12986 Biochemistry2006,45, 12986-12997

The Receptor-Bound “Empty Pocket” State of the Heterotrimeric G-Protein
a-Subunit Is Conformationally Dynamic

Najmoutin G. Abdulaev,Tony Ngo® Eva Ramor?, Danielle M. Brabazo#,John P. Marino#*
and Kevin D. Ridge#®

Center for Adanced Research in Biotechnology, beisity of Maryland Biotechnology Institute and National Institute of
Standards and Technology, Reile, Maryland 20850, Center for Membrane Biology, Department of Biochemistry and
Molecular Biology, Uniersity of Texas Health Science Center, Houston, Texas 77030, and Department of Chemistry,
Loyola College in Maryland, Baltimore, Maryland 21210

Receied May 31, 2006; Résed Manuscript Receéd August 29, 2006

ABSTRACT: Heterotrimeric G-protein activation by a G-protein-coupled receptor (GPCR) requires the
propagation of structural signals from the receptor-interacting surfaces to the guanine nucleotide-binding
pocket. To probe conformational changes in the G-pratesubunit (G) associated with activated GPCR

(R*) interactions and guanine nucleotide exchange, high-resolution solution NMR methods are being
applied in studying signaling of the G-protein, transducin, by light-activated rhodopsin. Using these methods,
we recently demonstrated that an isotope-labelgdeGonstituted heterotrimer forms functional complexes
under NMR experimental conditions with light-activated, detergent-solubilized rhodopsin and a soluble
mimic of R*, both of which trigger guanine nucleotide exchange [Ridge, K. D., et al. (200B)ol.

Chem. 2817635-7648]. Here, it is shown that both light-activated rhodopsin and the soluble mimic of
R* form trapped intermediate complexes with a GDP-released “empty pocket” state of the heterotrimer
in the absence of GTP (or G¥B). In contrast to guanine nucleotide-bound forms gftBe NMR spectra

of the GDP-released, R*-bound empty pocket state pfliSplay severe line broadening suggestive of a
dynamic intermediate state. Interestingly, the conformation of a GDP-depletéd;ddgnd state of G
generated in a manner independent of R* does not exhibit a similar degree of line broadening but rather
appears structurally similar to the GDP/Rtgbound form of the protein. Taken together, these results
suggest that R*-mediated changes in the receptor-interacting regions ah@&not the absence of bound
guanine nucleotide, are the predominant factors which dictagtedadformation and dynamics in this
R*-bound state of the heterotrimer.

Crystallographic studies on various guanine nucleotide- structure of the inactive state of the G-protein-coupled
bound states of heterotrimeric G-proteirsubunits (G),* receptor (GPCR) rhodopsiri1—15) has had a significant
G-protein Sy-subunits (G,), and the intact holoenzyme impact on our understanding of this visual photoreceptor that,
(Gosy) have been instrumental in providing high-resolution by extension, has also provided keen insights into the
structural information about this important class of intracel- structure and function of other members of the rhodopsin-
lular signaling proteinsl—10). In combination with numer- like family (family A) of GPCRs. In particular, the rhodopsin
ous biochemical and mutational studies, a molecular under-structure has provided a template for assimilating and
standing of some of the transformations accompanying interpreting much of the accumulated biochemical, muta-
GDP—GTP exchange and GTP hydrolysis, particularly those tional, and biophysical data that attempts to understand
in the flexible switch regions of the GTPase domain @f G  conformational changes associated with formation of the
have been revealed. Similarly, the three-dimensional crystal active signaling state, R*L6, 17). While various models of
R*-catalyzed G-protein activatiorl8—23) have been de-
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Scheme 1: Reaction Pathway for Transducin Activation by
Photolyzed Rhodopsin
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aLight-activated rhodopsin (R*) binds to the GDP-bound form of
transducin (Gs,[GDP]) and induces GDP release to form the nucle-
otide-free R*Gyg,[empty] complex. Uptake of GTP by g,[empty]
leads to the transient formation of the ,s,[GTP] complex and
subsequent release and dissociation @f&TP] and Gg, from R*.

4)

molecular mechanisms underlying these initial steps in the

signal transfer process to be fully understood.

To probe for conformational changes in thg &ibunit
accompanying signal propagation from R* to the G-protein,
we are using high-resolution NMR methods to study the
interaction between light-activated rhodopsin and the retina
G-protein transducin (pas a model system. The interaction
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Ficure 1: Model for heterotrimer-associated and R*-stimulated
conformational changes inGThe GTPase and helical domains
of G, are colored different shades of greern; i&colored yellow,

and G is colored blue. The region representing the guanine
nucleotide-binding pocket in Gis colored blue in the “ground”
state and red in the preactivated state. GDP is colored salmon. Our
previous NMR results25) suggest that upon association of-G
(GDP) with Gy, G, undergoes structural changes in the R*-
interacting carboxyl-terminal region, as well as the switch regions
surrounding the guanine nucleotide-binding pocket, and indicate
that while Gy binding changes the Gstructure to the preactivated
form, it displays at least two conformational states for the carboxyl
terminus. These changes in, Gtructure may both potentiate R*
interactions and preorganize the guanine nucleotide-binding pocket
for subsequent binding of GTP. R* binds to the GDP-bound form
of the G-protein (Gg,[GDP]) and induces GDP release to form

| the nucleotide-free RG.s,[empty] complex. In the empty pocket

state following R*-catalyzed release of GDP, preorganization of
the guanine nucleotide-binding pocket would facilitate GTP binding.

of activated rhodopsin with transducin has been well studied Changes in the structure of the amino-terminal region gfa@
at a biochemical level by numerous methods and can beapparent from the crystal structures of the heterotrirBe®) and

viewed as taking place in at least five discrete steps (Schem
1). These include binding of R* to «3,-GDP to form the
R*-Gyys,GDP complex (steps 1 and 2), dissociation of GDP
from the R*Gys,*GDP complex to form an RG,s,[empty]
complex (step 3), uptake of GTP by the &z, [empty]
complex to form the R*Gys,GTP complex (step 4), and
dissociation of Gg,GTP from R* followed by G,GTP
from Gy, (step 5), with R* now available for interaction
with another Gg,*GDP @1). Our previous studies have
shown that an isotope-labeled, @himera {°N-ChiT) can

be isolated in a soluble, functional form that is amenable to
structural analysis by solution NMR metho@<l); 1>N-ChiT
could also be reconstituted with£ subunits to form a
functional heterotrimer, with initial NMR measurements
obtained for this reconstituted heterotrimer indicating that it
may be “preactivated” or primed for R* interaction and
guanine nucleotide exchange (1% and Figure 1). Most
recently @6), we have further demonstrated that high-
resolution NMR methods can track guanine nucleotide
exchange upon interaction of tH&N-ChiT-reconstituted
heterotrimer with light-activated rhodopsin (R*) and a soluble
mimic of R* comprised of the second (CD) and third (EF)
cytoplasmic loops of bovine opsin grafted onto a thioredoxin
scaffold (HPTRX-CDEF). These latter studies highlighted
our ability to interrogate GTFS-bound forms of @ that

dluorescence and site-directed spin-labeling experimé&ajs \hile

changes in the carboxyl terminus are suggested from our NMR
studies 25, 26) and kinetic light scattering result1).

