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Abstract 

Sulfotransferases are enzymes that catalyze the transfer of sulfo groups from a 

donor, for example 3′-phosphoadenosine 5′-phosphosulfate, to an acceptor, for example 

the amino or hydroxyl groups of a small molecule, xenobiotic, carbohydrate, or peptide. 

These enzymes are important targets in the design of novel therapeutics for treatment of a 

variety of diseases. This thesis examines the determination of the optimal sequence to use 

heparin biosynthetic enzymes for preparing bioengineered heparin and to develop assays 

for this important class of enzyme, paying particular attention to sulfotransferases acting 

on carbohydrates and peptides and the major challenges associated with their analysis. 

The optimal order to use the biosynthetic enzymes on their natural polysaccharide 

substrates was deduced so that the appropriate defined substrates could be determined for 

each enzyme assay. Based on this study, it appeared that the order of enzyme treatment 

did not have a profound effect on the structures of the product as determined through its 

disaccharide compositinoal analysis. 

A new method has been developed to assess the sulfotransferase enzyme activity 

directly based on measuring the products of heparosan and N-sulfo (NS) heparosan 

defined substrates of various chain lengths using hydrophilic interaction liquid 

chromatography-Fourier transform mass spectrometry (HILIC-FTMS). This method is 

fast accurate, and does not require the workup usually necessary for mass spectrometric 

methods. This enzyme activity assay’s viability has been demonstrated and activity for 2-

OST and 6-OST-3 have been determined in units of pmol product formed·min-1·mg-1 

protein. The activity and kinetic constant data of commercially purchased 6-OST-3 has 

also been compared to that of laboratory-prepared enzyme. 

Another method to assess the sulfotransferase enzyme activity directly has been 

developed without the use of radiolabel based on measuring the products of 2-

aminoacridone (AMAC) labeled heparosan and NS heparosan defined substrates of 

various chain lengths using capillary electrophoresis – laser induced fluorescence (CE-

LIF). Utilizing an AMAC tag affords ease in the separation of substrate/products from the 

assay reaction mixture and thus highly specific measurements and accuracy for 

determining kinetic information about the enzyme. Efficient CE-LIF conditions for 
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running the reaction substrate of AMAC-NS heparosan decasaccharide have been 

determined. NS hexasaccharide and NS decasaccharide have also been tested as 

substrates to determine the reaction conversion. 
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1. INTRODUCTION 
1Sulfotransferase (ST) enzymes are responsible for catalyzing the transfer of a 

sulfo group from a donor molecule, usually 3′-phosphoadenosine 5′-phosphosulfate 

(PAPS), to an acceptor, for example a sugar, alcohol, phenol, or amine (Figure 1). STs 

can be either cytosolic or membrane-associated (Figure 2). Cytosolic STs are key phase II 

metabolizing enzymes involved in the clearance of small endogenous and exogenous 

compounds, for example hormones, bioamines, drugs, and a variety of xenobiotic agents. 

Most of our understanding of STs comes from the study of these cytosolic enzymes (1–

4). Membrane-associated STs sulfonate larger biomolecules, for example carbohydrates 

and proteins, and have recently been implicated in many critical biological processes (5). 

Structure-based sequence alignments have indicated that the structural fold and the 

PAPS-binding site are conserved between cytosolic and Golgi STs. In both classes of 

enzyme, reactions involving the transfer of sulfo groups are believed to proceed by in-

line attack of the nucleophile at the sulfo group of PAPS (3, 6). 

 

 

Figure 1: ST-catalyzed transfer of sulfo group 

ST-catalyzed transfer of sulfo group (red) from PAPS donor to R–XH acceptor (R = sugar or peptide 

or small cytosolic molecules. When X = O the ST is an OST and when X = NH/NR the ST is an N-ST) 

                                                
1 This chapter previously appeared as: Paul, P.; Suwan, J.; Liu, J.; Dordick, J. S.; Linhardt, R. J. Recent 

advances in sulfotransferase enzyme activity assays. Analytical and Bioanalytical Chemistry. 2012, 
403(6), 1491–500.  
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Figure 2: PAPS within eukaryotic cell 

PAPS is biosynthesized in the cytosol of a eukaryotic cell and used there by cytosolic STs to transfer 

sulfo groups (red) to small endogenous and exogenous compounds, for example steroids. PAPS is also 

transported to the Golgi where it is used by membrane STs to transfer sulfo groups (red) to 

hydrophilic molecules, for example carbohydrates. STs in the Golgi consist of a cytosolic tail, 

transmembrane (TM) domain, and catalytic domain 

Sulfo group transfer is an important reaction in the chemical metabolism of drugs, 

chemical carcinogens, hormones, bile acids, neurotransmitters, peptides, and lipids (7). 

Although STs are emerging therapeutic drug targets and may be susceptible to enzyme-

specific small molecule inhibitors, this aspect of drug design is currently under-exploited. 

As the action and mechanisms of these enzymes become better understood and high-

throughput screening assays are developed, discovery of ST inhibitors might also afford 

novel drugs for treatment of cancer, inflammation, and infection, to improve and 

complement current therapy (8). 

Robust enzyme activity assays are crucial to accelerate the progress of new drug 

development related to STs, because they can provide optimum reaction control at 

minimum cost of reagents and time. Enzyme assays quantify enzyme performance by 

monitoring observable signals during conversion of substrate to product. Activity is 

expressed in terms of “units”, usually defined as the formation of one µmole of product 
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per minute at a specified pH and temperature (9). A variety of assay methods may be 

useful for determining the activity of a particular enzyme. Each assay measures reaction 

velocity and should be reliable, free from false positives or negatives, and easy to 

perform. Selection of an assay method usually depends on convenience, availability of 

reagents and apparatus, and assay sensitivity and throughput. Unique challenges in the 

design and development of ST assays include enzyme type (i.e., cytosolic, Golgi, native, 

recombinant truncated—catalytic domain, recombinant fusion protein—catalytic domain 

fused with another protein), purity, stability, and substrate availability (10). 

A brief review of ST assays, published over 20 years ago, highlighted an ion-

pairing (IP) extraction method for assay of aryl-STs (11). This method relies on 

methylene blue and 2-naphthol as substrates, thin-layer chromatography (TLC) for 

product separation, and radioisotopic detection. Over the past two decades, in-vitro ST 

assays largely continue to rely on incorporation of radioactive sulfur in PAP35S to 

determine ST substrate specificity and ST activity. This introduction briefly describes 

these and other more recently developed methods that are useful in determining ST 

activity to enable the better understanding of ST catalysis needed to elucidate substrate-

binding mechanisms and for the pharmacological design of potent and specific ST 

inhibitors that are useful as new drugs. 

1.1. Radiometric activity assays 

Cytosolic ST enzyme activity and substrate specificity have mostly been 

determined by quantification of the transfer of a PAP35S sulfo group to different 

substrates followed by separation of the 35S-labeled products by use of gel-filtration 

chromatography (12, 13), affinity chromatography  (14–16), immobilization techniques 

(17), membranes  (18), or high performance liquid chromatography (HPLC) (19, 20). 

These procedures can be tedious for routine and detailed kinetic studies of ST enzymes. 

However, the high sensitivity and speed of these assays cause them to be widely used. 

Rates of reactions are non-continuously determined by periodically removing samples 

from the reaction mixture. Radioactivity of either product or residual substrate is then 

measured by liquid scintillation counting (21). Such discontinuous methods are tedious 
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and their accuracy can vary substantially, potentially compromising the quality of the 

kinetic data reported. Thus, most literature studies using a radioassay have not reported 

kinetic data. Despite these limitations, radiometric assays are still widely adopted for 

determining enzyme activity because of their universality—the radiolabel is incorporated 

in the PAP35S substrate common to all STs. 

The activities of a variety of Golgi-derived STs have also been assayed 

radiometrically. These enzymes pose a greater challenge because, unlike cytosolic 

enzymes, which act on hydrophobic substrates that can be readily separated, with the 

product, from PAP35S, Golgi-derived STs catalyze the conversion of hydrophilic 

substrates to an even more hydrophilic product, confounding their separation from 

PAP35S. 

Chondroitin 6-ST (C6ST) and chondroitin 4-ST (C4ST) activity have been 

determined by using PAP35S with glycosaminoglycan substrates—chondroitin, 

chondroitin sulfate, and dermatan sulfate. Enzyme conversion was followed by ethanol 

precipitation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

or membrane filtration to separate the sulfonated reaction products, and subsequent 

disaccharide analysis using HPLC and scintillation counting to determine the amount of 

radioactivity incorporated into the polysaccharide (22). The activity of heparan sulfate 2-

OST (2-OST), which transfers a sulfo group to the 2-O-position of glucuronic or iduronic 

acid, has also been determined by measuring the incorporation of 35S sulfo groups into N-

sulfoheparosan or completely de-sulfonated N-sulfonated heparin (CDSNS) (23) (Figure 

3). The 2-O- 35S sulfo polysaccharide was purified by diethylaminoethyl (DEAE) 

chromatography and assessed by scintillation counting. The position of the sulfo group in 

the polysaccharide was determined by disaccharide analysis using reversed-phase ion-

pairing (RPIP) HPLC. 
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Figure 3: 2-OST sulfonation of NS heparosan and CDSNS heparin 

2-OST sulfonates NS heparosan and CDSNS heparin. The polysaccharide product can be quantified 

and then treated with heparin lyase to afford disaccharides for characterization against disaccharide 

standards, using HPLC with scintillation detection to establish the position of the added sulfo group 

The activity of tyrosylprotein ST (TPST), which catalyzes the transfer of sulfo 

group from PAPS to the phenolic oxygen of tyrosine residues within highly acidic groups 

of proteins and polypeptides, was determined by measuring the transfer of 35S sulfo 

groups to an immobilized peptide substrate by use of liquid scintillation counting (17). A 

medium-throughput radiolabel transfer-based assay for the well-characterized N-acetyl 

glucosamine (GlcNAc)-6-ST NodH from Rhizobium meliloti involved separation of the 

product from the excess PAP35S substrate, by use of silica gel thin-layer chromatography, 

and quantification by phosphor imaging. In addition to the activity, the Michaelis–

Menten constant (Km) was reported for PAPS, as well as inhibition constants (Ki). This 

study led to the discovery of the first reported carbohydrate ST inhibitors from a kinase-

directed library (24). 

Other substrate–product separation methods have been used in radiometric ST 

assays. These methods have found application with substrates ranging from small 

molecules being acted on by cytosolic STs, for example α-naphthol, to large molecules 

being acted on by Golgi STs, for example proteoglycans, in which sulfonated products 

and donor substrate PAP35S are separated by electrophoresis using SDS-PAGE. 

Electrophoresis-based separations have been demonstrated with both carbohydrate STs 

and TPSTs (25). Dot-blotting radiometric activity assays have been used in high-



 
 

6 

throughput screening, demonstrating the activity of two carbohydrate STs, heparan 

sulfate N-deacetylase/N-ST and high-endothelial cell (HEC) GlcNAc-6-OST on PAP35S 

and de-N-sulfonated heparin and N-acetylglucosamine, respectively (18) (Figure 4). The 

radiolabeled products were captured on a membrane and then eluted, ready to be 

quantified, thus avoiding the need for a complicated purification step or repeated washing 

that is usually required in sample preparation for scintillation counting. Although Km for 

PAPS and Ki values were reported, Km could not be determined for the polymeric 

carbohydrate substrates, because of their heterogeneous nature and the presence of 

multiple sulfonation sites on each polymer chain. This method is useful for inhibitor 

screening and should be useful for high-throughput microplate assays of other 

carbohydrate STs. 

