Biochemistry1998,37,17163-17169 17163
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ABSTRACT. The fluorescent GTP analogues-@G-(N-methylanthraniloyl)-2deoxyguanosine '§3,y-
imidotriphosphate) (NGMPPNP) and-G-(N-methylanthraniloyl)-2deoxy-GTP (mGTP) were used to
demonstrate that an enzyme isomerization precedes and rateflypitond cleavage in the catalytic

cycle of the ATP sulfurylaseGTPase, fronk. coli K-12 The binding of mGMPPNP to the-EMP-PR

complex of ATP sulfurylase is biphasic, indicating that an isomerization occurs in the binding reaction.
The isomerization mechanism was assigned based on the results of the enzyme concentration dependence
of the observed rate constaritg,s for both phases of the binding reaction, and sequential-mixing, nucleotide
release experiments. The isomerization occurs after, and is driven by, the addition of mMGMPPNP. Values
were determined for each of the rate constants associated with the two-step kinetic model used in the
interpretation of the results. A comparison of the enzyme concentration depend&sgéoothe hydrolysis

and binding reactions reveals that the rate constants for the corresponding steps of these two reactions are
extremely similar. The virtually identical rate constants for isomerizationfgpdond scission strongly
suggest that isomerization rate-limits bond breaking. The implications of these finding for GTPase/target
interactions and the mechanism of energetic linkage in the ATP sulfurylase system are discussed.

GTPases are widely used to transfer information within ~ ATP sulfurylase (ATP:sulfate adenylyltransferase, EC
the communication network of the cell. These signaling 2.7.7.4), fromE. coli K-12 catalyzes and couples the
proteins transmit the information that a particular event has chemical potentials of GTP hydrolysis and the synthesis of
occurred at some point(s) in the cell, to a target or recipient, activated sulfate (adenosiné-gghosphosulfate, or APS),
which may reside elsewherd)( The imprinting of this reactions 1 and 214, 12:
molecular information is achieved through conformational

changes in the GTPase that are catalyzed during its interac- GTP+ H,0=GDP+ P, + H" (1)
tions with the donor and recipier)( The donor interactions '
produce a GTPas8TP complex that is prepared to recog- ATP + SO, = APS+ PP, (2)

nize its target. The activities of the GTPase and target are
controlled by allosteric interactions that occur in the GTPase The native enzyme is a tetramer of heterodime®);(each
target cqmplex. Activation of the target typicallly Ceases Upon gimer is composed of a GTPase, CysN (53 kDa), and its
hydrolysis of GTP; hence, the lifetime ?f GTPin the complex (4146t CysD (35 kDa)l@). Activated sulfate is an essential
determines the duration of the target's activatigh ( intermediate in the biosynthesis of reduced sulfur metabolites
The question of whether a conformational change precedesiy gerohic bacterials). in anaerobes, the reduction of APS
and rate-limits GTP hydrolysis is central to the nature of ggryes as a primary electron sink to thermodynamically draw
the interactions that occur in the GTPdaeget complex:  gjectrons through the transport chains that drive oxidative
is protein isomerization or hydrolysis, per se, manipulated phosphorylation 16). Mammalian systems use activated
by these interactions? This question ha_s been addressed iQjjtate as a sulfuryl-group donor. Sulfuryl transfer, much
two other GTPase systems. The Ef-Tu literature sSupports ajixe phosphoryl transfer, regulates the metabolic activity of
rate-limiting conformational changd){ however, the RAS o recipient 17, 1§. How the free energies of GTP
Iitergture r.emains.equivocal_on this poiBt(8). In this paper, hydrolysis and APS synthesis are coupled by the catalytic
we investigate this issue with the ATP sulfurylasgTPase  cycle of ATP sulfurylase is a fundamental question in this
system using the fluorescent-G-(N-methylanthraniloyl)  gystem. The isomerization that controls GTP hydrolysis
derivatives of 2deoxy-GTP and -GMPPNPI('10. Our  5556ar5 1o be driven by the formation of an enzyme
results strongly support that the ATP sulfurylasgTPase  jyermediate that occurs during APS synthesis. This inter-

