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Abstract: Despite their broad application in the phosphoryl-transfer field, thio-nucleotides have not been
available for the study of sulfate activation and transfer. There are two known forms of activated sulfate in the
cell, APS (adenosin€ fphosphosulfate) and PAPS{{3hosphoadenosiné-phosphosulfate). PAPS is the only
known sulfuryl group donor in metabolism, and sulfuryl transfer is used widely to regulate metabolism. This
study presents the first synthesis of a thio-nucleotide analogue of activated sulfat&s KBg)- and (Rp)-
adenosine '50-(1-thiophosphosulfate)). Two syntheses are described, one of which is a novel “one-pot” method
that is general for the site-specific delivery of the sulfuryl group. Both epimers of 8R&re purified and

their stereochemical configurations were assigned. These compounds were used to address several stereo-
mechanistic issues in the APS-synthesis reaction catalyzed by yeast ATP sulfurylase (ATP:sulfate adenylyl-
transferase, EC 2.7.7.4). The reaction is shown to proceed with inversion of configuratiomgittbephorus

(Pw). The enzyme exhibits high selectivity for the jRepimer of APSS when M@" is the activating cation.

The “hard” vs “soft” cation dependence of the enzyme’s activity indicates that its selectivity is due to cation
coordination at R. The absence of selectivity in the substrate binding reactions indicates that coordination at
P, occurs after formation of the:BPSPR-M2" complex.

Since their introduction in 1975thio-nucleotides have proven  kcal/mol) potentiates the sulfuryl group for participation in its
extremely useful in the examination of enzymatic and nonen- subsequent metabolic chemistries, reduction and transfer.
zymatic phosphoryl transfer mechanisms. They have been usedSulfuryl-transfer, much like phosphoryl-transfer, regulates the
to investigate fundamental issues such as determining the degreactivities of a large, diverse group of metabolites including
of transition-state bond formatidnaltering rate-determining  steroids, peptide hormones, neuropeptides, and selé&étins.

chemical step3,identifying and characterizing enzyme inter- e herein report the first synthesis of the thio-nucleotide
mediated,determining the stereochemical configuration of metal analogues of APSq-thio-APS (adenosine'#-[1-thiophos-
ion—nucleotide complexes at enzyme-active sttesid deter-  phosulfate] (APSS)). Two synthetic routes to ARS synthesis

mining the stereochemistry and stereospecificity of enzyme- are presented. One of these is a facile “one-pot” synthesis that
catalyzed reactiorfsThese versatile analogues have not yet been can be accomplished exclusively with commercially available
used to explore the enzymatic mechanism of sulfate activation. reagents. This strategy affords a simple, general method for the
In the cell, activated sulfate (adenosinephosphosulfate, or  sjte-specific delivery of the sulfuryl group. The Rp and Sp
APS) is synthesized by the catalytic action of the enzyme ATP epimers of APSS were purified, their configurations were
sulfurylase (ATP:sulfate adenylyltransferase, EC 2.7.7.4), which assigned, and they were used to investigate stereomechanistic

Eransfers th)e adenylyl moiety of ATR-AMP) from PR to SG issues in the ATP sulfurylase catalyzed synthesis of APS.
reaction 1).

Experimental Section
ATP ™+ SO =+ PP" + APS" )
Materials. Hexokinase, glucose-6-phosphate dehydrogenase, and
snake venom phosphodiestera€zotalus durissuswere purchased

The extremely high Gibbs potential of the phosphesalfuric from Boehringer Mannheim. ATP sulfurylase, adenosine, glucose, Na

acid anhydride bond of activated sulfat&Gy oy = —19 PR, NADP*, MgCl,, Tris, and Hepes were purchased from Sigma. APS
* Corresponding author. Phone: (718) 430-2857. Fax: (718) 430-8565, Was Synthesized as described previodSiy2,0s, PSCH, triethyl

E-mail: leyh@aecom.yu.edu. phosphate, tri-octylammine, and pyridin&-sulfonic acid were
(1) Eckstein, F. AngewChem., Int. Ed. Engl1975 14, 160-166. purchased from Aldrich. All other reagents were of the highest
(2) Hollfelder, F.; Herschlag, DBiochemistryl995 34, 12255-64. commercially available grades.

(3) Richard, J. P.; Prasher, D. C.; Ives, D. H.; Frey, PJABiol. Chem.