 

 

Figure 4: HEC-GlNAc-6-ST and NDST-1 act on N-acetylglucosamine and de-N-sulfonated heparin 

HEC-GlcNAc-6-ST and NDST-1 act on N-acetylglucosamine and de-N-sulfonated heparin, 

respectively. The 35S-labeled product with O-sulfo and N-sulfo groups can easily be separated from 

PAP35S and quantified by scintillation counting 

Although radiometric ST assays are so prevalent, they remain expensive with 

PAP35S costing ~$1,000/100 µCi, and 35S has a half-life of only 87.1 days. Disposal of 
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spent radioisotopes and regulatory compliance are also added costs associated with these 

assays. 

1.1 Photometric activity assays 

Photometric activity assays can be used for continuous rapid kinetic determinations 

for high-throughput screening of potential substrates and inhibitors. Enzyme kinetic data, 

for example Km and Vmax are often easily determined by spectrophotometric methods by 

taking advantage of reactants that afford a new chromophore or undergo a detectable shift 

in absorption at a characteristic wavelength during a reaction. Most of the assays reported 

monitor the production of p-nitrophenol (PNP) (26–30), a few assays measure 2-naphthol 

sulfonation rates (31), and one assay describes the photometric measurement of cysteine 

formed from sulfite (32). 

One novel ST-coupled assay system involves the well-studied enzyme, aryl 

sulfotransferase IV (AST-IV), which transfers a sulfo group from PAPS to aryl alcohols 

(28). In this assay, PAPS is continuously regenerated in ST-catalyzed reactions by 

using p-nitrophenyl sulfate (PNPS) as a sulfo group donor, facilitating colorimetric 

monitoring of the PNP product at 400 nm (Figure 5). The linear double-reciprocal plot 

generated gave apparent Km and Vmax of several carbohydrate substrates and PAP in the 

reverse-physiological reaction similar to published values from the physiological 

reaction. This assay could potentially be applied to rapid kinetic determinations for 

carbohydrate and protein STs, enabling high-throughput screening for potential ST 

substrates and inhibitors. Such an assay might be useful in the biomedical screening of 

blood samples and other tissues for specific ST activity or the concentration of ST 

substrates. 
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Figure 5: PAPS regeneration system 

AST-IV catalyzes the transfer of the sulfo group from the less expensive donor, PNPS. The sulfo 

group is then transferred to the substrate of interest by the OST enzyme. The PNP formed in the 

coupled reaction absorbs at 400 nm 

Another photometric method, called electrophoresis-mediated microanalysis 

(EMMA), based on capillary electrophoresis with ultraviolet detection, has been used to 

assay the activity of a phenol ST (SULT1A1) with PNP as a substrate. This assay uses 

initial rate kinetics to afford a Km for PNP that is consistent with previously reported 

values (29). EMMA uses electrophoresis to separate the inhibitor PAP from PAPS before 

injection of enzyme and substrate inside the capillary. Photometric assays such as these 

are convenient, fast, and simple, only requiring a substrate that is cleaved into a 

colorimetric co-product. This assay is limited by small path lengths and requires 

concentrations above the nanomolar range. However, compared with other 

spectrophotometric assays, the EMMA method is rapid, automatable, and requires only 

nanoliter volumes of potentially expensive reagents. 

1.2 Fluorimetric activity assays 

Assays based on fluorescence are continuous, more sensitive than photometric 

assays, and have sensitivity comparable with that of end-point radioisotope assays (33). 

High sensitivity also enables the use of low substrate concentrations and requires small 

amounts of enzyme. Many assays take advantage of compatible fluorescent substrates, 

for example 4-methylumbelliferyl sulfate (MUS) (33, 34), 2-naphthyl substrate (35), or 
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pyrene 1-sulfate. Others attach fluorescent moieties to substrates of interest, for example 

oligosaccharides (36) or a variety of acids (37). 

A fluorimetry-based activity assay has been described that utilizes the regeneration 

of PAPS from PAP by the auxiliary enzyme phenol ST with MUS as the sulfo donor 

(Figure 6A) (33). The reaction was coupled with the alcohol ST, human 

dehydroepiandrosterone (hDHEA–ST), and the 4-methylumbelliferone (MU) product 

served as a fluorescent indicator of enzyme turnover to monitor the alcohol ST activity. 

The Vmax, Km, and Ki values for MUS and dehydroepiandrosterone (DHEA) were 

determined from initial rate kinetics of the 450 nm emission on 360 nm excitation. This 

suitable excitation wavelength was determined to prevent interference from the 

absorbance of MUS. The observed fluorescence intensity was significantly dependent on 

the pH value but less dependent on temperature. The change of fluorescence intensity of 

4-methylumbelliferone was sufficiently sensitive to measure the activity of nanogram or 

picomole amounts of enzyme, comparable with a previously reported radiometric assay. 

This method has the potential for the development into a high-throughput assay for 

measuring the AST activity of biological samples using a microplate reader. The activity 

of other enzymes, associated with either sulfonation (STs) or desulfonation (sulfatases) 

might also be determined by use of this approach. 

 

Figure 6: Determination of ST activity by increase in MU fluorescence 

A) DHEA-ST and B) SULT1A3 activity by regeneration of PAPS with auxiliary SULT1A1 enzyme 

reducing the fluorescence of MU 
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A similar coupled real-time fluorimetric enzyme assay was developed for 

monoamine-preferring phenol ST (SULT1A3). SULT1A1 was used to regenerate PAPS, 

again using MUS as a sulfo group donor (Figure 6B). MU was continuously monitored as 

SULT1A3-catalyzed sulfo group transfer to dopamine with PAPS (34) to determine 

activity, Vmax, Km, and Ki values of SULT1A3. These values were consistent with values 

previously determined by use of radiometric assay procedures at comparable sensitivity 

(38). 

A fluorescence-based HPLC assay for determination of human estrogen ST 

(SULT1E1) inhibition was developed using 1-hydroxypyrene to investigate the inhibitory 

effect of endocrine-disrupting compounds (EDC) (39). SULT1E1 is involved in the 

regulation of 17β-estradiol responsiveness and is believed to protect peripheral tissues 

from excessive estrogenic effects. 1-Hydroxypyrene was selected as the substrate because 

of its fluorescent properties, the fluorescent properties of its metabolite, pyrene 1-sulfate, 

and because it is noncarcinogenic unlike the metabolites of benzo[a]pyrene, which had 

been used in previous studies. A gradient HPLC separation of 1-hydroxypyrene and 

pyrene 1-sulfate on a reversed-phase C18 column was developed and optimized. The 

formation of pyrene 1-sulfate was quantified fluorescently, with detection limits of 0.1 

pmol for pyrene 1-sulfate and 1-hydroxypyrene. The double reciprocal plot of the kinetic 

data afforded Km and Vmax values for 1-hydroxypyrene similar to those previously 

reported. A library of 19 compounds with known estrogenic properties was tested at a 

single concentration, and IC50 values were determined for the ten strongest SULT1E1-

inhibiting compounds. Negative controls representing 100 % inhibition and positive 

controls representing 0 % inhibition were used to demonstrate assay reliability. The 

method was highly reproducible for SULT1E1 activity screening and inhibition studies. 

This assay offers opportunities to investigate human tissue samples in the presence of 

EDCs, and can be used to establish causative predictions between levels of EDCs and 

health problems associated with SULT1E1. 

In summary, although fluorescence-based assays are convenient and extremely 

sensitive, they can be difficult to design and develop, particularly when the substrates 

and/or products are not fluorescent. 
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1.3 Mass spectrometric activity assays 

Unfortunately, many ST substrates and reaction products do not contain a 

chromophore or fluorophore necessary to perform spectrophotometric and/or 

spectrofluorimetric assays, and in some cases radioisotope use is undesirable. Assays 

based on mass spectroscopy are useful in these cases. Modern soft-ionization methods 

enable sensitive analysis of sulfonated compounds without fragmentation of the 

fragile O-sulfo and N-sulfo linkages and can provide unambiguous differentiation of 

substrate from product. Most of the reported mass spectrometric assays have utilized 

electrospray ionization–mass spectrometry (ESI–MS) (40–43), some have combined MS 

analysis with liquid chromatography (LC–MS) (44) and one has used the hydrogen–

deuterium exchange upon epimerization procedure with liquid chromatography–mass 

spectrometry (DEEP–LC–MS) (45). 

An activity assay based on ESI–MS using an ion-trap mass spectrometer was 

developed and applied to a bacterial carbohydrate ST, NodST, in which the enzyme 

catalyzes the transfer of a sulfo group from PAPS to chitobiose, yielding PAP and 6-O-

sulfochitobiose (40). The total analysis time was reportedly comparable with that of a 

standard spectrophotometric assay. The activity and Km for PAPS and chitobiose, 

the Vmax and Ki for PAP, and the mode of inhibition were all determined. The Km value 

for PAPS was consistent with literature values obtained by TLC assay, validating the 

ESI–MS assay as a reliable and accurate method for determining the kinetic data for 

NodST. Unlike the earlier radiometric method using TLC, ESI–MS was also capable of 

obtaining the Km value for chitobiose. The substrates and products of many ST-catalyzed 

reactions, including those catalyzed by NodST, do not have the chromophores needed for 

spectrophotometric methods. Strategies relying on the synthesis of artificial chromogenic 

or fluorogenic substrates are time-consuming to develop and are not always feasible. In 

contrast, ESI–MS-based assays can usually be used to assay any ST as long as an internal 

standard with a structure and ionization efficiency similar to those of either product or 

substrate is available. An additional advantage is that substrate and product 

concentrations can often be simultaneously analyzed during the course of the reaction, 

making the assay an efficient and accurate method for determining enzyme kinetic data. 
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It is noteworthy that substrate concentration is in excess at the beginning of the reaction 

and is depleted at reaction completion so the accuracy of the measurement of substrate 

and product is not identical throughout the reaction. LC–MS will continue to be used to 

investigate the catalytic mechanism of NodST and to identify ST inhibitors. In the future 

it is likely that ESI–MS based assays will be adapted to study many other mammalian 

carbohydrate STs of therapeutic interest. 

ESI–MS assays have been applied to microbial STs, for example in the assay 

of Mycobacterial carbohydrate ST (Stf0) (41). This enzyme catalyzes sulfo group transfer 

from PAPS to trehalose to form 2-O-sulfotrehalose (Figure 7). The product was 

quantified relative to internal standard by use of single-point normalization factors. Initial 

rate kinetics were studied. Analysis of both saturation and double-reciprocal plots using 

nonlinear fitting to the Michaelis–Menten equation led to the determination of the 

catalytic and product inhibition mechanisms, Km, and turnover number (kcat) values for 

trehalose and PAPS. The kinetic constants for trehalose were in excellent agreement with 

those previously obtained by use of a TLC assay. The results for PAPS were the first 

reported values and the Km value of PAPS is similar to those measured for other STs. 

