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5'-Phosphosulfate Kinase Domains

Eric B. Lansdor¥, Andrew J. Fishe¥;® and Irwin H. Segel®

Department of Chemistry and Section of Molecular and Cellular Biologyyé&isity of California,
One Shields Aenue, Dais, California 95616

Receied January 23, 2004; Réesed Manuscript Receeéd February 12, 2004

ABSTRACT: Recombinant human’-phosphoadenosine-phosphosulfate (PAPS) synthetase, isoform 1
(brain), was purified to near-homogeneity from Bacherichia coliexpression system and kinetically
characterized. The native enzyme, a dimer with each 71 kDa subunit containing an adenosine triphosphate
(ATP) sulfurylase and an adenosirigghosphosulfate (APS) kinase domain, catalyzes the overall formation

of PAPS from ATP and inorganic sulfate. The protein is active as isolated, but activity is enhanced by
treatment with dithiothreitol. APS kinase activity displayed the characteristic substrate inhibition by APS
(K, of 47.9 uM at saturating MgATP). The maximum attainable activity of 0/r&ol min~! (mg of
protein) ! was observed at an APS concentration ([ARSDf 15 uM. The theoreticaKr, for APS (at
saturating MgATP) and th&, for MgATP (at [APS},) were 4.2uM and 0.14 mM, respectively. At

likely cellular levels of MgATP (2.5 mM) and sulfate (0.4 mM), the overall endogenous rate of PAPS
formation under optimum assay conditions was Q@%l min~! (mg of proteinj®. Upon addition of
purePenicillium chrysogenumPS kinase in excess, the overall rate increased to @dal min~! (mg

of protein) . The kinetic constants of the ATP sulfurylase domain were as followigx = 0.77 umol

min~! (mg of protein)?, Kmamgatr) = 0.15 MM, Kiagugatr) = 1 MM, Kmgsuifate) = 0.16 MM, Vinaxr =

18.7 umol min~* (mg of protein)?, Kmoaps) = 4.8 uM, Kigaprs) = 18 nM, andKmpepiy= 34.6uM. The

(a) imbalance between ATP sulfurylase and APS kinase activities, (b) accumulation of APS in solution
during the overall reaction, (c) rate acceleration provided by exogenous APS kinase, and (d) availablity
of both active sites to exogenous APS all argue against APS channeling. Molybdate, selenate, chromate
(“chromium V1"), arsenate, tungstate, chlorate, and perchlorate bind to the ATP sulfurylase domain, with
the first five serving as alternative substrates that promote the decomposition of ATP to AMP;and PP
Selenate, chromate, and arsenate produce transient APX intermediates that are sufficiently long-lived to
be captured and $hosphorylated by APS kinase. (The putative PAPX products decompose to adenosine
3',5-diphosphate and the original oxyanion.) Chlorate and perchlorate form dead#géBEP-oxyanion
complexes. Phenylalanine, reported to be an inhibitor of brain ATP sulfurylase, was without effect on
PAPS synthetase isoform 1.

ATP sulfurylase (ATP:sulfate adenylyltransferase, EC In many heterotrophic bacteria, yeasts, fungi, algae, and
2.7.7.4) and APSkinase (MgATP:adenylyl sulfate, EC higher plants, either PAPS or APS enters into a reductive
2.7.1.25) catalyze, in order, the two-step activation of assimilation pathways that leads to cysteine and ultimately,
inorganic sulfate to form first adenosiné [Ehosphosulfate  to all the reduced sulfur-containing biomolecules. PAPS also
(adenylyl sulfate, APS) and thert@hosphoadenosine 5-phos-  serves as the sulfuryl donor for the biosynthesis of sulfate
phosulfate (3phosphoadenylyl sulfate, PAPS): esters in all types of cellsl). For example, animal tissues

produce cerebroside sulfate (sulfolipid) in nervous tissue,

MgATP + SO,>” == MgPPR + APS (ATP sulfurylase)