using high-resolution NMR methods. This intermediate,
“high-affinity” complex between R* and the nucleotide-free
G-protein has been previously studied using the rhodepsin
Gt system in rod outer segment (ROS) membranes and has
highlighted the reciprocal stabilizing interaction between R*
and the G-protein27). In fact, the stability of this intermedi-
ate complex has recently been quantified using plasmon-
waveguide resonance measurements whiefar the R*—

G interaction of~1 nM has been reporte®§). In this
respect, it should be noted that this stable interaction forms
the basis for a widely used;@Golation procedure where the
nucleotide-free heterotrimer is released from ROS mem-
branes in the presence of GTP following extensive washing
to remove contaminating protein&9). Quite surprisingly,
our NMR results suggest a dynamic, conformationally
exchanged state of Gn the R*G,g,[empty] complex that

is formed through interactions with both light-activated
rhodopsin and a soluble mimic of R*. In contrast to the
conformational dynamics observed for, & the GDP-
released R*-bound “empty pocket” state, GDP-depleted,
Mg?"-bound forms of G generated in isolation exhibit

correspond to steps 4 and 5 in the reaction pathway (Schemespectroscopic properties that are more closely aligned with
1) and revealed that the process of guanine nucleotidethose observed for the GDP/RKighbound form of G. These
exchange can be uncoupled from heterotrimer release andlata imply that R*-induced changes in the receptor-interact-

subunit dissociation.
Here, we have examined the conformation qf i6 the
R*-Ggg,[empty] complex (Scheme 1, step 3, and Figure 1)

ing regions of G may be primarily responsible for the
observed differences ing&mpty] conformation and dynam-
ics.
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EXPERIMENTAL PROCEDURES 2 to NMR experiments, purified HPTRXCDEF was concen-
trated and dialyzed against buffer A.

Fluorescence Assay for Measuring R* Decay in the
Absence and Presence of. @he rate of R* decay for
Cymal-5 solubilized and purified rhodopsin in the absence
and presence of Gvas measured essentially as described
by Farrens and Khoran&4) for DM solubilized and purified
rhodopsin. Briefly, purified rhodopsin (250 nM) in 25 mM

Materials The pG58 expression vector, a fusion vector
encoding a modified 77-amino acid prodomain region of
subtilisin BPN (proR8FKAM), and the pG58-derived ex-
pression vector encoding a,&himera [Chi6 80)] as a
proR8FKAM fusion have been described previoug, 31).

The sources of other materials used in this investigation have

been reported previous|P4—26, 32). Tris-HCl (pH 7.5) containing 100 mM NaCl, 5 mM

Expression and Purification of Subtilisin Prodom&i@hi6 magnesium acetate, 2.5 mM DTT, 5% glycerol, and 0.08%
Fusions Methods for the inducible bacterial expression and Cymal-5 was incubated in the absence or preseﬁce@ﬂé

purification of isotope-labeled wild-type and mutant @&ing nM) in a 1 cmsquare quartz cuvette for 40 min at 26
the prORSFKAM—Ch|6 fusion and immobilized S189 sub- and illuminated 6495 nm) for 30 S, and the intrinsic
tilisin BPN' have been described previousB4). Prior to fluorescence accompanying R* decay was monitored in
NMR analysis, the purified and isotope-labeled proteins were gjqn | reference mode using a TimeMaster spectrofluorom-
concentrat.eq and dialyzed against 25 rdMT”S',HCI (pH eter (Photon Technology International, Birmingham, NJ) for
7.5) containing 100 mM NaCl, 5 mM magnesium acetate, 5 15 500 min. Excitation was at 295 nm, and emission was
2.5 mM DTT, and 5% glycerol (buffer A). _ recorded at 330 nm. The spectral excitation band-pass was
Preparation of GDP-Depleted ChiTFor generation of 5 nm and the emission 10 nm. The signal integration time
GDP-depleted ChiT, the proR8FKAMChi6 fusion was  \ a5 set at 1 s. In the assay mixture with rhodopsin apd G
expressed and immobilized on S189 subtilisin BRA$ GTPyS (2.5uM) was addec~800 min following illumina-

described previously2d) except that GDP was omitted from  +ion of the sample. Data analysis was performed using
the cell lysis and column purification buffers. The pro- SigmaPlot version 9.0.

domain-released ChiT was then incubated in 25 mM Tris- Fluorescence Assay for Measuring AfFDependent

HCI (pH 7.5) containing 100 mM NaCl, 10 mM EDTA, 5 changes in ChiTThe tryptophan fluorescence of the GDP/

mM f-mercaptoethanol, 5% glycerol, and 2.5 M urea for 52+ hound and empty pocket forms of ChiT in the absence
30 min at 20°C, followed by dialysis against 20 mM Tris- 44 presence of AlF was determined in signal/reference

HCI (pH 7.5) containing 100 mM NaCl, 5 mM-mercap-  mode essentially as described previousBg)(using a

toethanol, and 5% glycerol to remove urea. Prior 0 gy oroMax-3 spectrofluorometer (Instruments SA, Edison,
fluorescence and NMR experiments, GDP-depleted ChiT was J) with a 0.3 cm square cuvette at2D. In all cases, Alf

concentrated and dialyzed agains_t buffer A. Fo_r recongtitution was added as a premixed solution (final concentrations of 3
of GDP-depleted, My-bound ChiT, the protein was incu- )\ AICI, and 0.3 mM NaF). Emission spectra were recorded
bated in the presence of GDP (10B) for 12=16 h at4 4y the wavelength range of 33850 nm with an excitation

C prior to the acquisition of fluorescence and NMR data. \yayelength of 290 nm. The spectral excitation and emission

Reconstitution of ChiT with & To Form the Gg band-pass was 5 nm for all spectra, with a signal integration

Heterotrimer.G; was isolated from frozen bovine retina and time of 1 s. Data analysis was performed using SigmaPlot
purified by GTP elution from washed ROS membranes as ygrsion 9.0.

