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Chemoenzymatic synthesis of para-nitrophenol (pNP)-tagged
a2-8-sialosides and high-throughput substrate specificity
studies of a2-8-sialidases'’

Nova Tasnima?, Hai Yu?, Yanhong Li2, Abhishek Santra?, and Xi Chen®"
aDepartment of Chemistry, University of California, One Shields Avenue, Davis, CA 95616, USA

Abstract

para-Nitrophenol (oNP)-tagged a2—-8-linked sialosides containing different sialic acid forms were
chemoenzymatically synthesized using an efficient one-pot three-enzyme a.2-8-sialylation system.
The resulting compounds allowed high-throughput substrate specificity studies of the a2-8-
sialidase activity of a recombinant human cytosolic sialidase hNEU2 and various bacterial
sialidases. The sialoside substrate profiles obtained can be used to guide the selection of suitable
sialidases for sialylglycan analysis and for cell and tissue surface glycan modification. They can
also be used to guide sialidase inhibitor design.

Abstract

Probes for substrate specificity studies of a2-8-sialidases: para-Nitrophenyl a2-8-sialosides
containing different sialic acid forms were synthesized using an efficient one-pot multienzyme
(OPME) a2-8-sialylation system and used as probes for high-throughput substrate specificity
studies of a2-8-sialidase activities of a human and five bacterial sialidases.
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Introduction

Sialic acids are a family of monosaccharides named nonulosonic acids (9-carbon a-keto
acids). They are commonly presented as the outermost monosaccharides on the carbohydrate
moieties of cell surface glycoproteins and glycolipids in vertebrates and are directly involved
in inflammation, immune regulation, cell interactions, bacterial and viral infection, and other
important biological and pathological processes.1=3 Variations on the C-4, 5, 7, 8, and 9
positions of sialic acids are common. Among more than 50 naturally occurring sialic acid
forms, the most common A-acetylneuraminic acid (Neu5Ac), the non-human sialic acid A-

TElectronic Supplementary Information (ESI) available: 1H and 13c NMR spectra for products. See DOI: 10.1039/x0xx00000x
xiichen@ucdavis.edu; Fax: +1 530 752-8995; Tel: +1 530 754-6037.
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glycolylneuraminic acid (Neu5Gc), and 2-keto-3-deoxy-nonulosonic acid (Kdn) represent
three basic forms~# that allow further modifications to take place. Many of these
modifications occur after the formation of sialyl linkages (so called post-glycosylation
modifications or PGMs).> On the other hand, an azido group has been introduced to various
positions of sialic acid to allow metabolic glycan engineering-based chemical biological
investigation of sialoside formation, turnover, and functions in living cells and in animals.6-8
The aspect of how the azido modification affects the functions of sialidases in living cells
and animals is less well documented.

In addition to the common a.2-3- and a.2—6-linked sialic acids, a2-8-sialyl linkage is also
well known in vertebrates and in bacteria.®~14 The presentation of sialic acids in nature is
regulated by the coordinated and sometime competing functions of sialyltransferases and
sialidases. While the sialyl linkage and substrate specificities of diverse sialyltransferases are
well characterized, those of sialidases are less well studied despite the use of sialidases as
important analytical tools.} 15 Sialic acid-containing glycoproteins, glycolipids, and
oligosaccharides purified from natural sources and some synthetic sialosides have been used
to study the substrate specificity of various sialidases.? 16-19 However, the heterogeneous
nature of the purified products causes complication for data intepretation. Synthetic
biotinylated sialosides2% 21 have been used to probe sialidase activities but such a method
requires immobolization of the glycans and washing steps before detection. Sialosides with a
fluorophore or a chlorophore directly attached to an a-Neu5Ac are commonly used to screen
for, identify, or even characterize the activities of sialidases. This strategy increases the
throughput of the assay, but provides limited information on the linkage preference of
sialidases and their substrate specificity toward diverse sialic acid structures.