. . 1 Abbreviations: APS, adenosiné-phosphosulfate (adenylyl sul-
MgATP + APS= MgADP + PAPS (APS kinase) fate); PAPS, 3phosphoadenosiné-phosphosulfate (adenylyl sulfate
3'-phosphate); AMP, ADP, and ATP, adenosine mono-, di-, and
triphosphate; AgA, diadenosine pentaphosphate; APX and PAPX,
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sulfated cell surface oligosaccharides, sterol and steroidsuspension was passed through a Microfluidizer (model
sulfates, and chondroitin sulfate. Sulfation is a common M-110Y) several times to break the cells. Insoluble cell
modification of many secreted signal biomolecules, e.g., debris was then removed by centrifugation. The resulting
neuropeptides, catecholamines, coagulation factors, andysate was passed through a-iitrilotriacetate (NTA) resin
heparan sulfates. The last bind to growth factors, receptors,(Qiagen) previously charged with nickel sulfate and washed
cell adhesion molecules, etc., to regulate cell proliferation with the above buffer until theA,sp was less than 0.05.
and differentiation Z, 3). Tyrosine sulfation is a posttrans-  Protein was then eluted with the above buffer containing 20
lational modification of many secreted proteins and has beenmM imidazole. The eluate was dialyzed against 50 mM
shown to play a critical role in the function of the human sodium/potassium phosphate, pH 8.0, containing 50 mM
immunodeficiency virus type 1 (HIV-1) coreceptat, ). NaCl and 1 mM EDTA. (This buffer was used for all
PAPS-dependent sulfation has long been recognized as amemaining purification steps.) The solution was then applied
important route for the detoxification of phenolic xenobiotics to a Matrix Green A (Amicon) column, previously found to
(e.g., acetaminophen) and endogenous bile acids (glycoli-be useful for purification of the rat liver enzym23). Protein
thocholate) §), and for the activation of some carcinogens was eluted with a 83 M NaCl gradient in the above
(7). phosphate buffer. The final step was anion exchange on
The two sulfate-activating enzymes are separate proteinsQ-Sepharose. Protein was eluted with 2006 M NaCl
in most bacteria, yeast, fungi, algae, and higher plants. Butgradient in the above phosphate buffer. The final preparation,
in animal tissues, the two activities are co-located on a singlejudged to be greater than 95% pure by sodium dodecyl
polypeptide chairra feature first proposed by Schwartz and Sulfate-polyacrylamide gel electrophoresis (SBBAGE),
co-workers 8) and later confirmed when the gene was Wwas dialyzed against and stored in 20 mM sodium/potassium
identified @, 10). Residues %ca. 231 comprise APS kinase ~phosphate, pH 8.0, containing 100 mM NaCl, 5% glycerol,
(11, 12); residues ca. 394624 correspond to the catalytic and 1 mM EDTA.
domain of ATP sulfurylasel3—16). The intervening region Chemicals and Coupling Enzym@d.P, NADH, NADP*,
(residues 232393) is analogous to the N-terminal domain PEP, and other assay components were purchased from
of monofunctional ATP sulfurylases. Three normal isoforms  Sigma as listed earlier2é). Coupling enzymes were also
of this “PAPS synthetase” protein have been described: obtained from Sigma, except for recombindtenicillium
PAPSSL1 is the major form in brain and skin. PAPSS2 chrysogenunAPS kinase, which was purified as described
predominates in liver and cartilage. A splice variant of earlier 5).
PAPSSZ. (called PAPSS.Zb) that contr?uns flvg extra amino Enzyme AssayATP sulfurylase activities were measured
acid rg&dqgs (GMALP) in the N-terminal region has also by continuous coupled spectrophotometric assas 27,
been identified. PAPS1 is targeted to the nucleus of mam- 5 A assays were conducted at 30 in Tris-HCI buffer,
malian cell_s ) PAPSS21s CWOSOI'C'.MUt‘?‘t'OnS INPAPSS2 118 0 n the forward (APS synthesis) direction, activity
are assqmated with severe connective tissue abn.ormalme as coupled to excess APS kinase, pyruvate kinase, and
as seen in human spor)dyloep|metaphyseal dysplE&iagd lactate dehydrogenase in the presence of excess inorganic
mouse brachyomorphisnig). pyrophosphatase and, in some assays, 5 mM DTT. This assay
Recent research has provided much information about thequantifies the rate of ADP formation. In some experiments
genetics, tissue expression, domain organization, and esaps kinase and/or Rse were omitted to duplicate the assay
sential residues of PAPS synthetase. But there are stillconditions used in other reports. The reaction was started
unanswered questions about the functional properties of thepy adding sulfate or the purified PAPSS1. Activity with
enzyme. In this report, we examine the kinetic characteristics mo|ybdate or another reactive divalent Oxyanion was mea-
of the individual sulfurylase and kinase activities of PAPSS1 syred by substituting the oxyanion for sulfate and, in some
and the assumption of APS channelirf 22). cases, myokinase (adenylate kinase) for APS kinase. The
myokinase-coupled assay quantifies the rate of AMP forma-
EXPERIMENTAL PROCEDURES tion. The reverse (ATP synthesis) reaction was assayed by
K coupling the formation of ATP to hexokinase and glucose-
Accession Number 043252) was cloned from human fetal 8-Phosphate dehydrogenase in the presence of 1 mM glucose,
brain cDNA (Invitrogen). PCR primers were as follows: up- 0-3 MM NADP', and 5 mM MgCj. When one substrate
stream, 5GTGCCTCATATGGAGATCCCCGGGAGCTTG-  Was varied, the .other was present at a saturating concentra-
3 downstream, 5GCTCGAGTGCGGCCGCAGCTTTCTC- tion. The reaction was started by adding APS and PP
CAAGGATTTG-3. Restriction sites designed fovde in ~ Simultaneously.

Cloning. Human PAPS synthetase isoform 1 (GenBan

the upstream primer and f¥otl in the downstream primer Kiq for APS binding to the ATP sulfurylase domain was
are underlined. After PCR the product was subcloned into determined by measuring the inhibition of the molybdolysis
pPET22b(+) vector (Novagen). reaction by APS. The reaction was started by adding MoO
Protein Expression and PurificationHuman PAPSS and APS simultangously (to minimize APS depletion by the
synthetase | was chemically transformed iftocoli strain APS kinase domain), and the rate was measured as soon as

BL21 (DE3) Gold (Stratagene) and overexpressed. Typically, the AAssobecame constant. (There is an initial activity burst
3-L cultures were grown to afego of 0.6 at 37°C. Cultures because commercial APS contains a small amount of AMP
were then cooled to 15C and induced with 0.5 mM IPTG ~ as & breakdown product.)

