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Abstract 

Sialic acids are derivatives of neuraminic acid that have outstanding importance to human 

glycobiology in recognition and response processes. Sialyltransferases (STs) (EC 2.4.99) 

represent an important group of enzymes that catalyze transfer of a sialic acid residue from a 

CMP-activated donor substrate, typically CMP-N-acetylneuraminic acid (CMP-Neu5Ac) onto a 

carbohydrate acceptor by formation of either a 2,3-, 2,6- or 2,8-linkage. STs are widely 

distributed in animal tissues, but are also present in other organisms including yeasts and bacteria. 

A new multifunctional 2,3-ST (PdST) was identified from the Pasteurella dagmatis genome by 

sequence similarity with STs of glycosyltransferase family GT-80. An interesting and peculiar 

feature of PdST is a natural Ser-to-Thr interchange in the YDDGS-motif that is otherwise invariant 

in family GT-80 STs. Reversion of this natural residue substitution by site-directed mutagenesis 

revealed that Thr is necessitated for the fine-tuning of the catalytic properties of PdST, namely 

control of regioselectivity of sialyltransfer, control of the level of sialidase and trans-sialidase 

activity and balancing between substrate binding and catalytic turnover. Moreover, this natural 

mutation was shown to be beneficial for high-yielding synthesis of 2,3-sialosides. In contrast to 

mammalian STs and glycosyltransferases in general, bacterial STs often exhibit pronounced 

hydrolase activity toward CMP-activated sialyl donor substrates. It was demonstrated that 

hydrolysis of CMP-Neu5Ac by PdST occurs with axial-to-equatorial inversion at the anomeric 

center to release -Neu5Ac product, presumably as result of a single displacement reaction, just 

like the canonical sialyltransfer to carbohydrate acceptors catalyzed by this enzyme. 

Stereochemical promiscuity indicated by formation of inversion and retention product 

simultaneously, as reported for P. multocida ST PmST1 from the same family GT-80, was ruled out 

rigorously for PdST. Mutational studies support stabilization of the CMP-leaving group in the PdST 

hydrolase mechanism through electrostatic interactions by a His residue. Furthermore, synthetic 

sialyloligosaccharides, consisting of Neu5Ac attached to galactose or N-acetylgalactosamine 

moieties through 2,3- or 2,6-linkage, are in great demand as functional food ingredients, 

nutraceutical medicine, and pathogen adsorbent materials. From the economical point of view, it 

would be highly advantageous to apply two variants of a single ST with 2,3- or 2,6-

regioselectivty in sialoside synthesis, which have uniform synthesis conditions and substrate 

specificities. So far, synthesis of distinct regiospecific products necessitated different STs. Based 

on structure-guided active-site redesign of PdST complete switch from 2,3- to 2,6- 

regioselectivity was achieved while maintaining almost identical yields. Moreover, a N-terminally 

truncated variant of the human -galactoside 2,6-ST I was successfully expressed in human 
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embryonic kidney (HEK) cells and has proved to be a suitable tool for the terminal modification of 

N-glycans due to its sialyltransferase and sialidase activity on a monoclonal antibody. Finally, we 

were able to successfully express a variant of the human 2,6-ST with a minimized catalytic 

domain in the methylotropic yeast P. pastoris in sufficient yields for a potential large scale 

application. This human 2,6-ST variant catalyzed sialic acid transfer to monoclonal antibody 

substrate with high specificity. 
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Zusammenfassung 

Sialinsäuren, Derivate der Neuraminsäure, haben herausragende Bedeutung für die humane 

Glykobiologie in verschiedensten Zell-Zell-Interaktionsprozessen. Sialyltransferasen (STs) (EC 

2.4.99) stellen eine wichtige Enzymgruppe dar, die den Transfer von Sialinsäureresten von CMP-

aktivierten Donorsubstraten, typischerweise CMP-N-Acetylneuraminsäure (CMP-Neu5Ac), auf 

einen Kohlenhydratakzeptor unter Ausbildung einer 2,3-, 2,6- oder 2,8-Bindung katalysieren. 

STs sind weit verbreitet in Geweben tierischen Ursprungs, werden aber auch in anderen 

Organismen wie Hefen und Bakterien gefunden. Eine neue multifunktionale 2,3-ST (PdST) wurde 

im Genom von Pasteurella dagmatis durch Sequenzähnlichkeit mit STs der 

Glycosyltransferasefamilie GT-80 identifiziert. Eine interessante Besonderheit von PdST ist eine 

natürliche Ser-zu-Thr Mutation in einem ansonsten in Familie GT-80 hochkonservierten YDDGS 

Motiv. Umkehr dieses natürlichen Aminosäureaustausches durch zielgerichtete Mutagenese hat 

gezeigt, dass Thr in PdST für die Feinabstimmung der katalytischen Eigenschaften, nämlich 

Kontrolle der Regioselektivität des Sialyltransfers, Kontrolle von Sialidase- und Transsialidase-

Aktivitätslevel und Abstimmung zwischen Substratbindung und katalytischem Umsatz, notwendig 

ist. Außerdem wurde gezeigt, dass sich diese natürliche Mutation äußerst vorteilhaft auf die 

Ausbeute bei der Synthese von 2,3-Sialosiden auswirkt. Im Gegensatz zu Säugetier-STs und 

Glycosyltransferasen im Allgemeinen zeigen bakterielle STs häufig eine ausgeprägte 

Hydrolyseaktivität gegenüber CMP-aktivierten Sialyldonorsubstraten. CMP-Neu5Ac Hydrolyse 

durch PdST erfolgt über eine axial-zu-äquatoriale Inversion am anomeren Zentrum und -Neu5Ac 

wird als Produkt freigesetzt. Das verläuft höchstwahrscheinlich über einen „Single-Displacement“ 

Mechanismus, ähnlich dem durch dieses Enzym katalysierten kanonischen Sialyltransfer auf einen 

Kohlenhydratakzeptor. Stereochemische Promiskuität, angezeigt durch die Bildung von Inversions- 

und Retentionsprodukt, wie für die aus derselben GT-80 Familie stammende P. multocida ST 

PmST1 berichtet, wurde rigoros ausgeschlossen. Mutationsstudien unterstützen eine 

Stabilisierung der CMP-Abgangsgruppe im PdST Hydrolysemechanismus mittels elektrostatischer 

Interaktionen mit einem His-Rest. Synthetische Sialyloligosaccharide, bestehend aus Neu5Ac 

verknüpft mit einer Galactose- oder N-Acetylgalactosamin-Gruppe über 2,3- oder 2,6-

Bindungen, sind von großem Interesse als funktionelle Lebensmittel, Nahrungsergänzungsmittel 

und Pathogen adsorbierende Materialien. Aus ökonomischer Sicht wäre es aufgrund von 

einheitlichen Synthesebedingungen und Substratspezifitäten sehr vorteilhaft zwei Varianten einer 

einzigen ST mit 2,3- oder 2,6-Regioselektivität in der Sialosidsynthese anzuwenden. Bis jetzt 

erforderte die Synthese von unterschiedlichen regiospezifischen Produkten mehrere STs. 
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Komplette Änderung der PdST Regioselektivität von 2,3 zu 2,6, ohne Auswirkung auf die 

Ausbeute, wurde durch strukturbasierendes „Redesign“ des aktiven Zentrums erzielt. Außerdem 

konnte eine N-terminal verkürzte Variante der humanen -Galactosid 2,6-ST I erfolgreich in HEK-

Zellen exprimiert werden. Dieses Enzym hat sich aufgrund seiner Sialyltransferase- und Sialidase-

Aktivität an einem monoklonalen Antikörper als geeignetes Tool für die N-terminale Modifizierung 

von N-Glykanen erwiesen. Darüber hinaus konnte eine Variante der humanen 2,6-ST mit 

minimierter katalytischer Domäne in der methylotrophen Hefe P. pastoris stabil und in 

ausreichender Menge für eine potenzielle Anwendung in größerem Maßstab exprimiert werden. 

Diese humane 2,6-ST Variante katalysierte den Sialinsäuretransfer auf monoklonale Antikörper 

mit hoher Spezifität. 



VIII 

Contents 

 Characterization of a multifunctional 2,3-sialyltransferase from Pasteurella dagmatis.

Schmölzer, K. et al. (2013) Glycobiology 23, 1293-1304.          1 

Supporting information            13 

 Mechanistic study of CMP-Neu5Ac hydrolysis by 2,3-sialyltransferase from Pasteurella 

dagmatis. Schmölzer, K., Luley-Goedl, C., Czabany, T., Ribitsch, D., Schwab, H., Weber, H. 

and Nidetzky, B. (2014) accepted for publication in FEBS Letters (FEBSLETTERS-D-14-

00775R1)               30 

Supporting information            51 

 Complete switch from 2,3- to 2,6-regioselectivity in Pasteurella dagmatis -D-

galactoside sialyltransferase by active-site redesign. Schmölzer, K., Czabany, T., Luley-

Goedl, C., Ribitsch, D., Schwab, H. and Nidetzky B. (2014) in preparation      66 

Supporting information            72 

 Two variants of human -galactoside 2,6-sialyltransferase I with distinct properties.

Luley-Goedl, C. et al. (2014) in preparation          85 

 High-quality production of human 2,6-sialyltransferase in Pichia pastoris requires 

control over N-terminal truncations by host-inherent protease activities. Ribitsch, D. et 

al. (2014) submitted to Microbial Cell Factories (MS ID: 5860187381304371)   103 

 Appendix            140 

pH dependency of multifunctional PdST 141 

Structures of wild-type PdST and mutants 142 

Characterization of PdST mutants         148 

References            163 

 List of publications           164



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

1 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

2 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

3 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

4 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

5 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

6 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

7 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

8 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

9 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

10 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

11 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

12 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

13 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

14 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

15 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

16 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

17 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

18 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

19 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

20 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

21 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

22 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

23 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

24 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

25 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

26 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

27 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

28 



                       Multifunctional 2,3-sialyltransferase from Pasteurella dagmatis

29 



                                 Mechanistic study of CMP-Neu5Ac hydrolysis by PdST 

30 

Mechanistic study of CMP-Neu5Ac hydrolysis by 2,3-sialyltransferase 

from Pasteurella dagmatis 

Katharina Schmölzer1, Christiane Luley-Goedl1, Tibor Czabany2, Doris Ribitsch1, Helmut 

Schwab1,4, Hansjörg Weber3, Bernd Nidetzky1,2

1Austrian Centre of Industrial Biotechnology, Petersgasse 14, 8010 Graz, Austria 

2Institute of Biotechnology and Biochemical Engineering, Graz University of Technology, 

Petersgasse 12/I, 8010 Graz, Austria 

3Institute of Organic Chemistry, Graz University of Technology, Stremayrgasse 9, 8010 Graz, 

Austria 

4Institute of Molecular Biotechnology, Graz University of Technology, Petersgasse 14, 8010 Graz, 

Austria 

Corresponding author: bernd.nidetzky@tugraz.at; Phone: +43 316 873 8400; FAX: +43 316 873 

8434 

Proofs and reprints should be addressed to Bernd Nidetzky. 

Accepted for publication in FEBS Letters (FEBSLETTERS-D-14-00775R1). 

Supporting Information: General methods; 1H NMR spectrum of Neu5Ac; uncatalyzed CMP-

Neu5Ac hydrolysis rates; time-course of uncatalyzed CMP-Neu5Ac hydrolysis; time-course of wild-

type PdST catalyzed CMP-Neu5Ac hydrolysis; time-resolved 1H NMR analysis of uncatalyzed 

CMP-Neu5Ac hydrolysis; time-resolved 1H NMR analysis of wild-type PdST catalyzed CMP-

Neu5Ac hydrolysis. 

Keywords: bacterial sialyltransferase / glycosyltransferase family GT-80 / donor substrate 

hydrolysis / in situ 1H NMR analysis / inverting mechanism / His284 mutants 

Abbreviations: Neu5Ac, N-acetylneuraminic acid; oNP-Gal, 2-nitrophenyl--D-

galactopyranoside. 



                                 Mechanistic study of CMP-Neu5Ac hydrolysis by PdST 

31 

Highlights 

 Hydrolysis of CMP-Neu5Ac by Pasteurella dagmatis 2,3-sialyltransferase studied. 

 Reaction monitored with in situ proton NMR. 

 Enzymatic hydrolysis with inversion of the configuration at the anomeric center. 

 Single displacement-like reaction mechanism proposed. 

 His284 substituted by Asn, Tyr, or Asp, and enzyme variants characterized. 

 His284 proposed to facilitate the departure of the CMP leaving group.  