To mitigate the challenges, we previously constructed a library of a para-nitrophenol (oNP)-
tagged a2-3- and a2-6-linked sialosides containing diverse sialic acid forms which allowed
the investigation of various sialidases for their substrate specificity towards different sialyl
linkages and various sialic acid forms in a high-throughput format.6. 8. 17. 18,22, 23 The
information learned and the high-throughput screening method established have been used
for identifying inhibitors with selectivity towards certain sialidases.”- 16 Similar probes and
strategies do not exist for elucidating the substrates specificity of a2-8-sialidases in a high-
throughput manner. We report herein efficient synthesis of pNP-tagged a2-8-linked
sialosides containing different sialic acid forms using a highly effective one-pot three-
enzyme a2-8-sialylation approach. The resulting compounds have been used in high-
throughput substrate specificity studies of the a2—8-sialidase activity of a recombinant
human cytosolic sialidase hNEU2 and various bacterial sialidases. The results obtained can
be used to guide the selection of suitable sialidases for sialylglycan analysis and for cell and
tissue surface glycan modification. They can also be used to guide sialidase inhibitor design.

Results and discussion

In order to probe the influence of sialic acid structural diversity and modification on the
activity of a.2—-8-specific sialidases, a library of seven pNP-tagged a.2—-8-sialosides was
constructed. To do this, NeubAca2-3GalppNP (Al) was synthesized as reported
previously?2 in an excellent 90% yield using a one-pot multienzyme (OPME) a.2-3-
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sialylation system?24 containing Neisseria meningitidis cytidine 5" -monophosphate (CMP)-
sialic acid synthetase (NMCSS)2® and Pasteurella multocida a.2-3-sialyltransferase M144D
(PmST1 M144D) mutant.?6 It was then used as an acceptor in an efficient OPME
chemoenzymatic a2-8-sialylation system?’ (Scheme 1) containing Pasteurella multocida
sialic acid aldolase (PmNanA),28 NmCSS,2° and Campylobacter fejuni a.2—3/8-
sialyltransfearse (CjCstl1)12 29 for synthesizing a.2-8-linked sialosides containing Neu5Ac,
Neu5Gc, Kdn, N-azidoacetylneuraminic acid (Neu5Az), 5-azidoneuraminic acid (Neu5N3),
7-azido-7-deoxy-NeuSAc (NeuSAC7N3), or 9-azido-9-deoxy-Neu5Ac (NeuSAc9N3) from
their corresponding six-carbon precursors (SP1-SP7) and Neu5Aca2-3GalBpNP (Al).

As shown in Table 1, target a2—8-sialosides (1-7) were obtained in excellent 82-95%
yields. These include disialylated products containing natural sialic acid form such as
Neu5Aca2-8NeuS5Aca2-3GalpoNP (1, 85%), NeusGea2—8NeubAca2-3GalppNP (2,
90%), and Kdna.2—-8Neu5Aca2-3GalpB NP (4, 82%), as well as those containing non-
natural sialic acid forms with an azide at various positions in the sialic acid such as
Neu5Aza2-8Neu5Aca2-3Galp NP (3, 92%), NeuSN3a2-8Neu5Aca2-3GalpoNP (5,
95%), NeuSAc7N3a2—-8Neu5Aca2-3GalpoNP (6, 85%), and NeuSAcINza2—-8NeuSAca2—
3GalppNP (7, 86%).

a2-8-Sialosides obtained (1-7) were used for substrate specificity studies of the a2-8-
sialidase activity of a recombinant human lysosomal sialidase hNEU230 and various
bacterial sialidases in a high-throughput format. In this assay (Scheme 2), each sialoside was
incubated with a sialidase of interest as well as excess amounts of an a2-3-sialyl linkage
specific sialidase and a p-galactosidase. If the Siaa2—8Neu5Aca2-3Galp NP (selected
from 1-7) was a suitable substrates, the a.2—8-sialidase activity of the enzyme would release
the terminal sialic acid to produce Neub5Aca2—-3Galp NP (Al). The excess amounts of the
a2-3-specific sialidase and B-galactosidase added allow complete release of the terminal
Neu5Ac from Al by the a2-3-sialidase to produce GalppNP which was further hydrolyzed
by the p-galactosidase to produce para-nitrophenol. Without the a2-8-sialidase activity of
the sialidase under investigation, no para-nitrophenol would be produced as all enzymes are
exo-glycosidases which only catalyze the hydrolysis of terminal monosaccharide residues.
At the end of the enzymatic reaction, the pH of the solution was adjusted to higher than 9.5
using CAPS buffer (0.5 M, pH 10.5) to convert para-nitrophenol to para-nitrophenolate
which was quantified at A4gsnm using a microtiter plate reader with a UV-Vis detector. The
assays were carried out in 384-well plates in a high-throughput manner. Streptococcus
pneumoniae NanB (SpNanB)31: 32 was used as the a.2-3-specific sialidase in the assay as it
did not show noticeable a.2-8-sialidase activity under the reaction conditions (30 min
assays) used.