described previously2Q, 33). The G-protein heterotrimer Fluorescence and Filter Binding @ctivity AssaysThe
was reconstituted from isotope-labeled ChiT andyG  fynctionality of the R*-bound nucleotide-free G-protein

essentially as described previousg5). Prior to NMR heterotrimer was examined using a fluorescence assay for
experiments, reconstituted heterotrimer preparations weregs.catalyzed G-protein activation as described previously
concentrated and dialyzed against buffer A. (32), which has been modified from previously reported

Detergent Solubilization and Purification of RhOdOpSin methods 35’ 36) This assay allows measurement of the rate
Rod outer Segment (ROS) rhOdOpSin from bovine retina was and extent of uptake of G'b'/g by Gtx by monitoring the
solubilized and purified in Cymal-5 detergent on rho 1D4- increase in intrinsic fluorescence of Trp-2G&7). Briefly,
Sepharose essentially as described previo@dy Rhodop-  purified rhodopsin (250 nM) in 25 mM Tris-HCI (pH 7.5)
sin concentrations were determined by YVisible spec- containing 100 mM NaCl, 5 mM magnesium acetate, 2.5
troscopy at 20°C using ai25 spectrophotometer (Perkin-  mm DTT, 5% glycerol, and 0.08% Cymal-5 was incubated
Elmer Life and Analytical Sciences, Norwalk, CT). Priorto  with G, (300 nM) for 40 min at 23C in the dark. The sample
NMR experiments, rhodopsin preparations were concentratedyas then illuminated%495 nm) for 1 min at 25C to form
and dialyzed againSt buffer A Containing 0.08% Cyma|—5 the R*-Gaﬁy[empty] Comp|exl At defined time periodS’

Expression and Purification of HPTRXCDEF. Detailed aliquots were removed and transferreda 1 cmsquare
protocols for the inducible expression and purification of quartz cuvette, and the change in the intrinsidiGorescence
HPTRX—CDEF, a chimera containing segments from the following addition of GTR'S (2.5uM) was monitored in
CD and EF loops of bovine opsin grafted into a surface loop signal/reference mode using a Cary Eclipse spectrofluorom-
in thioredoxin, have been described previous3g)( Prior eter (Varian Inc., Palo Alto, CA) for up to 32 h. Excitation
was at 310 nm, and emission was recorded at 345 nm. The

2 Certain commercial equipment, instruments, and materials are Spectral excitation and emission band-pass was set at 10 nm
identified in this paper to specify the experimental procedure. Such with a signal integration time of 1 s. Both the initial rate

identification does not imply recommendation or endorsement by the ; ;
National Institute of Standards and Technology, nor does it imply that and peak signal amplitude data were analyzed and compared

the material or equipment identified is necessarily the best available &t the various time points. In addition, the functionality of
for the purpose. the R*-bound nucleotide-free G-protein heterotrimer was
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examined by following the R*-catalyzed uptake &79]- 2000 Hz inw,, 2K and 32 complex data points tpandt;,
GTPyS using a nitrocellulose filter binding assag@8[ respectively {imax = 293 ms andzmax = 12 ms), and 320
essentially as described previousB). The filter binding scans per increment. The total measurement time-v@s
assay is based on the property thatadhd its bound $S]- h. Spectra were acquired for the GDP-depleted?™Mzpund
GTPyS are retained on nitrocellulose filters, whereas free >N-ChiT sample (25«M) in buffer A. 1D spectra were
[35S]GTP/S passes through the filters. Briefly, a sample collected using a sweep width of 7200 Hz and 2K complex
mixture identical to that to that prepared above for the points, while 2D data were collected using sweep widths of
fluorescence assay was illuminated4@5 nm) for 1 min at 7200 Hz inw, and 2000 Hz inwy, 2K and 64 complex data
25°C to form the R*Gs,[empty] complex. At defined time  points int; andty, respectively {imax = 293 ms andomax =
periods (2-32 h), an aliquot was removed and added to a 32 ms), and 128 scans per increment. The total measurement
solution of F°S]GTPyS (2.5uM). After 20 min at 25°C, time was~4 h. All spectra were processed using the same
duplicate samples were filtered through nitrocellulose, the processing functions and analyzed on a PC/LINUX worksta-
filters were washed at least five times with 10 mL of 25 tion using NMRPipe 42). The N HSQC spectra of°N-

mM Tris-HCI (pH 7.5) containing 100 mM NaCl, 5 mM  ChiT in its GDP/Md*-bound, heterotrimer-reconstituted, and
magnesium acetate, 2.5 mM DTT, and 5% glycerol, and HPTRX—CDEF-exchanged forms, which are used as refer-
dried, and bound radioactivity was quantified by scintillation ences for comparisons, were acquired as previously described
counting. The level of light-depender#®$]GTP/S binding (24—26). Trp indole and Phe-350 amid®NH and 5N

was analyzed and compared at the various time points. Dataresonances were assigned using ChiT mutants also as
analysis was performed using SigmaPlot version 9.0. previously described2@—26).

HPLC Analysis of Guanine Nucleotid€shromatographic Other Methods Analysis of protein samples by SBS

analysis of bound guanine nucleotides in the different ChiT PAGE and protein determinations were carried out as
preparations was performed essentially as described previpreviously described26).

ously @0). Briefly, ChiT (400ug) prepared in the absence

or presence of GDP was denatured in 100 mM phosphateRESULTS

buffer (pH 6.5) containing 10 mM tetrabutylammonium

bromide, 7.5% acetonitrile, and 0.2 mM Nakbuffer B). Trapping an R¥Gqg,[empty] ComplexWe have previ-
The samples were centrifuged at 1260@r 10 min to ously shown that solution NMR can be used to track the
remove denatured protein, and the supernatant was appliecycle of guanine nucleotide exchange in an isotope-labeled
to an Xterra MS C-18 reverse phase column (Waters Corp., G« reconstituted heterotrimer that is triggered by detergent-
25[um pore size, 10 mnx 50 mm) Prior to Samp|e |Oading, solubilized, Iight-activated rhodopsin (R*), and that NMR
the column was equilibrated with buffer B and calibrated measurements can provide new insights intocGnforma-
with a 200uM solution of GDP in buffer B. tional changes associated with signal propagation from an