Abstract 

Bacterial sialyltransferases of glycosyltransferase family GT-80 exhibit pronounced hydrolase 

activity toward CMP-activated sialyl donor substrates. Using in situ proton NMR, we show that 

hydrolysis of CMP-Neu5Ac by Pasteurella dagmatis 2,3-sialyltransferase (PdST) occurs with 

axial-to-equatorial inversion of the configuration at the anomeric center to release -Neu5Ac 

product. We propose catalytic reaction through a single displacement-like mechanism where water 

replaces sugar substrate as sialyl group acceptor. PdST variants having His284 in the active site 

replaced by Asn, Asp or Tyr showed up to 104-fold reduced activity, but catalyzed CMP-Neu5Ac 

hydrolysis with analogous inverting stereochemistry. The proposed catalytic role of His284 in the 

PdST hydrolase mechanism is to facilitate departure of the CMP leaving group. 
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1 Introduction 

Attachment of sialic acid residue(s) is a key final step in the biosynthesis of complex 

oligosaccharides, mostly on glycoproteins and gangliosides. Sialic acid-capped oligosaccharide 

structures are central elements of cellular recognition [1,2]. Sialyltransferases are 

glycosyltransferases (EC 2.4.99) that utilize a CMP-activated donor substrate, typically CMP-N-

acetylneuraminic acid (CMP-Neu5Ac), to catalyze sialylation of nascent oligosaccharide acceptors 

[3,4]. Sialyltransferases are widely distributed in animal tissues [5-7], but are also present in other 

organisms including yeasts [8] and bacteria [9].  

Chemically, the sialyltransferase reaction involves nucleophilic substitution at the C2 of the 

transferred sialyl residue and proceeds with axial-to-equatorial inversion of the anomeric 

configuration [10,11]. A single displacement-type catalytic mechanism via an oxocarbenium ion-like 

transition state has been proposed (Figure 1A) [12]. In this mechanism, a general catalytic base on 

the enzyme facilitates attack of the acceptor substrate on the reactive C2, and departure of the 

CMP leaving group is assisted from another enzyme group through electrostatic stabilization 

(Figure 1B) or partial protonation [13-15].  

A common feature of glycosyltransferase active site function is effective exclusion of water 

nucleophile from the catalytic center, thus reducing the possibility for "error hydrolysis" during the 

reaction [16-18]. Bacterial sialyltransferases differ from their counterpart enzymes from mammalian 

sources, and they are also unusual among the glycosyltransferases in general, in that they often 

exhibit pronounced hydrolase activity toward their nucleotide-activated donor substrate [19-23]. 

Sialyltransferases of family GT-80 are effective CMP-Neu5Ac hydrolases in particular. Studies of 

Pasteurella sp. sialyltransferases from family GT-80 reveal that hydrolysis of CMP-Neu5Ac occurs 

in the absence, but also in the presence of acceptor substrate [21-24].  

The catalytic mechanism by which sialyltransferases hydrolyze their donor substrate is not 

completely clear, and this study was performed to obtain deepened understanding. A highly 

probable hydrolase mechanism is one of single displacement-like reaction (Figure 1A) where water 

replaces sugar substrate as sialyl group acceptor. However, a recent study of P. multocida

sialyltransferase PmST1 suggested the possibility of a more plastic mechanism of CMP-Neu5Ac 

hydrolysis [23]. Using in situ monitoring of the hydrolysis reaction with proton NMR, Chen and 

colleagues showed that donor substrate hydrolysis by PmST1 occurred with either one of the 

possible stereochemical outcomes, that is, the formation of both - and -Neu5Ac [23] (Figure 1C). 

Different stereochemical courses of the reaction necessitate distinct catalytic mechanisms [11]. 

Elucidation of how a single sialyltransferase active site might be able to promote hydrolysis with 
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inversion and retention at the same time presents an interesting mechanistic problem. The type of 

stereochemical "promiscuity" suggested for PmST1 lacks precedence among glycosyltransferases. 

Herein we report the stereochemical course of CMP-Neu5Ac hydrolysis catalyzed by wild-type and 

mutated 2,3-sialyltransferases PdST from P. dagmatis. PdST shares with PmST1 the common 

membership to glycosyltransferase family GT-80 [25] and is about 70% identical to it in amino acid 

sequence [22]. Using in situ reaction monitoring by proton NMR under conditions that rigorously 

eliminate possible interference from Neu5Ac mutarotation, we show that PdST exhibits absolute 

stereochemical fidelity in acting as an inverting CMP-Neu5Ac hydrolase. Variants of the enzyme in 

which the catalytic His284 was replaced by Asn, Asp or Tyr exhibited strongly decreased activity 

compared to wild-type PdST, but catalyzed donor substrate hydrolysis also with inversion of 

anomeric configuration. A catalytic mechanism for CMP-Neu5Ac hydrolysis by PdST is proposed. 

A possible role of His284 as catalytic nucleophile in enzymatic trans-sialylation reaction with 

retention of equatorial anomeric configuration was investigated. 

2 Materials and methods 

2.1 Chemicals 

Neu5Ac was from Carbosynth (Compton, Berkshire, UK). All other materials are described 

elsewhere [22]. 

2.2 Site-directed mutagenesis 

Mutations to replace His284 by Asn (H284N), Asp (H284D) or Tyr (H284Y) were introduced by two-

stage PCR [26] where a pET23a(+) expression vector encoding 3PdST (variant of wild-type 

PdST elongated by three amino acids at the N-terminus [22]) was used as template. Full 

experimental details are summarized in Supplementary information. All inserts were confirmed by 

DNA sequencing. 

2.3 Protein expression and purification 

Protein expression in E. coli and preparation of the cell lysate were done as previously described 

[22]. Target proteins were purified via their C-terminal His-tag, as described under Supplementary 

information. SDS PAGE was used to confirm purity of enzyme preparations.  
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2.4 Sialyltransferase and CMP-Neu5Ac hydrolase activity  

2,3-Sialyltransferase activity was assayed in a total volume of 20 µL using 50 mM sodium 

phosphate buffer, pH 8.0. Reaction mixture contained 1 mM CMP-Neu5Ac, 1 mM acceptor (2-

nitrophenyl--D-galactopyranoside; oNP-Gal), 5 µM enzyme, and 1 mg/mL BSA. Enzymatic 

conversion was carried out at 25°C and agitation rate of 400 rpm using a Thermomixer comfort 

(Eppendorf, Germany). All assays were performed in duplicate. Reactions were stopped at certain 

times by adding 40 µL of ice-cold acetonitrile. Mixtures were incubated on ice for 10 min and 

centrifuged to remove precipitated protein. Samples were analyzed by reverse phase ion-pair 

HPLC (see the Supplementary information).  

CMP-Neu5Ac hydrolase activity was assayed under exactly the same conditions just described, 

except that no oNP-Gal was present in the reaction. Sampling and sample analysis were also 

carried out as described above (Supplementary information). 

2.5 In situ 1H NMR measurements 

A Varian (Agilent) INOVA 500-MHz spectrometer (Agilent Technologies, Santa Clara United 

States) was used for NMR measurements at the indicated temperatures in D2O/H2O solutions 

employing VNMRJ 2.2D software. 1H NMR spectra were measured at 499.98MHz on a 5 mm 

indirect detection PFG-probe. Enzymatic reactions were performed at 5°C (wild-type) or 28°C 

(His284 mutants) in a total volume of 600 µL in sodium tartrate buffer (50 mM, pH 5.5) containing 1 

or 2 mM CMP-Neu5Ac, enzyme (5 µM of wild-type PdST; 43 µM of H284N; 8.5 µM of H284Y; 61 

µM of H284D) and 1 mg/mL BSA. 1H NMR spectra were recorded with pre-saturation of the water 

signal by a shaped pulse. Standard pre-saturation sequence was used: relaxation delay 2 s; 90° 

proton pulse; acquisition time 2.048 s; spectral width 8 kHz; number of points 32 k. Between 8 to 

64 scans were accumulated depending on the rate of the enzymatic reaction. Arrayed spectra 

were acquired with an array of pre-acquisition delay of 60 s.  

2.6 Trans-sialylation assay 

2,3-Trans-sialylation activity was assayed in a total volume of 20 µL using 50 mM citric buffer, pH 

5.5. Reaction mixture contained 1.58 mM 3´-sialyllactose, 1.58 mM oNP-Gal, 1 (wild-type) or 5 

µM (His284 mutants) enzyme, and 1 mg/mL BSA. Reactions were performed with and without 1 mM 

CMP. Enzymatic conversion was carried out at 25°C and agitation rate of 400 rpm using a 

Thermomixer comfort (Eppendorf, Germany). Sampling and sample analysis were carried out as 
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described above for sialyltransferase assay (also see Supplementary information). The decrease in 

the substrate (oNP-βGal) and the increase in product were followed. 

3 Results and discussion 

3.1 Stereochemical course of hydrolysis of CMP-Neu5Ac by wild-type PdST  

Hydrolysis of CMP-Neu5Ac by wild-type PdST was analyzed with time-resolved in situ 1H NMR 

spectroscopy, focusing on determination of the anomeric configuration of the released Neu5Ac 

product in particular. However, mutarotation of Neu5Ac was a problem, necessitating optimization 

of reaction conditions so that the enzymatic reaction was appreciably faster than spontaneous 

equilibration of Neu5Ac anomeric forms. It was known from literature [27-31] and was verified 

herein (Figure S1, Supplementary information) that -Neu5Ac (92%) strongly prevails over -

Neu5Ac (≤ 8%) at mutarotation equilibrium. Therefore, this result suggested special caution in the 

product analysis. Uncatalyzed hydrolysis of CMP-Neu5Ac was shown to be slow enough to not 

interfere with the enzymatic conversion in the time span of the experiment. 

Reaction at pH 5.5 and 5°C was chosen based on results of preliminary experiments (Figure S2 – 

S4, Supplementary information) and literature [27,28,32-34]. Conversion of CMP-Neu5Ac and 

formation of hydrolysis product, -Neu5Ac or -Neu5Ac, were tracked by the equatorial and axial 

H-3 proton signals of each of the Neu5Ac species, which are discriminated in the aliphatic region of 

the 1H NMR spectrum. Figure 2 shows a stack plot of spectra recorded at different reaction times. 

Already the first spectrum, which was obtained after 2 min, revealed a characteristic signal for the 

H3eq proton of -Neu5Ac (H3eq = 2.86 ppm). Note that the H3ax signal of -Neu5Ac was not resolved 

due to spectral overlap with the corresponding H3ax from CMP-Neu5Ac (1.74 ppm). Reaction 

progress was reflected clearly in signal intensity increase from the H3eq of -Neu5Ac. By contrast, 

signal from -Neu5Ac was not detectable, even after extended incubation times of up to 26 min 

(Figure 2). Advance of the mutarotation was noticeable only later, -Neu5Ac appeared after 40 

min. Conversion of CMP-Neu5Ac was complete after about 1 h. 

These results provide clear evidence of an axial-to-equatorial inverting stereochemical course of 

CMP-Neu5Ac conversion by PdST that yields -Neu5Ac as the sole hydrolysis product. From the 

complete absence of -Neu5Ac in the product mixture within 26 min, we conclude that the 

alternate (axial-to-axial retaining) stereochemical course was not utilized in the catalytic reaction of 

PdST. Stereochemical promiscuity in the hydrolysis of CMP-Neu5Ac, observed for PmST1 [23], is 

therefore not a common feature of catalytic function of family GT-80 sialyltransferases. 
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Mechanistically, hydrolysis of CMP-Neu5Ac with inversion might occur through a single 

displacement-like catalytic process (Figure 1A), where water substitutes the carbohydrate acceptor 

substrate of the canonical sialyltransferase reaction. In this scenario, "error hydrolysis" would result 

from competition between carbohydrate and water acting as nucleophiles of the reaction (Figure 

1A). 

3.2 Consequences of site-directed replacements of His284

Rationale for choosing amino acid residues to replace His284 was first of all to eliminate potential 

general acid catalysis to CMP-Neu5Ac hydrolysis (HisAsn; H284N) because unlike the original 

histidine (Figure 1A and 1B), Asn284 is not a competent proton donor to the phosphodiester group 

of the donor substrate. The canonical sialyltransfer and also CMP-Neu5Ac hydrolysis were 

therefore likely to be affected by the substitution HisAsn. Secondly, we wanted to introduce 

potentially acidic and at the same time also nucleophilic residues (HisTyr, H284Y; HisAsp; 

H284D) in the active site. While it is highly improbable that CMP-Neu5Ac hydrolysis receives 

catalytic support from a nucleophilic residue at position 284, PdST catalyzes an additional reaction, 

the so-called trans-sialylation, where Neu5Ac is transferred from sialylated carbohydrate donor 

substrate (e.g. 3'-sialyllactose) to a carbohydrate acceptor (e.g. oNP-Gal) [22]. The reaction 

proceeds through an equatorial-to-equatorial retaining stereochemical course, giving 

Neu5Ac2,3Gal-oNP as the product [22]. Possible participation of an enzyme nucleophile (His311) 

in the trans-sialylation reaction of sialyltransferase PmST1 has been considered in an earlier study 

[12]. It was therefore interesting to examine CMP-Neu5Ac hydrolysis and also trans-sialylation 

activities of the PdST mutants. Note that retaining sialidases and trans-sialidases were previously 

shown to utilize tyrosine for nucleophilic catalysis [35-41]. Asp or Glu are common catalytic 

nucleophiles in retaining glycoside hydrolases [42]. The three PdST variants (H284N, H284Y, 

H284D) were obtained as highly purified protein preparations from E. coli overexpression cultures 

(data not shown).  