As shown in Figure 1, six of the sialidases tested showed a2—8-sialidase activities under the
assay conditions described in the Experimental Section. While both NeuSAca2—
8NeubAca2-3GalpoNP (1) and Neu5Gca2-8NeuSAca2-3GalpoNP (2) were able to be
cleaved by all six sialidases, other compounds (3-7) could be cleaved by only selected
numbers of sialidases. In general, NeubAc9IN3za2—-8NeuSAca2-3GalB NP (7) was tolerated
by all bacterial sialidases that have a.2—8-sialidase activity except for human hNEU2 (Figure
1A). NeubAza2-8NeuS5Aca 2-3GalBpNP (3) was tolerated by five out of six sialidases

Org Biomol Chem. Author manuscript; available in PMC 2017 December 20.
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including hNEU2 but not by Vibrio cholerae sialidase (Figure 1B). In comparison, Kdna2—
8Neu5Aca2-3GalpoNP (4) was not a substrate for four out of six sialidases except for
CjCstll (Figure 1C) and SpNanA (Figure 1D). Neu5N3a2-8Neu5Aca2-3GalB NP (5) was
even more selective and was recognized only by CjCstll (Figure 1C). NeuSAc7N3za.2—
8Neu5Aca2-3GalppNP (6) was tolerated by four out of six sialidases except for hANEU2
(Figure 1A) and Vibrio cholerae sialidase (Figure 1B) which were the least promiscuous one
among six sialidases with a.2—-8-sialidase activity.

In addition to sialosides 1 and 2, hNEU2 (Figure 1A) could tolerate only NeuSAza2—
8Neu5Aca2-3GalppNP (3) and Vibrio cholerae sialidase (Figure 1B) could tolerate only
Neu5ACINza2-8NeuSAca2-3GalppNP (7) as substrates. CjCstll (Figure 1C) was the most
promiscuous a.2—-8-sialidase among the six and could use all seven sialosides as substrates.
Its activity towards three (3, 5, and 7) out of four azido-containing compounds were lower
than others. It is quite unique in tolerating NeuSN3a2—-8Neu5Aca2—-3Galp NP (5) which
was not recognized by any other sialidases in the list. SpNanA (Figure 1D) was the second
most promiscuous one. Both CjCstll and SpNanA could tolerate Kdn-terminating structure
Kdna2-8Neu5Aca2-3GalpoNP (4). The substrate promiscuities of Arthrobacter
ureafaciens sialidase (Figure 1E) and Bifidobacterium longum subsp. infantis ATCC15697
sialidase 2 (BiNanH2)33 (Figure 1F) were ranked in the middle. Both could tolerate five out
of seven a.2-8-sialosides as substrates except for Kdna2—8Neu5Aca 2—-3GalpNP (4) and
Neu5Nza2-8NeuS5Aca2-3GalppNP (5).

The broad tolerance of the sialosides 1-7 as substrates by the a2—-8-sialidase activity of
CjCstll is reasonable as its a.2—8-sialyltransferase activity was used for the synthesis of the
probes.