for 15-17 h. The cells were centrifuged and then resus- APS kinase activity was measured by continuously
pended in 50 mM sodium/potassium phosphate, pH 8.0, monitoring the rate of ADP formation (as described above)
containing 0.5 M NaCl and 10 mM imidazole free base. The in the presence of excess nuclease P1, 1 mM NaGlad
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50uM ApsA. Nuclease P1 maintains APS at a constant level to zero.) TherKiq was calculated from
throughout the assay by removing thepBospho group as

rapidly as it is added. Chlorate inhibits the ATP sulfurylase , [APS], 5

activity minimizing loss of APS by a reaction with contami-  "ia MoO 2~ MaATPIIMoO 2

nating PR in the ATP. AgA was included to inhibit 1+ [MgATP] | <1, Mg I all
myokinase that was present as a trace contaminant in the Kia Kib KiaKims 4
pyruvate kinase- lactate dehydrogenase mixture. For these 4)

assays, the enzyme was preincubated with 5 mM DTT for Thek,, of the ATP sulfurylase reaction was calculated from
15 min. (DTT could not be included in the assay mixture {he Haldane equation:

because it inactivates nuclease P1.) Enzyme concentrations

were usually between 5 and 3@/mL in kinetics studies. VimaxKicaps)Km(eri)
These levels yielded AAqso that was between 0.02 and 0.03 Kea=7y K K (5)
min~! as measured on a Perkin-Elmer Lambda model 11 or max,ri(MGATP) *m(sulfate)

a Gilford model 250 spectrophotometer. For simulation studies, the equilibrium concentration of APS
The presence of PAP in APS kinase-coupled assaywas first calculated from

mixtures with selenate, arsenate, or chromate as the inorganic
substrate was confirmed by the following procedure: At the _ 2—
end of the incubation period, ATP sulfurylase (along with [APSlkq \/KeJMgATP][SO“ ] ©)

the other enzymes) was removed by centrifugation through Then the APS kinase rate at [ARSWvas calculated from eq

a 30 I_(Da cutoff memb_rane filter (Millipore Ultrafree-MC). 1 and plotted against the original [MgATP]. The simulated
Myokinase, pyruvate kinase, and lactate dehydrogenase wers, ,,g [MgATP] plot was fitted to eq 2 and to the Hill equation:
then added back and th&As.o was measured after the

reaction was started by adding 10 units Qf nuclease .Pl. V. [MgATP]™
Data Analysesv vs [APS] data for APS kinase were fitted p= (7)
to the equation for substrate inhibitio28): K"+ [MgATP]
where ny is the Hill coefficient andK' is equivalent to
- Vinad APS] 1)  [MgATPog™.
[APSF All curve fits were performed with DeltaGraph Pro 4.05
Kmo T [APS] + Ko ¢ (Macintosh). Fits to primary velocity curves (e.g., Figures
Q

1, 2, and 4) generally had aR? value of >0.99. The

maximum error in kinetic constants obtained from replicate
whereVmay, Kma, andKq are apparent constants for APS at plots was usually less thaa15% of the mean.
the fixed [MgATP]. The last is the inhibition constant for  Thg Jevel of contaminating sulfate in a nonsulfate inorganic
APS binding to EMgADP to form a dead-end -BPS ligand that would be required to yield the observed APS
MgADP complex. kinase-coupled activity (assuming that all of the activity

Thev vs [MgATP] at [APS}: and all velocity curves for  resulted from the sulfate) was calculated from the relationship

ATP sulfurylase were fitted to the HertMichaelis—Menten presented in43)
equation: v

maxC,app=
— Vmax,am[s] (2) KmC,app

Km,app+ [S]

nl’VmaxB,app
< (®)

mB,app

whereVmaxc,appeNdKme appare the apparent kinetic constants
of the nonsulfate inorganic compound provided as the
substrate (compound Cimaxs,app@NdKme appare the apparent
kinetic constants for sulfate under the same assay conditions,

whereVmax appand Km app are the apparent constants for the
varied substrate at the fixed concentration of the cosubstrate

Vimax.app values were replotted against the cosubstrate €O is the ratio of molecular weights of the substrates (MW

centration to_obtain the limiting/max and theKm of the MWsg), and n is the fractional weight contamination of
cosubstrate. The data were also analyzed by double-reciprocaéom';;é)un d C by sulfate (e.g., B8O, present in the Na

plots and appropriate replot29). HPQ,)

Kiq for the inhibition of ATP sulfurylase by APS was '
calculated from [APS]s, the concentration of APS that RESULTS AND CONCLUSIONS
yielded 50% inhibition at known levels of MgATP and . . o
molybdate. The original plot of relative activity;/vo, VS Na?'”e Molecular WeightPurified PAPSS1 eIut_eq from
[APS] was fitted to a calibrated Toyopearl HW-55 column at a position very

close to that of alchohol dehydrogenase (ca. 150 kDa). The

theoretical subunit molecular mass (including #tus the

Y 7 — M[APS] (3) linker) is 72 kDa, so it appears that the native enzyme is a
Yo [APS] 5 + [APS] dimer, as reported earlier for the enzyme purified from rat
liver (23).
whereZ is the starting value ofi/vo andM is the maximum APS Kinase Actity. Figure 1 shows the velocity curves

degree of inhibition. (Both of these values should be 1.0 of the APS kinase activity of PAPSS1 at low and high salt
if the curve fits well and the inhibitor can drive the velocity and high salt plus DTT. The profiles are qualitatively similar
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FiGUrRe 1: Kinetics of the APS kinase activity of human PAPSS1. [MgATP] (mM)

Low-salt assays were conducted in the standard reaction mixtureg, e 2: Kinetics of the ATP sulfurylase activity of human

(50 mM Tris-HCI buffer plus other components listed under papss1. Each curve was fitted to eq 2 10 yiekRppandVima app
Materials and Methods). High-salt assays were conducted in the ot the fixed subsaturating cosubstrate concentration. DTT, when
same reaction mixture to which 100 mM NaCl was added. For the resent, was 5 mM in the assay mixture. (Ays [SO2 ] at 2.5

plus DTT assays, the stock enzyme solution was preincubated with Mg’ATP. Under optimum conditionsymaxapp = 0.76 zmol

5 mM DTT for 15 min prior to the assay. (A)vs [APS] at 5 mM min~1 (mg of proteiny® andK g app= 0.19 MM. (B)v vs [MgATP]
MgATP. The kinetic constants obtained by fitting the curve to €q 4t 9.4 mM SG2-. Under optimum condition&/maxaps= 0.55xmol

1 were as follows:Vmax theor= 0.19umol min~* (mg of proteiny?, min~1 (mg of protein) !andKma app= 0.40 mM. The limiting kinetic
Kmaps) = 4.2 uM, and Kig = 47.9 uM. (B) v vs [MgATP] at constants are listed in Table 1.