NMR Spectroscop@ne_dimensiona| (1D1P|\|_f||tered and activated GPCRZ6) Solution NMR methods have Similarly
two-dimensional (2D)'N heteronuclear single-quantum been used to track guanine nucleotide exchange stimulated
correlation (HSQC) water flip-back, water gate experiments by a soluble mimic of R*, HPTRXCDEF, that remains
(41) were conducted at 30C on a Bruker AVANCE 600 bound to the exchanged heterotrimer forming a trapped,
MHz spectrometer (Bruker Instruments, Billerica, MA) stable complex. The observations from these studies have
equipped with either a triple-resonani¢, 13C, 15N Z-axis provided evidence to suggest that guanine nucleotide ex-
gradient cryoprobe or a conventional, triple-resonattte change can be uncoupled from the process of heterotrimer
13C, 15N triple-axis gradient probe and linear amplifiers on release and subunit dissociati@®). In both of these NMR
all three channels. For all spectra, the nitrogen frequency Studies, to simulate the reaction scheme of the-&*protein
was centered at 118 ppm and the proton frequency g H interaction which leads to the formation and dissociation of
(~7.5 ppm). NMR samples containing rhodopsin abid- the R*Gys,"GTP complex (Scheme 1, steps 4 and 5), the
ChiT reconstituted heterotrimer in equimolar amounts (150 nonhydrolyzable GTP analogue G was included in the
uM) were dialyzed against buffer A containing 0.08% experimental protocol. Here, GJB has been omitted to
Cymal-5 and initially placed in the spectrometer under dim- “trap” the R*—G-protein interaction at the empty pocket state
red light conditions for acquisition of reference “dark’ (Scheme 1, step 3).
spectra. To trigger formation of the R'G-protein complex Stability of the R¥Ggg[empty] Complex in Cymal-5
and GDP release, the sample was illuminated with95 DetergentRhodopsin in 0.08% Cymal-5 detergent interacts
nm light for 1 min prior to spectral acquisition. 1D spectra with G; to form a complex that triggers guanine nucleotide
were collected using a sweep width of 7200 Hz and 2K exchange 25, 26). To examine the stability of R* in the
complex points, while 2D data were collected using sweep R*-Gg,[empty] complex at this detergent concentration, the
widths of 7200 Hz inw, and 2000 Hz inw;, 2K and 24 rate of R* decay in the absence and presence olv&
complex data points i, andt;, respectively fimax = 293 monitored using a well-established intrinsic tryptophan
ms andt;max = 12 ms), and 400 scans per increment. The fluorescence assay for retinal releas?)( As shown in
total measurement time was8.5 h. For NMR samples  Figure 2A, illumination of rhodopsin results in a time-
containing HPTRX-CDEF, the protein was titrated directly =~ dependent increase in the intrinsic tryptophan fluorescence
with the®N-ChiT reconstituted heterotrimer to form the 1:1 as a consequence of R* decay, which reflects the release of
complex 150 uM) and stimulate GDP release. For this all-transretinal from the opsin apoprotein. In the presence
complex, 1D spectra were again collected using a sweepof G, this increase in fluorescence was greatly diminished
width of 7200 Hz and 2K complex points, while 2D data because of the formation of the GDP-released @}, -
were collected using sweep widths of 7200 Hzaipn and [empty] complex, which traps or maintains R* in the retinal-
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(A) bound conformation?7). The observed initial increase in
130 F hy Rhodopsin fluorescence following illumination in the presence of G
which decreases to near baseline over the course of the
experiment, may reflect the decay of R* that did not
effectively form a complex with ¢ a change in the
conformation of G, as a consequence of GDP release, which
could alter the environment of Trp-2034), or a combination
of both. Since similar initial rates can be fit for the two
curves, it appears that the observed increase in intrinsic
fluorescence following illumination in the presence qfi&
due to a minor population of R* that did not form a complex.
" M M L L These findings are qualitatively similar to what we observed
0 100 200 300 400 500 previously using a UV-visible spectroscopic assay for R*
Time (min) decay that showed conversion to opsin and fredralis
(B) 1.20 retinal was significantly reduced in the presence pfw@h
greater than~80% of the R* remaining afte8 h (26).
| GTPyS To examine the functionality of the G-protein in the -R*
Gag,[empty] complex, we initially added GHRS ~800 min
after illumination. As shown in Figure 2B, this resulted in a
significant enhancement of the intrinsic fluorescence when
monitored under conditions of the retinal release assay.
However, as this increase may reflect changes in the intrinsic
fluorescence of both rhodopsin (R* decay) ang @ptake
of GTPyS) accompanying guanine nucleotide uptake and
dissolution of the complex, a more thorough and comparative
0 20 40 o0 B0 100 120 140 analysis of G-protein functionality in the complex was
Time (min) conducted using a fluorescence assay that more closely
reports on intrinsic fluorescence changes at Trp-207 dn G
(C) 100 - accompanying GT#S uptake 82, 35—37). The results of
N this assay showed that70—75% of the nucleotide-free
G-protein remains competent for GI¥® binding in the R¥
Gqp,[empty] complex for a period of up to-83.5 h, slightly
shorter than what has been previously determined for R* in
the presence of (326). Under these assay conditions, the
half-life of G; in the R*Gs,[empty] complex corresponds
to ~13 h. Comparable results were obtained using a
radioactive filter binding assay (data not shown). Col-
lectively, these results indicate that both R* and the G-protein
in the R*Ggg,[empty] complex largely remain in a functional
form on a time scale that is compatible with the acquisition
of NMR data.
Light-Activated Rhodopsin (R*)-Catalyzed Formation of
FiGURE 2: Stability of the R*Gg,[empty] complex in Cymal-5. Empty Pocket™N-Labeled ChiT Reconstituted Heterotrimer
(A) R* decay in the absence and presence offGe time-dependent  Tg characterize the structure of, & the R*Gqgs,[empty]

increase in fluorescence at 330 nm as a consequence of release : P ;
retinal from the opsin apoprotein is diminished in the presence Ofoéomplex, an experimental protocol similar to that outliined

Gt due to the formation of the GDP-released -8, [empty] for light-activated rhodopsin-cata_lyzed genergt_ion of the
complex which traps R* in the retinal-bound conformation. (B) GTPyS/Mg?*-bound form of'>N-ChiT (26) was utilized. In
Binding of GTR/'S to the R*G,s, complex. GTRS was added  this case, however, stoichiometric amountsl 60 uM) of

~800 minﬂaﬁef complext ?égwation, and th.? “”ée];depe”%%'?tt_ i”'lrhodopsin €40 kDa) and'5N-ChiT reconstituted heterotri-
crease in fluorescence a nm was monitored for an additional : :
~100 min. Under the conditions of this assay, the observed mer (~85 kDa) were incubated in the absence of G3P

fluorescence changes report on both guanine nucleotide uptake byand then illuminated for 1 min &t 495 nm. 1D1_5N-filtered _
G, and retinal release from R* accompanying dissolution of the H and 2D HSQC spectra were then immediately acquired
complex. In panels A and B, fluorescence spectra were acquired after the sample had been placed into the NMR spectrometer

as described in re83 as described in Experimental Procedures. {4 assay the conformation 8N-ChiT in the R* G, [empty]
Representative traces from two or three independent determinations | 1D t ired within the fi {‘ﬂf” inut
are shown. (C) @ activity in the R*Ggg[empty] complex. compiex. Spectra acquired within the Tirst lew minutes

