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Sulfated biomolecules play important roles in many biological 
processes.1 The sulfated Lea tetra- and pentasaccharides,lb for 
example, are potent inhibitors of the cell adhesion molecule 
P-selectin, and sialyl Lewis x with a sulfate group at the 
6-position of galactose is a ligand for L-selectin.,c Many 
glycosaminoglycans such as heparin and dermatan sulfate are 
also sulfated and are involved in numerous cellular functions. Id~f 

In addition, the sulfation of hydroxysteroids provides hydrophilic 
forms for excretion.2 

In the course of sulfation, inorganic sulfate is activated first 
and then transferred to the acceptor.3 The two key enzymes 
involved in this activation process are ATP sulfurylase (EC 
2.7.7.4) and adenosine-5'-phosphosulfate (APS) kinase (EC 
2.7.1.25)4 (Scheme 1). 3'-Phosphoadenosine5'-phosphosulfate 
(PAPS) is the product generated in these two enzymatic 
reactions and is a substrate and cofactor for the enzymatic 
sulfation. The high cost and instability of PAPS5 and the 
problem of product inhibition caused by 3'-phosphoadenosine 
5'-phosphate (PAP)6 require regeneration of PAPS in situ for 
enzymatic sulfation on large scales. 

Several groups have reported the multistep synthesis of 
PAPS78 on nanomole to micromole scales using chemical 
methods or biological processes based on isolated enzymes. As 
the genes in Escherichia coli coding for ATP sulfurylase and 
APS kinase are known,9 we have developed overexpression 
systems for the overproduction of ATP sulfurylase and APS 
kinase10 that are used in conjunction with regeneration of ATP 
from ADP in the synthesis of PAPS. This new process avoids 
the problem of substrate and product inhibition" and allows 
the synthesis of PAPS on > 100 mg scales under an optimized 
condition.12 In addition, PAPS was used in the enzymatic 
sulfation of A .̂A -̂diacetylchitobiose catalyzed by a Nod factor 
sulfotransferase (NodST),13 cloned and overexpressed in this 
laboratory,14 coupled with regeneration of PAPS (Scheme 2). 
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The PAPS regeneration is made possible using 3'-nucleotidase 
(EC 3.1.3.6), to selectively hydrolyze PAP to AMP, which is 
then converted in situ to PAPS. 

For the synthesis of PAPS (Scheme 1), a solution of Tris-
HCl buffer (50 mM, pH 8.0, 100 mL) containing 20 mM KCl, 
40 mM Na2SO4, 5 mM MgCl2, 2 mM ATP, 2 mM PEP, 20 
units of ATP sulfurylase, 560 units of APS kinase, 400 units of 
inorganic pyrophosphatase, and 2000 units of pyruvate kinase 
was incubated at room temperature under N2. After 8 h, the 
reaction solution was filtered to remove proteins and insoluble 
precipitates by using 10 000 NMWL regenerated cellulose 
membrane (Millipore Co., Bedford, MA). The filtrate was 
chromatographed through a Mono-Q anion exchange column, 
eluted with a linear gradient of NH4HCO3 from 20 to 800 mM, 
and the desired fractions were collected and treated with Dowex 
50W-X8 (H+). The resulting neutral solution was lyophilized 
to give the desired product as white powder (78 mg, 73% overall 
yield). The TLC, FPLC, 1H NMR, and 31P NMR data were 
identical with those of an authetic sample (Sigma Co.); 31P NMR 
(HOD) 6 3.12, —10.65; negative electrospray unit mass calcd 
for Ci0HnN5O13Li3P2S (M - 2Li+ + H+) 518, found 518; 
positive electrospray unit mass calcd for C ioH I2N5O I3Li4P2S 
(M + H+) 532, found 532. 

