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ABSTRACT. ATP sulfurylase, isolated frofascherichia coli K12, is a GTPasetarget complex that catalyzes

and links the energetics of GTP hydrolysis to the synthesis of activated sulfate (APS). When the GTP
concentration is saturating and held fixed with a regenerating system, the APS reaction reaches a steady
state in which its mass ratio is shifted (5«410f)-fold toward the product by the hydrolysis of GTP. If

GTP is not regenerated, the shift toward the product is transient, producing a pulse-shaped progress curve.
The mechanistic basis of this transience is the subject of this paper. The product transient is caused by
the binding of GDP to the enzyme which establishes a catalytic pathway that allows the chemical potential
that had been transferred to the APS reaction to “leak” into the chemical milieu. The system leaks because
the EGDP complex catalyzes the uncoupled APS reaction. The addition of phosphate to the leaky
GDP-E-APSPR complex converts it into the central]-8DP-E-APSPR complex which catalyzes the
energy-transfer reaction. Thus,hding directs the system through the coupled mechanism, “plugging”

the leak. GMPPNP, which also causes a leak, is used to demonstrate that the mass ratio of the APS
reaction can be “tuned” by adjusting flux through the coupled and uncoupled pathways. This energy-
coupling mechanism provides a means for controlling the quantity of chemical potential transferred to
the APS reaction. This versatile linkage might well be used to the cell's advantage to avoid the toxicity
associated with an excess of activated sulfate.

The metabolic assimilation of sulfate requires that it be heterodimersg). The subunits of the dimer are CysN (53
chemically activated. Activation overcomes the poor reac- kDa), the GTPase subunit, and CysD (23 kDa) which is
tivity of sulfate and is accomplished by transferring the believed to catalyze APS synthes®).( The mechanism
adenylyl moiety of ATP from PRo SQ (reaction 1) {). linking these reactions has been studied in some défail (
The adenosine '"fphosphosulfate (APS) formed in this ATP and GTP bind randomly to the enzyme; GTP hydrolysis

reaction contains the mixed phosphergulfuric acid an-
hydride bond that is the hallmark of activated sulfateG*’

for the hydrolysis of this bond <19 kcal/mol @)) is
considerably higher than that for the-bond of ATP
(—10.7 kcal/mol) which is cleaved in the transfeB).(
Consequently, the formation of APS and; FPextremely
unfavorable; the equilibrium constant for reaction 1 is 1.1
x 1078 at pH 8.0 @). Pyrophosphate hydrolysis could
energetically draw reaction 1 forward; however, the high
cellular concentration of Rt Escherichia colsuggests that
this reaction is far from equilibrium and therefore might not
substantially effect APS synthesis in the cefl).( To

overcome the unfavorable energetics of APS formation, the APS or PAPS (3phosphate 5

cell has linked the chemical potential from the hydrolysis
of the3,y-bond of GTP (reaction 2) to the synthesis of APS

in a conformationally coupled reaction that is catalyzed by

the enzyme ATP sulfurylasef),

ATP + SO, = APS+ PP (1)

GTP+H,0=GDP+P +H" )

ATP sulfurylase (ATP:sulfate adenylyltransferase, EC
2.7.7.4) isolated fronk. coli K-12 is a 390 kDa tetramer of
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precedes, or occurs concomitantly with scission ofde
bond of ATP. Then,3-bond scission either precedes or is
simultaneous with nucleophilic attack of sulfate, which
produces APS. Itis the concerted breaking of #he and
o,B-bonds that links the energetics of these two reactions
(4.

In many bacteria, including. coli, the activation of sulfate
is an essential step in the overall eight-electron reduction of
sulfate to sulfide, which is incorporated into reduced sulfur
metabolites §). Certain anaerobic microorganisms use the
reduction of sulfate, rather than oxygen, as an electron sink
to drive ATP synthesis9). Mammals use phosphorylated
-adenosine phosphosulfate)
as the sole sulfuryl group donor. Sulfuryl transfer, much
like phosphoryl transfer, switches “on” or “off” target activity
(20). The sulfuryl group is typically transferred to protein
tyrosyl residues or carbohydrate hydroxyl groups. Sulfatases,
which hydrolytically remove the SO group, act in conjunc-
tion with transferases to control metabolite activity. For
example, the binding of estrogen to its receptor, which
activates the receptor, is controlled by sulfation and/or
desulfation 11, 12) as is selectin/lymph cell recognition,
which is critical to lymphatic circulation1(3). Sulfating
tyrosine 1680 of factor VIII, a protease in the fibrinogen
activation cascade, is essential for its proper binding to
vonWillebrandt factor 14). If it is not sulfated, severe
hemophilia A results. Sulfation and/or desulfation is integral
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to the proper functioning of many metabolic procesdés-(
20).