 

Figure 7: Transfer of sulfo group from PAPS to trehalose by Stf0 

Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry has also 

been used to detect noncovalent complexes. This was also the first study to provide 

detailed mechanistic data for Stf0. The power of mass spectrometry is that in addition to 

providing an assay of enzymatic activity, it also can provide an understanding of the 

structure, mechanism, and function of biologically important STs. 

An LC–ESI–MS-based assay of tyrosylprotein ST-1 and ST-2 that relies on 

peptides as substrates was developed to determine kinetic data for the purified individual 

isozymes (44). A 1:1 mixture of both isozymes was used to address the possibility that 

the two isozymes work in synergy within the Golgi. This HPLC–ESI–MS assay, unlike 

previous radioisotopic analysis, was able to differentiate between the formation of 
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monosulfonated and disulfonated products by using RP-LC coupled directly to a linear 

ion-trap mass spectrometer equipped with an ESI source. The optimum concentrations of 

TPST-2, TPST-1, and the 1:1 TPST-1–TPST-2 mixture in the assay reactions were 

determined to be in the micromolar range. Initial velocity kinetics of each reaction were 

fitted to the Michaelis–Menten equation to obtain Km, Vmax, and kcat for PAPS and other 

substrates. The accuracy and precision of the method for quantification were internally 

validated by running replicates of monosulfonated and disulfonated standards and the 

average matrix spike recoveries were 103  ±  7 % and 101  ±  12 % for the monosulfonated 

and disulfonated products, respectively. This assay uniquely determines differences in the 

kinetic constants of sulfonation reactions in peptides with multiple tyrosine sulfonation 

sites, providing critical information on enzyme specificity. It can also be used to test 

potential inhibitors of these isozymes, and to help determine the catalytic mechanism of 

TPST-1 and TPST-2. Development of this method has proved to be an essential step in 

investigating the kinetic data of sequential tyrosine sulfonation of chemokine receptors 

by TPSTs and in determining their catalytic mechanism. LC–ESI–MS analysis should 

also be applicable to the study of other chemokine receptor substrates, to test potential 

inhibitors, and to determine the mechanisms of tyrosylprotein ST isozymes. 

Because radiolabeled materials are not required in the ESI–MS assay, and because 

the analysis time can be comparable with that of standard UV techniques, mass 

spectrometry-based assays are expected to become competitive with, and in some cases 

more convenient than, traditional methods. Mass spectrometric assays have a distinct 

advantage over radiometric assays because they can differentiate between mono, di, and 

polysulfonation, common in many natural products, providing critical information on ST 

specificity. 

1.4 Perspectives 

Recent advances in radiometric, photometric, fluorimetric, and mass 

spectrometric ST assay methods have been summarized Table 1. Other promising but less 

popular techniques for measuring ST activity include chemoluminescence (46) and 

HPLC (47). 
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Table 1: ST enzymes and assay methods 

Enzyme Substrate/acceptor Detected product Assay 
method Km 

Aryl sulfotransferase IV 
(AST-IV) Aryl alcohol O-Sulfonated ester, 

PAPS* P* 26.4 μmol L−1 

N-deacetylase/N-
sulfotransferase (NDST-1) 

-GlcAβ1-4GlcNα1-
4- 

-GlcAβ1-4GlcNSα1-4- , 
PAPS* R* 1.0 μmol L−1 

Phenol sulfotransferase 
(SULT1A1) Phenol, PAP 

Sulfonated phenol, 
PAPS* , 4-
methylumbelliferone 
(MU) 

P*, F 0.84 μmol L−1 

Dehydroepiandrosterone 
sulfotransferase (DHEA-
ST: SULT2A1) 

DHEA DHEAS, PAPS* F* 4.7 μmol L−1 

Monoamine-preferring 
phenol ST (SULT-1A3) 

Dopamine, 
catecholamine, 
phenol 

Dopamine sulfonate, 
sulfonated phenol, 
PAPS* 

F* 6.8 μmol L−1 

Estrogen ST (SULT-1E1) Estrogen, 1-
hydroxypyrene 

Estrogen sulfonate, 
pyrene-1-sulfonate*, 
PAPS 

F* 6.4 nmol L−1 

Chondroitin 4-
sulfotransferase (C4ST) 

GlcAβ1-
3GalNAcβ1-4 

GlcAβ1-
3GalNAc(4S)β1-4 R n.r. 

Chondroitin 6-
sulfotransferase (C6ST) 

NeuAcα1-3 Galβ1-
4GlcNAc- 

NeuAcα1-3 Gal (6S)β1-
4GlcNAc- R n.r. 

NeuAcα1-3 Galβ1-
4GlcNAc(6S) 

NeuAcα1-3 Gal(6S)β1-
4GlcNAc(6S) R n.r. 

Heparan sulfate 2-
sulfotransferase (HS2ST) 

-IdoAα1-
4GlcNSα1-4 -IdoA(2S)-GlcNS_α1-4 R n.r. 

Tyrosylprotein 
sulfotransferase (TPST), 
TPST-1,TPST-2 

Tyrosine within 
highly acidic motif 
of 
polypeptide/protein 

Tyrosine-sulfonated 
protein R, M* 21 mmol L−1 

High endothelial cell-
GlcNAc6-OST (HEC-
GlcNAc6ST: LSST) 

6-OH of GlcNAc 6-Sulfo sialyl Lewis X, 
PAPS* R* 3.3 μmol L−1 

N-acetyl glucosamine 
(GlcNAc)-6-
sulfotransferase (GlcNAc-
6-OST: NodST) 

Chitobiose 6-O-Sulfochitobiose, 
PAPS* R*, M* 4.3 μmol L−1, 

6.7 μmol L−1 

Mycobacterial 
carbohydrate 
sulfotransferase (StfO) 

Trehalose Trehalose-2-sulfonate M* 15 mmol L−1 

R, radiometric assay; P, photometric assay; F, fluorimetric assay, M, mass spectrometric 
assay; n.r., not reported 
* Values reported for substrate and assay methods are indicated with an asterisk 

Radiolabeling is still the recommended method for assaying ST enzyme activity 

Although these assays are extremely sensitive, their hazard levels, accuracy, and non-

continuous nature keep them from being an ideal method. Because of the ease of 

application, radiometric methods are often not optimized and only adopted for quick use. 
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Radiolabeled assays will certainly continue to be used, but will require improvement and 

proper adjustment for each enzyme system. 

Photometric and fluorimetric assays are generally less hazardous, less costly, 

high-throughput, and enable accurate and continuous analysis. Unfortunately, these 

assays cannot always be applied, as many substrates and/or products of interest do not 

contain chromophores or fluorophores. The preparation of chromogenic or fluorogenic 

substrates remains a challenge of design and synthesis for the chemist. 

Mass spectrometric assays are an excellent option for substrates and/or products 

which are neither chromogenic nor fluorogenic. These assays are highly accurate with 

low hazards, but they require costly equipment and are discontinuous. Because mass 

spectrometry is increasingly becoming accessible in operation and maintenance, its use to 

assay enzymes and to screen inhibitors in pharmaceutical research is gradually increasing 

(48). These assays are especially interesting for carbohydrate ST application because they 

enable measurement of kinetic constants for polymeric substrates with multiple reactive 

sites. Moreover these carbohydrate STs are attracting increasing interest for applications 

in inflammation and cancer and as novel therapeutic targets (49). 

Table 2: Comparison of ST assay methods 

Assay 
Method Benefits Limitations 

Radiometric Highly sensitive, fast, specific Hazardous, expensive, 
discontinuous 

Photometric 
Fast, inexpensive, continuous, high-throughput 
capable, kinetic constants easily measurable, 
requires few sample-processing steps, accurate 

Requires chromogenic 
substrate, relatively less 
sensitive 

Fluorimetric 

Highly sensitive, fast, continuous, inexpensive, 
high-throughput capable, kinetic constants easily 
measurable, specific, requires few sample-
processing steps, accurate 

Requires fluorogenic 
substrate 

Mass 
spectrometric Highly specific, highly sensitive, highly accurate 

Requires expensive 
equipment, 
discontinuous, requires 
specialized skills 

 

Each assay method described in this review has benefits and limitations that 

should be taken into account when selecting the optimum method for a particular ST 

(Table 2). In the future, less expensive, safer, and more sensitive assays will be required 
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for obtaining better insight into the activity and substrate-binding properties of STs. 

Defined substrates, carefully designed for individual STs, especially those that enable 

label-free detection, should also provide more insight. Further method development of ST 

assays is critical, because advances in assay development for a single ST can often be 

applied broadly to many STs for a variety of reactions and end applications. STs 

increasingly have a variety of important applications and improved assays are clearly 

required to determine their activity and take full advantage of their potential. 
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2. PREPARATION AND STRUCTURAL CHARACTERIZATION 

Multiple steps of preparation were required to develop assays to assess the heparin 

biosynthetic enzymes. These steps included developing defined substrates and expressing 

the necessary enzymes. Heparosan and NS heparosan oligosaccharides were selected as 

the defined substrates for this study. These saccharides are identical in structure to the 

regions in heparan sulfate and heparin that contain no O-sulfo groups, offering the unique 

opportunity for exploring the mechanisms and specificities of the enzymes not possible 

when using the occurring naturally large polysaccharides.  

2.1 Defined Substrate Preparation 

2.1.1. Expression and purification of heparin lyases 

Expression and purification of the recombinant heparin lyase 3 (EC # 4.2.2.8) 

from F. heparinum were performed as described in previous studies (50). A 50 mL LB 

culture containing 50 mg/mL carbenicillin was grown at 37°C to OD 0.6, induced with 

0.2 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG), and grown for an additional 10 

h. The cells were harvested by centrifuging at 6,000 g (4°C, 15 min).  The cell pellet was 

resuspended in 25 mM Tris-HCL, 30 mM imidazole, 500 mM NaCl buffer (pH 7.5) and 

the cells were lysed by sonication. The lysate was centrifuged at 12,000 g (4°C, 30 min) 

and the supernatant was collected. Heparin lyase III was bound to nickel resin, eluted 

with 25 mM Tris-HCl, 250 mM imidazole, 500 mM NaCl buffer (pH 7.5). Heparinase 

lyase 3 activity was measured by adding 90 µl of pre-warmed 50 mM dibasic sodium 

phosphate buffer (pH 7.1) to a cuvette with 50 µl of 20 mg/mL heparosan. (51) An 

increase in absorbance at 232 nm was measured as a function of time and activity was 

determined.  

2.1.2. Partial digestion of heparosan and NS heparosan 

Heparosan was prepared in our lab by fermentation of Escherichia coli K5 (52). 

The number average molecular weight was 58,000 Da and weight average molecular 

weight was 84,000 Da. A partial digestion was carried out to about 40% completion over 

17 min at room temperature (53, 54). Heparosan (23 mg at 1 mg/mL) was mixed with 

0.28 units (1 mL) of purified heparin lyase III in 50 mM sodium phosphate (pH 7.6). The 
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total reaction volume was 528 mL. The digest was stopped by heating at 100°C for 10 

min. The reaction was repeated at the same scale to digest 600 mg of heparosan. The 

digested polysaccharide was resolved on a BioGel P-10 column, which was eluted with a 

buffer containing 0.2 M NaCl at a flow rate of 2 mL/hr. The fractions were visualized by 

UV 232 nm (Figure 8). The resultant oligosaccharides were desalted on a BioGel P-2 

column (Figure 9). NS heparosan (250 mg) was also digested following the same reaction 

protocol (Figure 10). It was also resolved on a BioGel P-10 column and desalted on a 

BioGel P-2 column. 