1979 254 4339, Preparation of Synthesis ReagentsPSC} (thiophosphoryl tri-

(4) Yang, S.-L.: Frey, P. ABiochemistryl979 18, 2980. choride) was distilled prior to use. Triethyl phosphate was distilled in
(5) (@) Cohn, MANNnu. Re. Biophys. Bioenerdl982 11, 23. (b) Cleland,

W. W.; Mildvan, A. S. InAdvances in Inorganic Biochemistrickhorn, (7) Demeio, R. M. InMetabolic PathwaysGreenberg, D. M., Ed;

G. L., Marzilli, L. G., Eds.; Elsevier: Amsterdam, 1979; Vol. 1. Academic Press: New York, 1975; Vol. VII.

(6) () Eckstein, F.; Romaniuk, P. J.; Connolly, B. A. Methods in (8) Leyh, T. S.CRC Crit. Re.. Biochem 1993 28, 515-542.
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Scheme 1.The Synthesis of ARSS
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Conditions: (i) PSCl;, POEt;; (ii) Tetra(tri-n-butylammonium) sulfate, POEt;;

(1ii) TEA; (iv) H,0; i-iv, 45% overall yield.
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Conditions: (i) pyridine-N-sulphonic acid, NaHCOs5, 55% yield.

vacuo over calcium hydride and the compound was stored in a sealedand 47.21 ppm*C NMR demonstrated that the thio-phosphosulfate

flask ove 4 A molecular sieves in the dark. Tmroctylamine was
distilled in vacuo and stored in a sealed container o€k PTri-n-
butylamine was stirred with calcium hydride overnight, distilled under
reduced pressure, and stored underh5 °C.

Di(tri- n-butylammonium) Sulfate. N&,SO, (0.1 M, 20 mL) was
loaded onto a 5< 5 cm Dowex-50W column in the pyridinium form.
(Py)RSO, was eluted from the column with water. Column fractions
containing (Py)SOs were pooled, and 2.1 equiv of freshly distilled

tri-n-butylamine were added to the solution. The mixture was evaporated

to dryness by rotary evaporation in vacuo. Dirbutylammonium)-
sulfate formed a film on the wall of the evaporation flask. The
compound was stored in a desiccator ovgDfor 48 h at 25°C prior
to use.

Synthesis of APSS (Scheme 1)A racemic mixture of APSS was

synthesized using a derivative of the procedure used for the synthesi

of other thio-nucleotides (Scheme 1, Approach'Ajdenosine (1.3
mmol), dried over BOs at 110°C in vacuo for 24 h, was added to a

stirred solution of 5.0 mL of anhydrous triethyl phosphate under argon,
at 150°C for 5 min. The adenosine dissolved, but did not decompose,

during this interval. The reaction was cooled té@and 1.1 equiv of
anhydrous trin-octylammine and 1.0 equiv of PSQlere then added.
The reaction was allowed to proceed under argon &€ @or 1 h, at

which point>95% of the adenosine was converted to AMPS (adenosine

5'-O-[1-thiophosphate]). One equivalent of tetra(ibutylammonium)

moiety was attached at thé-position of the ribose ring. Electrosprary
mass spectrometry of the racemic ABjave the expected/z 442.0.

Aqueous Synthesis (Scheme 1, Approach BWhile the above
synthesis provides ARS in good yield, it is somewhat time consuming
and is readily accessible to only laboratories familiar with anhydrous
organic phase synthesis. What follows is a simple, aqueous phase
synthesis of APSS that can be carried out using commercially available
reagents (Scheme 1, Approach B). The reaction between phosphates
and anhydrides of carboxylic acids in aqueous pyridine has been used
by Avison in the preparation of the corresponding mixed anhydfitles.
Baddiley, Buchanan, and Letters later reacted pyrididesulfonic acid
with AMP to produce adenosine’-phosphosulfate (APSY. We
envisioned that this approach might extend to the synthesis of&PS

sThis idea was tested by reacting pyridiNesulfonic acid® (0.25 mmol)

with AMP,S (0.05 mmol) in 0.50 mL of 0.80 M NaHCuffer at 40

°C. The solution was mixed intermittently by vortexing for 15 min.
The reaction mixture was then placed in an ice/water bath, diluted with
2.0 mL of KO, and adjusted to pH 5.5 with formic acid (2.0 M). The
product of the reaction, obtained in 55% yield, was purified as described
above, and was shown B¥P NMR, mass spectroscopy, angs&PLC

to be identical to the ARS described above.