Among the sialidases tested, Clostridium perfringens sialidase?? and Pasteurella multocida
multifunctional a2-3-sialyltransferase 1 (PmST1)34 did not show a.2-8-sialidase activity
under assay conditions (30 minutes assays) described in the Experimental Section. Cytidine
5’-monophosphate (CMP, 0.4 mM) was added to the CjCstll and PmST1 reactions as CMP
was able to enhance the sialidase activities of these enzymes similar to that reported for the
a2-6-sialidase activity of Photobacterium damselae a.2-6-sialyltransferase.3°

The substrate specificity of the a2-8-sialidase activity of hNEU2 (Figure 1A) matched very
well to its a2-3/6-sialidase activities which recognized a.2-3/6-sialosides terminated with
Neu5Ac, Neu5Gc, Neu5Az (previously abbreviated as NeusAcN3) very well but not those

terminated with NeuSAc7N3, NeuSAc9N3, Kdn, or Neu5N3 (previously abbreviated as 5Ns-
Kdn).30. 36,37

The substrate specificity of the a2-8-sialidase activity of Vibrio cholerae sialidase (Figure
1B) matched very well to its a2-3/6-sialidase activities which recognized a.2-3/6-sialosides
terminated with Neu5Ac, Neu5Gc, and Neu5Ac9N3 very well but not those terminated with
Neu5Az, NeuSAc7N3, Kdn, or Neu5Ng,22: 36-38

Org Biomol Chem. Author manuscript; available in PMC 2017 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tasnima et al.

Page 5

Similarly, the substrate specificity of the a2-8-sialidase activity of Arthrobacter ureafaciens
sialidase (Figure 1E) matched well to its a.2-3/6-sialidase activities which recognized a.2—
3/6-sialosides terminated with NeuSAc and Neu5Gc (moderately) but not Kdn.22

The substrate specificity of the a2-8-sialidase activity of BiNanH2 (Figure 1F) matched
reasonably well to its a.2-3/6-sialidase activities which recognized a.2-3/6-sialosides
terminated with Neu5Ac, Neu5Az very well but not those terminated with Neu5Nzor Kdn.
The tolerance towards Neu5Gc-terminated sialosides differed slightly as Neu5Gca2—
8NeubAca2-3Galp NP (2) was cleaved more efficiently than NeuSAca2-8Neub5Aca2—
3GalppNP (1) by its a2-8-sialiase activity but NeusGca2—-3/6Galp,oNP were much poorer
substrates for its a2-3/6-sialidase activities.33

Conclusions

In conclusions, we report here efficient synthesis of para-nitrophenol (oNP)-tagged a2—-8-
linked sialosides containing different sialic acid forms using a highly effective one-pot three-
enzyme a.2-8-sialylation approach. The resulting compounds have allowed high-throughput
substrate specificity studies of the a2-8-sialidase activity of a recombinant human cytosolic
sialidase hNEU2 and various bacterial sialidases. The information learned can be used to
guide the selection of suitable sialidases for sialylglycan analysis and for cell and tissue
surface glycan modification. It can also be used to guide sialidase inhibitor design.

Experimental Section

Materials and methods

Chemicals were purchased and used as received. NMR spectra were recorded in the NMR
facility of University of California, Davis on a Bruker Avance-800 NMR spectrometer (800
MHz for 1H, 200 MHz for 13C). Chemical shifts are reported in parts per million (ppm) on
the & scale. High resolution (HR) electrospray ionization (ESI) mass spectra were obtained
using a Thermo Electron LTQ-Orbitrap Hybrid MS at the Mass Spectrometry Facility in the
University of California, Davis. Silica gel 60 A (230-400 mesh, Sorbent Technologies) was
used for flash column chromatography. Thin layer chromatography was performed on silica
gel plates (Sorbent Technologies) using anisaldehyde sugar stain for detection. Gel filtration
chromatography was performed with a column (100 cm x 2.5 cm) packed with Bio-Gel P-2
Fine resins (Bio-Rad). A-Acetyl-D-mannosamine (ManNAc) and N-acetylneuraminic acid
(Neu5Ac) was from Inalco (Italy). Cytidine 5’-triphosphate (CTP) was purchased from
Hangzhou Meiya Pharmaceutical Co. Ltd. Aspergillus oryzae B-galactosidase, sodium
pyruvate, and cytidine 5’-triphosphate (CMP) were from Sigma (St. Louis, MO). Sialidases
from Arthrobacter ureafaciens, Vibrio cholerae, and Clostridium perfringens were purchased
from Prozyme (Hayward, CA). Recombinant enzymes hNEU2,30 Campylobacter jejuni a.2—
3/8-sialyltransfearse (CjCstll),2° Bifidobacterium longum subsp. infantis ATCC15697
sialidase 2 (BiNanH2),33 Pasteurella multocida sialic acid aldolase (PmNanA),28 Nejsseria
meningitidis CMP-sialic acid synthetase (NMCSS),2° Pasteurella multocida multifunctional
a2-3-sialyltransferase 1 (PmST1),34 and PmST1 M144D mutant?® were expressed and
purified as described previously.