 

 Figure 8: Heparosan partial digest fractionated on BioGel P-10 

 

Figure 9: Representative chromatogram showing desalting of heparosan dp6 on BioGel P-2 
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Figure 10: NS heparosan partial digest fractionated on BioGel P-10 

The substrates were then characterized to confirm oligosaccharide structure and 

purity. Analysis took place by mass spectrometry (MS) and nuclear magnetic resonance 

(NMR) spectroscopy. The resulting heparosan and NS heparosan oligosaccharide 

substrates ranging from degree of polymerization (dp) 2-10 are listed in Table 3.  

Table 3: Heparosan oligosaccharide structures 

No. Structure 
2 ΔUA-GlcNAc 
4 ΔUA-GlcNAc-GlcA-GlcNAc 
6 ΔUA-GlcNAc-GlcA-GlcNAc-GlcA-GlcNAc 
8 ΔUA-GlcNAc-GlcA-GlcNAc-GlcA-GlcNAc-GlcA-GlcNAc 

10 ΔUA-GlcNAc-GlcA-GlcNAc-GlcA-GlcNAc-GlcA-GlcNAc-GlcA GlcNAc 
2NS ΔUA-GlcNS 
4S ΔUA-GlcNS-GlcA-GlcNS 

6NS ΔUA-GlcNS-GlcA-GlcNS-GlcA-GlcNS 
8NS ΔUA-GlcNS-GlcA-GlcNS-GlcA-GlcNS-GlcA-GlcNS 

10NS ΔUA-GlcNS-GlcA-GlcNS-GlcA-GlcNS-GlcA-GlcNS-GlcA GlcNS 
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dp 2 

 

dp 4 

 

dp 6 

 

dp 8 
 

dp 10 
 

 

NS dp 2 

 

NS dp 4 

 

NS dp 6 

 

NS dp 8 
 

NS dp 10 
 

Figure 11: Chemical structures of prepared heparosan oligosaccharides 
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2.1.3. Oligosaccharide characterization 

(a) NMR 

For nuclear magnetic resonance (NMR) analysis, the heparosan oligosaccharides 

were dissolved in 0.4 mL of 99.996 atom % deuterium oxide (D2O) and lyophilized to 

remove exchangeable protons. A Bruker Avance II Ultrashield 600 MHz (14.1-Tesla) 

instrument equipped with an ultrasensitive HCN cryoprobe and z-axis gradient were 

used. The spectra were acquired at a probe temperature of 298K. For one-dimensional 

1H-NMR spectra, a sweep width of 20.5 ppm and acquisition time of 2.66 s were 

employed.  

Three peaks illustrate the difference between the NAc and NS oligosaccharides 

(Figure 12). The N-Acetyl in the NAc disaccharides is observed at ~2 ppm. The GlcNS-

H2 and GlcNS-H1 peaks are observed at ~3.2 ppm and ~5.56 ppm, respectively. Also, 

the peak intensities can be used to determine chain length, from dp4 to dp10, the peak 

intensity of GlcNAc-H1,4 increases. In the NS series, the peak intensity of GlcNS-H1,4 

increases  from dp4 to dp10. NMR analysis is also useful in determining the purity of 

each of the oligosaccharides. 
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Figure 12: Characterization of oligosaccharide substrates by 1D H-NMR at 600 MHz  

The peak intensities can be used to determine chain length, from dp4 to dp10, the peak intensity of 

GlcNAc-H1,4 increases in the heparosan oligosaccharides. In the NS series, the peak intensity of 

GlcNS-H1,4 increases  from dp4 to dp10 
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(b) MS 

The oligosaccharide substrates were next analyzed by a hydrophilic interaction 

chromatography-Fourier transform mass spectrometry (HILIC-FTMS) using a 2.0 x 

50mm (Torrance, CA) column coupled to an electrospray ionization LTQ-Orbitrap XL 

FTMS (Thermo Fisher Scientific, San-Jose, CA). The mobile phase A was 5 mM 

ammonium acetate prepared with HPLC grade water. Mobile B was 5 mM ammonium 

acetate prepared in 98% HPLC grade acetonitrile with 2% of HPLC grade water. An 

Agilent 1200 HPLC binary pump was used to deliver the gradient from 10% A to 80% A 

over 8 min at a flow rate of 250 μl/min after injecting the samples. The optimized MS 

parameters, used to prevent in-source fragmentation, included a spray voltage of 4.2 kV, 

a capillary voltage of −40 V, a tube lens voltage of −50 V, a capillary temperature of 275 

°C, a sheath flow rate of 30, and an auxiliary gas flow rate of 6. External calibration of 

mass spectra routinely produced a mass accuracy of better than 3 ppm. All FT mass 

spectra were acquired at a resolution 60,000 within 400−2000 Da mass range. Figure 13 

and Figure 14 show representative mass spectra data for heparosan and NS heparosan dp 

4, respectively. Mass spectral data for all other oligosaccharides are presented in the 

appendices.  
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Figure 13: Mass spectrum of heparosan dp4 

 

Figure 14: Mass spectrum of NS heparosan dp4 

 

Molecular ion, calculated (calc.), observed (obs.), and mass-to-charge (m/z) data 

for each heparosan and NS heparosan oligosaccharide are presented in Table 4. 
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Table 4: Major ions observed in mass spectrum 

No. Structure Molecular ion m/z Calc. m/z Obs. 
2 ΔUA-GlcNAc N.M. 379.1115 N.M. 
4 ΔUA-GlcNAc-GlcA-GlcNAc [M-H]- 758.2229 758.2220 
6 ΔUA-GlcNAc-GlcA-GlcNAc-GlcA-

GlcNAc 
[M-H]- 1137.3344 1137.3353 

8 ΔUA-GlcNAc-GlcA-GlcNAc-GlcA-
GlcNAc-GlcA-GlcNAc 

[M-2H]2- 1516.4458 1516.4459 

10 ΔUA-GlcNAc-GlcA-GlcNAc-GlcA-
GlcNAc-GlcA-GlcNAc-GlcA GlcNAc 

[M-2H]2- 1895.5573 1895.5579 

2NS ΔUA-GlcNS N.M. 417.0577 N.M. 
4S ΔUA-GlcNS-GlcA-GlcNS [M-2H]2- 834.1154 834.1154 

6NS ΔUA-GlcNS-GlcA-GlcNS-GlcA-
GlcNS 

[M-2H+Na]2- 1251.1731 1251.1731 

8NS ΔUA-GlcNS-GlcA-GlcNS-GlcA-
GlcNS-GlcA-GlcNS 

[M-3H]3- 1668.2308 1668.2314 

10NS ΔUA-GlcNS-GlcA-GlcNS-GlcA-
GlcNS-GlcA-GlcNS-GlcA GlcNS 

[M-3H]3- 2085.2886 2085.2893 

2.2. HS biosynthetic enzyme preparation 

2.1.1 Expression 

A total of five heparin synthetic enzymes were expressed and purified as 

described in previous studies (55). For each enzyme expression, a 50 mL LB culture 

containing 50 mg/mL of appropriate antibiotics, according to Table 5, was grown at 37°C 

to OD 0.6, induced with 0.2 mM IPTG, and grown for an additional 10 h. Cells were then 

harvested by centrifuging at 6,000g (4°C, 15 min).  The cell pellet was resuspended in 25 mM 

Tris-HCL, 500 mM NaCl buffer (pH 7.5). For 3-OST-1, the buffer also contained 30 mM 

imidazole. The cells were lysed by sonication. The lysate was centrifuged at 12,000 g (4°C, 30 

min) and the supernatant was collected.  

Table 5: Chemoenzymatic enzyme expression 

Enzyme Antibiotic Purification Resin 
(Tag/Terminus) 

2-OST Carbenicillin 
Kanamycin 
Tetracycline 

Amylose 
(MBP/NT) 6-OST-1 

6-OST-3 
3-OST-1 Kanamycin Ni-NTA Agarose 

(His/NT) AST-IV Carbenicillin 
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2.1.2 Purification 

Each enzyme was purified using an appropriate resin, according to Table 5 and 

eluted with 25 mM Tris-HCl, 500 mM NaCl buffer (pH 7.5) with 40 mM maltose for 2-

OST, 6-OST-1, and 6-OST-3 and 250 mM imidazole for 3-OST-1. The purified enzymes 

were then run on Bio-Rad 4-15% polyacrylamide SDS-PAGE gels (200V, 40 min) 

(Figure 15) to confirm correct molecular weight (Table 6). These enzymes were then 

ready to be used for developing sulfotransferase enzyme assays and determining the 

optimal sequence to synthesize heparin. 

 

 

Figure 15: SDS-PAGE analysis of recombinantly expressed sulfotransferases 

 

Table 6: Sulfotransferase enzyme molecular weights and expression yields 

Enzyme MW [kDa] Yield [mg/L] 
2-OST 42 12 

3-OST-1 36 8 
6-OST-1 47 14 
6-OST-3 55 6 

2.2 [34S]-PAPS Preparation 

[34S]PAPS was synthesized enzymatically using crude enzymes prepared as 

previously mentioned. The method was modified from similar previously described 

    2-OST   3-OST-1    6-OST-1   6-OST-3 
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syntheses of [35S]PAPS substituting Na2
34SO4 (from ISOFLEX USA) (56–58). The 

reaction included 90 mM ATP, 100 mM MgCl2, 1 M LiCl, 0.8 mg/mL pyrophosphatase, 

0.8 mg/mL KAST, 0.8 mg/mL APS Kinase, and 50 mM Tris-HCL at pH 8.0. The 

reaction was incubated at 30°C for 6 h. The [34S]PAPS product was analyzed using 

PAMN-HPLC (polyamine II column,  YMC America, Inc.) as follows: 100% water for 

10 min, followed with a linear gradient of 0–100% of 1 M KH2PO4 for 30 min, followed 

by 100% 1 M KH2PO4 for 15 min at a flow rate of 1 mL min−1 with UV 254 nm 

detection. Purification of PAPS was achieved on a DEAE-Sepharose fast flow column 

(GE Health; 1.5 × 60 cm). The DEAE column was washed with water, and PAPS was 

eluted with a gradient of 0–500 mM NaCl at 5.0 mL min−1 for 200 min. Fractions 

containing PAPS as determined by PAMN-HPLC were pooled and stored at −80°C. The 

purity of the [34S]PAPS product was assessed by MS analysis and determined to be 90%+ 

with less than 10% PAP contamination 1) (Figure 16: [34S]PAPS product mass spectrum). 

 

Figure 16: [34S]PAPS product mass spectrum 
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3. OPTIMAL SEQUENCE DETERMINATION FOR 
CHEMOENZYMATIC SYNTHESIS OF HEPARIN  

Before assays could be developed, it was important to deduce the optimal order to 

use the biosynthetic enzymes on their natural polysaccharide substrates to later determine 

appropriate defined substrates for each enzyme based. The biosynthesis of heparin is 

currently believed to take place through the sequential action of five biosynthetic 

enzymes as shown in Figure 17. It is possible that this sequence is incorrect or that an 

alternative sequential action of biosynthetic enzymes might be involved in making 

heparin more chemically equivalent to commercially available heparin (59). A study was 

undertaken to test a variety of different orders of enzyme treatment. 

