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ABSTRACT. Stoichiometric exchange of GTP for GDP on heterotrimeric G proteifG,) subunits is
essential to most hormone and neurotransmitter initiated signal transduct®iaré&stably activated in

a Mg?t complex with GTR'S, a nonhydrolyzable GTP analogue that is reported to bipavith very

high affinity. Yet, it is common to find that substantial amounts-{30%) of purified G proteins cannot

be activated. Inactivatable G protein has heretofore been thought to have become “denatured” during
formation of the obligatory nucleotide-free or empty (MT)-&ate that is intermediary to GDP/GTP
exchange at a single binding site. We find @ative secondary and tertiary structure to persist during
formation of the irreversibly inactivatable state of transducin. MTistherefore irreversibly misfolded

rather than denatured. Inactivation by misfolding is found to compete kinetically with protective but weak
preequilibrium nucleotide binding at micromolar ambient GBRconcentrations. Because of the weak
preequilibrium, quantitative protection against, @ggregation is only achieved at free nucleotide
concentrations 10100 times higher than those commonly employed in G protein radio-nucleotide binding
studies. Initial GTP protection is also poor because of the extreme slowness of an intramolecular G
refolding step (isomerization) necessary for GTP sequestration after its weak preequilibrium binding. Of
the two slowly interconverting @GTP isomers described here, only the second can birfdd Mocking”

GTP in place with a large net rise in GTP binding affinity. A companiorn@&DP isomerization reaction

is identified as the cause of the very slow spontaneous GDP dissociation that characterizes G protein
nucleotide exchange and low spontaneous background activity in the absence of GPCR actiyation. G
GDP and G*GTP isomerization reactions are proposed as the dual target for GPCR catalysis of nucleotide
exchange.

G protein coupled receptor signal transduction begins wheninterdicts the use of higher experimental nucleotide concen-
an activated receptor catalyzes amplified exchange of GTPtrations.
for GDP on G?! subunits of previously quiescent G proteins Reported activity recovery upon purification differs with
(1—4). G proteins are also activated spontaneously by GTP type of G protein, but GTP binding may account for as little
or one of its nonhydrolyzable analogues. Mechanistic study as 10% of total protein determined by Bradford or UV
including determination of stoichiometry, binding affinity and absorbance assa8,(©). Such deficiencies have been intui-
kinetics of nucleotide interaction with Ghas traditionally tively attributed to protein denaturatio®, (10) associated
utilized incubation of purified subunits with radioactive with the nucleotide-free (MT) state of,Ghat must transi-
nucleotide followed by filtration and counting of labeled ently exist between release of old and binding of new nu-
protein on nitrocellulose filterssj. Low (~107¢ M) nucle- cleotide at a single nucleotide binding site. Study of the origin
otide concentration is commonly used in such studies. High and control of the irreversibility of this MT state has pre-
reported nucleotide binding affinity (8610 M~1) for the viously received little formal attention. Nevertheless, most
protein @, 7) is assumed to make larger amounts unneces- previous work has used the filter binding methéet8, 11—
sary. High background noise due to nonspecific binding of 14) to determine G-nucleotide equilibrium binding constants
excess free radioactive nucleotide to the filters normally as ratios of forward to back rate constants and for other stu-

dies. Though Gactivity loss has often been referred to, cor-
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1 Abbreviations: *, **, kinetically distinguishable conformers of.-G r_eS'due (Trp207 in transducin) that a?compam@aa'va'
GTPYS; G, heterotrimeric G proteim subunit; G, transducin; MT tion (15—18). The structure change is accompanied by a
8“' ntlhclneortlide frle?m@ t?“o'n grg\geFr’SiglggRisfgld?dt MnT G Gla-frDP, or remarkably large increase in tryptophan fluorescence emis-
Ggl'\!hw/s, g%a%%\{s?nee’ag-(gtjhiotripholsphate);‘ANF)S?aﬂiliﬁ(?—%%Shthch::r?e?’ sion |nten3|_ty. Incre.a Se.d |ntr|n§|c tryptophan f.luorescence
sulfonate; EDTA, ethylenedinitrilo-tetraacetic acid; DTT, dithiothreitol; @CCOMpanying activation provides an alternative method
R*, activated rhodopsin. for study of nucleotide exchange, G&Be activity, and Mg
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dependence of these important signaling proteésngl, 19— in vivo might nonetheless use the more available GTP/Mg
22). Increases and decreases in fluorescence intensity corcomplex are not strong since Mtghas only modest (10
relate quantitatively with radioactive GTP binding and M™1) affinity for ATP or GTP. This means that about 0.5
hydrolysis @0). However, previous studies have not exploited mM of both Mgt and GTP remain free at 3 mM total
the additional power of intrinsic tryptophan fluoresceriz® ( intracellular concentration of each.

to probe intramolecular reaction mechanism gfrfacleotide

exchange and activatior2@). EXPERIMENTAL PROCEDURES
Itis universally assumed that,@ctivation occurs through . .
binding of GTR/SIMg* as a complex following GDP Transducin (G,) was isolated from rod outer segments of

fresh bovine retinas collected from a local slaughterhouse.
G.-GDP and G, were separated using Blue Sepharose
chromatography26). Slight modifications of this method
also yielded pure @GTPyS-Mg?" (27). Purified G protein
was concentrated to about 1M for storage in pH 7, 10
mM potassium phosphate buffer. The latter assured maxi-
mum transparency for quantitative UV spectrophotometric

dissociation. While this mode of nucleotide binding is known
for some ATP binding reactions, it has not heretofore been
specifically investigated for heterotrimeric GTP binding
proteins. Separate actions of Rfgand GTR'S on G
tryptophan fluorescence were noted in earlier w@X) put
intramolecular intermediates during nucleotide binding were

