intrinsic tryp-
was especially true under conditions where rhodopsin and/tophan fluorescence of ther subunit, excitation was at 300

or By needed to act in a catalytic fashion to promote the nm and emission was read at 345 nm.

exchange of GDP for BOD-G TS on multiplear subunits, Measurements of cGMP PDE Adgty. The analysis of
because of a reduced rate of dissociation of these proteincGMP hydrolysis by the retinal PDE was carried out
from each newly formedir—BOD-GTPyS complex. The according to Liebman and EvanczuR0}. Briefly, a pH
or—BOD-GTPYS complex binds to isolategepe subunits microelectrode was used to measure the decrease in pH
with a high affinity but activates PDE less effectively resulting from the production of a proton for each molecule
compared toor—GTPyS, perhaps because tlhe—BOD- of cGMP hydrolyzed by PDE. All assays were carried out
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at 22°C in a final volume of 20@.L and in buffer containing 15
5 mM HEPES (pH 7.4), 100 mM NacCl, and 2 mM MgClI
(assay buffer). Rhodopsin was mixed with transducin in the 1.2
assay buffer and incubated in room light for 10 min.

Subsequently, GTFS or BOD-GTH'S was added to the § 0.9 -
samples to a final concentration of 48 and incubated at §
room temperature for 1 h. Purified PDE was then added and L 46
. . . o
incubated at room temperature for 5 min. The reaction was 2

initiated by addition of cGMP. At the end of each assay 0.3 |
period, the buffering capacity (mV/nmol) was determined
by adding 500 nmol of sodium hydroxide. The rate of 0.0
hydrolysis of cGMP (nmol/s) was determined from the ratio ' . . . ,

of the initial slope of the pH record (mV/s) and the buffering 450 480 510 540 570 600
capacity of the assay buffer (mV/nmol). Wavelength (nm)

100
RESULTS B

80 o

BOD-GTP/S Binds to Transducin in a Rhodopsin-De-
pendent MannefThe binding of BOD-GTRS to transducin
gives rise to a better than 2.0-fold increase in the fluorescence
emission of the BODIPY moiety (Figure 1A). The increase
in BODIPY fluorescence that occurs upon its binding to the
oir subunit is not accompanied by changes in either its
maximal excitation (curves 1 and 3) or emission wavelengths 20
(curves 2 and 4) and therefore is not the result of an increased
hydrophobicity in the immediate environment of the fluo-
rescent probe. Rather, the changes in BODIPY fluorescence
that accompany its binding tar can be attributed to an
extension in the structure of the nucleotide analogue SUChFIGURE 1: Binding of BOD-GTPS to transducin. (A) Excitation

that the BODIPY moiety is no longer stacking with the and emission spectra of BOD-G¥8. Transducin (440 nM) was

guanine base and thus is less susceptible to intramoleculaincubated with rhodopsin (25 nM) in room light, and BOD-GT3°
guenching 15). was added to a final concentration of 50 nM. Curves 1 and 2
. _ represent the excitation and emission spectra, respectively, of free
The formation Of_ theotr B,OD'GTH’S complex can be BOD-GTP/S (50 nM), while curves 3 and 4 represent the excitation
monitored as the difference in fluorescence that occurs as aand emission spectra, respectively, for BOD-GERn the presence
function of BOD-GTR'S concentration, in the presence and of transducin. The excitation spectra were obtained with the

absence of transducin. As shown in Figure 1B, the binding emission wavelength fixed at 510 nm. The emission spectra were

) ; . ; obtained with the excitation wavelength fixed at 500 nm. (B)
of BOD-GTRYS toay is saturable and can be fit to a simple Titration of transducin with BOD-GT#S. Transducin (125 nM)

bimolecular reaction yielding an apparent dissociation con- ywas incubated with rhodopsin (100 nM) in room light for 5 min.
stant of 110 nM (105t 5 nM; n = 2). BOD-GTPyS was added at varying concentrations, and the samples