Figure 17: Currently accepted scheme for chemoenzymatic synthesis of heparin 

The biosynthesis of heparin is currently believed to take place through the sequential action of five 

biosynthetic enzymes including NDST, C5 epimerase, 2-OST, 6-OST, and 3-OST 

Several sequences of enzymatic modifications were developed for testing using 

the enzymes expressed as earlier described (Table 7). Scheme #1 followed the traditional 

pathway. Schemes #1, 2, 3, and 7 involved 3-O-sulfonation in the last step to create 

anticoagulant heparin. Schemes # 4 and 5 introduced the 3-O-sulfonation earlier in the 

synthesis. Scheme #6 was a “one-pot” synthesis and Scheme 7 was similar except 3-O-

sulfonation was carried out separately. 
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Table 7: Reaction schemes  

# 1 C5-epi/2-OST à 6-OST-1/3à 3-OST-1 (traditional) 
# 2 2-OSTà C5-epi/2-OST à 6-OST-1/3 à 3-OST-1 
# 3 6-OST-1 à C5-epi/2-OST à 6-OST-3 à 3-OST-1 
# 4 C5-epi/2-OST à 3-OST-1à 6-OST-1/3 
# 5 3-OST-1àC5-epi/2-OST à 6-OST-1/3  
# 6 C5-epi/ 2-OST/6-OST-1/6-OST-3/3-OST-1 
# 7 C5-epi/ 2-OST/6-OST-1/6-OST-3à3-OST-1 

 

3.1 Enzymatic modification of polysaccharides 

NS heparosan (100 µg) and 35-S-labeled PAPS (2.7 mM, 22 cpm/pmol) were 

incubated with 150 µg of each respective enzyme in 50mM MES and 1% Triton X-100 

(pH 7.0), according to the reaction sequences listed above (60). For reactions involving 

the combination of C5-epimerase and 2-OST the polysaccharide substrates (100 µg) were 

incubated with epimerase (150 µg) and 1 mM CaCl2 at 37°C for 30 min before adding 2-

OST (150 µg). 1 mM MgCl2, and 1 mM MnCl2  were added to reactions using 3-OST-1. 

Reactions were incubated at 37°C for 16 hours and terminated by heating at 100°C for 2 

min. The resultant 35S-labeled polysaccharides were then purified by a DEAE purification 

step followed by dialysis with a 3500 molecular weight cutoff (MWCO) membrane for 4 

h in water for desalting before the next sulfonation reaction step was performed and after 

the last step. Sulfonation was confirmed after each step using scintillation counting to 

ensure that the reaction had proceeded successfully. 

An aliquot (~100,000 counts) of Scheme # 1, 2, 3, and 7 was taken for analysis 

before the final 3-O-sulfonation step in order to do enzymatic digestion and determine the 

disaccharide composition since 3-O-sulfonation would inhibit complete degradation 

without nitrous acid. RPIP-HPLC with UV and radiolabel detection was performed on 

these samples and the results are as follows. 

3.1.1 Disaccharide analysis 

Heparinases I, II, and III (100 µg of each) were added to the 35S-labeled 

polysaccharides and incubated at 37°C for 16 hours (60). The resultant disaccharides 

were resolved by a C18- reverse-phase column under reverse-phase ion pairing HPLC 
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conditions. The identities of the disaccharides were determined by co-eluting with 

appropriate 35S-labeled disaccharide standards. 

3.1.2 Determination of the amount of polysaccharides 

The identity and amount of the resultant disaccharides was determined by co-

elution with disaccharide standards (from Seikagaku) on RPIP-HPLC as described using 

UV 232 nm detection. 

3.1.3 Results and discussion 

Relative abundance of the four disaccharides IdoA-GlcNS6S (6S), Ido2S-

GlcNS6S (NS6S), IdoA2S-GlcNS (NS2S), and IdoA2S-GlcNS6S (NS2S6S) determined 

from 8 commerical heparin sources were set as the target ranges for the polysacchairde 

products of this study (Table 8) (61). The HPLC results for standard of these four 

disaccharides as well as the NS disacharride are shown in Figure 18. The disacharrides 

eluted based on their charge with the most highly sonfonated disaccharide, NS2S6S 

eluting last. Based on UV and 35S detection, 3-4 disaccharide types were observed from 

Schemes 1, 2, 3, and 7 prior to 3-O-sulfonation (Figure 19).  

Table 8: Target range (in mole %) provided by disaccharide analysis of commercial heparins 

6S NS6S NS2S NS2S6S 
0.3 - 2.8 1.1 - 11.4 1.2 - 12.6 72.9 - 97.4 

 

Figure 18: Disaccharide standards for HPLC by UV 232 nm detection 
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Figure 19: HPLC Chromatograms showing disaccharide analysis of samples prepared using different 

reaction schemes prior to 3-O sulfonation 

The calculated relative peak abundances of these 3-4 discacharrides are presented 

in Table 9 and Table 10. Schemes 1 and 2 showed the highest trisulfonated disaccharide 

results, 69.0% and 53.5% respectively by UV detection and 47.6% and 43.4% 

respectively by 35S detection, making them the closest to the target. 

Table 9: Relative disaccharide abundance prior to 3-O-sulfonation by UV 232nm detection 

Scheme # 6S (%) NS6S (%) NS2S (%) NS2S6S (%) 
1 17.3 5.9 7.8 69.0 
2 20.2 13.0 13.3 53.5 
3 20.7 53.8 11.6 13.9 
7 18.5 64.7 1.1 15.7 

Table 10: Relative disaccharide abundance prior to 3-O-sulfonation by 35S detection 

Scheme # 6S (%) NS6S (%) NS2S (%) NS2S6S (%) 
1 0.0 32.4 20.0 47.6 
2 6.9 22.6 27.0 43.4 
3 7.2 70.6 13.3 8.9 
7 9.1 89.4 0.6 0.9 
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Based on UV and 35S detection, 3-4 disaccharide types were observed from 

Schemes 1-7 after to 3-O-sulfonation (Figure 20). 

 

 

Figure 20: HPLC Chromatograms showing disaccharide analysis of samples prepared using different 

reaction schemes following 3-O-sulfonation 
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The calculated relative peak abundances of the 3-4 discacharrides after 3-O-

sulfonation are presented in Table 11 and Table 12. Schemes 1 and 3 showed the highest 

trisulfonated disaccharide results, 37.1% and 38.0% respectively by UV detection. 

Schemes 1 and 4 showed the highest trisulfonated disaccharide results 55.4% and 58.0% 

respectively by 35S detection.  

Table 11: Disaccharide relative abundance by UV 232nm detection 

Scheme # 6S (%) NS6S (%) NS2S (%) NS2S6S (%) 
1 24.9 14.5 23.4 37.1 
2 30.7 13.5 22.9 32.9 
3 28.6 22.1 11.3 38.0 
4 22.6 17.5 27.0 33.0 
5 41.7 12.2 24.9 21.3 
6 73.7 0.0 22.2 4.1 
7 21.1 78.9 0.0 0.0 

 

Table 12: Disaccharide relative abundance by 35S detection 

Scheme # 6S (%) NS6S (%) NS2S (%) NS2S6S (%) 
1 1.2 17.0 26.4 55.4 
2 3.4 26.5 32.7 37.4 
3 24.3 9.3 14.7 51.7 
4 1.5 19.4 21.1 58.0 
5 5.0 17.6 35.9 41.4 
6 1.2 0.0 88.8 10.0 
7 6.1 93.9 0.0 0.0 

 

3.2 Anticoagulant Assays 

Anticoagulant assays were performed on each polysaccharide product including 

antithrombin, anti-Xa, and anti-IIa binding to compare the products anticoagulant 

properties to that of USP heparin. 

3.2.1 Antithrombin binding 

Approximately 5000 cpm of each 35S-labaled compound was incubated with 5 

µg human AT (Cutter Biological) in 50 µl binding buffer containing 10 mM Tris-
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HCl (pH 7.5), 150 mM NaCl, 1 mM Mn2+, 1 mM Mg2+, 1 mM Ca2+, 10 µM dextran 

sulfate, 0.0004% Triton X-100, and 0.02% sodium azide for 30 min at room temperature 

(60). ConA-Sepharose (Sigma, 50 µl 1:1 slurry) was then added, and the reaction was 

shaken at room temperature for 1 hr. The beads were then washed three times in 1 mL 

binding buffer, and the bound polysaccharide was eluted with 1 mL 1 M NaCl. Percent 

bound was determined using scintillation counting. 

3.2.2 Anti-Xa and Anti-IIa binding 

Factor Xa (Enzyme Research Laboratories, South Bend, IN) 

and thrombin (Sigma) were diluted to 1 U/mL and 8 U/mL, respectively, with PBS. 70 µg 

of BSA in PBS was added. AT was diluted with PBS containing 1 mg/mL BSA to give a 

stock solution at the concentration of 27 µM. The chromogenic substrates S-2765 

(for factor Xa assay) and S-2238 (for thrombin assay) were purchased from Diapharma 

and prepared at 1 mM. The reaction mixture consisted of 25 µl AT stock solution and 

15 µl of various concentrations of polysaccharide (60). The solution containing 

polysaccharide and was incubated at 25°C for 2 min. Factor Xa (20 µl) or thrombin (15 

µl) was added. After incubating at 25°C for 4 min, 60 µl S-2765 or 45 µl S-2238 was 

added. The absorbance of the reaction mixture was measured at 405 nm continuously for 

5 min. The absorbance values were plotted against the reaction time. The initial reaction 

rates as a function of concentration were used to calculate the IC50 values.  

3.2.3 Results and discussion 

Table 13 reflects a summary of the factor Xa and IIa inhibition and antithrombin 

binding studies. At 26.0 ng/mL, Scheme 1 was the closest to the heparin standard of 25.0 

ng/mL for the Xa assay. However, for the IIa assay, none of the products from Schemes 

1-7 were in the range of the heparin standard of 8.0 ng/mL. This result could be attributed 

to the low tri-sulfonated disaccharide composition of the products. The factor IIa-binding 

region is composed of the tri-sulfonated glucose residues (62). 
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Table 13: Anti-factor Xa and IIa and antithrombin binding assay results 

Scheme # Xa 
(ng/mL) 

IIa 
(ng/mL) Antithombin binding (%) 

1 26.0 40.9 39.8 ± 0.9 
2 36.2 30.5 45.9 ± 2.1 
3 46.2 65.9 35.0 ± 4.3 
4 30.0 37.7 44.8 ±0.9 
5 39.2 59.8 24.5 ± 0.2 
6 15.1 30.2 45.1 ± 0.9 
7 39.9 27.4 26.4 ± 0.1 

Heparin 25.0 8.0 33.0 ± 0.1  
 

Based on this study, it appears that the order of enzyme treatment did not have a 

profound effect on the structures of the product as determined through its disaccharide 

compositional analysis. In all cases, the relative disaccharide abundances were not in the 

range of the commercial heparin. A possible reason for not matching the targets is that 

each reaction was allowed to run to completion. It is possible that partial sulfonation 

might be optimal, but this will require excellent control of each reaction step based on 

enzyme activity. Furthermore, a mixture of products of several enzyme sequence 

schemes might be required to reach the desired disaccharide composition. 
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4. HILIC-MS ASSAY 
2Although the current “gold standard” for sulfotransferase assays is utilizes 

radiolabel, some mass spectrometric assays have been developed as mentioned in the 

Introduction (40–44). Mass spectrometric assays are more accurate and specific. A new 

method is being developed to assess the sulfotransferase enzyme activity directly based 

on measuring the products of heparosan and NS heparosan defined substrates of various 

chain lengths using HILIC-FTMS (Figure 21). The method is fast accurate, and does not 

require the workup usually necessary for mass spectrometric methods. The method is also 

useful for determining kinetic information about the enzymes and exact location of sulfo 

groups. 