undergoes an isomerization, after the binding of nucleotide, dependence of the GTP hydrolysis and APS-forming reac-
that precedes and rate-limits the hydrolysis of GTP. tions is an important aspect of the linking mechanism.
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otides (sodium salt), Hepésjmidodiphosphate (PNP), phase, which contained thé-@oxy-GMPPNP, was dried
lysozyme, MgCJ, Na,EDTA,! streptomycin sulfate, and Ttis by rotary evaporation, suspended in 20 mL of water, and
were purchased from the Sigma Chemical Co!-Cdrbo- the pH was adjusted to 8.0 using 3.0 N KOH.
nyldiimidazole, tributylamine (TBA), hexamethylphosphoric The 2-deoxy-GMPPNP was purified in three chromato-
triamide (HMP), triethylamine (TEA), and chloroform were graphic steps. The first used a 258.0 cm bed of DEAE
purchased from the Aldrich CdN-Methylisatoic anhydride ~ Sepharose and a 600 mL, 0.6500 M, linear gradient of
was obtained from Molecular Probes, Inc. All of the enzymes TEA/HCO;~; 2'-deoxy-GMPPNP eluted at 0.50 M. The
used in the construction of the ATP sulfurylase expression second used a Mono Q 10/10 column, FPLC gradient system,
plasmid, pTL9, were from New England Biolabs and with a 0.2-1.0 M linear gradient of TEA/HC@; 2'-deoxy-
Boehringer Mannheim. Isopropylthjg-galactoside (IPTG)  GMPPNP eluted at 0.70 M. The-deoxy-GMPPNP was
was from Gibco BRL. Oligonucleotides were from the purified to>95% by reverse-phase chromatography using a
Einstein DNA synthesis facility. BL21(DE3) and pET-23a Waters,uBondpak, C-18 column, with an isocratic running
were from Stratagene. buffer [96% 10 mM phosphate (sodium salt), pH 6.0: 4%
The ATP Sulfurylase Expression Systéihe previous acetonitrile].
ATP sulfurylase expression plasmid, pTL1, contained the The structure of the 'Zdeoxy-GMPPNP was confirmed
cysDNCpromoter immediately upstream of the ATP sulfu- by *H and 3?P nuclear magnetic resonance (NMR). One-
rylase coding regionsysDN Maximum expression of ATP  dimensional'H spectra of 2deoxy-GMPPNP (1 mM) in
sulfurylase requires that tiysDNCpromoter be derepressed 90% D,O were recorded, at 25 2 °C, with a Bruker AMX
by growing cells containing pTL1 in minimal media with 500 spectrometer. The delay and acquisition times were both
sulfate as a sole sulfur source. To allow expression in rich 3.0 s. The chemical shifts and coupling constants ofthe
media, thecysDNcoding region was excised from pTL1 and spectrum closely matched those of a control spectruni-of 2
inserted into the T7-based expression vector, pET-23a.deoxy-GMP. One-dimensional?P spectra of 2deoxy-
Excision was accomplished using an oligonucleotide- GMPPNP (1.0 mM) in 90% BED were recorded, at 2& 2
directed, PCR-based strategy. The insert of the resulting °C, with a Bruker DRX 300 spectrometer. The spectrum of
expression plasmid, pTL9, was ligated, at it4e&rminus, to the compound at pH 9.2, [Mgg}ll= 2.0 mM, displayed the
pET-23a at theNdd site that contained theysDinitiation splitting pattern diagnostic for theé—y imido linkage @1),
codon. At its 3 terminus, the insert was blunt-end-ligated and closely matched that of a control spectrum of GMPPNP
into the vector using the insert3naBl site, located 161 base  obtained under the same conditions. The delay and acquisi-
pairs 3 of the adenine in th€ysCstart codon, and thidincll tion times were 2.0 and 3.0 s, respectively.
site of the vector. Both strands of the insert were sequenced The 3-O-(N-methylanthraniloyl) derivatives of 2leoxy-
at the Einstein sequencing facility; the insert sequence exactlyGTP and 2deoxy-GMPPNP were prepared as previously
matched that of the published sequenté).( described 10, 22, 23. The purity of these compounds was
TheE. colistrain BL21(DE3) was transformed with pTL9 ~ assessed at95% based on 252 nm chromatographic profiles
using standard method49). The transformed cells were Obtained using C-18 HPLC.
grown at 37°C to an ORg = 0.6, IPTG was added to 0.40 Stopped-Flow Fluorescence MeasuremeMisasurements
mM, and the cells were incubated at 3 for 2 h and  were made using a Photophysics (Model SX-17MV) instru-
harvested. The purification of the enzyme yieldet00 mg ment. The samples were equilibrated and experiments
of ATP sulfurylase per liter of culture. performed at 25 2 °C. The excitation wavelength was 350
ATP SulfurylaseThe enzyme was purified according to NM; light emitted above 400 nm was detected. A typical
a published protocoli@) from the BL21(DE3)/pTL9 strain ~ €xperiment used a 300 V photomultiplier gain with variable
described in the preceding two paragraphs. The specific bias offset. The signals were acquired without filtering; five
activity of the pure enzyme was 0.64 unit/ntg). to seven scans were averaged. The data were fit and the
The Synthesis of®-(N-Methylanthraniloyl)-2-deoxy- expe_nmental uncert_alnnes were optamed using the Photo-
guanosine 5(3,y-Imidotriphosphate) (NGMPPNP) and-3 physics data analysis software which employs a Marquardt