not specifically suggested. A role for intermediates in ol ) i X
determination of protein concentration and for UV circular

understanding G protein activation mechanism or activity hroi ; . ith
decay could not therefore be previously appreciated. Con-d'_C rolsm St_Ud'eS' St‘?red proteins were neither aug_mented
with nucleotide nor with Mg after purification and final

sequently, the puzzling discrepancy between reputedly strong ) ) .
GDP and GTRS/Mg?* binding stability of G, and activity concentration steps. Proteins were stored |.npill.00r. smaller
loss during preparation, storage, and GDP/GTP exchangeVOlumeS that were flash frozen and kept in liquid nitrogen.
experiments could not heretofore be rationalized. Neither has Guanine nucleotides, obtained from Boehringer Man-
it been easy to obtain good estimates of binding constantsnheim, were purity checked by C18 reversed-phase ion
using either equilibrium or kinetic ratio methods% without pairing HPLC. Concentration was determined by UV spec-
simultaneously making corrections for activity loss in view troscopy usingzss = 13 700 M™* cm™. G,*GDP concentra-
of the kinetic difficulties described below. Even the powerful tion was assayed usingzs = 36 700 M™* cm™ and was
ligand binding attributed to GTS/Mg?* is incapable of determined to be 10& 5% active by quantitative analysis
reversing inactivation of “dead” protein. It is therefore not 0f metarhodopsin Il enhancemer®5} upon reconstitution
surprising that inactivatable G protein has been regarded asPf Ga plus pure G, with dark, hypotonically stripped, rod
“denatured”. outer segment disk membranes. The molar tryptophan
The ability to investigate local structure changes during fluorescence amplitude of SSDP and of G-GTPyS-Mg**
activation via reaction progress recording in real time using determined in companion experiments was also found to be
intrinsic tryptophan fluorescence makes possible examination@ good secondary measure of protein stoichiometric func-
of G protein activation kinetics and magnitude during tionalintegrity. MAXC (C. Patton, Hopkins Marine Station)
spontaneous nucleotide exchange with a level of detail inac-was used to calculate free ¥gin the presence of EDTA
cessible to other methods. Higashijima et alL,(22) used ~ While taking into account the effects of temperature, pHs PO
this approach to record Gucleotide binding and GTese  binding and ionic strength.
rates. We have further sharpened the approach by using 295 Fluorescence kinetic measurements were made using 295
nm excitation instead of the shorter wavelengths in order to + 0.5 nm excitation and 35@& 10 nm emission light to
reduce background emission and to emphasize events thaéxclude spectroscopic changes other than those directly due
may be associated with structural intermediates. We thusto tryptophan. GDP dissociation was initiated by dilution of
obtain larger dynamic changes that are more selective, e.g.,100uM stock G,*GDP to its final 0.5«M concentration in
for events near tryptophan 207 in transducin. Improvement assay medium consisting of pH 7, 10 mM potassium
in quantitative interpretation was also made possible through phosphate, 10 mM DTT, 100 mM KCI, 0.1 mM EDTA, and
use of G shown to be initially 100% active by another 2 mM MgCl, (Mg?*-containing medium), or pH 7, 10 mM
functional methodZ5). This allowed us to calibrate and track potassium phosphate with 10 mM DTT and 7 mM EDTA
molar amounts of Gactivation and deterioration events at to reduce the free Mg concentration to below 18 M
different GTR'S and M@" ligand concentrations. (Mg?*-free medium). All experiments were conducted at 35
In this report, we use real time kinetic analysis of °C, exceptwhere noted. Media were carefully particle filtered
tryptophan fluorescence changes to probe the mechanisms&nd bubbled with argon before use. Stoppered, nonfluores-
of activation, activity preservation, and inactivation of cent, quartz (Ultrasil) cuvettes were used throughout. Kinetic
transducin from bovine retinal rods. We find quantitative G = constants from experiments yielding simple exponential data
preservation to require the presence of free GTP concentrawere determined using Origin software (OriginLab Corpora-
tion close to a million times higher~50 uM) than that tion, Northampton, MA). Kinetic data in Figure 1 were fit
required (50 pM) for receptor-catalyzed thermodynamic to a double exponential, and the maximum amplitudes that
equilibrium (7). At lower nucleotide concentrations, kinetic would have been obtained had there been no decay were
competition for the fate of MT @ by an irreversible plotted against GT#S concentration. These points were then
polymerization pathway permanently prevents further nucle- fit to a hyperbolic saturation function, which determirt&sl
otide binding and is responsible for rapid activity loss. Though the mathematical function fits to the data are
Kinetic separation of the roles of GFB from Mg in the superimposed as continuous curves on all of the figures, they
present work suggests a mechanism of ordered sequentiafit the data so accurately as to be nearly invisible under the
binding of GTP before Mg A priori arguments that binding  individual data plots without display in color.
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Ficure 1: (Insert) G+GDP diluted to 0.5«M in preequilibrated
35°C Mg?*-containing medium with, respectively, (a) J®, (b)

2 uM, (c) 5uM, (d) 20 uM, or (e) 50uM GTPyS. Initial jump is
G.-GDP fluorescence at time zero. All curves fittedyte= y, +
A(e~t — e At) gave a constant value ¢f (rise time) whileo. fell
(indicating increased stability) with increasing free GB? (Main
figure, left axis.) Maximal fluorescence increase (right axis). Initial
rate of fluorescence incread€¢; = 0.8—-1.2uM for each measure.
Curves are hyperbolic saturation fits to the data points. Bound
GTPyS was subtracted from total to obtain free G'BPplotted in
the figure.

