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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 02,3-, 02,6- or a2,8-linkage. STs are widely
distributed in animal tissues, but are also present in other organisms including yeasts and bacteria.
A new multifunctional a.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-maotif 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 a2,3-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 a-NeuS5Ac 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 PAST. 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 o2,3- or a2,6-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 02,3- or 02,6-
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 p-galactoside o2,6-ST | was successfully expressed in human




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.




Zusammenfassung

Sialinsauren, Derivate der Neuraminsaure, haben herausragende Bedeutung fir die humane
Glykobiologie in verschiedensten Zell-Zell-Interaktionsprozessen. Sialyltransferasen (STs) (EC
2.4.99) stellen eine wichtige Enzymgruppe dar, die den Transfer von Sialinsaureresten von CMP-
aktivierten Donorsubstraten, typischerweise CMP-N-Acetylneuraminsaure (CMP-Neu5Ac), auf
einen Kohlenhydratakzeptor unter Ausbildung einer a2,3-, 02,6- oder o2,8-Bindung katalysieren.
STs sind weit verbreitet in Geweben tierischen Ursprungs, werden aber auch in anderen
Organismen wie Hefen und Bakterien gefunden. Eine neue multifunktionale a.2,3-ST (PdST) wurde
im Genom von Pasteurella dagmatis durch Sequenzahnlichkeit mit STs der
Glycosyltransferasefamilie GT-80 identifiziert. Eine interessante Besonderheit von PdST ist eine
naturliche Ser-zu-Thr Mutation in einem ansonsten in Familie GT-80 hochkonservierten YDDGS
Motiv. Umkehr dieses natlrlichen Aminosaureaustausches durch zielgerichtete Mutagenese hat
gezeigt, dass Thr in PdST fir die Feinabstimmung der katalytischen Eigenschaften, namlich
Kontrolle der Regioselektivitdt des Sialyltransfers, Kontrolle von Sialidase- und Transsialidase-
Aktivitatslevel und Abstimmung zwischen Substratbindung und katalytischem Umsatz, notwendig
ist. Aullerdem wurde gezeigt, dass sich diese natlrliche Mutation auferst vorteilhaft auf die
Ausbeute bei der Synthese von 02,3-Sialosiden auswirkt. Im Gegensatz zu Saugetier-STs und
Glycosyltransferasen im Allgemeinen zeigen bakterielle STs haufig eine ausgepragte
Hydrolyseaktivitdt gegentber CMP-aktivierten Sialyldonorsubstraten. CMP-Neu5Ac Hydrolyse
durch PdST erfolgt tber eine axial-zu-aquatoriale Inversion am anomeren Zentrum und a-Neu5Ac
wird als Produkt freigesetzt. Das verlauft héchstwahrscheinlich tber einen ,Single-Displacement”
Mechanismus, ahnlich dem durch dieses Enzym katalysierten kanonischen Sialyltransfer auf einen
Kohlenhydratakzeptor. Stereochemische Promiskuitat, angezeigt durch die Bildung von Inversions-
und Retentionsprodukt, wie fir die aus derselben GT-80 Familie stammende P. multocida ST
PmST1 berichtet, wurde rigoros ausgeschlossen. Mutationsstudien unterstitzen eine
Stabilisierung der CMP-Abgangsgruppe im PdST Hydrolysemechanismus mittels elektrostatischer
Interaktionen mit einem His-Rest. Synthetische Sialyloligosaccharide, bestehend aus Neu5Ac
verknlpft mit einer Galactose- oder N-Acetylgalactosamin-Gruppe uber «2,3- oder «Z2,6-
Bindungen, sind von grof’em Interesse als funktionelle Lebensmittel, Nahrungserganzungsmittel
und Pathogen adsorbierende Materialien. Aus o©konomischer Sicht ware es aufgrund von
einheitlichen Synthesebedingungen und Substratspezifitdten sehr vorteilhaft zwei Varianten einer
einzigen ST mit a2,3- oder a2,6-Regioselektivitat in der Sialosidsynthese anzuwenden. Bis jetzt

erforderte die Synthese von unterschiedlichen regiospezifischen Produkten mehrere STs.

VI



Komplette Anderung der PdST Regioselektivitdt von a2,3 zu 02,6, ohne Auswirkung auf die
Ausbeute, wurde durch strukturbasierendes ,Redesign” des aktiven Zentrums erzielt. AulRerdem
konnte eine N-terminal verkiirzte Variante der humanen B-Galactosid a2,6-ST | erfolgreich in HEK-
Zellen exprimiert werden. Dieses Enzym hat sich aufgrund seiner Sialyltransferase- und Sialidase-
Aktivitdt an einem monoklonalen Antikérper als geeignetes Tool fir die N-terminale Modifizierung
von N-Glykanen erwiesen. Darlber hinaus konnte eine Variante der humanen «2,6-ST mit
minimierter katalytischer Domane in der methylotrophen Hefe P. pastoris stabil und in
ausreichender Menge fur eine potenzielle Anwendung in gréerem Malistab exprimiert werden.
Diese humane a2,6-ST Variante katalysierte den Sialinsauretransfer auf monoklonale Antikdrper

mit hoher Spezifitat.
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A new multifunctional a2,3-sialyltransferase has been discov-
ered in Pasteurella dagmatis. The enzyme, in short PdST, was
identified from the P dagmatis genome by sequence similarity
with sialyltransferases of glycosyltransferase family GT-80. In
addition to its regioselective sialyltransferase activity (5.9 U/
mg; pH 8.0), purified PdST is alternatively active at low pH as
02,3-sialidase (0.5 U/mg; pH 4.5) and 0o2,3-trans-sialidase
(1.0 U/mg; pH 4.5). It also shows cytidine-5’-monophosphate
N-acetyl-neuraminic (CMP-Neu5Ac) hydrolase activity (3.7
U/mg; pH 8.0) when no sialyl acceptor substrate is present in
the reaction. After sialyltransferase PmST1 from P multocida,
PdST is the second member of family GT-80 to display this re-
markable catalytic promiscuity. A unique feature of PdST,
however, is a naturally occurring Ser-to-Thr substitution
within a highly conserved Y''’DDGS"® sequence motif. In
PmST1, the equivalent Ser'® is involved in binding of the
CMP-Neu5SAc donor substrate. Reversion of the natural mu-
tation in a T116S-PdST variant resulted in a marked increase
in 023-trans-sialidase side activity (4.0 U/mg; pH 4.5),
whereas the major sialyltransferase activity was lowered (3.8
U/mg; pH 8.0). The Michaelis—Menten constant for CMP-
NeuSAc was decreased 4-fold in T116S mutant when com-
pared with wild-type PdST (Ky;=1.1 mM), indicating that
residue 116 of PdST contributes to a delicate balance between
substrate binding and -catalytic activity. p-Galactose and
various f-p-galactosides function as sialyl acceptors from
CMP-Neu5Ac, whereas other hexoses (e.g. p-glucose) are in-
active. Structure comparison was used to rationalize the par-
ticular acceptor substrate specificity of PdST in relation to
other GT-80 sialyltransferases that show strict a2,3-regioselec-
tivity, but are flexible in using a/B-galactosides for sialylation.

'To whom correspondence should be addressed: Tel: +43-316-873-8400;
Fax: +43-316-873-8434; e-mail: bernd.nidetzky@tugraz.at

© The Author 2013. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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Introduction

Sialic acids are derivatives of neuraminic acid that have out-
standing importance to human glycobiology. N-Acetylneuraminic
acid (Neu5Ac) is the most common form of sialic acid. Attached
to glycoproteins and glycolipids, it is widespread among the dif-
ferent human tissues where a great variety of extracellular recogni-
tion processes depend on the adequate presentation of NeuSAc
molecules (Varki 2008; Schauer 2009). A number of human
pathogenic microbes employ modification with NeuSAc, a
process often referred to as sialylation, to counteract defense
mechanisms of the infected host. Interference with microbial sialy-
lation pathways, therefore, presents a promising approach for the
development of anti-infective therapies (Zhuo and Bellis 2011).
Sialyltransferases catalyze transfer of a sialic acid residue
from a CMP-activated donor substrate, typically CMP-Neu5Ac,
onto a carbohydrate acceptor. Chemically, the enzymatic reac-
tions involve an axial-to-equatorial substitution at the anomeric
center (C2) of sialic acid, thus yielding a-2-O-sialosides as their
products. In hexose or hexoside acceptors (e.g. p-galactose,
p-galactosamine, D-galactosides), the C3 or C6 are sites recog-
nized for sialylation. Alternatively, the C8 of NeuSAc or another
sialic acid acceptor may become sialylated. A common function-
al classification of sialyltransferases, therefore, distinguishes
between 02,3-, 02,6- and o2,8-regioselective enzymes. A num-
ber of sialyltransferases have previously been identified and char-
acterized from human infective bacteria (Yamamoto et al. 2006;
Kondadi et al. 2012; Li and Chen 2012). In a sequence-based
classification of glycosyltransferases that currently comprises 94
families, bacterial sialyltransferases have been categorized into
family GT-38, GT-42, GT-52 and GT-80. Among these families,
family GT-80 involves the largest diversity of enzyme specifici-
ties and was the focus of this research. Based on biochemical
data for 10 of its currently 18 entries, family GT-80 is further
subdivided according to enzyme regioselectivity into o2,3-,
02,6- and mixed 02,3/02,6-specific sialyltransferases.
Crystallographic structure data are available for sialyltrans-
ferases from each subgroup within family GT-80: o/B-galactoside
o2 3-sialyltransferase ~ from  Photobacterium  phosphoreum
(Iwatani et al. 2009); B-galactoside o2,6-sialyltransferase from
Photobacterium sp. JT-ISH-224 (Kakuta et al. 2008) and
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02,3/02,6-sialyltransferase PmST1 from Pasteurella multocida
(Ni et al. 2006, 2007). The three enzymes adopt a highly similar
protein fold characteristic of glycosyltransferase fold family GT-B
(Coutinho et al. 2003). Their fold comprises two Rossmann fold-
like domains, with a deep cleft in between them that harbors the
active site. Structures of PmST1 in the apo-form and in complex
with different ligands show that ligand binding induces large con-
formational changes in and around the active site (Ni et al. 2000).
Like a number of other glycosyltransferases that exploit substrate-
binding energy to morph their catalytic centers into the reactive
conformation (Qasba et al. 2005; Milac et al. 2007), PmST1 also
seems to utilize induced fit for promoting catalysis. When
discussing later the remarkable catalytic promiscuity of 02,3/
02,6-sialyltransferases, it will, therefore, be important to recall the
possibility of active-site conformational flexibility. A family-wide
structure-based sequence comparison revealed three highly con-
served sequence motifs (Table I) that comprise key residues for
substrate binding and catalysis (Yamamoto et al. 2008).

Aside from their different regioselectivities, family GT-80 sia-
lyltransferases also differ in how well they accommodate varia-
tions in the structure of their preferred acceptor substrate.
Activity of 02,6-sialyltransferases is strongly linked to a terminal
B-galactoside acceptor group (Yamamoto et al. 1996, 2007;
Tsukamoto et al. 2008). The 02,3/0.2,6-sialyltransferase PmST1
is also specific for B-galactosides (Yu et al. 2005). The
02,3-sialyltransferases on the contrary are flexible concerning
sialylation of o- and B-galactosides (Takakura et al. 2007;
Tsukamoto et al. 2007, 2008). Among this group, the enzyme
from P. phosphoreum shows a remarkably broad substrate scope
that includes various galactosides, but also methyl-o/p-p-gluco-,
p-manno- and even L-fucosides (Tsukamoto et al. 2007).
Sialyltransferases are, therefore, promising biocatalysts for the
synthesis of sialosides (Yu, Chokhawala, et al. 2006; Yu, Huang,
et al. 2006; Lau et al. 2011; Oh et al. 2011). Their different ac-
ceptor specificities are, however, not fully rationalized from the
currently available structural basis.

Another important distinction between sialyltransferases of
family GT-80 emerges from consideration of alternative trans-
formations catalyzed next to the main sialyltransferase reaction.
These transformations involve hydrolysis of CMP-Neu5Ac, hydro-
lysis of sialosides (“‘sialidase”) and sialyltransfer between sialosides
(“trans-sialidase™). The P-galactoside o2,6-sialyltransferases are
hardly active as sialidases (Mine et al. 2010). Their trans-sialidase
activity appears to be also low and was noticed only recently in
the enzyme from P damselae (Cheng et al. 2010). The same
applies for 02,3-sialyltransferases. They are hardly active as siali-
dases (Takakura et al. 2007; Tsukamoto et al. 2007) and there is
no current evidence for trans-sialidase activity. The 2,3/
02,6-sialyltransferase PmST1 in contrast displays a large diver-
sity of catalytic functions (Yu et al. 2005). The different reac-
tions catalyzed are summarized in Scheme 1. Both 2,3- and
o2,6-sialosides serve as substrates for hydrolysis or trans-
sialylation. The stereochemical course of the trans-sialylation
differs from that of the “normal” sialyltransfer in that it involves
an equatorial-to-equatorial (o-retaining) substitution at the
anomeric carbon. Little is currently known about the molecular
basis for this remarkable mechanistic promiscuity of PmST1.
The enzyme is best active as sialidase and trans-sialidase in a
pH range well below the optimum pH for the canonical sialyl-
transferase reaction (Yu et al. 2005). Mutagenesis data are con-
sistent with the notion that residues of PmST1 involved in
sialidase activity are exploited differently than in sialyltransfer
from CMP-NeuSAc (Ni et al. 2007; Sugiarto et al. 2011).
PmST] is the only current member of family GT-80 represent-
ing a multifunctional 02,3/02,6-sialyltransferase. We postulate
that valuable complementary information might be gained from
the characterization of another representative of this special
type of sialyltransferase.

PdST from P dagmatis is introduced in this work. The
enzyme resembles PmST1 concerning the multiplicity of
reactions catalyzed (Scheme 1). However, it shows distinct
regioselectivity and acceptor substrate specificity. Another

Table L. Partial sequence alignment displaying conserved functional motifs from GT-80 glycosyltransferases

D Accession YDDGS-motif FKGHP-motif SS-motif
number
P. multocida a2,3/az2,6 RRY89061 TYg* GGl s B <)
P. dagmatis a2,3 AFY98851 Ty gV B8
P. damselae a2,6 BAA25316 B b RRAY S S N i
P. leiognathi a2,6 BAF91416 B ger g8
P. phosphoreum a2,3 BAF63530 B gevcE > Bvrig
Vibrio sp. a2,3 BAF91160 B gevcE > BvrER
H. ducreyi az2,3 AAP95068 L1*fReRA?°'NSP SCIgA S PSR

P, multocida, Pasteurella multocida 02,3/02,6-sialyltransferase (PmST1); P. dagmatis, Pasteurella dagmatis 02,3-sialyltransferase (PdST); P. damselae,
Photobacterium damselae o2,6-sialyltransferase; P. leiognathi, Photobacterium leiognathi o2,6-sialyltransferase; P. phosphoreum, Photobacterium phosphoreum
o/B-galactoside a2,3-sialyltransferase; Vibrio sp., Vibrio sp. o/B-galactoside 02,3-sialyltransferase; H. ducreyi, Haemophilus ducreyi 02,3-sialyltransferase.
Sequence alignment was performed with ClustalW using a blosum scoring matrix and an open gap penalty of 10. Catalytically important aspartate and histidine are

indicated by an arrow.
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Scheme 1. Reactions catalyzed by multifunctional sialyltransferases, in particular V3PdST. 1, 02,3/02,6-Sialyltransferase activity; 2, 0.2,3-Sialidase activity;
3, 02,3-trans-sialidase activity; 4, CMP-Neu5Ac hydrolysis. Gal-OR and Gal-OR’ are acceptor substrates containing a terminal p-galactosyl moiety.

interesting and peculiar feature of PdST is the natural occur-
rence of a Ser-to-Thr substitution in the YDDGS-motif that is
otherwise invariant in family GT-80 sialyltransferases (Table I).
We have reversed the natural residue substitution and show
through comparative characterization of wild-type enzyme and
T116S mutant that fine-tuning of the catalytic properties of PAST
requires residue 116 to be a threonine. These enzyme properties
seem to involve control of regioselectivity of sialyltransfer,
control of the level of sialidase and trans-sialidase activity and
balancing between substrate binding and catalytic turnover.

Results

Identification of PdST and analysis of its sequence

BLAST database search using PmST1 (Yu et al. 2005) as the
search object revealed a hypothetical protein from the genome
of P dagmatis strain ATCC43325 as a prominent hit. The
protein, which we named PdST, is 74% identical in amino acid
sequence to PmST1. The PdST open reading frame (1158 bp)
encodes a protein comprising 385 amino acids with a calculated
mass of 45.3 kDa. PdST is, therefore, smaller than PmST]I,
which consists of 412 amino acids and has a mass of 48.1 kDa.
Comparison of genome data for P dagmatis and P multocida
indicates that size differences between PdST and PmST1 are
most likely explained by alternative translation starts separated
by 27 amino acids, as depicted in Figure 1.

Three highly conserved sequence motifs provide a character-
istic signature for sialyltransferases of family GT-80
(Yamamoto et al. 2008). Table I shows a partial multiple se-
quence alignment that highlights the conserved motifs and the
putative catalytic residues (Asp, His) present in them.
Interestingly, PdST displays a previously unobserved Ser-to-Thr
substitution within the YDDGS-motif. To eliminate the possibil-
ity of sequence error in the published genome data, we ampli-
fied the PAST gene from P dagmatis genomic DNA and
determined its sequence, thus confirming residue 116 to be a

PmST1 MENRRLNFKL FFLIIFSLFS TLSWSKTITL YLDPASLPAL NQLMDFTQONN

A24PmST1 MKTITL YLDPASLPAL NQLMDFTQNN
PAST ==MTI YLDPASLPTL NQLMHFTKES
V3PdsST MKTITI YLDPASLPTL NQLMHFTKES
V27pdsT KTMTI YLDPASLPTL NQLMHFTKES

Fig. 1. Multiple alignment of N-terminal amino acid sequences in PdST and
PmST1 variants and constructs (Pm, Pasteurella multocida; Pd, P dagmatis).
Blue, N terminus of PmST1; orange, elongated N terminus of V27PdST.

threonine. The analysis also substantiated the triplet codon for
the presumed initiator methionine.

Elongation of the N-terminus of PdST enhances expression

in Escherichia coli

Yu et al. (2005) reported that the expression of full-length
PmST1 in E. coli resulted in recovery of a truncated protein in
which 25 amino acids had been processed off the enzyme’s au-
thentic N-terminus. A deletion construct A24PmST1 having
residues 2—25 removed had gained resistance to proteolysis and
was expressed well in the bacterial host. Three PAST expression
constructs were therefore designed, as shown in Figure 1. Each
construct contained a C-terminal hexahistidine-tag that com-
prised 13 amino acids in total. The basal construct started from
the putative initiator Met in the genomic sequence (amino acids
1-385). In accordance to A24PmST1, the correspondingly
N-terminally elongated variant of PAST by 3 amino acids was
prepared and is identified as V3PdST. Finally, the region
further upstream in the P dagmatis genome encodes a putative
N-terminal extension of 27 amino acids that is highly similar to
the one found in full-length PmST1. This N-terminal extension
was appended to PdST, thus generating V27PdST. Note that
V3PdST and V27PdST are therefore counterpart constructs of
A24PmST1 and full-length PmST1, respectively. The different
PdST gene constructs were cloned into a pET23(a) expression
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Fig. 2. Expression profiles of V3PdST (A) and PdST (B). The SDS polyacrylamide gels show cell lysate (red) and pellet (blue) after certain times of induction (0—

20 h). The gels were stained with Coomassie brilliant blue.

vector, and expression was done in E. coli BL21-Gold(DE3)
under well controlled and exactly comparable conditions in
each case. Figure 2 shows time courses of expression of PdST
and V3PdST analyzed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) of isopropyl-beta-D-
thiogalactopyranoside (IPTG)-induced E. coli cell extracts. We
were surprised that V3PdST was expressed by far better than
PdST (Figure 2) and also V27PdST (data not shown). The
protein amount recovered from a 1-L bacterial culture after
two-step purification on HisTrap and HiTrap Q columns
(Supplementary data, Figures S1 and S2) was 25 mg V3PdST,
exceeding the corresponding amounts of PdST and V27PdST
by ~50-fold. Using SDS-PAGE, we determined a molecular
mass of 50 kDa for purified V27PdST, consistent with the mass
expected for the full-length protein of 412 amino acids plus
His-tag (data not shown). Unlike full-length PmST1, V27PdST
does not seem to be processed in E. coli. The purified V3PdST
eluted in gel filtration chromatography in a single protein peak
that contained all of the applied sialyltransferase activity and
corresponded to an apparent mass of 47 kDa, suggesting that
the enzyme is a functional monomer (Supplementary data,
Figure S3). Purified preparations of PdST, V3PdST and
V27PdST had similar specific activities of 5.5-6.0 U/mg,
assayed with lactose as acceptor. All further studies were there-
fore performed with V3PdST.