Intial-Rate Assay. Intial-rate studies were performed using the well-
known hexokinase/glucose-6-phosphate dehydrogenase assay for ATP

sulfate in 12.5 mL of anhydrous triethyl phosphate was added dropwise productioni4 This continuous assay links ATP synthesis to the reduction

to the stirred solution, at 28C, over a 30 min interval and the reaction

of NADP*, which is monitored spectrophotometrically at @9 (Sp)-

was allowed to proceed for an additional 4 h. Anhydrous triethylamine  ATP,S, the exclusive product of the ATP sulfurylase reaction when
(30 equiv) was added to the solution to precipitate the compounds g2+ js the activating cation, is a good substrate for hexokindgg.

containing phosphates, and the resulting white precipitate was filtered. ang,, for (Sp)-ATR.S are 0.20- and 2.7-fold, respectively, those for
The precipitate was dissolved in 15 mL of water and the solution was ATp with Mg?* activation'® The kinetic constants associated with (Sp)-

stirred fa 1 h at 25°C. The crude product was then loaded onto a
DEAE Sephadex A-25 column (8 15 cm) and eluted with a linear
gradient of triethylammonium bicarbonate buffer (0-051 M, pH 7.4);
APS,S eluted at 0.60 M. This procedure resulted in a 45% yield of an
essentially pure racemic mixture of AES The3P-NMR spectrum

of the mixture showed only two peaks with chemical shifts of 47.31

(11) (a) Sheu, K. F. R.; Frey, . J. Biol. Chem1977, 252, 445-448.
(b) Frey, P. A.Adv. Enzymol. Rel. Areas Mol. Biol989 62, 119-201.
(c) Jaffe, E. K.; Cohn, MBiochemistryl978 17, 652-657. (d) Sheu, K.
F. R.; Richard, J. P.; Frey, P. BRiochemistryl979 18, 5548-5556. (e)
Connolly, B. A.; Romaniuk, P. J.; Eckstein, F. Biochemistry1982 21,
1983-1989.

ATP,S were used in selecting the assay conditions. The buffer used in
the intial-rate experiments was Hepes/K50 mM, pH 8.0). The
experiments were performed at 2%) °C. ATP sulfurylase and the
coupling enzymes were extensively dialyzed vs Hepeqs0 mM,

pH 8.0); the specific activity of each enzyme was determined in this
buffer. The rates were measured within the first 8% of reaction. The

(12) Avison, A. W. D.J. Chem. Sod955 732.

(13) Baumgarten, PBer. 1926 59, 1166.

(14) Dixon, M.; Webb, E. C. IrEnzymesAcademic Press: New York,
1979; pp 17-19.

(15) Jaffe, E. K.; Cohn, MBiochemistryl978 17, 652—657.
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activities of the primary and coupling enzymes were chosen to allow
the reactions to achieve steady state within 20 s.
Mg?*- and Mn?*-Activated Vmax. The conditions were as follows:
APS (90 uM, 160Kn);*” PR (1.0 mM, 14X.);Y” M?™ (1.1. mM);
NADP* (0.20 mM); glucose (10 mM); KCI (10 mM); hexokinase (2.3
umol/min/mL); glucose-6-phosphate dehydrogenase (@r861/min/ C.
mL); ATP sulfurylase (0.029mol/min/mL); Hepes/K (50 mM, pH
8.0); andT = 25(£2) °C.
PP, Concentration Dependence of (Sp)-APsS Inhibition. The
conditions were as follows: APS (250M, 160Kr); (Sp)-APSS (150
uM); PR (0.5 mM, 7Ky,; 1.0 mM, 14Xy, or, 1.5 mM, 21&,); M?*
([PR] + 0.8 mM); NADP* (0.20 mM); glucose (10 mM); KCI (10 L
mM); hexokinase (2.3mol/min/mL); glucose-6-phosphate dehydro-
genase (0.8xmol/min/mL); ATP sulfurylase (0.08Zmol/min/mL);
Hepes/K (50 mM, pH 8.0); andl = 25(2) °C. B.
Vmax for (Rp)-APS,S. The conditions were as follows: (Rp)-ARS
(60uM, 107Km); PR (1.0 mM, 14X,); Mg?t (1.1 mM); NADP' (0.20
mM); glucose (10 mM); KCI (10 mM); hexokinase (2:@nol/min/
mL); glucose-6-phosphate dehydrogenase (@.@®l/min/mL); ATP
sulfurylase (0.02&:mol/min/mL). An identical experiment was run with
APS. The velocities for both APS and (Sp)-ABSwere 1.1umol/
min.
Km for (Rp)-APSS. The Ky, for (Rp)-APS,S was determined in a
competitive rate experiment in which both (Rp)-ABSand APS were A
added at identical and saturating concentrations. Product formation was
followed by HPLC using a Vydac semipreparativgs &PLC column
with an isocratic mobile phase (4% acetonitrile, 50 mM triethylam-
monium acetate, pH 6.5, at 4.0 mL/min). Singga.x is the same for
both compounds (se¥maxfor (Rp)-APS.S), the relative rates of product
synthesis are a direct measure of their relaliyg Given thatKmps)