G-Protein activity was followed by monitoring the change in Of the illuminated sample being placed into the spectrometer
fluorescence at 345 nm following addition of GJ® to the R* exhibited a decrease in signal intensity and changes in
Gyg,[empty] complex. Data points reflect the peak signal amplitude chemical shifts for the!*N-filtered ChiT resonances that

achieved at the time GTH#S was added following formation of ;0114 pe expected upon formation of the &%, [empty]
the complex. Fluorescence spectra were acquired according to ref by

32, as described in Experimental Procedures. Results from two COMPlex (data not shown). A HSQC spectrum of the R*-
independent determinations are shown as averagjeshe bound empty pockéfN-ChiT reconstituted heterotrimer was
standard error. then acquired after the initial 1D data and is shown in Figure
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Ficure 3: HSQC spectra acquired for theN-ChiT reconstituted
heterotrimer in the light-activated rhodopsin-bound empty pocket
and GDP/M@*-bound states. (A) Amide region of the 2D HSQC
spectrum of ChiT in the RGs,[empty] complex. (B) Overlay of
the amide region of the 2D HSQC spectrum of ChiT in the R*
Gos,lempty] complex (red) and in the GDP/Migbound form of

the heterotrimer (blue). In panel B, the assigAE®—N cross-
peaks for the Trp indoles (Trp-127, Trp-207, and Trp-254) are

shown in box 1 and those for the carboxyl-terminal Phe-350 residue

in box 2. The difference in the conformation of ChiT in these two

Biochemistry, Vol. 45, No. 43, 2006.2991

subsequent addition of G} leads to the generation of a
stabilized guanine nucleotide-exchanged state of ChiT that
is indistinguishable from the GHS/Mg?"-bound form of
ChiT generated by inclusion of GPB during the course of
the guanine nucleotide exchange reactip).(

HPTRX-CDEF Stimulated Formation of Empty Pocket
5N-Labeled ChiT Reconstituted Heterotriméie have
previously shown that the HPTRXCDEF fusion protein
(~15 kDa), which contains tandemly linked segments from
the CD (amino acids 132154) and EF (amino acids 231
252) loops of rhodopsin grafted onto a thioredoxin scaffold
(32), forms a stoichiometric complex with the G-protein to
stimulate guanine nucleotide exchange but does not appear
to release the GTFS/Mg?t-exchanged heterotrimel).
These results provide an explanation for the observation that
while HPTRX—CDEF stimulates guanine nucleotide ex-
change with kinetic rates that are almost indistinguishable
from that of R*, it does not catalytically interact with.G
Since the GTPS/Mg?*-bound state of Gin the 15N-ChiT
reconstituted heterotrimer bound to HPTREDEF shares
many similarities with the GTPS/Mg?t-bound state of G
in isolation, including an “activated” guanine nucleotide-
binding pocket and carboxyl terminug€), this raised the
prospect that HPTRXCDEF may also stimulate guanine
nucleotide exchange through a mechanism similar to that of
R* by proceeding through an empty pocket intermediate. As
might be anticipated on the basis of its ability to stimulate
guanine nucleotide exchang#s( 32), HPTRX—CDEF also
appears to proceed through an empty pocket state that could
be transiently generated through the addition of HPTFRX
CDEF (~150 uM) to *N-ChiT reconstituted heterotrimer
(~150uM) in the absence of GTS. Figure 4A shows the
1D N-filtered spectra acquired a&-ChiT reconstituted
heterotrimer was titrated with HPTRXCDEF. These spectra
exhibit proportional decreases in signal intensity and changes
in chemical shifts for thé*N-filtered ChiT resonances as
might be expected upon formation of a 1.1 stoichiometric
complex between HPTRXCDEF and Gg,[empty]. A
HSQC spectrum of the HPTRXCDEF-bound empty pocket
I5N-ChiT reconstituted heterotrimer acquired after addition
of an equimolar amount of HPTRXCDEF to >N-ChiT
reconstituted heterotrimer is shown in Figure 4B. Like the

heterotrimer states is primarily manifested by the severe exchangelight-activated rhodopsin-generated empty pocket state of the

broadening otHN—15N cross-peaks of ChiT in the R&;,[empty]
complex when compared to the GDP/Mgoound form of the

heterotrimer. Spectra were acquired as described in Experimental

Procedures. Note that the extended line shapes observéeNfor
cross-peaks of ChiT in the R&,s,[empty] complex in the inverse

heterotrimer (Figure 3A), the HPTRXCDEF-generated
empty pocket state of ChiT also shows severe broadening
of resonances that again suggests a significant degree of
conformational exchange likely due to the formation of a

dimension are due in part to the fact that this data set was acquireddynamic intermediate structure and/or interaction. Interest-

with fewer w; points relative to the spectra of ChiT in the GDP/
Mg?"-bound form of the heterotrimer.

ingly, the degree of line broadening resulting from formation
of the HPTRX-CDEF-bound empty pockéfN-ChiT re-

3A. It should be noted that in this spectrum, only the subset constituted heterotrimer appears to be even more severe than

of backbone amide and side chain indole/amino resonance

from 15N-ChiT is selectively observed. Unlike previothsl

HSQC spectra acquired for the various guanine nucleotide-

bound states of ChiT2¢4—26), including the GDP/Mg'-
bound form of the heterotrimer (see overlay in Figure 3B),

Jor detergent-solubilized R*. This observation may result

from the absence of additional “stabilizing” contacts in the
HPTRX—CDEF-bound complex that are likely present in
the R*—G-protein interaction.

Taken together, the observations of line broadening for

the R*-bound empty pocket state shows severe broadeningthe majority of'>N-ChiT resonances under two significantly
of amide resonances that suggest the formation of adifferent experimental protocols (i.e., in the presence of a
metastable dynamic structure. It should be emphasized thatdetergent-solubilized receptor or a soluble fusion protein)

the spectrum of this R*-bound state of Goes not represent
an unfolded or aggregated, nonfunctional state ef &

suggest that this results from a change in the intrinsic
dynamic nature of this intermediate R*-bound state @f G
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(A)

