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ABSTRACT. ATP sulfurylase, fromEscherichia coliK-12, is a GTPase target complex that catalyzes and
couples the chemical potentials of two reactions: GTP hydrolysis and activated sulfate (APS) synthesis.
Previous work suggested that the product release branch of the GTPase mechanism might include rate-
determining release and/or isomerization step(s). Such steps are known to couple chemical potentials in
other energy transducing systems. Rate-determining, product release step(s) were confirmed in the ATP
sulfurylase-GTPase reaction by a burst of product in pre-steady-state, rapid-quench experiments. Classical
rapid-quench experiments, which measure total product formation, do not allow the slow steps to be
assigned to the release of a specific product, or to slow isomerization, because they do not distinguish
solution-phase from enzyme-bound product. Assay systems that exclusively monitor solutionsphase P
and GDP were used to obtain free product progress curves during the first turnover of ATP sulfurylase.
Together, the free and total product data describe how the products partition between the enzyme surface
and solution during the first turnover. In combination, the data provide the time dependence of the
concentrations of specific product intermediates, ANIRE-GDP-P, and AMPPR-E-GDP, the rate
constants for the release of @.2 s'*) and GDP (4.8 s') from these complexes, respectively, and the
equilibrium constant for the enzyme-bourttly-bond cleavage reaction: [AMPR-E-GTP]/[AMP -PR-
E-GDP-P] = 0.7. The data are fit, using global analysis, to obtain a complete kinetic and energetic
description of this GTPase reaction.

Sulfate, a nonreactive compound, is chemically activated the catalytic cycle that oblige the chemistries to proceed in
in metabolism by transfer of the adenylyl moiety of ATP a stepwise fashion, resulting in a well-defined, 1:1, stoichi-
(~AMP) from pyrophosphate to sulfate to form activated ometry @). A key energy coupling step in the mechanism is
sulfate (adenosine’fphosphosulfate or APS) (reaction 1). an isomerization that precedes, and rate limits, GTP hy-
The chemical potential of the phosphorisulfuric acid drolysis. The isomerization occurs in response to the opening
anhydride bond formed in the transfer is remarkably large of the a,f bond of ATP and can also be elicited by the
(AG®"hyaralysis ~ —19 kcal/mol). Consequently, and despite binding of both AMP and PP The EAMP:-PR complex
cleavage of the,,s bond of ATP, APS synthesis is extremely mimics extremely well the effects of the native reaction on
unfavorable,Keq = 1.1 x 1078 [AG” = —11 kcal/mol Keat andKisomerizationfOr the GTP hydrolysis reactio8,(9) and
(1—3)]. Enzymes that labor against such equilibria to provide provides a simplified system for studying the GTPase.
essential metabolites must overcome the unfavorable mass

action problem, as well as the attendant kinetic problem that ATP" + S0 = APS + P,0,* (1)
requires it, in this case, to “give up” 14 10-8-fold in V/K
in the forward versus the reverse direction. Thus, if the GTPF + H,0= GDP* + HPO42_ +H" )

enzyme is a reasonably good catalyst in the favorable

direction, it will likely be quite poor in the unfavorable At a saturating concentration of GTP, the rate-limiting step

g'rzgcn?r?'r'\lgtg;_h:es z(iil\\;edbtgz:steprrigblgmlgfggt?:(:h;ag?ll'Paseamong first three steps of the AVIP-PR-catalyzed GTP
othe gative » DY 9 hydrolysis reaction (i.e., GTP binding, isomerization, and

target complex that couples the chemical potential of GTP B.y-bond cleavage) is the isomerizatio, ©). The rate

hydrolysis to the synthe5|§ of activated sulfate. constant for this step, 145 is considerably larger thaga
ATP sulfurylase (ATP:sulfate adenylyltranferase, EC 1.2 s'*. Hence, the mechanism must contain rate-determining

2.7.7.4), fromE. coll K'lz’ catalyzes and confo_rmation'ally steps following3,y-bond cleavage. Such steps might include

coll:cples th5e h%’ﬁ'ro'ys's of ('.;TP and the syfnrt]hess(;)_f activated release of either or both products and/or slow isomerization-

Sléicite dié:ﬁe)r. is soﬂllzggazli?;eg?rnlggrsg suegi:w?t |(nc1:eﬁgsN( 53 (s). Slow product release is characteristic of energy trans-

KDa) and an APS sy%thesis subunit (CysD, 35 kUaL)'%lhe ’ ““ducing systems and is often associated with the coupling of
’ chemical potentialsl0—14). It is possible, if not likely, that

Flosterc interastions between the o acive Sies durng SO SIEPS in the prodct release branch of the ATP
9 sulfurylase mechanism will also be involved in energy
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MATERIALS AND METHODS protein that was used for purification. The truncated, mutant
construct was not lethal in BL21(DE3) cells, indicating that

the lethality may be associated with the N-terminal signal
sequence.