(Rp)-ATPaS
(Sp)-ATPaS

(Rp)-APSaS L
(SpAPSaS {

= 560 nM}" and the relative rates, one can calculéf@sp) apsas) A L) N
competitive rate approach was taken, rather than a traditional double- N sl
reciprocal initial-rate study, because the affinity of (Rp)-ABSs so I [ 1 1
high, K, = 560 nM (see below), that the quantities of product formed 140 70 0
at (Rp)-APSS concentrations comparableKg, (the range used in the Retention Time (minutes)

traditional study) are too small for accurate quantitation by either the Figure 1. The stereochemistry of the yeast ATP sulfurylase reaction.
continuous assay, described above, or HPLC. The conditions of the APS,S was enzymatically converted to AJ® in a reaction that
experiment were as follows: (Sp)-AES (1.5 mM); APS (1.5 mM); contained APSS (~0.5 mM in each epimer), RE2.0 mM), Mg(OAc)
PR (1.0 mM); M@" (4.0 mM); and ATP sulfurylase (0.028mol/min/ (3.0 mM), ATP sulfurylase (0.20 units/mL), and Tris/Cl (50 mM, pH
mL). The reactions were stopped after 6% of the nucleotide was 8.0). Panels A and B presentd HPLC profiles of the reaction at 0
converted to product. Baseline separation of the (Rp)-/STénhd ATP and 10 min, respectively. Panel C presents the profile of a control
were achieved using a semipreparatiie €@lumn. The products were  sample containing both epimers of AJ® (~0.5 mM in each). The
quantitated by integration. The velocities of the two reactions were enzyme is stereoselective for the (Rp)-ABSwhich it converts into
virtually indistinguishable; hencdmsp)y-apsus) = Km(aps) = 560 nM. the (Sp) epimer of ATES. The reaction was run at 26 and separation

Fitting the Inhibition Data. Inhibition by (Sp)-APSS involves of the epimers was achieved using a Vydac semipreparatiy/eRLC
binary and ternary inhibitor complexes (see Results). The literature column with an isocratic mobile phase (4% acetonitrile, 50 mM
indicates that the catalytic mechanism is equilibrium ordered, with APS triethylammonium acetate, pH 6.5, at 4.0 mL/min).
binding first!” Assuming the equilibrium condition holds, the algebraic
model that describes the initial-rate dependence on substrate and,sed in the model were taken from previous literatdifEhe data were
inhibitor concentration is easily derived, and is given by eq 2. fit using the Sigma Plot program, which uses the Marqualrét/enberg

fitting algorithm.
Uv = (1+ Kg/[B])/ ko + (KeafAD) ~{ (KaKg/[B) +
N(KAKg/KA'[B] + KuKe/KA' K} (2) Results and Discussion

A, B, and | represent APS, MgPRind (Sp)-APSS, respectivelyka Assigning the Ste_reochemical Configuratio_n of the Epimer_s_
andK,' are the dissociation constants for the binding of APS and (Sp)- Of_ AF_)S“S' Exhaustive _StUd'eS have es_tabhshed the er_npmcal
APS,S to E, respectivelyKs and Kg' are the dissociation constants ~ Cfiterion that the Sp thio-nucleotide epimer elutes earlier than
for the binding of MgPPto the EAPS and E(Sp)-APSS complexes,  its Rp counterpart from a&HPLC column when an appropri-