; _ were incubated at room temperature for 1 h. The fluorescence of
The final extent of the fluorescence change that ac each sample was monitored with excitation at 500 nm and emission

companies the binding of BOD-GB toor is essentially a1 520 nm. The fluorescence readings at each concentration of BOD-
independent of rhodopsin concentration. This suggests thatGTPyS were corrected for emission in the absence of transducin.

rhodopsin can act catalytically to stimulate the binding of The corrected fluorescence readings were fitted to a simple
the fluorescent analogue to multiple subunits, similar to bimolecular reaction model, andkg of 100 nM was calculated.

the case for the rhodopsin-stimulated binding of GTP or yef 6). This is also evident when comparing the rates for the
GTPyS toay. However, the rate of binding of BOD-GJ8 exchange of BOD-GT#S for GDP, as read-out by the
to ar is highly dependent on rhodopsin concentration. In the enhancement in the BODIPY fluorescence (Figure 2A),
absence of the photoreceptor, the binding of the fluorescentyersus the rates for the exchange of GSFor BOD-GTR'S,
analogue toor is extremely slow, such that half-maximal as monitored by the quenching of the emission of the
binding is not achieved, even afte 1 hincubation atroom  fluorescent analogue (Figure 2B). In the latter case, the total
temperature (Figure 2A, curve 1). With increasing concentra- pool of ar is loaded with GTRS within 2—3 min, even at
tions of rhodopsin, the rate of binding is then markedly substoichiometric levels of rhodopsin (Figure 2B), whereas
accelerated (see curves 2 and 3 in Figure 2A). Still, the rate the rhodopsin-stimulated exchange of BOD-GBHor GDP

of the rhodopsin-dependent binding of BOD-G78”to o requires at least 30 mirotl h under identical conditions

is slow relative to the rhodopsin-stimulated binding of (Figure 2A). These differences appear at least in part to
GTPyS, particularly under conditions where rhodopsin needs reflect a slower rate of dissociation of rhodopsin from the
to act catalytically to promote nucleotide exchange on the ar—BOD-GTPyS complex compared to the rate of dissocia-
entire pool ofar subunits. For example, when monitoring tion of the photoreceptor from ther—GTPy'S species, such
rhodopsin-stimulated GDP-GP8 exchange by changes in that a significantly longer period of time is required for
the intrinsic tryptophan fluorescenceaf, the rate of binding  substoichiometric levels of rhodopsin to activate the entire
of GTPyS occurs within seconds (data not shown; also see ar pool when BOD-GTRS is used as the activating

60 |

40 +

Fluorescence

0-Q T T T T T T
0 100 200 300 400 500 600 700

[BODIPY-FL GTPyS] (nM)



Binding of a Fluorescent GTP Analogue to Transducin Biochemistry, Vol. 43, No. 27, 2008781

2.1 I 19
1A 3 ‘/," /,/-’
P 8 o A
/I - 0 1_8_ r
geq /7 2 ° o
< / /'/ 9
§ !/ S
/ =)
L1854 7y C 1.7 1
o i/
=] N g
L I 1 5
1.24¢/ =16
i/ 3
fon
]
0.9
0 2|0 4|0 65 80 '8 S S
0 100 200 300 400 500 600 700
Time (Minutes)
[Byr] (NM)
0.18
2.1 B B
0.16 o O
[04
g 1.8+ 0.14 | ©
[0
@ <
o e 012
o 1.5 é
> =
i ; > 010
1
1.2 2 Y 0,08
&
006 -+ /o
T T T T T T T
01 2 3 4 5 6 7 8 0.04 —
Time (Minutes) 0 100 200 300 400 500 600 700 800
FiGure 2: Kinetics of trandsucinBOD-GTPYS interactions. (A) [Byr] (nM)

The binding of BOD-GTRS (460 nM) to transducin (190 nM)
was monitored. For curve 1, no rhodopsin was present. For curves
2 and 3, transducin was incubated with 49 and 98 nM rhodopsin,
respectively, in room light for 5 min prior to the addition of BOD-
GTPyS. The fluorescence was monitored continuously with excita-
tion at 500 nm and emission at 520 nm. (B) Transducin was
incubated with rhodopsin (curve 1, 49 nM; curve 2, 98 nM) in

room light for 5 min. BOD-GTRS (460 nM) was added, and the fluorescence was calculated at each concentratiofiysf The

increase in fluorescence was monitored. At saturation, &4 f ; : :
uM) was added, and the decrease in fluorescence was monitored” eciprocal oftos is plotted at variougy concentrations.