Under initial rate conditions (saturating GTP, ATP, and
SOy), the rates of GTP hydrolysis and APS synthesis are
identical @), which implies that the coupling efficiency is
virtually 100%. If the GTP concentration is held fixed using
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of the ATP sulfurylase ranged from 0.32 to 0.38 unit/mg.
The inorganic pyrophosphatase activity of the preparation
was 0.27 munit/mg.

Purification of GMPPNP Anion exchange chromatog-
raphy of the commercially available GMPPNP revealed an
~12% Agsp contaminant that was reduced te3% by

a regenerating system, the APS reaction achieves a steadpurification using a Mono-Q HR 5/5 column with a linear

state in which the mass ratio is 0.059; this is (54L0F)-

fold further toward the product than that predicted for the
uncoupled reactiord. In the early stages of a reaction in
which GTP is not regenerated, APS synthesis is driven by a
near-perfect transfer of chemical potential from the hydrolysis
reaction. As GDP andPaccumulate, the reactions are
uncoupled. This uncoupling results in a collapse of the APS
reaction back to the non-GTP mediated equilibrium position.
The mechanism of the uncoupling is described in this paper
as are its implications for regulating chemical potential
transfer in this and other systems.

MATERIALS AND METHODS

Materials. ATP, GTP, NAD, NADH, PEP,PR, glucose,
buffers, and salts were the highest grades available from
Sigma. Reagent grade triethylamine (TEA) was from
Aldrich. Hexokinase (yeast), glucose-6-phosphate dehydro-
genasel(euconostoc mesenteroidlgsyruvate kinase (yeast),
lactate dehydrogenase (rabbit muscle), and guanosiite/s
imido)triphosphate (GMPPNP) were purchased from Boeh-
ringer Mannheim. RNA polymerase holoenzyme was ob-
tained from Epicenter Technologies. The Mono-Q HR 5/5
column was purchased from Pharmacia. Polydeoxycytidylic
acid, with an average length of 420 base pairs, was from
Sigma. [-¥?P]GTP (6000 Ci/mmol),¢-3?P]GTP (3000 Ci/
mmol), and {-3?P]JATP (3000 Ci/mmol) were purchased
from NEN. [F®S]SQ, (6100 Ci/mmol) was obtained from
ICN. The poly(ethyleneimine)cellulose-F thin-layer chro-
matography (PEtF TLC) plates were obtained from the E.
Merck Co. APS was synthesized as previously described
(22).

Quenching and Quantitating the Radioa&iReactions.

salt gradient from 0.0 to 0.60 M triethylamine bicarbonate
(TEA/HCO, pH 7.8) 24). GMPPNP eluted at 0.42 M TEA.
The solvent was removed by rotary evaporation. Residual
TEA was removed by suspending and drying the sample
three times in methanol, followed by three times ipCH
The GMPPNP was then suspended igOHand the pH
adjusted to 7.6t 0.2 with KOH.

Synthesis ofd-*?P]GDP. Labeled GDP was synthesized
by hydrolyzing p-3?P]GTP to p-3?P]JGDP and Pusing ATP
sulfurylase. The hydrolysis reaction was stimulated using
AMP, an allosteric activator of GTP hydrolysig5). The
reaction was carried out with ATP sulfurylase (2«:M),
MgCl; (2.0 mM), AMP (1.0 mM), Hepes (22 mM, pH 8.0
with K*), and 25Q:Ci [o-3?P]GTP (2.1uCi/uL, SA = 3000
Ci/mmol), withT = 25+ 2 °C. The reaction was run for
30 min and quenched by boiling, and the mixture was spun
to remove precipitate and loaded onto a Mono-Q HR 5/5
column. The nucleotides were eluted with a linear gradient
of TEA/HCO at pH 7.8. GDP eluted between 0.60 and 0.75
M TEA and was well separated from the other nucleotides.
The fractions containing{-3?P]GDP were pooled and dried
by rotary evaporation, suspended and dried twice in metha-
nol, suspended and dried twice in distilled deionized water,
and suspended in 10 mM Tricine at pH 7.2%)K The
reaction yield was 70%. Nmf3?P]GTP (i.e.<0.5%) was
detected in thed-3?P]GDP.