[APS]ot (15uM). The kinetic constants obtained by fitting the data

to eq 2, wher&V/may app= 0.12mol min~* (mg of proteiny* and

Kmaapp= 0.14 mM. inhibition, the maximal velocity attainabled) is 0.12umol
’ min~! (mg of protein)! at the [APS},; of 15uM. An earlier
to those of APS kinases from several other sour2gs30, study of the kinetics of purified human brain PAPSS

31) in that (a) APS displays substrate inhibition but (b) the conducted over a lower [APS] range did not detect substrate
v vs [MgATP] plot is hyperbolic. Also (c) high salt inhibition (32).

“activates” the enzyme. But compared to other APS kinases, ATP Sulfurylase Actity (APS Synthesis Direction].he

the v vs [APS] profile of PAPSSL1 is shifted to a higher ATP sulfurylase reaction catalyzed by PAPSS1 was assayed
substrate concentration and the activity of the enzyme (eitherin the presence of yeast faBe andP. chrysogenuniAPS

the theoreticak., Or thev at optimum [APS]) is quite a bit  kinase, both added in large excess. If APS dissociates from
lower. DTT activated PAPSS1 beyond that provided by the the sulfurylase active site before rebinding to the kinase site,
increased ionic strength. This was not unexpected consideringthe kinetic constants obtained from this rate data would
that human PAPSS1 contains 14 Cys residues, of which eightcorrespond to those of the ATP sulfurylase activity. If APS
are within the APS kinase domain. (Some disulfide linkages did not dissociate (but rather was channeled directly to the
may have formed accidentally during purification.) Under APS kinase domain), the added APS kinase would have no
optimum conditionsKmg (the Michaelis constant for APS)  effect on the assay, while the added;de might still be
andKg (the substrate inhibition constant) were 4K and beneficial by removing a potential product inhibitor. Figure
47.9 uM, respectively. The theoreticAfmax is about 0.19 2 shows initial velocity plots for a cosubstrate concentration
umol min~ (mg of protein) . But because of the substrate that was fixed at a likely in vivo level. These were 2.5 mM
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Table 1: Kinetic Constants of Human PAPSS 1

constant ATP sulfurylase APS kinase

Vrnax,f(sulfate) 0.77 unit/mg 0.19 unit/rdg
Vmax,f(molybdate) 31.5 units/mg

max,r 18.7 units/mg
KmaMgATP/sulfate) 0.15 mM 0.14 mM
KmaMgATP/molybdate) 0.1 mM
Kia(MgATP/sulfate) 1.1 mM
KiaMgaTP/molybdate) 1.0 mM
KmB(squate) 0.16 mM
KmB(monbdate) 1.3mM
Kib(sultate) 1.7 mM
Kib(molybdate) 14.3 mM
Kmoaps) 4.8uM 4.2uM
Kmp@pi) 34.6uM
Kigaps) 18 nM

eq 1.4 x 10_7
Kig,app(aps) 47.9uM
[Aps]optC 15/4M
Vopt 0.12 unit/mg

a All constants were determined in 0.05 M Tris-HCI buffer containing
100 mM NacCl at pH 8.0, 3CC. ATP sulfurylase assay mixtures
contained 5 mM DTT. The enzyme stock solution used for APS kinase
assays was pretreated with 5 mM DTT. Subscript A refers to MgATP
for both activities. Subscript B refers to sulfate or molybdate in the
reaction with ATP sulfurylase. Q refers to APS for both enzymes. P
refers to PPfor ATP sulfurylase. The ATP sulfurylase reaction is
believed to follow a random A/B, ordered P/Q kinetic mechanig@). (
Entries left blank were not applicable or not determinkgl.is the
limiting Michaelis constant at saturating cosubstrate (except for the
Kma of APS kinase, which was obtained at [ARs] Ki is the
dissociation constant of the indicated binarjigand complexKiq app

is the apparent APS substrate inhibition constant of APS kinase at 5

mM MgATP. The APS kinase reaction is believed to follow an ordered
sequence with MgATP adding before APS, PAPS leaving before
MgADP, and APS binding to #gADP to form a dead-end EBQ
complex @8). ® TheoreticalVmax from curve fits. This rate cannot be

obtained because of substrate inhibition of the APS kinase reaction by

APS.¢[APS],p is the APS concentration at the peak APS kinase

velocity. [APS}y = Q/KmQ'apgﬂQ‘app whereKmg,appandKigapp are the
apparent Michaelis and su

fixed [MgATP].

for MgATP (33—36) and 0.4 mM for sulfate37—39). High

salt increased both thé,. of the sulfurylase activity and
the Michaelis constant for sulfate, the latter to a value in the
region of the presumed intracellular level. DTT provided an
additional increase in activity. At 2.5 mM MgATP, the
Michaelis constant for sulfatéfg app Was 0.19 mM; at 0.4
mM sulfate, the Michaelis constant for MGATR{a app Was