Ficure 3: Binding of BOD-GTR'S toar at variougBy+ concentra-
tions. oir (192 nM) was incubated with rhodopsin (98 nM) and
varying concentrations gfyt in room light for 10 min. Subse-
quently, BOD-GTRS (460 nM) was added, and the fluorescence
of the sample was monitored. (A) Fluorescence emission of the
sample at equilibrium is plotted at various concentrationg)at

(B) The time required to attain half of the total change in

nucleotide (also, see below). It is in fact the relatively slow able to activate the entire pool of. However, at levels of
rate of dissociation of rhodopsin from the—BOD-GTP/S Py approaching the concentration®f, complete exchange
complex that allows us to measure the exchange ofy&TP  of BOD-GTPY'S for GDP can occur, and maximum BODIPY
for BOD-GTPyS. Note that the reverse reaction would not fluorescence is observed.

be feasible to measure, as tite—GTPyS complex rapidly The rate of binding of BOD-GT§S to thear subunits

dissociates from rhodopsin and thus is essentially a non-also increases with increasing concentrationgofFigure

exchangeable species. 3B). Here again, this reflects the requirement that rhodopsin
BOD-GTP/S Binds toor in a fy-Dependent Manneit andpy, when present in substoichiometric amounts relative

has been well established that the activation of heterotrimericto oir, must act catalytically to bind and debind from each
G proteins requires both a heptahelical receptor anggthe  additional oir subunit that is loaded with the fluorescent
subunit complex. The latter has been suggested both tonucleotide as an outcome of nucleotide exchange, thus
increase the binding affinity of the receptors for thee G  requiring a significant amount of time for rhodopsin ghd
subunits as well as to participate directly in the activation to cycle among the total pool efr subunits. Ultimately, as
event @1). In the case of the functional coupling between saturating levels offy are added to the system, eagh
rhodopsin and transducin, it has been clearly demonstratedsubunit contains a boungly subunit complex. Under these
that thefy complex, like the photoreceptor rhodopsin, can conditions, the rate of rhodopsin-stimulated exchange of GDP
act catalytically to promote the activation of multipbe for BOD-GTPYS is no longer stimulated by adding increas-
subunits, as a result of the dissociationsgf from o that ing amounts ofyy, because the rate is no longer limited by
occurs upon the binding of GTB,(22). As shown in Figure By dissociation from theor—BOD-GTPyS complexes.
3A, the fluorescence enhancement that accompanies theHowever, at saturating levels g/, the rate of exchange of
rhodopsin-dependent exchange of BOD-GBHRor GDP on GDP for BOD-GTR'S ona is still slower than the rate of

ot is dependent on the concentrationff (Figure 3A). At exchange of GDP for GTFS. This is also the case at high
low concentrations gy and under equilibrium conditions, levels of rhodopsin (data not shown). Thus, in addition to
a percentage of ther—BOD-GTPyS is associated witHy, the slower rate of dissociation of they complex (and
because of its slow dissociation from this species. Under  rhodopsin) fromar—BOD-GTPyS compared to thexr—
such conditions, substoichiometric amountsfgf are not GTPyS species, the apparent rate of association of BOD-
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GTPyS with ar (at saturating levels of rhodopsin afigt)
is also slow compared to the rate of association of &3.P