Basic characterization of the sialyltransferase activity

of V3PdST

The standard assay for enzyme activity involved enzymatic
conversion of CMP-NeuSAc in the presence of lactose as ac-
ceptor and the determination of the released CMP using high-
performance liquid chromatography (HPLC). Applying
V3PdST in a suitable concentration in the range 0.1-1 uM, we
noticed that the CMP formation rate decreased rapidly with
time even though the donor substrate was still present in excess.
Addition of bovine serum albumin (BSA) (I mg/mL) prevented
the effect that was presumably caused by the inactivation of
V3PdST at the high dilution of the enzyme. The specific activ-
ity of 5.7 U/mg thus obtained for V3PdST is lower, ~10-fold,
than the reported specific activity of PmST1 recorded with a
similar assay but at 37°C (Yu et al. 2005). It is, however, on the
same magnitude order as the reported specific activities of
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several 02,3- and o2,6-sialyltransferases of family GT-80
(Yamamoto et al. 1996, 2007; Tsukamoto et al. 2007).

We examined the acceptor substrate specificity of V3PdST
using the standard activity assay, but replacing lactose with
another potential substrate to become sialylated. Table IT shows
the results. Among several monosaccharides tested, only p-galactose
was used in the enzymatic reaction. Several B-p-galactosides
were sialylated with high activity and remarkable tolerance for
structural variation in the non-galactosyl part of the acceptor
molecule. Raffinose was, therefore, examined because it con-
tains a terminal o-p-galactosyl residue. It was inactive. The
high anomeric selectivity of V3PdST can be explained from
results of structure modeling, as will be discussed later.

Activity of sialyltransferases is generally inhibited by the re-
action product CMP, but also by cytidine-5'-triphosphate
(CTP). The inhibitory effect is particularly strong in mamma-
lian sialyltransferases of family GT-29 where CTP is even used
to stop the enzymatic reaction (Scudder and Chantler 1981).
We determined that V3PdST activity, measured in an assay that
used ortho-nitrophenyl-B-p-galactopyranoside (oNP-BGal) as
acceptor instead of lactose, was decreased by just 55% (20 mM
CTP) and 32% (20 mM CMP) in the presence of a large excess
of each compound over CMP-NeuS5Ac (1 mM). Therefore, this
implies that neither CMP nor CTP is a strong inhibitor of the
enzyme which could present a significant advantage in the case
that V3PdST was applied as catalyst for the synthesis of sialo-
sides. Considering literature reports about the stimulation of
sialyltransferase activity by salt and detergent (Mine et al.
2010), we examined the possible influence of NaCl (10-500
mM) and Triton X-100 (1-10 g/L) on V3PdST activity, but
found none.

Regioselectivity of sialyltransfer and demonstration

of catalytic multifunctionality of V3PdST

Using conditions of the standard assay, lactose was sialylated
from CMP-Neu5Ac until ~90% of the donor substrate was
converted. The resulting mixture was subjected to a
detailed product analysis using high-performance liquid chro-
matography electrospray ionization ion trap-mass spectrometr
(HPLC-ESI-IT-MS) and high-performance anion exchange
pulsed amperometric detection (HPAE-PAD). The MS data
showed that roughly 70% of the initial lactose had become
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Table II. Acceptor substrate specificity of V3PdST. CMP-Neu5Ac was used as donor substrate.
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derivatized and that the enzymatic modification was a monosia-
lylation. Multiple sialylation events on lactose were not
observed above the detection limit (0.1%). The portion of
CMP-Neu5Ac that was utilized in the reaction, but did not end
up in sialylated lactose, was probably transformed via hydroly-
sis (see later). Authentic standards of 6’-sialyllactose and
3'-sialyllactose were applied to identify the sialyltransfer
product(s) of V3PdST. The enzyme showed strong preference
for the sialylation of the 3'-OH in lactose (>95%). We were able
to detect 6'-sialyllactose as reaction product, but this was
formed in only very tiny amounts. Results on analysis by
HPAE-PAD are shown in the Supplementary data, Figure S4.
Therefore, we propose that V3PdST should be classified as
02,3-sialyltransferase.

Scheme 1 provided the frame of reference for examining
V3PdST in respect to alternative reactions that the enzyme
might catalyze. Reaction 1 is the normal sialyltransfer. We found
V3PdST to possess o2,3-sialidase activity against
3'-sialyllactose (reaction 2). The enzyme was also active as
02,3-trans-sialidase, transferring a sialyl residue from
3'-sialyllactose to an alternative acceptor (reaction 3) which
here was oNP-BGal. The linkage of the trans-sialylation
product was assigned as 2,3 as it eluted identically as the
Neu5Aca2,3Gal-oNP standard obtained from the normal sia-
lyltransfer reaction (Supplementary data, Figure S5). The
02,3-sialidase and o2,3-trans-sialidase activities of V3PdST
were affected strongly by pH, as shown in Table III. Hydrolysis
of 3'-sialyllactose at pH 4.5 occurred at a 25-fold faster rate
than at pH 8.0. 3'-Sialyllactose was stable throughout the ex-
periment in the absence of enzyme. The o2,3-trans-sialidase ac-
tivity of the enzyme, while being highly significant at pH 4.5,
was completely lost at pH 8.0. We analyzed the regioselectivity
in reactions 2 and 3. Unlike 3'-sialyllactose, the
6'-regioisomeric substrate was not hydrolyzed by V3PdST,
even at the low pH of 4.5 that was shown to favor a pronounced
02,3-sialidase activity (Table III). We also tested trans-
sialylation from 6'-sialyllactose to oNP-BGal at both pH 4.5
and pH 8.0, but did not observe any. These findings imply a
large preference of V3PdST for cleaving 02,3- when compared
with 02,6-sialosidic linkages, fully consistent with the pro-
posed categorization of the enzyme based on the regioselectiv-
ity of the sialyltransfer. Finally, when assayed in the absence of
acceptor substrate, V3PdST displayed high activity for the hy-
drolysis of CMP-Neu5Ac (reaction 4). Note that CMP-Neu5Ac
was also hydrolyzed in the absence of enzyme. The enzymatic
hydrolysis was, however, >10°-fold increased compared with
the uncatalyzed rate of 5.7-10~> mM/min.

The role of Thr-116 analyzed with site-directed mutagenesis
We built homology models of PdST in the apo-form and in a
ternary complex with CMP-Neu5Ac and lactose bound. The
model of the apo-form was obtained directly from the experi-
mental structure of apo-PmST1 (M144D mutant; PDB code:
3S44). The model of the ternary complex was generated as a
hybrid of several PmST1-ligand template structures (Supple-
mentary data, Methods and Figure S7). Except for residue re-
placement at position 116, the modeled active sites of PdST in
apo- and ligand-bound form superimpose almost perfectly with
the corresponding active-site structures of PmST1 (Figure 3).
The model also suggests that despite the presence of Thr''
PdST accommodates lactose and CMP-NeuSAc in their respective
binding sites in a highly similar way as PmST1.

To examine the biological significance of the Ser—Thr sub-
stitution within the natural YDDGS/T-motif of PdST, we
reverted the amino acid exchange through creation of a T116S
site-directed mutant of V3PdST. Residue numbering of PdST is
used. The purified mutant was assayed in reactions 1 to 4 as
described for the wild-time enzyme (see Regioselectivity of sia-
Wltransfer and demonstration of catalytic mutifunctionality of
V3PdST), and we summarize the results in Table III where spe-
cific activities of the two forms of V3PdST are compared. Even
though differences between T116S mutant and the wild-type
enzyme were rather subtle, it is clear from Table III that substi-
tution of Thr''® by Ser was not functionally silent in V3PdST.
The T116S mutant had a 1.6-fold lower sialyltransferase activ-
ity than the wild-type enzyme. Its o2,3-sialidase and
o2,3-trans-sialidase activities, on the contrary, were enhanced
substantially when compared with wild-type V3PdST. Taking
the ratio between (trans)-sialidase (pH 4.5) and sialyltransferase
(pH 8.0) activities as a parameter of enzyme selectivity, there-
fore, replacement of Thr' 'S resulted in a marked change in reac-
tion preference so that the “side activity” was now equal to or
even slightly favored over the canonical sialyltransferase activ-
ity in the mutated V3PdST. The CMP-Neu5Ac hydrolase activ-
ity was not affected by substitution of Thr''® by Ser. However,
the overall picture emerging from Table III is that the T116
mutant is clearly a worse sialyltransferase than the wild-type
enzyme, first of all because of its lower specific transferase ac-
tivity, but secondly also because of a non-favorable change in
reaction selectivity caused by the site-directed substitution. In
terms of physiological function as a2,3-sialyltransferase, there-
fore, there might be good reason for PAST to have Thr''®
instead of Ser. In terms of practical application, enzymatic syn-
thesis of sialosides would also benefit from a biocatalyst whose
main synthetic activity is not compromized by a variety of side

Table III. Specific activities of wild-type and T116S forms of V3PdST in different reactions catalyzed (Scheme 1)

Donor Acceptor pH V3PdST (U/mg) V3PdST T116S (U/mg)
02,3-Sialyltransferase activity CMP-Neu5Ac Lactose 8.0 5.7 35
02,3-Sialyltransferase activity CMP-Neu5Ac oNP-BGal 8.0 59 3.8
Hydrolase activity CMP-Neu5Ac — 8.0 3.7 42
02,3-Sialidase activity 3'-Sialyllactose — 8.0 0.02 0.05
4.5 0.5 1.3
02,3-Trans-sialidase activity 3'-Sialyllactose oNP-BGal 8.0 n.d. n.d.
4.5 1.0 4.0

n.d., not detectable
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Fig. 3. Close-up views of the substrate-binding site in the modeled structure of
PdST and in the experimental structure of PmST1. (A) Acceptor-binding site in
an overlay of PdST (slate) and PmST1 (orange, PDB code 2ILV). Lactose is
shown (colored by element). (B) Donor-binding site in an overlay of PAST
(slate) and PmST]1 (orange, PDB code 2IHJ). CMP-3F(a)NeuSAc 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. Residues, interacting with the ligands, are shown (Ni et al. 2007).

activities. Preference would therefore be given to wild-type
V3PdST featuring a threonine as residue 116.

We determined apparent kinetic parameters (kca, Ky) of
wild-type V3PdST and T116S mutant for sialyltransfer from
CMP-Neu5Ac to oNP-BGal as acceptor. Initial rates were mea-
sured at pH 8.0 applying variable CMP-NeuS5Ac concentration,
while the oNP-BGal concentration was constant at 10.0 mM.
The Ky of wild-type enzyme for CMP-NeuSAc was 1.1£0.1
mM, whereas that of T116S mutant was 0.25+0.01 mM. The
4.5-fold increase in apparent affinity for CMP-Neu5Ac binding
(1/Kyy) caused by the mutation of Thr''® was contrasted by a
decrease in similar magnitude (5.3-fold) in the catalytic con-
stant k., which was 3 s ' in the T116S mutant and 16 s~ in the
wild-type enzyme. Because effects of the mutation on k., and
Ky compensate each other, the catalytic efficiency of CMP-
NeuSAc utilization (k,/Ky) remains largely unaltered by the
site-directed substitution of Thr''®. What the mutation clearly
does, however, is that it introduces a subtle change in the
balance between tightness of substrate binding and speed of
catalytic turnover in PdST. Optimization of k., and Ky at a

Characterization of a multifunctional a2,3-sialyltransferase

given catalytic efficiency is considered to be important for
the physiological function of enzymes under physiological
boundary conditions (Fersht 1998). Looking at sialyltrans-
ferases of family GT-80 as a whole, two groups of enzymes can
be distinguished according to Ky for CMP-NeuSAc. The
high-Ky; low-affinity group comprises PdST as well as PmST1
(Yu et al. 2005) and the o2,6-sialyltransferases (Yamamoto
et al. 1996, 2007; Sun et al. 2008; Mine et al. 2010). The high-
affinity group comprises 0:2,3-sialyltransferases that show Ky
values lowered by more than a magnitude order in comparison
with the other enzyme group’s typical Ky, values (Li et al.
2007; Tsukamoto et al. 2007).

Enzyme application for synthesis: sialylation of oNP-pGal

We compared wild-type enzyme and T116S mutant as catalysts
for the sialylation of oNP-BGal from CMP-NeuSAc. All com-
pounds involved in the reaction were analyzed, and Figure 4
shows the change of their concentrations over time. Reaction of
wild-type V3PdST was characterized by fast consumption of the
CMP-NeuS5Ac donor substrate that was complete within ~10
min. The utilization of CMP-Neu5Ac resulted in release of the
equivalent amount of CMP. The oNP-BGal acceptor was also con-
verted, however, to a lower completeness (~80%) than CMP-
NeuSAc. A significant portion of CMP-NeuSAc was therefore lost
to non-productive transformation via hydrolysis. Concomitant
with oNP-BGal consumption a new compound appeared whose
experimental mass of 592 Da was consistent with a singly sialy-
lated oNP-BGal molecule. Considering the clear separation of 3'-
and 6'-sialyllactose in HPAE-PAD (Supplementary data,
Figure S4), we think that had the sialylation of oNP-BGal resulted
in formation of different product regioisomers, the applied analyt-
ical method would have detected it. However, this was not the
case, and nuclear magnetic resonance (NMR) analysis (nuclear
overhauser enhancement spectroscopy (NOESY) and heteronuc-
lear multiple bond correlation (HMBC)) confirmed the sialylation
product to be solely NeuSAco2,3Gal-oNP (Supplementary data,
Figure S6). Reactions of wild-type enzyme and T116S mutant
yielded the same transfer product.

Figure 4 shows that conversion of CMP-Neu5Ac was slowed
down under conditions in which wild-type enzyme had been
replaced by T116S mutant in exactly the same molar concentra-
tion. Enzyme-specific activity, which is lower in T116S mutant
when compared with wild-type V3PdST, provides a plausible
explanation for the different transformation rates at reaction
start. However, the reaction time course of the T116S mutant
was furthermore distinct in that it featured a clear leveling-off
in the transformation rate already at relatively low levels of con-
version of CMP-Neu5Ac (~50%). This kinetic behavior was
clearly unexpected, considering that the mutant shows a com-
parably low Ky; for CMP-Neu5Ac (see The role of Thr-116
analyzed with site-directed mutagenesis section). It could there-
fore indicate an issue of product inhibition in the mutant that is
not present in wild-type enzyme. Another interesting conse-
quence of substituting Thr''® by Ser was in lowering the yield
of sialylation product, presumably due to enhanced utilization
of the donor substrate for non-productive hydrolysis by the
mutant when compared with the wild-type enzyme. Overall,
the productivity of the wild-type enzyme in the sialylation of
oNP-BGal was about three times that of the T116S mutant.
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Fig. 4. Time course of the enzymatic synthesis of Neu5Aco2,3Gal-oNP using wild-type V3PdST (A) and the T116S mutant of the enzyme (B). The reaction mixture
(20 pL), containing 1 mM CMP-Neu5Ac, 1 mM oNP-BGal, 0.5 uM enzyme, 15 pM bovine serum albumin (BSA) in 50 mM phosphate buffer, pH 8.0, was
incubated at 25°C. The reaction in samples taken at certain times was stopped by addition of ice-cold acetonitrile (40 pL). After centrifugation, the samples were
analyzed by reversed-phase ion-pairing chromatography (see Materials and methods). oONP-BGal, open circle; Neu5Aco2,3Gal-oNP, filled circle; CMP-NeuSAc,

open triangle; CMP, closed reverse triangle.

Two additional characteristics of the reaction time courses in
Figure 4 are worth pointing out. First, the sialyltransfer product
was not degraded, even at extended incubation times long after
CMP-Neu5Ac had been used up. It seems, therefore, that under
the applied conditions of pH 8.0, the enzymes’ sialidase activity
does not interfere with product stability. Second, the molar
ratios of substrates consumed (CMP-Neu5Ac/oNP-BGal) and
products formed (CMP/Neu5Aca2,3Gal-oNP) were constant
throughout the course of reaction. The result implies that the
ratio of sialyltransferase (rrr) and donor substrate hydrolysis (1)
rates was not variable with time or progress of the reaction.
Competition between sialyltransfer and hydrolysis is therefore
not determined at the level of binding of the oNP-BGal acceptor,
as this would require that hydrolysis gradually gain in import-
ance as lactose is depleted from the reaction. Rather unexpected-
ly, therefore, partial loss of CMP-Neu5Ac to reaction with water
must probably be ascribed to an alternative “hydrolysis-only”
mode of accommodation of CMP-NeuSAc at the donor
substrate-binding site of PAST. A recent study of PmST1 has
shown that hydrolysis of CMP-Neu5SAc proceeded with two dif-
ferent, inverting and retaining, stereochemical outcomes in the
NeuS5Ac product. Therefore, this suggests that donor substrate
hydrolysis might differ mechanistically from the “normal use” of
CMP-Neu5Ac for sialyltransfer (Sugiarto et al. 2012).

Discussion

PdST: a new a2,3-selective sialyltransferase from P. dagmatis
Using sequence similarity to PmST1, we have identified a pre-
viously uncharacterized gene from P dagmatis and show here
that the protein encoded by it displays sialyltransferase activity.
The enzyme PdST is regioselective for sialylating the 3-OH of
D-galactose or of terminal B-galactosyl residues in different ac-
ceptor substrates using CMP-NeuSAc as the donor. Only when
the pH was decreased to pH 4.5, which is far below the
optimum pH for sialyltransfer (pH 8.0), did the regioselectivity
of PdST become slightly relaxed so that a small amount
(5-7%) of a2,6-sialoside was also formed next to the predom-
inant o2,3-sialosidic product. PdST is therefore different from
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PmST1 whose regioselectivity for the sialylation of the
B-p-galactosyl moiety in a 4-methylumbelliferyl-B-p-lactoside ac-
ceptor (LacBMU) was reported to undergo complete switch from
02,3 to 02,6 on lowering the pH from 8.5 to 4.5 (Yu et al.
2005). Thr'' is the single “second-shell” residue in which the
catalytic center of PdST differs from that of PmSTI
(Figure 3B). Interestingly, therefore, substitution of Thr''® by
Ser resulted in a four-fold enhancement of 02,6- when com-
pared with o2,3-sialyltransfer at low pH. Crystal structures of
PmST! were determined only at pH conditions where the
enzyme is exclusively active as 0.2,3-sialyltransferase, thus pre-
cluding a detailed structural interpretation of the pH-dependent
switch in regioselectivity (Ni et al. 2006, 2007). However, we
notice that His''? is a candidate residue in the PmST1-binding
site for D-galactose/B-p-galactosyl (Figure 3A) that might
undergo ionization in the relevant pH range (pH 4.5-6.5) and
whose protonation state could decisively influence the position-
ing of the sialyl acceptor substrate. It was shown in the structure
of PmST1 that His''* forms a hydrogen bond with the 4'-OH of
B-D-galactosyl in lactose and that it is also within hydrogen
bonding distance to Asp141 (Ni et al. 2007). The histidine was
proposed to thus underpin the aspartate’s catalytic function as the
general base. The decrease in overall sialyltransferase activity in
PmST]1 and PdST in the pH range below 6.5 might, therefore, be
explained by a pH effect on their respective Asp-His dyad in the
active site (Figure 3A). From the crystal structure, it is also
known, that in PmSTI1, Ser'* (equivalent to Thr''® of PdST)
forms a hydrogen bond to the N-acetyl group of NeuSAc
(Figure 3B). Alteration of PdST regioselectivity in consequence
of substitution of Thr''® by Ser supports the suggestion that posi-
tioning of the sialyl donor substrate also has an important influ-
ence on site preference of the enzymatic reaction.

Peculiarities of the acceptor substrate specificity of PdST
appear to be largely due to Trp**?, which in structure model
stacks against the B face of the B-galactosyl ring. p-Glucose is
not an acceptor substrate, most probably because its equatorial
4-OH prevents the stacking interaction with Trp**>. The pos-
ition of Trp** is also not compatible with the accommodation
of a bulky o-galactoside at the acceptor-binding site, consistent
with the finding that o-p-galactosyl in raffinose is not sialylated




Multifunctional a2,3-sialyltransferase from Pasteurella dagmatis

by the enzyme. However, the comparably small o-methyl-
p-galactoside is a substrate of PmST1 (Yu et al. 2005).
o/B-Galactoside 02,3-sialtransferases of family GT-80 lack the
equivalent tryptophan in their sequences, as shown in
Supplementary data, Figure S8. Unlike PdST and PmST], these
enzymes are unspecific with respect to the anomeric configuration
of the sialylated galactoside and also show activity with
p-glucose and p-glucosides as acceptors (Tsukamoto et al. 2007).