respectively. At an infinite concentration of [B] (i.e, MgPPeq 2 ate mobile phase is used (Figure 1, Panetj° The epimers
reduces to eq 3, which was the equation that was used to fit the dataof APS,S are well separated using a semipreparatiga/@dac
shown in Figure 5 for the unknowia'Ksg'. column (4.0% CHCN in 50 mM triethyl ammoniun acetate,

pH 6.5) (Figure 1, Panel A). Using this criterion, the ABS
v =1 K+ (keafAD) "{(KAKg/[B] + [ KAKg/KA'Kg'} (3) epimers that elute at 7.5 and 11 min can tentatively be assigned
the Sp and Rp configurations, respectively (Figure 1, Panel A).
The simplification of eq 2 is justified by the fact that the [Psed An alternative assignment criterion is provided by the charac-
in the study, 1.0 mM, is 107 times it&n,, and the inhibition is
independent of the [RPabove 0.50 mM (see Results). The constants ~ (18) Janos, L.; Eckstein, B. Org. Chem1989 54, 631-635.
(19) Richard, J. P.; Frey, P. A. Am Chem. Sod 982 100, 3476
(16) McClure, W. R.Biochemistryl969 8, 2782-2786. (20) (a) Burgers, P. M. J.; Eckstein, Proc. Natl. Acad. Sci. U.S.A.

(17) Foster, B. A.; Thomas, S. M.; Mahr, J. A., Renosto, F.; Patel, H. 1978 75, 4798-4800. (b) Bryant, F. R.; Benkovic, Biochemistryl979
C.; Segel, I. HJ. Biol. Chem.1994 269 19777 19786. 18, 2825-2827.
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Figure 2. 3P NMR confirmation of the HPLC-based assignment of
(Rp)- and (Sp)-APSS. The Sp epimers ofi-thio-nucleotides elute
earlier on reverse phase HPLC, and th&® NMR resonances are
shifted~0.1 ppm downfield from their Rp counterparts. Panets@®\
present théP NMR spectra of the racemic mixture of AES(Panel
A), the same racemic mixture to which (Sp)-ASS(assigned based
on HPLC) has been added (Panel B), and (Sp)+/&8&one (Panel
C). The HPLC and’P NMR assignments are in agreement. PHe
NMR spectra were obtained using a 121.4 MHz Bruker DRX 300
spectrometer. The samples wéirebroad-band decoupled and the data
were acquired at 25C. The chemical shifts in ppm are referenced to

an external HPG; standard.

teristic differences between th&P NMR spectra of thio-
nucleotide epimer&19Chemical shift differences are typically
~0.10 ppm, and the literature suggests that the downfield peak
invariably corresponds to the Sp speci#®. NMR spectra of

the epimers of AP (Figure 2) corroborate the HPLC
assignment: the compounds that elute at 7.5 and 11 min
correspond to the Sp and Rp configurations, respectively. The
third criterion used to assign the configuration of the epimers
was their ability to serve as substrates for snake venom

J. Am. Chem. Soc., Vol. 121, No. 3834999
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Figure 3. The enzymatic assignment of the stereochemical configu-
ration of (Rp)- and (Sp)-ARS. A racemic mixture of APSS was
treated with snake venom phosphodiesterase f@wotalus durissus
Panels A-C present the ¢ HPLC chromatograms of the reaction

phosphodiesterase (E.C. 3.1.4.1). Phosphodiesterase, whiChixture at 0, 10, and 30 min, respectively. The late-eluting isomer is

hydrolyzes nucleotide*5phosphodiesters to the corresponding
monoesters, demonstrates broad substrate specificity, and a hig
degree of stereoselectivity for the (Rp)-€onfiguration of the
diester. When a racemic mixture of AES is treated with
phosphodiesterase, only the isomer predicted by the NMR and
HPLC data to be the Rp isomer was hydrolyzed (Figure 3).
The agreement of these three independent criteria strongly
suggests that the compounds that elute at 7.5 and 11 min are
in fact, the Sp and Rp epimers of AES respectively.
Stereochemistry and Stereoselectivity of the ATP Sulfu-
rylase Catalyzed Reaction.The stereochemisty and stereose-
lectivity of the ATP sulfurylase catalyzed reaction were
evaluated by monitoring the progress of a reaction in which a
racemic mixture of the epimers of ARS (~0.5 mM in each)
was incubated with ATP sulfurylase (0.20 units/mL),,R#D;
(2.0 mM), Mg(CHCO5), (3.0 mM), and Tris/Cl (50 mM, pH
8.0). The progress of the reaction was monitored yHPLC
(isocratic, 4% CHCN in triethylammonium acetate, pH 6.5).
(Rp)-APS,S was completely converted to (SAJFP,S within
10 min (the epimers oATPaS were synthesized and purified
according to an established protdéand their relative retention
times on Gg HPLC are well characterizé®. We could not
detect any formation of the (RpATP,S or consumption of
(Sp)-APSS, indicating that the enzyme exhibits a very high
degree of stereoselectivity (Figure 1). These results demonstrat
that the transfer of the adenylyl moiety between pyrophosphate