Table 1 summarizes specific sialyltransferase and CMP-Neu5Ac hydrolase activities of the PdST 

variants along with the corresponding specific activities of the wild-type enzyme. Exchange of 

His284 resulted in up to 104-fold decrease in activity for sialylation of oNP-Gal, indicating high 

importance of the histidine for catalytic function of PdST. Interestingly, replacement of the 

homologous His311 by Ala in PmST1 had a comparably small effect (13.5-fold decrease) on the 

catalytic rate (kcat) of CMP-Neu5Ac utilization [21]. Here, specific activity for CMP-Neu5Ac 

hydrolysis in the absence of acceptor substrate was also decreased, up to 103-fold, in the PdST 

variants. To express change in apparent reaction selectivity brought about by substitution of His284, 
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we define the selectivity parameter RTH, which is the ratio of the specific activity of the canonical 

sialyltransfer from CMP-Neu5Ac to oNP-Gal and the specific activity of CMP-Neu5Ac donor 

substrate hydrolysis in the absence of acceptor substrate. Note that RTH is not an expression of the 

intrinsic enzyme selectivity. Under the conditions used, RTH also includes effects on acceptor 

substrate binding. In wild-type PdST, RTH had a value of 1.6, indicating that sialyltransfer was 

preferred over hydrolysis. RTH was lowered drastically as consequence of substitution of His284, as 

shown in Table 1. From its RTH value of 0.028, the H284D variant of PdST could no longer be 

considered a sialyltransferase, but rather behaved as a major CMP-Neu5Ac hydrolase. More 

detailed investigations of the molecular basis of RTH and the effect of substitution of His284 on RTH 

were beyond the scope of the study and were left for consideration in the future. 

All PdST mutants lacked trans-sialylation activity above detection limit with the methods used (2 

10-4 U/mg). By way of comparison, the wild-type enzyme exhibited a specific trans-sialylation 

activity of 0.15 U/mg. CMP (1 mM) stimulated the activity of wild-type PdST (0.90 U/mg), and it 

also elicited a tiny amount of trans-sialylation activity in the H284N mutant (5  10-4 U/mg). The 

trans-sialylation product of the H284N reaction co-eluted in HPLC with authentic Neu5Ac2,3Gal-

oNP standard. Therefore, this suggested a stereochemical course of the enzymatic transformation 

where the equatorial anomeric configuration of substrate was retained in product. The H284Y and 

H284D mutants were completely inactive even in the presence of CMP. Overall, these results do 

not support a role of His284 as nucleophile in the retaining trans-sialylation reaction catalyzed by 

PdST. However, more research will be needed to clarify the enzymatic mechanism of trans-

sialylation with retention of configuration.  

Effect of enhanced hydrolase activity in PdST variants was evaluated in “synthesis experiments” 

where sialylation of oNP-Gal from CMP-Neu5Ac was the target reaction. Figure S5 

(Supplementary information) compares reaction time courses for the PdST variants to that of the 

wild-type enzyme. All reactant concentrations except that of Neu5Ac were observed analytically, 

and results are reported on the basis of verified mass balance for the overall conversion. Previous 

study of wild-type PdST has shown that enzymatic transformation of oNP-Gal is completely 

regioselective and gives Neu5Ac2,3Gal-oNP as sole sialyltransfer product [22]. Figure 3A shows 

superimposition of HPLC elution profiles of samples from the different enzymatic reactions. Only a 

single sialyltransfer product was formed in each reaction, and this product co-eluted with authentic 

Neu5Ac2,3Gal-oNP standard, providing strong evidence in support of product identity. We 

therefore concluded that regioselectivity of sialylation of oNP-Gal was not changed as result of 

substitution of His284. The result also implies sialyltransfer by the PdST variants according to the 

same axial-to-equatorial inverting stereochemical course as that of the wild-type enzyme. 
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Figure 3 (panels B and C) displays time-dependent formation of Neu5Ac2,3Gal-oNP in the 

different conversions. It also shows the release of CMP for reference to the progress of donor 

substrate utilization. The H284N and H284Y variants converted CMP-Neu5Ac fully in the time span 

of the experiment. Reaction was substantially slower with the H284D variant. Error hydrolysis of 

CMP-Neu5Ac was the predominant way of donor substrate conversion with each enzyme, 

however, especially with the H284D variant. Yields of the Neu5Ac2,3Gal-oNP product did not 

exceed 40% based on CMP-Neu5Ac converted in the reactions of the PdST variants (Figure 3C) 

whereas in reaction of the wild-type enzyme under otherwise identical conditions, the yield was 

80% (Figure 3B, 3C and S5, panel A, Supplementary information) [22]. Donor substrate 

conversion by H284D variant occurred almost exclusively via hydrolysis, with a maximum yield of 

Neu5Ac2,3Gal-oNP well below 10%. 

3.3 Stereochemical course of CMP-Neu5Ac hydrolysis by PdST variants  

Low specific activities of the PdST variants necessitated that in situ proton NMR analyses of the 

stereochemical course of CMP-Neu5Ac hydrolysis were performed under conditions different from 

the ones used with the wild-type enzyme. Temperature was increased to 28°C, and enzyme 

concentration was also raised by up to ten-fold. Spectra were recorded every 5 min, and 

characteristic spectrum at representative time from each reaction is shown in Figure 4. With each 

PdST variant, enzymatic conversion of CMP-Neu5Ac resulted in release of mainly -Neu5Ac while 

the corresponding -anomer was detectable only in tiny amounts. The presence of -Neu5Ac can 

be explained by slow mutarotation of the -Neu5Ac formed in the enzymatic reaction. The 

alternative scenario where -Neu5Ac is generated via mutarotation of enzymatically formed -

anomer is clearly not possible due to position of the mutarotation equilibrium (see 3.1 

Stereochemical course of hydrolysis of CMP-Neu5Ac by wild-type PdST). Relevant controls 

performed under otherwise identical conditions, however, in the absence of enzyme showed that 

uncatalyzed hydrolysis of CMP-Neu5Ac occurred at a rate about 15 to 110-fold slower than the 

enzymatic rates, and that its main reaction end-product was actually -Neu5Ac in accordance with 

results of earlier studies [34] (Figure S6, Supplementary information). Therefore, these results are 

consistent with an axial-to-equatorial (-to-) inverting stereochemical course of CMP-Neu5Ac 

hydrolysis by each of the three PdST variants.  

3.4 Mechanistic implications for PdST-catalyzed hydrolysis of CMP-Neu5Ac 

Crystal structure of PmST1 in complex with the catalytically incompetent donor substrate analogue 

CMP-3F(a)Neu5Ac [21] (Figure 1B) shows that His311 is in a position to establish a tight hydrogen 
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bond with a non-bridging oxygen atom of the CMP’s phosphate group. This would allow the 

histidine to (partially) protonate the glycosidic oxygen in CMP-Neu5Ac, as required if its catalytic 

function were that of a Brønsted acid. However, the relevant pKa of CMP is low (6.19 [43]), and 

there is the question, therefore, whether Brønsted catalysis would be particularly effective in 

facilitating the leaving group departure. Supported by crystallographic observations (Figure 1B), a 

plausible alternative scenario of catalytic function is that His311, and the homologous His284 in 

PdST, provide simply electrostatic stabilization to the departing CMP moiety in the transition state 

of the single displacement-like catalytic reaction. Decrease in reaction rate of H284N variant by 

about 100-fold compared to the reaction rate of the wild-type enzyme (Table 1) implies loss of 11.4 

kJ/mol of transition state stabilization energy as result of the site-directed substitution. The 

observed amount of transition state destabilization in the H284N variant lies at the lower end of, 

but is clearly within the expected range of the energetic consequences of removal of a charged 

hydrogen bond [44].  

Replacement of His284 by Asp is expected to be more difficult to accommodate by PdST than the 

corresponding Asn or Tyr replacement, due to the drastic change in active-site electrostatics that it 

produces under the assumption that the Asp is ionized. Coherently, the H284D variant was by far 

the least active among the PdST variants studied. Finally, positioning of donor and acceptor 

substrate relative to each other is also critical in the reaction of PdST, and a water nucleophile can 

probably tolerate site-directed replacements by far more easily than a carbohydrate acceptor. Each 

site-directed substitution of His284, however, especially the substitution with Asp, resulted in 

substantial decrease in RTH to progressively (Asn < Tyr < Asp) favor hydrolysis over sialyltransfer.  

The relatively high level of hydrolase activity in the family GT-80 sialyltransferases PdST [22] and 

PmST1 [23] remains somewhat enigmatic, particularly in light of bacterial sialyltransferases of 

family GT-42 and GT-52, which utilize different active-site structures to achieve the same axial-to-

equatorial inverting sialyltransfer at however relatively scant donor substrate hydrolysis [19,20,45]. 

Note, the higher activities of family GT-80 STs compared to other GT families may also contribute 

to the increased hydrolysis to sialyltransfer ratio. How sialyltransferases fine-tune their catalytic 

center interactions to prevent erroneous reaction with water is an interesting, yet still elusive 

problem of both fundamental and applied importance in the field. 

4 Conclusions 

In summary, we demonstrate herein that CMP-Neu5Ac hydrolysis by PdST proceeds with axial-to-

equatorial configuration inversion, presumably as result of a single displacement reaction, just like 

the canonical sialyltransfer to carbohydrate acceptors catalyzed by this enzyme. Stereochemical 
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promiscuity indicated by formation of inversion and retention product simultaneously, as reported 

for PmST1 from the same family GT-80 [23], was ruled out rigorously for PdST. Substitution of 

active-site His284 by Asn, Tyr or Asp had no impact on the donor hydrolysis mechanism: each 

PdST variant catalyzed CMP-Neu5Ac conversion with analogous inverting stereochemistry. 

Furthermore, mutational studies of PdST support a catalytic role of His284 in donor substrate 

hydrolysis, which is to facilitate the departure of the CMP leaving group probably through 

electrostatic interactions (Figure 1B). A possible role of His284 as catalytic nucleophile in enzymatic 

trans-sialylation with retention of equatorial anomeric configuration is not supported. 
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Legends to figures 

Fig. 1. (A) Proposed single displacement-like axial-to-equatorial inverting mechanism of the 

catalytic reaction of family GT-80 bacterial sialyltransferases. The ROH acceptor is the nucleophile 

of the reaction. While in the “normal” sialyltransferase reaction, ROH is a carbohydrate, typically D-

galactose or D-galactoside, the same mechanism might result in CMP-Neu5Ac donor substrate 

hydrolysis when water replaces ROH. (B) Key active-site residues in crystallographic and 

biochemical studies of PmST1 (pink, PDB code 2IHZ) and corresponding residues in the modeled 

structure of PdST (grey, homology model [22]). CMP-3F(a)Neu5Ac (drawn with green-colored 

carbon atoms) and lactose (drawn with yellow-colored carbon atoms) are shown. (C) Products of 

inverting (-Neu5Ac) and retaining (-Neu5Ac) CMP-Neu5Ac hydrolysis. 

Fig. 2. Time-resolved 1H NMR (500 MHz) analysis of wild-type PdST (5 µM) catalyzed CMP-

Neu5Ac hydrolysis. For reaction conditions, see the Methods. The initial CMP-Neu5Ac 

concentration was 1.0 mM. 