RESULTS

Full G, Activation Requires High GT#S Concentration.
G.-GDP was diluted directly from concentrated stocks into
media containing GT#S in order to avoid deterioration that

begins immediately with preincubation in the absence of nu-

cleotide. An initial G-GDP fluorescence pedestal was fol-
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50uM GTPyS present at time zero, had already irreversibly
lost their ability to react.

The kinetics of GTRS-induced fluorescence increase is
consistent with previous studies)(that showed GDP
dissociation to be rate limiting for G binding. However,
the 2-fold smaller fluorescence transient seen at the lowest
GTPyS concentration without a comparable change in rise
time (Figure 1, curve a), suggests the presence of a rapid
competing reaction pathway that irreversibly removes MT
G, when GDP dissociates from,&DP and before GTFS
binding can preserve it (see Scheme 1). High &3 Bppears
to provide mass action and kinetic speed that permijts G
GTPyS formation to compete effectively with the parallel
G, inactivation path. The two competing reactions are equally
effective at about AM GTPyS where half-maximal fluo-
rescence activation occurs.

A Single Rate-Limiting Process Controls Speed of GDP
Dissociation, GTRS Binding, and Irreersible G, Decay.
We determined the rate of loss of,G ability to be activated
by GTPyS more precisely by adding 5tM GTPyS pulses
at various times after GDP dissociation was initiated Ry G
GDP dilution (Figure 2, insert.). As incubation time (GDP
dissociation) increased before Gi®addition, the amplitude
and initial velocity of the remaining GTFS-inducible fluor-
escence diminished exponentially withetime of ca. 90
min. at 35°C (Figure 2, left axis). This is identical to the
time course seen in Figure 1 (rise tim#,'). Thus, G's
ability to be activated by GTFS decayed with the same rate
constant as that of the fluorescence increase due to binding
of GTPyS/M¢?t. This suggests that the same kinetic step
(GDP release) rate limits both the rise of fluorescence (acti-
vation) in the presence of GPB/Mg?" and the loss of ability

lowed by kinetic curves of increasing tryptophan fluorescence to rise (inactivatability) in its absence. This is expected if

intensity whose amplitudes and initial velocities saturated
hyperbolically with free GTPS concentrationKy of 0.8—
1.2 uM GTPyS; 20-50 uM “saturating”, see Figure 1).

G is inactivated quickly upon GDP dissociation with only
the remaining G GDP able to be subsequently activated by
added GTPRS as its GDP dissociates. Thus, MT-state G

Fluorescence intensity decreased slightly after reaching max-must rapidly lose its ability to ever again bind GI$

imum, particularly at the lowest GH#S concentrations. This
systematic behavior was well fitted at any G/B°concentra-
tion by the equationy = y, + A(e™ — e ). Fits gave a
constant rise times 1, for all GTPyS concentrations while

To identify the rate-limiting role of GDP loss kinetics more
directly, we determined the amount of, &DP remaining
during GDP dissociation in Md-containing medium by
adding Al (30 uM AICI ;3 + 10 mM NaF) at various times

o1, the time constant for the falling phase, became more after G,-GDP dilution @0). AlF,/Mg?" binds quickly and

negligible with increasing GTFS concentration. The ten-
dency to reach maximum fluorescence at slightly earlier
times at lower GTRS concentrations was entirely explained

mimics a third phosphate on any remaining GDP to form
Gu*GDP-AIF,-Mg?", a highly fluorescent @GGTPyS-Mg?*-
like product @0, 31, 32). We found a 90 min Htime for

by the effect on the overall temporal envelope of the decay loss of G,GDP in this experiment (Figure 2, right axis).

constant,a, which increases with decreasing GA® The

rate of fluorescence increase at early times matched our

previous measurements of the time course of G¥¥hind-
ing at several temperatures from 20 to°@(radiolabel data

This matches the kinetics of irreversibility found above.

If any significant amount of MT @ were to transiently
retain GDP binding reversibility, it should be possible to
reform some @ GDP by adding a pulse of high GDP con-

not shown here but see results of Figure 5B, below). Similar centration at any point during the time course QfGDP

methodological validation of the tryptophan fluorescence
method has been reported at single temperatures;far@
Goe. (21). Nucleotide exchange rate constants for our

dissociation. The GDP found at each time assayed by
AlIF4/Mg?* should then be increased compared to that assayed
without this extra GDP addition. The results of such an ex-

fluorescence data agreed closely with those of other studiesperiment, where 5 min incubation was allowed after injection

on G, at common temperature2§, 29).
In experiments initiated near/ M GTPyS, where fluor-

of an extra 5Q«M GDP pulse at various time points before
testing with AlR/Mg?*, revealed no detectable transient MT

escence maxima of lower intensity were attained, subsequents, that was able to rebind GDP during a dissociation cycle

addition of 50uM GTPyS caused no further fluorescence

(data not shown). This confirms that MT,@ rapidly and

increase (data not shown but see Figure 2). This implies thatirreversibly rendered inactive in the absence of a continuously

at low GTP/S concentration, those G protein molecules that
fail to contribute to the higher fluorescence found, e.g., with

high concentration of GDP (or G}/3) during G+GDP
dissociation.
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Ficure 2: (Insert) Fluorescence progress curves shova@ivity
diminishes in M§"-containing medium as 5M GTPyS injection

is delayed from (a) 0 min, to (b) 20 min, (c) 40 min, (d) 60 min,
or (e) 120 min after @ GDP dilution. (Main figure, left axis) Loss
of amplitude or initial velocity as function of time delay before