Purification of A197C PBPColonies from an overnight
ansformation of BL21(DE3) cells were inoculated into LB
media containing ampicillin (5@&g/mL) and grown at 37
®C. IPTG was added to 0.5 mM when the cultures reached
an ODy of 0.5-0.6. Four hours later, the cells were
harvested and lysed by sonication. The preparation of the
cellular extract and His-resin chromatography were per-

plagmids,( HiiBigd resir} (Novagen);l buttéarmilrl]( xaﬂthinle formed as recommended by the manufacturer with the
oxidase (XO), bacterial purine nucleoside phosphorylase ; hat PMSE h I 1
(PNP), porcine brain guanylate kinase, and Sephadex G-25exceptlon that SF was added to the cell extract to 1.0

gel filtration resin (Sigma); 7-(diethylamino)-3-((((2-male-
imidyl)ethyl)amino)carbonyl)coumarin (MDCC) (Molecular
Probes); buffers, media, nucleotides, and solvettts high-
est available grades (Aldrich, Sigma, or Fisher).

ATP SulfurylaseNative E. coliK-12 ATP sulfurylase was
expressed inE. coli K-12 (9) and purified to >95%
homogeneity as described previousl§).( The specific

GTPase activity of the BAMP-PR complex of ATP sulfur- protein was stored at70 °C. The protein appeared95%

ylase was 1.2 units/mg]. homogeneous by SBSAGE. Approximately 20 mg of pure
Pyruvate Kinase and Lactate Dehydrogena3ée en- PBP were obtained per liter of cell culture.
zymes were exchanged into 50 mM Hepestd 8.0/KOH | apeling A197C PBP with the Fluorophore N-[2-(1-
(the buffer used in the studies described in this paper) usingma|leimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxam-
size exclusion chromatography. Initial rate studie¥ (#rsus ide (MDCC).Efficient labeling of A197C PBP with MDCC
1/[GDP] and 1/[pyruvate]) were performed to obtain kinetic yequires that trace ;Rn the reaction mixture be reduced
constants for pyruvate kinase and lactate dehydrogenasepstantially {7). This is accomplished using purine nucleo-
reactions in 50 mM Hepes, pH 8.0/KOH. The optical assays gjge phosphorylase (PNP), which convertail inosine to
for these enzymes are described elsewh8 ( hypoxanthine and ribose 1-phosphateisFurther reduced
Cloning and Mutagenesis of the Phosphate Binding py the addition of phosphodeoxyribomutase (PDRM), which
Protein (PBP).The phoScoding region (accession number converts the ribose 1-phosphate to ribose 5-phosphate.
K01992) encodes PBP and was cloned, using PCR ampli-pDRM is not commercially available. Our protocols replace
fication, from a wild-typeE. coli K-12 genomic DNAlibrary  ppRM with xanthine oxidase (XO), which is stable and

using the following primers: 'SATTCCATATG AAAGT- commercially available. XO converts hypoxanthine to xan-
TATGCGTACCAC-3 and 3-GCGGATCCGTTAGTA- thine and xanthine to uric acid in what are considered

CAGCGGCTTACC-3 TheNdd andBarH| restriction sites jrreversible reactions. The labeling protocol is as follows:
in the primers (bold font) were used to insert the PBP coding pgp (100uM), inosine (1.0 mM), MgCJ (1.0 mM), PNP
region into the pET-23&() expression plasmid. The con- (0.2 unit/mL), XO (0.2 unit/mL), MDCC (50@&M, from a
struct appeared to be lethal in BL21(DE3) but not in strains 1 o mg/mL stock in DMSO), and Hepes, 50 mM, pH 8.0/
in which T7 pOlymerase is either more Stringently regulated KOH. The solution was mixed Overnight at42 °C, passed
[e.g., BL21(DE3)pLysS] or absent. through a 0.2um filter to remove particulate MDCC, and

The PBP signal sequence was removed, and the A197Cloaded onto a Sephadex G-25 column equilibrated in Hepes,
mutation needed for fluorescent labeling of the protein was 50 mM, pH 8.0/KOH. The labeled protein was pooled and
inserted using overlap PCR mutagene$®).(The mutagen-  |oaded onto a Q-Sepharose fast flow anion-exchange column
esis primers were (the bold sequences indicate the mutationspquilibrated in Hepes, 50 mM, pH 8.0/KOH. The pure protein
S-TATGTTGAATATTGTTACGCGAAGCA-3 and 3- eluted off the column within 2 column volumes of this buffer;
TGCTTCGCGTAMCAATATTCAACATA-3". The PBP cod-  no salt was necessary. The protein was concentrated and
ing region was truncated to remove its signal peptide dialyzed against the;#nop system and stored at70 °C.