Fig. 3. (A) Superimposition of HPLC elution profiles of samples from sialylation of oNP-Gal 

catalyzed by wild-type PdST and His284 variants thereof. Authentic Neu5Ac2,3Gal-oNP elutes 

with a retention time of 8.7 min. Retention times of the other components in the sialyltransferase 

reaction mixture are 1.4 min (CMP), 2.1 min (CMP-Neu5Ac) and 4.5 min (oNP-Gal). (B) Time 

course of the enzymatic synthesis of Neu5Ac2,3Gal-oNP. H284N (●, ○); H284Y (■, □); H284D 

(▲, ∆); and WT (♦, ◊); closed symbols, Neu5Ac2,3Gal-oNP; open symbols, CMP. 0.5 µM (wild-

type) and 5 µM (His284 variants) of enzyme were used. (C) Neu5Ac2,3Gal-oNP yields (black bars) 

after complete conversion of CMP-Neu5Ac and the corresponding ratios of donor substrate 

hydrolysis to sialyltransfer under “synthesis conditions” (grey bars), when acceptor substrate (oNP-

Gal) was present in the reactions. Note therefore that the ratios given here are not simply the 

reciprocal RTH values shown in Table 1, even though 1/RTH reflects the trend seen in synthesis 

experiments.  

Fig. 4. 1H NMR (500 MHz) spectra of samples from hydrolysis reactions catalyzed by H284N, 

H284Y, and H284D variant of PdST are shown. For reaction conditions, see the Methods. The 

initial CMP-Neu5Ac concentration was 2.0 mM.
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Table 1. Specific sialyltransferase and hydrolase activities of wild-type PdST and His284 variants 

thereof. 

Sialyltransferase 
a

(U/mg) 

CMP-Neu5Ac 
hydrolase 

(U/mg) 
RTH 

b

WT 5.9 3.7 1.6 

H284D 2.1∙10
-4

 7.6∙10
-3

 2.8∙10
-2

H284Y 9.4∙10
-3

 4.8∙10
-2

 2.0∙10
-1

H284N 3.4∙10
-2

 5.6∙10
-2

 6.1∙10
-1

The S.D. for specific activities was equal or smaller than 6% of the reported values. 
a
Acceptor: oNP-Gal, product: Neu5Ac2,3Gal-oNP; see the Methods for the assays used. 

b
RTH is the ratio of specific activities of sialyltransfer to donor substrate hydrolysis in the absence of acceptor substrate. 
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ABSTRACT: We report structure-guided active-site 

redesign of -D-galactoside sialyltransferase (from 
Pasteurella dagmatis) to change enzyme regioselectivity 

from 2,3 in wild type to 2,6 in a P7H-M117A double 
mutant. The two sialyltransferases are used for 
alternative 3’- or 6’-sialylation of two synthetically 

important -D-galactoside acceptor substrates, lactose 
and protein asialo-N-glycans. At pH 8.0 where enzymes 
are highly active and sialosides exhibit high stability, 
reactions from CMP-Neu5Ac donor substrate gave 
product yields of ≥ 70%.  

Human milk oligosaccharides (HMOs) are a 
structurally distinct group of bioactive glycans unique to 
human milk.

1
 Nearly 16% of the total HMOs comprise 

sialic acid
2
, and sialyllactose is one of their main 

components
3
. Sialylated HMOs contain N-

acetylneuraminic acid (Neu5Ac) attached to D-galactosyl 

or N-acetyl-D-galactosaminyl residues through 2,3- or 

2,6-linkage (Scheme 1). Interest in sialylated HMOs is 
high due to their important roles in the development 
and health protection of newborn infants.

1,4
 Since 

natural availability of sialylated HMOs is limited, 
synthetic sialyloligosaccharides (e.g. sialyllactose) are in 
great demand as infant formula

5,6
 and neutraceutical 

ingredients
7,8

. 
Stereo- and regiocontrol are problems requiring 

special attention when installing a sialyl group on a 
nascent oligosaccharide. Selective biocatalytic sialylation 
avoids use of protecting group chemistry and therefore 
presents a highly attractive route for sialylated HMO 
synthesis. Sialyltransferases (STs; EC 2.4.99) catalyze 
transfer of a Neu5Ac residue from CMP-Neu5Ac to an 
acceptor oligosaccharide. Lactose is an expedient and 
also inexpensive acceptor, and its transformation into 

2,3- or 2,6-sialyllactose (Scheme 1) has attracted 

Scheme 1. Enzymatic Synthesis of 2,3- and 2,6-
Sialyl- HMOs by Sialyltransferases with CMP-

Neu5Ac and -D-Galactoside substrates 

considerable
9,10

, in fact commercial interest. Although 
both sialyllactose regioisomers are biologically active

8,11
, 

it is nevertheless important to have synthetic access to 

2,3- and 2,6-sialoside products separately. 
Complementarily regioselective ST catalysts are needed 
for this purpose and ideally, one would use a pair of "ST 
twins" that differ in regioselectivity, but otherwise have 
completely uniform synthesis conditions and substrate 
specificities.  

Only a relatively small number of natural 2,3- and 

2,6-STs have been characterized so far, and the known 
enzymes exhibit strongly varying activity and stability 
properties. In particular, most STs are best active in an 
acidic pH range 5.0 – 6.0 

12-15
. However, sialoside 

synthesis takes place preferably at neutral to slightly 
alkaline pH (≈ 7.5 – 8.5) where spontaneous 
decomposition of CMP-Neu5Ac is minimized

16
. Product 

inhibition by CMP is pronounced in certain, especially 
mammalian STs.

15,17,18
 Enzyme-catalyzed hydrolysis of 

CMP-Neu5Ac can also be a problem, particularly with 
bacterial STs.

19-22
 Remedy is to a certain extent possible 

in all instances, but the clear drawback is that each 
enzyme requires extensive optimization individually. 

Being able to toggle between 2,3- or 2,6-sialylation 
with only minimal change in the biocatalytic system 
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Figure 1. Acceptor-binding site comparison of family GT-80 2,3- and 2,6-sialytransferases. (a) 2,3/2,6-sialyltransferase

from P. multocida PmST1 (PDB code 2ILV)
25

. (b) 2,6-sialyltransferase from Photobacterium sp. JT-ISH-224 (PDB code 
2Z4T)

26
.

used would therefore present a clear advantage.  
We have focused in this study on glycosyltransferase 

family GT-80 that is rendered conspicuous among the 
known ST families by the broad variety of enzyme 

regioselectivities, namely 2,3-, 2,6-, and also mixed 

2,3/2,6, its members comprise
21,23,24

. STs of family GT-
80 are furthermore characterized by high specific 
activity and broad acceptor substrate scope, which 
typically includes lactose. Active site remodeling of the 

naturally 2,3-selective -D-galactoside ST from 
Pasteurella dagmatis (PdST)

19
 was used to create the 

corresponding completely 2,6-selective counterpart 
enzyme. The desired biocatalytic toolbox for alternative 

2,3- or 2,6-sialoside synthesis was thus provided and 
its application to sialylation of lactose at the preferred 
pH of 8.0 (which is also the optimum pH for 
sialyltransfer by PdST)

19
 was demonstrated. Flexible 

2,3- or 2,6-selective sialyltransfer was furthermore 
shown on a complex protein asialo-N-glycan substrate. 

Design of the 2,6-selective PdST was developed 
from two family GT-80 protein structures that delineate 
distinct modes of accommodation of lactose at the 

acceptor binding sites of 2,3/2,6-selective ST from 

Pasteurella multocida (PmST1) and 2,6-selective ST 
from Photobacterium sp. JT-ISH-224, as shown in Figure 
1. PdST is 70% identical in amino acid sequence to 
PmST1, and residues of their acceptor binding sites 
(Figure 1a) are completely identical. Different 

orientations of the lactose -D-galactosyl moiety relative 
to the catalytic base on the enzyme (Asp

141
, Asp

232
), such 

that either the 3-OH (Figure 1a) or the 6-OH (Figure 1b) 
is brought into a reactive position, appeared to have 
been evoked by a two amino acid residue substitution 
where Pro

34
 and Met

144
 in PmST1 are exchanged to, 

respectively, His
123

 and Ala
235

 in Photobacterium ST. 
Family-wide sequence comparison revealed clear sub-
categorization of protein members of family GT-80 
according to a highly conserved Pro/Met or His/Ala 

sequence pattern [see Table S1 in the Supporting 
Information (SI)] that was therefore hypothesized to be 

decisive for 2,3 compared to 2,6 ST regioselectivity. To 

graft 2,6-selective ST activity on PdST, the relevant 
residues Pro

7
 and Met

117
 were replaced to generate P7H 

single and P7H-M117A double variants of the naturally 

2,3-selective wild-type enzyme. Biochemical data 
demonstrate an utterly successful active-site redesign.  

Purified preparations of wild type and variant PdST 
were obtained from Escherichia coli overexpression 
culture producing target protein equipped with a C-
terminal His6-tag for purification by metal chelate 
chromatography. Specific activity for sialyltransfer to 
lactose (1 mM) from CMP-Neu5Ac (1 mM) was 
determined at pH 8.0, measuring the consumption of 
CMP-Neu5Ac and the release of CMP by HPLC, and the 
formation of sialyllactose by HPAEC-PAD (high-
performance anion exchange chromatography with 
pulsed amperometric detection). The specific activity of 
P7H mutant was identical (5.7 U/mg protein) to that of 
the wild-type enzyme. The specific activity of the P7H-
M117A double mutant was slightly lowered in 
comparison (2.2 U/mg). Sialyllactose regioisomers 
formed in the different enzymatic reactions were 
identified from their elution in HPAEC-PAD referenced 
against authentic standards of 3´- and 6´-sialyllactose, as 
shown in Figure 2. The wild-type enzyme produced 3´-
sialyllactose exclusively. Single mutation of Pro

7
 to His 

drastically changed enzyme regioselectivity, so that 6'-
sialylation of lactose was now strongly favored. However, 

3´- sialyllactose was still present to 4% of total transfer 

product (Figure 2), indicating that 2,3-ST activity had 
not been completely abolished in the P7H mutant. The 
double mutant P7H-M117A, by contrast, featured 

complete 2,3 to 2,6 switch in ST regioselectivity. No 
3'-sialyllactose was detectable (≤ 1%) next to 6'-
sialyllactose as product of the enzymatic sialyltransfer 
(Figure 2). These results suggest distinct and divergingly  

2.5Å 

2.6Å 

2.6Å 

2.5Å 

2.9Å 3.2Å 
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Figure 2. Gradual change from 2,3- to 2,6-
regioselective sialyltransfer from CMP-Neu5Ac to 
lactose, resulting from substitution of Pro

7
 by His and 

from additional substitution of Met
117

 by Ala in PdST. 
Traces of HPAEC-PAD analysis of samples from different 
enzymatic reactions are superimposed along with traces 
of authentic 3'- and 6'-sialyllactose standards. The 
concentration of sialyllactose in each sample was 
approximately 0.7 mM. First 5 minutes omitted for 
clarity, shown in Figure S1 in the Supporting Information 
(SI). 

important roles for His and Ala in conferring 2,6-
regioselectivity to STs of family GT-80. While the His is 
clearly essential, the Ala seems to fulfil an auxiliary 
function in the fine-tuning of enzyme selectivity. 
Consistent with this notion, a single M117A mutant of 
PdST did not show significant change in regioselectivity 
as compared to wild-type enzyme (data not shown).  

In a consequent next step, PdST and the mutants 
thereof were compared as biocatalysts for sialyllactose 
synthesis from CMP-Neu5Ac. Time courses of wild-type 
PdST and P7H-M117A variant are shown in Figure 3. The 
time-courses exactly reflect the mass balance. The two 

PdST enzymes yielded ≥ 70% of the alternative 2,3- or 

2,6-sialyllactose regioisomers. Moreover, no product 
degradation was observed during the examined time 
period. Replacement by P7H single mutant led to 
identical yields of 6´-siallyllactose, but as discussed 
above, 3´-sialyllactose was produced as a side product 
[see Figure S2 in the Supporting Information (SI)]. The 
P7H-M117A double mutant of PdST features complete 
switch in regioselectivity, while preserving the basic 
properties of wild-type PdST, and is hence a perfect 

2,6-ST. 

P. multocida 2,3/2,6-ST
23

 and the Photobacterium 

damselae 2,6-ST
27

 have been successfully applied in 

one-pot three enzyme synthesis of 2,3- and 2,6-linked 
sialosides, respectively, where appropriate conditions, 
suitable for each enzyme (sialic acid aldolase, CMP-sialic 
acid synthetase, ST), are strictly necessary. Our PdST 
enzyme toolbox provides the clear advantage of easy 
replaceability of the PdST variants for each other for  

Figure 3. Time-courses of enzymatic synthesis of 
sialyllactose at pH 8.0 using 0.1 µM wild-type (a) and 
P7H-M117A variant (b) of PdST. 

2,3- or 2,6-linked sialoside synthesis, without further 
optimization of reaction conditions. Complete change 

from 2,3- to 2,6-regioselectivity was also reported for 
P. multocida PmST1 through lowering the pH from 8.5 to 

4.5, however, only poor yields (5.5%) of 2,6-linked 
sialosides could be obtained at pH 5.5.