FiGure 3: G,*GDP was injected into 5¢M GTPyS-containing
Mg?*-free medium. 3.16 mM Mg was then injected to give a
free [Mg?*] of 0.5 uM; at (a) time zero, (b) 1 h, or (c) 3 h
incubation. Note that the fast phase is still increasing slightly from

GTPyS addition; data taken from insert. (Right axis) #¥Mg?* lw3h

activatability of G,-GDP remaining. Both GT#S activatability and . i ) .
G,*GDP remaining decreased as a first-order process wettirié further increased by very long G7B incubation time or
of 90 + 2 min. In the absence of Mg, the results were the same, by higher concentration of G used in the incubation or
but with faster 1¢ time of about 60 min. higher concentration of Mg in the pulsed addition. This

suggested that the fast and slow components might represent

GTPyS Stabilizes GAgainst Actiity Loss in the Absence  jnterconversion between two intramolecular equilibrium
of Mg?*. We sought to determine whether Gi®and Mg* forms of G,*GTPyS, the fast, Mg"-responding component
played separate roles in prevention of &tivity loss. G- arising slowly from an antecedent Riginsensitive isomer.
GTPyS was formed quantitatively from&GDP by incuba-  The fast fluorescence increase would be due to rapid binding
tion with 50uM GTPyS in the absence of Mg (<107° M) of Mg?* to the penultimate isomer S5 TPyS* (see Scheme
(Figure 3). This caused almost no change int@ptophan 1), The slow phase would be due to intramolecular relaxation
fluorescence intensity. Subsequent addition o?Mgven (isomerization) from G-GTPyS that cannot bind Mg, to
after 20 h of GT@S incubation at 35C, could still evoke G GTP}/S* that can rap|d|y bind Mﬁ (See Scheme 1) The
88% of the maximum fluorescence seen upon immediate |atter yields the high affinity, high fluorescencg-GTPyS**-
addition of GTR'S/Mg** to G,GDP without preincubation.  Mg?+ complex. Early during incubation, the fast phase is
GDP (50uM) was also an effective short-term preservative. not seen at all since SGTPyS* has not yet formed from
This shows that occupation of the nucleotide-binding site G, -GTPyS. GGTP/S is the product of the initial GTHS
by either GDP or GTPS is the critical element in stabiliza- preequ|||br|um b|nd|ng reaction.
tion, requiring no Mg" per se. Nucleotide concentration must  Figure 4A shows corroborative experimental evidence for
simply be high enough to prevent net loss aof @to the intramolecular G:GTPyS activation intermediates without
irreversible kinetic pathway through reversal of weal G the possibly complicating persistence of the GDP released
GTPyS or G-GDP binding, as shown in Figures 1 and 2 dquring G,-GDP dissociation. Here, we initiated the reaction
(see also Scheme 1). sequence with pure SGTPyS**-Mg2*. This species initially

Multiple G,-GTPyS StatesAddition of Mg?" at various gives the same high fluorescence amplitude per mole of
times after initiation of G-GTPyS formation from G-GDP protein as that achieved by conversion of-GDP to G
caused a biphasic fast/slow increase in fluorescence (FigureGTPyS**-Mg?" under conditions of high GTFS with Mg?*
3). The fast/slow ratio increased from zero at time zero up shown in Figures 1 and 3. When injected into medium
to a maximum of about 0.4 as G¥B incubation time  containing 7mM EDTA, G-GTPyS**-Mg?"'s high initial
increased before Mg addition. This ratio could not be fluorescence slowly declines, as Rigis released and is

Scheme 1: Model Showing Hypothesized Steps in Interaction,ofvith GDP, GTR'S, and M@" 2

k
G, GDP ‘;Ga GDP‘—E—— GDP+Gy+GTPYS —k’~ Gg; GTPYS === Gy GTPY s*
i TS A
Gy (;1)1>""‘i\4g2+ [G31 P?‘:\ Gy GTPYS - M
T (G, GTP" Mg2+)

a Evidence for reactions proceeding to the right ogf GDP are given in the text. Justifications for reactions shown to the left are explained in
the Discussion.

R
g2+
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FiGure 4: (A) Recovery after exponential loss of, G TPyS**-
Mg?* fluorescence upon injection into Mgfree medium contain-
ing 50 uM GTPyS to prevent net GTPyS dissociation. 3.16
mM Mg?*" was subsequently injected to give QB! free Mg?+ at

(a) 10 min, (b) 20 min, (c) 50 min, (d) 100 min, (e) 150 min, and
(f) 250 min. Note changing ratio of fast to slow recovery phases.
(B) Individual component amplitudes taken from panel A at times
a—f. (a) Exponential loss of @GTPyS**-Mg?* fluorescence as
EDTA removes M§", as shown in panel A; (b) fast phase.G
GTPyS*) amplitudes; and (c) Slow phase (GTPyS = G-
GTPyS*) amplitudes resulting from reintroduction of ®fg Note
delayed formation of slow phase due to slowGTPyS* = G+
GTPyS formation before Mg induced reversal.

complexed by EDTA, finally reaching the Mtfree (10°
M Mg?") low fluorescence level seen in Figure 3 wherg G

GDP and GTRS were mixed in the absence of kig
Reinsertion of M§" at various times during the EDTA-

Biochemistry, Vol. 40, No. 32, 20008651

has enough time to slowly form SGTPyS*. Figure 4A
shows that the M&f-unreactive species, SGTPyS, also
forms slowly from G-GTPyS*. This is shown by the fact
that the initially large fast/slow ratio diminishes slowly as
this G,*GTPyS forms conjointly with the gradual Mg loss
(seen as decrease of original fluorescence with time in
EDTA). Thus, both formation of GGTPyS* from G-
GTPyS (Figure 3) and the reverse formation of-GTPyS
from G,-GTPyS* (Figure 4) are slow.