€

virtually completely hydrolyzed to AMES during this time interval,
kvhile the early-eluting species is essentially unaffected. The high degree
of selectivity of the phosphodiesterase for the late-eluting isomer
strongly supports that it is the (Rp)-ARS epimer. The reaction
conditions were as follows: ARS (~0.50 mM in each epimer); Mggl

(2.0 mM); Tris/acetate (100 mM, pH 8.0); phosphodiesterase (0.033
u/ml); andT = 25+ 2 °C. The HPLC conditions are described in the
Figure 1 legend.

phorus. It is generally accepted that inversion of stereochemistry
implies a single displacement reaction in which the enzyme
catalyzes an “in-line” nucleophilic attack leading directly to the
formation of product! This finding rules out both an adjacent
attack, followed by a pseudorotation, and a double-displacement
mechanism with an adenylyl enzyme intermediate, as was
postulated by Segel and co-workéfgecause these mechanisms
predict stereochemical retention. Our result agrees with an early
study by Lowe et al. that used the isotopomers of adenosine-
5-[(9-1%0,170,180]-phosphosulfate to determine the stereo-
chemical course of the yeast ATP sulfurylase catalyzed reac-
tion2® The agreement between Lowe's and our results
demonstrates that the stereochemical course of the reaction is
not altered by sulfur substitution, and that in addition to
providing the stereochemistry of the overall reaction, the thio
analogues provide an assessment of the stereoselectivity of the

enzyme?*

and sulfate occurs with stereochemical inversion abmos-

(21) (a) Knowles, J. RJ. Annu. Re. Biochem198Q 49, 877—919. (b)
Eckstein, F.Acc. Chem. Res1979 12, 204-211. (c) Eckstein, F.;
Romaniuk, P. JJ. Biol. Chem.1981, 256, 9118-9120.

(22) (a) Farley, J. R.; Nakayama, G.; Cryns, D.; Segel, |.Arch.
Biochem. Biophys1978 185 376-390. (b) Seubert, P. A.; Christie; E.
A.; Farley, J. R.; Segel, I. HCiba Found. Sympl98Q 72, 19—47.

(23) Bicknell, R.; Cullis, P. M.; Jarvest, R. L.; Lowe, G. Biol. Chem
1982 257, 8922-8927.
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To assess how (Rp)-ARS compares with APS as substrate,
Km and Vmax Wwere determined for both substrates usingMg
as the activating cofactor (see Experimental Section). Remark-
ably, the constants are virtually indistinguishabig, (= 560
and 560 nM an®/max= 1.1 and 1.Jmol/min/ODygq, for (Rp)-
APS,S and APS, respectively). Given the known effects of
sulfur substitution on bond ordét glectronic distributior?® and
the rates of enzymatic and nonenzymatic chemi&titybit is
reasonable to expect that if bond breaking were rate determining,
thio substitution would influenc¥mnax The absence of such an

effect suggests, but does not prove, that a step other than

chemistry is rate determining.

Divalent Cation Coordinates P,. It is well established that
the hardness or softness of a divalent cation correlates with its
propensity to coordinate oxygen or sulfur, respectively, of a
nucleotide thiophosphoryl gro#d.This hard-hard, soft-soft

complementarity can be used to assess whether a divalent cation

coordinates a particular phosphoryl group during the catalytic
cycle, and which prochiral oxygen is coordinated to the cation.
If, for example, M@* (a hard metal ion) coordinates a particular
prochiral oxygen, substituting sulfur for that oxygen would result
in anticomplementarity and a poor substrate compared to the
epimer in which oxygen coordinates kfgand complementarity
is satisfied. To verify that such stereoselective effects are
associated with cation coordination rather than other topological
constraints of the active site, the specificity can be studied as a
function of metal ion hardness. The following rank ordering of
the affinities of divalent cations for oxygen over sulfur has been
deduced from solution studies using thionucleotides:2 Vg
Mn2t ~ Co2t > Cd2+_27b,c