Materials. The materials and suppliers used in this study
are as follows: restriction enzymes (New England Biolabs);
Pfu polymerase (Stratagene); PEI-F TLC plates (EM Sci-
ence); radionucleotides (NEN Life Science Products); Q- tr
Sepharose fast flow and Superdex 200 prep grade resins
rabbit muscle pyruvate kinase, and lactate dehydrogenas
(Pharmacia); DNA primers (Oligonucleotide Synthesis Facil-
ity, Albert Einstein College of Medicine); BL21(DE3) and
BL21(DE3) pLysSE. coli, pET-23af+) and pET-28af)

The PBP that eluted from the HBind resin was
concentrated, and the H&ind Wash buffer was exchanged
for 10 mM Tris, pH 7.6/HCl and 1.0 mM MgGl PBP was
then loaded onto a Q-Sepharose fast flow column equilibrated
in the same buffer, and a 10 column volume linear gradiant
of 0—50 mM NacCl in the same buffer was applied. A single
protein peak resulted. NaCl was dialyzed away, and the

sequence by creating a newtsrminus for the gene using Quench-Flow Experimentslhe experiments were per-
the primer 5CAGATCCATATG GAAGCAAGCCTGA-3.  formed using a KinTek quench-flow apparatus, model RQF-
TheNdd restriction site (bold) in this primer and thganH| 3. After quenching, samples were incubated in a boiling water

site discussed above were used to clone the truncatedpath for 1 min, and the radiolabeled reactants and products
mutagenized insert into the pET-289( plasmid. This  were separated on 10 cm PEI-F TLC sheets using 0.9 M
plasmid placed a His tag at the N-terminus of the expressedguanidine hydrochloride as the mobile phase The Rand
GTP were quantitated using a phosphoimager.

1 Abbreviations: EDTA, ethylenediamiréN,N',N'-tetraacetic acid; Fluorescence Stopped-Flow Measuremer8sccessful
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; mant-nucle- stopped-flow experiments required thatbe scrupulously

otides, 3-O-(N-methylanthraniloyl)-2deoxynucleotide; PEI-F, poly-
(ethylenimine)-cellulose-F; PMSF, phenylmethanesulfonyl fluoride; removed from the reagents and the reagent contact surfaces

Tris, tris(hydroxymethyl)aminomethane: unit, micromoles of substrate Of the instrument. PNP using 7-methylguanosine was used
converted to product per minute ¥ax. to scavenge R18). B was removed from the labeled PBP
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and ATP sulfurylase by dialyzing the concentrated enzymes 16

against buffer containing PNP (1 unit/mL), 7-methylgua- 14

nosine (1.0 mM), and MgGI(1.0 mM). Buffer was also £ 12

dialyzed against the mop system by placing PNP inside the 5_ 1.0

dialysis tubing. The fluorescence stopped-flow syringes and T og

sample lines were treated for 30 min with the PNP containing 2 06

buffer and then rinsed in mop-treated buffer without PNP. £

PNP was kept at a very low level (0.04 unit/mL) in both 04

syringes. This reduced; Prior to starting the experiment 02

and was sufficiently low that PNP did not compete with PBP 0'00_0 e oa e s o
for Pi' Time (sec)

An Applied Photophysics SX-18MV stopped-flow spec-

. IGURE 1: GDP/R formation during the first turnover of ATP
trometer was used for these experiments. The samples Wer{ulfurylase. A solution containing ATP sulfurylase [4M (®) or

equilibrated, and the time courses were measured & 25 200 4M (0)], AMP (1.0 mM), PR (100 uM), MgCl, (2.6 mM),
°C. For the PBP-MDCC experiments, the excitation wave- and Hepes (50 mM, pH 8.0/KOH) was mixed rapidly using a
length was 425 nm; light emitted above 455 nm was detectedquench-flow apparatus with an equal volume of an identical solution
using a cutoff filter. The GDP release and guanylate kinase that did not contain enzyme but did contain GHR#P]GTP (1.0

. L mM; SA = 80uCi/mL). The mixture was aged for a defined period
experiments detected the NADH emission above 400 NM, 4n4’ quenched by rapid mixing with a basic solution of EDTA/

exciting at 340 nm. In all cases, five to eight scans were NaOH (100 mM, pH 11.0)8). The instrument and reagents were
averaged. Where possible, the concentration of the nonfluo-equilibrated at 25t 2 °C prior to mixing. Radiolabeled reactants
rescent rather that fluorescent species was varied. Thiswere separated using TLC and quantitated (see Materials and