0.4 mM. In separate experiments,vs [sulfate] andv vs
[MgATP] curves were obtained over a wide range of fixed
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Ficure 3: Spectrophotometric tracings of the overall PAPS
synthesis reaction. The reaction mixtures (each 1.0 mL total volume)
contained 2.5 mM MgATP, sulfate as indicated below, 100 mM
NaCl, ca. 0.3 mM NADH (varied slightly to yield different starting
absorbances), 7.5 mM KCI, 0.8 mM PEP, 5 mM excess Mg&l
mM DTT, 15 units of pyruvate kinase, 25 units of lactate
dehydrogenase, and 4§ of homogeneous PAPSS1 all in 50 mM
Tris-HCI, pH 8.0 at 30 C. PureP. chrysogenunAPS kinase (6

ug) or 5 units of yeast inorganic pyrophosphatase (whichever was

missing) was added at 5 or 5.5 min. Absorbance readings were
recorded every 0.1 min. (Curve 1) Initially missing APS kinase at
0.4 mM SQZ; (curve 2) initially missing APS kinase at 5 mM
SOZ7; (curve 3) initially missing PRse at 5 mM S¢¥—; (curve

strate inhibition constants for APS at the 4y “jnitially missing APS kinase at 100 mM S®: (curve 5)

complete assay mixture with APS kinase angaB® present from
zero time at 5 mM S¢¥—.

confirm that the endogenous APS kinase activity of PAPSS1
is not sufficient to keep pace with the sulfurylase activity
under the assay conditions. The transient decreageain
observed immediately after addition of the excess APS kinase
to the cuvette containing 100 mM sulfate (as shown in Figure
3, curve 4, before the rate becomes constant) corresponds
to an accumulated APS pool of about 8. This pool is
much larger than that accumulated during the first phase of

cosubstrate concentrations (data not shown). All plots werethe assay at lower sulfate concentrations, but it cannot be

hyperbolic within experimental error (i.e., the Hill coef-
ficients were 1.0+ 0.1). Table 1 summarizes the limiting
Michaelis constants of PAPSS1 under optimum conditions.
The above results show that, at in vivo levels of ATP and
sulfate, the maximal attainable APS kinase activity of the
E. coli-expressed PAPSS1 at pH 8.0, q0 (ca. 0.12«mol
min~t (mg of protein)* at [APS]y), is lower than that of
the colocated ATP sulfurylase activity [ca. 0. 4ol min!
(mg of protein)'] under the same conditions. This imbalance

attributed simply to a difference in substrate availability
because th&,, for sulfate is about 0.19 mM under assay
conditions. Rather, the increased APS accumulation almost
certainly results from the reduction in product inhibition
exerted by APS at the elevated sulfate concentration (see
below).
Product Inhibition by APSAPS was competitive with both

MgATP and molybdate (data not shown). This pattern is
consistent with the rapid equilibrium random binding of

can be observed directly in the spectrophotometer tracingssubstrates as reported for ATP sulfurylases from other
(Figure 3). The overall reaction proceeds in the absence ofsources 40, 23, 27, 41, 24). At 5 mM MgATP and 5 mM
added APS kinase, but the rate (a) slows continuously andmolybdate, APS inhibited the molybdolysis reaction with an

(b) is markedly increased upon addition of excd3ds
chrysogenunAPS kinase (curves 1, 2, and 4). The results

[Nosof 0.46u4M (data not shown). Because of the competi-
tive inhibition by the substrates, the limiting, is much
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Table 2: Effect of Coupling Enzymes on the Overall PAPS 18 [
Synthesis Rate

- Vary APS at
PAPS synthesis rate [PP] =500 uM

[mol min~* (mg of protein?)]

incubation mixture lowsalt highsalt highsatDTT i
complete 0.30 031 0.47 12
minus APS kinase 0.034 0.05 0.09
minus PRase 0.035 0.034 0.14
minus APS kinase and  0.01 0.01 0.07 8
minus PRase ' Vary PP, at W

[APS] = 200 uM

v (uymoles x min~! x mg protein‘1)
>

a2 The complete reaction mixture contained exdésshrysogenum
APS kinase, yeast R#3e, and the other coupling enzymes as described
under Materials and Methods. MgATP was present at 2.5 mM. High- 4
salt assay mixtures contained an additional 100 mM NaCl. DTT (when
present) was 5 mM. The PAPSS1 level was@®BmL in the complete
mixture and 45g/mL in the others. Reactions were started by adding ‘ ‘ . ‘
the sulfate to a final concentration of 0.4 mM. Rates were measured 0 20 40 60 80 100 120 140
over the next +3 min. [Substrate] (uM)

Ficure 4: Kinetics of the reverse (ATP synthesis) reaction. Each
lower and can be calculated from eq 4 to be 0.46/2518 substrate was varied at a saturating concentration of the cosubstrate.

nM. The extremely high affinity of APS for the enzyme  (Inset) Double-reciprocal plot of the primary data. The plots yielded
would further confound initial velocity measurements in the VREXI'E: ;8;7%2“8' rI\T)lm (mg of protein)?, Kmaps) = 4.8 uM,
absence of added APS kinase. On the other hand, PAPSZN meP) = 354
which is formed in the assay, was much less inhibitory to
the ATP sulfurylase activity; 7aM PAPS produced only
25% inhibition atKr, levels of MgATP and sulfate (data not
shown).

Product inhibition of ATP sulfurylase by APS is neces-
sarily studied in the presence of both substrates of the APS
kinase reaction. This raises the possibility that some of the
observed inhibition might result from a substrate-induced
conformational change at the APS kinase active site that is
transmitted to the sulfurylase domain. An interaction between
the APS kinase-like regulatory domain and the catalytic
domain of fungal ATP sulfurylase has been shown to
modulate activity in that enzyme even in the absence of the
allosteric effector 42).