O-(N-Methylanthraniloyl)-2deoxy-GTP (MG TPR -Deoxy- fitting algorithm. The sequential-mixing experiments were
GMPPNP was synthesized according to a previously pub- Performed using the same model instrument with an SQ1
lished protocol 20). Briefly, 1.0 mmol of the TBA salt of ~ Sedueéntial-mixing accessory. A 700 V photomultiplier gain
2-deoxy-GMP, in 2.0 mL of HMP, was mixed with 1.6 Was used with a variable bias offset. The concentration
mmol of 1,2-carbonyldiimidazole in 5.0 mL of HMP. The ~ dépendence of reaction rates was evaluated by varying the
mixture was stirred for 30 min and placed oveORin an enzyme, rather than ligand, concentration. This strategy, in
evacuated desiccator for 5 h. A mixture of 0.50 mL (12 which the concentration of the nonfluorescent species is

mmol) of anhydrous MeOH and 1.0 mL of HMP was then varied, considerably improves the quality of the data and
added to the reaction. Five hours later, 5.0 mmol of PNP simplifies performing these experiments by allowing all of

(TBA salt), in 10 mL of HMP, was added with vigorous the data to be collected at a single instrumental setting.
mixing, and the reaction was allowed to stand for 12 h. The Vary!ng the mant-nuclgoude, which is mtensel)_/ fluqrescent,
nucleotide was extracted with 125 mL of a solution contain- "€duires regular resettlng,'and therefore recalibration of the
ing 100 mL of chloroform, and 25 mL of water. The aqueous instrument, due to satl_Jratlon of the det.ector.

Quench-Flow ExperimentS he experiments were per-
formed with a KinTek quench-flow apparatus. A solution

1 Abbreviations: EDTA, ethylenediamirié;N,N',N'-tetraacetic acid; . AGM
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Tris, tris- containing ATP sulfurylase ( ), AMP (1.0 mM), MgCb

(hydroxymethyl)aminomethane; unit, micromoles of substrate converted (2.1 mM), PR(1004M), and Hepes (50 mM,_pH/Kz 8.0)
to product per minute &max. was rapidly mixed with a solution that was identical except
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FIGURE 1: Binding of mMGMPPNP to the AMP-PR complex of FIGURE 2: Enzyme concentration dependence of the observed rate

ATP sulfurylase. Panel A: The progress curve for the binding constants for the firstk{ops) and secondkbbs) phases of the
reaction. The progress of the reaction was monitored by following mGMPPNP binding reaction. The experimental conditions were
the change in fluorescent intensity of MGMPPNP as it interacts identical to those described in the Figure 1 legend except that the
with the enzyme (see Materials and Methods). The reaction was ATP sulfurylase concentration was varied as indicated. The closed
initiated by mixing a solution containing ATP sulfurylase (), circles @) and squaresm) represenki ops)andko(onsy respectively.
AMP (1.0 mM), MgCb (2.1 mM), PR (100uM), and Hepes (50  The open circles®) represent the values obtained from mGTP
mM, pH/K* = 8.0) with an equal volume of an identical solution  hydrolysis experiments performed under the same conditions (see
that did not contain enzyme, but did contain mMGMPPNP (). Conformational Change Rate-Limits Hydrolysis