; ; ; e ; _ Methods). Product formation was determined in triplicate at each
strategy improves data quality and simplifies the experimen time point. The average is shown for the lower concentration

tal protocols by allowing the data to be gathered at one gyperiment @). The smooth curve passing through the data
instrument setting. represents the best fit of the data at 0@ ATP sulfurylase to an
ordered release model (see The Global Fit).
RESULTS AND DISCUSSION
) , provide the information needed to assign the slow steps to

A Burst of Product.Rapid-quench experiments were ghacific events in the product release section of the catalytic
performed to test for the presence of quW steps in the productcyde_ The reason the steps cannot be assigned is that the
release portion of the GTPase reaction. TRANEP-PR oy hariments do not distinguish between enzyme-bound and
complex was mixed rapidly with a saturating concentration solution-phase product; they report, instead, on the sum of
of GTP and allowed to react for a defined period before being g of the product forms. A burst in total product predicts a
mixed rapidly with a quench solution (see Materials and complementary lag in the formation of solution-phase
Methods). The results reveal a pre-steady-state burst ofpoqyct. If the delivery of each product into solution could

product, followed by linear steady-state turnover of the e monitored during the first turnover, it would be possible,
enzyme (see Figure 1). To ensure that the burst was linear, tayoraple cases, to assign the order of product release, to
with enzyme concentration, each time point was performed, opain rate constants for release steps, and to identify slow
in triplicate, at two concentrations of enzyme [2M (®)  jsomerization steps that follow product release. Together, the
and 100uM (O)]. The signal-to-noise ratio was better in  ,5gress curves for total and free product provide a complete
the 100uM experiments, particularly at the early time points, - gescription of the partitioning of product between the enzyme
and these data were used in all subsequent quantitative,nq solution during the first turnover of the reaction.
analyses. The burst amplitude was 0.32 of an enzyme active The Free GDP AssaySolution-phase GDP can be
site, andkea, 1.22+ 0.04 s, was in good agreement with o3 ntitatively consumed and stoichiometrically (1:1) linked
control ste_ady—state measurements performed at catalytiGy the oxidation of free NADH using the pyruvate kinase
concentrations of ATP sulfurylasé.§ = 1.2 s%). lactate dehydrogenase (PK-LDH) coupled assay sys8m (
The burst of product confirms that product release and/or 22, 23). The NADH to NAD" conversion can be followed
an isomerization in the release stage of the reaction is atpy an optical density change at 340 nm or by a fluorescence
least partially rate-limiting turnover. A burst 6f1 enzyme  change above 400 nm, exciting at 340 nm. Like all coupled
active site equivalent occurs when the rate of product assay systems, the PK-LDH system exhibits a lag in product
formation is comparable to that for product release and/or formation caused by the time required for its reactions to
from an internal equilibrium constant that is not largely in  reach the steady state. It is critical that this intrinsic lag be
favor of product {9). As will be shown, both of these factors  short compared to the lag associated with the release of GDP
contribute to the observed burst amplitude. ATP sulfurylase during the first turnover of ATP sulfurylase. Previous
is competent to bind 1 active site equivalent of GDB)( analyses of coupled enzyme assa34+27), and computer
and single-turnover experiments show that the hydrolysis of simulations, were used to estimate the coupling enzyme
mant-GTP, a fluorescent analogue of GTP, is monophasic concentrations needed to attain the desired lag time.

and that all of the nucleotide is hydrolyze@lj. Thus, Guanylate kinase, which converts GMP and GTP to two
partially active enzyme or fraction-of-the-sites reactivity are. GDP (28), was used at catalytic concentrations to assess the
unlikely explanations for the substoichiometric burst. intrinsic lag under conditions that matched the steady-state