For the synthesis of N,iV-diacetylchitobiose 6-sulfate cata­
lyzed by NodST coupled with regeneration of PAPS, the 
reaction was carried out at 25 0C in 9.4 mL of Tris-HCl (100 
mM, pH 7.5) containing 40 mM Na2SO4,20 mM MgCl2, 3 units 
of ATP sulfurylase, 2.5 units of APS kinase, 12 units of 
inorganic pyrophosphatase, 600 units of pyruvate kinase, 300 
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Sepharose 6B-C1 column using a KCl gradient (0-1.0 M). ATP sulfurylase 
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(14) The genes from Rizobium meliloti were amplified with the designed 
primers NodHST5'(5'ATATTGA47TCATTTTCATGACCCATTCCA) and 
NodHST3'(5'GGCGCGGArCCTTAGTCGTTAGCAAGCTC), ligated into 
the plasmid pKEN2 via the BamHl and £coRI restriction sites, and 
transformed into E. coli BL21 (DE3). The cells were selected and grown 
in the presence of 250 /ig/rnL ampicillin and 0.5 mM IPTG at 30 0 C 
Approximately 610 units/L of the enzyme after cell lysis by French Press 
was obtained. 
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Scheme 1. Enzymatic Synthesis of PAPS 
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Scheme 2. Regeneration of 3'-Phosphoadenosine 
5'-Phosphosulfate (PAPS) for the Synthesis of 
,/VyV-Diacetylchitobiose 6-Sulfate Catalyzed by a 
Recombinant Nod Factor Sulfotransferase0 
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" Boxed A: adenosine. PEP: phospho(enol)pyruvate. Pyr: pyruvate. 
PPi: pyrophosphate. ADP: adenosine 5'-diphosphate. 

units of myokinase, 2.4 mL of NodST, 0.36 units of 3'-
nucleotidase,15 1.5 mM ATP (7.8 mg, 0.0141 mmol), 15 mM 
phospho(enol)pyruvate (36.4 mg, 0.155 mol), and 5 mM iVyV-
diacetylchitobiose (20 mg, 0.047 mmol). 

The product formation was monitored by TLC with CHCI3/ 
MeOH/AcOH/H20 (25:15:2:1) and the p-anisaldehyde stain 
solution. After 2 days, the reaction solution was centrifuged 
to remove the precipitate and the supernatant was concentrated 
and passed through Sephadex-G25 twice with water to obtain 

(15) This enzyme is highly selective for PAP. Although PAPS is also 
slowly hydrolyzed, the product APS is converted to PAPS in the system. 
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the desired product (20 mg, 84% yield).16 The 1H NMR 
spectrum of the product shows the downfield shifts of H5, H6A, 
and H6B of the reducing-end sugar [<5 -4.031 (H-a5), 3.979 
(H-/35), 4.154 (H-a6A), 4.102 (H-/36B), 4.100 (H-a6B), 4.071 
(H-/56B)]. Additionally, the DEPT experiment showed a 
downfield shift for one of the two primary carbons, and the 
other remained the same. 

As demonstrated in this communication, a practical synthesis 
of PAPS and its application to the regioselective sulfation of 
an oligosaccharide coupled with regeneration of PAPS have 
been established. This enzymatic process should be useful for 
the large-scale preparation of various bioactive oligosaccharide 
sulfates.1718 
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(16) 1H NMR (HOD): <5 5.086 (IH, d, J = 2.5 Hz, H-al), 4.612 (IH, 

d, / = 8.0 Hz, H-j81»), 4.529 (IH, d, J = 8.5 Hz, H-al'), 4.523 (IH, d, J 
= 8.5 Hz, H-jSl'*), 4.154 (IH, d, J = 11.0 Hz, H-0.6A), 4.102 (IH, dd, J 
= 2.0, 11.0 Hz, H-/56A), 4.100 (IH, m, H-a6B), 4.071 (IH, dd, J = 3.5, 
11.0 Hz, H-/36B), 4.031 (IH, m, H-a5), 3.979 (IH, m, H-/35), 1.989 (6H, 
s, 2 x /V-acetyl), 1.931 (6H, s, 2 x JV-acetyl). 13C NMR (HOD): 175.1 
(CH3CO), 175.1 (CH3CO), 174.8 (CH3CO), 174.8 (CH3CO), 101.6, 101.5, 
95.3, 90.9, 90.8, 79.4, 78.9, 76.2, 73.9, 73.8, 72.6, 70.0, 69.5, 68.2, 66.6, 
65.2, 60.7, 55.8, 53.8, 49.2, 23.6 (CH3CO), 22.5 (CH3CO), 22.5 (CH3CO), 
22.2 (CH3CO). Electrospray mass: calcd for Ci6H27N2Oi4S (M - H+) 503, 
found 503. 

(17) The E. coli strains for the three recombinant enzymes will be 
deposited with American Type Culture Collection (ATCC). 

(18) NodST has a broad substrate specificity with the following relative 
rates: GIcNAqSl,4GIcNAc (1), GIcNAc/31,4GIcNAc/31,4GIcNAc (1.4), 
(GIcNAc/? 1,4GIcNAc)2 (1.9), Gal/31,4GIcNAc (0.4), GaIjS 1,3GIcNAc (0.3), 
Glc/Sl,4Glc (0.3), GlcNAc/Sl,4GIcNAc/3l,NAsn (0.4). 