Effect of Inorganic Pyrophosphatasén most earlier
studies of animal PAPSS, RBe was not included in the V,[A][Q] .
assay mixture. In fact, Lyle et al2Q) reported that PBse [Al[Q] 2 )

IQ

had a slightly negative effect on the overall PAPS synthesis K Kj,o + K a[Q] + K ,o[A] + [A][Q] + K.

the former is much more sensitive to inhibition by APS. Thus
there must be some steady-state level of APS that equalizes
the two activities. This level was estimated by setting the
velocity equations for the two activities equal to each other
(eq 9) at presumed cellular levels of substrates. The values
of the kinetic constants were taken from Table/1andV,

are the respectivimax s values of the ATP sulfurylase and
APS kinase activities. It was assumed tKatandKna are
identical for the APS kinase reactiodg):

Vi[A][B]

KiaKmB[Q] B

KiaKmB + KmA[B] + KmB[A] + [A][B] + K

iq

reaction. In our assays, RBe was essential, as shown in
Figure 3 (curve 3). In the absence ofi@d®, (but with excess
APS kinase present), the rate slowed noticeably over the firstAt 2.5 mM MgATP (A) and 0.4 mM sulfate (B), the
2 min, an indication that RPlike APS, is a strong inhibitor ~ calculation yields a steady-state APS (Q) concentration of
of ATP sulfurylase. Table 2 summarizes the effects of added 1.6 #M, which would lead to a velocity of about 0.@&nol
coupling enzymes on the overall reaction rate. The cumula- Min™ (mg of protein)*. This is in reasonable agreement
tive results show clearly that rates obtained in the absenceWith the observed “minus APS kinase” assay rate of ca. 0.09
of added APS kinase and faBe may not reflect the intrinsic ~ #mol min* (mg of protein)* (Table 2) when it is considered
activity of either domain of PAPSS1. The omission of-PP that the rate had not yet attained its final level. The calculated
ase may have been of little consequence when the source ofate is also similar to that reported for mouse PAPSS1 [0.04
the enzyme was an unfractionated cell extrd@-45) but ~ #mol min~* (mg of protein) ‘] by Singh and Schwartz1g).
may have influenced rates when a purified preparation was!n Vivo, the overall PAPS synthetase activity would be
used 22). It should be noted that the major source of PP modulated not only by product inhibition of ATP sulfurylase
might not be the small amount accumulated in short-term @nd substrate inhibition of APS kinase by APS but also by
assays but rather the ATP stock solution. Freshly preparedPAPS inhibition at both sites.
ATP solutions contain about 0.02 mol % RB6) and the Kinetics of the Reerse ATP Sulfurylase Reactionm,y/
level probably increases upon storage; &tamination is  for the energetically favorable reverse reaction (ATP syn-
not a trivial matter when it is considered that ATP is thesis direction) was 18.7 units/mg of protein (Figure 4).
generally used in PAPSS assays at millimolar levels while Thus the forward and rever§&g. values for PAPSS1 (0.77
theK; for PR is generally in the micromolar rangé7, 41). and 18.7) are similar to those reported for native ATP
Steady-State Rat@lthough the ATP sulfurylase activity — sulfurylase purified from rat liver (ca. 2 and 20) by Yu et
of PAPSS1 is higher than the colocated APS kinase activity, al. (23).
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Table 3: Reaction of PAPSS1 with Other Divalent Inorganic
Oxyanion$

Vmax,app
inorganic Kmaapp Kmgapp  [umol min~t
substrate (mMS (mMg (mg of proteim®)]  Vimax,ap¢Kms,app
MoQO4%~ 0.49 1.5 27.0 18
WO, 0.60 4.5 26.9 6
CrO42*
APSK-coupled 0.40 0.05 4.2 84
MK-coupled 0.06 0.12 7.0 58
SeQ?”
APSK-coupled 0.07 0.35 1.0 29
MK-coupled 0.16 0.52 0.93 1.8
HASO427
APSK-coupled 5.0 1.7 0.08 0.05
MK-coupled 1.8 18.5 1.7 0.09
HPO2~
neither 15 2.7 0.08 0.03

aRates with MoG?~, WO,2~, CrO2-, SeQ?, and HAsQ? were

Lansdon et al.

they promote the hydrolysis of MgATP to AMP and PP
Selenate, chromate, and arsenate produce a sulfurylase
product with a lifetime long enough to be captured ahd 3
phosphorylated by APS kinase. Among the divalent sub-
strates, chromate, a product of the electroplating, leather
tanning, and wood preservation industri&g)( is the most
effective, having the highe&max apdKms,appvValues—58 and

84, compared to 18 or less for the other divalent oxyanions.
The accumulation of PAP in the assay medium confirmed
that chromate, selenate, and (probably) arsenate forfaed 3
phosphonucleotide products, albeit unstable ones. For ex-
ample, after a 20 min incubation at 2.5 mM MgATP and
Km levels of oxyanion, 143(tM PAP was produced when
chromate was the inorganic substrate. Selenate and arsenate
produced 1M and 2uM PAP, respectively. It is generally
believed that the reduction products of chromdig, 64)

are major toxic agents. Perhaps the depletion of ATP and

measured under high-salt assay conditions. DTT (5 mM) was also the inhibition of PAPS formation by chromate may also

present except when C§® was the substrate. (In this case, the stock
enzyme was preincubated with 5 mM DTT before dilution into the
assay mixture). APS kinase-coupled reaction mixtures contained 5

contribute to its action. Arsenate is not very effective as a

o Substrate but might be highly toxic if the putative APAs or

1M ApsA to suppress the contaminating myokinase activity. Neither PAPAs are re_duced to arseni@ in vivo. PhOSph?-te is
APS kinase (which quantifies ADP formation) nor myokinase (which the least effective substrdteut might cause problems if used
quantifies AMP formation) was added when phosphate was the g5 g puffer at high concentratio@3).

substrate. (The jRlependent reaction would produce ADP directly.)