The solutions were preequilibrated, and the experiments were

performed, at 25+42) °C. The smooth curve passing through the A L - . .
data represents the best fit to a double-exponential model. Panelthe binding reaction is at least biphasic and that it is well

B: The residual plots obtained using single exponential (dotted described by a two-step mechanism (solid line, panel B,
line) and double exponential (solid line) models to fit the data. ~ Figure 1). Thus, it appears that the mechanism includes an

isomerization step.
that it did not contain enzyme, but did contain mGTP (400  To confirm that an isomerization occurs, and to obtain
uM). The reactions were allowed to proceed for a given time values for certain of the rate constants in the two-step model,
interval before quenching by rapid mixing with an equal the enzyme concentration dependence of the observed rate
volume of 100 mM NaEDTA (pH 9.5). The samples were  constants for the first and second phasegys) and ka(ons)
equilibrated, and the experiments were performed at25  of the binding reaction were determined. The experimental
°C. The mGTP and mGDP were separated using a Waters conditions of this study were similar to those for the progress
uBondpak, C-18 column, with an isocratic running buffer curve described above. All of the reactions were pseudo-
[96% 10 mM phosphate (sodium salt), pH 6.0: 4% aceto- first-order with respect to enzyme concentration. The results,
nitrile]. mGTP and mGDP were detected using a fluorescencepresented in Figure 2, demonstrate tkatys) is linearly
detector, and quantitated by referencing their peak areas todependent on enzyme concentration, and that kifags)
standard curves constructed using the same nucleotides. dependence is hyperbolic. This is the expected result for a
two-step isomerization mechanism in which ligand adds to

RESULTS AND DISCUSSION only one of the enzyme isomers, and the isomerization is

Isomerization in the Binding Reactiofihe nonhydrolyz-  slow compared to the addition of ligan2gj. These results
able, fluorescent analogue of GTP, mMGMPPNP, was useddo not determine whether isomerization occurs before, or
in stopped-flow fluorescence experiments to investigate after, the addition of ligand. In either case, isomerization is
whether an isomerization occurs in the nucleotide binding thermodynamically driven by the addition of ligand. The
reaction. This analogue accurately mimics the interactions quantitation of the model is described below (€reantitat-
of GTP with ATP sulfurylase and other GTPas@s22, 24 ing the Mode).
26). To avoid the complications associated witk32trans- The Isomerization MechanismWhether isomerization
esterification of the fluorophore, which changes its fluores- precedes, or is subsequent to the addition of ligand can be
cent properties, our studies used thed@oxy analogues determined by evaluating the kinetics of ligand release from
exclusively 6, 9. The EAMP-PR complex of ATP sulfu- the enzyme. If the enzyme isomerizes prior to ligand addition,
rylase was used in the binding reactions. The GTP hydrolysisa single enzymdigand complex is formed, and release,
k.atassociated with this complex is 120-fold greater than that occurring in a single step, will be monophasic. If isomer-
for the unliganded form of the enzym27j. These activators  ization occurs after binding, two steps are required to
are believed to elicit a form of the enzyme that resembles complete the release, which, in general, predicts a biphasic
the E*AMP PR intermediate that occurs in the GTP- progress curve; however, detecting both phases requires a
coupled, APS synthesis reactia®7y. favorable set of rate constants and amplitudes. For example,

The progress curve for the binding reaction is presented if the equilibrium constant for the isomerization is too far in
in panel A of Figure 1. The residual plot obtained when the either direction, the signal from one of the complexes will
data are fit using a single-exponential model demonstratesnot be detected; or, if the isomerization step is at equilibrium
that nucleotide binding is not well represented by a first- during release, monophasic behavior is observed.
order process (dotted line, panel B, Figure 1). The residual The number of phases in the release reaction can be
plot obtained using a double-exponential model indicates thatdetermined by monitoring the progress of a reaction initiated
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Ficure 3: Irreversible dissociation of mMGMPPNP from the
MGMPPNPE:AMP-PR complex. The release of mMGMPPNP was
monitored in a stopped-flow fluorescence experiment in which
MGMPPNP was displaced from ATP sulfurylase using GMPPNP.
A solution containing ATP sulfurylase (40M), mGMPPNP (4.0
uM), AMP (1.0 mM), MgCh (2.1 mM), PR (100uM), and Hepes
(50 mM, pH/K" = 8.0) was mixed with an equal volume of an
identical solution that did not contain enzyme and mGMPPNP but
did contain GMPPNP at 40@M, a concentration sufficient to
displace>98% of the mGMPPNP from the enzyme. The solutions
were preequilibrated, and the experiments were performed, at 25
(£2) °C.
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fluorescent ligand (i.e., mM\GMPPNP) with a nonfluorescent, FIGURE 4: Initiating irreversible dissociation of MGMPPNP from