Binding of BOD-GTRS Causes No Increase in the
Fluorescence of Trp 207The ability ofar to dissociate from
By and subsequently from rhodopsin is thought to depend
on a conformational change that occurs within the Switch 2
domain and weakens the affinity between the Sibunits
and thefy subunit complex?). A sensitive real-time readout
for this conformational transition is the change in the
fluorescence emission of a tryptophan residue within the
Switch 2 domain (Trp 207 iny), as this reflects the
movement of Switch 2 and the burying of its tryptophan
residue in a less solvent-accessible environn@®nirfterest-
ingly, we find that the binding of BOD-GTFS to oir does
not result in a detectable change in the emission of Trp 207.
This is clearly demonstrated by the data in Figure 4A, which
shows that under conditions where the rhodopsin-stimulated
exchange of GDP for BOD-GT yielded an obvious
enhancement in BODIPY emission (curve 1), there was
absolutely no change in ther tryptophan emission (curve
2).

When excess GTFS was added to the assay system (i.e.,
after the binding of BOD-GT{#S to or had reached
equilibrium), a relatively rapid quenching of the BODIPY
fluorescence occurred (Figure 4B, curve 1). This quenching
reflected the rhodopsin-stimulated exchange of the fluores- 09 0.96
cent GTP analogue for GHS and was complete in-24 0 ) 4 5 s
min. The time course for quenching of the BODIPY Time (minutes)
fluorescence matched exactly the tlmg course for the Ficure 4: The binding of BOD-GTPS to transducin as monitored
enhancement in Trp 207 fluorescence (Figure 4B, curve 2), py changes in BODIPY fluorescence or changes in the intrinsic
reflecting the activating conformational change in the Switch tryptophan fluorescence. (A) Transducin (150 nM) was incubated
2 domain ofar that accompanies the binding of GJI®. with rhodopsin (30 nM) in room light for 10 min. BOD-G¥/8

i (500 nM) was added, and the fluorescence emission was monitored.
Taken together, the results presented in Figure 4, parts AFor curve 1, the relative change in BODIPY fluorescence (left

and B highlight a number of interesting differences between ¢ ginate) was recorded for an excitation wavelength set at 500 nm
the rhodopsin-dependent binding of BOD-G/S? versus and an emission wavelength set at 520 nm. For curve 2, the relative
GTPyS toasr. Specifically, they further demonstrate that the change in tryptophan fluorescence (right ordinate) was monitored

rate of the rhodopsin_dependent exchange of GDP for BOD- with the excitation Wavelength set at 300 nm, and the emission
wavelength was set at 345 nm. (B) Competition between &STP

GTPyS is slow relative to the rate for rhodopsin stlm_ulated and BOD-GTRS for binding to transducin. BOD-GT#S (460 M)

exchange of BOD-GTFS for GTR/S, under conditions \yag incubated with transducin (192 nM) and rhodopsin (96 nM)
where rhodopsin needs to act catalytically to stimulate this for 90 min in room light and at room temperature. Subsequently,
exchange reaction on multipler subunits. As indicated GTPyS (24uM) was added, and the fluorescence emission was