To better show the time-dependent relationship between
reaction components seen in Figure 4A, the exponential loss
of fluorescence in Figure 4A, and the amplitude of the fast
and slow components for each Kignjection are replotted
in Figure 4B. A clear time delay is seen before development
of the slow phase (curve c) while the fast phase (curve b)
first increases, then diminishes correspondingly from its peak
(Go*GTPyS* is formed from G-GTPyS**-Mg?t but not yet
lost to G,*GTPyS) and the steady state is approached (see
Scheme 1). Together the two Rgresponse phases, fast and
slow (plus the remaining undissociated-GTPyS**-Mg?*
of curve a), sum to the total fluorescence of thg- G
GTPyS**-Mg?" state originally present. Since no GDP that
might account for part of the kinetics was introduced at any
time in this experiment and since we had already shown that
very little G, escapes into the inactivation pathway in the
presence of 5uM GTPyS, evidence again suggests the
presence of at least two & TPyS isomeric states (see
Scheme 1).

The experimental results of Figures 3 and 4 thus provide
evidence from both ends of the reaction sequence that at
least two intermediates exist on the path of GBRbinding
to G, after GDP release, culminating in the acquisition of
Mg?" by the final intermediate. Our Scheme 1 further
illustrates how it is possible for £to leak away from this
reaction path through formation of the irreversible end state,
G.°, when the concentration of G}8 is too low to fully
populate the first @GTPyS state that has such weak G5
binding affinity. G,° is incapable of rebinding either GDP
or GTP/S (Figures 1 and 2). The weakly bound-GTPyS
complex can readily dissociate to reform thg @quired
for the irreversible step when nucleotide concentration is too
low to keep this weak GGTPyS preequilibrium binding
saturatedlIrreversible G, deterioration at low nucleotide
concentration makes it impossible to titrate a nucleotide
binding equilibrium using classic methods such as equilib-
rium dialysis or nitrocellulose filter binding without concur-
rent loss of protein actity due to the slow kinetics of
refolding of intermediatesReversibility of all the ligand
binding reactions (those to the right in the Scheme 1) coupled

induced exponential fluorescence decline causes fluorescencwith the irreversibility of MT G, aggregation, can allow even

recovery, again with a two phase, fast/slow time course.

Starting at early times before full Mg loss from G-

Go*GTPyS**-Mg?* to be slowly lost in the presence of low
ambient GTRS concentrations as seen at later times in

GTPyS**-Mg?*, however, the fluorescence increase induced Figure 1.

by pulsed reintroduction of Mg (Figure 4A) consists almost
entirely of fast with little slow phase. This is consistent with

State and Fate of MT &1n experiments with low GTPS
concentrations where fGactivity loss was not completely

the conclusions of Figure 3 (see also Scheme 1), where theprotected by nucleotide, we noticed that cuvette contents

Go*GTPyS* formed slowly from antecedent,G5TPyS. In
Figure 4A, G+GTPyS* is now the initial intermediate
formed upon loss of its MiJ to the EDTA. This isomer is
able to immediately rebind Mg. This corroborates the view
of Figure 3 that such an intermediate will account for the
rapid phase of fluorescence increase only aftetG3 PyS

became increasingly cloudy over time, suggesting that G
aggregation might be occurring. By contrast, at &0
GTPyS, cuvette contents were always clear. Aggregation
progress could be seen by recording Static light scattering

in our fluorometer during GDP dissociation. In a previous
study, we determined the increase in GDP dissociation rate
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. L irreversible loss of activatability during spontaneous nucle-

Ficure 5: (A) 295 nm 90 light scattering increase upon : . : .
G,-GDP di(ss)ociation at va?ious temper%tures with ﬁo §Z(E)F‘glr O_t'de. exchange, implies that.Gaggregation and G5
GDP added. (B, a) Temperature dependence of reciprocal of timePinding pathways compete at about the same rate for the
to reach 0.34 scattering intensity increase. (b) Temperature depenfate of MT G, when GTH'S concentration is near one
dence of GDP release rate constant determined as in Figures 1 angnicromolar. Yet, a previously estimated 50 pM GEMg**
2 or by o®%P or y*S labeled nucleotide exchange. Equal slopes . (7y would predict that much lower, near stoichiometric,
indicate that activation energies are the same for the two processesamounts of nucleotide should have been able to fully
complex G. What accounts for this discrepancy in apparent
nucleotide binding affinities? The first part of the answer
appears to be that Mg, though essential to the final high
affinity of GTPyS binding previously observed, is not
involved in the immediate protection of,Gequired upon
. . ) . . 7" GDP dissociation. Despite the much higher affinity expected
Quantitative quasi-elastic, multiangle, laser light scattering of GTPySIM@*, GTPyS alone (Figure 3) protects about as
measurements showed that the increasing cloudiness duringye|| as GTR'SIMg* (Figure 1). This can only be the case
GDP dissociation was associated with formatioriih of a if Mg 2+ fails to accompany GT#S into the initial G-GTPy'S
product having a mean molecular weight of about 2.5 MDa, nreequilibrium binding pocket but rather binds later, after
roughly 60 times greater than the monomer mass @f G thjs complex is isomerized (Figure 3). Thus, initial G
Tungsten shadowing and cryoelectron microscopy of this binding appears to be Mg-insensitive, weak, and readily
product showed long monomolecular filaments or irregular, reyersible.
globular particles about 16 nm in diameter, depending on  gypsequent isomerization of, GTPyS to G,-GTPyS*
salt conditions. These correspond to about 60 molecules ofgows M2+ to bind for the first time. This feature suggests
a protein of 40 kDa mass whose total mass would be abouthat the Mg+ binding configuration of the protein might even
2.4 MDa. Such particles were absent from controls containing pe induced by GTPS binding as the protein conformation
high GTR/'S and Mg*. changes to the GGTPyS* form. G,-GTPyS* formation also