23
 In a recent 

study, PmST1 catalyzed trans-sialylation of lactose from 
casein glycomacropeptide (cGMP) resulted in 
production of both 3´- and 6´-sialyllactose in a total 
yield of 45% and 35% at two distinct optimum 
conditions, but a concomitant by-product formation of 

20% (6´- or 3´-sialyllactose) could not be prevented 
even by careful control of pH and reaction time.

10

Moreover, several enzymatic methods employing trans-
sialidases and sialidases have been described. Product 
hydrolysis is a severe drawback of applying sialidases, 
necessitating a strict control of the reaction time.

28-30

Sialidase activity of Arthrobacter urefaciens caused a 

sialyllactose loss of 20% within 30 min and after 2 h 

a) 

b) 
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almost no product was left at pH 5.0.
28

 In general, 
sialidases from different sources lack high yields, 
generally barely exceeding 13%.

28,31,32
 The hydrolytic 

activity of a modified sialidase from Trypanosoma rangeli
with enhanced trans-sialidase activity could also not be 
fully eliminated. Under optimized conditions (pH, 
temperature, reaction time, acceptor and donor 
concentrations) a 50% yield of 3´-sialyllactose was 
achieved from cGMP.

33
 Implementation of higher 3´-

sialyllactose yields using this engineered sialidase from 
Trypanosoma rangeli (≤ 70%) necessitated elaborate 
optimization of trans-sialylation versus hydrolysis 
activity (e.g. co-solvents

30
, membrane-systems

34
). 

Another disadvantage of using sialidases in the transfer 
reactions is the need for a high excess of acceptor 

substrate (acceptor to donor ratio up to 45:1)
29,30,33,34

 to 
repress hydrolysis, which is especially relevant when 
working with expensive acceptors (e.g. N-acetyl-D-
lactosamine). Application of Trypanosoma cruzi trans-
sialidase in 3´-sialyllactose synthesis from the 

irreversible sialyl donor pNP-Neu5Ac gave conversion 
yields of 49%

35
 and 87%

36
, respectively. Fetuin (80% 

yield)
37

 and cGMP (64% yield)
38

 were also used as donor 
substrates. However, the enzyme´s origin from a 
pathogenic organism responsible for Chagas disease, 
causing up to 18 Mio infections and 50,000 deaths per 
year

39
, and constituting an important virulence factor

40

is a significant drawback for its use in industrial 
production of food-grade sialyllactose, even if the 
recombinant enzyme is used.

29,33
 Lactose is a very poor 

substrate for available mammalian sialyltransferases.
41-44

Sialic acid attached to galactose via 2,3- and 2,6-
linkage is also found in complex glycan structures

45
, 

where sialylation represents the final step of a crucial 
post-translational modification of proteins. The lack of 
the sialic acid negatively influences half-life and efficacy 
of many therapeutics proteins.

45,46
 Wild-type PdST and 

its variants were tested for activity on complex protein 
N-glycans and a model glycoprotein asialofetuin (ASF). 
The free glycans were prepared by treatment of ASF by 
PNGase F and purification via ultrafiltration spin 
columns. As can be seen in Figure 4a both wild type 
enzyme and double mutant were able to transfer the 
sialic acid from CMP-Neu5Ac onto the glycans. The 
products of the wild type were completely desialylated 

by a specific 2,3-neuraminidase, while the products of 
the double mutant remained unaffected during the same 
treatment, proving that the wild-type enzyme catalyzes 

2,3-sialyltransfer and the double mutant 2,6-
sialyltransfer with the glycan acceptor substrate (Figure 
4b). Additionally, we performed sialylation of the 
glycoprotein ASF [see Figure S3 in the Supporting 
Information (SI)]. The reaction conditions were kept 
identical but the free glycans were replaced by 
equivalent amount of ASF. The amount of sialylated 
glycans dropped to a half in comparison to experiments 

with the free glycans. 25% of glycans from ASF were 
sialylated with both enzymes. The regioselectivity of the 

double mutant remained almost unaffected (90%). 

However, the complexity and size of the acceptor 
structure clearly influenced the selectivity in the wild-
type enzyme, which showed decrease in regioselectivity 

by 40 %. Regioselective 2,6-sialylation by P. damsela
ST was reported by Yamamoto et al. for individual 
pyridylaminated biantennary carbohydrates, resembling 
simple glycans of glycoproteins,

14
 but not for complex 

protein N-glycans. Sialylation of different glycoproteins, 

including ASF, was demonstrated before using 2,6-STs 
from P. leiognathi

24
 and P. damsela

47
, lacking the 

subsequent determination of regioselectivity. 
In conclusion, we report here complete switch from 

2,3- to 2,6-regioselecivity in family GT-80 ST PdST 
based on rational redesign of the active site. Wild-type 
PdST together with the tailor-made P7H-M117A double 

Figure 4. HPAEC-PAD analysis of wild-type and P7H-
M117A PdST catalyzed sialyltransferase reaction with free 
glycans as acceptor substrate. (a) Sialylation of free 
glycans by wild-type and P7H-M117A PdST and (b) 
determination of regioselectivity by treatment with a 

specific 2,3-neuraminidase (solid line) and an 
unspecific neuraminidase (dashed line), which catalyzes 

the hydrolysis of 2,3- and 2,6- linked Neu5Ac residues. 
See the Supporting Information (SI) for details. 

a) 

b) 
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mutant represent the very first example of an extremely 
powerful sialyltransferase toolbox, comprising two 

variants of a single enzyme toggling between strict 2,3- 

and 2,6-regioselectivity. Their application in the high-
yield production (≥ 70%.) of 3´- and 6´-sialyllactose is 
described. We have demonstrated that regioselectivity is 
fully retained in modification of a complex protein N-
glycan substrate. A high expression level in E. coli
enables the application of these PdST enzymes in the 
large scale production of sialyloligosaccharides as shown 
previously by Antoine et al.

48
 and Drouillard et al.

49
.  
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Abstract 

We report on the distinct properties of two N-terminally truncated variants of human ST6-Gal-I, 

namely Δ89ST6Gal-I and Δ108ST6Gal-I, which were successfully expressed in HEK cells. The 

different properties of these enzymes result most probably from the deletion of residue Arg108 in the 

Δ108ST6Gal-I variant, which was identified by Kuhn et al. [11] as an essential residue in the 

substrate binding area. The Km for N-acetyl-D-lactosamine is 10-fold increased for Δ108ST6Gal-I 

(84 mM) as compared to Δ89ST6Gal-I (8.3 mM). The enzyme Δ89ST6Gal-I exhibits both 

sialyltransferase and sialidase activity on a monoclonal antibody and is therefore a suitable tool for 

the terminal modification of N-glycans. 

Introduction 

Human -galactoside 2,6 sialyltransferase I (ST6Gal-I, E.C 2.4.99.1; data base entry P15907) 

catalyzes the transfer of N-acetylneuramic acid (Neu5Ac) residues to the C6 hydroxyl group of a 

terminal galactose residue of type II disaccharides (Galβ1-4GlcNAc). The sequence of the enzyme 

consists of 406 amino acids [1]. Human ST6Gal-I belongs to the GT29 family comprising 

eukaryotic and viral STs. Like other vertebrate STs, human ST6Gal-I is localized in the Golgi 

apparatus and shows the characteristic architecture consisting of 4 different domains. There is a 

short N-terminal cytoplasmic tail (aa 1-9), a transmembrane domain (aa 10-26), a stem region (aa 

27-62) and a C-terminal catalytic domain facing the luminal side of the Golgi apparatus. In the 

catalytic domain of all eukaryotic STs several conserved peptide sequences were identified 

referred to as sialylmotifs L (large), S (small), motif 3 and VS (very small) [2]. The motifs have 

different functions in the protein: the L-motif participates in the binding of the sugar donor CMP-

Neu5Ac, the S-motif is involved in the binding of the donor and acceptor substrates and finally, the 

VS-motif participates in the catalytic reaction. The fold of the enzyme is predicted to belong to the 

GT-A fold [3]. 

The fine structures of N-glycans are important determinants for the activities of glycoproteins, e.g. 

antibodies. However, naturally occurring and recombinant glycoproteins display a heterogeneity in 

the structure of their N-glycans. Therefore, glycosylation remodeling through trimming and 

extending the sugar chains by glycosidases and glycosyltransferases is an attractive approach. In 

the glycan structure of glycoproteins the sialic acid moiety is usually found in the terminal position 

of the oligosaccharide. Being in an exposed position sialic acid plays an important role in the 

biology of glycoproteins and is a potential target for glycan remodeling. E.g., the terminal 2,6-

sialylated Fc glycoform, a component of the intravenous immunoglobulin (IVIG) was identified as 
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the active species for the anti-inflammatory activity of IVIG. Human ST6Gal-I was used as tool for 

the in vitro sialylation of IVIG [4,5]. 

Here, we report on the cloning, expression, purification and characterization of two N-terminally 

truncated variants, namely Δ89ST6Gal-I and Δ108ST6Gal-I (lacking aa 1-89 and 1-108, 

respectively). The enzyme Δ89ST6Gal-I exhibits both sialyltransferase and sialidase activity on a 

monoclonal antibody and is therefore a suitable tool for the terminal modification of N-glycans.  

Results and Discussion 

Biochemical characterization of recombinant human ST6Gal-I variants 

The truncated variants of recombinant human ST6Gal-I were purified from HEK culture 

supernatant by an ultrafiltration step followed by two chromatographic steps. Analytical size 

exclusion chromatography showed that the final enzyme preparation had a purity of 98%. The 

Δ89ST6Gal-I and the Δ108ST6Gal-I enzymes migrated as single bands on SDS-PAGE with an 

apparent molecular weight of 38 and 35 kDa, respectively (Figure 1). 

Mass spectrometry analysis of the purified enzymes revealed that the construct of Epo-AP-

Δ89ST6Gal-I was expressed without the N-terminal amino acids AP. This surprising finding 

indicated an unusual cleavage of the expressed protein by the Epo signal peptidase. However, for 

the construct Epo-APPR-Δ108ST6Gal-I the N-terminal sequence was confirmed as APPR 

indicating the expected cleavage. For the recombinant human Δ108ST6Gal-I from HEK cells a 

specific activity of >600 RFU/mg was determined. The variant Δ89ST6Gal-I showed an increased 

specific activity of >1100 RFU/mg. In the presence of the inhibitor CTP (0.47 mM) the enzymatic 

activity was reduced to 5% of the original enzymatic activity (data not shown). 

The primary amino acid sequence of Δ89ST6Gal-I reveals six cysteine residues. Using 13.6 µM of 

purified enzyme a theoretical number of 81.6 µM of free sulfhydryl groups was calculated. 

However, in the absence or presence of guanidine hydrochloride (4 M) a concentration of only 3.4 

or 4.1 µM of free sulfhydryl groups was determined according to Ellman et al. [6] corresponding to 

about 4 or 5% of the theoretically accessible SH-groups. The enzyme was tryptically digested and 

peptide fragments were analyzed by mass spectrometry to determine the number and the location 

of disulfide bonds. All six cysteine residues were found to be involved in disulfide linkages (Table 

1) in accordance to the recent publication of rat ST6Gal-I [7]. Carboxymethylation of the tryptic 

peptides by iodoacetic acid identified free Cys364 to a negligible level of 0.006%. 
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Sialyltransferase activity 

The recombinant Δ89ST6Gal-I was used in sialylation experiments with a recombinant monoclonal 

antibody IgG4 as model target. The content of G2, G2+1SA and G2+2SA (Scheme 1) was 

determined by mass spectrometry. After 2 h of incubation a high content (88%) of the fully 

sialylated form G2+2SA was obtained (Figure 2A, left panel). The data also showed that with 

extended incubation time the content of G2+2SA decreased while the content of G2 and G2+1SA 

increased again. After an incubation of 48 h, a G2+1SA content of 71% was obtained. 

Cytidine triphosphate (CTP) is a potent inhibitor of sialyltransferases [8]. To demonstrate that this 

hydrolytic activity is an intrinsic activity of Δ89ST6Gal-I, inhibition experiments were performed. In 

the first phase of the experiment the sialylation of IgG4 by Δ89ST6Gal-I was performed to achieve 

a high content of G2+2SA. After 7 h of incubation the G2+2SA content was 94%. At this time CTP 

was added to the reaction mixture in a final concentration of 0.67 mM. At different times the 

content of G2, G2+1SA and G2+2SA was determined by mass spectrometry. Compared to 

inhibitor-free conditions shown in Figure 2A the degradation of G2+2SA was significantly reduced 

in the presence of CTP (Figure 2B). After 72 h of incubation there were still 73% of G2+2SA 

present. The inhibition of the hydrolytic activity by the specific sialyltransferase inhibitor CTP 

strongly indicates that both activities are located in the same active center of human ST6Gal-I. 