' (left ordinate) was monitored with the excitation wavelength set at

and gy frqm ar—BOD-GTPyS explains why rhodopsin is 500 nm, and the emission wavelength was set at 520 nm. For curve
able to stimulate the exchange of BOD-G8for GTH/'S, 2, the relative change in tryptophan fluorescence (right ordinate)
as reflected by the ability of added G}® to reverse the  was monitored with the excitation wavelength set at 300 nm, and
fluorescence enhancement that accompanies the bindinghe emission wavelength was set at 345 nm.
BOD-GTP/S toar (i.e., curve 1 in Figure 4B). The inability
of BOD-GTP/S to induce the necessary conformational subunit to bind with high affinity to thes subunits of the
change withiror to elicit an enhancement in the fluorescence €ffector enzyme yppg). We have taken advantage of the
emission of Trp 207 suggests that the binding of BOD- ability to generate relatively large quantities of bothand
GTPyS toay, at best, induces only subtle changes in Switch yroe, and the ease of labeling the latter, to monitor the
2. This may represent the underlying reason for the relatively binding of activatedyxr to yppe through fluorescence energy
slow rate of dissociation of rhodopsin aggr from or— transfer. Theyppe Subunit has a single cysteine at position
BOD-GTPyS complexes. Given the relative ineffectiveness 68 that can be labeled with various fluorescent probes. For
of BOD-GTP/S to induce the typical “activating” confor-  our studies, we have used the thiol-specific reagent,
mational change in Switch 2, it was then of interest to see IAEDANS, to labelyppg, because the fluorescence emission
whetheror when bound to BOD-GTFS was able to bind  of the IAEDANS probe (Figure 5A, curve 1) provides an
and stimulate effector (PDE) activity. excellent overlap with the excitation spectrum of BOD-
Theor—BOD-GTP/S Complex Binds tpppe and Stimu- GTPyS (Figure 5A, curve 2). Thus, IAEDANS-labelggpe
lates PDE Actiity. It has been well established that a andar—BOD-GTF/S represent a very good dorgacceptor
GTPyS-boundar subunit will stimulate cyclic GMP hy-  pair for fluorescence resonance energy transfer. The binding
drolysis by the PDE through the ability of the activategd of ar—BOD-GTPyS to IAEDANS-labeledyppe was moni-

Relative BODIPY Fluorescence (—)
Relative Tryptophan Fluorescence (...)

Relative Tryptophan Fluorescence (...)

Relative BODIPY Fluorescence (—)
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GMP hydrolysis). We found that thes—BOD-GTP/S

species was indeed able to stimulate cyclic GMP hydrolysis

08 | by the PDE, but with a reduced potency relative todhe-

GTPyS complex. As shown in Figure 6A, wher was

0.6 - 1 maintained at a constant level and PDE was varied, the ratios

for the stimulation of cyclic GMP hydrolysis byr—BOD-

0.4 1 2 GTPyS versusar—GTPyS progressively increased when

increasing concentrations of PDE were added to the assay.

When PDE was held constant and the amounte;ofand

00 4 By) were increased in the assay incubation, we again

, , [ observed that the.r—BOD-GTPyS species formed in a

400 450 500 550 600 rhodopsin- and3y-dependent manner showed a reduced

Wavelength (nm) potency for stimulating PDE activity, compared to the

corresponding amount ofr—GTPyS (Figure 6B). However,

° under these conditions, the relative stimulatioroyy-BOD-

GTPyS compared to.r—GTPyS remained constant over the

range ofor concentrations assayed. Overall, these results

suggest that the apparent higher affinity exhibitedolyy-

BOD-GTP/S for 5y may contribute to the reduced potency

exhibited byor—BOD-GTF/S in stimulating PDE activity.

Becausegdy competes withyppe for binding toarr, by raising

the PDE concentration while keeping the levelfof fixed

(i.e., Figure 6A), PDE becomes a more effective competitor.

Consequently, the differences in the ability @f—BOD-

o 30 & 9 120 150 GTPyS versusour—GTPyS to stimulate PDE activity were

reduced as PDE levels were increased. However, when the

[IAEDANS-yppE] (M) PDE levels were held constant while the levelsugfwere

FiGURe 5: Binding of IAEDANS-yppe to BOD-GTPR/S-boundor. varied together witly (Figure 6B), the effective ability of

(A) The emission spectrum for IAEDANBppe (150 nM) was PDE to compete with3y for ar—BOD-GTP/S was not

collected by scanning the emission monochromator from 400 to / . .
600 nm with the excitation monochromator set at 336 nm (curve enhanced. Thus, the ratio for PDE activity stimulateddpy

1). BOD-GTP/S (500 nM) was incubated with transducin (150 nM) BOD-GTFyS, compared to that byr—GTPyS, essentially
and rhodopsin (30 nM) for 90 min in room light and at room remained the same over the range caf concentrations
temperature. Subsequently, the excitation spectrum for BODySTP assayed.