 

Figure 21: Sulfonation of heparosan and NS heparosan oligosaccharides 

4.1 Reaction conditions 

The activity of sulfotransferases was assessed by incubating 5.0 µg of purified 2-

OST with 2.5 µg of NS heparosan decasaccharide and 2 µg 3'-phosphoadenosine-5'-

phosphosulfate (PAPS) in 22.5 µl of 50 mM MES buffer pH 7.0. The reaction occurred 

over 24 h with an aliquot removed at time points 0, 1, 2, 3, 4, 7, and 24 h. Each aliquot of 

the reaction was quenched by adding 50 µl of 100% acetonitrile. 

                                                
2 Portions of this chapter previously appeared as: Restaino, O.F.; Bhaskar, U.; Paul, P.; Lin, L.; De Rosa, 

M.; Dordick, J.S.; Linhardt, R.J. High cell density cultivation of a recombinant E. coli strain 
expressing a key enzyme in bioengineered heparin production. Applied Microbiology and 
Biotechnology 2013, 1-8. 
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4.2 MS analysis 

The products were analyzed by HILIC using a 2.0 x 50mm (Torrance, CA) column 

coupled to an electrospray ionization LTQ-Orbitrap XL FTMS (Thermo Fisher Scientific, 

San-Jose, CA). The mobile phase A was 5 mM ammonium acetate prepared with HPLC 

grade water. Mobile B was 5 mM ammonium acetate prepared in 98% HPLC grade 

acetonitrile with 2% of HPLC grade water. An Agilent 1200 HPLC binary pump was 

used to deliver the gradient from 10% A to 80% A over 8 min at a flow rate of 250 

µl/min after injecting the samples. The optimized MS parameters, used to prevent in-

source fragmentation, included a spray voltage of 4.2 kV, a capillary voltage of −40 V, a 

tube lens voltage of −50 V, a capillary temperature of 275 °C, a sheath flow rate of 30, 

and an auxiliary gas flow rate of 6. External calibration of mass spectra routinely 

produced a mass accuracy of better than 3 ppm. All FT mass spectra were acquired at a 

resolution 60,000 within 400−2000 Da mass range.  

4.3 Determination of enzyme activity 

The substrate peak at m/z 694.08 ([M-3H]3-, z = -3, MW  2085.2886) disappeared 

over time with the appearance of a mono-2-O-sulfo-N-sulfoheparosan decasaccharide 

product peak at m/z 720.739 ([M-3H]3-, z = -3, MW 2165.2454) after 1 h, di-2-O-sulfo-

N-sulfoheparosan decasaccharide product peak at m/z 747.397 ([M-3H]3-, z = -3, MW 

22.45.2022) after 1 h, and tri-2-O-sulfo-N-sulfoheparosan decasaccharide product peak at 

m/z 774.049 ([M-3H]3-, z = -3, MW 2325.159) after 7 h (Figure 22). The peak area of 

each sulfonated product was determined and compared with the peak area of the known 

concentration of substrate to calculate the concentration of each product. Similar 

ionization efficiencies were assumed. The resulting increasing amount of product and 

decreasing amount of substrate over time were then plotted in Figure 23. The sum of the 

sulfonated products was also plotted and its linear region (up to 5 min) was used to 

calculate activity of the enzyme, 0.33 pmol product formed·min-1. The specific activity 

was determined to be 131.79 pmol product formed·min-1·mg-1 protein. 
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Figure 22: MS spectra for 2-O-sulfonation of NS heparosan decasaccharide 

The increase in NS heparosan 2-O-sulfonation, from the addition of 1 sulfo group to 3 sulfo groups, 

over 24 h was analyzed by HILIC-MS.  
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Figure 23: 2-O-Sulfonation of NS heparosan decasaccharide over time 

The increasing amounts of mono-, di- and tri-sulfonated products were calculated from the MS data 

and plotted over time. The sum of the 3 products was also plotted. 

4.4 Precision analysis 

Precision of the method was assessed by running the reaction in triplicate and 

analyzing the sulfonated products as reflected in Figure 24. Analytical precision was 

assessed by analyzing one sample in triplicate as reflected in Figure 25. The method and 

analytical precision observed proved the precision of the experiment. 

 

Figure 24: Method precision 

Sulfonation reactions were performed in triplicate to assess the precision of the method. 

0 
0.0002 
0.0004 
0.0006 
0.0008 
0.001 

0.0012 
0.0014 

0 10 20 30 

um
ol

 p
ro

du
ct

 

Time (h) 

Substrate 

1 SO3 

2 SO3 

3 SO3 

0.00E+00 
5.00E+04 
1.00E+05 
1.50E+05 
2.00E+05 

0 SO3 1 SO3 2 SO3 3 SO3 

A
re

a 



 
 

40 

 

Figure 25: Analytical precision 

HILIC-MS analysis was performed in triplicate on 1 reaction sample to assess the analytical 

accuracy of the instrument. 

4.5 Testing high cell density cultivated enzyme activity 

A method to improve efficient recombinant biosynthetic enzyme expression was 

developed (63). The activity of the purified enzyme samples, coming from each of the 

three fed-batch fermentation experiments, were analyzed by incubating 5.0 μg of purified 

6-OST-1 with 2.5 μg of N-sulfoheparosan decasaccharide and 2 μg 3′-phosphoadenosine-

5′-phosphosulfate (PAPS) in 22.5 μl of 50 mM MES buffer pH 7.0. Initial studies were 

performed to determine the optimal reaction time to ensure that the assay occurred during 

the linear initial burst of product production. Based on these studies, a 24-h time point 

was selected and the reaction was quenched by adding 50 μl of 100 % acetonitrile. The 

products were then analyzed (Figure 26). 

The specific activity of 6-OST-1 prepared in Fed Batch (FB) A (induced by IPTG) 

was 82 pmol/min*mg, up to 2.5-fold higher than that obtained in FB B and FB C 

(induced by IPTG and Galactose) 24 and 32 pmol/min*mg respectively. The production 

of 6-OST-1 increased by 50-fold along with a 20-fold increase in cell density based on 

the improved methods based on the use of a defined medium and a dual inducer strategy. 

 

0.00E+00 

1.00E+04 

2.00E+04 

3.00E+04 

4.00E+04 

0 SO3 1 SO3 2 SO3 
A

re
a 



 
 

41 

 

Figure 26: Mass spectrometric analysis of a 24 h reaction catalyzed by 6-OST-1 purified enzymes 

coming from fermentor runs.  

Control (without any enzyme addition), FB A, FB B, and FB C are fermentor runs A, B, and C, 

respectively. Substrate N-sulfo heparosan decasaccharide, shows an m/z 694.08 ([M-3H]3-), 

corresponding to its molecular weight of 2085.2886 and product, containing a single O-sulfo group 

shows a m/z 720.74 ([M-3H]3-), corresponding to a molecular weight of 2165.2454. 

4.6 Investigating substrate specificity and commercial enzyme activity 
compared to lab prepared using [34S]PAPS 

The assay was applied to other sulfotransferase enzymes including commercial 

enzyme, which was recombinant mouse sourced from R&D Systems and expressed in 

Chinese Hamster Ovary cells with an N-terminal 6-His tag and laboratory-prepared 

enzyme, which was recombinant mouse sourced and expressed in E. coli 6-OST-3. 

Commercial enzyme was selected to ensure that enzyme activity was consistent when 

sulfonating each substrate. The sequence comparison for the Mus musculus commercial 

and laboratory-prepared 6-OST-3 is shown in Figure 27. (NCBI Reference Sequence: 

NP_056635.2) The two sequences show an 81% sequence homology with the 

commercial enzyme including a longer sequence. [34S]PAPS, including the stable sulfur 
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isotope, replaced previously used [32S]PAPS to improve the sensitivity of the method as 

the product masses would increase by 2.0159 amu for each sulfo group incorporated (64). 

 

Figure 27: 6-OST-3 Sequence Comparison 

4.6.1 Reaction Conditions 

The activity of sulfotransferases was assessed by incubating 0.34 µM of 6-OST-3 

commercial enzyme or 0.68 µM of lab prepared 6-OST-3 with 50 µM of heparosan 

hexasaccharide, NS tetrasaccharide, NS hexasacharide, NS octasaccharide, NS 

decasaccharide, and 120 µM  [34S]PAPS in 50 mM MES buffer pH 7.0 for a reaction 

total volume of 100 µl. The reaction occurred over up to 24 h with a 6 µl aliquot removed 

at specific time points, mostly within the first hour. Each aliquot of the reaction was 

quenched by adding 15 µl of 100% Acetonitrile. The samples were then analyzed and the 

sum of the sulfonated products was plotted. The linear region (up to 5 min) was used to 

calculate activity of the enzymes. 

4.6.2 Results and discussion 

Figure 28 depicts the sulfonation of an NS heparosan tetrasaccharide over time. 

The addition of 1 sulfo or 2 sulfo groups was monitored and the initial rate of production 

was converted into activity. Figures 28, 29, and 30, depict the sulfonation of NS 

heparosan hexasaccharide, octasaccharide, and decasaccharide respectively. 

 

1 MDERFNKWLL TPVLTLLFVV IMYQYVSPSC TSSCTNFGEQ LRSGEARPPA VPSPARRAQA 
61 PLDEWERRPQ LPPPPRGPPE GSRGVAAPED EDEDPGDPEE EEEEEEEEPD PEAPENGSLP 
121 RFVPRFNFTL KDLTRFVDFN IKGRDVIVFL HIQKTGGTTF GRHLVKNIRL EQPCSCKAGQ 
181 KKCTCHRPGK KETWLFSRFS TGWSCGLHAD WTELTNCVPA IMEKKDCPRN HSHTRNFYYI 
241 TMLRDPVSRY LSEWKHVQRG ATWKTSLHMC DGRSPTPDEL PTCYPGDDWS GVSLREFMDC 
301 SYNLANNRQV RMLADLSLVG CYNLTFMNES ERNTILLQSA KNNLKNMAFF GLTEFQRKTQ 
361 FLFERTFNLK FISPFTQFNI TRASNVDIND GARQHIEELN FLDMQLYEYA KDLFQQRYHH 
421 TKQLEHQRDR QKRREERRLQ REHRAHRWPK EDRAMEGTVT EDYNSQVVRW 
 
Key: 

• Yellow + Green = Commercial Enzyme 6-OST-3 
• Green = Laboratory-Prepared 6-OST-3 
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Figure 28: 6-O-Sulfonation of NS heparosan tetrasaccharide over time 

 

 

Figure 29: 6-O-Sulfonation of NS heparosan hexasaccharide over time 
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Figure 30: 6-O-Sulfonation of NS heparosan octasaccharide over time 

 

Figure 31: 6-O-Sulfonation of NS heparosan decasaccharide over time 

Table 14 shows a summary of the calculated specific activities based on varying 

chain lengths of substrate. The NS tetrasaccharide showed the least activity with only 

0.73 pmol product/(min*ug protein) and the NS octasaccharide showed the highest 

activity with 19.07 pmol product/(min*ug protein). The NS tetrasaccharide could have 

possibly been too short for the enzyme to bind and sulfonate making the hexasaccharide 

the minimum chain length to serve as this enzyme’s substrate. The NS hexasaccharide, 

NS octasaccharide, and NS decasaccharide showed similar activities indicating that 
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above the minimum chain length, the enzyme does not show a preference for 

oligosaccharides ranging from dp 6 - dp10. The heparosan hexasaccharide substrate did 

show any formation of product indicating that the enzyme does prefer previously N-

sulfonated substrates. The 6-OST-3 enzyme’s crystal structure has not been determined 

so the binding sites are unknown, but these trends can help to clarify its substrate 

specificity. 