Different kinetics and specificities (mono- and di-sialylation) were observed for Δ108ST6Gal-I 

(Figure 2A, right panel). After 8 h of incubation a high content (70%) of the mono-sialylated form 

G2+1SA was obtained, and no G2+1SA degradation was observed during the examined time 

period of 72 h. The maximum yield of G2+2SA was well below 10%. 

Regioselectivity of sialyltransfer 

Regioselectivity of the sialylation of IgG4 by Δ89ST6Gal-I and Δ108ST6Gal-I was analyzed using 

high-performance anion exchange chromatography with pulsed amperometric detection (HPAE-

PAD) and results are shown in Figure 3. Linkage analysis was performed by addition of 2,3-

neuraminidase to either the G2+1SA or the G2+2SA product. The products remained unaffected 

by this treatment and release of G2 was not observed, proving that both enzyme variants catalyze 

2,6-sialyltransfer (Figure 3B). In addition, the sialyltransfer product towards sialyl-N-acetyl-

lactosamine was clearly identified as 6´-sialyl-N-acetyl-lactosamine (data not shown). 
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Basic characterization of activities and structural interpretation 

Further characterization of Δ89ST6Gal-I and Δ108ST6Gal-I constructs is summarized in Table 2. 

The Km for N-acetyl-D-lactosamine is 10-fold increased for Δ108ST6Gal-I (84 mM), while the kcat

was 6.7-fold decreased (1.3 s-1) as compared to Δ89ST6Gal-I. This can be explained by the 

deletion of residue Arg108 in the Δ108ST6Gal-I variant. Kuhn et al. [11] showed, that Arg108 is the 

first residue contacting a glycan substrate (Figure 4) and deletion perturbs the structure of this 

substrate binding area, which leads as a consequence to the increased Km value for N-acetyl-D-

lactosamine. The Km for asialofetuin was not altered much with 0.12 mM for Δ89ST6Gal-I and 0.10 

mM for Δ108ST6Gal-I. However, substrate inhibition with a Ki of 0.25 mM was observed for the 

Δ108ST6Gal-I variant. The catalytic efficiency of Δ89ST6Gal-I increased 70-fold when N-acetyl-D-

lactosamine was replaced by asialofetuin as acceptor substrate. Extremely low sialidase activity 

was only detected for 6´-sialyl-N-acetyl-lactosamine and not for 3´-sialyl-N-acetyl-lactosamine. The 

sialidase activity increased slightly (1.5-fold) when pH was decreased from 6.5 to 4.5 (data not 

shown). Both variants showed almost no CMP-Neu5Ac hydrolase activity. 

Material and methods 

Cloning strategy for transient gene expression 

Two N-terminally truncated fragments of human ST6Gal-I were cloned. Instead of the natural 

leader sequence and the N-terminal protein sequence, the ST6Gal-I coding region harbors an 

Erythropoetin (Epo) signal sequence followed by an AP or APPR linker sequence in order to 

ensure correct processing of the polypeptides by the secretion machinery of the host cell line. 

Codon-optimized cDNAs were synthesized for Epo-AP-Δ89ST6Gal-I and Epo-APPR-Δ108ST6Gal-

I. In addition, the expression cassettes feature SalI and BamHI sites for cloning into the multiple 

cloning site of the predigested pM1MT vector fragment (Roche Applied Science). Expression of the 

ST6Gal-I coding sequences is therefore under control of a human cytomegalovirus (CMV) 

immediate-early enhancer/promoter region, followed by an intron A for regulated expression and a 

BGH polyadenylation signal. 

Fermentation of human embryonic kidney (HEK) cells 

Transient gene expression (TGE) by transfection of plasmid DNA is a rapid strategy to produce 

proteins in mammalian cell culture. For high-level expression of recombinant human proteins a 

TGE platform based on a suspension-adapted HEK 293 cell line was used. Cells were cultured in 
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shaker flasks at 37°C under serum-free medium conditions. The cells were transfected at 

approximately 2x106 vc/mL with the expression plasmids (0.5 to 1.0 mg/L cell culture) and 

complexed by the 293-Free transfection reagent (Merck) according to the manufacturer’s 

guidelines. 3 h post-transfection, valproic acid, a HDAC inhibitor, was added in a final 

concentration of 4 mM in order to boost the expression [9]. Each day, the culture was 

supplemented with 6% (v/v) of a soybean peptone hydrolysate-based feed. The culture 

supernatant was collected at day 7 post-transfection by centrifugation. 

Purification of recombinant human ST6Gal-I variants from HEK supernatant 

The recombinant ST6Gal-I variants were purified using a three-step purification protocol. In a first 

step, 0.1 L of culture supernatant was ultrafiltrated (0.2 µm) and the solution was dialyzed against 

buffer A (20 mM potassium phosphate, pH 6.5). Second, the dialysate was loaded onto a S-

Sepharose FF column (1.6 cm x 2 cm, GE Healthcare) equilibrated with buffer A. After washing 

with 100 mL buffer A, the enzyme was eluted with a linear gradient of 10 mL buffer A and 10 mL 

buffer A containing 200 mM NaCl, followed by a wash step using 48 mL buffer A containing 200 

mM NaCl. Fractions (4 mL) were analyzed by analytical SDS-PAGE. Fractions containing the 

enzyme were pooled and dialyzed against buffer B (50 mM MES, pH 6.0). Third, the dialyzed pool 

was loaded onto a Heparin Sepharose FF column (0.5 cm x 5 cm, GE Healthcare) equilibrated with 

buffer B and eluted using buffer B containing 200 mM NaCl. Fractions (1 mL) containing the 

enzyme were pooled and dialyzed against buffer B. The purity of the enzymes was checked by 

analytical size exclusion chromatography on a Superdex 75 column (10/30, GE Healthcare) 

equilibrated with buffer B containing 500 mM NaCl. Protein concentrations were determined at 280 

nm. 

Sialyltransferase assay 

HPLC-based activity assay. Sialyltransferase activity was assayed in a total volume of 20 µL using 

50 mM MES buffer, pH 6.5. Reaction mixture contained 0.75 mM CMP-Neu5Ac, acceptor (10 mM 

N-acetyl-D-lactosamine or 17 mg/mL asialofetuin), enzyme (0.1 µM of Δ89ST6Gal-I or 1.0 µM of 

Δ108ST6Gal-I) and 0.1% TritonX-100. Enzymatic conversion was carried out at 37°C and agitation 

rate of 400 rpm using a Thermomixer comfort (Eppendorf). All assays were performed in duplicate. 

Reactions were stopped at certain time points by addition of 40 µL of ice-cold acetonitrile. Samples 

were incubated on ice for 30 min and centrifuged to remove precipitated protein. 5 µL of the 

supernatant were injected to HPLC analysis using a Chromolith® Performance RP-18 (100 x 4.6 
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mm; Merck Chemicals) column in reversed phase ion-pairing mode on an Agilent Technologies 

1200 Series system. The column was equilibrated with 20 mM phosphate buffer, pH 6.8 containing 

2 mM tetrabutylammonium at a flow rate of 2 mL/min. A temperature control unit maintained 30°C 

throughout the analysis. Samples were eluted with 0% acetonitrile in 4 min followed by a linear 

gradient from 0 – 25% acetonitrile in 2 min and detected by UV at 254 nm. CMP-Neu5Ac and CMP 

were analyzed. One unit (1 U) was defined as the amount of enzyme that could transfer 1 µmol of 

sialic acid per min to acceptor under the conditions described above.

Fluorescence-based assay. Sialyltransferase activity was assayed in a total volume of 20 µL using 

50 mM MES buffer, pH 6.5. Reaction mixture contained 0.05 mM CMP-9-fluoresceinyl-NeuAc 

(CMP-9F-Neu5Ac) [10], 2.5 mg/mL asialofetuin, enzyme (0.1 µM of Δ89ST6Gal-I or 1.0 µM of 

Δ108ST6Gal-I) and 0.1% TritonX-100. Enzymatic conversion was carried out at 37°C and agitation 

rate of 400 rpm. Reaction was stopped after 30 min by addition of 10 µL of the inhibitor CTP (10 

mM). The reaction mixture was loaded onto a PD10 desalting column equilibrated with 0.1 M 

Tris/HCl, pH 8.5. Samples were eluted from the column using the equilibration buffer. The fraction 

size was 0.5 mL. The concentration of formed fluorescent fetuin was determined using a 

fluorescence spectrophotometer. Excitation wavelength was 490 nm and emission was measured 

at 520 nm. Enzymatic activity was expressed as RFU (relative fluorescence unit). 10,000 RFU/µg 

is equivalent to a specific activity of 0.0839 nmol/µg∙min. 

Sialidase assay 

Sialidase activity was assayed in a total volume of 20 µL using 50 mM MES buffer, pH 6.5. The 

reaction mixture contained 1.5 mM 3’- or 6’-sialyl-N-acetyl-lactosamine, 1 µM enzyme and 0.1% 

TritonX-100. Enzymatic conversion was carried out at 37°C and agitation rate of 400 rpm. All 

assays were performed in duplicate. Reactions were stopped after 10 h of incubation by addition of 

40 µL of ice-cold acetonitrile. Samples were incubated on ice for 30 min, centrifuged to remove 

precipitated protein and diluted to a final volume of 200 µL with H2O. 25 µL were injected to HPAE 

chromatography and analyzed as described for “Determination of product regioselectivity”. 

Hydrolase activity 

Hydrolase activity was assayed in a total volume of 20 µL using 50 mM MES buffer, pH 6.5. The 

reaction mixture contained 0.75 mM CMP-Neu5Ac, 1 µM enzyme and 0.1% TritonX-100. 

Enzymatic conversion was carried out at 37°C and agitation rate of 400 rpm. All assays were 
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performed in duplicate. Reactions were stopped after 5 h of incubation by addition of 40 µL of ice-

cold acetonitrile and further processed and analyzed as described for the HPLC-based 

sialyltransferase activity assay. 

SDS-PAGE and protein determination 

Analytical SDS-PAGE was carried out using NuPAGE gels (4-12%, Invitrogen). Samples (36 µL) 

were diluted with 12 µL NuPAGE LDS sample buffer (Invitrogen) and incubated for 2 min at 85°C. 

Aliquots (5 µg protein) were loaded on the gel. The gels were stained using SimplyBlue SafeStain 

(Invitrogen). An extinction coefficient ε280 (10 mg/mL) of 1.931 and 1.871 was used for protein 

concentration determination of Δ89ST6Gal-I and Δ108ST6Gal-I, respectively. 

Analysis of sulfhydryl groups 

5,5´-Dithiobis(2-nitrobenzoic) acid (DTNB) was used for quantitative determination of free 

sulfhydryl groups [6]. Purified Δ89ST6Gal-I (13.6 µM) was used in this assay. The reaction was 

carried out in 0.1 M potassium phosphate buffer, pH 8.0 in the absence or presence of guanidine 

hydrochloride (4 M). The reaction was monitored at 412 nm. L-cysteine hydrochloride was used as 

a standard. For peptide mapping an aliquot (21 µL, 350 µg) was denatured by adding 8 M 

guanidine hydrochloride (279 µL). The sample was incubated for 1 h at 50°C. Carboxymethylation 

of free cysteine residues was done by adding iodoacetic acid (10 µL, 330 mg/mL). After incubation 

in the dark at room temperature for 30 min the samples were applied to a NAP5 column (GE-

Healthcare) equilibrated with 0.1 M Tris/HCl, pH 7.0. To the eluted fraction (500 µL) trypsin (10 µL, 

0.25 mg/mL) was added and the sample was incubated at 37°C overnight. The digestion was 

stopped by addition of 20 µL TFA solution (10%). The peptides were separated and analyzed by 

LCMS using an UPLC (C18 column) coupled to a mass spectrometer (Orbitrap, Thermo Fisher). 

Peptides were identified using Massmap software. 