PdSTis a multifunctional o2, 3-sialyltransferase

and a useful sialylation catalyst

Next to its major 02,3-sialyltransferase activity, PdST also dis-
plays pronounced hydrolase activity against CMP-NeuSAc.
Donor substrate hydrolysis occurs at a high rate when no ac-
ceptor substrate is present (Table III). It is somewhat attenuated,
but still significant as a side reaction under conditions of sialyl-
transfer (Figure 4). PdST is also active as 02,3-sialidase and
02,3-trans-sialidase (Scheme 1, Table III). Each reaction cata-
lyzed by PdST shows a distinct pH-dependency (Table III)
which is consistent with reported evidence on other bacterial
sialyltransferases (Yu et al. 2005; Cheng et al. 2010; Mine et al.
2010). Mechanistically, the catalytic multifunctionality of sia-
lyltransferases is not fully understood and a catalytic nucleo-
phile for the o2,3-trans-sialidase reaction, expected from
studies of natural trans-sialidases (Schenkman et al. 1991;
Damager et al. 2008), has so far remained elusive (Cheng et al.
2010). The exact role of key active-site residues might vary
according to reaction catalyzed (Ni et al. 2007; Sugiarto et al.
2011). The microenvironment of the proposed general base
catalyst (Asp'*! in PmST1; Asp''* in PdST; Table I) might ex-
ercise control over both reactivity and selectivity. PdST is
clearly a better sialyltransferase when the nearby residue 116 is
a threonine, not a serine (Table III). The M144D mutant of
PmSTI1 shows a drastically decreased o2,3-sialidase activity
when compared with the wild-type enzyme (Sugiarto et al.
2012). Residues flanking the catalytic Asp might contribute to
fine-tuning of enzyme function through their involvement in
the large domain closure movement that occurs in PmST1 upon
donor substrate binding and results in the development of a
fully functional acceptor-binding site. In particular, Ser'*
(equivalent to Thr''® in PdST) establishes a hydrogen bond
with Tyr*®® from the opposite domain in the closed protein con-
formation (Ni et al. 2006). Interestingly, the M144D mutant
was “locked” in the open conformation even in the presence of
the donor substrate (Sugiarto et al. 2012).

A major limitation on the application of bacterial sialyl-
transferases to the synthesis of sialosides is presented by the
different hydrolysis side reactions catalyzed (Shaikh and
Withers 2008). Using PdST, degradation of CMP-NeuSAc
affects the transformation efficiency much more than that of
the sialyltransfer product(s) formed. High yields (>80%) of se-
lectively monosialylated oNP-BGal were nevertheless obtained
through the proper selection of reaction conditions (high pH,
short incubation times; Figure 4). However, analysis of the
competition between utilization of CMP-Neu5Ac for sialyl-
transfer and hydrolysis in dependence of the reaction course in
Figure 4 provides good evidence in support of the suggestion
that reasonably complete suppression of donor substrate hy-
drolysis in PAST would probably be best achieved through
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targeted protein engineering rather than reaction optimization.
Note that the sialidase activity of 02,3-sialyltransferase from
P. phosphoreum, however, could be successfully controlled by
the use of organic solvent (Nagashima et al. 2012). There are
several reports on engineered variants of sialyltransferases
with potentially improved properties for biocatalytic synthesis.
The M144D mutant of PmST1 showed strongly reduced
hydrolase activity (Sugiarto et al. 2012). And an E271F/
R313Y double mutant of PmST1 was essentially devoid of si-
alidase activity (Sugiarto et al. 2011). A similar observation is
reported for an E342A mutant of o2,3-sialyltransferase from P,
phosphoreum (Kajiwara et al. 2012). Using the performance
of the corresponding wild-type enzyme(s) as a benchmark (Yu
et al. 2005; Yu, Chokhawala, et al. 2006; Yu, Huang, et al.
2006; Tsukamoto et al. 2007), protein engineering of sialyl-
transferases is presented with the challenge of avoiding trade-
off between selectivity gain and activity loss. Evidence for
PdST that a seeminglg/ minor structural change caused by the
substitution of Thr''® by Ser resulted in distinct properties
during enzymatic synthesis (Figure 4) underscores the need to
still explore a more comprehensive variety of enzyme mutants
in the development of an “ideal” sialylation biocatalyst.

Considering that we have focused our analyses and discus-
sions exclusively on sialyltransferases of family GT-80, it is im-
portant to emphasize that biocatalytic synthesis of sialosides
has also been performed with enzymes of other GT families.
For example, preparative synthetic use of sialyltransferases is
by far not restricted to enzymes adopting the GT-B fold.
Bacterial sialyltransferases from family GT-42 (Cheng et al.
2008; Schur et al. 2012) and GT-52 (Gilbert et al. 1996; Thon
et al. 2011) have been applied. Members of family GT-42
display a GT-A fold (Chiu et al. 2004), whereas members of
family GT-52 have a unique GT-B fold featuring a novel
domain swap to create a functional homodimeric form (Lin
et al. 2011). Moreover, mammalian sialyltransferases from
family GT-29 have also been employed for synthesis (Blixt
et al. 2002; Yu, Chokhawala, et al. 2006). All the different
enzymes have their individual advantages and limitations (e.g.
donor and acceptor substrate tolerance, enzyme expression level
and enzyme stability) for producing glycoconjugates and sialo-
sides (Watson et al. 2011; Malekan et al. 2013). Together, they
provide access to a broad portfolio of natural and non-natural
carbohydrate structures. However, also from this perspective,
there is still need to broaden the current selection of sialylation
biocatalysts. As the use of glycosyltransferases is currently
gaining a strong momentum (Palcic 2011; Bojarova et al. 2013),
a detailed understanding of structure—function relationships will
be of great importance for their further development.

Summarizing, we have presented a multifunctional, yet
regioselective 0.2,3-sialyltransferase from P dagmatis. PdST is
the first sialyltransferase to carry a threonine instead of a serine
in the highly conserved YDDGS-motif, and this natural muta-
tion is shown to be beneficial for high-yielding synthesis of
02,3-sialosides.

Materials and methods
Chemicals

Ampicillin, IPTG, imidazole, BSA and acetonitrile were from
Carl-Roth  (Austria). CMP-NeuSAc, lactose, D-galactose,
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D-glucose, p-mannose, lactulose, sucrose and raffinose were
obtained from Sigma-Aldrich (Austria) in the highest purity
available. Moreover, ammonium acetate, tetrabutylammonium
hydrogen sulfate, NaOH solution (50% in H,O) and sodium
acetate in the HPLC grade were also from Sigma-Aldrich
oNP-lactose, oNP-f-p-galactose (o0NP-BGal), L-fucose, N-acetyl
lactosamine and 3’- and 6’-sialyllactose sodium salt were from
Carbosynth (UK).

DNA techniques

The synthetic gene (V27PdST, Mr Gene GmbH, Germany)
coding for the conserved hypothetical protein from P dagmatis
strain ATCC43325 (PdST) and an N-terminal elongation of 27
amino acids was cloned through the Ndel and Hindlll restric-
tion sites into pET23a(+) (Novagen, Germany) yielding the
plasmid pET23a(+) V27PdST. For rapid purification, a
hexahistidine-tag was C-terminally fused over a 7 amino acid
linker region to the protein. PAST and V3PdST, which codes
for PAST and an N-terminal elongation of 3 amino acids, were
amplified from pET23a(+)_V27PdST. The genomic DNA from
P, dagmatis was ordered from DSMZ (DSM No. 22969).

Protein expression and purification

The protein expression started by addition of IPTG after the
culture reached an optical density of 1.0 and was cooled down
to 30°C. Cells were harvested 4.5 h after the induction. Cell
pellet was resuspended in binding buffer (30 mM sodium phos-
phate, 300 mM NacCl, 15 mM imidazol, 10% glycerol, pH 7.4)
and disrupted by sonication. The cell lysate was cleared by cen-
trifugation and filtration. The protein was purified in two steps:
HisTrap HP FF and HiTrap Q HP FF (GE Healthcare,
Germany). Purified enzyme was aliquoted and stored at —70°C.
Gel filtration analysis was performed on a Superose 6, 10/300
GL column (GE Healthcare) using a multicomponent buffer
system (L-malic acid, MES, Tris) at 0.1 M and pH 6.5 which
was supplemented with 1% glycerol and 10 mM NaCl
(Newman 2004).

Standard sialyltransferase activity assay

The reaction mixture consisted of | mM CMP-Neu5Ac, 1 mM
of lactose and enzyme solution in 20 uL of 50 mM sodium
phosphate buffer, pH 8.0, containing 15 uM BSA. The enzym-
atic reaction was carried out at 25°C and 400 rpm. All assays
were performed in duplicate. The enzymatic reaction was
stopped after 2 min of incubation by quenching on ice and add-
ition of 40 pL of ice-cold acetonitrile. After dilution, 10 uL
were analyzed by reverse-phase ion-pair HPLC on an Agilent
Technologies 1200 series system (see Supplementary data,
Methods for more details).

Analysis of acceptor substrate specificity and influence

of additives on the sialyltransferase activity

Unless otherwise mentioned, the enzymatic reaction and ana-
lysis were carried out as described for the standard sialyltrans-
ferase activity assay. D-Galactose, D-glucose, b-mannose, L-fucose,
lactose, N-acetyl-p-lactosamine, lactulose, sucrose, raffinose,
oNP-BGal and oNP-lactose were tested as acceptor substrates.
The reaction mixture consisted of 1 mM CMP-Neu5Ac, 1 mM
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acceptor substrate and 1 uM purified sialyltransferase
(V3PdST) in 50 mM sodium phosphate buffer, pH 8.0, con-
taining 15 pM BSA. The influence of Triton X-100 (0-1%),
NacCl (0-500 mM), CMP (0-20 mM) and CTP (0-20 mM) on
the enzymatic activity was investigated. The apparent kinetic
parameters for CMP-Neu5SAc were determined using 0.1-10
mM CMP-Neu5Ac, 10 mM oNP-BGal and 0.7 pM of purified
sialyltransferase (V3PdST variant) in 20 pL of 50 mM sodium
phosphate buffer, pH 8.0, containing 15 uM BSA.

Identification of sialyltransferase assay products

by HPLC-ESI-IT-MS, HPAE-PAD and NMR

The sialyltransferase assay products (3'- and/or 6’-sialyllactose
and Neu5Aco2,3Gal-oNP) were identified by HPLC-ESI-IT-MS
on an Agilent Technologies 1100 Series system equipped with a
ZIC®-HILIC column (100x4.6 mm, 5 um; dichrom GmbH,
Germany). Negative ionization mode and single ion monitoring at
631 and 592 Da, respectively, were used for detection. 3'- and
6'-sialyllactose sodium salt (Carbosynth) were used as standards.
Furthermore, 3'- and 6'-sialyllactose were separated and quantified
by HPAE chromatography on a Dionex BioLC system equipped
with a CarboPac® PA200 column (3 %250 mm; Thermo Fisher
Scientific Inc., Dionex). NOESY1D and HMBC spectra were
recorded to determine the regioselectivity of NeuSAco2,3Gal-
oNP (see Supplementary data, Methods for more details).

CMP-NeuSAc hydrolase, a2,3-sialidase and
a2,3-trans-sialidase activity measurement

The reaction mixture for the determination of CMP-NeuSAc
hydrolase activity consisted of 1.0 mM CMP-Neu5Ac with or
without 0.5 uM purified enzyme (V3PdST variant) in 50 mM
sodium phosphate buffer, pH 8.0, containing 15 uM BSA.
Reactions were allowed to proceed for 0, 5, 10, 15, 30 and 60
min. The reaction products were analyzed by HPLC as
described for the standard sialyltransferase activity assay.

The reaction mixture for the determination of o2,3-sialidase
activity consisted of 1.5 mM 3'-sialyllactose with or without 1
uM purified enzyme (V3PdST variant) in buffer containing 15
uM BSA. 50 mM citric buffer and 50 mM sodium phosphate
buffer was used at pH 4.5 and 8.0, respectively. The reaction
products were analyzed by HPAE chromatography on a Dionex
BioLC system (see Identification of sialyltransferase assay pro-
ducts by HPLC-ESI-IT-MS, HPAE-PAD and NMR).

The reaction mixture for the determination of o2,3-trans-
sialidase activity consisted of 1.58 mM 3'-sialyllactose as
donor, 1.58 mM oNP-BGal as an acceptor and 1 uM purified
enzyme (V3PdST variant) in buffer containing 15 uM BSA.
50 mM citric buffer and 50 mM sodium phosphate buffer was
used at pH 4.5 and 8.0, respectively. The reaction products were
analyzed by HPLC as described for the standard sialyltransfer-
ase activity assay, whereas the decrease in the substrate
(oNP-BGal) and the increase in product were followed.

Structural modeling of PdST

Homology models were built using the program YASARA
(www.yasara.org; Krieger et al. 2002, 2004). Initially, the PAST
sequence was submitted to modeling in a fully automated pro-
cedure using the provided hm_build macro. A total of seven
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suitable templates were identified and used during the model-
ing. Due to the low quality of the hybrid model, the final hom-
ology model was based on a single template structure (PDB
code 3S44, z-score: 0.388). In order to generate a closed con-
formation model, a set of templates (PDB codes: 2IHJ, 2IHK,
21HZ, 21ILV, 2ZAT) with ligand(s) and/or substrate(s) bound in
the active site was directly submitted to YASARA. A single
template model based on the PDB code 2IHJ template was the
best scoring model in this round (z-score: 0.294).

Supplementary Data

Supplementary data for this article is available online at http:/
glycob.oxfordjournals.org/.
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Methods

General recombinant DNA techniques

All DNA manipulations described in this work were performed by standard methods
(Sambrook et al 1989). The PCR was performed in a Gene Amp® PCR 2200
thermocycler (Applied Biosystems, USA). Digestion of DNA with restriction
endonucleases (New England Biolabs, USA), dephosphorylation with alkaline
phosphatase (Roche, Germany) and ligation with T4 DNA-ligase (Fermentas,
Germany) were performed in accordance to the manufacturer’s instructions. Plasmid
Mini Kit from Qiagen (Germany) was used to prepare plasmid DNA. Plasmids and

DNA fragments were purified by Qiagen DNA purification kits (Qiagen, Germany).

Cloning and modification of PdST

The synthetical gene (V27PdST, Mr. Gene GmbH, Germany) coding for the
conserved hypothetical protein from Pasteurella dagmatis strain ATCC 43325 (PdST)
and an N-terminal elongation of 27 AA, was cloned through the Ndel and Hindlll
restriction sites into pET23a(+) (Novagen, Germany) vyielding the plasmid
pET23a(+)_mPdST2. For rapid purification, a 6xHisTag was C-terminally fused over
a 7 AA linker region to the protein. PAST and V3PdST, which codes for PdST and an
N-terminal elongation of 3 AA, were amplified from pET23a(+)_mPdST2. The PCR
was  carried out in 50 ML using 05 pM  forward (5-
AGATACTCATATGACAATCTATTTAGATCCTGCTTCATTACCCAC-3' or 5-AGAT
ACTCATATGAAAACAATCACAATCTATTTAGATCCTGCTTCATT-3', respectively)
and reverse primer (5-CTGGAGAAGCTTTAACTGTTTTAAACTATCCCAAAA
AATAATTTGAGATTTATC-3’), 0.2 mM dNTP-mix, 1.0 U Phusion DNA Polymerase

S3
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(Finnzymes, Finnland) and 1x reaction buffer provided by the supplier. The DNA
amplification was performed in 25 cycles according to the instructions for the DNA
polymerase. The PCR products were gel-purified and subcloned into the pJET1/blunt
cloning vector (Fermentas, Germany). For expression in E. coli, the subcloned inserts
were restricted with Ndel and Hindlll and ligated into pET23a(+). The plasmids were

confirmed by DNA sequencing and transformed into E. coli BL21_Gold(DE3).

Amplification of PdST from the genomic DNA

The genomic DNA from P. dagmatis was ordered from DSMZ (DSM No. 22969). The
PCR was carried out in 50 pL using 0.5 uM forward (5-AGATACTCATATGAACAAA
AGCTCTCTCTCTCTTAAACTTATC-3') and reverse primer (5-CTGGAGAAGCTT
TAACTGTTTTAAACTATCCCAAAAAATAATTTGAGATTTATC-3), 0.2 mM dNTP-
mix, 1.0 U Phusion DNA Polymerase (Finnzymes, Finnland) and 1x reaction buffer
provided by the supplier. The DNA amplification was performed in 30 cycles

according to the instructions for the DNA polymerase.

DNA sequencing, alignments and deposition of sequence data

DNA was sequenced as custom service by Agowa (Germany). DNA analysis was
performed with Vector NTI Suite 10 (Invitrogen, USA). BLAST search was carried out
by the ExPASy (Expert Protein Analysis System) proteomics server of the Swiss
Institute of Bioinformatics, and sequences of related proteins were aligned using the
Clustal W program (Swiss EMBnet node server). The nucleotide sequence of PdST

has been deposited in the GenBank database under accession number JX870648.

sS4
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Protein expression and purification

50 mL LB-medium supplemented with 115 mg/L ampicillin were inoculated with
freshly transformed cells and incubated overnight at 37 °C and 130 rpm on a rotary
shaker (Certomat® BS-1 incubator, Sartorius). 10 ml of the overnight culture were
transferred to a 1-L baffled shaking flask containing 200 mL of the same liquid
medium and incubated at 37 °C, 130 rpm until an optical density (600 nm) of
approximately 1.0 was reached. The culture was cooled down to 30 °C and protein
production was induced by addition of IPTG at a final concentration of 0.1 mM. After
a certain time of incubation (1 - 20 h) the cells were harvested by centrifugation at 4
°C, 5000 rpm for 15 min and stored at -20 °C. For protein purification, cell pellet from
1-L cell culture was resuspended in 10 mL binding buffer (30 mM sodium phosphate,
300 mM NaCl, 15 mM imidazol, 10% glycerol, pH 7.4) and disrupted by sonication
using three-times 30-s pulses under ice cooling (cell disruptor from BRANSON
Ultrasonics). The cell lysate was centrifuged at 13,000 rpm for 30 min and filtered via
0.45 ym and 0.2 um filters. In a first step, the cleared cell lysate was loaded onto a
HisTrap HP FF 5 mL column (GE Healthcare, Germany) at a flow rate of 2 mL/min.
The column had been equilibrated with binding buffer. After a washing step of 10
column volumes, the enzyme was eluted with a linear gradient of 15 - 300 mM
imidazol within 10 column volumes. Fractions of 3-mL were collected and analyzed
by SDS-PAGE. Sialyltransferase containing fractions were pooled and dialyzed
overnight against 20 mM Tris/HCI, 50 mM NaCl, pH 8.5. The enzyme solution was
further applied onto a HiTrap Q HP FF 2x1 mL column (GE Healthcare, Germany) at
a flow rate of 1 mL/min. The column had been equilibrated with 20 mM Tris/HCI, 50
mM NaCl, pH 8.5. After a washing step of 10 column volumes, the enzyme was
eluted with a linear gradient of 0.05 — 1.0 M NaCl within 10 column volumes.

Fractions of 1-mL were collected and analyzed by SDS-PAGE. Sialyltransferase
S5
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containing fractions were pooled and buffer was exchanged to 20 mM Tris/HCI, 150
mM NaCl, pH 7.5 using PD-10 desalting columns (GE Healthcare, Germany).
Purified enzymes were aliquoted and stored at -70 °C. Gel filtration analysis was
performed on a Superose 6, 10/300 GL column (GE Healthcare, Germany) using a
multi-component buffer system (L-malic acid, MES, Tris) at 0.1 M and pH 6.5 which

was supplemented with 1% glycerol and 10 mM NaCl (Newman 2004).

Standard sialyltransferase activity assay

The standard reaction was performed as described below. The reaction mixture
consisted of 1 mM of CMP-Neu5Ac, 1 mM of lactose and enzyme solution in 20 uL of
50 mM sodium phosphate buffer, pH 8.0 containing 15 pM BSA. The enzymatic
reaction was carried out at 25 °C and 400 rpm. All assays were performed in
duplicate. The enzymatic reaction was stopped after 2 min of incubation by
quenching on ice and addition of 40 pL of ice-cold acetonitrile. The reaction mixture
was centrifuged at 4 °C, 13,000 rpm for 3 min to remove precipitated protein. After
appropriate dilution, 10 pL were injected to HPLC analysis using a Chromolith®
Performance RP-18 (100 x 4.6 mm; Merck Chemicals, Germany) 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 a linear gradient from 0 —
2% acetonitrile in 3 min followed by 2 - 25% acetonitrile in 7 min and detected by UV
at 254 nm. The release of CMP (CMPrqa) was determined and the amount of

transferred Neu5Ac (CMPrranster) Was calculated according to Eqn.1. CMPgank is a

S6
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substrate blank. One unit (1 U) was defined as the amount of enzyme that could
transfer 1 umol of sialic acid per min to lactose under the conditions described above.