competitive ligand (i.e., GMPPNP). The analysis of the resul
is simplified if the concentration of the nonfluorescent ligand

t the mGMPPNFE-AMP-PR complex at sequential points in the

binding reaction. Panel A: The progress curves for the dissociation
reactions. The first mix of this two-stage mixing experiment initiates

is sufficient to ensure that the release of the fluorophore is the binding reactiorthe conditions were identical to those associ-

essentially irreversible.

The result of such an experiment is shown in Figure 3. In
this experiment, an equilibrated solution of ATP sulfurylase,
MGMPPNP, AMP, and R®vas rapidly mixed with a solution
that was identical except that it did not contain enzyme and

ated with Figure 1. At the end of a variable delay period that follows

the first mix, the reacting solution is mixed with a equal volume

of an identical solution that did not contain enzyme or mGMPPNP,
but did contain GMPPNP (400M). The second mix initiates the
dissociation of mMGMPPNP. The progress curves are clearly
biphasic. Panel B: Formation of thé-E complex vs delay time.

MGMPPNP, but did contain GMPPNP at a concentration The second phase amplitude at each delay time was obtained by

sufficient to drive 98% of the mGMPPNP into solution (0.20
or 2.0 mM); kgps 0.0017+ 0.0001 s?, was independent of
the GMPPNP concentration. Thus, while this experiment
providedkgys for the release, which will prove useful later,
it was inconclusive on the issue of mechanism.

fitting the 5-200 s interval for each curve to a single-exponential
function. The resulting amplitudes were divided by the amplitude

associated with # 5 s delay interval to obtain the values of[E
L)/[L] «ot. At the 5 s interval, virtually all of the ligand resides in
the E-L complex. The plot of [EL]J/[L] «: Vs delay time was well
fit by a single-exponential function (solid line) withl@ps = 4.2
—1

To investigate further the isomerization mechanism, a S

sequential-mixing experiment was performed that allowed
the detection of intermediates that accumulate during the
binding reaction, but are undetectably low at equilibrium.
The experiment is conceptually similar to that described in
the preceding paragraph. The binding reaction is initiated
by mixing a solution containing E with one containing the
fluorescent ligand L. The reaction is allowed to proceed for
a defined time interval, the delay time, at the end of which
it is mixed with a solution containing a nonfluorescent,
competitive ligand. Dual mixing allows control over the point
in the binding reaction at which the irreversible release of
the fluorophore is initiated. If the binding and dissociation
of ligand and E are fast compared t&l[Eformation, EL
will accumulate in the early stage of the binding reaction. If
release is initiated during this early stagel, &ill dissociate
quickly compared to EL, and a biphasic release will be
observed. The amplitude of the first phase will increase to a
maximum as B forms, and then decay as it is converted
to E-L. The amplitude of the second phase will increase
with delay time as the concentration ofEincreases, and
plateau as the reaction achieves equilibrium.

The results of a series of two-stage mixing experiments
in which the delay time was varied are displayed in Figure

4. In each experiment, the binding reaction was initiated by
mixing a solution containing ATP sulfurylase, AMP, Mg(l

and PRwith a concentration-matched solution that did not
contain enzyme, but did contain mMGMPPNP. The reaction
progressed during the delay period, at the end of which it
was mixed with a matched solution without enzyme, and
containing GMPPNP (400M). The desorption reaction was
monitored following the second mix. As is shown in panel
A of Figure 4, the progress curves at various delay intervals
are biphasic, except at the longest delay time, at which point
the reaction is near equilibrium. The first phase of each
biphasic curve is essentially complete within the first few
data points, and the amplitude of this phase decreases with
increasing delay time. The second phase is relatively slow,
and its amplitude increases with increasing delay time. The
biphasic nature of these curves clearly demonstrates that the
binding mechanism is one in which isomerization occurs after
the addition of ligand.