Classical rapid-quench experiments can be useful in velocity of guanylate kinase-catalyzed GDP synthesis to that
assessing whether product release is rate limiting; however,of the pre-steady-state ATP sulfurylase experiments. This
in systems involving more than one product, they do not allows the behavior of the coupling system to be evaluated
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A. flow experiments identical to those associated with Figure
¥ 2 except that ATP sulfurylase, AMP, and;Rw®re replaced
ié 3.7 by GDP, at a known concentration. Thel70 ms lag in the
3 35 appearance of GDP in solution demonstrates that it is released
z slowly by the EAMP-PR complex and that this step either
s 33 is or precedes a rate-determining event in the product release
£ 3.1 phase of the reactiork., obtained from the steady-state
- region of the time course is equivalent to that obtained from
00 02 04 06 08 10 the total product time course, 1.2's
Time (sec) Phosphate Binding Protein (PBP), the FreeA2say The
B. 10 phosphate binding protein system was used to assay solution-
U phase phosphate. This system used the phosphate binding
5 08 protein, fromE. coli K-12, that is covalently labeled with a
gg 0 fluorophore, MDCC, at cysteine-197, which is located near
B the R binding pocket 18, 29—31). Upon binding of B the
& o4 PBP-bound MDCC undergoes a 13-fold increase in fluores-
2_ o cence intensityX7). To acquire this system for these studies,
’ the structural gene for the phosphate binding protetimS

0.0 was cloned from a genomig. coli K12 library. ThephoS
00 02 0'4, 06 08 10 leader peptide, which caused lethality, was removed, and the
Time (sec) A197C mutation was inserted (see Materials and Methods).
Ficure 2: GDP release during the first turnover of theAP- An N_terminaL His_tag expression System was Constructed,

PR complex of ATP sulfurylase. Panel A: Response time of the ; P :
GDP sensor. The upper curve was generated by mixing a solutionand the protein was purified and labeled at C197 with MDCC

containing guanylate kinase (2.5 units/mL of GDP forming activity (S€€ Materials and Methods).

from GTP and GMP), MgGI(3.2 mM), and Hepes (50 mM, pH Stopped-flow fluorescence experiments were used to assess
8.0/KOH) with an equal volume of a solution containing pyruvate the R binding characteristics of the system. The binding of
kinase (20QuM), lactate dehydrogenase (#R1), NADH (284 uM), P, to PBP was studied under pseudo-first-order conditions

PEP (2.0 mM), GTP (2.0 mM), GMP (2.0 mM), MgQ(B.2 mM), , : , i
and Hepes (50 mM, pH 8.0/KOH) in the fluorescence stopped- with respect to Fconcentration. The reactions were monopha

flow apparatus. The reaction was monitored using the change in SIC, and their associatedys values were plotted versus P
fluorescence intensity that NADH undergoes as it is converted to concentration (Figure 3, panel A). The resulting, linear plot
NAD™. The lower trace is the time course generated by mixing a was fit to eq 3 to obtaitk,, andko, 1.5 x 108 M~t st and
solution containing ATP sulfurylase (40M), AMP (1.0 mM), PR

(100 uM), MgCl, (2.7 mM), and Hepes (50 mM, pH 8.0/KOH) Kype= koo [P] + K, 3)
with a solution containing pyruvate kinase (2p®/1), lactate bs nlti f

dehydrogenase (72M), NADH (284 uM), PEP (2.0 mM), GTP

(1.0 mM), AMP (1.0 mM), PP(100 M), MgCl; (2.7 mM), and 29 s1, respectively. These rate constants predikg af 0.19
Hepes (50 mM, pH 8.0/KOH)T = 254+ 2°C. Panel B: Solution- )\ and are quite similar to those for the non-His-tagged

phase GDP formation during the first turnover of ATP sulfurylase. o .
The release of GDP was monitored by the fluorescence change ofPBP (L8). The binding of Pto PBP is extremely fast and