CMP,

Transfer

=CMP,

otal

CMP

Blank

(Egn. 1)

Analysis of acceptor substrate specificity and influence of additives on the
sialyltransferase activity

Unless otherwise mentioned, the enzymatic reaction and analysis were carried out as
described for the standard sialyltransferase activity assay. D-Galactose, D-glucose, D-
mannose, L-fucose, lactose, N-acetyl-D-lactosamine, lactulose, sucrose, raffinose,
oNP-BGal and oNP-lactose were tested as acceptor substrates. The reaction mixture
consisted of 1 mM of CMP-Neu5Ac, 1 mM of acceptor substrate and 1 uM of purified
sialyltransferase (V3PdST) in 20 yL of 50 mM sodium phosphate buffer, pH 8.0
containing 15 pM BSA. The influence of TritonX-100 (0 — 1%), NaCl (0 — 500 mM),
CMP (0 — 20 mM) and CTP (0 — 20 mM) on the enzymatic activity was investigated.
The reaction mixture consisted of 1 mM of CMP-Neu5Ac, 1 mM oNP-Gal and 1 pM of
purified sialyltransferase (V3PdST) in 20 uL of 50 mM sodium phosphate buffer, pH
8.0 containing 15 pM BSA. The enzymatic reaction was stopped after 10 min of
incubation. The synthesis of NeuS5Aca2,3Gal-oNP was recorded in a time span of O -
40 min. The reaction mixture consisted of 1 mM of CMP-Neu5Ac, 1 mM of oNP-BGal
and 0.5 pM of purified sialyltransferase (V3PdST variant) in 20 yL of 50 mM sodium
phosphate buffer, pH 8.0 containing 15 yM BSA. The apparent kinetic parameters for
CMP-Neu5Ac were determined using 0.1 — 10 mM CMP-Neu5Ac, 10 mM oNP-BGal
and 0.7 uM of purified sialyltransferase (V3PdST variant) in 20 yL of 50 mM sodium
phosphate buffer, pH 8.0 containing 15 uyM BSA. The enzymatic reaction was

stopped after 2.5 min of incubation.
S7
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Identification of sialyltransferase assay products by HPLC-ESI-IT-MS, HPAE-
PAD and NMR

The sialyltransferase assay products (3'- and/or 6’-sialyllactose and Neu5Aca2,3Gal-
oNP) were identified by HPLC-ESI-IT-MS on an Agilent Technologies 1100 Series
system equipped with a ZIC®-HILIC column (100 x 4.6 mm, 5 um; dichrom GmbH,
Germany). The column was equilibrated with 85% (v/v) acetonitrile and 15% (v/v) 20
mM ammonium acetate, pH 8.5 at a flow rate of 1 mL/min. 20 yL of sample were
injected and eluted using a linear gradient from 0 - 20% of 20 mM ammonium
acetate, pH 8.5 in 20 minutes. The MS unit was equipped with an electrospray
ionization (ESI) and an ion trap (IT) compartment. Negative ionization mode and
single ion monitoring (SIM) at 633 and 592 Da, respectively were used for detection.
3’- and 6'-sialyllactose sodium salt (Carbosynth, UK) were used as standards.
Furthermore, 3'- and 6’-sialyllactose were also successfully separated and quantified
by High-Performance Anion-Exchange chromatography (HPAE). A Dionex BioLC
system equipped with a CarboPac® PA200 column (3 x 250 mm; Thermo Fisher
Scientific Inc., Dionex) and a CarboPac® guard column was used. 25 pL of sample
were injected and eluted using an isocratic concentration of 100 mM NaOH with 40
mM sodium acetate and a flow rate of 0.5 mL/min at 30 °C. An ED50 electrochemical
detector with a carbohydrate certified gold working electrode was used for pulsed
amperometric detection (PAD) in the carbohydrate waveform (as recommended from
the supplier). The o2,3-regioselectivity of the Neu5Aca2,3Gal-oNP product was
proven by NMR spectroscopy. 1TH 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. The product mixture (60% CMP, 5% oNP-BGal and 35%

Neu5Aca2,3Gal-oNP) was dissolved in DO and 1H spectra were recorded with
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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 proton at C-3 of Neu5Ac to reveal an

NOE to the proton at C-3 of galactose (see Supporting Information Figure S6).

CMP-Neu5Ac Hydrolase, a2,3-sialidase and a2,3-trans-sialidase activity
measurement

Unless otherwise mentioned, the enzymatic reaction was carried out as described for
the standard sialyltransferase activity assay. The reaction mixture for determination
of CMP-Neu5Ac hydrolase activity consisted of 1.0 mM of CMP-Neu5Ac with or
without 0.5 pM of purified enzyme (V3PdST variant) in 20 yL of 50 mM sodium
phosphate buffer, pH 8.0 containing 15 yM BSA. Reactions were allowed to proceed
for 0, 5, 10, 15, 30 and 60 min. The reaction products were analyzed by HPLC as
described for the standard sialyltransferase activity assay.

The reaction mixture for determination of «2,3-sialidase activity consisted of 1.5 mM
of 3’-sialyllactose with or without 1 uM of purified enzyme (V3PdST variant) in 20 pL
of buffer containing 15 pM BSA. 50 mM citric buffer and 50 mM sodium phosphate
buffer was used at pH 4.5 and 8.0, respectively. Reactions were allowed to proceed
for 90 min. The reaction products were analyzed by HPAE chromatography on a
Dionex BioLC system as described above.

The reaction mixture for determination of o2,3-trans-sialidase activity consisted of
1.58 mM of 3’-sialyllactose as donor, 1.58 mM of oNP-BGal as acceptor and 1 uM of
purified enzyme (V3PdST variant) in 20 pL of buffer containing 15 yM BSA. 50 mM
citric buffer and 50 mM sodium phosphate buffer was used at pH 4.5 and 8.0,

respectively. Reactions were allowed to proceed for up to 45 min. The reaction

S9
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products were analyzed by HPLC as described for the standard sialyltransferase
activity assay whereas the decrease of substrate (o0NP-BGal) and the increase of

product was followed.

S10

22



Multifunctional a2,3-sialyltransferase from Pasteurella dagmatis

1600 —T 100
1400 '.
1200 A
1000 A

800 -

UV [mAU]

Cond [mS/cm]

% B

400

200 -

50 60 70 80 90 100 110

Volume [mL]
Fig. S1. Chromatogram of purification of V3PdST via HisTrap HP FF 5 mL column.
Solid line, UV signal (mAU); dotted line, percentage of buffer B; dashed line,

conductivity (mS/cm).

2500 100

2000 - - 80
5- 1500 - - 60 E
< 0
£ =
3 .-

1000 - - 40
=38

500 - - 20

0 T T T T T T T T T T 0

Volume [mL]
Fig. S2. Chromatogram of purification of V3PdST via HiTrap Q HP FF 2x1 mL
column. Solid line, UV signal (mAU); dotted line, percentage of buffer B; dashed line,

conductivity (mS/cm).
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Fig. S3. Gel filtration analysis of V3PdST. The components of the Sigma MWGF200
Gel Filtration Molecular Weight Markers Kit (dashed line) and the V3PdST sample
(solid line) were analyzed on a Superose 6 10/300 GL column (GE Healthcare). The
components of the Sigma MWGF200 eluted at the following volumes: 14.94 mL, B-
Amylase (200.0 kDa); 16.36 mL, BSA (66.0 kDa); 18.74 mL, Cytochrome C (12.4
kDa). The elution volume of V3PdST was 16.89 mL which corresponds to a
molecular mass of 46.9 kDa.

S12

24



Multifunctional a2,3-sialyltransferase from Pasteurella dagmatis
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Fig. S4. Separation of 3'- and 6'-sialyllactose by High Performance Anion Exchange
chromatography (HPAE). Dotted line, standard of 3- and 6'-sialyllactose with
retention times of 7.3 and 6.9 min, respectively; solid line, standard sialyltransferase
reaction mixture (2.0 min, lactose (not shown); 4.2 min, CMP-Neu5Ac; 5.3 min, sialic

acid ; 6.9 min, 6’-sialyllactose and 7.3 min, 3'-sialyllactose).
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Fig. S5. HPLC analysis and UV-detection of acceptor substrate (o0NP-Gal, A) and
product (NeuS5Aca2,3Gal-oNP, A) from a sialyltransferase reaction (solid line) and a
trans-sialidase reaction (dashed line) with CMP-Neu5Ac (1 mM) and 3'-sialyllactose
(1.58 mM) as donor, respectively. Reactions were incubated at 25°C, 400 rpm in the
presence of 1 uM enzyme for 8 and 45 min, respectively. Both reactions yield the

same product. Chromatograms were recorded on a Chromolith® Performance RP-18
column.
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Fig. S6. NOESY1D spectrum (upper panel) and 1H spectrum (lower panel) of
NeubAca2,3Gal-oNP with selective excitation of the proton at C-3 of NeuSAc (the
mixing time was 500 ms). In addition, an HMBC correlation could be found between
the proton at C-3 of galactose and the quaternary carbon-2 of Neu5Ac supporting the

substitution pattern of galactose.
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(A)

Fig. S7. Comparison of (A) open and (B) closed conformation model of PdST.
Homology modeling was done with YASARA Structure. The open conformation
model is based on PmST1 M144D (PDB code 3S44). A set of homologous
experimental structures (PDB codes: 2IHJ, 2IHK, 2IHZ, 2ILV, 2Z4T) was used as

template to obtain the closed conformation model.
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Highlights
e Hydrolysis of CMP-Neu5Ac by Pasteurella dagmatis a.2,3-sialyltransferase studied.
e Reaction monitored with in situ proton NMR.
¢ Enzymatic hydrolysis with inversion of the configuration at the anomeric center.
¢ Single displacement-like reaction mechanism proposed.
e His?®®* substituted by Asn, Tyr, or Asp, and enzyme variants characterized.

e His® 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 a2,3-sialyltransferase (PdST) occurs with
axial-to-equatorial inversion of the configuration at the anomeric center to release a-NeuS5Ac
product. We propose catalytic reaction through a single displacement-like mechanism where water

284

replaces sugar substrate as sialyl group acceptor. PdST variants having His*" in the active site

replaced by Asn, Asp or Tyr showed up to 10*-fold reduced activity, but catalyzed CMP-Neu5Ac

284

hydrolysis with analogous inverting stereochemistry. The proposed catalytic role of His™" 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 a- 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 a2,3-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 His?®*

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.

284

A possible role of His*" as catalytic nucleophile in enzymatic trans-sialylation reaction with

retention of equatorial anomeric configuration was investigated.

2 Materials and methods
2.1 Chemicals

NeuS5Ac was from Carbosynth (Compton, Berkshire, UK). All other materials are described

elsewhere [22].
2.2 Site-directed mutagenesis

Mutations to replace His®* by Asn (H284N), Asp (H284D) or Tyr (H284Y) were introduced by two-
stage PCR [26] where a pET23a(+) expression vector encoding V3PdST (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

02,3-Sialyltransferase activity was assayed in a total volume of 20 pL using 50 mM sodium
phosphate buffer, pH 8.0. Reaction mixture contained 1 mM CMP-Neu5Ac, 1 mM acceptor (2-
nitrophenyl-B-D-galactopyranoside; oNP-gGal), 5 yM 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 uL 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-BGal was present in the reaction. Sampling and sample analysis were also

carried out as described above (Supplementary information).
2.5 In situ "H 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 D,O/H,O solutions
employing VNMRJ 2.2D software. 'H 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
(His®* mutants) in a total volume of 600 pL in sodium tartrate buffer (50 mM, pH 5.5) containing 1
or 2 mM CMP-Neu5Ac, enzyme (5 uM of wild-type PdST; 43 uM of H284N; 8.5 uM of H284Y; 61
UM of H284D) and 1 mg/mL BSA. "H 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

a2,3-Trans-sialylation activity was assayed in a total volume of 20 uL using 50 mM citric buffer, pH
5.5. Reaction mixture contained 1.58 mM 3’-sialyllactose, 1.58 mM oNP-BGal, 1 (wild-type) or 5
UM (His?® 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 (o0NP-BGal) 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 '"H 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 NeuS5Ac anomeric forms. It was known from literature [27-31] and was verified
herein (Figure S1, Supplementary information) that B-Neu5Ac (~92%) strongly prevails over a-
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, a-Neu5Ac or B-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 "H 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
Hseq proton of a-NeuSAc (Hzeq = 2.86 ppm). Note that the Hsax signal of a-NeuSAc was not resolved
due to spectral overlap with the corresponding Hs,x from CMP-Neu5Ac (1.74 ppm). Reaction
progress was reflected clearly in signal intensity increase from the Hseq of a-NeuSAc. By contrast,
signal from B-Neu5Ac was not detectable, even after extended incubation times of up to 26 min
(Figure 2). Advance of the mutarotation was noticeable only later, f-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 a-Neu5Ac as the sole hydrolysis product. From the
complete absence of B-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 His?**

Rationale for choosing amino acid residues to replace His?**

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), Asn®* is not a competent proton donor to the phosphodiester group
of the donor substrate. The canonical sialyliransfer 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-BGal) [22]. The reaction
proceeds through an equatorial-to-equatorial retaining stereochemical course, giving
Neu5Aca2,3Gal-oNP as the product [22]. Possible participation of an enzyme nucleophile (His®*'")
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 PAST 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
His?** resulted in up to 10*-fold decrease in activity for sialylation of oNP-pGal, indicating high
importance of the histidine for catalytic function of PdST. Interestingly, replacement of the
homologous His*'' by Ala in PmST1 had a comparably small effect (13.5-fold decrease) on the
catalytic rate (k.) of CMP-Neu5Ac utilization [21]. Here, specific activity for CMP-Neu5Ac
hydrolysis in the absence of acceptor substrate was also decreased, up to 10°-fold, in the PdST

variants. To express change in apparent reaction selectivity brought about by substitution of His?**,
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we define the selectivity parameter Ry, which is the ratio of the specific activity of the canonical
sialyltransfer from CMP-Neu5Ac to oNP-BfGal and the specific activity of CMP-Neu5Ac donor
substrate hydrolysis in the absence of acceptor substrate. Note that Ry is not an expression of the
intrinsic enzyme selectivity. Under the conditions used, Ry also includes effects on acceptor
substrate binding. In wild-type PdST, Rry had a value of 1.6, indicating that sialyltransfer was
preferred over hydrolysis. Ry was lowered drastically as consequence of substitution of His?*, as
shown in Table 1. From its Rry 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 R and the effect of substitution of His®*

on Rrh
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 x
10 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 x 10® U/mg). The
trans-sialylation product of the H284N reaction co-eluted in HPLC with authentic Neu5Aca2,3Gal-
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 His?®**

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-pGal 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 NeuS5Ac 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-BGal is completely
regioselective and gives NeuS5Aca2,3Gal-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
Neu5Aca2,3Gal-oNP standard, providing strong evidence in support of product identity. We
therefore concluded that regioselectivity of sialylation of oNP-fGal was not changed as result of
substitution of His?®**. 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 Neu5Aca2,3Gal-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 Neu5Aca2,3Gal-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
Neu5Aco2,3Gal-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 a-Neu5Ac while
the corresponding B-anomer was detectable only in tiny amounts. The presence of 3-Neu5Ac can
be explained by slow mutarotation of the o-NeuSAc formed in the enzymatic reaction. The
alternative scenario where a-Neu5Ac is generated via mutarotation of enzymatically formed B-
anomer is clearly not possible due to position of the mutarotation equilibrium (see 3.1
Stereochemical course of hydrolysis of CMP-NeubAc 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 B-NeuSAc in accordance with
results of earlier studies [34] (Figure S6, Supplementary information). Therefore, these results are
consistent with an axial-to-equatorial (B-to-a) inverting stereochemical course of CMP-NeuS5Ac

hydrolysis by each of the three PdST variants.
3.4 Mechanistic implications for PdST-catalyzed hydrolysis of CMP-NeubAc

Crystal structure of PmST1 in complex with the catalytically incompetent donor substrate analogue
CMP-3F(a)Neu5Ac [21] (Figure 1B) shows that His®"" 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 Brensted acid. However, the relevant pK, of CMP is low (6.19 [43]), and
there is the question, therefore, whether Brgnsted catalysis would be particularly effective in
facilitating the leaving group departure. Supported by crystallographic observations (Figure 1B), a

11 and the homologous His®* in

plausible alternative scenario of catalytic function is that His
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
kd/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 His®* 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 His?®*

, however, especially the substitution with Asp, resulted in
substantial decrease in Ry 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 His?®* by Asn, Tyr or Asp had no impact on the donor hydrolysis mechanism: each
PdST variant catalyzed CMP-Neu5Ac conversion with analogous inverting stereochemistry.

284

Furthermore, mutational studies of PdST support a catalytic role of His®™" in donor substrate

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

284

electrostatic interactions (Figure 1B). A possible role of His™" 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 (a-Neu5Ac) and retaining (3-Neu5Ac) CMP-Neu5Ac hydrolysis.

Fig. 2. Time-resolved '"H NMR (500 MHz) analysis of wild-type PdST (5 uM) 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-pGal

24 variants thereof. Authentic Neu5Aca2,3Gal-oNP elutes

catalyzed by wild-type PdST and His
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-gGal). (B) Time

course of the enzymatic synthesis of NeuSAca2,3Gal-oNP. H284N (e, o); H284Y (m, o); H284D
(A, A); and WT (¢, 0); closed symbols, NeuSAca2,3Gal-oNP; open symbols, CMP. 0.5 uM (wild-

type) and 5 uM (His?** variants) of enzyme were used. (C) Neu5Aca2,3Gal-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-
BGal) was present in the reactions. Note therefore that the ratios given here are not simply the
reciprocal Rry values shown in Table 1, even though 1/Rry reflects the trend seen in synthesis

experiments.

Fig. 4. '"H NMR (500 MHz) spectra of samples from hydrolysis reactions catalyzed by H284N,
H284Y, and H284D variant of PAST are shown. For reaction conditions, see the Methods. The

initial CMP-Neu5Ac concentration was 2.0 mM.
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Figure 1

(A)
T

A
> H

OH &

HO pH OCMP

HO

o O~y
/
R
& H-
1 - -
(B) (€)
OH
CMP-3F(a)NeuSAc HO OH COy”
LR o
5 HO
a-NeubAc

Lactose

B-NeubAc

46



Mechanistic study of CMP-Neu5Ac hydrolysis by PdST

Figure 2
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284

Table 1. Specific sialyltransferase and hydrolase activities of wild-type PdST and His**" variants

thereof.

. a CMP-Neu5Ac
S|alylt(r8/nr§fe)rase hydrolase Rey®
9 (U/mg)

WT 5.9 3.7 1.6
H284D 2.1-10™ 7.610° 2.810%
H284Y 9.4-10° 4.8107 2.0-10™
H284N 3.4-107 5.6-107 6.1-10"

The S.D. for specific activities was equal or smaller than 6% of the reported values.
@Acceptor: oNP-BGal, product: Neu5Aca2,3Gal-oNP; see the Methods for the assays used.
®Rry is the ratio of specific activities of sialyltransfer to donor substrate hydrolysis in the absence of acceptor substrate.
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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.

H284N forward:
5-CAATATAAAATCTATTTCAAAGGTAACCCAAGAGGTGGAGATATCAATGAT-3’
H284N reverse:
5-ATCATTGATATCTCCACCTCTTGGGTTACCTTTGAAATAGATTTTATATTG-3’
H284Y forward:
5-CAATATAAAATCTATTTCAAAGGTTATCCAAGAGGTGGAGATATCAATGAT-3’
H284Y reverse:
5-ATCATTGATATCTCCACCTCTTGGATAACCTTTGAAATAGATTTTATATTG-3’
H284D forward:
5-CAATATAAAATCTATTTCAAAGGTGACCCAAGAGGTGGAGATATCAATGAT-3’
H284D reverse:
5-ATCATTGATATCTCCACCTCTTGGGTCACCTTTGAAATAGATTTTATATTG-3"
The PCR was performed in a Gene Amp® PCR 2200 thermocycler (Applied
Biosystems, USA). The PCR was carried out in 50 uL using 0.3 uM forward and
reverse primer, 0.2 mM dNTP-mix, 3.6 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, 50 s; 55°C, 50 s; 72°C, 10 min). After this first step both PCR reactions
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were mixed together in a 1:1 ratio followed by second standard mutagenesis PCR
reaction using the same temperature program (95°C, 50 s; 55°C, 50 s; 72°C, 10 min)
for 18 cycles. The amplification product was subjected to parental template digest by
Dpnl (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).

Protein purification

Protein expression and preparation of the cell lysate were done as previously
described [21]. The proteins were purified using an AKTAprime plus system (GE
Healthcare, Germany). The cleared cell lysate was loaded onto two HisTrap HP FF 5
mL columns (GE Healthcare, Germany) at a flow rate of 2 mL/min. The columns had
been equilibrated with binding buffer (30 mM potassium phosphate, 300 mM NaCl,
15 mM imidazol, 10% glycerol, pH 7.4). After a washing step of 10 column volumes,
the enzyme was eluted with a linear gradient of 15 - 300 mM imidazol within 10
column volumes. Fractions of 3 mL were collected and analyzed by SDS-PAGE.
Sialyltransferase containing fractions were pooled and dialyzed overnight against 20
mM Tris/HCI, 150 mM NaCl, pH 7.5. Purified enzymes were aliquoted and stored at

-70°C.
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Sialyltransferase activity assay

The reactions were performed in duplicate in a total volume of 20 pyL in 50 mM
sodium phosphate buffer, pH 8.0 containing 1 mM CMP-Neu5Ac, 1 mM oNP-BGal, 5
MM enzyme and 1 mg/mL BSA. The enzymatic reaction was carried out at 25°C and
agitation rate of 400 rpm using a Thermomixer comfort (Eppendorf, Germany). The
enzymatic reactions were stopped at certain time points of incubation by addition of
40 uL of ice-cold acetonitrile. The reaction mixtures were incubated on ice for 10 min
and centrifuged at 4°C, 13,000 rpm for 10 min to remove precipitated protein. For
time course experiments the same conditions were used and reactions were stopped
after 0, 0.5, 1, 2, 3 and 22 h. After appropriate dilution, 5 yL were injected to HPLC
analysis using a Chromolith® Performance RP-18 (100 x 4.6 mm; Merck Chemicals,
Germany) 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 a
linear gradient from 0 — 25% acetonitrile in 11 min and detected by UV at 254 nm. All
compounds involved in the reaction were analyzed. One unit (1 U) was defined as
the amount of enzyme that could transfer 1 ymol of sialic acid per min to oNP-BGal

under the conditions described above.