Gafly
HPTRX/CDEF.Gafiy, 1:2

and not from a more trivial effect such as protein aggregation
or unfolding. In addition, as shown by the overlay of the
amide region of'N-ChiT in the HPTRX-CDEFGgg,-
[empty] complex and in the HPTRXCDEFGyg,-GTPyS/
Mg?*-exchanged complex (Figure 4C), addition of GB
restores ChiT to a less dynamic state. Since the resulting
trapped HPTRX CDEFGyys,GTPyS-exchanged complex
displays a reasonably disperse and sharper HSQC spectrum,
. — 102 this again suggests that the broadening of resonances in the
(B} . : ' . R*-bound empty pocket heterotrimer states is not simply due
: ' ) 108 to the increase in size of the complexes (at leasb0 kDa
110 in the case of HPTRXCDEF and~125 kDa for rhodopsin),
but again to be predominately the result of a change in the
dynamic nature of this transiently formed state qf G
AlF,~-Dependent Tryptophan Fluorescence Changes in
GDP-Depleted ChiT Generated in a Manner Independent
122 of R*. To analyze the conformation of the, Gubunit in the
126 absence of bound guanine nucleotide, a GDP-depleted form
of ChiT was prepared by disrupting the cells in buffer devoid
130 of GDP followed by a brief treatment with urea to remove
134 any residual bound endogenous GDP from the prodomain-
released @ After dialysis, HPLC analysis of ChiT generated
102 using this approach showed tha®5% of the G could be
routinely isolated in a guanine nucleotide-free state (Figure
106 5A). As would be expected if Gcontained little or no bound
GDP, addition of Ali~ resulted in no significant change in
Trp-207 fluorescence (Figure 5B). However, reconstitution
of this form of G, with GDP, followed by addition of AlE,
resulted in a considerable increase in Trp-207 fluorescence
(Figure 5C), similar to the level of enhancemenB0—35%)
122 observed for the GDP/Mg-bound form of ChiT (Figure
5C, inset). These results suggest that ChiT can be isolated
in an essentially nucleotide-free state and that this form of
130 G, retains the capacity to bind GDP in a functional manner.
NMR Analysis of GDP-Depleted, MgBound'>N-ChiT.
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FIGURE 4: HPTRX—CDEF-stimulated formation of empty pocket depleted, Mg"™-bound®>N-ChiT was acquired (Figure 6A).
3N-ChiT reconstituted heterotrimer. (A) Titration of tH&-ChiT Interestingly, a comparison of the amide region of the HSQC
reconstituted heterotrimer with HPTRXCDEF. Expansions of the spectrum of the GDP-depleted form of ChiT generated in a

amide region (from 10.8 to 6.0 ppm) of 1BN-filtered proton . s
spectra are shown fé#N-ChiT reconstituted heterotrimer (1&01) manner independent of R* and ChiT in the-&,;, [empty]

and!SN-ChiT reconstituted heterotrimer in the presence of 0.5 and complex (Figures 3A and 6A) shows that these two states
1.0 molar equiv of unlabeled HPTRXCDEF. (B) Amide region exhibit very different amide resonance line widths, with the
of the HSQC spectra acquired for tHENChiT reconstituted empty pocket form of ChiT generated in a manner indepen-

heterotrimer in the HPTRXCDEFGgg,[empty] complex. (C) % (i ; : :
Overlay of the amide region of the 2D I—y|SQC spectrum of ChiT in dent of R* displaying a spectrum with only relatively modest

the HPTRX-CDEFGyg,[empty] complex (red) and in the HP- line broadening. Furthermore, a comparison of the HSQC
TRX—CDEFGy,-GTPyS/Mg?t-exchanged complex (blue). In  spectra for the GDP-depleted, Kgbound, and GDP/MY -
panels B and C, the assignédN—'5N cross-peaks for the Trp bound forms of'®N-ChiT (Figure 6B) shows that both of

indoles (Trp-127, Trp-207, and Trp-254) are shown in box 1 and these states of ChiT have similar amide resonance chemical

those for the carboxyl-terminal Phe-350 residue in box 2. The _, . . . 15
difference in the conformation of ChiT in these two heterotrimer shifts, although line widths for some of thiN N

states is manifested primarily by a severe broadening of resonance§orrelations obs_erved in the GDP-_depIeted, *Mgound
in the HPTRX-CDEF-bound empty pocket state of ChiT in the state of the protein are broader than in the GDPMgpund
reconstituted heterotrimer relative to the HPTREDEFGqg,* state. The GDP-depleted, Kigbound form of ChiT also
GTPyS/Mg?*-exchanged complex. As in the R&, [empty] com- _ gisplays chemical shift positions for the Trp inddleN—

plex (Figure 3), the observation of exchange broadening of ChiT 4 S
resonances in the HPTRYCDEF Gy, [empty] complex suggests |\ 'esonances that are similar to those of the GDP/Mg

that ChiT adopts a conformationally dynamic structure here as well. bound state of ChiT, suggesting a similar conformation for
Spectra were acquired as described in Experimental Proceduresthe switch Il andus//3s regions in the absence of bound GDP
Note that the extended line shapes generally observe@Naross- (Figure 6B). After reconstitution of the same ChiT sample
peaks of ChiT in the HPTRXCDEF-bound empty pocket state with GDP and subsequent addition of AtF(Figure 6C,

of ChiT in the inverse dimension are due in part to the fact that
this data set was acquired with fewey points relative to the spectra left panel), the®N—*HN cross-peaks for the Trp-127 and