NADH upon conversion to NAD by the PK-LDH coupled enzyme  1avorable, and any lag associated with the binding reaction
assay. The conditions for this experiment were the same as for theis within the limit of resolution of the instrument3 ms.
ATP sulfurylase experiment described in panel A. Fluorescence P, Release during the First Turmer. The release of P
was converted to GDP concentration using a standard curve (se&rom the EAMP-PP complex of ATP sulfurylase during the
text). first turnover of the enzyme was monitored using stopped-
under conditions essentially identical to those of the ATP flow fluorescence (Figure 3, panel B). The experimental
sulfurylase experiment but without a detectable burst or lag. design was identical to that described for GDP release, except
The results are shown in Figure 2, panel A. The guanylate that the PBP assay system replaced the PK-LDH system,
kinase time course is very nearly linear back te 0, while and the optics were changed (see Materials and Methods).
the time course obtained using theABP-PR complex of The fluorescence changes were converted tmRcentration
ATP sulfurylase exhibits a pronounced lag. The coupling by calibration using stopped-flow experiments that mixed
enzyme concentrations chosen for this experiment (see Figureéhe PBP assay solution described in the Figure 3 legend with
2 legend) were used in subsequent experiments to evaluateolutions of known Pconcentration. The lag associated with
the release of GDP from ATP sulfurylase. the release of s short, 30 ms, but well within the resolution
GDP Release during the First Turper. The release of  of the instrument and the PBP assay system. Thus, during
GDP during the first turnover of the-BEMP-PR complex the burst phase, Beparts more quickly than GDP from the
of ATP sulfurylase is shown in Figure 2, panel B. In this active site, indicating that;Release occurs before, or is
experiment, a solution containing ATP sulfurylase (40) concomitant with, the release of GDP.
and a saturating concentration of AMP (1.0 mM) and PP~ Data AnalysisThe progress curves for total and solution-
(100 uM) was mixed rapidly, using a stopped-flow fluo- phase product can be combined to describe the time
rometer, with a solution containing a saturating concentration dependence of the formation of specific enzyme-bound
of GTP and the PK-LDH coupling system (see Materials intermediates in the catalytic cycle. Interpretation of the
and Methods and the Figure 2 legend). The change incombined data depends on the product complexes of the
fluorescence intensity was converted to GDP concentrationmechanism used for the analysis. The affinity of GDP, or
using a standard curve calibrated by conducting stopped-mant-GDP, for the ground-state complexes of ATP sulfur-
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Ficure 3: Phosphate release during the first turnover of the E
AMP-PR complex of ATP sulfurylase. Panel A: Phosphate binding
to the fluorescent phosphate binding protein (PBP-MDCC). A
solution containing Pat two times the indicated concentration was
mixed with an equal volume of a solution containing PBP-MDCC
(0.30uM) in the fluorescence stopped-flow apparatliss 25 +

2 °C. The buffer, Hepes (50 mM, pH 8.0/KOH), was treated with
the R-mop system to reduce background levels gsBe Materials
and Methods). The reaction was monitored by a change in
fluorescence intensity that occurs upon binding. A total e85
transients were collected at each][Fhe averaged data were fit
to a single exponential to obtalgys The plot ofkg,s versus [H
was fit to a linear equation to obtakg, (1.5 x 108 M1 s71), kot

(29 s'1), andKq4 (0.19uM). Panel B: Solution-phase Formation
during the first turnover of ATP sulfurylase. The release dfém
ATP sulfurylase was monitored by the fluorescence change
associated with the binding of; Ro PBP-MDCC. A solution
containing ATP sulfurylase (42M), AMP (1.0 mM), PR (100
uM), PNP (0.04 unit/mL), 7-methylguanosine (1.0 mM), MgCl
(2.9 mM), and Hepes (50 mM, pH 8.0/KOH) was mixed with an
equal volume of a solution containing PBP-MDCC (109), PNP
(0.04 unit/mL), 7-methylguanosine (1.0 mM), and Hepes (50 mM,
pH 8.0/KOH), T = 25 £ 2 °C. Fluorescence was converted to P
concentration using;Rtandards (see text).

ylase varies between 10 and 401 (21, 32), while the
affinity of P; is so low that it is difficult to measure3p);
however,K,, for the binding of Pto the EAPSPR-GDP
complex has been determined, 4414) mM (33). These
facts suggest that the release of GDP andrém ATP
sulfurylase is either ordered, with éeparting prior to GDP,

or random, with a highly preferred release sequence in which

P, departs first. Thus, under initial rate conditions, where
the concentration of jHs low, the ordered mechanism is
either an exact description or an excellent approximation of
the release of product in this system.

The progress curves for the enzyme-bound product
intermediates are obtained by subtraction of those for

solution-phase and total product. For an ordered mechanism,

total product (B can be written in terms of eithef & GDP
(egs 4 and 5). Subtraction of [Rrom [P{] gives
[P] = [E-GDP-R] + [P] (4)

[P] =[E-GDP-P] + [E-GDP] + [GDP] (5)
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[E-GDP-P], and subtraction of eq 2 from eq 1 and simple
rearrangement gives {EDP] = [P] — [GDP].

The time dependence of the concentrations @G EBP-P,
and EGDP, normalized to total enzyme concentration, is
shown in Figure 4. The concentrations of these species rise
at different rates during the burst phase of the first turnover
to a steady state in which 35% of the enzyme is in the E
GDP-P, complex and 25% is in the:B, complex. Oncévoth
of the intermediates have reached steady state, the rates at
which GDP and Pare delivered to solution are identical and,
under the conditions of these experiments (i.e., saturating
GTP), equal tdkes, 1.2 s. Given the rates for the formation
of solution-phase GDP and,Rnd the concentrations of the
enzyme-bound complexes that deliver them into solution,
the rate constants governing their release can be calculated
using the following simple relationshipskoipy = Keal
([E-GDP-P)/[Ewd) = 1.2 s%0.35= 3.4 st andksficpr) =
Keal ([E*GDPJ/[Eo]) = 1.2 s1/0.25= 4.8 s%.