CMP-Neu5Ac hydrolase activity measurement

The reactions were performed in duplicate in a total volume of 20 yL in 50 mM
sodium phosphate buffer, pH 8.0 containing 1 mM CMP-Neu5Ac, 5 uM enzyme and
1 mg/mL BSA. The enzymatic reaction was carried out at 25°C and agitation rate of

400 rpm using a Thermomixer comfort (Eppendorf, Germany). The enzymatic
S5

55



Mechanistic study of CMP-Neu5Ac hydrolysis by PdST

reactions were stopped at certain time points of incubation by addition of 40 pL of
ice-cold acetonitrile. The reaction mixtures were incubated on ice for 10 min and
centrifuged at 4°C, 13,000 rpm for 10 min to remove precipitated protein. For time
course experiments the same conditions were used and reactions were stopped after
0, 0.5, 1, 2, 3 and 22 h. The reaction products were analyzed by HPLC as described

above for the sialyltransferase activity assay.

Trans-sialylation assay

The reactions were performed in duplicate in a total volume of 20 pL in 50 mM citric
buffer, pH 5.5 containing 1.58 mM 3’-sialyllactose, 1.58 mM oNP-BGal, 1 (wild-type)
or 5 uM (His284 mutants) enzyme and 1 mg/mL BSA. Reactions were performed with
and without 1 mM CMP. The enzymatic reaction was carried out at 25°C and
agitation rate of 400 rpm using a Thermomixer comfort (Eppendorf, Germany). The
enzymatic reactions were stopped after 0, 2.5, 5, 7.5, 10, 15, 30, and 45 min (wild-
type) and 0, 0.25, 0.5, 1, 2, 3, 4, 5 and 22 h (His?® mutants) by addition of 40 uL of
ice-cold acetonitrile. The reaction mixtures were incubated on ice for 10 min and
centrifuged at 4°C, 13,000 rpm for 10 min to remove precipitated protein. After
appropriate dilution, 5 yL were injected to HPLC analysis using a Synergi™ 4 um
Hydro-RP 80 A (150 x 2 mm; Phenomenex, USA) 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 0.5 mL/min. A temperature control unit
maintained 30°C throughout the analysis. Samples were eluted with 0% acetonitrile
in 3 min followed by a linear gradient from 0 — 25% acetonitrile in 10 min and

detected by UV at 254 nm. The decrease in the substrate (oNP-BGal) and the
S6
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increase in product were followed. One unit (1 U) was defined as the amount of
enzyme that could transfer 1 ymol of sialic acid per min to oNP-gGal under the

conditions described above.
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Fig. S1. '"H NMR (500 MHz) analysis of Neu5SAc at equilibrium. Neu5Ac was

incubated at room temperature and pH 8.0 overnight before NMR measurement.

Integration of the peaks showed that the equilibrium mixture consists of ~90% pB-

anomer and ~10% o-anomer.
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Fig. S2. Uncatalyzed CMP-Neu5Ac hydrolysis rates at different pH values and
temperatures. The reaction mixture (20 L), containing 1 mM CMP-Neu5Ac in 50 mM
buffer was incubated at 25°C or 37°C and 400 rpm. A sodium citrate buffer was used
at pH 4.5 and 5.5 and a sodium phosphate buffer was used at pH 8.0.
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Fig. S3. Time course of the uncatalyzed CMP-Neu5Ac hydrolysis at pH 5.5 and 5°C.
The reaction mixture (20 pL), containing 1 mM CMP-Neu5Ac in 50 mM sodium citrate
buffer, pH 5.5, was incubated at 5°C and 0 rpm. Reactions were stopped after 0, 0.5,
1, 2, 3, and 22 h by addition of ice-cold acetonitrile (40 uL).The samples were
analyzed by HPLC as described for the sialyltransferase activity assay. CMP-Neu5Ac

(e, solid line); released CMP (o, dashed line).
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Fig. S4. Time course of the wild-type PdST catalyzed CMP-Neu5Ac hydrolysis at pH
5.5 and 5°C. The reaction mixture (20 pL), containing 1 mM CMP-Neu5Ac, 5 pM
enzyme, 1 mg/mL BSA in 50 mM sodium citrate buffer, pH 5.5, was incubated at 0
rpom and 5°C. Reactions were stopped after 0, 2.5, 5, 7.5, 10, 15, 30 and 45 min by
addition of ice-cold acetonitrile (40 uL). The samples were analyzed by HPLC as
described for the sialyliransferase activity assay. CMP-Neu5Ac (e, solid line);
released CMP (o, dashed line).
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Fig. S5. Time course of the enzymatic synthesis of Neub5Aca2,3Gal-oNP using wild-
type (A) [21], H284D (B), H284Y (C) and H284N (D) variants of PdST. oNP-BGal,
open circle; Neu5Aca2,3Gal-oNP, filled circle; CMP-Neu5Ac, open triangle; CMP,
closed reverse triangle. The reaction mixture (20 pL), containing 1 mM CMP-Neu5Ac,
1 mM oNP-BGal, 0.5 pM (wild-type) or 5 uM (His?®* variants) enzyme, 1 mg/mL BSA
in 50 mM sodium phosphate buffer, pH 8.0, was incubated at 25°C. Sampling and

sample analysis are described in Materials and methods.
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Fig. S6. Time-resolved 'H NMR (500 MHz) analysis of uncatalyzed CMP-Neu5Ac
hydrolysis. The reaction was performed at 28°C in a total volume of 600 uL in sodium
tartrate buffer (50 mM, pH 5.5) containing 5 mM CMP-Neu5Ac.
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Fig. S7. Time-resolved '"H NMR (500 MHz) analysis of wild-type PdST catalyzed
CMP-Neu5Ac hydrolysis. The reaction was performed at 5°C in a total volume of 600
WL in sodium tartrate buffer (50 mM, pH 5.5) containing 1 mM CMP-Neu5Ac, 1

mg/mL BSA and 5 uM enzyme. Spectral data were acquired every 2 min.
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Fig. S8. Superimposition of HPLC elution profiles of samples from sialylation of oNP-
BGal catalyzed by wild-type PdST and His®* variants thereof. Authentic
Neu5Aco2,3Gal-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-BGal), and 10.1 min background.
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ABSTRACT: We report structure-guided active-site
redesign of B-D-galactoside sialyltransferase (from
Pasteurella dagmatis) to change enzyme regioselectivity
from 02,3 in wild type to 02,6 in a P7H-MnyA double
mutant. The two sialyltransferases are used for
alternative 3- or 6’-sialylation of two synthetically
important f-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-NeusAc donor substrate gave
product yields of = 70%.

Human milk oligosaccharides (HMOs) are a
structurally distinct group of bioactive glycans unique to
human milk." Nearly 16% of the total HMOs comprise
sialic acid®, and sialyllactose is one of their main
components’.  Sialylated = HMOs  contain  N-
acetylneuraminic acid (NeusAc) attached to D-galactosyl
or N-acetyl-D-galactosaminyl residues through o2,3- or
a2,6-linkage (Scheme 1). Interest in sialylated HMOs is
high due to their important roles in the development
and health protection of newborn infants.”* Since
natural availability of sialylated HMOs is limited,
synthetic sialyloligosaccharides (e.g. sialyllactose) are in
great demand as infant formula®® and neutraceutical
ingredients”®.

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 NeusAc residue from CMP-NeusAc to an
acceptor oligosaccharide. Lactose is an expedient and
also inexpensive acceptor, and its transformation into
0.2,3- or a2,6-sialyllactose (Scheme 1) has attracted

Scheme 1. Enzymatic Synthesis of 02,3- and 02,6-
Sialyl- HMOs by Sialyltransferases with CMP-
NeusAc and B-D-Galactoside substrates
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considerable®™, in fact commercial interest. Although
both sialyllactose regioisomers are biologically active™,
it is nevertheless important to have synthetic access to
02,3- and  o2,6-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 o2,3- and
0.2,6-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 “°. However, sialoside
synthesis takes place preferably at neutral to slightly
alkaline pH (= 7.5 - 8.5) where spontaneous
decomposition of CMP-NeusAc is minimized'®. Product
inhibition by CMP is pronounced in certain, especially
mammalian STs.*7"® Enzyme-catalyzed hydrolysis of
CMP-NeusAc can also be a problem, particularly with
bacterial STs.”** 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 02,3~ or o2,6-sialylation
with only minimal change in the biocatalytic system

R = rest of acceptor oligosaccharide
R’= OH or NHAc
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Figure 1. Acceptor-binding site comparison of family GT-80 0.2,3- and a2,6-sialytransferases. (a) 0.2,3/02,6-sialyltransferase
from P. multocida PmST1 (PDB code 2ILV)™. (b) a2,6-sialyltransferase from Photobacterium sp. JT-ISH-224 (PDB code

274T)*.

used would therefore present a clear advantage.

We have focused in this study on glycosyltransferase
family GT-8o that is rendered conspicuous among the
known ST families by the broad variety of enzyme
regioselectivities, namely 02,3-, a2,6-, and also mixed
0:2,3/02,6, its members comprise™*>*4. 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 o2,3-selective B-D-galactoside ST from
Pasteurella dagmatis (PdST)” was used to create the
corresponding completely o2,6-selective counterpart
enzyme. The desired biocatalytic toolbox for alternative
02,3- or a2,6-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)” was demonstrated. Flexible
02,3- or az,6-selective sialyltransfer was furthermore
shown on a complex protein asialo-N-glycan substrate.

Design of the o2,6-selective PdST was developed
from two family GT-8o protein structures that delineate
distinct modes of accommodation of lactose at the
acceptor binding sites of o2,3/a2,6-selective ST from
Pasteurella multocida (PmST1) and az2,6-selective ST
from Photobacterium sp. JT-ISH-224, as shown in Figure
1. PdAST 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 B-D-galactosyl moiety relative
to the catalytic base on the enzyme (Asp'¥, Asp™*), 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* and Met'** in PmST1 are exchanged to,
respectively, His™® and Ala*® in Photobacterium ST.
Family-wide sequence comparison revealed clear sub-
categorization of protein members of family GT-8o
according to a highly conserved Pro/Met or His/Ala

sequence pattern [see Table Si1 in the Supporting
Information (SI)] that was therefore hypothesized to be
decisive for 02,3 compared to 2,6 ST regioselectivity. To
graft o2,6-selective ST activity on PdST, the relevant
residues Pro” and Met"” were replaced to generate P7H
single and P7H-Mn7A double variants of the naturally
a2,3-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 Hiss-tag for purification by metal chelate
chromatography. Specific activity for sialyltransfer to
lactose (1 mM) from CMP-NeusAc (1 mM) was
determined at pH 8.0, measuring the consumption of
CMP-NeusAc 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-
MuyA 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’ 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 02,3-ST activity had
not been completely abolished in the P7H mutant. The
double mutant P7H-Mu7yA, by contrast, featured
complete 02,3 to 02,6 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
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Figure 2. Gradual change from o23- to 02,6-
regioselective sialyltransfer from CMP-NeusAc to

lactose, resulting from substitution of Pro’ by His and
from additional substitution of Met"” 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
(SD).

important roles for His and Ala in conferring o2,6-
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 MuyA mutant of
PdST did not show significant change in regioselectivity
as compared to wild-type enzyme (data not shown).

In a consequent next step, PAST and the mutants
thereof were compared as biocatalysts for sialyllactose
synthesis from CMP-NeusAc. Time courses of wild-type
PdST and P7H-Mu7A variant are shown in Figure 3. The
time-courses exactly reflect the mass balance. The two
PdST enzymes yielded = 70% of the alternative a2,3- or
02,6-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-MuyA double mutant of PdST features complete
switch in regioselectivity, while preserving the basic
properties of wild-type PdST, and is hence a perfect
a2,6-ST.

P. multocida 02,3/0.2,6-ST>> and the Photobacterium
damselae 02,6-ST*” have been successfully applied in
one-pot three enzyme synthesis of a2,3- and o.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
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Figure 3. Time-courses of enzymatic synthesis of
sialyllactose at pH 8.0 using 0.1 pM wild-type (a) and
P7H-Mu7A variant (b) of PdST.

02,3- or az,6-linked sialoside synthesis, without further
optimization of reaction conditions. Complete change
from 02,3- to a2,6-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 o2,6-linked
sialosides could be obtained at pH 5.5.” 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."
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.**
Sialidase activity of Arthrobacter urefaciens caused a
sialyllactose loss of ~20% within 30 min and after 2 h
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almost no product was left at pH 5.0.°° In general,
sialidases from different sources lack high vyields,
generally barely exceeding 13%.°*3*** 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.® 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®, membrane-systems>*).
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)*>*33* 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-aNeusAc gave conversion
yields of 49%® and 87%*, respectively. Fetuin (80%
yield)”” and cGMP (64% yield)*® 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®, and constituting an important virulence factor*’
is a significant drawback for its use in industrial
production of food-grade sialyllactose, even if the
recombinant enzyme is used.””® Lactose is a very poor
substrate for available mammalian sialyltransferases.***
Sialic acid attached to galactose via 02,3- and a2,6-
linkage is also found in complex glycan structures®,
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.*** 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-NeusAc onto the glycans. The
products of the wild type were completely desialylated
by a specific 02,3-neuraminidase, while the products of
the double mutant remained unaffected during the same
treatment, proving that the wild-type enzyme catalyzes
02,3-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 a2,6-sialylation by P. damsela
ST was reported by Yamamoto et al. for individual
pyridylaminated biantennary carbohydrates, resembling
simple glycans of glycoproteins,” but not for complex
protein N-glycans. Sialylation of different glycoproteins,
including ASF, was demonstrated before using 0.2,6-STs
from P. leiognathi** and P. damsela?”, lacking the
subsequent determination of regioselectivity.

In conclusion, we report here complete switch from
02,3- to 02,6-regioselecivity in family GT-8o ST PdST
based on rational redesign of the active site. Wild-type
PdST together with the tailor-made P7H-Mu7A double

60 -
P7H-M117A
50 -
40 -

30 A

Signal intensity

w/o sialylation

0 35 40 45 50

[min]

80 -
P7H-M117A

60 -

40 A
P7H-M117A

Signal intensity

—— e — e

204 T T

'
SV

0 [ SR S N

25 30 35 40 45 50

[min]

Figure 4. HPAEC-PAD analysis of wild-type and P7H-
Mun7A PdST catalyzed sialyltransferase reaction with free
glycans as acceptor substrate. (a) Sialylation of free
glycans by wild-type and P7H-Mu7A PdST and (b)
determination of regioselectivity by treatment with a
specific 02,3-neuraminidase (solid line) and an
unspecific neuraminidase (dashed line), which catalyzes
the hydrolysis of a2,3- and a2,6- linked NeusAc residues.
See the Supporting Information (SI) for details.
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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 o2,3-
and o2,6-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.** and Drouillard et al.*’.
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Materials and methods

Chemicals
PNGase F, a2,3-neuraminidase and neuraminidase were from New England Biolabs

(Ipswich, Massachusetts, USA). All other materials are described elsewhere.’

Site-directed mutagenesis

Mutations to replace Pro’ by His (P7H) and Met'" by Ala (P7H-M117A) were
introduced by two-stage PCR? where a pET23a(+) expression vector encoding
V3PdST (variant of wild-type PdST elongated by three amino acids at the N-
terminus)1 was used as a template. A pair of complementary oligonucleotide primers,
each introducing the desired site-directed substitution at the protein level, was used.
The mismatched bases are underlined.

P7H forward:
5-ATACATATGAAAACAATCACAATCTATTTAGATCATGCTTCATTACCCACATTA
AACCAATTAATGCAC-3’

P7H reverse:
5-GTGCATTAATTGGTTTAATGTGGGTAATGAAGCATGATCTAAATAGATTGTGA
TTGTTTTCATATGTAT-3’

M117A forward:

5-CTTTATGATGATGGCACAGCGGAATATGTTGATTTAG-3’

M117A reverse:

5-CTAAATCAACATATTCCGCTGTGCCATCATCATAAAG-3’

S3
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The PCR was performed in a Gene Amp® PCR 2200 thermocycler (Applied
Biosystems, USA). The PCR was carried out in 50 pL using 0.3 pM forward and
reverse primer, 0.2 mM dNTP-mix, 3.6 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, 50 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, 50 s; 55°C, 50 s; 70°C, 10 min)
for 18 cycles. The amplification product was subjected to parental template digest by
Dpnl (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).

Protein expression and purification

Protein expression in E. coli and preparation of the cell lysate were done as
previously described.” Target proteins were purified via their C-terminal His-tag using
an AKTAprime plus system (GE Healthcare, Germany). The cleared cell lysate was
loaded onto two HisTrap HP FF 5 mL columns (GE Healthcare, Germany) at a flow
rate of 2 mL/min. The columns had been equilibrated with binding buffer (30 mM
potassium phosphate, 300 mM NaCl, 15 mM imidazol, 10% glycerol, pH 7.4). After a
washing step of 10 column volumes, the enzyme was eluted with a linear gradient of

15 - 300 mM imidazol within 10 column volumes. Fractions of 3 mL were collected
S4
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and analyzed by SDS-PAGE. Sialyltransferase containing fractions were pooled and
dialyzed overnight against 20 mM Tris/HCI, 150 mM NaCl, pH 7.5. SDS PAGE was
used to confirm purity of enzyme preparations. Purified enzymes were aliquoted and

stored at -70°C.

Preparation of free glycans

After heat denaturation free glycans were prepared by a PNGase F (500U) digest of
500 ug of asialofetuine in 160 uL of 1x PNGase buffer for 16 hours at 37°C.
Subsequently, glycans were separated from proteins by ultracentrifugation (Vivaspin

500, cutoff 10 kDa, Sartorius Stedim Biotech GmbH, Germany) and stored at -20°C.

Neuraminidase treatment

When appropriate the products of sialyltransferase reaction were treated by
commercial a2,3-neuraminidase or unspecific neuraminidase. The procedure

followed the instructions provided by supplier.

Sialyltransferase assay using lactose as acceptor substrate

Sialyltransferase activity was assayed in a total volume of 20 pL using 50 mM sodium
phosphate buffer, pH 8.0. Reaction mixture contained 1 mM CMP-Neu5Ac, 1 mM
lactose, 1 uM 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 after 30
min by adding 40 pL of ice-cold acetonitrile. Mixtures were incubated on ice for 10

min and centrifuged at 4°C, 13,000 rpm for 10 min to remove precipitated protein. For

S5
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time course experiments 0.1 uyM enzyme was used, under otherwise identical

conditions, and reactions were stopped after 0, 15, 30, 60, 90 and 180 min.

Sialyltransferase assay using free glycans

Free glycans released from 1.5 mg of asialofetuine were mixed with 0.5 mg of CMP-
Neu5Ac and sodium acetate solution (pH 7.4) in the final volume of 180 pL. The
reaction was started by addition of 10 pg of enzyme and incubated at room
temperature for 60 min. The reaction was stopped by heating the sample at 80°C for
10 min and centrifuged at 4°C, 13,000 rpm for 10 min to remove precipitated protein.
The glycans were analyzed by High-Performance Anion-Exchange (HPAE)

chromatography.

Sialyltransferase assay using glycoprotein

1.5 mg of asialofetuine was mixed with 0.5 mg of CMP-Neu5Ac and sodium acetate
solution (pH 7.4) in the final volume of 180 uL. The reaction was started by addition
of 10 ug of enzyme and incubated at room temperature for 60 min. The reaction was
stopped by heating the sample at 80°C for 10 min. Prior to analysis glycans were
released from glycoprotein by PNGase digest as described above. Glycans were

analyzed by HPAE chromatography.

HPLC analysis of CMP and CMP-Neu5Ac

For CMP-and CMP-Neu5Ac analysis 5 L supernatant (see Sialyltransferase activity
assay using lactose as acceptor substrate) were injected after appropriate dilution in
HPLC analysis using a Chromolith® HighResolution RP-18 (100 x 4.6 mm; Merck

Chemicals, Germany) column in reversed phase ion-pairing mode on an Agilent
S6
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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 a linear gradient from 0 — 2% acetonitrile in 3 min followed

by 2 — 25% acetonitrile in 7 min and detected by UV at 254 nm.