Table 14: Substrate sulfonation summary 

Substrate 
Specific Activity 

(pmol product/(min*ug protein) 

NS tetrasaccharide 0.73 

NS hexasaccharide 11.82 

NS octasaccharide 19.07 

NS decasaccharide 14.01 

Heparosan Hexasaccharide No Reaction 

 

Figure 32 shows the activity of laboratory-prepared 6-OST-3 on the NS 

hexasaccharide substrate. The specific activity was determined to do 5.25 pmol 

product/(min*ug protein). The commercial enzyme demonstrated about 2.3 times more 

activity. 
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Figure 32: 6-O-Sulfonation of NS heparosan hexasaccharide over time using laboratory-prepared 

enzyme 

4.7 Kinetic constant determination 

This assay was next adapted to determine kinetic constants such as and Vmax. The NS 

hexasaccharide substrate was selected for ease of analysis. The kinetic constants were 

determined by varying NS hexasaccharide substrate and PAPS concentrations to 

determine optimum reaction conditions and substrate specificity based on chain length 

and sulfonation (65).  

4.7.1 Varying PAPS 

To determine the Km for PAPS, NS hexasaccharide concentration was held constant 

at 50 µM while [34S]PAPS was varied from 10-150 µM. These were incubated with 0.34 

µM of 6-OST-3 commercial enzyme or 0.68 µM of lab prepared 6-OST-3 and 50 mM 

MES buffer pH 7.0 for a reaction total volume of 20 µl for each concentration of 

[34S]PAPS. After 4 minutes, corresponding with the initial phase of the reactions, each 

reaction was quenched by freezing in dry ice to ensure all samples had the same exact 

ending time point and then adding 50 µl of 100% Acetonitrile. The samples were 

analyzed and product amounts were measured. The data was then plotted in a 

Lineweaver-Burk plot to determine the Km, the negative reciprocal of the x-intercept, and 
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the Vmax, the reciprocal of the y-intercept. The Lineweaver Burk Plots for the commercial 

and laboratory-prepared 6-OST-3 are presented in Figure 33 and Figure 34, respectively. 

 

 

Figure 33: Commercial 6-OST-3: Varying PAPS 

 

 

Figure 34: Laboratory 6-OST-3: Varying PAPS 
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were incubated with 0.34 µM of 6-OST-3 commercial enzyme or 0.68 µM of lab 

prepared 6-OST-3 and 50 mM MES buffer pH 7.0 for a reaction total volume of 20 µl for 

each concentration of [34S]PAPS. After 4 min, corresponding with the initial phase of the 

reactions, each reaction was quenched by freezing in dry ice to ensure all samples had the 

same exact ending time point and then adding 50 µl of 100% Acetonitrile. The 

Lineweaver Burk Plots for the commercial and laboratory-prepared 6-OST-3 are 

presented in Figure 35 and Figure 36, respectively. 

 

Figure 35: Commercial 6-OST-3: Varying NS dp 6 

 

Figure 36: Laboratory 6-OST-3: Varying NS dp 6 
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4.7.3 Results summary and discussion 

The kinetic constants determined from the Lineweaver-Burk plots of varied PAPS 

and oligosaccharide are summarized in Table 15. The laboratory-prepared and 

commercial enzymes showed a similar Km for [34S]PAPS at 10 and 13 µM, respectively. 

However, the Km for the NS hexasaccharide substrate for the commercial enzyme was 2.8 

times lower than the 333 µM from the laboratory-prepared enzyme. The Vmax was 1 order 

of magnitude higher for the commercial enzyme compared to the laboratory-prepared 

enzyme for both the variation in PAPS and oligosaccharide substrate causing the kcat and 

kcat /Km to also vary similarly. The kcat constant was calculated by dividing Vmax 

(µM/min) by the enzyme concentration (µM). 

Table 15: Kinetic constant summary 

 Km 
(µM) 

Vmax 
(µM/min) 

kcat 
(1/min) 

kcat /Km 
(min/µM) 

Varying PAPS Commercial 13 3.3E-13 9.9E-13 7.4E-14 
Laboratory 10 3.3E-14 4.4E-14 4.4E-15 

Varying NS dp6 Commercial 117 1.7E-12 4.9E-12 4.2E-14 

 Laboratory 333 3.3E-13 4.4E-13 1.3E-15 
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5. CE-LIF ASSAY 

A second method is being developed to assess the sulfotransferase enzyme 

activity directly without the use of radiolabel based on measuring the products of 2-

aminoacridone (AMAC) labeled heparosan and NS heparosan defined substrates of 

various chain lengths using capillary electrophoresis – laser induced fluorescence (CE-

LIF). CE-LIF has been used to determine the activity of other classes of enzymes on 

various substrates (66–69). Utilizing an AMAC tag affords ease in the separation of 

substrate/products from the assay reaction mixture and thus highly specific measurements 

and accuracy for determining kinetic information about the enzyme. 

5.1 CE-LIF apparatus 

CE analyses were performed on a high performance capillary electrophoresis 

(HPCE) system (Agilent Technologies) equipped with a ZETALIF (Picometrics, France) 

detector (λex = 488 nm) (70–72). Figure 37 shows the basic components of  CE 

instrumentation (73). The content within the narrow-bore, fused silica capillary is the 

same as that of the reservoirs. The ends of the capillary are placed in buffer reservoirs. 

Sample is loaded onto the capillary by replacing the anode reservoir with a sample 

reservoir and applying an electric field. The buffer reservoir is then replaced and the 

applied eletric field causes separation based on differences in solute veloity to begin. 

Optical detection is made directly through the capillary wall.  

 

Figure 37: Basic components of CE instrumentation 
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5.2 AMAC labeling of oligosaccharides 

Fluorescent labeling of heparosan and NS heparosan oligosaccharides was 

performed using AMAC. AMAC was chosen as it is neutral over a wide pH range of ~2-

9. A modified version of reported procedures was used for the labeling (74). The 

heparosan and NS heparosan oligosaccharides (dp 4-10) were dissolved in 20 µl of water 

(1 µg/µl) and then reacted with 20 µl of 0.1 M 2-AMAC in a mixture of 85% dimethyl 

sulfoxide/15% acetic acid. The reaction was incubated at 25°C for 20 min. 20 µl of 1 M 

sodium cyanoborohydride was then added to the reaction mixture and the reaction 

continued for 18 h at 25°C. Excess cyanoborohydride was destroyed by the addition of 

glacial acetic acid. 

5.3 Reaction conditions 

  A preliminary reaction was performed by incubating 20 µg of purified 6-OST-3 

with 20 µg of AMAC-NS heparosan decasaccharide and 16.2 µg PAPS in 200 µl of 50 

mM MES buffer pH 7.0. The reaction occurred over 24 h. The reaction was quenched by 

freezing in dry ice. 

 

5.4 CE characterization of AMAC labeled products 

Resolution and analysis were performed on an uncoated fused-silica capillary 

column (50 µm ID, 85 cm total length, 70 cm effective length) at 25 ˚C using 50 mM 

phosphate buffer, pH 3.5 (Figure 38). Signal noise (appearing as sharp vertical lines) 

were associated with the reaction mixture sample so the next trial involved purification 

after the reaction step using a cellulose acetate membrane syringe filter, 0.2 µm (Figure 

39) (71). 
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Figure 38: CE-LIF analysis trial 1 

A) Electrophoregram of substrate before reaction B) after reaction. Both analyses were performed at 

25˚C, pressure injection of 50 mbar × 30 s at reversed polarity, using 50 mM phosphate buffer, pH 

3.5. Injection volume was 50 nL (1 µg/µl). 
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Figure 39: CE-LIF analysis trial 2: cellulose membrane purification 

A) Electrophoregram of substrate before reaction (B) after reaction. Both analyses were performed 

at 25˚C, pressure injection of 50 mbar × 30 s at reversed polarity, using 50 mM phosphate buffer, pH 

3.5. Injection volume was 50 nL(1 µg/µl). 

The cellulose acetate membrane appeared to be effective in removing unreacted 

2-aminoacridone and other possible contaminants.  The method was further improved by 

introducing a polyvinyl alcohol (PVA) coated capillary containing a permanently 

adsorbed layer of PVA. This coating minimizes hydrophobic and electrostatic solute/wall 

interactions and eliminates electroosmotic flow (EOF).  The AMAC-NS heparosan 

decasaccharide was run alone and its resolution on the PVA capillary improved (Figure 

40). 
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Figure 40: CE-LIF analysis trial 3: PVA capillary 

Electrophoregram of substrate before reaction, analysis was performed on a PVA CE-capillary, 50 

μm I.D., 40 cm effective length, 55 cm total length. Pressure injection of 50 mbar × 30 s at reversed 

polarity, using 50 mM phosphate buffer, pH 3.5. Injection volume is 50 nL(1 µg/µl). 

5.5 LC-MS analysis of reaction 

The reaction control and products were analyzed by LC-MS to determine their 

composition for later identification by CE-LIF (Figure 41).  The freeze-dried biological 

sample was added 10 µL a 0.1 M AMAC solution in acetic acid (AcOH)/dimethyl 

sulfoxide (DMSO) (3:17, v/v) and mixed by vortexing for 5 min. Next, 10 µL of 1 M 

NaBH3CN was added in the reaction mixture and incubated at 45°C for 4 h (75). Finally, 

the AMAC-tagged mixture was diluted to different concentrations (0.5-100 ng) using 

50% (v/v) aqueous DMSO and LC-MS analysis was performed. 

LC-MS analyses were performed on an Agilent 1200 LC/MSD instrument (Agilent 

Technologies, Inc. Wilmington, DE) equipped with a 6300 ion-trap and a binary pump. 

The column used was a Poroshell 120 C18 column (2.1 × 150 mm, 2.7 µm, Agilent, 

USA) at 45°C. Eluent A was 80 mM ammonium acetate solution (20 mM, 40 mM, 60 

mM, 80 mM, 100 mM) and eluent B was methanol. Solution A and 15% solution B was 

flowed (150 µL/min) through the column for 5 min followed by linear gradients 15-30% 

solution B from 5 to 30 min. The column effluent entered the ESI-MS source for 

continuous detection by MS.  The electrospray interface was set in negative ionization 

mode with a skimmer potential of -40.0 V, a capillary exit of -40.0 V, and a source 

temperature of 350 °C, to obtain the maximum abundance of the ions in a full-scan 

spectrum (150-1200 Da).  Nitrogen (8 L/min, 40 psi) was used as a drying and nebulizing 

gas (76). 
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The only product detectable was the NS decasaccharide with the addition of 3 

sulfo groups. This product was then ready to be assessed by CE-LIF. 