was collected by scanning the excitation monochromator from 400
to 508 nm (curve 2), with the emission monochromator set at 510
nm. (B) BOD-GTH'S (500 nM) was incubated with transducin (96
nM) and rhodopsin (30 nM) for 90 min in room light and at room . . . . .
temperature. The binding of IAEDAN$spe at various concentra- The phototransduction signaling pathway operating in
tions was monitored by measuring the sensitized emission of BOD- vertebrate vision has served as an excellent model for

GTPyS (due to energy transfer from the IAEDANS label) at 510 studying receptor/G protein-coupled signal transduction. It
nm, for excitation at 335 nm. The binding curves were fitted to a g hossible to isolate the primary components of this system
simple bimolecular interaction model, yieldingka value of 13 R i -
nM. from rod outer segments in highly purified form and in large
guantities, and recombinant expression systems are available
tored by increases in the fluorescence emission from thefor studying the effects of different mutants@f. Moreover,
BODIPY probe that occurred through the excitation of the a number of insights into how the retinal G protein acts as
IAEDANS label. The resulting sensitized fluorescence emis- a molecular switch in this signaling system have been
sion from BOD-GTR'S, as a function of increasing amounts obtained from the X-ray crystal structures of #esubunit
of IAEDANS-yppe, Was saturable (Figure 5B, open circles) in both its off (GDP-bound) and on (G¥8-bound) states
and could be fit to a simple model for a bimolecular reaction (2, 3), as well as from the structures af in its transition
with an apparentlq value of 13 nM. The increase in state for GTP hydrolysis (i.e., ther—GDP-AIF,~ complex)
BODIPY fluorescence was reversed with an excess of (23) and when associated with thepe subunit and RGS
unlabeled/rpg, as a result of its competition with IAEDANS-  regulatory proteinZ4). Thus, it has been proposed that the
yepe for the ar—BOD-GTPyS complex (data not shown). movement of conformationally sensitive switch regions in
Such competition would eliminate the possibility of reso- o, which occurs as an outcome of GBBTP exchange, is
nance energy transfer between the BODIPY and IAEDANS necessary for the dissociation of activated GTP-boand
labels. Also, pretreatment of the—BOD-GTPyS complex from the @By complex and for the association af with
with unlabeledyppg, followed by the addition of IAEDANS- its binding site (the’ppe SUbunits) on the target/effector. Still,
yepe abolished the sensitized emission (Figure 5B, open a number of interesting mechanistic and kinetic questions
squares), further confirming a specific interaction between exist regarding how receptors such as rhodopsin promote
or—BOD-GTP/S and IAEDANS-labeledppe. GDP-GTP exchange and pertaining to the nature of the
Given that thexy—BOD-GTPyS complex was able to bind  intermediate conformational states that occur during the
to the yppe subunit, we examined whether this species activation event, as well as during the initial binding of an
was also capable of stimulating effector activity (i.e., cyclic activated @ subunit to its target/effector.
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FIGURE 6: Relative stimulation of PDE activity byir—BOD-GTPyS versusur—GTPyS. (A) Transducin (256 nM) was incubated in the
presence of rhodopsin (98 nM) in room light for 10 min. Subsequently, y&T@0uM) or BOD-GTP/S (10u4M) was added to these

samples and incubated at room temperature for 90 min. PDE was added at varying concentrations (194, 388, 581, and 775 nM), and cGMP
hydrolysis was monitored as nanomoles of protons released per second. The percentage PDE activity measured in the presence of BOD-
GTPyS relative to that measured in the presence of &3 B plotted on the ordinate. The line through the data was drawn by inspection.