Initial Rate Assays for ATP Synthesi$he rate of ATP
synthesis was monitored at 340 nM by coupling ATP
production to the reduction of NADusing the enzymes
hexokinase and glucose-6-phosphate dehydrogerZ®e (
Initial rates, with and without activator, were determined in
duplicate at each of the 16 conditions obtained usingxa 4
4 matrix of APS and PP The concentration of each substrate

In all cases, the reactions were quenched by the addition of,, 5o varied, in even increments in reciprocal space, from

EDTA (100 mM, pH 9.5 with KOH) to a final concentration
of 33 mM. The quenched solutions were then heated in a
boiling water bath for 1 min, spun to pellet precipitate, and
spotted onto 10 cm PEIF TLC plates. The radiolabeled
reactants were separated, using the buffer listed in the
protocol descriptions, and quantitated using an AMBIS two-
dimensional detector. The thin-layer chromatography buffers
were TB (0.75 M Tris, 0.45 M HCI, and 0.5 M LiCIR@),
FA (4.0 M formic acid, pH 3.5 with NEOH) (22), SB (0.74
g of (NH4).SQy, 0.4 g of (NH)HSO,, 4 g of NgEDTA, and
100 mL of HO) (22), and LiCl (0.90 M) @3).

ATP Sulfurylase.The enzyme was purified according to
a published protocol from aB. coli K-12 strain containing
an expression vector that results in the production of high
levels of theE. coli K-12 enzyme ). The specific activity

1 Abbreviations: EDTA, ethylenediaminé;N,N',N'-tetraacetic acid;
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;,—&l
poly(ethyleneimine}fluorescamine; PEP, phosphoenolpyruvate; SA,
specific activity; TLC, thin-layer chromatography; Tricine, tris(hy-
droxymethyl)methylglycine; Tris, tris(hydroxymethyl)aminomethane;
unit, micromoles of substrate converted to product per minutg,at

~0.2K, to 5K, The activation studies were performed at
a fixed, saturating concentration of activator, GMPPNP
(81Ky) or GDP (17®,). The activatorK, values were
obtained by varying the concentration of activator at saturat-
ing APS (19K, and 8K, and PR (12K, and 44K, for
GMPPNP and GDP, respectively. In all cases, the consump-
tion of the limiting substrate was kept to less than 10% of
that consumed at the end point of the reaction. The assay
solutions contained ATP sulfurylase (3.3 munits/mL), hexo-
kinase (0.6 unit/mL), glucose-6-phosphate dehydrogenase
(1.8 units/mL), NAD (0.22 mM), MgC} ([PR] + 1.0 mM),
and Hepes (50 mM, pH 8.0 with§. The kinetic constants
of the coupling enzymes were determined in the buffer used
in the rate studies, 50 mM Hepes at pH 8.0 with. KThe
kinetic data were fit using the weighted least-squares
programshyperoand sequenadeveloped by Cleland2{).
RNA Polymerase Coupled Assay for GTP Synthebie
[0-*?P]GTP synthesized fromaf3?P]GDP and Pby ATP
sulfurylase was converted to poly(G) using the RNA poly-
merase holoenzyme. At= 0, the reaction conditions were
as follows: ATP sulfurylase (0.3#M), RNA polymerase



3888 Biochemistry, Vol. 37, No. 11, 1998 Liu et al.

(0.0031 unit/mL), APS and RPReach at 1.0 mM),d-3?P]- 40 -
GDP (10uM (18.5K), SA = 10-20 nCijL), P; (10, 12,

25, or 50 mM), poly(dC) (50 nglL, 69 uM dC residues), 30 -
MgCl; ([total nucleotide]+ 1.0 mM), and Hepes (50 mM,
pH 8.0 with K"), with T = 25 + 2 °C. Since the GTP
synthesis reaction produces ATP, it was important that the .
coupling enzyme have a much higher affinity for GTP than > %
ATP. The nucleotide selectivity of RNA polymerase, 10 1
dictated predominantly by the energetics of correct Waston . .
Crick base pairing with the template,4s10000/1 28—30). 0 y T d
The energetics of RNA synthesis are very favorable{&5 0 20 4 60 80 100
kcal mol?! base added) (31, 32). Time (min)

Controls were performed to evaluate whether the GTP and/F'SURE 1: Transient synthesis of product. Two pulse-shaped