of ChiT in the HPTRX-CDEF Gyg,-GTPyS/Mg?*-exchanged Trp-254 indole resonances are observed to shift to the
complex. same positions as previously reportél{26), while in
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Viveiangth {arm) FiIGURE 6: Comparison of HSQC spectra acquired ft-ChiT in
Ficure 5: Properties of GDP-depleted, Rfgbound ChiT. (A) the GDP/Md@"-bound and GDP-depleted, Migbound states. (A)
HPLC analysis of the GDP-depleted, Rtgbound, and GDP/M - Amide region of the 2D HSQC spectrum of the GDP-depleted,
bound forms of ChiT. ChiT samples were denatured in phosphate Mg2*-bound form of ChiT. The assignetHN—15N cross-peaks
buffer containing 7.5% acetonitrile in 10 mM tetrabutylammonium for the three Trp indoles (Trp-127, Trp-207, and Trp-254) are shown
bromide to release any bound guanine nucleotide, and the superin box 1, and that for the carboxyl-terminal Phe-350 residue is
natant obtained after centrifugation was chromatographed on a C-18shown in box 2. (B) Overlay of the amide region of the 2D HSQC
reverse phase column as described in Experimental Procedures. Thepectrum of the GDP-depleted, Mgbound form of ChiT generated
results of this analysis for the GDP-depleted, ?#pound, and in a manner independent of R* (red) and the GDP#Mgound
GDP/Mg*-bound forms of ChiT are shown in solid and dashed form of ChiT (blue). ChiT displays striking similarities in the
traces, respectively. A solution of 2QfM GDP was used as a  chemical shifts of théHN—5N cross-peaks for these two different
standard. Fluorescence changes accompanying AtEatment of states. The assignédN—15N cross-peaks for the three Trp indoles
the GDP-depleted, Mg-bound form of ChiT before (B) and after  (Trp-127, Trp-207, and Trp-254) are shown in box 1, and that for
(C) reconstitution with GDP. Emission spectra for GDP-depleted, the carboxyl-terminal Phe350 residue is shown in box 2. (C)
Mg?*-bound ChiT or GDP/Mg -reconstituted ChiT in the absence  Comparison of théHN—15N correlations of the Trp indoles (left
(O) and presence) of AlF,~ (final concentrations of @M AICI 3 panel) and Phe-350 (right panel) for the GDP-depleted Migpund
and 0.3 mM NaF) were determined as described in Experimental form of ChiT (blue), and after reconstitution of the same ChiT
Procedures. The inset of panel C shows emission spectra for thesample with GDP and subsequent addition of Alfred). Assign-
GDP/M¢?*-bound form of ChiT before @) and after @) the ments for theHN—15N cross-peaks are indicated, and differences
addition of AlR,~ using the same experimental parameters. Rep- in chemical shifts between the various states of ChiT forthe
resentative traces from two or three independent determinationsHN—15N correlations are highlighted. Spectra were acquired as
are shown. described in Experimental Procedures.
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contrast, the indole resonance for Trp-207 appears to besolution as the binding of Gto R* in 0.08% Cymal-5
exchange broadened beyond detection. It is worth noting thatdiminishes the rate of retinyl-Schiff base hydrolysis by
exchange broadening of this resonance was previouslyprolonging the lifetime of R*, with the R*-bound heterot-
observed in the GTIS/Mg?™-bound form of ChiT generated  rimer remaining competent for GPB uptake (Figure 2).
through interactions of th&N-ChiT reconstituted heterot- The R*Ggg,[empty] complex has also been characterized
rimer with R* in the presence of GTH/. In addition, the by limited proteolysis, primarily susceptibility to trypsi43).
chemical shift position of the amidéN—!HN cross-peak  Here, the formation of defined fragments of, @as retarded
of Phe-350 in this state of Js also the same as previously upon incubation of the RG.s,[empty] complex with trypsin,
observed in the GDP/Mg-bound state of ChiT (Figure 6C, when compared with fragments of,Gn the heterotrimer in
right panel), while after reconstitution of the same ChiT isolation or in the presence of ROS membranes not exposed
sample with GDP and subsequent addition of AlRthe to light. Bubis et al. 44) have also shown that carboxym-
chemical shift position of Phe-350 is observed to similarly ethylation of Cys-347 in ¢ stabilizes the R*Gys,[empty]
shift to the previously described activated position. However, complex, suggesting that the extreme carboxyl terminus of
in the case of GDP/Md-reconstituted ChiT, two cross-peaks G,, a known R*-interacting region, may be involved in
are observed upon addition of AIF; indicating that at least  facilitating GTP uptake.
two states exist for this activated conformation of the  The R*-Bound Empty Pocket State of & Conforma-
carboxyl terminus that are relatively equally populated and tionally Dynamic.Our previous NMR results with light-
in slow exchange. Overall, these observations demonstrateactivated rhodopsin (R*) and HPTRXCDEF, a soluble
that while the R*-bound empty pocket state of the heterot- mimic of R*, showed that stimulation of GDFGTP
rimer-associated Gis characterized by conformational exchange results in conformational changes in the switch |l
exchange, the GDP-depleted, Mebound state of Gin and carboxyl-terminal regions of,&26). Specifically, indole
isolation is largely characterized by a conformation that, resonances assigned to Trp-207 in switch Il are exchange
while dynamic, shares many features witle(GDP). This broadened beyond detection, while amide resonances as-
suggests that the presence of guanine nucleotide in thesigned to the carboxyl-terminal Phe-350 residue shift to an
binding pocket is not a primary factor contributing to. G activated position in the GHRS/Mg?"-bound form of G
conformation and stability. generated upon interaction of tHeN-ChiT reconstituted

In summary, these results show that both light-activated heterotrimer with R*. For HPTRXCDEF, which forms a
rhodopsin and a soluble mimic of R* form trapped inter- stable, stoichiometric complex with the Gf®-exchanged
mediate complexes with an empty pocket state of the heterotrimer, amide resonances assigned to Phe-350 also shift
heterotrimer in the absence of Gf¥. Comparisons of the  to the same activated position, while tHéH—5N cross-
R*-generated empty pocket state of ®ith various guanine  peak of the Trp-207 indole resonates in a new downfield
nucleotide-bound forms of the protein indicate that this state position relative to that observed previously for the GDP/
is conformationally dynamic and likely represents a meta- Mg?*-bound heterotrimer and GBRIF,~/Mg?"-bound ChiT
stable intermediate. Interestingly, the conformation of a GDP- (26). The results presented here show that while both light-
depleted, Mg"-bound state of @ formed in a manner  activated rhodopsin and HPTRXCDEF proceed through
independent of R* does not exhibit a similar degree of an empty pocket state to yield their respective @Fmound
conformational dynamics but rather appears structurally states of G, this reaction pathway intermediate is character-
similar to the GDP/Mg"-bound form of the protein. Overall, ized by a severe exchange broadening of resonances that
our results suggest that changes in the R*-interacting regionssuggests the formation of a metastable, confomationally
of G, and not the absence of bound guanine nucleotide, aredynamic state of G (Figures 3 and 4). Moreover, the
the predominant factors governing the éGnformation and  dynamic properties of this state do not appear to be a
dynamics in the R*-bound empty pocket state. consequence of the loss of bound guanine nucleotide but

rather to result primarily from R*-induced changes in the

DISCUSSION receptor-interacting regions of,Gs a GDP-depleted, Mtr

A number of different proposals have been put forth to bound form of G generated in a manner independent of R*
explain how structural changes in the R*-interacting regions displays amide resonance chemical shifts similar to those
of a heterotrimeric G-protein may lead to GDP release and observed in the GDP/Mg-bound state of°N-ChiT (Figure
GTP uptake 18—23). In all of these proposals, the R*-bound 6B). It should be emphasized that since the HPFHRODEF
empty pocket form of the heterotrimer is a key intermediate Gis,°GTPyS-exchanged complex displays a reasonably
in the reaction mechanism. Evidence in support of its disperse and relatively sharp HSQC spectrum (Figure 4C),
existence as an intermediate high-affinity complex between these findings suggest that the severe broadening of reso-
R* and the G-protein was first discerned from the early work nances in the R*-bound empty pocket heterotrimer state are
of Kiihn and subsequently investigated in detail by Chabre not due to the relatively large size of these complexes (further
and co-workers28, 29). In the latter work, it was shown  discussed below) but rather to the intrinsic dynamic nature
that in the R*Gs,[empty] complex formed in ROS mem- of G, in this transient R*-bound state. Such dynamic
branes, Gretains the ability to bind both GDP and GTP character for G in the R*G,g,[empty] complex was not
while R* (metarhodopsin II) remains spectroscopically stable anticipated given the observed stabilization by R* by;,G
(i.e., does not decay to opsin and freetedhRsretinal). These in both membrane{) and detergent (Figure 2). However,
results suggested a reciprocal interaction between the chro+ecently reported electron spin resonance distance measure-
mophore binding site in R* and the guanine nucleotide- ments using spin-labels incorporated at specific sites in
binding pocket in G. In our study, such findings have been Gy also suggest that Gin the R*-bound empty pocket
extended to the RG.[empty] complex in detergent heterotrimer state may not adopt a single conformation but
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rather exist as an ensemble distribution of conformations of G, in the R*G,g,[empty] complex appears to be directly
(45). While we cannot exclude the alternative possibility related to receptor interactions which are unique relative to
of transient GDP re-binding as a cause of the observedthose previously described for small GTPa&EF com-
conformational exchange broadening of thg $pectra in plexes.