The high degree of selectivity for (RpYPS,S when Mg*
is the activating cation is consistent with ftgcoordination to
the R, proS oxygen at some point during the catalyic cycle.
The results obtained with M confirm that this is the case.
Mn2* is an excellent surrogate for Mgin the native reaction.
The Mr?t-activatedVmay, Obtained at saturating concentrations
of APS and PPRis 0.59-fold less than that obtained with Rig
(see Experimental Section). Like Mg Mn?* is highly stereo-
selective for (Rp)APS,S; however, unlike Mg", which does
not discriminate between APS and (RARPS.S on aVmax basis,
the Vmax With Mn2* decreases 14-fold when (RB)PS,S is
substituted for APS. This cation-dependent selectivity demon-
strates that P and the cation interact, suggesting that iP
coordinated to the cation. The results of studies usingf @ad
Cd?* provide further credence for,P-cation interaction and
reveal an intriguing cation-dependent change in the enzyme’s
mechanism. C&, which demonstrates a slight preference for
oxygen over sulfuf/® is stereoselective for (RpAPS.S;
however, the complete consumption of (RpRS,S produces
only 15% of the expected (SpYTP,S, the remainder is the
hydrolysis product, AMBS (Figure 4). Cé", which has a very
strong preference for sulfur, results in the hydrolysis of both
isomers ofAPS,S, and does not produce detectable levels of
ATP,S (Figure 4). Thus, softening the cation fosters an
alternative catalytic path (i.e., hydrolysis) and a partial reversa
of the hydrolysis stereoselectivity seen withCo

Stereoselective Events Occur after the APS-PP-M2"
Complex Has Formed.The data described in the preceding

(24) Coderre, J. A.; Mehdi, S.; Gerlt, J. A. Am. Chem. Sod 981
103 1872-1875.

(25) Frey, P. A.; Sammons, R. Bciencel985 228 541-545.

(26) Breslow, R.; Katz, 1J. Am. Chem. S0d.968 90, 7376-7377.

(27) (a) Pecoraro, V. L.; Hermes, J. D.; Cleland, W. Biochemistry
1984 23, 5262-5271. (b) Roland, K. O.; Song, B.; Sigel, Bl. Am. Chem.
So0c.1997, 119, 744-755. (c) Pearson, R. Gciencel966 151, 172-177.
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Figure 4. The Ca*- and Cd*-dependent reactions catalyzed by ATP
sulfurylase. The reaction conditions were as follows: AP%-0.5

mM in each epimer); RK2.0 mM); CoC} or CdCh (3.0 mM); ATP
sulfurylase (0.2 units/ml); Tris/Cl (50 mM, pH 8.0); afid= 25(x2)

°C. A control, Ao HPLC profile of the (R)- and ($) epimers of
APS,S, is shown in Panel A. Panels B and C present the profiles of
the completed Co and Cd" activated reactions, respectively. The
HPLC conditions are described in the Figure 1 legend.

section strongly support coordination at; Powever, they do
not address the issue of where in the catalytic cycle ther®S
oxygen of APS inserts into the first coordination sphere of the
divalent cation. If the cation interacts with, fn the binary,
E-APS, and/or ternary, APS PR, complex, the reactions that
form these complexes should be stereoselective. An absence of
stereoselectivity in these binding reactions would indicate that
the cation-P, interactions occur in other regions of the catalytic
cycle. With Mg as the activating cation, the system is highly
selective on a turnover basis for (RAPS,. If the binding
reactions are stereoselective, the affinity of (3HS.S, the
epimer that is selected against during turnover, will be weak
compared to that of the native substrate, APS.