 

Figure 41: LC-MS analysis of dp10NS sulfonation 

5.6 Further CE-LIF analysis 

Efficient conditions for running the reaction substrate of AMAC-NS heparosan 

decasaccharide and the composition of products were determined. Reactions including 

NS hexasaccharide and NS decasaccharide were carried out.  

5.6.1 Reaction conditions 

NS hexasaccharide (5 µg, 200 µM) or NS decasaccharide (8 µg, 200 µM) was 

incubated with 480 µM [34S]PAPS, 7.5 µM of laboratory-prepared 6-OST-3 enzyme, and 

50 mM MES buffer pH 7.0 for a reaction total volume of 20 µl. Control reactions were 
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also carried out omitting enzyme. The reactions were quenched after 7.5 hours by 

freezing and lyophilizing the reaction mixtures in preparation for AMAC-tagging. 10 µL 

0.1 M AMAC solution in acetic acid (AcOH)/dimethyl sulfoxide (DMSO) (3:17, v/v) 

was added and mixed by vortexing for 5 min. Next, 10 µL of 1 M NaBH3CN was added 

to the reaction mixture and incubated at 45 °C for 4 h. Finally, the AMAC-derivatized 

∆UA-disaccharide mixtures were diluted to different concentrations with 50% (v/v) 

aqueous DMSO and CE-LIF analysis was performed on an G1600 HPCE system (Agilent 

Technologies) equipped with a ZETALIF (Picometrics, France) detector (λex = 488 nm).  

Resolution and analysis were performed on an uncoated fused-silica capillary column 50 

µm ID, at 25 ˚C, using 50 mM phosphate buffer, pH 3.5, reversed polarity. New capillary 

was treated with MeOH, 1M HCl, 1M NaOH, 0.1 M NaOH, water and operating buffer, 

until the baseline got constant. Between each run, the capillary was flushed with 0.1 M 

NaOH (3 min), HPLC grade water (3 min), and operating buffer (5 min). The operating 

buffer was filtrated through a 0.22 µm membrane filter. All solutions were degassed. 

Samples were introduced using the pressure mode (50 mbar × 30 s) at the cathode. 

5.6.2 Results and discussion 

Sulfonation reactions were carried out using NS hexasaccharide and NS 

decasaccharide as substrates. CE-LIF analysis was performed. Figure 42 shows the 

reaction results for the NS hexasaccharide analysis. It appears that ~67% of the substrate 

was converted to product. Figure 43 shows the reaction results for the NS decasaccharide 

analysis. ~58% of the substrate was converted to product, which from LC-MS analysis is 

known to be the NS hexasaccharide +3 6-O-sulfo groups. 
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Figure 42: CE-LIF analysis of NS hexasaccharide sulfonation 

 

Figure 43: CE-LIF analysis of NS hexasaccharide sulfonation 
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6. CONCLUSIONS AND FUTURE WORK 

A viable HILIC-MS assay has been developed that can determine sulfotransferase 

enzyme activity and kinetic constants such as Km, Vmax, and kcat. NS hexasaccharide 

appears to be the minimum chain length for sulfonation by the 6-OST-3 enzyme as 

increasing chain length showed no affect on enzyme activity. Heparosan oligosaccharides 

not containing O-sulfo groups do not seem to be substrates for 6-OST-3. Commercial and 

laboratory-prepared enzymes showed similar Km values for PAPS, but the commercial 

enzyme demonstrated a lower Km for the NS hexasaccharide substrate than did the 

laboratory-prepared enzyme. Proof of concept has been demonstrated for a CE-LIF-based 

enzyme assay using NS-heparosan hexasaccharide and NS-heparosan decasaccharide 

substrates demonstrating disappearance of starting material and appearance of products. 

In the future, further studies using both assay methods to gather activity and 

kinetic constant data on the other NS-heparosan oligosaccharide library substrates would 

be useful to better understand the mechanism of the 6-OST-3 enzyme. MS/MS analysis 

can give insight into the sulfonation pattern showing if the enzyme acts consecutively on 

adjacent disaccharide residues within the substrate or if it acts in a more random pattern. 

Studies also should be performed on the other sulfotransferases including 6-OST-1, to 

compare their expected different isozyme substrate specificities (77). The activity of 2-

OST and 3-OST-1 on these defined substrates should also be examined. The high 

specificity of the HILIC-MS assay would be especially useful for assaying 3-OST-1, 

which is believed to have the most selective specificity of all of the heparin biosynthetic 

enzymes and has been crystallized (15, 71, 7). Digestion of polysaccharide substrates by 

heparin lyases after 3-OST-1 action results in tetrasaccharides and disaccharides, this 

assay could be used to measure both oligosaccharide products to measure activity.  This 

assay could also be used to assay the heparin biosynthetic C5-epimerase enzyme, which 

is difficult to measure because epimerization does not change the mass of the substrate. 

The c5-epimerase only alters the chirality of a functional group in a reversible 

mechanism affording a mixture of products. The reversibility of this is controlled by 

capturing the product through 2-O-sulfonation of primarily the iduronic acid form, which 

blocks the reverse reaction (80). C5-epimerase has been assayed by incorporating a H3 

radiolabel into substrates, coupling the enzyme with mutant 2-OST, which acts solely on 
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the iduronic residue, or by utilizing a hydrogen/deuterium exchange by LC-MS to detect 

an increase mass from substrate to product based on incorporation of deuterium (45,>8>, 

82). The HILIC-MS assay could also use the incorporation of deuterium to monitor the 

reaction on the library of substrates. This assay would also allow for direct measurement 

of product even coupled enzyme assays commonly used for PAPS regeneration (16). 

The CE-LIF assay needs to be further developed to determine kinetic constants 

such as Km and Vmax based on varying oligosaccharide substrate and PAPS 

concentrations and these constants.  

If products are collected after each sulfonation reaction, the products could be pooled 

and serve as subsequent substrates for each enzyme to follow the biosynthetic pathway 

order by 2-O-sulfonating, 6-O-sulfonating, and finally 3-O-sulfonating to create 

anticoagulant heparin. Another way to prepare the substrates would be to synthesize them 

enzymatically (83). A study comparing the other laboratory-prepared sulfotransferases to 

the commercial enzymes might also be insightful in determining impact of expression 

hosts. Eventually activity on oligosaccharide substrates need to be translated to activity 

on polysaccharides, as the polysaccharide is the substrate used in the bioengineered 

heparin project.  

If desired, the laboratory-prepared enzymes could be re-engineered to increase 

activity. Stability of the enzymes could also be assessed over time in different storage 

conditions including 4°C, 20°C, 37°C, -20°C, and -80°C, and following lyophilization to 

determine the enzyme shelf life and the optimal storage conditions. The bioengineered 

heparin project is moving towards immobilized enzymes in an effort to reduce costs by 

reusing enzymes. The use fullness of HILIC-MS and CE-LIF assays on immobilized 

enzymes need to be confirmed. The discontinuous nature of both assay methods 

involving a one-pot reaction with aliquots being removed at different time points could 

be applied to the immobilized enzymes. The number of times immobilized 

sulfotransferases can be used without significant decrease in activity can be determined 

towards minimizing heparin biosynthetic costs as the process is scaled up and 

commercialized. 

Another possible assay that requires closer study could use HPLC to measure the 

activity of the enzymes indirectly by measuring the increase of PAP as a product.  
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Both of the developed assays have the potential to become rapid and affordable 

alternatives to the currently popular radiolabel techniques. Improvements in the design of 

the defined oligosaccharide and polysaccharide substrates should afford improved 

insights into the activity and substrate-binding properties of sulfotransferase enzymes. 

These assays should eventually be more broadly applied to many sulfotransferases for 

studying a variety of reactions, taking full advantage of the full potential of 

sulfotransferase enzymes in therapeutic applications. 
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8. APPENDICES 

8.1 Heparosan and NS heparosan mass spectra supplemental 
information 

 

 

Appendix Figure 1: Mass spectrum of heparosan dp4 

 

Appendix Figure 2: Mass spectrum of heparosan dp6 
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Appendix Figure 3: Mass spectrum of heparosan dp8 

 

Appendix Figure 4: Mass spectrum of heparosan dp10 
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Appendix Figure 5: Mass spectrum of NS heparosan dp4 

 

Appendix Figure 6: Mass spectrum of NS heparosan dp6 
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Appendix Figure 7: Mass spectrum of NS heparosan dp8 

 

Appendix Figure 8: Mass spectrum of NS heparosan dp10 
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8.2 Abbreviations 

ADP, adenosine diphosphate 

AMAC, 2-aminoacridone 

APS, adenosine 5'-phosphosulfate 

AST-IV, aryl sulfotransferase type IV 

ATP, adenosine triphosphate 

CDSNS, completely de-sulfonated N-sulfonated heparin 

CE, capillary electrophoresis 

D2O, deuterium oxide 

DEAE, diethylaminoethyl 

dp, degree of polymerization 

EDC, endocrine-disrupting compound 

EMMA, electrophoresis mediated microanalysis 

EOF, electroosmotic flow 

ESI-MS, electrospray ionization-mass spectrometry 

FB, fed batch 

FTMS- Fourier transform mass spectrometry 

GlcNAc, N-acetyl glucosamine 

GlcNS, N-sulfo glucosamine 

hDHEA-ST, human dehydroepiandrosterone sulfotransferase 

HEC, high endothelial cell 

HILIC, hydrophilic interaction chromatography 

HPCE, high performance capillary electrophoresis 
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HPLC, high performance liquid chromatography 

IdoA, α-L-iduronic acid 

IC50, half maximal inhibitory concentration 

IP, ion-pairing 

IPTG, Isopropyl β-D-1-thiogalactopyranoside 

kcat, turnover number 

Ki, inhibition constant 

Km, Michaelis-Menten constant 

LIF- laser induced fluorescence 

MBP, maltose-binding protein 

MS, mass spectrometry 

MU, methyl umbelliferone 

MWCO, molecular weight cutoff 

NAc, N-acetyl 

NDST-1, N-deacetylase; N-sulfotransferase type 1 

NMR, nuclear magnetic resonance 

NodST, bacterial carbohydrate sulfotransferase 

NS, N-sulfo 

N-ST, N-sulfotransferase 

NT, N-terminus 

OST, O-sulfotransferase 

PAPS, 3’-phosphoadenosine 5’-phosphosulfate 

PNP, p-nitrophenyl 
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PNPS, p-nitrophenylsulfate 

PPi, pyrophosphate 

PVA, polyvinyl alcohol 

RP, reversed phase 

SDS-PAGE, sodium dodecyl sulfate-poly acrylamide gel electrophoresis 

ST, sulfotransferase 

STF0, mycobacterial carbohydrate sulfotransferase 

SULT-1A1, phenyl sulfotransferase type 1A1 

SULT-1A3, phenyl sulfotransferase type 1A3 

SULT1E1, estrogen sulfotransferase type 1E1 

TLC, thin layer chromatography 

TM, transmembrane 

Vmax, maximal velocity 
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