Plotting the amplitude of the second phase vs delay time
provides a progress curve for the accumulation of the species
that forms during the second phase (i.€:LE This plot,
shown in panel B of Figure 4, is monophasic witlkggs of
4.24 0.2 s*. This value is identical tdps for the second
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Ficure 5: Two-step model for the binding of MGMPPNP to the
E-AMP-PR complex of ATP sulfurylase. The rate constants were
calculated from data presented in the text (Qeantitating the
Model)). The equilibrium constant associated with the second step
is 2980, which corresponds to%G*" of —4.7 kcal/mol at pH 8.0
and 25°C.

phase of the binding reaction shown in Figure 1. The
conditions of the binding reactions associated with Figures
1 and 5 were identical. Thus, the similarity of these rate
constants provides compelling confirmation of an isomer-
ization step in the binding reaction.

Quantitating the ModelThe four kinetic constants as-
sociated with the two-step isomerization model were obtained
by statistically fitting the data shown in Figures 2 and 3.
Thekqps Vs enzyme concentration for the fast phase and slow
phases of the GMPPNP binding reaction (Figure 2) are well
described by egs 3 and 4, in whigh k-, andk,, k-, are

the forward and reverse rate constants for the first and seconc];|

steps, respectively, of the two-step mod2s,(29:

Kyobsy= Ki[E] +k_; +ky + Kk, (3) (3)

k2(0bs)= (ka[E](ky + k_p) + k1 ko)
(ky [E] + ki +k+ k) (4)

Equation 3 is that of straight line with slopgand intercept
(k-1 + ke + k). Equation 4 has the form of a rectangular
hyperbola which, in the plateau, is equalko+ k—,. The

best-fit values for the slope, intercept, and plateau are 2.9

(£0.1) Mt st 22 &0.2) s'%, and 14 £0.9) s, respec-
tively. Subtracting the plateau from the intercept provides
k-, [i.e., 7.9 &0.9) s'1]. The result obtained from the single-
mix release experiment (Figure 3) was used to sortkgut
and k—,. The kqps Obtained from fitting these data, 0.0017
(& 0.0001) s?, is given by eq 530):

Kops = K_o[K_1/(K_1 + k; + K_))] )
The quotient in the brackets of eq 5 is calculated at 7.9/22.
Thus, one can calculate thkt, = 0.0047 ¢0.0006) s?!
andk, = 14 (£0.9) s'*. The isomerization mechanism and
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Ficure 6: Hydrolysis of mGTP by the AMP-PR complex of

ATP sulfurylase. Panel A: The stopped-flow fluorescence experi-
ment. The progress of the reaction was monitored by following
the change in fluorescent intensity of mGTP as it binds to, and is
ydrolyzed by the enzyme. The conditions were identical to those
escribed in Figure 1 except that mGMPPNP was replaced by
mGTP. The solid line through the data is the outcome predicted
by the best-fit two-step model. The observed rate constants for the
two phasesH;ons)= 21 (1) st andkyensy= 4.4 (*0.1) s1] are,
within experimental error, equal to those associated with the
progress curve shown in Figure 1. Panel B: The quench flow
experiment. The conditions of the experiment were identical to those
described in panel A. The reactions were allowed to progress for
the indicated time interval before mixing with an equal volume of
a quench solution containing 100 mM EDTA (pH 9.5). mGDP and
mGTP were separated and quantitated as described under Materials
and Methods. The observed rate constant for the hydrolysis reaction,
Knya, Was 4.4 £0.1) sec™.

upstream in the reaction coordinate from the cleavage step-
(s) to the region where the events that control the confor-
mational change occur. In general, bond breaking appears
to be concomitant with a switching of the kinetic parameters
of the target from the active to inactive state; hence,
controlling the isomerization also controls the catalytic
disposition of the target.