. . - progress curves for APS synthesis are shown.t At 0, the
or poly(G) synthesis reactions were influenced by the experimental conditions were as follows: ATP sulfurylase (),

reactants of the complementary reaction. Poly(G) synthesiSATp (0.50 mM), GTP (0.25 mM)3S]SQ; (0.10 mM, SA= 20—~
was not measurably influenced by APS, and GTP synthesis30 nCiL), MgCl, (1.75 mM), pyruvate kinase (6.0 munjit)),
was not effected by poly(C) or RNA polymerase at the and Hepes (50 mM, pH 8.0/, T = 25 & 2 °C. At 41 min
concentrations used in the kinetic studies; however, the {indicated by the arrow), 0.80L of 100 mM PEP was added to

Kineti d d . f th V(G hesi 276uL of the reaction mixture (0.29 mM final concentration). This
inetics and end point of the poly(G) synthesis were ,qgition regenerates the hydrolyzed GTP. The reactions were

influenced by Pat 50 mM (the highest concentration used quenched, and reactants were separated, using LiCl buffer, and
in our kinetics studies) and/or P& 1.0 mM. Nevertheless, quantitated as described in Materials and Methods. Each point is

at 50 mM Rand 1.0 mM PP ~10—-15% of the GDP was  the average of two determinations.
converted to poly(G), and the rate of poly(G) synthesis was
sufficiently fast that GTP could not be detected during the
reactions. The GTP levels in these reactions were assessed
by quantitating radioactive counts at the GTP chromato-
graphic position in two-dimensional PEF TLC (first
dimension, FA buffer; second dimension, SB buffer; 0

10 cm plate). This chromatographic system provided excel-
lent separation of GTP from GDP and background contami-
nation. In all cases, the poly(G) synthesized fran*{P]-

GDP (the concentration-limiting reactant) wag0% of that , - §
formed at the end point of the reaction. Duplicate velocities, 0 10 20 30 40 50
from separate reactions, were obtained from least-squares
fits to five-point time courses. The reactions were quenched,
and reactants were separated using FA buffer and quantitate

s

[APSI UM 29 4o

30 r 300

20 [ 200

APS (uM) GTP (UM)

10 r 100

0

Time (min)

IGURE 2. Superposition of the progress curves for GTP hydrolysis
nd APS synthesis. The APS data is the same as that for the earlier

as described above. pulse shown in Figure 1. The GTP reactions were identical to those
describe in the Figure 1 legend except that they containedH]-
RESULTS AND DISCUSSION GTP (SA= 20—30 nCifuL) rather than {55]SQ,. GA buffer was

used to separateof*?P]GTP and §-*?P]JGDP (Materials and
A Pulse of Product.A typical progress curve for APS ~ Methods). Each point is the average of two determinations.

synthesis is represented by the early, or first, pulse showngespite changes in their mass ratios, because the potential
in Figure 1. The reaction mixture contained GTP but did |ost by one reaction is transferred to the other. If, however,
not contain a GTP-regenerating system. The mass ratio ofthere were an uncoupled catalytic path for even one of the
the APS reaction at the apex of this peak is 1000-fold further reactionS, the chemical potentia' would leak out of the
toward the product than that predicted in the absence of GTP.coupled system with the result being that each reaction would
At 41 min, indicated by the arrow, a small volume of PEP eyentually reach its non-linked equilibrium position. This
was added to a final concentration of 30K (1.2 times the  |eak model is consistent with the data shown in Figures 1
guanine nucleotide concentration). The system respondedyng 2. The pulse of product suggests that the potential
to this addition with the second pulse of the product shown associated with GTP hydrolysis, initially used to drive the
in Figure 1. Thus, converting the GDP produced during the synthesis of APS and PHs eventually drained from the
first pulse back into GTP (that is, restoring the chemical system, resulting in the collapse of the APS reaction back
driving force) is sufficient to cause the transient shift in the g its non-linked equilibrium position.
mass ratio of the APS reaction. The pulse can be explained in two ways. The first of these
Superposition of the progress curves for GTP hydrolysis is that the APS reactants are interconverting throughout the
and APS synthesis is shown in Figure 2. The GTP pulse. In this case, the observed changes in mass ratio are
concentration, nearly saturatingtat 0 (7¥K), decreases  caused by changes in the relative rates of the forward and
throughout the pulse to nearly zero. If these reactions werereverse reactions, which appear to depend on the position
perfectly coupled, their progress curves would plateau as theof the GTP hydrolysis reaction. The second interpretation
reactions achieved the equilibrium defined by the sum of is that the addition and consumption of GTP generates a
the Gibbs potentials for the individual reactions. The bolus of APS which subsequently hydrolyzes, producing
chemical potential of the reactions would be conserved, AMP and SQ. This latter possibility, unlikely at the pH of



Regulating Energy Transfer Biochemistry, Vol. 37, No. 11, 1998889

this experiment33), was ruled out by performing experi- A. ATP + SO APS + PP;
ments identical to those shown in Figure 2 except that the 4 !