our experimental system at this time, we would note that
the similarities in chemical shifts for resonances of corre-
sponding residues in the HSQC spectra of GDP/Mugpund

and GDP-depleted, Mg-bound ChiT (Figure 6B) would
make any exchange processes due to GDP re-binding likely
unobservable.

Functional Implications for the Mechanism of Guanine
Nucleotide Exchang&Ve have developed a working model
based on our previous NMR observations that also incor-
porates other fundamental results focused on elucidating
changes in the structure of,Ghat accompany heterotrimer

While it is clear that the R*-bound empty pocket form of f_ormatlon and R* mter_act|on526). On the ba3|s*o_f the
G, represents an ensemble of two or more conformationsflndlngs r.eporyed here, it woulql appear that thg R*-induced
which are exchanging at a rate that precludes observationperturbat'ons in the conformat|or] of,@hat facilitate GDP
of distinct species in our NMR spectra, the molecular '€/€ase and lead to the formation of the-8ds[empty
mechanism(s) underlying this process remains to be dis-COMPplex] are of a nature that presently precludes a high-
cerned. In this context, it should be emphasized that aesolution understanding of the changes in the receptor-
primary concern from the outset of these experiments hasinteracting and switch Il regions of this intermediate R*-
been the relatively large size of the R&-protein complexes ~ bound state of G In particular, conformational changes
and their suitability for NMR analysis. We would note that following formation of the preactivated state of, Gttained
rhodopsin, and several other family A GPCRs, may form upon association with &, which may poise the heterotrimer
higher-order oligomers in the native membrane and in somefor R* interactions and GTP uptake (r&b and Figure 1),
detergents or lipid systems and that a dimeric structure mayare no longer evident in the NMR spectra and therefore
represent a functionally relevant form of the recep@, ( impede our ability to track functionally important changes
46—49). As the oligomeric status of rhodopsin in Cymal-5 in these and other regions of, @ this R*-bound state(s) of
has not yet been examined, the stoichiometry of rhodopsinthe heterotrimer. Nonetheless, a conformationally dynamic
relative to the G-protein heterotrimer in the R&-protein R*-bound form of G may represent a functionally significant
complexes examined under our NMR experimental condi- reaction pathway intermediate. For example, singénGhis
tions is currently unknown. While the minimum size for a state has the capacity to bind both GDP and GIB, this
rhodopsir-G-protein complex assuming a 1:1 stoichiometry may allow the progress of the reaction to be regulated by
is ~125 kDa (plus detergent molecules) and clearly repre- the available GTP:GDP ratio. As such, blending of this
sents a significant challenge for high-resolution NMR rejatively early step of the phototransduction cascade with
analysis, a second rhodopsin in the complex (i.e., a rhodopsinge piochemical pathways of guanine nucleotide metabolism

dimer bound to a single G-protein heterotrimer) would (54 may provide an additional “checkpoint” for controlling
undoubtedly contribute to additional line broadening. None- " ie of R*-mediated signal propagation.

theless, the observed line broadening observed in the
presence of HPTRXCDEF, which appears to form a 1:1 CONCLUSION
complex with the G-protein heterotrime26), suggests that

the bound empty pocket state of the heterotrimer is confor-  Qur ability to generate and interrogate trapped R*-bound
mationally dynamic_: _regardless of the stoichiometry of conformations of G by high-resoluton NMR methods
components comprising the complex. provides an opportunity to monitor conformational changes
Comparisons of_the NMR Resglts with Structu_res of Empty i, G, accompanying the complete cycle of RG-protein
Pocket Monomeric GTPases in Complex with Cognate jneractions. The observation of a metastable, dynamic
Guanine Nucleotide Exchange Factors (GERStructural  cohtormation for G in both the light-activated rhodopsin

studies on elongation factor Felongation factor Ts, Ras and HPTRX-CDEF-bound Gg,[empty] complexes, relative

Son of sevenless, and RaeI lymphoma invasion and ) ) ;
metastasis factor 1 complexes have revealed that theseto the GDP-depleted, Mg-bound state of Ggenerated in

. . .
GTPase-GEF complexes can be crystallized in a stable form a manner m_dependent of R*, sug_g_ests that changes in the
extreme amino and carboxyl termini of,@&at are thought

in the absence of bound guanine nucleotide (an empty pocke : ) : N
state) 60—53). These GTPases utilize their cognate GEFs tto oceur upon |_nteract|on W'th R, rather than t_he absence
of bound guanine nucleotide, are the predominant factors

to catalyze the exchange of bound GDP for GTP and hich ‘ . dd ics in the R*
therefore proceed through a receptor-independent guaniné’v ich govern G conformation and dynamics in the R*-

nucleotide exchange mechanism. Interestingly, the overall P0Und empty pocket state. Thus far, we have trapped and
structure of the empty pocket state of these GTPases,nalyzed two of the three R*-bound intermediates in the-R*
including the guanine nucleotide pocket region, is highly Gt reaction pathway shown in Scheme 1. the-®&gj,-
ordered, even more so than what has been observed for theileMPpty] (step 3) and RG,;,-GTP (step 4) complexes. Itis
guanine nucleotide-bound forms. Since our solution studies anticipated that efforts focused on trapping and analyzing
on GDP-depleted Ggenerated in a manner independent of the conformation of @ in the R*Gys,-GDP complex, in

R* also show that the absence of bound guanine nucleotidecombination with the further assignment of chemical shifts
has little impact on the overall conformation and dynamics for the various states of Gshould allow the generation of
of G, it would seem reasonable that, @& the R*Ggg,- models that describe in atomic detail the propagation of
[empty] complex is not characterized by a similarly “ordered” structural signals from the receptor binding interface of G
conformation. In this respect, the apparent structural plasticity to the guanine nucleotide-binding pocket.
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