N-terminal sequencing by Edman degradation 

The N-terminal sequences of expressed variants of human ST6Gal-I were analyzed by Edman 

degradation using reagents and devices obtained from Life Technologies. Preparation of the 

samples was done as described in the instruction manual of the ProSorb Sample Preparation 

cartridges and the ProBlott Mini PK/10 membranes. For sequencing the Procise Protein 

Sequencing Platform was used. 
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Sialylation of monoclonal antibody 

A highly galactosylated humanized monoclonal antibody (IgG4) was used in sialylation 

experiments. The reaction mixture contained IgG4 (300 µg in 54 µL 35 mM sodium actetate/Tris 

buffer pH 7.0), the donor substrate CMP-Neu5Ac (150 µg in 50 µL water) and the ST6Gal-I variant 

(30 µg in 26 µL 20 mM potassium phosphate, 0.1 M NaCl, pH 6.5). The samples were incubated at 

37°C up to 72 h. At certain time points the transfer reaction was stopped by addition of 100 µL 

denaturing buffer (6 M guanidine hydrochloride) and 30 µL TCEP (0.1 mM, diluted in denaturing 

buffer) and incubation at 37°C for 1 h. The samples were buffered in electrospray-medium (20% 

ACN, 1% FA) using pre-equilibrated illustraTM Nap5-Columns (GE Healthcare). Samples were 

analyzed by electrospray ionization mass spectrometry and the content of G2, G2+1SA and 

G2+2SA N-glycans was determined. A Micromass Q-Tof Ultima and a Synapt G2 HDMS device 

(Waters UK) with a MassLynx V 4.1 software were used. 

Determination of product regioselectivity by HPAE chromatography 

3´- and/or 6´-sialyl-N-acetyl-lactosamine and 3´- and/or 6´-sialyl glycan were separated and 

identified by HPAE chromatography on a Dionex BioLC system equipped with a CarboPac® 

PA200 column (3 x 250 mm; Thermo Fisher Scientific Inc.) and a CarboPac® guard column. 25 µL 

of the sample were injected and eluted at a flow rate of 0.4 mL/min and 25°C using adapted 

conditions. For the separation of 3´- and/or 6´-sialyl-N-acetyl-lactosamine an isocratic 

concentration of 35 mM sodium acetate in 60 mM NaOH was used. For the separation of 3´- 

and/or 6´-sialyl glycan the following protocol was used: 0-20 min linear gradient from 50 to 100 mM 

NaOH, 20-80 min linear gradient from 0 to 200 mM sodium acetate in 100 mM NaOH. Afterwards, 

the column was washed with 450 mM sodium acetate in 20 mM NaOH for 10 min followed by 200 

mM NaOH for 10 min and re-equilibrated with 50 mM NaOH for 10 min before further analysis. An 

ED50 electrochemical detector with a carbohydrate certified gold working electrode was used for 

pulsed amperometric detection (PAD) in the carbohydrate waveform (as recommended by the 

supplier). Samples of sialyl glycan, treated with specific 2,3-neuramidase, were also analyzed 

according to the protocol described above. 
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Scheme and figure legends 

Scheme 1: Schematic drawing of N-glycan patterns used in this study. Blue square, N-acetyl 

glucosamine moiety; cyan circle, mannose moiety; yellow circle, galactose moiety; pink rhombus, 

sialic acid moiety. 

Figure 1: SDS-PAGE of purified recombinant human ST6Gal-I variants. Lane 1, 4: molecular 

weight marker; lane 2: Δ108ST6Gal-I; lane 3: Δ89ST6Gal-I. 

Figure 2: Time course of sialylation of IgG. (A) Analysis of N-glycan pattern from reaction 

catalyzed by Δ89ST6Gal-I (left panel) and Δ108ST6Gal-I (right panel). (B) Analysis of N-glycan 

pattern from reaction catalyzed by Δ89ST6Gal-I when CTP (0.67 mM) was added after 7 h. Color 

code: black, G2; gray, G2+1SA; dark gray, G2+2SA. 

Figure 3: Determination of product regioselectivity. (A) Proof-of-principle with commercially 

available ST6Gal-I and ST3Gal-I. (B) Analysis of N-glycans synthesized by Δ89ST6Gal-I and 

Δ108ST6Gal-I. 

Figure 4: Close-up view of the acceptor binding site of Δ89ST6Gal-I [11]. 
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Scheme 1 

G2 G2+1SA G2+2SA
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Table 1. Identification of peptides involved in disulfide bond formation. 

Sequence 

Peptide 1 // Peptide 2 

mi-Mass 

[amu] 

Delta 

[ppm] 

Rel. Counts 

[%] 

Cys141 – 

Cys406 
CHLR // TIHC 997.46 0.00 4.2 

Cys184 – 

Cys335 

CAVVSSAGLSK // 

LHPNQPFYILKPQMPWELWDILQE 

ISPEEIQPNPPSSGMLGIIIMMTLCDQVDI 

YEFLPSK 

8140.06 4.57 20.3 

Cys353 – 

Cys364 
TDVCYYYQK // FFDSACTMGAYHPLLYEK  3271.43 0.86 74.4 
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Table 2. Kinetic parameters of Δ89ST6Gal-I and Δ108ST6Gal-I enzyme variants. 

  Δ89ST6Gal-I Δ108ST6Gal-I 

SIALYLTRANSFERASE    

N-acetyl-D-lactosamine Km [mM] 

kcat [s
-1

] 

kcat/Km [s
-1

·mM
-1

] 

8.3 ± 2.0 

8.7 

1.05 

84 ± 16 

1.3 

0.02 

Asialofetuin Km [mM] 

Ki [mM] 

kcat [s
-1

] 

kcat/Km [s
-1

·mM
-1

] 

0.12 ± 0.02 

n.a. 

8.4 

70 

0.10 ± 0.01 

0.25 

0.3 

3 

HYDROLASE 

CMP-Neu5Ac [U/mg] 0.04 0.03 

SIALIDASE    

6’-SLA [U/mg] 7.1·10
-5

 1.2·10
-5

n.a., not applicable 
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Fig. 1. pH profiles of 2,3-sialidase activity (A) and 2,3-trans-sialidase activity (B) catalyzed by 

wild-type PdST (closed symbols) and T116S mutant (open symbols). (A) The release of lactose 

from 3´-sialyllactose (triangle) and 6´-sialyllactose (square) was followed. (B) The formation of 

Neu5Ac2,3Gal-oNP (diamond) was followed. 
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Structures of wild-type PdST and of mutants thereof 

Tea Pavkov-Keller1, Andrzej Lyskowski1

1Austrian Centre of Industrial Biotechnology, Petersgasse 14, 8010 Graz, Austria 

Methods 

For the crystallization setups the proteins were concentrated using Amicon Ultra Centrifugal Filters 

(Ultracel-10K, Merck Millipore, USA) and the concentrations were determined using NanoDrop 

(ThermoSicentific, USA). 

The crystallization experiments of wild-type PdST, T116S, P7H and P7H-M117A mutants were 

setup with vapour diffusion method by Oryx-8 robot (Douglas Instruments) using Index (Hampton 

Research) and JCSG+ (Molecular Dimensions) screens. Crystallizations were setup in the 

presence of CMP-Neu5Ac (2 mM final concentration) and lactose or oNP-Gal (5 mM final 

concentration). The total drop volume was 1 μL containing 50% of the protein and 50% of the 

reservoir solution. Protein concentrations used for crystallization setups were 3.3 mg/mL for wild-

type PdST, 5 mg/mL for T116S, 5.2 mg/mL for P7H and 6.7 mg/mL for P7H-M117A (10 mM 

Tris/HCl pH 8.0, 50mM NaCl) mutant. Crystallization plates were kept in the incubator at 16°C. 

Crystals appeared after 3 days in several conditions. Small amount of glycerol was added to the 

drop and the crystals were pulled out of the drop with a nylon loop and immediately shock frozen in 

liquid nitrogen. Additionally, the same crystals were soaked with excess of lactose/oNP-Gal for 30 

min - 1 h period before freezing in liquid nitrogen. Screening experiments were performed at our 

home source (Bruker) with copper rotating anode and with a Mar345 Image Plate Detector (Mar 

Research). Data collection on several crystals was performed at synchrotron sources DESY 

(PETRA III, Hamburg, Germany) and ESRF (Grenoble, France). The measurements were carried 

out at - 100K. 

Data were processed, merged and scaled using the XDS programs [1]. The Rfree column 

comprising a randomly selected 5% of the reflections was introduced. The structures were solved 

by the molecular-replacement method using the program Phaser [2]. The structure of 

Sialyltransferase Pm0188 from Pasteurella multocida was used as a template for solving the 

T116S structure. For all other structures the T116S structure or its N- and C-terminal domains 

were used as the initial phasing model. The refinement and manual model rebuilding were carried 

out with REFMAC5 [3] and Coot [4]. Refinement was concluded when no significant changes in 

Rwork and Rfree were observed. The validation of the final structures was performed with 

MolProbity [5]. 
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Results 

Crystals of wild-type PdST obtained in the Index screen condition D9 (0.1 M Tris pH 8.5, 25% w/v 

Polyethylene glycol 3350) belong to I121 space group with unit cell dimensions a=79.5 Å, b=56.5 

Å, c=110.2 Å, α=γ=90° and β=110.1°. Data were collected to 2.5 Å. Crystals of P7H and P7H-

M117A mutants from JCSG-plus screen conditions G7 (0.1 M succinic acid, 15% w/v PEG 3350, 

pH 7.0) and B9 (0.1 M citrate, 20%w/v PEG 6000, pH 5.0) diffracted to 2.2 and 2.3 Å. Crystals 

belong to C2 space group with the unit cell dimensions a=111.2 Å, b=56.9 Å, c=79.7 Å, α=γ=90° 

and β=111.3°. All four structures obtained from these data show the protein in the open 

conformation. 

Structures of T116S, P7H and P7H-M117A mutants in closed conformation with bound CMP were 

solved from the crystals obtained by co-crystallization and soaking experiments with CMP-Neu5Ac 

and lactose or oNP-Gal. No extra electron density for lactose or oNP-Gal could be observed. 

Crystals of T116S mutant were obtained in JCSG+ screen (0.1 M Phosphate/citrate pH 4.2 and 

40% w/v PEG 300). They belong to C2221 space group with unit cell dimensions 75.6 Å, 140.5 Å, 

80.7 Å, α=β=γ=90°. Data collected on P7H and P7H-M117A crystals grown in JCSG-plus screen 

conditions A9 (0.2 M ammonium chloride, 20% w/v PEG 3350), A2 (0.1 M sodium citrate, 20% w/v 

PEG 3000, pH 5.5), A5 (0.2 M magnesium formate, 20% w/v PEG3350) and A12 (0.2 M potassium 

nitrate, 20% w/v PEG 3350) show unit cell dimensions a=b=108.5 Å, c=62.4 Å, α=β=90° and 

γ=120° (space group P65).  

The diffraction obtained for all measured crystals extends in the 1.7-2.5 Å range. 
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Fig. 2. Crystals of wild-type PdST obtained in Index D9 condition (A); P7H-M117A mutant obtained 

in JCSG+ A5 (B) and B9 (C) conditions; P7H mutant obtained in JCSG+ A9 (D) and G7 (E). 

Bar=200 µm (A and B) and 500 µm (C, D, E). 
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Fig. 3. PdST wild-type and T116S structures. (A) Apo PdST wild-type structure (yellow). (B) 

Overlay of CMP-bound PdST T116S structure (slate) with the apo PdST wild-type structure 

(yellow). CMP is drawn with green-colored carbon atoms. 

(A)                                                                                 (B) 
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Fig. 4. (A) Overlay of apo (green) with CMP-bound (violet) structure of the PdST P7H mutant. CMP 

is drawn with violet-colored carbon atoms. (B) Overlay of apo (grey) with CMP-bound (teal) 

structure of the PdST P7H-M117A mutant. CMP is drawn with teal-colored carbon atoms. (C) 

Overlay of apo structures of wild-type (yellow), P7H (green) and P7H-M117A (grey) mutant of 

PdST. (D) Overlay of CMP-bound structures of PmST1 (orange, PDB code 2EX1), P7H (violet) 

and P7H-M117A (teal) mutant of PdST. Disordered loop in acceptor binding site in CMP-bound 

structures of P7H and P7H-M117A mutant of PdST is indicated by an arrow.

(A)                                                                                 (B) 

(C)                                                                                 (D) 
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Characterization of PdST mutants 

Methods 

Site-directed mutagenesis 

A pair of complementary oligonucleotide primers, each introducing the desired site-directed 

substitution at the protein level, was used. The mismatched bases are underlined. 

H85N forward: 

5´-GATCTCCATTTGAATATCGCAAACTCAATACAGTTATTCCACCC-3´ 

H85N reverse: 

5´-GGGTGGAATAACTGTATTGAGTTTGCGATATTCAAATGGAGATC-3´ 

P285H forward: 

5´-GGTGATCAATATAAAATCTATTTCAAAGGTCATCACAGAGGTGGAGATATCAA 

TGATTATATTTTGAAG-3´ 

P285H reverse: 

5´-CTTCAAAATATAATCATTGATATCTCCACCTCTGTGATGACCTTTGAAATAGAT 

TTTATATTGATCACC-3´ 

Y361L forward: 

5´-GAAGATGCGCTAAATGATCCTCTTGTACGTGTAATGTTACGTTTAG-3´ 

Y361L reverse: 

5´-CTAAACGTAACATTACACGTACAAGAGGATCATTTAGCGCATCTTC-3´ 

The PCR was performed in a Gene Amp® PCR 2200 thermocycler (Applied Biosystems, USA). 