ATP was radiolabeled ¢*?P]ATP). AMP was not detected
(data not shown). 1.0 9

Rate Changes during the Puls&he fact that AMP is
not formed in these reactions confirms that the transient is 0.8 1
caused by changes in the rate of synthesis and consumption
of product during the pulse. These net rates are the d[APS] (”_M) 0.6 1
composite of the rates of all paths (linked and unlinked) dt (sec) 041
between substrate and product and appear to be sensitive ) o
functions of the position of the GTP hydrolysis reaction. We 0.2 - o o
were interested in knowing how the rates of the forward and %o o
reverse reactions change throughout the pulse and in how 0.0 v . —2 Q0 o0ag ,
these changes are linked to GTP hydrolysis. To determine o 2 4 6 8 10 12
how the rates change, a small volume (5% of the reaction Time (min)
volume) of radiolabeled substrate or product was added to
the reaction at various time points throughout the pulse. The B. APS + PP; — ATP + 804
rate of conversion of the labeled compound to product was
measured over the 10 s interval following its addition.

During this short interval, the concentrations of substrate and 0371 o

product do not change significantly; hence, this experiment o
measures the rate at which isotope is transferred between § o

static reactant pools. The reactions were allowed to proceed 0210 o

to <10% of their end points to prevent significant back d[ATP] (”_M) o

reaction during the measurements. dt (sec) o}

The changes in the instantaneous rates of the forward and 0.1 1 o
reverse reactions during the pulse are shown in panels A © o
of Figure 3. The rate of APS synthesis descends, as GTP is o
consumed, from a maximum of 1M s71, att = 0, to 0.0 &— y " T
0.06 uM s~ in the descending tail of the pulse (panel A).
The rate at which ATP and SGare produced from APS . .
and PPRincreases front = 0 to the apex of the pulse, at Time (min)
which point the forward and reverse reaction rates are equal. C. GTP+H,0 — GDP +P;+H*
The rate of ATP synthesis then decreases as the GTP
hydrolysis reaction approaches completion and the APS
reaction re-establishes its non-linked equilibrium position
(panel B). The rate of GTP hydrolysis is maximum and 1.0 <%O

o
o
o
(¢]
o}
o]

121

equal to that of APS synthesis at= 0. Like the APS

synthesis reaction, the rate of GTP hydrolysis decreases 0.87

throughout the pulse (panel C). GTP synthesis was not d[GDP] (uM) 0.6 1 o
detected during the pulse. The lower limit of detection of &t (se0) o
this [2P]R experiment is approximately 0.5 nM/s. 0.4 o

The lack of detectable GTP synthesis during the pulse 0.2 ° 5
means that the synthesis of ATP and ,Sé2curs almost ©o0op
exclusively through an uncoupled catalytic pathway, or leak, 0.0 . ; . 4 . T
and that the flux through the leak is equivalent to the velocity Time (min)

of the ATP synthesis reaction, accelerating to the apex of
the pulse and decelerating thereafter (panel B). Due to the

: : APS synthesis and GTP hydrolysis reactions at various time points
of GTP, APS is not detected under the experimental y, o hout the pulse. (A) ATR- SO, — APS + PR. (B) APS +
conditions associated with Figure 3, without the addition of pp " ATP + SO, (C) GTP+ H,0 — GDP + P, + H*. GTP

GTP. Thus, panel A represents the acceleration versussynthesis could not be detected during the pulse. The velocities

deceleration profile of the APS synthesis reaction through were determined by adding 1. of radiolabeled compound to
the coupled catalytic pathway. 20 uL of reaction mixture, quenching the reactions 10 s later, and

. . - quantitating product. The extent of isotope exchange was always
Nonproductie Complexes Erode Coupling Efficiencét <10% of its end point. In each case, the reaction conditions were

saturating concentrations of ATP, @nd GTP, the initial as follows: ATP sulfurylase (2,6M), GTP (0.25 mM), ATP (0.50
rates of GTP hydrolysis and APS synthesis are identijal (  mM), SO, (0.10 mM), MgC} (1.75 mM), and Hepes (50 mM, pH
This well-defined 1:1 stoichiometry indicates that the 8.0/K), T = 25 4 2 °C. The radiochemicals used in these
coupling efficiency of the EATP-SO;-GTP complex ap- ~ €Xxperiments were (AFESISQ, (B) [*S]APS, and (C)}-*P]GTP.