When MgATP was varied, the inorganic substrate was present at 5 Thios_u_lfate (SSQ_): an unreactive SU”QI_e ana_|09ue: was
mM, except for chromate, which (because of its color) was maintained competitive with sulfate and noncompetitive with MgATP

at 0.5 mM. When the inorganic substrate was varied, MgATP was (data not shown), a dead-end inhibition pattern seen for ATP

present at 2.5 MMWmaxappvalues were determined froovs [oxyanion]
curves.

Equilibrium Constant.The Keq of the APS synthesis

sulfurylases from several sourcef0( 23, 27, 41, 24) and
one that is consistent with the random binding of MgATP
and sulfate.

reaction is related to the kinetic constants by the Haldane ~Chlorate (used as a bleaching agent in the textile and paper

equation:

_ Vmax,IKqumP

= 10
ed Vmax,rKiaKmB ( )

The calculated value is about 261077, in good agreement

industries) and perchlorate (used as a solid oxidant in ex-
plosives and missile propulsion systems) are the most potent
monovalent oxyanion inhibitors of PAPSS1. At 2.5 mM
MgATP and 0.4 mM sulfate, the g} values were 0.11 mM
and 0.53 mM for chlorate and perchlorate, respectively.
Micromolar levels of perchlorate inhibit iodine uptake by

with the value calculated for the enzyme from other sources thyroid gland, and that is almost certainly its major mode

(23, 27, 41, 50, 24).

Molybdolysis Actiity. Molybdate has proven to be a useful

alternative inorganic substrate for ATP sulfurylasgh.(The

of toxicity (56—58). But an additional long-term effect
on ATP sulfurylase cannot be discounted. As observed for
ATP sulfurylases from a variety of other sourcds,(23,

advantage of molybdate over sulfate is that the APMo com- 27, 41, 24), chlorate was competitive with sulfate and
plex either never forms or decomposes almost instantly, re- uncompetitivé with MgATP (data not shown). The limiting

generating MoG¥~ along with coproducts RRnd AMP. This

inhibition constant (determined from slope and intercept

changes a reaction with a normally very small equilibrium replots of the primary double-reciprocal plo®9(24) and
constant into an irreversible reaction and one that is not the knownKi/[A] and [B]/Kmg values) was 14M. This

significantly inhibited by the accumulated {Pecause there

constant represents the chlorate dissociation constant from

is no significant level of APMo in the steady state to which the ternary EMgATP-CIOs~ complex. Planar monovalent
MgPR could bind). The constants for the molybdolysis reac- 0xyanions (which also include fluorosulfonate and nitrate)
tion catalyzed by human PAPSS1 are included in Table 1. probably bind to same three residues of the sulfate subsite
Like other ATP sulfurylases that have been tested (including that hold three of the outer oxygens of sulfat)(

that from rat liver), thé/max with molybdate as the inorganic
substrate is much greater than that with sulfate. But unlike
other ATP sulfurylases, the:H004?~ dissociation constant

(Kip) and the Michaelis constant for molybdakg,§) are both

about an order of magnitude larger than those for sulfat
Action of Other Oxyanions$Several major environmental

2 A sulfate contamination level of 0.7% (w/w) in the; PO, and
NaHPO, used could account for the apparent activity with phosphate
as the substrate, although the manufacturer states that these products

e. contain a maximum of 0.0630.005% sulfate.

3 Uncompetitive inhibition against substrate A by an inhibitor
competitive with substrate B is generally considered to indicate a

pollutants, including arsenate, selenate, chromate (“chromiumcompulsory ordered sequence (A binds before B). But this diagnosis
VI"), tungstate, chlorate, and perchlorate, interact with ATP is valid only if the inhibitor and the competitive substrate have about

sulfurylase. The first four, which are divalent oxyanions,
serve as alternative substrates that can be coupled t

myokinase (Table 3), indicating that, like molybdaté,(26),

the same relative selectivities for the free E and EA species. In this
respect, thiosulfate is a good mimic of sulfate. But monovalent

Gbxyanions (at the concentrations used in our inhibition experiments)

seem to bind almost exclusively to the binaryMgATP complex.
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Effect of PhenylalaninedHommes and co-worker&9— A
61) suggested that inhibition of PAPS synthesis in brain by 60 =
phenylalanine results in a deficiency of acidic sulfatides, (80,71 =4mM
rendering myelin basic.protein vulnerab!e to pro;eolytic 50 [ fitto Michaelis-Menten
degradation, and that this may be a possible contributor to equation

developmental problems in individuals afflicted with phe-
nylketonuria. However, &, levels of substrates, the ATP
sulfurylase activity of PAPSS1 (assayed in the absence or
in the presence of added APS kinase) was unaffected by
phenylalanine at concentrations up to 2 mM.

fit to Hill equation
30

DISCUSSION 20

v (pmoles x min"! x pg protein”’)

Isoform 1 of human bifunctional PAPS synthetase (the
predominant form in brain) was expressedHn coli and
purified to near-homogeneity, and the component reactions
were kinetically characterized. The enzyme was modestly 0
activated by DTT. But upon consideration of the known
structures of APS kinases and ATP sulfurylases from other
organisms, PAPSS1 is not likely to require an essential Cys B

residue for substrate binding or catalysis. DTT probably acted = 010

by reducing disulfide linkages that formed accidentally §

during purification and storage. The fact that DTT did not 2 008

inactivate the enzyme suggests that there are no essential g

disulfide linkages. e 0.06
Earlier laboratory studies on PAPSS acting in the physi- € T

ological direction were based on the overall rate of PAPS x

formation at known levels of MgATP and S0 (62—65, < o004

22, 45). That assay would yield kinetics amenable to analysis 5

by conventional means only if at least one of the following - ‘02

conditions is met: (a) the APS kinase activity is in great = i

excess over the ATP sulfurylase activity, so that the latter is

completely rate-limiting, or (b) APS produced by the ATP '6 _‘4 '2 5 ‘2 "t é é 1‘0

sulfurylase domain is transferred directly to the APS kinase .