Sialyllactose analysis
The sialyltransferase assay products (3°- and/or 6 -sialyllactose) were identified by

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

PA200 column (3 x 250 mm; Thermo Fisher Scientific Inc., Dionex) and a CarboPac®
guard column. After appropriate dilution of the supernatant (see Sialyltransferase
activity assay using lactose as acceptor substrate) 25 uL were injected and eluted
using an isocratic concentration of 60 mM NaOH with 35 mM sodium acetate at a
flow rate of 0.4 mL/min at 25°C. 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).

One unit (1 U) was defined as the amount of enzyme that could transfer 1 pmol of

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

Glycan analysis

The assay products (3'- and/or 6’-sialylglycans) were identified by HPAE
chromatography on a Dionex BioLC system equipped with a CarboPac® PA200
column (3 x 250 mm; Thermo Fisher Scientific Inc., Dionex) and a CarboPac® guard

column. After appropriate dilution 25 puL were injected and eluted using the following

S7
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gradient: 0-20 min linear gradient from 50 to 100 mM NaOH, 20-80 min linear
gradient from 0 to 200 mM sodium acetate in the presence of 100 mM NaOH. This
gradient was followed by 10 min of column wash with 450 mM sodium acetate/20 mM
NaOH and 10 min of column was with 200 mM NaOH. Afterwards, the column was
equilibrated in 50 mM NaOH for 10 minutes. An ED50 electrochemical detector with a
carbohydrate certified gold working electrode was used for PAD in the carbohydrate

waveform (as recommended from the supplier).

S8
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Figure S1. Gradual change from «2,3- to o2,6-regioselective sialyltransfer from
CMP-Neu5Ac to lactose, resulting from substitution of Pro” by His and from additional
substitution of Met''” 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.
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Figure S2. Time course of enzymatic synthesis of sialyllactose using 0.1 uM of the
P7H variant of PdST at pH 8.0.
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Figure S3. HPAEC-PAD analysis of (a) P7H-M117A and (b) wild-type PdST
catalyzed sialyltransferase reaction with the model glycoprotein ASF as acceptor
substrate. Determination of regioselectivity by treatment with a specific «o2,3-
neuraminidase and an unspecific neuraminidase, which catalyzes the hydrolysis of

a2,3- and a2,6- linked Neu5Ac residues.
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Abstract

We report on the distinct properties of two N-terminally truncated variants of human ST6-Gal-I,
namely A89ST6Gal-I and A108ST6Gal-I, which were successfully expressed in HEK cells. The
different properties of these enzymes result most probably from the deletion of residue Arg'® in the
A108ST6Gal-I variant, which was identified by Kuhn et al. [11] as an essential residue in the
substrate binding area. The K, for N-acetyl-D-lactosamine is 10-fold increased for A108ST6Gal-I
(84 mM) as compared to A89ST6Gal-l (8.3 mM). The enzyme A89ST6Gal-l 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 B-galactoside a2,6 sialyltransferase | (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 Il disaccharides (GalB1-4GIcNAc). The sequence of the enzyme
consists of 406 amino acids [1]. Human ST6Gal-l belongs to the GT29 family comprising
eukaryotic and viral STs. Like other vertebrate STs, human ST6Gal-l 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 o2,6-

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-l 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 A89ST6Gal-l and A108ST6Gal-l (lacking aa 1-89 and 1-108,
respectively). The enzyme A89ST6Gal-l 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-l variants

The truncated variants of recombinant human ST6Gal-l 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
A89ST6Gal-I and the A108ST6Gal-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-
A89ST6Gal-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-A108ST6Gal-I the N-terminal sequence was confirmed as APPR
indicating the expected cleavage. For the recombinant human A108ST6Gal-I from HEK cells a
specific activity of >600 RFU/mg was determined. The variant A89ST6Gal-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 A89ST6Gal-I reveals six cysteine residues. Using 13.6 uM of
purified enzyme a theoretical number of 81.6 uM 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 uM of free sulfhydryl groups was determined according to Eliman 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 AB9ST6Gal-l 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 AB9ST6Gal-l, inhibition experiments were performed. In
the first phase of the experiment the sialylation of IgG4 by A89ST6Gal-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 A108ST6Gal-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 A89ST6Gal-I and A108ST6Gal-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 a2,3-
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
a2,6-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 AB9ST6Gal-I and A108ST6Gal-I constructs is summarized in Table 2.
The K, for N-acetyl-D-lactosamine is 10-fold increased for A108ST6Gal-I (84 mM), while the k.
was 6.7-fold decreased (1.3 s”) as compared to A89ST6Gal-l. This can be explained by the
deletion of residue Arg'® in the A108ST6Gal-I variant. Kuhn et al. [11] showed, that Arg'® 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 K,, value for N-acetyl-D-
lactosamine. The K, for asialofetuin was not altered much with 0.12 mM for A89ST6Gal-1 and 0.10
mM for A108ST6Gal-I. However, substrate inhibition with a K; of 0.25 mM was observed for the
A108ST6Gal-I variant. The catalytic efficiency of AB9ST6Gal-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-NeuS5Ac 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-l 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-A89ST6Gal-l and Epo-APPR-A108ST6Gal-
I. In addition, the expression cassettes feature Sall and BamH]I 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

89



Human B-galactoside a2,6-sialyltransferase | expressed in HEK cells

shaker flasks at 37°C under serum-free medium conditions. The cells were transfected at
approximately 2x10° 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-l 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 ym) 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 uL 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 uM of A89ST6Gal-l or 1.0 uyM of
A108ST6Gal-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 uL of ice-cold acetonitrile. Samples
were incubated on ice for 30 min and centrifuged to remove precipitated protein. 5 uL 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 ymol 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 uL 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 uM of A89ST6Gal-I or 1.0 uM of
A108ST6Gal-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 uL of the inhibitor CTP (10
mM). The reaction mixture was loaded onto a PD10 desalting column equilibrated with 0.1 M
Tris/HCI, 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/ug

is equivalent to a specific activity of 0.0839 nmol/ug-min.

Sialidase assay

Sialidase activity was assayed in a total volume of 20 pL using 50 mM MES buffer, pH 6.5. The
reaction mixture contained 1.5 mM 3’- or 6’-sialyl-N-acetyl-lactosamine, 1 yM 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 L 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 uL with H,O. 25 uL 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 uL using 50 mM MES buffer, pH 6.5. The
reaction mixture contained 0.75 mM CMP-Neu5Ac, 1 pM 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 uL 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 L)
were diluted with 12 yL NuPAGE LDS sample buffer (Invitrogen) and incubated for 2 min at 85°C.
Aliquots (5 pg protein) were loaded on the gel. The gels were stained using SimplyBlue SafeStain
(Invitrogen). An extinction coefficient €559 (10 mg/mL) of 1.931 and 1.871 was used for protein

concentration determination of A89ST6Gal-I and A108ST6Gal-|, respectively.

Analysis of sulfhydryl groups

5,5"-Dithiobis(2-nitrobenzoic) acid (DTNB) was used for quantitative determination of free
sulfhydryl groups [6]. Purified A89ST6Gal-l (13.6 uM) 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 uL, 350 ug) was denatured by adding 8 M
guanidine hydrochloride (279 uL). The sample was incubated for 1 h at 50°C. Carboxymethylation
of free cysteine residues was done by adding iodoacetic acid (10 uL, 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/HCI, pH 7.0. To the eluted fraction (500 pL) trypsin (10 pL,
0.25 mg/mL) was added and the sample was incubated at 37°C overnight. The digestion was
stopped by addition of 20 yL 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-l 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 pg in 54 pyL 35 mM sodium actetate/Tris
buffer pH 7.0), the donor substrate CMP-Neu5Ac (150 ug in 50 yL water) and the ST6Gal-I variant
(30 pg in 26 uL 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 uL
denaturing buffer (6 M guanidine hydrochloride) and 30 yL 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 uL
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 a2,3-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-l variants. Lane 1, 4: molecular
weight marker; lane 2: A108ST6Gal-l; lane 3: A89ST6Gal-I.

Figure 2: Time course of sialylation of 19G. (A) Analysis of N-glycan pattern from reaction
catalyzed by A89ST6Gal-l (left panel) and A108ST6Gal-I (right panel). (B) Analysis of N-glycan
pattern from reaction catalyzed by A89ST6Gal-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-l. (B) Analysis of N-glycans synthesized by A89ST6Gal-l and

A108ST6Gal-l.

Figure 4: Close-up view of the acceptor binding site of A89ST6Gal-I [11].
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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 mi-Mass Delta Rel. Counts
Peptide 1 // Peptide 2 [amu] [ppm] [%]

Cysl141 -

Cys406 CHLR // TIHC 997.46 0.00 4.2
CAVVSSAGLSK //

Cys184 — LHPNQPFYILKPQMPWELWDILQE

Cys335 ISPEEIQPNPPSSGMLGIIMMTLCDQVDI 8140.06 4.57 203
YEFLPSK

Cys353 —

Cys364 TDVCYYYQK // FFDSACTMGAYHPLLYEK 3271.43 0.86 74.4
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Table 2. Kinetic parameters of A89ST6Gal-I and A108ST6Gal-l1 enzyme variants.

A89ST6Gal-| A108ST6Gal-I
SIALYLTRANSFERASE
N-acetyl-D-lactosamine  K,,[mM] 83+2.0 84 +16
Keat[s™] 8.7 1.3
Keat/ Ko [smM™] 1.05 0.02
Asialofetuin K [mM] 0.12+0.02 0.10+0.01
Ki[mM] n.a. 0.25
keat [s™] 8.4 0.3
Keat/ Ko [smM™] 70 3
HYDROLASE
CMP-Neu5Ac [U/mg] 0.04 0.03
SIALIDASE
6'-SLA [U/mg] 7.1-10° 1.2:10°

n.a., not applicable
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Abstract

Background

o-2,6-sialyltransferase catalyzes the terminal step of complex N-glycan biosynthesis on
human glycoproteins, attaching sialic acid to outermost galactosyl residues on otherwise fully
assembled branched glycan structures. This “capping” of N-glycans with sialic acids is critical
for therapeutic efficacy of specific pharmaceutical glycoproteins, making the degree of
sialylation an important parameter of glycoprotein quality control. Expression of recombinant
glycoproteins in mammalian cell culture usually delivers heterogeneous N-glycan structures,
with an only minor degree of sialylation. /n-vitro chemo-enzymatic glycoengineering of the
N-glycans provides an elegant solution to increase the degree of sialylation for analytical

purposes but also possibly for modification of therapeutic proteins.

Results

Human o-2,6-sialyltransferase (ST6Gal-I) was produced as secretory protein in Pichia
pastoris KM71H. Codon-optimized ST6Gal-I genes featuring complete deletion of both the
N-terminal cytoplasmic tail and the transmembrane domain, and also partial truncation of the
stem region up to residue 108 were expressed under control of the AOX1 promoter using
constructs harboring the o factor signal peptide plus a His or FLAG-Tag at the N-terminus.
FLAG-tagged proteins proved much more resistant to proteolysis during production than the
corresponding His-tagged proteins, whose degradation was shown by Western blot analysis to
be very fast. Because volumetric transferase activity measured on small-molecule and native
glycoprotein acceptor substrates did not correlate to ST6Gal-I protein secreted to P.pastoris
supernatant, recombinant enzymes were purified and characterized in their action on non-

sialylated protein-linked and released N-glycans, and the respective N-terminal sequences
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were determined by automated Edman degradation. Irrespective of deletion construct used
(A27, A48, A62, A89), isolated proteins showed N-terminal processing to a highly similar
degree, with prominent truncations at residue 108, 111, 112, and 114, whereby only
A108ST6Gal-1 appeared to have retained activity. Proteolysis-resistant FLAG-tagged
A108ST6Gal-I was therefore produced and obtained with a yield of 4.5 mg protein/L medium.
The protein was isolated and shown by MS to be intact. Purified enzyme exhibited useful

activity (0.18 U/mg) for sialylation of different substrates.

Conclusions

Functional expression of human ST6Gal-I as secretory protein in P.pastoris necessitates that
N-terminal truncations promoted by host-inherent proteases be tightly controlled. N-terminal
FLAG-Tag contributes extra stability to the N-terminal region as compared to N-terminal His-
Tag. Proteolytic degradation proceeds up to residues 108 — 114 and of the resulting short-form
variants (A108 — A114), only the A108 enzyme seems to be active. FLAG-A108ST6Gal-I
transfers sialic acids to monoclonal antibody substrate with high specificity, and because it is

stably produced in P.pastoris, it is identified here as an interesting glycoengineering catalyst.

Keywords
Therapeutic glycoproteins; in-vitro glycosylation; human sialyltransferase; ST6Gal-I; N-

glycan remodeling; proteolysis in Pichia pastoris
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Background

Therapeutic glycoproteins have gained enormous importance in the treatment of serious
diseases [1, 2, 3, 4]. Clinically used glycoproteins became one of the fastest growing markets
in the pharmaceutical industry, accounting for 77 high-value drugs out of 642 pharmaceuticals
approved by the European Medicines Agency [4]. One of the most critical quality attributes of
these drugs is the N-linked glycosylation which is known to have a dramatic impact on the
therapeutic efficacy, serum half-life and immunogenicity [5, 6].

Glycosylation is the most complex and widespread posttranslational modification of proteins
[7]. The sophisticated glycosylation machinery needed for the biosynthesis of therapeutically
acceptable glycoprofiles is most likely provided in mammalian cells [8]. Hence, recombinant
therapeutic glycoproteins are mainly produced in Chinese hamster ovary (CHO) cell lines but
also in cell lines from baby hamster kidney (BHK-21) and murine tissues [9]. The N-glycans
of proteins produced in these cells closely resemble the human glycan structure but still differ
in crucial points [10, 11, 12]. In humans, the terminal monosaccharides of N-glycans are
partially capped with the sialic acid derivative N-acetylneuramic acid (NeuSAc) which
strongly affects the solubility, stability and immunogenic properties of the respective
glycoproteins. Glycoproteins expressed in CHO cells are also incompletely capped at the
terminal monosaccharides [13].

To overcome these problems, the in-vitro glycosylation of therapeutic proteins by
glycosyltransferases (GTs, EC 2.4.) has attracted the interest of the pharmaceutical industry
since it offers the opportunity to control the glycosylation of therapeutic proteins to a desired,
homogenous and bioactive glycoform [14, 15]. In-vitro sialylation offers the possibility to
complete sialylation of therapeutic glycoproteins for analytical purposes, e.g. for analyzing
the effect of sialylation on receptor binding, but also to modify the drug substance itself.

Human sialyltransferases are a functional family of at least 20 glycosyltransferases which are
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subdivided into ST3Gal-, ST6Gal-, ST6GalNAc- and ST8Sia- families [16,17], depending on
the acceptor they act on (Gal: galactose, GaINAc: N-acetylgalactosamine, Sia: sialic acid) and
the linkage they form (02,3-, 02,6-, 02,8-linkage). The ST6 family includes two subfamilies,
ST6Gal-I and ST6Gal-1I, both mediating the transfer of sialic acid in o—2,6-linkeage from the
donor substrate CMP-sialic acid to the terminal galactose but with slight differences in their
acceptor specificities [18]. Human ST6Gal-1 (B-galactoside a-2,6-sialyltransferase 1, E.C
2.4.99.1) belongs to the CAZy family GT29. Like all mammalian Golgi-resident GTs,
ST6Gal-I features a type II transmembrane architecture consisting of an N-cytoplasmic tail, a
single transmembrane domain and a large C-terminal catalytic domain facing the luminal side
of the Golgi apparatus [19]. The catalytic domain of human ST6Gal-I adopts the predicted
global GT-A fold, a seven-stranded central sheet flanked by a-helices, and is stabilized by
three disulfide bindings [20]. The domain contains two NxS/T motifs for potential N-
glycosylation which is supposed to contribute to the protein stabilization but is not absolutely
required for in-vivo activity [21].

Much effort has already been expended to express human ST6Gal-I as full-length
glycoprotein but without achieving acceptable activities. For instance, ST6Gal-I activity in
stably transfected CHO cells was restricted to a crude membrane fraction [22]. ST6Gal-I
expressed in Saccharomyces cerevisiae was retained in the endoplasmatic rediculum [23] and
secretory expression in Pichia pastoris resulted in only 10 mU/L culture supernatant [24].
Obviously, the strong hydrophobic character of the transmembrane domain has clearly
restrained the translocation, folding and solubility of the enzyme. Consequently, human
ST6Gal-I was N-terminally truncated by the hydrophobic structural domains. As a result,
transiently expression of truncated ST6Gal-I in HEK293 cells resulted in a considerably
improved production rate [20]. In COS cells, truncated ST6Gal-I was secreted with a rate of

10 nm/1106 cells/h [25]. Expression experiments of ST6Gal-I in CHO cells has shown, that
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N-terminal truncation of the first 89 amino acids - including the short N-terminal cytoplasmic
tail, the transmembrane domain and the stem region - was tolerated even though the acceptor
preference got lost, whereas further truncation to residue 100 completely abolished enzymatic
activity [26]. The results led to the conclusion that the conserved motif QVWxKDS (aa 94-
100 in human ST6Gal-I), which has been found within all sialyltransferase subfamilies, is
crucial for activity.

In this work we report on the identification of a minimized catalytic domain of human
B-galactoside o-2,6-sialyltransferase 1 corresponding to A108ST6Gal-I and its soluble
expression in P.pastoris for the use in in-vitro sialylation of therapeutic proteins. Expression
of N-terminally truncated ST6Gal-I variants revealed that the enzyme is proteolytically
degraded in P.pastoris KM71H. Precise analysis of the degradation products by MS unveiled
A108ST6Gal-I as the main degradation product. Contrary to the expectations from literature,
A108ST6Gal-I was found to be active and catalyzed the transfer of sialic acid to a humanized
monoclonal antibody IgGl. Variant A108ST6Gal-I was successfully expressed in the

methylotropic yeast P.pastoris in sufficient yields for a potential large scale application.
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Results and Discussion

Protein design for soluble expression of ST6Gal-1

For soluble expression of human ST6Gal-I in P.pastoris, the N-terminal hydrophobic
topology domains were progressively deleted due to the truncation sites which have been
determined from sequence comparison and published truncation experiments [25, 26].
According to the literature, the cytoplasmic-, transmembrane- and stem- (CTS) region
contributes to the Golgi retention [27]. Analysis of the CTS region by the SACS HMMTOP
Algorithm [28] predicts amino acids 1-9 as the NH,-terminal cytoplasmic tail (CT) followed
by a single transmembrane domain (TMD) ranging from aa 10-27 (Fig.1). The stem region
which tethers the catalytic domain is highly variable in length among the human STs and
assumed to range from aa 28-60 in human ST6Gal-I. Consequently, the catalytic domain
includes amino acids 61-466. Similar boundaries were obtained from isolation of a soluble
ST6Gal-I from rat liver tissues lacking a 62 aa NH,-terminal peptide which indicates aa 63-
466 as the catalytic domain [29]. Altogether, four different variants were constructed by
progressive truncation of the structural domains i.e. the short NH,-terminal cytoplasmic tail
and the transmembrane domain (A27ST6Gal-I), the stem region (partially and fully, yielding
A48ST6Gal-I and A62ST6Gal-I) and parts of the catalytic domain (A89ST6Gal-I). The
deletions were located in the hypervariable region outside the conserved domain of human
ST6Gal-I [23]. The genes coding for the truncated variants were optimized for expression in

P.pastoris and fused to an N-terminal 6xHisTag.

Production in P.pastoris KM71H
The N-terminally truncated ST6Gal-1 variants were produced in P.pastoris KM71H as

secretory protein. In order to monitor and analyze the expression levels of the ST6Gal-I
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variants, samples were withdrawn from the cultures at the start of induction (0 h) and 24, 48,
72 and 96 h after addition of MeOH. From each culture, aliquots of fermentation supernatant
were precipitated with TCA and analyzed by Western Blot (WB) using two HRP conjugated
antibodies for immunodetection, the polyclonal anti-02,6ST6 and the monoclonal anti-
polyHis. The antibodies were selected since they recognized different sequence parts of the
protein and enabled the detection of the N-terminus (monoclonal anti-polyHis) as well as the
C-terminal sequence (anti-02,6ST6) of the enzyme. Comparison of samples drawn after 96 h
of induction revealed conspicuous protein signals (Fig.2, -PI). In general, strong signals were
obtained from detection with anti-o2,6ST6 which indicated that the expression, procession
and secretion of ST6Gal-I worked sufficiently in the selected transformants. However, the
main protein bands of the variants occurred just below 40 kDa which was lower than the
expected molecular weights for the glycosylated enzymes and even lower than the calculated
masses for the deglycosylated forms of A27ST6Gal-1 (44.7 kDa), A48ST6Gal-1 (42.1 kDa)
and A62ST6Gal-1 (40.7 kDa). Additional protein bands which were observed at very low
molecular weights strengthened the presumption that proteolytic degradation has taken place.
Moreover, no signals appeared with anti-polyHis which led to the conclusion that the
proteolytic degradation proceeded from the N-terminus of each enzyme variant. The
degradation was also detected at shorter induction times (data not shown) and increased with
proceeding time. In order to reduce proteolysis, the expression of variants was repeated with
addition of protease inhibitors (Fig.2, +PI). Now, less degradation products were detected
with anti-02,6ST6 but like before, the main protein bands appeared around 40 kDa and no
signals were observed with anti-polyHis. Apparently, the addition of protease inhibitors
significantly reduced the degradation to smaller products below 20 kDa but could not prevent

the first steps of proteolysis concerning the N-terminus of ST6Gal-I including the His-Tag.
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After WB analysis, the fermentation supernatants of N-terminal truncated ST6Gal-I variants,
expressed in the presence of protease inhibitors, were analyzed regarding their
sialyltransferase activity by measuring the transfer of fluorescence-labeled sialic acid from
CMP-9-fluoresceinyl-Neu5Ac (CMP-9F-Neu5Ac) to asialofetuin [30]. Measurements at 37
°C and pH 6.5 resulted in 34 mU/L for A27ST6Gal-1, 80 mU/L for A48ST6Gal-I and 115
mU/L for A62ST6Gal-1 and A89ST6Gal-I, respectively. Interestingly, the activities did not
correlate with the expression levels of the main protein bands in Figure 2 (+PI) which might
indicate that most of the immuno-detected enzyme variants were degraded to less active or
inactive products and only small amounts of active protein were existent. In general, the

volumetric enzyme activities increased with progressive truncation of ST6Gal-1.