. . . The specific activities of the radionuclides were-ZD nCijuL.
proaches 100%. GTP hydrolysis is activated to varying The reactions were quenched, and reactants were separated, using

degrees by the reactants of the APS reaction. The allostericLiCl buffer, and quantitated as described in Materials and Methods.
interactions linking the energetics of GTP hydrolysis to the Each data point is the average of two determinations.
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FIGURE 4: Erosion of coupling efficiency. The ratio of the initial  FIGURE 5. Initial rate of GTP synthesis versus phosphate concen-
rates of GTP hydrolysis to APS synthesis were calculated from tration. The synthesis obf*2P]GTP, from p-32P]GDP and R was

the data shown in panels A and C of Figure 3. coupled to the synthesis of poly(G) by RNA polymerase. GTP
synthesis required APS and;fgee the text). The reaction solutions
. e . contained ATP sulfurylase (0.3@M), RNA polymerase (0.04 unit/
Table 1: Activation of APS Synthesis mL), APS (1.0 mM), PP(L.0 mM), GDP (1Q:M), P, (10, 12, 15,
activator substrate K (uM) Km (uM) Keat (571 or 50 mM), poly(dC) (50 ngiL, 69 uM dC residues), MgGl([total
APS 156 (8) 49 (1.5) nucleotide]+ 1.0 mM), and Hepes (50 mM, pH 8.0fK T = 25
PP 164 (9) 51 (1 '5) 0.76 (0.067) + 2 °C. Each point is the average of at least two determinations.
APIS 47 (4.3) 11 (0' 6) The reactions were quenched and the reactants separated (FA buffer)
PR 35 (3_'2) 8.0 ('0_5) 1.3(0.022) and quantitated as described in Materials and Methods.
GDP 0.51 (0.23)
APS 15 (1.4) 7.8 (0.43) alters the ratio of enzyme forms that catalyze the coupled
PR 20(20)  10(0.48) 1.3(0.019) and uncoupled reactions. This ratio of enzyme forms
GMPPNP 1.5 (0.20)

determines the flux through the coupled and un-
coupled pathways and, ultimately, the mass ratio of the APS

formation of binary and ternary complexes at the APS- reaction.

forming active site have been studigzb(34). The rate of Coupled Synthesis of GTP and thg &f Phosphate.At

GTP hydrolysis at any instant in the pulse is determined by concentrations of phosphate greater than 5 mM, the synthesis
the ensemble of complexes present at that moment. Overof GTP by ATP sulfurylase can be detected in a reaction
time, the ensemble changes. As product forms, it competesthat requires APS and RPPTo evaluate the kinetic constants
with substrate for the enzyme, resulting in nonproductive or associated with GTP hydrolysis, the initial rate of GTP
futile hydrolysis of GTP which erodes the coupling efficiency synthesis was studied as a function of phosphate concentra-
of the system. The change in coupling efficiency of these tion at near-saturating concentrations of APSKgB PR
reactions during the pulse is revealed by taking the ratio of (37Ky), and p-*P]JGDP (1&.;). Due to the fact that the

the initial rates of GTP hydrolysis to APS synthesis, obtained GTP synthesized by ATP sulfurylase is eventually hydro-
from the data shown in panels C and A of Figure 3. The lyzed through uncoupled pathways, it was necessary to
result of this operation is shown in Figure 4. The coupling quickly convert the GTP as it is synthesized to a compound
efficiency, ~100% in the initial portion of the curve, thatis stable toward hydrolysis. This requires a coupling
decreases as the reactions proceed with GTP hydrolysisenzyme that has a high affinity for GTP, little or no affinity
exceeding ATP synthesis in the tail of the pulse-bg. for ATP (which is produced in the reaction), and favorable