To assess whether the isomerization rate-limits GTP
hydrolysis in the ATP sulfurylaseGTPase catalytic cycle,
the observed rate constant for the hydrolysis of MGG,
was determined and compared to that for the isomerization
with mGMPPNP ks, under identical conditions. If these

its associated rate constants are shown in Figure 5. Fromconstants are significantly different, isomerization is not rate-
these rate constants, one can calculate that the equilibriumimiting and may or may not be tightly coupled to hydrolysis.

constant for the formation of'H. from E-L, Kiso, is 2980.
Thus, the internal, or enzyme-bound isomerization equilib-

Identical values fork,q and ks, suggest that they are
obligately linked to one another.

rium constant corresponds to a standard Gibbs potential of The different quantum yields associated with the AMP

—4.7 kcal/mol.
Conformational Change Rate-Limits GTP Hydrolysis.

PR-E-mGMPPNP and AMAPR-E-mGDP complexes sug-
gested that hydrolysis could be monitored by a change in

Whether isomerization is the rate-limiting step in the catalytic fluorescence. The results of a stopped-flow fluorescence
cycle is fundamental to the mechanism of GTPase/targetstudy designed to monitor mGTP hydrolysis are shown in
interactions. The generally accepted model for these interac-panel A of Figure 6. The conditions of this experiment were

tions is one in which the binding of GTPa&TP complex identical, except for the nucleotide, to those used in the
and its target results in interactions that stabilize events mGMPPNP binding studies associated with Figure 1. The
associated with bond cleavage and thereby increase the ratprogress curve is biphasikons)= 21 (1) st andky(obs)=

of GTP hydrolysis {—3, 31). This model assumes that bond 4.4 (0.1) s. These constants are, within experimental

breaking is the slowest step in the catalytic cydlethis
were not true, the stabilization would not affédgi; signifi-
cantly. Alternatively, if isomerization is rate-limiting, then
the allosteric interactions that regulate hydrolysis must focus

error, identical to those associated with the mGMPPNP
binding and isomerization reactions.