Functional characterization of ST6Gal-I variants and identification of A108ST6Gal-I

Expression analysis of differently truncated ST6Gal-I variants clearly demonstrated that the
enzyme was degraded to specific cleavage products accompanied by a loss of activity. For
identification of the main cleavage site and its impact on activity, the dominating protein band
at approximately 40 kDa of each ST6Gal-I variant (except of the lowest active A27ST6Gal-I)
was purified from the fermentation supernatant (supplementary file 1) and subjected to an
extensive characterization. First, the specific activity for the sialic acid transfer from CMP-
9F-Neu5Ac to asialofetuin was measured and calculated as RFU/pg. Afterwards, the
sialylation capacity towards a highly galactosylated humanized monoclonal antibody IgG1
was assayed in respect of the intended in-vitro glycosylation of antibodies; therefore, the
transfer reaction samples were analyzed by electrospray ionization mass spectrometry to
determine formation of G2+1SA and G2+2SA N-glycans with 1 and 2 sialic acid groups

attached, respectively. In a last step, the N-terminal sequence of a purified sample of each
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variant was determined by Edman degradation. After deglycosylation, the amino acid
sequences of the different ST6Gal-I variants were deduced from MS analysis.

From each variant, several batches were characterized. The most significant results are
summarized in Table 1.

Interestingly, activity of purified A48ST6Gal-I towards asialofetuin was not detectable but the
variant formed 7 % G2+1SA when assayed towards IgG1l. Variant A62ST6Gal-I showed a
low batch-to-batch reproducibility which was reflected by fluctuating transfer activities
(Table 1). Specific activities ranging from 70 to 689 RFU/pg were obtained for asialofetuin
and a similar performance was observed towards IgG1. While batches with lower activities on
asialofetuin (70 to 208 RFU/pg) also displayed low capability to sialylate the terminal
galactosyl moieties of IgG1 (22 to 51 %), batches of A62ST6Gal-1 which were highly active
on asialofetuin (664 and 689 RFU/ug) were able to mask much more of total galactosyl
moieties available. Formation of G2+1SA was favored (63 -82 %), however, disialylation
(G2+2SA) was also observed at a reasonable extent of 15 — 34 % (based on initial G2+0SA
concentration). After purification, variant A89ST6Gal-I showed no transfer activity towards
asialofetuin or IgG1 anymore. Hence A89ST6Gal-I was not further investigated.

Mass analysis of the different constructs confirmed the presumption from WB analysis of the
fermentation supernatants with anti-polyHis that in each case the N-terminal sequence of
ST6Gal-I has been fully degraded to products corresponding to A108 — A114 truncations. In
general, the transfer activities correlated well with the N-terminal truncations. The low active
A48ST6Gal-1 was found to be solely present as Al14 product starting with NH,-NYLS.
Batches of A62ST6Gal-1 performing best on asialofetuin and IgG1 were strictly existent as
A108 variants starting with NH,-LQKIWKNYLS whereas batches with lower activities on
acceptor proteins contained mixtures of truncated products ranging from Alll (NH,-

IWKNYLS) to A114 (NH,-NYLS). Apparently, the presence of the A108ST6Gal-I construct

10
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correlated well with the observed transfer activities. Interestingly, A108ST6Gal-I was still
very active even though significant parts of the predicted catalytic domain were missing. This
is contradicting to previous studies [25, 26] reporting that the conserved sequence
QVWxKDS covering residues 94-100 is crucial for activity. Proceeding degradation from
A108 to A114 drastically reduced and almost abolished enzyme activity as demonstrated for
A48ST6Gal-I which ended up in 100 % of A114. Since only low amounts of A111 and A112
were found we assumed that the degradation from A108 to Al14 proceeds very fast. The
results strongly support that not only the stem region but also carboxyl-terminal sequence
parts of the predicted catalytic domain are highly sensitive to proteolytic processing events
like they occur also in nature. Glycosyltransferases are type II membrane proteins and
retained in the Golgi apparatus. However, some of the enzymes are cleaved by endogenous
proteases and secreted out of the cell [31]. These proteolytic cleavage events frequently occur
in the stem region and release a catalytically active fragment of the glycosyltransferases [31].
Hence, glycosyltransferases have been initially isolated from various body fluids [32]. Soluble
ST6Gal-I has been purified first from goat, bovine, and human colostrum [33] and from rat
liver missing 63 aa from the N-terminus of the enzyme [29]. Recently, it has been
demonstrated that the B-amyloid-converting enzyme 1 (BACE!) is responsible for cleavage
and secretion of human ST6Gal-I into the plasma [34]. BACEI is a membrane-bound aspartic
acid protease that cleaves the amyloid precursor protein to produce the neurotoxic amyloid B-
peptide, which is a crucial initiation process of the pathogenesis of Alzheimer's disease.
Investigation of this proteolysis by incubation of rat ST6Gal-I (88 % similarity to human
ST6Gal-I) with BACE1 revealed that the enzyme was first cleaved between Leu’’ and GIn®®
to generate the sequence Gln**-Ala**-Lys**-Glu*'-Phe** at the N-terminus. In a second step,
peptide GIn**-Ala*-Lys*’ was trimmed by luminal aminopeptidase(s) yielding Glu*' as the N-

terminal amino acid of the soluble ST6Gal-I. It is assumed that the generation of soluble

11
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ST6Gal-I by BACEL is needed for the sialylation of soluble plasma glycoproteins to protect
them from clearance by the hepatic asialoglycoprotein receptors [34]. This two-step process
of proteolytic degradation bears certain resemblance to the degradation of human ST6Gal-I
during expression in yeast concerning the way it proceeds. The cleavage started between
Arg'® and Leu'” and proceeded to Asn'" in Leu'®-GIn''*-Lys'""-Ile' - Trp' *-Lys'"*-Asn'°-
Tyr''®. In both cases the final cleavage takes place after a Lysine residue. The proteolytic
sensitivity of the stem region is highly relevant for physiological processes but strongly

affects the stability during expression in yeast.

Expression and characterization of FLAG-A108ST6Gal-I

In order to confirm the activity of the newly identified A108ST6Gal-I variant and to evaluate
its potential for large scale application, the variant was cloned into pPICZoB and expressed in
P.pastoris KM71H. Now, the hydrophilic FLAG-Tag peptide was N-terminally fused to the
protein for protection against proteolysis yielding FLAG-A108ST6Gal-1. SDS-PAGE analysis
of culture supernatants drawn at certain time points after induction (Fig.3, A) revealed that
FLAG-A108ST6Gal-I was produced and secreted in unexpected high amounts and purity.
Apparently, deletion of the first 108 aa of human ST6Gal-I enhanced the folding and
solubility of the enzyme significantly and improved the secretion rates without overloading
the secretory pathway of P.pastoris.

At all time points, two protein bands, running closely together at about 40 kDa, appeared at
the SDS-PAGE. Immunodetection with anti-o2,6ST6 generated two signals (Fig.3, B). After
stripping, the membrane was re-used for detection with anti-FLAG which recognized solely
the upper protein band (Fig.3, C). The results indicated that variant FLAG-A108ST6Gal-I was
not only present as the entire protein but also as an N-terminally truncated variant lacking the

FLAG-Tag and presumably a few amino acids of the catalytic domain. The weaker signals
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obtained with anti-FLAG might probably be caused by the re-usage of the membrane after
stripping and do not reflect original protein concentrations. In contrast to the A27-
A89ST6Gal-I variants, no further proteolysis to smaller degradation products did occur, which
provides evidence for an improved stability of FLAG-A108ST6Gal-I. Due to the highly
similar surface charges the two protein bands could not be completely separated by ion
exchange chromatography. Hence, a FLAG-A108ST6Gal-I variant comprising a certain
percentage of truncated and therefore less active or inactive protein was used for further
characterization.

So far, only little information has been published on specific activities of ST6Gal-I. This
might be attributed to the poor availability of the enzyme. ST6Gal-I isolated from human liver
revealed a transfer activity of 1.2 U/mg using CMP-9F-Neu5Ac and asialofetuin as donor and
acceptor substrate, respectively [30]. Specific activities of 6:10° U/mg [23] and 3-10* U/mg
[35] were obtained for the sialyltransfer from CMP-["*C]-Neu5Ac towards asialofetuin for the
human full-length ST6Gal-1 expressed in Saccharomyces cerevisiae before and after up-scale
(150-L bioreactor). Expression of a human ST6Gal-I construct, lacking the transmembrane
domain, in insect cells yielded an enzyme preparation with 1.6 U/mg towards asialofetuin
when assayed with the radio-labeled sugar donor [36]. In this work, the specific activity of
FLAG-A108ST6Gal-I was not only determined towards high- but also towards low-molecular
weight acceptors (Table 2). Using an HPLC-based assay, specific activities of 0.05 and 0.18
U/mg were obtained for asialofetuin and lactosamine, respectively. These values are
intermediate to the specific activities reported above. However, comparison with data from
literature has to be treated with caution, due to the different assay conditions used and the
great variation in enzyme length and glycosylation pattern. But not only transferase activity is
an important parameter for enzyme usability in biocatalysis. In general, the main obstacle for

application of glycosyltransferases is the presence of different hydrolytic side reactions [37].
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Therefore, we also had a look on sialidase activity and donor sugar hydrolysis. While 02,6~
sialidase activity was not observed within the detection limit of 10’5-U/mg, CMP-Neu5Ac was
hydrolyzed with a specific activity of 0.03 U/mg (Table 2). This hydrolase activity of human
A108ST6Gal-I is substantial, however, it is still 100-fold lower compared to bacterial
sialyltransferases [38, 39]. In-situ generation of sugar nucleotides could partially compensate
for the loss in efficiency of bacterial counterparts [40, 41]. Few relevant protein engineering
strategies are reported which rely on a more detailed understanding of the underlying
molecular mechanism [38]. However this is beyond the scope of this work.

Minimizing of the catalytic domain to a A108 construct and N-terminal fusion of a FLAG-Tag
could remarkably improve the stability of ST6Gal-I during enzyme production (Fig.4).
Nevertheless, proteolytic degradation did still occur to a certain degree during expression in
shake flasks. It is known that temperature, pH and medium composition strongly influence the
proteolytic activity of P.pastoris [42]. Hence, FLAG-A108ST6Gal-I was produced in a 5-L
fed-batch bioreactor which offered the opportunity to tightly control the process conditions
for potential reduction of proteolysis during the long expression phase. Expression of FLAG-
A108ST6Gal-1 was performed at 20 °C and pH 5.2 for 48 h. The culture supernatant was
purified via anion exchange chromatography. Typically, 4.5 mg of purified protein were
obtained from 1 L fermentation supernatant.

Analysis of the N-terminus by Edman degradation confirmed that 85 % of the deglycosylated
enzyme was present as the entire protein and only low amounts of enzyme were degraded to
A114 (10 %) and A115 (5 %). In comparison, only 50 % of A108 but also 50 % of A114 was
detected in shake-flask experiments (data not listed). However, the specific activity (33
RFU/pg) was not significantly increased compared to a value of 20 RFU/pg obtained from
shake-flask expression. Summing up, no substantial reduction in proteolysis during

expression could be achieved under the fed-batch conditions used. Moreover, FLAG-
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A108ST6Gal-I did only form 14 % of the G2+1SA N-glycan when assayed towards IgG1 and
no G2+2SA N-glycan product was obtained at all. This is an interesting finding because
variant A62ST6Gal-1, which was fully degraded to A108 (Table 1), showed 60-80 % G2+1SA
and 15-30 % G2+2SA formation. It can be speculated that the N-terminal FLAG-Tag has a
negative effect on enzyme activity although it is beneficial during enzyme expression. A
study on acceptor substrate specificity revealed a similar observation [25]. The transfer
efficiency was decreased up to 6-fold for truncated enzymatic forms (A28-A80) carrying an
N-terminal Flag-Tag compared to the full-length enzyme. Ronin and co-workers [30]
postulated that parts of the stem-region might participate in formation of the acceptor binding
pocket. A recent crystal structure of human ST6Gal-I in complex with a high-molecular
substrate [20], shows important interactions of residues 108-122 with the glycan acceptor.
These residues are located on a helix which is involved in formation of the binding pocket.
These observations support the hypothesis that linkage of a negatively charged FLAG-Tag is
disordering secondary structure formation and thereby reducing the enzyme’s activity.
Nevertheless, for the first time we were able to prove activity of a A108ST6Gal-I construct,
while a deletion of 100 aa led to complete inactivation of human ST6Gal-I when transiently

expressed in CHO cells [25].

Conclusions

Precise analysis of degradation products, which were obtained during expression of N-
terminally truncated human ST6Gal-I variants in P.pastoris KM71H, led to the identification
of a minimal catalytic domain corresponding to A108ST6Gal-1. So far, it has been reported in
literature that the deletion of more than 100 amino acids completely abolished enzyme
activities. In this work we have demonstrated that N-terminal truncation of 108 amino acids

not only maintained the activity but also increased the solubility of ST6Gal-I significantly.
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Additionally, expression of the N-terminal Flag-tagged A108ST6Gal-I clearly indicated an
improved stability of the enzyme against proteolysis. FLAG-A108ST6Gal-I catalyzed the
transfer of sialic acid to the galactosyl residues of a humanized antibody which verified the

potential for in-vitro glycosylation of therapeutic proteins.
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Materials and Methods

Chemicals, Strains and Vectors

E. coli XL-1 Blue, P.pastoris KM71H and vector pPICZoB were purchased from Invitrogen
(Austria). Asialofetuin, CMP-Neu5Ac, CMP-9F-Neu5Ac and cOmplete protease inhibitor
tablets were obtained from Roche (Germany). Anti-a2,6-Sialytransferase© Rabbit IgG
Antibody solution was purchased from IBL (Japan, #1898), monoclonal anti-polyHis from

Sigma-Aldrich (Germany).

General recombinant DNA techniques

Phusion DNA Polymerase (Finnzyme) and dANTP’s from MBI Fermentas (Germany) were
used for PCR. The PCR was performed in a Gene Amp® PCR 2200 thermocycler (Applied
Biosystems, USA). Digestion of DNA was performed with restriction endonucleases from
New England Biolabs (USA). Wizard ® Plus SV Minipreps DNA Purification System
(Promega, Germany) was utilized to prepare plasmid DNA. PCR products and DNA
fragments were purified by the Wizard ® SV Gel and PCR Clean-up System (Promega,

Germany).

Construction and transformation of the recombinant plasmids

The gene coding for the human ST6Gal-I lacking the transmembran anchor (A27ST6) was
codon optimized for P.pastoris and synthesized by the GeneArt® Gene Synthesis Service
(Life Technologies, Germany). The synthesized DNA fragment was digested with Xkol and
Notl and cloned into pPICZoB behind the o-factor yielding pPICZaB_A27ST6 (Fig.4). The
DNA fragment included the Xhol restriction site, the P.pastoris Kex2 protease cleavage site,

an ALE-6xHisTag coding peptide, the Ndel restriction site, the optimized gene, the stop
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codon and the Nofl restriction site. The respective truncated versions A27ST6Gal-I,
A48ST6Gal-1, A62ST6Gal-1, ABIST6Gal-I and A108ST6Gal-I of the gene encoding human
ST6Gal-1 were amplified by PCR from pPICZaB_A27ST6 using the primers listed in Table 4.
The following conditions were employed for PCR amplification (30 cycles): 98 °C for 30 s,
98 °C for 10 s, 62 °C for 25 s, 72 °C for 40 s and 72 °C for 7 min with Phusion® DNA
polymerase. The PCR mixtures were purified, digested with Ndel/ Notl, ligated into
pPICZoB_A27ST6 restricted with Ndel/ Nofl and transformed into E.coli XL-1 Blue. Identity
of the cloned genes was confirmed by DNA sequencing.

Introduction of the N-terminal FLAG-Tag (Fig.4) was performed by PCR using plasmid
pPICZoB _A108ST6 as template and the primer pair 5’-TATCTCTCGAGAAAA-
GAGATTACAAGGATGACGACGATAAGTTGCAGAAGATTTGGAAGAACTACTTGC-
CATGAACAAG-3’ for amplification. The reaction was performed with Phusion® DNA

polymerase accordingly to the manufacturer's instructions.

Transformation and selection for multi-integration events

About 1 png of each plasmid was linearized with Sacl and transformed into 80 pL of freshly
prepared competent cells of KM71H by electroporation at 1500 V, 25 pF and 600 Q using a
Gene Pulser (BioRad). Transformed cells were plated out on agar plates supplemented with
100 pg/mL Zeocin and incubated at 30 °C. Transformants were cultivated in microtiter plates
and screened for multiple plasmid integration events on agar plates using Zeocin

concentrations from 100 — 2,000 pg/mL. Selected clones were stored in MTP at -80 °C.

Expression of ST6Gal-1

Expression in Deep Well plates
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Transformants were cultivated in deepwell plates (96-well format) in a Multitron II stackable
incubation system (Infors, Bottmingen, Switzerland). Briefly, following a 12 h long
incubation in 600 uL. BYPD medium (1 % yeast extract, 2 % peptone, 2 % glucose, 200 mM
potassium phosphate buffer pH 7) at 320 rpm, 28 °C and 80 % air humidity, cells were
induced by addition of BBM (1 % glycerol, 1.34% yeast nitrogen base, 4x10™ % biotin, 1 %
(v/v) methanol, 200 mM potassium phosphate buffer pH 7). Following induction cycle was
performed: 12 h 0.5 % MeOH — 12 h 1 % MeOH — 12 h 0.5 % MeOH — 12 h 1 % MeOH.
After 48 h of induction, cells were harvested by centrifugation (4 °C, 2000 rpm, and 20 min).

Culture supernatants and cell pellets were used for analysis of activity and expression levels.

Expression in shake flasks

Transformants were used to inoculate a 1-L baffled shake flask containing 200 mL BMGY
broth (1 % yeast extract, 2 % peptone, 1 % glycerol, 4x10”° % biotin, 100 mM potassium
phosphat buffer pH 6). The cultures were incubated at 28 °C, 250 rpm for approximately 16-
18 h until an ODgg of 2-6 was reached. The cells were harvested by centrifugation at 3,000 x
g for 5 min and the cell pellet was resuspended in 1/10 of the original volume (20 mL). The
culture was placed in a 100-mL baffled shake flask. Expression was induced by the addition
of methanol to a final concentration of 0.5 %. Samples were collected after 48, 72, 96 and 120

h of induction and stored at -20 °C.

5-L Fermentation

After transformation of the human A108ST6Gal-I gene into P.pastoris KM71H, cells were
grown in a defined glycerol medium at 30 °C and pH 5.2 until an ODs75 of 200 was reached.
The temperature was reduced to 20 °C and expression was induced by feeding the cells with

methanol. At a final ODs7g of 400 the culture medium was cooled to 4 °C and the cells were
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separated by centrifugation. The supernatants containing A108ST6Gal-I were stored at -20

°C.

Purification of ST6Gal-1

From shake flasks

A two-step work-up procedure was used. In a first step, the culture supernatant was
centrifuged (10 min at 3,000 rpm), filtrated (0.2 pm) and dialyzed against 20 mM potassium
phosphate, pH 7.0. The dialysate was loaded onto a HisTrap HP FF 5-mL column (GE
Healthcare, Germany) at a flow rate of 2 mL/min. After a washing step of 10 column
volumes, the enzyme was eluted with a linear gradient of 0-500 mM imidazol within 10
column volumes. Fractions of 2-mL were collected and analyzed by SDS-PAGE.
Sialyltransferase containing fractions were pooled and buffer was exchanged to 50 mM MES,

pH 6.5.