MT G, Is Not DenaturedWe further investigated the effectively removes a fraction of SGTPyS from access to
nature of the irreversibly inactivated state Qf @Ging circular GTPyS aqueous dissociation by placing a high kinetic barrier
dichroism, tryptophan emission spectral position (Figure 6), between isomers. But this same kinetic barrier also slows
tyrosine-tryptophan resonance energy transfer, scanningprotective G-GTPyS* formation from G-GTPyS, making
calorimetry and ANS binding. In each case, though small it necessary to use very high GF¥® concentrations to

with increasing temperature. We found the thermal depen-
dence of the rate of increase of°d@ht scattering (Figure

5A) to have the same Arrhenius slope as that of GDP loss
(Figure 5B). Thus, light scattering intensity (aggregation) is
intimately coupled to conditions that accelerate GDP loss.
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increase the rate of protective rebinding of GBPto G,
throughk; in competition with formation of irreversible &
throughko.

Linked Basic Cause3hus, weak initial protection of &
by GTP/S is not entirely due to weak preequilibrium binding.
The ~3000 s slowness of isomerization simply fails to
remove preequilibrium @GTPyS as G-GTPyS* (slow
phase, Figure 3 and 4A) before Gj® dissociation returns
it to the G, aggregation pathway. This failure is in turn
related to deferral of the high affinity Mg binding step
until after G,GTPyS* is formed. High affinity M@" binding
to G,-GTPyS* ultimately serves as a “magnesium lock” on

Biochemistry, Vol. 40, No. 32, 2000653

ments, its order of magnitude can be appreciated as fol-
lows: Assume our uM Ky for GTPyS activation is a
legitimate macroscopic equilibrium constaki, A forward
rate constantl, of 1® M~ s7* for GTPyS binding (like
that for ATP binding of myosin) would implk-; = 10!

s1 for GTPyS dissociation. That is, nucleotide would be
re-released 10 s, on average, after bindingk;livere to
approach the oM~ s 1 diffusion limit, k-; would be 16

s 1 giving a GTR/S preequilibrium protection time of only
10 milliseconds before re-dissociation. Since GEmbinding
and G, aggregation are in direct competition,,Gonce
formed, would be irreversibly inactivated on about this time

the nucleotide bound state. But it is not possible to close the scale. The overwhelming slowness of*GDP*/G,-GDP or

lock until the hasp is folded over the staple, i.e., untir G
GTPyS has folded to generate thg-GTPyS* that is capable
of being locked by Mg". The powerful kinetic bottleneck
of slow G,»GTPyS* formation, compared to the speed of
nucleotide dissociation from the & TPyS preequilibrium
complex, explains why neither maximal, @ctivation nor
protection from activity loss could be achieved at the low
GTPyS concentrations previously thought to be saturating.
Slow intramolecular conversion of GG TPyS into the Mg*-
binding G,-GTPyS* configuration leaves preequilibriumy,&
GTPyS vulnerable to repeated cycles of G/3binding and
dissociation k-1 in Scheme 1). Thus, MT Gforms repeat-
edly with opportunities for irreversible loss through aggrega-
tion (ko). Only momentary @ protection can occur at
micromolar GTR'S concentrations through rebinding of
GTPyS at a speed df; times the GTPS concentration.
Preequilibrium binding and intramolecular isomerization

GoGTPyS*/G,-GTPyS isomerization that rate limits nucle-
otide dissociation, makes it impossible for us to determine
on which end of this brief time scale MT ;Gnactivation
lies without more specialized approaches.

Rele/ance of G-GTPyS Kinetics to Slowness of,&DP
Dissociation.GDP dissociation from GDP is spontaneous
but its very slow rate is essential to the assurance of a low
background of G protein activation in the absence of specific
GPCR stimulation. What is the cause of this very slow
dissociation rate? We propose that a-GDP*/G,-GDP
isomerization kinetic barrier like that described for:G
GTPyS*/G,-GTPyS above is the origin of this limit. Crystal
structures show the same, Binding site to accommodate
either GDP or GTP. It is not therefore unreasonable to expect
similar molecular structures for the Migfree nucleotide
binding intermediates in each case. Similarity between such
reaction intermediates is represented by the symmetric

intermediates in the mechanism described above (see Schemeomplexes of @with GTPyS and GDP shown in our model.

1) are formally similar to those previously described for
binding of GDP or GTP to EF-Tu34, 35) to tubulin or to
h-ras @6) and for ADP or ATP binding to myosin3{) or

Thus, rules that regulate G¥B binding and release in the
absence of M§j may tell us what might be expected during
GDP binding and release.

kinesin. In these cases, also, protein isomerization can The ratio of fast to slow components in response to pulsed

kinetically isolate the initial preequilibrium nucleotide-
binding complex from dissociation. Macroscopic nucleotide
binding rate constants (that would include microscopic
constantsk; andk; of our Scheme 1) are around %1911

s! (36). This is substantially less than thel(®* M~ st
bimolecular reaction rate limit seen for the fastest known
diffusion-limited binding or reaction of a small ligan8§,

38, 39). Such low apparent bimolecular rate constants
generally imply that a weak bimolecular preequilibrium is