During steady-state turnover,60% of the enzyme is in
product complexes; the remainder is distributed over the two
substrate complexes, ES and Efd free enzyme (E) which
is negligible at saturating GTP. The binding, isomerization,
and bond cleavage reactions are fast in the forward direction
compared to product release, and isomerization is extremely
favorable Kiso = 2980 @1). Thus, the majority of the-40%
of the substrate-bound enzyme will reside in th&EP
complex, which suggests that the enzyme-bound equilibrium
constant for the chemical step will be near unity (i.e.,
[E-GTP]/ [E:GDP-P] ~ 1 ~ 0.40/0.35). This equilibrium
constant can be estimated using net rate constant thgdry (

Under initial rate conditions, the ATP sulfurylase mech-
anism can be represented by eq 6 (where E:-AMP-PR).

The double- and single-headed arrows indicate reversible and
irreversible steps of the mechanism, respectively. The product
release stepk; andke, are treated as irreversible because
their reverse reaction rates ar€ during the initial rate phase

of the reaction 34). Equation 6 is simplified by the theory

to eq 7, where a prime indicates a net rate constant (i.e., the
rate constant that would produce the same flux through the
step if it were irreversible). The ratios of the concentrations

&
ke
E-GDP+ P ~>E+ GDP+ P, (6)

kl k3 k7
E + GTP+ - E:GTP->E-GTP <~ E-GDP-P, —

K K K k
E + GTP— E-GTP— E-GTP — E-GDP-P, —
E-GDP+ P~ E + GDP+ P, (7)

of enzyme complexes can be calculated as follows using net
rate constants and the mass ratio information described
above

0.40/0.35= 1.1= ([E-GTP] + [E-GTP])/[E-GDP-P] =
kA(1/ks' + 1/ks') (8)

Expressingks’ andks' in terms of the mechanism’s actual
rate constants and rearranging:
1.1=[(ks + Kyks + (ks + Ky + kg)kal/ KgKs 9)

Only ks and ks are unknown. Isomerization is sufficiently
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Table 1: Kinetic and Thermodynamic Constants Governing GTP Hydrolysis

reaction Krorward AG¥ (kcal/mol) Kreverse AG¥ (kcal/mol)
E2+ GTP< E-GTP 29¢0.2)x 1I®PMtsth 10.0 7.9 £0.9) stP 16.2
E-GTP< E-GTP 26 (£0.2) st 15.5 4.7x 103 (£0.6 x 103 s7tb 21.5
E-GTP < E-GDP-P, 160 @&2) st 14.4 220 f4) st 14.2
E-GDP-P, < E-GDP+ P, 4.2 (*0.01)s? 16.5 0.0043 Mts ic 20.6
E-GDP<— E + GDP 4.8 ¢0.04) s? 16.5 21¢02)x 1M tst 8.8
aE represents the BMP-PR complex of ATP sulfurylase® Determined previously9). ¢ See text for an error estimate.
0.5 80
E 60
=
g 2 40
B £
:
£ 20
] 0
00 020 040 060 080 1.0 0 3 10 15 20 2 30
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Ficure 4: Time dependence of the concentrations of the AMP
PR-E-GDP-P, and AMPPR-E-GDP intermediates during the first

FicurRe 5: Enzyme concentration dependence of the observed rate
constant for mant-GDP binding to the/&AMP-PR complex of ATP

turnover of ATP sulfurylase. The progress curves were calculated sulfurylase. A solution containing ATP sulfurylase at two times
from those for total and solution-phase product (see Data Analysis). the indicated concentration, AMP (1.0 mM),;RE00uM), MgCl,

The closed circles®) represent the AMAPR-E-GDP-P, complex;
the open circles®) represent the AMAPR-E-GDP intermediate.

fast compared t@,y-bond breaking that these steps of the
mechanism appear to be simultaneo®$).(Thus, the rate
constant for the bond cleavage stkg,can be estimated at
>6 times that for the isomerization (i.&,> 84 s). Setting

ks = 84 s, one can calculate thdts = 68 s*. The
equilibrium constant for thg,y-bond cleavage step predicted
by these constants is near unity: -@P-P)/[E-GTP] =
ks/ks = 1.2.