The Binding of GDP Causes a Thermodynamic Legke overall energetics. These criteria_ were well satisfied by the
erosion of coupling efficiency and acceleration of the RNA polymerase holoenzyme, using a poly(C) template (see
uncoupled ATP synthesis reaction with the concomitant Materials and Methods). Under the conditions described in
production of GDP and Buggest that one, or both, of the the Figure 5 legend, the RNA polymerase activity was 1200
hydrolysis products causes the reactions to uncouple. GDPUMES greater than thén., for the synthesis of GTP by ATP
was tested as an uncoupler in an initial rate study of the Sulfurylase. Thus, the steady state level of GTP was very
effects of GDP on the synthesis of ATP and ,S@ee  !0W: GTP could not be detected in these assays)(nM).
Materials and Methods for experimental details). The results Th€ synthesis of labeled poly(G) required the presence of
were that GDP slightly activates ATP synthesis compared Poth APS and PPthus, the synthesis of GTP is coupled to
to control reactions without GDP (Table 1). The affinities the formation of ATP and SO
of APS and PPwere increased 2.9- and 1.9-fold, respec- The results of the GTP synthesis initial rate study are
tively; keat is increased 1.7-fold. Thi, of GDP for the shown in Figure 5. Th&,, of phosphate for the central
E-APSPR complex (0.54uM) is 12-fold lower than that  complex is quite high (44 13 mM), andVyaxis extremely
for GTP in the forward reaction (6.8M) (25). low (0.015+ 0.00254M min~%). This very low affinity of

The fact that the ESDP complex catalyzes ATP synthesis Phosphate explains why GTP hydrolysis and APS synthesis
means that the binding of GDP provides a catalytic pathway, &€ uncoupled by GDP during the pulse. Thedéhcentra-
or leak, through which ATP synthesis can occur without 0N, which reaches a maximum of 0.50 mM during the pulse,
being coupled to GTP synthesis. GDP competes with GTP IS Simply too low to prevent the uncoupling.
for the guanine nucleotide binding site of ATP sulfurylase  Phosphate Plugs the Leaklhe only complexes capable
(4). The increasing [GDPJ/[GTP] ratio throughout the pulse of catalyzing the coupled chemistries are the central com-
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Ficure 6: Effect of a high concentration of phosphate (0.20 M) ] y y y y )
on the progress curve for APS synthesis. The conditions of this 0 10 2 30 40 50
experiment were as follows: ATP sulfurylase (LM), ATP (0.20 . .
Time (min)

mM), [3S]SQ; (0.20 mM, SA= 20 uCi/uL), GTP (0.10 mM), P
[0.20 M (@) or 0.0 (4)], and Hepes (50 mM, pH 8.0/, T = 25 FiGURE 7. GMPPNP influences the mass ratio of the APS reaction.
+ 2 °C. Each point was determined in duplicate. The reactions The GMPPNP concentration fixes the flux through the coupled and
were quenched, and the radiolabeled reactants were separated, usinghcoupled pathways, thereby regulating the steady state mass ratio
a 0.90 M LiCl mobile phase, and quantitated as described in of the APS reaction. The reaction conditions were as follows: ATP
Materials and Methods. sulfurylase (0.5Q:M), ATP (0.20 mM), F5S]SQ; (0.20 mM, SA

= 20 uCiluL), GTP (1.0 mM), GMPPNP [2.0 mM), 0.40 mM

(@), 0.15 mM @), and 0.0 W)], MgCl; ([total nucleotide]+ 1.0

concentration of phosphate were sufficiently high to drive MM), pyruvate kinase (8.0 units/mL), PEP (5.0 mM), and Hepes
P b y g (50 mM, pH 8.0/K"), T= 254 2 °C. The reactions were quenched,

essentially all of the leaky, GDE-APSPR complex into and reactants were separated, using LiCl buffer, and quantitated as

the product central complex, the leak would be slow, and gescribed in Materials and Methods. Each point is the average of
one would observe the trailing edge of the pulse only over two determinations.

long periods of time. The data in Figure 6 demonstrate that

this is indeed the case. At a high phosphate concentrationuncoupled pathways would be constant, resulting in a steady
(0.20 M) and without a GTP-regenerating system, the state for the APS chemistry.