Mg?* addition after saturating G/ equilibration shown

in Figure 3 gives a @GTPyS*/G,-GTPyS equilibrium
constant of 0.4. Since S8GTPyS**-Mg?* formation is fast,
there is no reverse reaction and the slow phase ot*Mg
action is due tdk, alone.k; is determined to be 3.3 104
s1, the reciprocal of the slow exponential rise time of 3000
s. k—, can then be calculated &s; = kJ/K; = 3.3 x 1074
s10.4=18.3x 104s1(1200 s). Sincé_, is fast compared
to k—p, 1200 s would be the characteristic time fog-G

concatenated with one or more subsequent slow intramo-GTPyS* conversion to allow @GTPyS dissociation (and
lecular isomerizations. Such concatenations apparently reflecidecay through the fastdg) in the absence of Mg.

the time required for reconfiguration of the protein to

Macroscopic slowness of GDP dissociation from 6

accommodate the ligand (induced fit). This reduces the expected to similarly involve a slow isomeric.) relaxation,

apparent (macroscopic) bimolecular rate constay.
Lifetime of the Preequilibrium Complex and Aggregation
of G,. G, appears to be protected from aggregation only
when bound to nucleotide. Each,&ipon GDP dissociation,
faces the problem of slow GS protection (Figure 4) that
conspires to trap it into the &path. Neither GDP nor GTP
can apparently retainn the initial preequilibrium complex
for times sufficiently long compared to MT &aggregation

G, GDP* < G,-GDP, concatenated with a fast GDP
binding/release preequilibrium. In this context, Figure 2 gives
a macroscopic GDP off rate constahktd) of 2 x 104 st

for transducin at 35C. Using this value, together with a
macroscopic dissociation constakbj of 25uM (at 25°C)

(41, 42), we calculate an effective forward rate constlant

= k_4JKp = 8 M1 s as the association rate for binding of
GDP to G. This tiny value for GDP binding to &is even

unless nucleotide concentration is high enough to provide smaller than for EF, tubulin, ras, myosin, kinesin, etc.,
rebinding events more frequently than aggregation events.indicating quite hindered nucleotide binding mechanics and

What is the duration of @ protection in the GGTPyS
preequilibrium complex before GS dissociates and MT
G, becomes trapped by the,&path? Though the G5

dissociation rate is not readily measured by present experi-

implying a slow intramolecular isomerization step. Binding
and release of GDP, like that of G¥8, is clearly and
severely hindered by the presence of an intramolecular
isomerization reaction. It thus seems likely that the same
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rate-limiting intramolecular isomerization following weak
preequilibrium nucleotide binding is responsible for instabili-
ties common to both the GDP and Gji® protection of G
from formation of the irreversible state. This reaction is also
the basis of the very slow rate of GDP dissociation that is

Zelent et al.

could yield an aqueous diffusion-limited GTP binding rate
near 16 M1 s x 103 M = 10° s™* or 10 us per GTP
binding event. Mg" binding would then need to be similarly
quick to continue to maintain GDP release as the rate-limiting
step. This is clearly possible gine 3 mMfree cytoplasmic

so important to transducin’s quiescence in the absence ofMg?" concentration plus electro-diffusional acceleration by

GPCR activation.

It should be noted that during a GHBe cycle, & GDP**
then G,-GDP* are the first intermediates to form after loss
of POy from G,-GTP**-Mg?* (see Scheme 1). 8GDP**-
Mg?" would be expected to rapidly lose its kfcas indicated
by the known weak Mg effect on GDP dissociatiors).
The G,*GDP* isomerization kinetic barrier would then
prevent equilibrium with the unstable preequilibrium com-
plex, G,-GDP, from being realized. Though we are not yet
certain what the microscopic equilibrium constant is for this
isomerization, it is likely in the interest of parsimony to favor
Gq*GDP like that of GTRS binding favors its @GTPyS
preequilibrium complex. This would be advantageous for R*
catalysis since it allows equilibrium to be realized in the
forward direction appropriate to signal transduction. We
propose that GDP* is the intermediate that bindszG
upon GTP hydrolysis.

Nucleotide Binding Intermediates and Mechanism of GDP/
GTP Exchange Catalysis by GPCRsctivated rhodopsin
accelerates G protein nucleotide exchange fromald*

s 1 spontaneous rate to its-5 x 10° s™* catalytic rate 43),
an acceleration of some %ébld. Lower spontaneous rates

the negative membrane potential. An important prediction
of these identifications in our reaction model is that R*
catalysis of nucleotide exchange will not require Wger
se, though release of activated, @om Gg, and receptor
might. Failure of G, release from Gwith reduced effector
activation was associated with primary Kigoinding defi-
ciency in the G226A G mutant (1). Accelerated GTPS
dissociation (due to weak Mg affinity) but no change in
GTPyS binding rate also accompanied this change. These
observations are completely consistent with the role ot'Mg
illustrated in our model.

A companion argument can be made against estimates of
a GDP dissociation constant near 4™ for transducin 44).
Thus,k-a = kKa=1FM1s?! x 108M = 1 st would
be the fastest GDP could escape fdf.20f 108 M. This is
clearly an unrealistically low rate of dissociation for vision,
a physiologic process that requires near 1000 G protein
activation events per receptor per second. On the other hand,
it might be perfectly compatible with slower signaling
mechanisms that require little amplification.