(2.1 mM), and Hepes (50 mM, pH 8.0/KOH) was mixed with an
equal volume of an identical solution that did not contain enzyme
but did contain mant-GDP (500 mM). The solutions were equili-
brated, and the experiment was performed at-25°C. The binding
reaction was monitored by following the change in fluorescence
of the nucleotide as it binds to the enzyme. The transients were fit
to a single exponential, and the resulting observed rate constants
were plotted versus enzyme concentration.

predicted by the best-fit constants are shown as solid lines
passing through the data (Figures3). The best-fit constants
obtained from the fit, along with their thermodynamic

The Gobal Fit.The total and free product progress curves constants, are complied in Table 1 and agree well with those

were simultaneously fit using the global fitting program
Gepasi (3.21)35—37). During the first fitting iterations, the

obtained from the analysis described above.
Completing the Kinetic Schem&he two rate constants

four rate constants governing GTP binding and isomerization, needed to complete the kinetic description of the GTPase

obtained from previous studies using mant-nucleoti®s (
were held fixed, and GDP and Release were modeled as

reaction are those for the addition of GDP to the AAR-
E complex and for the addition of; Bo the AMPPR-E:

irreversible steps because the system is under initial rateGDP complex. A good approximation of the constants for

turnover. To optimize fitting of the burst, the forward

the addition of GDP was obtained from classical stopped-

isomerization rate constant was subsequently allowed to vary,flow studies of the binding of mant-GDP to&AMP-PR-E.

resulting in an increase from 14%s(9) to 26 s*. Ordered

The mant-GDP binding reactions were monophasic (data not

and random product release models were tested. The orderedhown). Thekyys vs [E:AMP+PR-E] plot was linear (see
mechanism gave a significantly better fit; the random Figure 5), and the best fit of the data gave the following:
mechanism predicted rate constants for the alternative releasé,, = 2.1 x 108 M™t s7%, ko = 16 5%, andKy = 7.6 uM.

path (i.e., GDP release first) that were quite small compared The 3.3-fold difference in the release rate constants for GDP

to those for the preferred path (0.1 and 0:4fer GDP and
P, release, respectively) and had very high errors {300

and mant-GDP suggests similar differences could be associ-
ated with the on-rate constants.

400%). This finding underscores that the ordered mechanism The rate constant for the association piirh AMP-PR-

is a suitable model for the ATP sulfurylas&TPase reaction.

E-GDP can be calculated by setting the product of all of the

Previous experiments suggested that a reasonable lower limiforward rate constants, divided by that for the reverse rate

for the 3,y-bond-breaking rate constaris, was~6 times

that of the forward isomerization step; the ratio provided by

the fit is 6.2. Lowering this ratio deteriorates the quality of
the fit; howeverks can be raised indefinitely above this lower
limit without affecting the fit quality, as long as the

equilibrium constant for the bond-breaking step is held fixed

at 0.7. Thus, the fit provides a lower limit for the bond

constants, equal to the equilibrium constant for the overall
reaction (i.e., GTP hydrolysis) and solving for the single,
unknown constanko,e). The result of the calculation reveals
that the Pon-rate constant is extraordinarily slow, 0.0043
M~! s1, and that the release of B extremely favorable,

K¢ = 976 M andAG® = — 4.1 kcal/mol. The accuracy of
this on-rate constant no doubt suffers both from the propaga-

opening and closing rate constants. The progress curvedion of errors associated with the calculation and from the
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29x 105 M st 26 57! >160 s method, as described here, can be extended to other ATPase/
E + GTP & EGTP < EGTP & GTPas_e systems _and is generally applicak_)le to other systems
041 7105 o0 K —o7 for which appropriate coupled assays exist.
“ The EAMP-PR-catalyzed GTPase mechanism includes
4251 48l an isomerization that “toggles” the GTPase reaction, a bond-
. ) —> —> breaking step whose equilibrium constant is near unity, a
EGDPP, & EGDP + P, & E + GDP remarkably unfavorable; Binding reaction, and two partially
0.0043 M-! st 2.1x 106 M st

rate-limiting product release steps. Slow product release is
FIGURE 6: Mechanism of the BAMP-PR-catalyzed hydrolysis of ~ a characteristic of conformationally coupled systems that
GTP. The rate constants were determined in the current study excephydrolyze nucleotides and is often thought to be a critical
for the constants governing the association of enzyme with GTP il ; ; oo
and GDP, the reverse isomerization, and GTP release, which werec €19y I|n|§|ng S’Fep 10-14). legn this precedent, .'t IS
determined in previous work using mant-nucleotid®s The prime plagsmle, |f' not likely, that this will also be the case in the_
indicates isomerization. The rate constant governfiygbond native reaction catalyzed by ATP sulfurylase. This hypothesis
will be tested by determining whether events in the APS-

cleavage is a lower limit (see text).
) ) ) _ forming reaction are concomitant with the product release
assumption, in certain cases, that rate constants governingtens of the GTPase reaction.

the mant-nucleotide and native nucleotide behavior are equal.
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