The PCR was carried out in 50 µL using 0.3 µM forward and reverse primer, 0.2 mM dNTP-mix, 3 

U Pfu DNA Polymerase (Promega, USA) and 1x reaction buffer provided by the supplier. The two-

stage protocol involved in the first step two separate PCR reactions with the forward and reverse 

primers. These reactions consisted of a preheating step at 95°C for 60 s followed by 4 reaction 

cycles (95°C, 60 s; 55°C, 50 s; 70°C, 10 min). After this first step both PCR reactions were mixed 

together in a 1:1 ratio followed by second standard mutagenesis PCR reaction using the same 

temperature program (95°C, 60 s; 55°C, 50 s; 70°C, 10 min) for 18 cycles. The amplification 

product was subjected to parental template digest by DpnI (Fermentas, Germany) in accordance to 

the manufacturer’s instructions and transformed into electro-competent E. coli BL21_Gold(DE3)

cells. All inserts were sequenced as custom service by Agowa (Germany). Wizard® Plus SV 

Minipreps Kit from Promega (USA) was used to prepare plasmid DNA. DNA analysis was 

performed with Vector NTI Suite 10 (Invitrogen, USA). 
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Fig. 5. Acceptor-binding site in an overlay of the experimental structure of PmST1 (orange, PDB 

code 2ILV) and the modeled structure of PdST (slate). Lactose is shown (colored by element). The 

homology model of PdST is in the closed conformation and was obtained using structure modeling 

with the program YASARA [6]. A H85N (His112 in PmST1) and a M117A (Met144 in PmST1) variant 

of PdST were created by site-directed mutagenesis.
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Fig. 6. (A) Overlay of the substrate-binding site in the experimental structure of PmST1 (orange, 

PDB code 2IHZ) and in the modeled structure of PdST (slate). CMP-3F(a)Neu5Ac and lactose are 

shown (colored by element). (B) Donor-binding site in an overlay of PdST (slate) and PmST1 

(orange, PDB code 2IHJ). CMP-3F(a)Neu5Ac is shown (colored by element). (C) Acceptor-binding 

site in an overlay of the experimental structure of PmST1 (orange, PDB code 2ILV) and the 

modeled structure of PdST (slate). Lactose is shown (colored by element). The homology model of 

PdST is in the closed conformation and was obtained using structure modeling with the program 

YASARA [6]. Residues, interacting with the ligands, and corresponding interactions are shown [7]. 

Formed H-bond with the acceptor substrate by residue His85 is highlighted.  

Table 2. Kinetic data for the 2,3-sialyltransferase activity of wild-type PdST and H85N mutant with 

oNP-Gal as acceptor substrate. 

 WT H85N 

Km [mM] 2.5 ± 0.3 - 

Vmax [mM/min] (8.1 ± 0.3)∙10-1 - 

Vmax/Km [min-1] - (4.1 ± 0.1)∙10-3

kcat [s
-1] 1.3∙101 - 

kcat/Km [s-1∙mM-1] 5.4 6.8∙10-2

H112 
H85  

(A)                                    (B)                                         (C) 
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Fig. 7. Kinetic data determination for the 2,3-sialyltransferase activity of wild-type PdST (A) and 

H85N mutant (B) with oNP-Gal as acceptor substrate. The reaction mixture (20 µL), containing 10 

mM CMP-Neu5Ac, 0.5 mM to 11 mM oNP-βGal, 1 µM enzyme, 1 mg/mL BSA in 50 mM sodium 

phosphate buffer, pH 8.0, was incubated at 25°C. 
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Fig. 8. (A) Donor-binding site in an overlay of the experimental structure of PmST1 (orange, PDB 
code 2IHJ) and the modeled structure of PdST (slate). CMP-3F(a)Neu5Ac is shown (colored by 
element). Residues, interacting with the substrates (CMP-Neu5Ac, lactose), and interactions with 
the sialic acid moiety and the phosphate group are shown [18]. (B) Corresponding distances in the 
PmST1 structure are shown (orange, PDB code 2IHJ). Tyr388 forms a hydrogen bond to Ser143, 
which hydrogen bonds to the N-acetylgroup of Neu5Ac. Tyr388 is within 4Å to Ser355 and Ser356, 
which form hydrogen bonds to the CMP-phosphate group. A Y361L (Tyr388 in PmST1) variant of 
PdST was created by site-directed mutagenesis. 

Fig. 9. Overlay of the experimental binary CMP-bound PdST T116S structure (slate) and the apo 
PmST1 structure (orange, PDB code 2EX0). CMP is shown (colored by element). Binding of CMP 
causes a large closure movement of the C-terminal nucleotide binding domain towards the N-
terminal domain. Due to CMP-binding Tyr (Tyr388 in PmST1; Tyr361 in PdST) of the C-terminal 
domain forms a hydrogen bond to Ser/Thr (Ser143 in PmST1; Thr116 in PdST) of the N-terminal 
domain. It was reported for PmST1 that both Ser143 and Tyr388 form hydrogen bonds to a water 
molecule, which in turn hydrogen bonds to the terminal phosphate oxygen of CMP. These 
interactions may trigger the closure between the two domains [8]. 

(A)                                                                      (B) 
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Fig. 10. Overlay of the experimental ternary structure of PmST1 (orange, PDB code 2IHZ) and the 

modeled structure of PdST (slate). CMP-3F(a)Neu5Ac and lactose are shown (colored by 

element). Pro285 (Pro312 in PmST1) is an important residue for correct positioning of the catalytic 

His (His284 in PdST; His311 in PmST1). The homology model of PdST is in the closed conformation 

and was obtained using structure modeling with the program YASARA [6]. A P285H (Pro312 in 

PmST1) variant of PdST was created by site-directed mutagenesis.
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Fig. 11. Time course of the enzymatic synthesis of Neu5Acα2,3Gal-oNP using wild-type (A) [6], 
H85N (B), M117A (C), Y361L (D) and P285H (E) variants of PdST. oNP-βGal, open circle; 
Neu5Acα2,3Gal-oNP, filled circle; CMP-Neu5Ac, open triangle; CMP, closed reverse triangle. The 
reaction mixture (20 µL), containing 1 mM CMP-Neu5Ac, 1 mM oNP-βGal, 0.5 µM (wild-type) or 1 
µM (PdST variants) enzyme, 1 mg/mL BSA in 50 mM sodium phosphate buffer, pH 8.0, was 
incubated at 25°C. 
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Fig. 12. Time course of the enzymatic hydrolysis of CMP-Neu5Ac using wild-type (A), H85N (B), 

M117A (C), Y361L (D) and P285H (E) variants of PdST. CMP-Neu5Ac, open triangle; CMP, closed 

reverse triangle. The reaction mixture (20 µL), containing 1.58 mM (wild-type) or 1 mM (PdST 

variants) CMP-Neu5Ac, 0.5 µM (wild-type) or 1 µM (PdST variants) enzyme, 1 mg/mL BSA in 50 

mM sodium phosphate buffer, pH 8.0, was incubated at 25°C. 
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Fig. 13. Time course of the enzymatic trans-sialylation from 3´sialyllactose onto oNP-Gal using 

wild-type (A), H85N (B), M117A (C) and Y361L (D) variants of PdST. oNP-βGal, open circle; 

Neu5Acα2,3Gal-oNP, filled circle. The reaction mixture (20 µL), containing 1.58 mM 3´-

sialyllactose, 1.58 mM oNP-βGal,, 1 µM (wild-type) or 5 µM (PdST variants) enzyme, 1 mg/mL 

BSA in 50 mM citric buffer, pH 5.5, was incubated at 25°C. 
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Fig. 14. HPAE-PAD analysis for regioselectivity comparison of wild-type PdST and H85N variant 

catalyzed sialylation of lactose as acceptor substrate at pH 8. The reaction mixture (20 µL), 

containing 1 mM CMP-Neu5Ac, 1mM lactose, 1 µM enzyme, 1 mg/mL BSA in 50 mM sodium 

phosphate buffer, pH 8.0, was incubated for 30 min at 25°C.To increase the conversion with the 

H85N mutant 1 mM CMP-Neu5Ac was added 3 times every 30 min to the reaction. In contrast to 

the wild-type enzyme, which produced only tiny amounts of 6´-sialyllactose (0.6% of total 

sialyllactose), with the H85N mutant 35% of produced sialyllactose was 6´-sialyllactose. 

Fig. 15. HPAE-PAD analysis for regioselectivity comparison of wild-type PdST and H85N variant 

catalyzed sialylation of lactose as acceptor substrate at pH 4.5. The reaction mixture (20 µL), 

containing 1 mM CMP-Neu5Ac, 1mM lactose, 1 µM enzyme, 1 mg/mL BSA in 50 mM citric buffer, 

pH 4.5, was incubated for 30 min at 25°C. To increase the conversion with the H85N mutant 1 mM 

CMP-Neu5Ac was added 3 times every 30 min to the reaction. At pH 4.5 with wild-type PdST the 

ratio of 6´-sialyllactose (6.4% of total sialyllactose) to 3´-sialyllactose was increased (1:15) as 

compared to pH 8. Regioselectivity of the H85N mutant was not changed due to lowering the pH. 
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Fig. 16. Time course of the enzymatic synthesis of Neu5Acα2,3Gal-oNP (3´-sialyl-oNP-Gal) and 

Neu5Acα2,6Gal-oNP (6´-sialyl-oNP-Gal) using wild-type (A), P7H (B) and P7H-M117A (C) variant 

of PdST. Neu5Acα2,3Gal-oNP, filled circle; Neu5Acα2,6Gal-oNP, filled square; CMP-Neu5Ac, 

open triangle; CMP, closed reverse triangle. The reaction mixture (20 µL), containing 1 mM CMP-

Neu5Ac, 10 mM oNP-βGal, 1 µM enzyme, 1 mg/mL BSA in 50 mM sodium phosphate buffer, pH 

8.0, was incubated at 25°C. 
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Table 4. Specific activities for sialyltransfer from CMP-Neu5Ac onto oNP-Gal by wild-type and 

variants of PdST.a

3´-sialyl-oNP-Gal 6´-sialyl-oNP-Gal 

[U/mg] [%]
b
 [U/mg] [%]

b

WT 7.6 100 0 0 

P7H 5.4 80 1.6 20 

P7H-M117A 6.8∙10
-1

 30 2.3 70 
a
Sialyltransferase activity was assayed in a total volume of 20 µL using 50 mM sodium phosphate buffer, pH 8.0. 

Reaction mixture contained 1 mM CMP-Neu5Ac, 10 mM acceptor (oNP-Gal), 1 µM enzyme and 1 mg/mL BSA. 
Enzymatic conversion was carried out at 25°C and agitation rate of 400 rpm using a Thermomixer comfort (Eppendorf, 
Germany). 
b
Yields were calculated based on CMP-Neu5Ac. 

Fig. 17. NMR-Experiments performed for the identification of 6´-sialyl-oNP-Gal. 1H NMR (500 

MHz) and 13C NMR (125 MHz) spectra were recorded on a Varian INOVA 500 MHz spectrometer 

equipped with a 5 mm Indirect Detection probe. A reaction mixture containing 6´-sialyl-oNP-Gal, 

CMP-Neu5Ac and Neu5Ac was dissolved in D2O and 1H spectra were recorded with presaturation 

of the residual water signal. The HMBC spectrum was measured with 128 scans per increment and 

adiabatic carbon 180° pulses. A NOESY1D spectrum was acquired with DPFGSE excitation of the 

axial proton at the CH2 of Neu5Ac (the mixing time was 500 ms) to reveal an NOE to the proton at 

C-6 of galactose. In addition an HMBC correlation could be found between the proton at C-6 of 

galactose and the quaternary carbon-1 of Neu5Ac supporting the substitution pattern of galactose. 

The author gratefully acknowledges Dr. Hansjörg Weber from the Graz University of Technology 

for the NMR analysis. 
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Fig. 18. Superimposition of HPLC elution profiles of samples from sialylation of oNP-Gal 

catalyzed by wild-type, P7H and P7H-M117A variants of PdST. Authentic Neu5Ac2,3Gal-oNP 

elutes with a retention time of 9.4 min. Retention times of the other components in the 

sialyltransferase reaction mixture are 1.3 min (CMP), 5.9 min (oNP-Gal), 7.9 min 

(Neu5Ac2,6Gal-oNP) and 10.1 min background. 
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