Cytoplasmic free nucleoside triphosphates are maintained
at multi-millimolar concentrations, nearly 100-fold higher

at lower temperature can give even higher catalytic ratios than those of the diphosphatetb). Thus, GTP binding by

near 16. Mechanistic reaction steps in nucleotide exchange G, is thermodynamically spontaneous. Signal-initiated “switch-
that would be accelerated by R* have not previously been ing” would not be possible without sustained quiescence of
proposed. What reaction steps in our model are likely to be G,-GDP until GPCR activation. This quiescence needs to

catalyzed? The model clearly indicates two rate-limiting

be assured by kinetic stability of @&SDP* that prevents easy

reaction steps that must be accelerated. These are the slowpontaneous dissociation rather than by sustained thermo-

Gy'GDP* < G,GDP and G'GTPyS < G,-GTPyS*

isomerizations. R* (and GPCRs in general) must act opera-

dynamic ligand saturation of SGDP. The combination of
spontaneous GDP dissociation, energetic binding of'iMg

tionally as a dual catalyst that mediates these two (nucleotideand GTP and the spontaneous hydrolysis of GTP drives a
exchange) reactions in rapid succession. That is, R* mustcontinuous G/nucleotide exchange cycle that can only be

first catalyze refolding of G GDP*, the isomer from which
GDP cannot escape, into &sDP, the preequilibrium
complex from which GDP may escape rapidly without
needing any help from catalysis. If the GDP* equilibrium
already favors @GDP, catalysis could cause immediate
diffusion-limited GDP dissociation. The necessary catalytic
speed that would allow diffusion-limited dissociation can be
estimated. For instance, with a GDP-dissociatiqmof 10 °

M, diffusion-limited GDP binding to form the preequilibrium
complex, G-GDP, implies a GDP dissociation rate lof,
=kKa=1FM1s?! x 10°5M = 10 s}, a value very
near the overall amplification rate observed for R* catalysis
of G protein activation in vision4). To achieve this rate
requires R* to lower the kinetic activation barrier so that

controlled by kinetic barriers (see Scheme 1). These barriers
are identified here for the first time as protein isomerizations
between nucleotide binding intermediates.

What Is the Physical Basis of Aggregatiohe G,
molecular surfaces involved in MT state aggregation are not
yet mapped. However, recombinant unmyristoylated &
well as Lys C proteolyzed fsthat lacks its N-myristoylation
with 25 N terminal amino acid residue4g), was also found
to aggregate upon GDP loss, showing that a lipophilic N
terminus is not essential to aggregation. Nucleotide is held
between helical and GTé&se domains of (15, 32). Each
domain interface of gmay have the opportunity to associate
with the complimentary surface of another, @Golecule
instead of with its own intramolecular companion-domain,

the isomerization reaction is still faster than this aqueous initiating chain polymerization in the MT state. We could

diffusion rate limit during R* action. A faster diffusion-
limited rate could be achieved if GDP&, were even weaker.
Thus,K, = 104 M would givek-, = 10* s%. That is, R*
acts by causingg_p to increase from-10“4s'to 1 s to
achieve the catalytic rate increase of-f@id.

GTP binding would need to be faster than GDP dissocia-
tion to allow the latter to continue to be the single
rate-limiting step in amplification. Using the same approach
as for GDP above, 16 M cytoplasmic GTP concentration

not block such polymer formation by using excess recom-
binant G, (47) or Gy helical domains to compete with
aggregation. ExcessgGreduced the aggregation rate mini-
mally but this may have resulted from its ability to decrease
the rate of GDP loss from $SGDP (6). Aggregation is
accelerated by high ionic strength and specifically by'Ca
and Mg@". Electrostatic neutralization or shielding of surface
charges would leave several highly exposed surface hydro-
phobic patches on Qvulnerable to interaction with similar
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patches on other &Smolecules 15, 32).

Irre versible Misfolding upon Ligand Loss Could be a More

General Protein Phenomenotvidence for an early &
GTPyS binding intermediate with later Mg stabilization

can perhaps also be found in the prescient work of Higash-
ijima, et al. 1), suggesting that the same mechanistic
considerations apply to Gand G. Understanding of the

structure of MT G will certainly have further implications

for what an activated receptor must do to ensure survival of
this obligatorily unstable ligand-less intermediate configu-
ration during the nucleotide exchange catalyzed by all G

protein coupled receptors.

The mechanisms that we describe may provide further
insight into the molecular pathology of diseases such as, e.g.,
pseudohypoparathyroidism, type la (PHP-la) where a single
somatic mutation accelerates spontanecyd&DBP dissocia-
tion. This mutation causes endocrine hyperfunction or
hypofunction 48), depending on temperature-dependent
competition between the accelerated G protein activation
(GTP binding) that is associated with more frequent GDP
dissociation and the “denaturation” which we would here

reinterpret as misfolding and aggregation.

Our model also helps explain the destabilization of the

G226A G, mutant that fails to bind Mg tightly and at the
same time exhibits weak GPB affinity (11). Each of the

above mutants might be seen as variants of the normal 14.
reaction sequence of this model with particular intermediate
rate or binding constants altered by the mutated structure in
a manner that should be measurable through approaches g

described here and subsequently.

Nucleotide and other small ligand binding proteins such 17-
as kinases should depend partly on ligand binding energy 1
for their conformational stability. These may be similarly
subject to misfolding during transient ligand cycling on their
own particular time scales. In the temporary absence of 19.
ligand stabilization, these too may generate misfolded
conformations that may aggregate as has already been seerf%-

for tubulin (49) or actin 60).

Misfolding due to loss of ligand from either native or
mutant proteins might have broader implications for disease
or aging mechanisms associated with formation of misfolded
protein aggregates (plagues) like those of, e.g., amyloid,
Alzheimer’s or prion diseas&8, 51). Since the physiologic
function of few such proteins is yet known, it is possible
that some may be extremely sensitive to the stabilization

provided by native ligands.
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