The affinity of (Sp)APS.S was assessed in a classical initial-
rate inhibition study in which (SpAPS,S was used as an
inhibitor vs APS, with M@" as the activator (Figure 5). Given
that the native binding mechanism is ordered (APS adds prior
to PR),” the observed linear-competitive inhibition pattern is
consistent with mechanisms in which ;Rther can or cannot
add to the HSp)}-APS,S complex. This is an important issue
because it addresses whether the ternar{Si— APS,S-PR-

M2+ complex can form. If substrate binding is ordered and at
equilibrium during turnover (as is believed to be the cHse)
the affinity of the first substrate, APS, is linked by mass action
to the concentration of the second substratg, #h that the
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Figure 5. (Sp)-APSS is a competitive inhibitor vs APS. Intial rates
were determined at each of the 16 conditions obtained fromxa4
matrix of APS and (Sp)-ARS concentrations. The substrate and
inhibitor concentrations were as follows: APS (125, 176, 300, 1000
uM); (Sp)-APS.S (100, 150, 200, 306M). The assays also contained
the following: PR(1.0 mM, 10K); Mg?" (1.1. mM+ [nucleotide]);
NADP* (0.20 mM); glucose (10 mM); KCI (10 mM); hexokinase (13
umol/min/mL); glucose-6-phosphate dehydrogenase (@2r861/min/
mL); and ATP sulfurylase (0.3Qumol/min/mL). The rates were
determined at 25¢2) °C. Each rate was determined at least two times,
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inhibition study, Figure 5. However, the product of these two
constants,Ka'Kg', which represents the dissociation of the
ternary complex, ESp)-APS,S PR, into its three components,
can be obtained from the data (see the Experimental Section).
Ka'Kg' = 0.90 uM? and is extremely similar to that for the
native reactionkaKg = 0.63uM?2. This similarity suggests that
the steady-state affinities of (S)PS.S and APS for E, and

of PR for the E(Spy-APSS and EAPS complexes, are
virtually identical. It is possible, while seemingly unlikely, that
the kinetic constants for the native and analogue binding
reactions are actually quite different, and that these differences
compensate such that their products are virtually identical.

(Sp)-APS,S appears to be an excellent mimic of APS
throughout the substrate binding region of the reaction coordi-
nate. It forms both the binary and ternary complexes, and its
affinity is similar to that of APS. The apparent lack of
discrimination against (SpxPS.S in the binding reactions
strongly suggests that the event(s) responsible for the stereo-
selectivity (i.e., the ligand exchange reaction that results,in P
coordination) occurs in the catalytic cycle after thESPR-

M2t complex has formed. The data demonstrate that either
epimer of APS,S is capable of proceeding into the catalytic
cycle to the point at which the coordination attempt occurs. If
oxygen is presented to Mg, the substrate proceeds unabated
through the catalytic cycle (i.e., (RpYPS.S is as good a
substrate as APS). However, if sulfur is presented té'Mbe
substrate is rejected, and the enzyme is left to oscillate among

the rates at each condition were averaged, and the data set was theifS nondiscriminatory forms, up to aridcluding the point of

statistically fit as described in the Experimental Section.

affinity of APS will become infinite at an infinite concentration
of PR. Thus, if PR were incapable of binding to the binary
inhibitor complex (i.e., HSp)-APS,S), increasing the con-
centration of PPwould remove the inhibition by selectively
increasing the affinity of APS over that of the inhibitor.
Alternatively, if PR binds to both the native and inhibitor binary
complexes, inhibition isnot removed with increasing PP
c
of PR concentration as the binary complexes become saturate
with PR. To address this issue, initial-rate experiments were
performed at three, saturating concentrations gf(PPto 284

x Km). The reactions contained both APS (28d) and (Sp)-
APS,S (150uM) (see Experimental Section). The initial rates
were independent of pyrophosphate concentrationZ23%o
inhibition was observed at each R®ncentration). Hence, PP
can add to the binary complex and form the ternary inhibitor
complex, E(Sp)-APS,S'PR-M2*,

The algebraic model describing the inhibition is sufficiently
complex that the individual kinetic constants governing the
binding of (Sp)APS,S to E (i.e.,Ka') and PRto the E(Sp)—
APSS (i.e., Kg') complex cannot be obtained from the

rejection.

Conclusions

APS;S has been synthesized for the first time. A novel, facile
synthesis that may be extended to other nucleotides has been
developed. The epimers of ARS were purified and their
configurations were assigned. AEBSwas used to investigate
stereomechanistic aspects of the reaction catalyzed by ATP
tsulfurylase. The reaction is highly stereoselective and proceeds

ith inversion of configuration at P The cation dependence
of the enzyme’s activity strongly supports metal ion coordination
at P, (Mg?*™ coordinates the pro-S oxygen of APS). Initial-rate
inhibition studies indicate that coordination at &curs in the
catalytic cycle after formation of the ternary APSPR-M2"
complex. Further applications of these compounds are underway
in this laboratory. The results of these studies will be published
in due course.
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