The inset shows cGMP hydrolysis measured as nanomoles of cGMP hydrolyzed per secepd@adPyS (open bars) andr—BOD-

GTPyS (striped bars) at different PDE concentrations (194 nM (column 1), 388 nM (column 2), 581 nM (column 3), and 775 nM (column
4)). (B) Transducin at varying concentrations (208, 400, and 608 nM) was incubated with rhodopsin (98 nM) in room light for 10 min.
Subsequently, GTFS (10«M) or BOD-GTP/S (10uM) was added to these samples and incubated at room temperature for 90 min. PDE
was added to yield a concentration of 388 nM in the assay, and cGMP hydrolysis was monitored as nanomoles of protons released per
second. The percentage PDE activity measured in the presence of BOpEGERLtive to that measured in the presence of &3

plotted on the ordinate. The inset shows cGMP hydrolysis measured as nanomoles of cGMP hydrolyzed per se¢ce@iTierS (open

bars) andour—BOD-GTPYS (striped bars) at different transducin concentrations (200 nM (column 1), 400 nM (column 2), and 608 nM
(column 3)).

Fluorescence spectroscopy has provided a powerful real-GTP exchange or the ensuing binding of the activated
time readout for the interactions of G proteins and their subunit to PDE. Likewise, it has not been possible to take
component @ and Gy subunits with other participants in  advantage of the widely used fluorescent guanine nucleotide
signaling cascades, as well as for the conformational changesanalogue, MANF-GDP, or any of its related derivatives,
that accompany G protein activation and target/effector because these fluorescent analogues do not bindrto
stimulation @5). This has been particularly true for the However, in the present study, we now show that the
vertebrate vision system, as tae subunit has been labeled fluorescent GTRS analogue, BOD-GT#S, binds to thexr
at its guanine nucleotide-binding site (at lysine 267) as well subunit and enables it to stimulate PDE activity.
as at its carboxylterminus (cysteine 351), several cysteine The binding of BOD-GTPRS toor requires rhodopsin and
residues have been labeled on thesubunit of thegy is stimulated bySy, similar to the case for GTP or G}8
complex, and bothyppe and the PDE molecule have been (6). However, unlike a newly formed:—GTPyS complex,
labeled with fluorophores. The ability to introduce fluorescent which immediately dissociates froffiy as well as from
probes at these different sites has enabled a variety ofrhodopsin, theor—BOD-GTPyS complex appears to dis-
resonance energy transfer studies to monitor directly the sociate more slowly from its binding partners. In fact,
interactions betweear andfy, rhodopsin angdy, ar and because of this slow rate of dissociation, it is possible to
veoe and yppe With the largerappe and Sppe subunits T, exchange BOD-GT#S ono.r for GTPyS, whereas once an
10, 11). Moreover, it has been possible to take advantage of ar—GTPyS species is formed, it is essentially nonexchange-
an environmentally sensitive tryptophan residue in the Switch able because of its immediate release ffmand rhodopsin.

2 domain ofar (Trp 207) to monitor rhodopsin-dependent The apparent slower rate of dissociatiorogf-BOD-GTP/S
GDP-GTP exchange omr as well as the GTP-binding/  from the 5y complex is likely due to an altered change in
GTP hydrolytic cycle §, 6). Despite these achievements, it Switch 2, relative to the change that accompanies GDP-
has not been possible to introduce a spectroscopic probe intdGTPyS exchange. Unlike the case far—GTPyS, where

the guanine nucleotide-binding site @f in a manner that  an enhancement in Trp 207 fluorescence occurs, there is no
enables thexr subunit to become activated and to directly change in Trp 207 emission upon the formation of dhe-
interact with and stimulate its target/effector (PDE). For BOD-GTPyS species. Nonetheless, the—BOD-GTF'S
example, labeling lysine 267 with fluorescein isothiocyanate, complex is able to bind tgepg, as readout by assaying the
within the highly conserved NKXD motif ofir that binds fluorescence resonance energy transfer that occurs between
the guanine ring of GDP and GTP (whete= lysine 267 in the BODIPY moiety and IAEDANS attached to the single
or), yields anor subunit that cannot be activated by cysteine (Cys 68) omppe In addition, thenr—BOD-GTPyS
rhodopsin £0). Thus, it is not possible to use this labeled complex is able to stimulate cyclic GMP hydrolysis, albeit
subunit to follow its dissociation from & following GDP— less effectively thanwr—GTPyS. This may reflect the higher
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FiGURe 7: Model depicting the binding of BOD-GTS to thearr
subunit. This model depicts a system that contains rhodopsin (in
urea-stripped rod outer segments), purified reting) and the
purified retinal 5y complex. Following the binding of ther—
GDP{y complex (i.e., transducin) to light-activated rhodopsin,
there is an exchange of BOD-G¥8 for GDP. This is followed

by a relatively slow dissociation @fy and rhodopsin from ther—
BOD-GTP/S species.