site without being released into solution (i.e., APS is perfectly 1/ [MgATP] (mM)

channeled). If condition a holds, the requirements for a valid FIGURE 5: Simulated velocity curve for the synthesis of PAPS by

coupled assay would be met and the kinetic Constantshuman PAPSS1 with the assumption of rapid equilibration of the
. ATP sulfurylase step. Rates were calculated from eq 1 and the

obtained would correspond to those of the ATP sulfurylase \netic constants of the APS kinase domain (Table 1) along with

domain acting in the APS synthesis direction. However, we the equilibrium level of APS that would be present at 4 mM sulfate

have shown that the overall PAPS synthesis reaction rate isand the indicated [ATP] as given by eqgigqof the ATP sulfurylase

greatly accelerated by the addition of exogenous APS kinase [éaction was taken as 16 1077. (A) v vs [MgATP]. The line

T . S was fitted to the MichaelisMenten equation (eq 2; broken line)
indicating that the endogenous APS kinase activity is not and the Hill equation (eq 6; solid line). (B) Corresponding double-

sufficient to keep pace with the sulfurylase activity. Because reciprocal plot of the data shown in panel A. The straight line was
of this activity imbalance, PAPS synthesis rates assayed infitted visually.
the absence of added APS kinase will not depend in amm sulfate. The plot has the same shape as that for negative
systematic and predictable way on the known concentrationscooperativity i = 0.5) or for multiple enzymes catalyzing
of added MgATP and sulfate but rather on an unknown and the same reaction but has nothing to do with either
ever-changing concentration of the accumulating (and inhibi- phenomenon. The Hill coefficient of 0.5 is just a consequence
tory) APS intermediate. of the square root relationship between the plotted variable,
There is a limiting case where the observed overall reaction [MgATP], and the [APS], upon which the observed velocity
rate would have a fixed relationship to the concentrations depends. The data fit the Michaelilenten equation rather
of added MgATP and sulfate without APS kinase being in poorly, but with normal experimental error, the fit may
great excess over ATP sulfurylase. That is, if the ATP appear acceptable. Over a narrow range of substrate con-
sulfurylase reaction attained chemical equilibrium very centration, the double-reciprocal plot (Figure 5B) may appear
rapidly and equilibrium was maintained throughout the assay to be linear and a curve fit would return reasonable kinetic
period. In this case, the concentration of accumulated APS constants Ymax = 0.03umol min~t (mg of protein)?!; Kma
would be “buffered” at a level related to th&, of the ATP = 0.2 mM]. But these “constants” are not meaningfully
sulfurylase reaction. Rapid equilibration is a possibility for related to the true kinetic constants of the ATP sulfurylase
human PAPSS1, when it is considered that lfg of the or APS kinase domains except by coincidence. For a true
ATP sulfurylase reactions is very small (16107 under sulfurylase equilibrium to be established, & would have
standard assay conditions). Figure 5A (solid line) shows theto be absent. If a trace level of RBe was present, the
theoreticalv vs [MgATP] plot that would be obtained at 4 velocity curve would probably be intermediate between that
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shown in Figure 5A 1ty = 0.5) and a true hyperbola{ =
1.0) and theVyax would be a little higher.

If condition b holds-and APS channeling by PAPSS has
been reported2Q, 22)—the overall activity might follow a
recognized terreactant mechanism, e.g., a sequence where -
MgATP and sulfate add to the enzyme; catalysis occurs and
MgPR is released; APS moves to the kinase site where
another molecule of MgATP adds and reacts; and finally,
MgADP and PAPS are released. But APS channeling is, at
best, imperfect. After all, exogenous APS can be bound by
the ATP sulfurylase domain of PAPSS and converted to
MgATP and sulfate in the reverse reaction. Exogenous APS
can also bind to the APS kinase site. If APS can find its
way from solution to the active sites, then it can also
dissociate from those sites. The rate stimulation by added
APS kinase (even at low substrate levels) confirms that
efficient channeling does not occur. And the spectropho-
tometer tracings shown in Figure 3 confirm that APS
dissociates from the enzyme and accumulates in solution. A
report that unlabeled APS had no effect on the raté®®f
incorporated into PAPS from subsaturatfgQ,2~ was taken
as evidence for channeling?). But adding unlabeled APS
to an assay mixture in which labeled PAPS is being produced
from 35S0O,2~ would not yield a significant decrease in the
rate of label conversion unless the resulting level of the free
APS intermediate was well above i, for APS kinase.
[The specific radioactivity of the intermediate would decrease
upon addition of unlabeled APS, but the absolute rate might ;5
increase in a near-compensatory manner. A better approach
would be to isolate and compare the specific radioactivity,
i.e., counts per minute (cpm) per micromole, of the PAPS
with that of the originaP*S0Os2.]

The E. coli-expressed, dimeric and His-tagged PAPSS1
described in this present report yielded normal (hyperbolic) 1
initial velocity kinetics for MgATP and sulfate in the
presence of excess exogenous APS kinase ams®Pn
contrast, PAPSS1 expressed in COS-1 cells and assayed in18-
the absence of added APS kinase has been reported to exhibit
biphasic v vs [SQ?7] kinetics (as in Figure 5B) and
sigmoidalv vs [MgATP] kinetics, the latter with any value
of 5.5 @5). It remains to be determined whether these
differences are a result of an actual difference between the
enzyme expressed in different systems (e.g., perhaps there
is a posttranslational enzyme modification in the mammalian
cell system, or maybe the presence of the His tag inghe
coli expression system changed the kinetics) or whether the
nature of the assays employed are responsible.
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