progress curve for APS synthesis reaches a long-lived GMPPNP, like GDP, competitively inhibits the binding
plateau. The control reaction mixture, containing no added of GTP and slightly activates the uncoupled reaction (see
phosphate, gave a typical product transient. Thus, phosphatdable 1). By fixing the concentration of GTP, using a
acts as a molecular “plug” in that it prevents leaking and regenerating system, and varying the concentration of
enforces coupling when it binds to and converts the leaky GMPPNP, one can simulate the effects of varying the GTP/
GDP complex into the central product complex. The mass GDP ratio on the APS reaction. The results of such an
ratio for the APS reaction in the plateau of the progress curve experiment are shown in Figure 7. The steady state mass
obtained at high phosphate concentrations isd110°3. This ratio of the APS reaction is determined by the concentration
(1 x 10°)-fold shift toward product corresponds to a transfer of GMPPNP. Thus, regulating flux through the coupled and
of —6.8 kcal/mol to the APS reaction. uncoupled pathways can be used to control the mass ratio

These studies have some bearing on the somewhat ill-of the APS reaction.
defined issue of the functional properties of ternary A Metabolic Rationale. The question of why the cell
GTPaseGDP-P, complexes. The potential prevalence of might want to regulate linking the energetics of APS
these species in the cell becomes apparent when onesynthesis and GTP hydrolysis cannot be answered with
considers that the in vivo concentration of phosphate [e.g., certainty due to our incomplete understanding of both the
4—42 mM in skeletal muscle under various exercise condi- metabolism of this pathway and the in vivo milieu. How-
tions @5)] is comparable to the estimated affinity of ever, a rationale is provided by the fact that PAPS, or a
phosphate for the binary RAGDP complexKq ~ 12 mM) derivative(s) of it, is a toxic metabolite if. coli and
(36). Thus, a significant fraction of a given GTPase might Salmonella typhimurium This toxicity issue has been
well be in the ternary complex in the cell. While the investigated in genetic studies in which three different protein
importance of phosphate binding in GTPase function has functions, each acting at the point of PAPS consumption,
been discussed, the literature appears to contain little or nowere mutagenically blocked38—40). In each case, the
direct experimentation on this point. Our finding, that the mutant bacteria grew poorly, or not at all, under conditions
ternary complex of the ATP sulfurylas&TPase is func-  that induce the enzymes that synthesize PAPS. When
tionally distinct from either the GTP or GDP binary subjected to these toxic conditions, cells rapidly acquire
complexes, suggests that other GTPase ternary complexesecond-site mutations that block PAPS synthesis. In one
may also have unique functional and/or regulatory properties. case, second-site mutation was essential for viabilg). (

A Constant Leak Produces a Steady Stalilbe concentra-  Controlling the coupling efficiency of ATP sulfurylase, a
tions of GTP, GDP, and ;Phave been determined in step prior to PAPS synthesis, would enable the cell to avoid
asynchronous, logarithmic cultures Bf coli; they are 920 accumulation of the toxin(s) by regulating metabolic flux
uM, 130 uM, and 10 mM, respectively36—37). We do through the pathway.

plexes, GTFE-ATP-SO, and GDPP-E:APSPR. If the

not yet know how the cellular concentrations of these
metabolites vary as a function of cell cycle or nutrient
challenge or within unique microenvironments of the cell.

At some point in the evolution oE. coli, it became
advantageous for the cell to link the synthesis of activated
sulfate to a reservoir of chemical potential that could be used

If, as is generally assumed, these compounds reach a steadip drive this unfavorable chemistry. GTP hydrolysis was
state, one expects that the flux through the coupled andselected for this purpose. The potential associated with
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hydrolysis, or any energy-donating reaction, is immutable
in a given chemical environment. If it is too large, it can
drive the linked event too far and disrupt proper metabolic
balance. Faced with this situation, the cell must find a way
to titrate the transfer of potential from the reservoir into the
linked reaction. One solution to this problem is to evolve a
conduit for the transfer of chemical potential whose linking
efficiency satisfies the complex metabolic constraints placed
on the organism.

CONCLUSIONS

The mass ratio of the APS reaction is determined, in large
part, by the efficiency with which this reaction is linked to
the energetics of GTP hydrolysis by ATP sulfurylase. The
efficiency is determined by the distribution of guanine
nucleotide-bound forms of the enzyme. GDP inhibits the
coupled reaction, by preventing the binding of GTP, while
allowing the uncoupled chemistry to occur. Thus, GDP

binding causes the system to leak. The binding of phosphate 3.

to the GDPE:APS PR complex results in a central complex

that catalyzes the coupled synthesis of GTP to the synthesis 24.

of ATP and SQ Phosphate binding plugs the leak by
driving the system through the coupled catalytic pathway.
This versatile mechanism provides a means of titrating the
transfer of chemical potential between two reactions and
could be used by the cell to regulate the transfer of chemical
energy in metabolism.
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