affinity exhibited by thear—BOD-GTPyS species compared
to ar—GTPyS for thefy complex, which results in a larger
portion of the total pool ofe;—BOD-GTFyS containing
boundgy and therefore being unable to stimulate the target/
effector. Raising the levels of PDE (at fixed levels/f)
enables the PDE to compete more effectively with for
thear—BOD-GTPY/S species and thereby increasesdhe
BOD-GTPyS-stimulated PDE activity.

What is particularly interesting is that the ability of an
ar—BOD-GTPyS complex to stimulate PDE activity is not

dependent on extensive changes in Switch 2, at least as
indicated by an enhancement in tryptophan fluorescence. This

is reminiscent of what we had observed withensubunit,
or(E203A), that was mutated at a highly conserved glutamic
acid residue in the Switch 2 domain. Tag(E203A) mutant
was capable of undergoing rhodopsin-stimulated GDP-GTP
exchange, but unexpectedly, was able to stimulate PDE
activity even in the GDP-bound state and under conditions
where the position of Trp 207 had not yet been alte28). (
Thus, subtle changes in Switch 2 are apparently sufficient

to convey the necessary structural changes to other regions

of the ar subunit that mediate the actual stimulation of PDE
activity. The change in Trp 207 fluorescence may reflect

secondary structural effects that follow those changes neces-

sary for effector activation, as suggested by experiments
showing that the rate of Trp 207 fluorescence changes lag
behind the rate of dissociation of an activated subunit
from the Sy complex (0).

Overall, the results that we have obtained with BOD-
GTPyS suggest that this fluorescent nucleotide trapsthe
subunit in a conformational state that might represent an
intermediate to those of the signaling-inactive, GDP-bound
state and the fully activated state (e.g., as exemplified by an
or—GTPyS complex) (Figure 7). The ability to spectroscopi-
cally monitor this BOD-GTRS-induced “activated state”
raises a number of interesting questions, including how the
kinetics for the dissociation of both rhodopsin and fhe
complex fromor—BOD-GTPyS compare to the kinetics for
the interaction ott;—BOD-GTPyS with yppg, and just how
well the RGS proteins, which stimulate GTP hydrolysis, bind
to such an intermediate state as that represented hyrthe
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BOD-GTPyS complex, relative to their binding to either the
or—GTPyS or or—GDP-AIF,~ complex. There are also
some interesting structural questions, as we would expect
that the three-dimensional structure for the BOD-GEP
induced conformational state can be distinguished from the
structures of both the GDP- and Gji$-bound states afr

(2, 3). Thus, future efforts will be directed toward determin-
ing an X-ray crystal structure for ther—BOD-GTP/S
species, as this should provide interesting insights into the
minimal changes in the Switch 2 domain that are necessary
to stimulate the dissociation of they complex and the
binding and stimulation of the PDE. Finally, there are
guestions regarding the mechanism by which the BOD-
GTPyS molecule is able to trapr in a distinct conforma-
tional state. While at the present time we do not have a
definitive answer to this question, one rather provocative
possibility has to do with Mg It is interesting to consider
the possibility that unlike GTP or other GTP analogues (e.g.,
GTPyS), BOD-GTR'S is unable to bind M through its
y-phosphate and that this accounts for its ability to wap

in an intermediate rather than fully activated state. We plan
to look at this possibility more closely by examining the
effects of mutations imr that would be expected to fail to
bind properly they-phosphate of GTP or that should be
unable to assist in Md-binding, to see if such mutants
provide other examples ofir subunits that assume an
intermediate conformation between the inactive and fully
active states.
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