From 5-L fermentation

A similar work-up procedure, as described above, was used. In a first step, two liters of
supernatant were centrifuged (15 min at 8,500 rpm), filtrated (0.2 pm), dialyzed against 20
mM potassium phosphate, pH 6.5 (buffer A) and concentrated. The dialysate was loaded onto
an S-Sepharose FF column (5.0 x 5.1 cm), equilibrated with buffer A. After washing with 600
mL buffer A, the enzyme was eluted with a linear gradient of 0-200 mM NaCl within 200 mL.

Fractions (50 mL) were analyzed by SDS-PAGE.

SDS-PAGE and Immunoblotting
Analytical SDS gel electrophoresis was carried out using NuPAGE gels (4-12 %, Invitrogen).

Samples (36 pL) were diluted with 12 pL. NuPAGE LDS sample buffar (Invitrogen) and
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incubated for 2 min at 85 °C. Aliquots, typically containing 5 pg of protein were loaded on
the gel. The gels were stained using SimplyBlue SafeStain (Invitrogen).

For Dot Blot analysis, 5 uL of the culture supernatant from deepwell cultivation were loaded
onto a Biodyne® A nylon 6.6 membrane (pore size 0.45 pm, Pall Corporation, Germany) and
tried for 1 h at 60 °C. For Western Blot analyses, protein samples were separated by SDS-
PAGE and blotted onto PVDF Transfer membranes (Amersham Hybond-P, GE Healthcare).
Dot Blots and Western Blots were treated similarly for receptor detection: the membranes
were washed twice with 20 mL TBS for 7 min at room temperature with shaking and blocked
for 1 h at room temperature in TBS buffer (10 mM Tris HCIL, pH 7.5 and 150 mM NacCl)
containing 3 % (w/v) BSA. After 2x washing with TBS-Tween/Triton buffer (20 mM Tris
HCI pH 7.5, 500 mM NaCl, 0.05 % (v/v) Tween 20, 0.2 % (v/v) Triton X-100) and 1x
washing with TBS buffer (for each time at room temperature, 7 min with shaking), the
membranes were incubated with the Anti-02,6-Sialytransferase© Rabbit IgG Antibody
solution (2 pg/mL dilution in blocking buffer of antibody) at room temperature for 1 h. The
membranes were washed twice for 7 min with TBS-Tween/Triton buffer at room temperature
and incubated with 7.5 mL of SuperSignal West Pico Substrate Working Solution for 3 min.

Detection was performed using the G:Box F3 (Syngene).

Mass spectrometry

The molecular masses of variants of human ST6Gal-I expressed in P.pastoris were analyzed
by mass spectroscopy. Therefore, the deglycosylated forms of human ST6Gal-I were prepared
and analyzed using Micromass Q-Tof Ultima and Synapt G2 HDMS devices (Waters UK)
and the MassLynx V 4.1 software. For deglycosylation, samples were denatured and reduced;
45 pL denaturing buffer (6 M guanidine hydrochloride) and 13 pL TCEP (0.1 mM, diluted in
denaturing buffer) were added to 100 ng sialyltransferase. An appropriate volume of ultrapure

water was added to reach an overall concentration of about 4 M of guanidine hydrochloride.
21

123



Human a2,6-sialyltransferase expressed in Pichia pastoris

After incubation of the sample for 1 h at 37 °C the buffer was changed using a Bio-SpinR 6
Tris column (BioRad), which was pre-equilibrated with ultrapure water. The whole sample
was applied onto the column and eluted by centrifugation. To the resulting eluate, 5.5 pL of a
0.1 U/uL solution of PNGase F was added and the mixture was incubated at 37 °C overnight.
Afterwards the samples were adjusted to 30 % ACN and 1 % FA and analyzed by

electrospray ionization mass spectrometry.

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.

Activity assays

Fluorescence-based assay

Enzymatic activity was determined by measuring the transfer of fluorescence-labeled sialic
acid to asialofetuin according to the literature [20]. Enzymatic activity was expressed as
RFU/pg (relative fluorescence unit). 10,000 RFU/ug correspond to a spedfic activity of 0.084

U/mg.

HPLC-based assay

The reaction mixture consisted of 0.75 mM CMP-Neu5Ac, 10 mM lactosamine or 0.35 mM
asialofetuin and 1 pM purified enzyme solution in 20 pL of 50 mM MES, pH 6.5 containing
0.1 % Triton X-100. The enzymatic reaction was carried out at 37 °C and 300 rpm. All assays

were performed in duplicate. The enzymatic reaction was stopped after a certain time of
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incubation by quenching on ice and addition of 40 pL of ice-cold acetonitrile. The reaction
mixture was centrifuged at 4 °C, 13,000 rpm for 3 min to remove precipitated protein. After
appropriate dilution, 10 pL were injected to HPLC analysis using a Chromolith®
Performance RP-18 (100 x 4.6 mm; Merck Chemicals, Germany) 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 a linear gradient from 0-2 % acetonitrile in 3 min followed by 2-25
% acetonitrile in 7 min and detected by UV at 254 nm. The increase of CMP and the decrease
of CMP-Neu5Ac were recorded. One unit (1 U) was defined as the amount of enzyme that
could transfer 1 pmol of sialic acid per min to lactosamine under the conditions described

above.

Hydrolase and Sialidase assay

The reaction mixture for determination of CMP-Neu5SAc hydrolase activity consisted of 0.75
mM of CMP-Neu5Ac and 1 pM of purified enzyme in 20 pL of 50 mM MES, pH 6.5
containing 0.1 % Triton X-100. Reactions were allowed to proceed for 0.5, 10, 15, 30 and 60
min at 37 °C and 300 rpm. The reaction products were analyzed by HPLC as described above.
The reaction mixture for determination of 02,6-sialidase activity consisted of 1.5 mM of 6’-
sialyllactosamine, 0 or 1.0 mM CMP and 1 uM of purified enzyme in 20 pL of 50 mM MES,
pH 6.5 containing 0.1 % Triton X-100. Reactions were allowed to proceed for up to 22 h at 37
°C and 300 rpm. The reaction products were analyzed by HPAE chromatography on a Dionex
BioLC system equipped with a CarboPac® PA200 column (3 x 250 mm; Thermo Fisher
Scientific Inc., Dionex) and a CarboPac® guard column. 25 pL of sample were injected and
eluted using an isocratic concentration of 100 mM NaOH with 40 mM sodium acetate and a

flow rate of 0.5 mL/min at 30°C. An ED50 electrochemical detector with a carbohydrate
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certified gold working electrode was used for pulsed amperometric detection (PAD) in the
carbohydrate waveform (as recommended from the supplier). Increase of sialic acid and

decrease of 6’-sialyllactosamine was recorded.

Sialylation of monoclonal antibody

A highly galactosylated humanized monoclonal antibody IgGl was used in sialylation
experiments. The reaction mixture contained IgGl (300 pg in 54 pL 35 mM sodium
acetate/Tris buffer pH 7.0), the donor substrate CMP-Neu5Ac (150 pg in 50 pL water) and
sialyltransferase (30 pg in 26 pL 20 mM potassium phosphate, 0.1 M NaCl pH 6.5). The
samples were incubated at 37 °C for a defined time. To stop the reaction 100 pnL denaturing
buffer (6 M guanidine hydrochloride) and 30 pL TCEP (0.1 mM, diluted in denaturing buffer)
were added to the samples and the samples were incubated 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+0SA, G2+1SA and G2+2SA N-glycans was determined.
A Micromass Q-Tof Ultima and a Synapt G2 HDMS device (Waters UK) and the MassLynx

V 4.1 software were used.

Abbreviations

RFU: Relative Fluorescence Unit; BYPD: Buffered Yeast extract Peptone Dextrose; BMGY:
Buffered Glycerol-complex Medium; TBS: Tris Buffered Saline; FA: Formic Acid; HPAE
chromatography: High-Performance Anion-Exchange Chromatography; TCEP: Tris(2-

CarboxyEthyl)Phosphine
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Figure legends

Figure 1 Structural domains of human ST6Gal-I (data base entry P15907).
Italics: cytosolic domain (aa 1-9). Bold: transmembrane domain (aa 10-27). Underlined: stem-
region (aa 28-62). Bold and Italics: potential N-glycosylation sites. N-termini of truncated

variants are indicated by a grey arrow.

Figure 2. Expression of N-terminally truncated ST6Gal-I variants in P.pastoris KM71H
in the absence (-PI) and presence (+PI) of protease inhibitors. WB analysis of
fermentation supernatants (each 600 pL, precipitated with 20 % TCA). Immunodetection with

HRP conjugated anti-02,6ST6.

Figure 3. Expression analysis of human FLAG-A108ST6-WT in P.pastoris.
Analysis by A) SDS-PAGE and Western Blot using B) anti-a2,6ST6 and C) anti-FLAG for
detection. Lane I: Novex sharp protein standard; lane 2-6: fermentation supernatant (300 pL

TCA precipitated) after 24, 48, 72, 96 and 120 h of induction in shake flasks.

Figure 4 Schematic representation of the pPICZaB-based P.pastoris expression vectors
employed in this study. pAOXI1: alcohol oxidase 1 gene promoter; a-factor: coding region
for the signal sequence of S. cerevisae o-mating factor; 6xHis: coding sequence for 6
histidines; Flag: coding sequence for the Flag-Tag; Kex2: coding sequence for Kex2 protease
cleavage sites; human ST6Gal-I: coding sequence for the truncated variants of human

ST6Gal-1.
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Supporting Information 1. SDS-PAGE of purified ST6Gal-I expressed in P.pastoris
KM71H with protease inhibitors. Lane 1: A62ST6Gal-I; lane 2: A48ST6Gal-I; lane 3:

A89ST6Gal-I; lane 4: Novex Sharp Protein Standard.

Supporting Information 2. TLC based activity assay. Lane I, reaction catalyzed by
purified FLAG-A108ST6 enzyme; lane 2, standard 6’-sialyl-N-acetyl-lactoseamine; lane 3,
standard N-acetyl-lactoseamine. The reaction mixture (20 pL), containing 1 mM CMP-
Neu5Ac, 2 mM N-acetyl-lactosamine, 0.8 uM enzyme, was incubated at 37 °C, 300 rpm for
24h. The reaction was stopped by addition of CTP in a final concentration of 2 mM. Samples
were analyzed by TLC using silica plates (DC Alufolien, Kieselgel 60; Merck). 12 pL of the
reaction mixture were loaded onto the plate. A mixture of n-butanol/acetic acid/H,O in a ratio
of 2:1:1 was used as mobile phase. The developed TLC plates were stained with

thymol/H,SOy4 (0.5 g thymol, 95 mL ethanol, 5 mL 97% sulfuric acid) at 120 °C.
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Tables
Table 1. Analytic data of N-terminally truncated ST6Gal-I constructs.
IgG1 Asialofetuin
Construct Intens.ity of variant MS Analysis | Truncation
in ESMS [%] G2+1SA | G2+2SA Fetuin
[%] [%] [RFU/ng]
A48ST6Gal-1 100 NYLS... Al14 7 0 n.d.
A62ST6Gal-1 75 NYLS... Al14 22 0 70
25 WKNYLS... Al12
A62ST6Gal-1 30| LQKIWKNYLS.. A108 29 0 208
70 NYLS... All4
A62ST6Gal-1 50| LQKIWKNYLS... A108 51 0 186
20 NYLS... All4
15 IWKNYLS... Al11
10 WKNYLS... Al12
A62ST6Gal-1 100| LQKIWKNYLS... A108 63 34 664
A62ST6Gal-1 100| LQKIWKNYLS... A108 82 15 689

n.d. not detectable

Table 2. Multifunctionality of human FLAG-A108ST6Gal-I.

Enzyme activity Donor Acceptor | Specific activity [U/mg]
02,6-Sialyltransferase CMP-Neu5Ac Lactosamine 0.18£0.01

CMP-Neu5Ac Asialofetuin 0.05+0.01
CMP-Neu5Ac hydrolase CMP-Neu5Ac - 0.03 +£0.01
02,6-Sialidase 6’-Sialyllactosamine - n.d.

n.d., not detectable

Table 3. Analytic data of human FLAG-A108ST6Gal-I expressed under fed-batch conditions.

Intensity IgG1 | Asialofetuin
Construct ofnvgl;;;lst MS Analysis | Truncation
(%] G2+1SA | G2+2SA Fetuin
° [%] [%]|  [RFU/ng]
FLAG-A108ST6Gal-1* 85 | DYKDDDDKLQKIWKNYLS... A108 14 0 33
10 NYLS... All14
5 YLS... All5

*The FLAG-A108ST6Gal-I construct was obtained from a 5-L fermentation.
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Table 4: Primer sequences for truncation of human ST6Gal-1.

Primer name Nucleotide sequences

A48 hST6Gal-1L.FW 5’-CTGGAGATACT CATATG AAA TCC TTA GGC AAG TTA GCT ATG GGG T-3°
A62_hST6Gal-L.FW 5’-CTGGAGATACT CATATG GTT TCC TCA TCC TCC ACT CAA GAC C-3’

A89 hST6Gal-L.FW 5’-CTGGAGATACT CATATG GAA GCT TCT TTC CAG GTT TGG AAC AAG GAC -3’

A108_hST6Gal-1.FW 5’- ATCATCATATG TTG CAG AAG ATT TGG AAG AAC TAC TTG TCC ATG -3’

hST6Gal-1.LREV 5’-CTGGAGATACT GCGGCCGCTCAACAGTG -3’
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Figure 1 Structural domains of human ST6Gal-I (data base entry P15907).
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Figure 2. Expression of N-terminally truncated ST6Gal-I variants in P.pastoris KM71H in the
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Appendix pH dependency of multifunctional PdST

(A) (B)
40 N 35
A 30 1 &
30 1 &
5 A S 25 1 o
) B ]
§ 20 A A g 20
c =z 15 1 *
8 10 A A 8 10 1
R A R M LS &
0 E a | m] ﬁ 5 .
0 .
3 4 5 6 7 8 9 3 4 5 6 7 8 9
pH pH

Fig. 1. pH profiles of a2,3-sialidase activity (A) and a2,3-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
Neu5Aca2,3Gal-oNP (diamond) was followed.
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Structures of wild-type PdST and of mutants thereof

Tea Pavkov-Keller', Andrzej Lyskowski'

'Austrian 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-gGal (5 mM final
concentration). The total drop volume was 1 pL 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/HCI 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-BGal 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 lll, 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 REFMACS5 [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 1121 space group with unit cell dimensions a=79.5 A, b=56.5
A, c=110.2 A, a=y=90° and B=110.1°. Data were collected to 2.5 A. 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 A. Crystals
belong to C2 space group with the unit cell dimensions a=111.2 A, b=56.9 A, ¢=79.7 A, a=y=90°
and B=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-BGal. 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 C222, space group with unit cell dimensions 75.6 A, 140.5 A,
80.7 A, a=p=y=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 A, ¢=62.4 A, a=B=90° and
y=120° (space group P6s).

The diffraction obtained for all measured crystals extends in the 1.7-2.5 A 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 ym (A and B) and 500 um (C, D, E).
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(B)

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.
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(A) (B)

(©) (D)

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.
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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 uL using 0.3 uM 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 Dpnl (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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N85

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 PAST is in the closed conformation and was obtained using structure modeling
with the program YASARA [6]. A H85N (His''? in PmST1) and a M117A (Met™* 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 His® is highlighted.

Table 2. Kinetic data for the a2,3-sialyltransferase activity of wild-type PdST and H85N mutant with
oNP-BGal as acceptor substrate.

WT H85N
K, [MmM] 2.5+0.3 -
Viax [MM/min] (8.1+0.3)10™ -
Vimax! Ko [Min™"] - (4.1+£0.1)10°
Koat [s'] 1.3-10" -
Kead K [s"-mM] 5.4 6.8:102
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Fig. 7. Kinetic data determination for the a2,3-sialyltransferase activity of wild-type PdST (A) and
H85N mutant (B) with oNP-BGal as acceptor substrate. The reaction mixture (20 uL), containing 10
mM CMP-Neu5Ac, 0.5 mM to 11 mM oNP-BGal, 1 yM 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). Tyr*® forms a hydrogen bond to Ser'?,
which hydrogen bonds to the N-acetylgroup of Neu5Ac. Tyr’®® is within 4A to Ser*®® and Ser®®,
which form hydrogen bonds to the CMP-phosphate group. A Y361L (Tyr*® 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 (Tyr®® in PmST1; Tyr®®' in PdST) of the C-terminal
domain forms a hydrogen bond to Ser/Thr (Ser'* in PmST1; Thr'"® in PdST) of the N-terminal
domain. It was reported for PmST1 that both Ser® and Tyr*®® 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].
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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)NeuSAc and lactose are shown (colored by
element). Pro® (Pro*" in PmST1) is an important residue for correct positioning of the catalytic
His (His®* in PdST; His®"" 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 (Pro*' in
PmST1) variant of PAST was created by site-directed mutagenesis.
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Fig. 11. Time course of the enzymatic synthesis of Neu5Aca2,3Gal-oNP using wild-type (A) [6],
H85N (B), M117A (C), Y361L (D) and P285H (E) variants of PdST. oNP-BGal, open circle;
Neub5Aca2,3Gal-oNP, filled circle; CMP-Neu5Ac, open triangle; CMP, closed reverse triangle. The
reaction mixture (20 pL), containing 1 mM CMP-Neu5Ac, 1 mM oNP-BGal, 0.5 pM (wild-type) or 1
MM (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 PAST. CMP-Neu5Ac, open triangle; CMP, closed
reverse triangle. The reaction mixture (20 yL), containing 1.58 mM (wild-type) or 1 mM (PdST
variants) CMP-Neu5Ac, 0.5 uM (wild-type) or 1 uM (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-BGal using
wild-type (A), H85N (B), M117A (C) and Y361L (D) variants of PdST. oNP-BGal, open circle;
Neu5Aca2,3Gal-oNP, filled circle. The reaction mixture (20 pL), containing 1.58 mM 3'-
sialyllactose, 1.58 mM oNP-BGal,, 1 uM (wild-type) or 5 uM (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 pL),
containing 1 mM CMP-Neu5Ac, 1TmM lactose, 1 yM 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.
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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 uL),
containing 1 mM CMP-Neu5Ac, 1mM lactose, 1 yM 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 Neu5Aca2,3Gal-oNP (3’-sialyl-oNP-BGal) and
Neu5Aca2,6Gal-oNP (6°-sialyl-oNP-BGal) using wild-type (A), P7H (B) and P7H-M117A (C) variant
of PdST. Neu5Aca2,3Gal-oNP, filled circle; NeuS5Aca2,6Gal-oNP, filled square; CMP-Neu5Ac,
open triangle; CMP, closed reverse triangle. The reaction mixture (20 uL), containing 1 mM CMP-
Neu5Ac, 10 mM oNP-BGal, 1 yM 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-BGal by wild-type and
variants of PdST.?

3 -sialyl-oNP-pGal 6 -sialyl-oNP-BGal
[U/mg] [%]° [U/mg] [%]°
WT 7.6 100 0 0
P7H 54 80 1.6 20
P7H-M117A 6.8-10™ 30 2.3 70

Sialyltransferase activity was assayed in a total volume of 20 L using 50 mM sodium phosphate buffer, pH 8.0.
Reaction mixture contained 1 mM CMP-Neu5Ac, 10 mM acceptor (oNP-BGal), 1 yM 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).

®Yields were calculated based on CMP-Neu5Ac.
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cCoor
HO OH
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Fig. 17. NMR-Experiments performed for the identification of 6’-sialyl-oNP-BGal. '"H NMR (500
MHz) and "®C 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-BGal,
CMP-Neu5Ac and Neu5Ac was dissolved in D,O and 'H 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 CH, 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. Hansjorg Weber from the Graz University of Technology
for the NMR analysis.
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NO,
2 ONP
1
3
6 4
5
Table 5: Assignment of 'H and '3C chemical shifts and coupling constants
NeuSAc Gal oNP
'H J (Hz) Bc g J (Hz) Bc H J (Hz) B¢
1 173.8 5.10 d, 7.6 102.2 149.9
2 100.8 3.76 71.7 139.8
3ax 1.59 dd, 12.2 40.1 3.68 71.8  7.90 d, 8.1 125.8
3eq 2.67 dd, 12.2,4.7
4 3.62 69.2 3.90 69.6 7.18 t, 8.1 123.4
5 3.9 52.1 3.89 74.5 7.65 t, 8.1 135.7
6 3.56 74.3 3.75 63.1 742 d, 8.1 117.8
6 3.65
7 353 69.5
8 3.85 72.3
9 357 63.4
10 175.4
11 1.96 223

The chemical shifts of "H and '*C NMR signals are expressed relative to internal HOD = 4.75 ppm (303
K) and external 1,4-dioxane = 69.1 ppm (303 K) respectively.

The author gratefully acknowledges Dr. Hansjorg 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-BGal
catalyzed by wild-type, P7H and P7H-M117A variants of PdST. Authentic Neu5Aca2,3Gal-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), 59 min (oNP-gGal), 7.9 min

(Neu5Aca2,6Gal-oNP) and 10.1 min background.
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