Quenched-flow experiments were performed to confirm
thatkops for the hydrolysis reaction is equivalent to that for
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the second phase of the stopped-flow experimiegie) In tion appears to drive an EF-Tu isomerization that enables it
the quench experiment, reactants are rapidly mixed, agedto hydrolyze GTP 4, 32. Studies using Gand G, two
for a defined period, and then quenched by rapid mixing members of the heterotrimeric G-protein family, have
with a equal volume of NEDTA (100 mM, pH 9.5). The  identified a substrate-induced conformational change that is
reactants are separated by HPLC and quantitated (seeaequired for the interaction of the G-protein and its target;
Materials and Methods). The reaction conditions were this isomerization has not yet been correlated with hydrolysis
identical for the quenched- and stopped-flow experiments. (25, 33. This isomerization issue has been studied exten-
The progress curve for the hydrolysis of mGTP obtained sively using the proto-oncogene RAS, a member of the p21
from the quench experiments is shown in panel B of Figure GTPase family 3—8, 34, 35. Due to what appear to be
6. The knyq obtained from a single-exponential fit of the methodological differences, the RAS studies have produced
quench data, 4.440.1) s'%, is, within experimental error,  conflicting results; hence, the issue remains unresolved.
equal to thekgps) from the mGTP experiment. Thus, the Nominally, two of the four systems studied (i.e., ATP
second phase of the mGTP progress curve reports on thesulfurylase and EF-Tu) demonstrate a rate-limiting isomer-
rate of at which thes,y-bond is cleaved. ization in their catalytic cycles. In both cases, see the
The near-equivalence of the observed rate constants forpreceding and following paragraphs, allosteric manipulation
hydrolysis and isomerization supports that the isomerization, of the isomerization regulates turnover. While it seems likely
which precedes hydrolysis, rate-limits the catalytic cycle. that such isomerizations occur in other GTPases, generaliza-
These similarities in the rates of isomerization and hydrolysis tions regarding the ubiquity of this mechanistic element
suggest, but do not prove, that the microscopic rate constantswithin the superfamily must, at present, be tempered by the
that govern them are also similar. Simil&g,s values, paucity of data on this topic.
determined at a single enzyme concentration, can also be Implications for the Coupling of GTP Hydrolysis and APS
explained by two very different sets of microscopic rate Synthesis.GTP hydrolysis immediately precedes, or is
constants that happen to yield similar values Kgy; at a concomitant with, cleavage of thee—$ bond of ATP (6).
particular enzyme concentration. This uncertainty is reduced The steps that link these two bond-breaking events form the
considerably for a two-step mechanismkifsi1y and Kops(2) basis of the energetic coupling in this system. In the absence
for isomerization and hydrolysis show similar enzyme of activators, the rate of GTP hydrolysis is quite Idwy =
concentration dependencies. Stopped-flow experiments, per0.01 s (27), and we do not observe a significant second
formed under identical conditions, reveal thag)andkops) phase upon binding of MGMPPNP (data not shown). At
are virtually identical for the mGMPPNP and mGTP reac- saturating concentrations of AMP and;PRe k.. for GTP
tions at two well-separated enzyme concentrations (see operhydrolysis is stimulated 120-fold, and, as described above,
and closed circles, Figure 2). Suitable manipulation of eqs a second phase is associated with the binding reacif)n (
3 and 4 shows that for two separate two-step processes toNhile it is possible that isomerization does not occur, or is
have identical values fdgps1yandkapsz)at different enzyme  not associated with a fluorescence change in the absence of
concentrations, the following conditions must holk; = activators, we prefer an interpretation that requires neither a
ki'; kep = kq'; and & + ko) = (ko' + k-2')—the primed fundamentally different mechanism nor a change in the
and nonprimed constants are associated with hydrolysis andoroperties of the intermediates, that is, that the activators
isomerization, respectively. Thus, the question of the similar- drive the system into the isomerized form, from which
ity of the rate constants reduces to sorting out the differenceshydrolysis occurs. Confirmation of this interpretation requires
betweenk, and ky and/or k-, and k—». This is easily further experimentation; however, regardless of mechanism,
accomplished if, as was shown above for the isomerizationit is clear that the binding of activators alters the GTPase
reactionk; > k_p; then, & + k) = (k» + k—2) ~ ky, and, active site, enabling it to accomplish catalysis at the activated
therefore,ky < k.. If kz, the rate constant for the bond rate. Itis as if the catalytic machinery has been snapped into
breaking step, were significantly less tHanthe rate constant  is active configuration by the activator-induced isomerization.
for the forward isomerization step, hydrolysis would be at ~ ATP sulfurylase conformationally couples the chemical
least partially rate-limiting and the observed rate constant potential of GTP hydrolysis to that of activated sulfate
for hydrolysis would be less than that for isomerization, synthesis 11, 13. Conformational coupling is achieved
which is not observed; thereforky ~ k, andk_» ~ k. through allosterically driven structural changes that link
The preceding discussion illustrates that, for a two-step events that occur in the separate reactions to one another.
model, the magnitudes of the rate constants for the corre-These structural signals gate the movement of each reaction
sponding steps of the hydrolysis and isomerization reactionsbetween successive points in its reaction coordinate. The
are extremely similar. Thus, the activation energies for resultant interdependence fixes the stoichiometry of the
hydrolysis and isomerization are virtually identical, and reactions and couples their free energigs, (37, 3§. The
isomerization, therefore, appears to control hydrolysis. AMP/PR-induced conformational change that stimulates
Other GTPasesThe existence of a rate-limiting, prehy- hydrolysis demonstrates how ATP sulfurylase couples the
drolytic conformational change has been investigated usingtwo chemistries-the arrival of the APS reaction at the
GTPases from several GTPase classes. The catalytic cycleppropriate point in its catalytic cycle initiates an acceleration
of elongation factor Tu (EF-Tu), a GTPase that binds to, of the isomerization reaction and, hence, hydrolysis. While
and delivers, amino-acylated tRNA to ribosomes engagedthese findings reveal certain of the intricacies that control
in polypeptide elongation, appears to include such an the linkage in this system, others remain enigmatic. We do
isomerization. Delivery of the charged amino acid to the not yet fully understand which region of the native reaction
elongating polypeptide first requires appropriate codon coordinate is mimicked by the-BMP-PR complex, nor have
anticodon recognition, and the hydrolysis of GTP. Recogni- we identified the earliest point in the APS reaction to which
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isomerization is linked. We are currently pursuing answers 16.

to these questions.
ConclusionThe catalytic cycle of the GTP subunit of ATP

sulfurylase includes a substrate-induced isomerization that ="

precedes and rate-limits the breaking of fye-bond of GTP.
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