Org Biomol Chem. Author manuscript; available in PMC 2017 December 20.
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One-pot two-enzyme synthesis of NeuSAca2-3GalBpNP (A1)

GalBpNP (1 eg., 30 mM), Neu5Ac (1.3 eq.), CTP (1.3 eq.) were dissolved in water in 50 mL
centrifugal tube, the pH of this mixture was adjusted to be neutral. Additionally, MgCl, (20
mM) and Tris-HCI buffer (100 mM, pH 8.0) were added. After adding NmCSS (0.3 mg/mL)
and PmST1 M144D (0.5 mg/mL), water was added to bring the concentration of GalppNP
to be 30 mM. The reaction was carried out for 48 hours. The product NeuSAca2-3GalgpNP
was monitored using thin-layer chromatography (TLC) and purified using silica gel column
(EtOAC:MeOH:H,0 =5:2:1, by volume). A yield of 90% was achieved. The product NMR
spectra matched to those reported previously.22

One-pot three-enzyme chemoenzymatic synthesis of a2—8-sialosides (1-7)

General procedures—Neu5Aca2-3GalppNP (Al, 1 eq., 8-10 mM), Man/ManNAc
derivatives/ManNGc (1.3-1.5 eq.), CTP (1.3-2.0 eq.), and sodium pyruvate (5 eq.) were
dissolved in water in a 50 mL centrifugal tube, the pH of this mixture was adjusted to be
neutral. MgCl, (20 mM) and Tris-HCI buffer (100 mM, pH 8.5) were then added. After
adding PmNanA (0.075-3 mg), NmCSS (0.2-3 mg), and CjCstll (0.3-3 mg), water was
added to bring the concentration of NeuSAca2-3GalB NP to approximately 10 mM. For
synthesizing compounds 1 and 4 from ManNAc (SP1) and mannose (SP4) respectively, the
reaction mixture was incubated for 2 h at 37 °C. For synthesizing sialoside 6 from
ManNAc4N3 (SP6), the reaction was incubated for 2 h at 37 °C and extended for additional
24 hours at room temperature. For synthesizing sialosides 2, 3, 5, and 7 from ManNGc
(SP2), ManNAz (SP3), ManN3 (SP5) and ManNAc6N3 (SP7) respectively, the reactions
were gently shaken at room temperature for 14 h. Reaction progress was monitored using
liquid chromatography-mass spectrometry (LC-MS) and TLC (EtOAc:MeOH:H,0 =5:2:1,
by volume) analyses. When an optimal yield was achieved, the same volume of cold ethanol
was added to the reaction mixture. The mixture was incubated at 4 °C for 30 min and
centrifuged. The supernatant was concentrated by rotary evaporation. Compounds 1, 4, and
6 were purified using a BioGel P-2 gel filtration column followed by silica gel column
purification (EtOAc:MeOH:H,0 = 5:2:1, by volume) and a final BioGel P-2 gel filtration
column. Compounds 1 and 4 then went through additional purification using high
performance liquid chromatography (HPLC) with a C18 column. Compounds 2, 3, 5, and 7
were purified directly using HPLC with a C18 column.

Neu5Aca2-8Neu5Aca2-3GalBpNP (1)—81 mg, yield 85%; white solid. 1H NMR (800
MHz, D,0) 6 8.27 (d, /=8.8 Hz, 2H), 7.26 (d, J = 8.8 Hz, 2H), 5.32 (d, J= 7.2 Hz, 1H),
4.23 (dd, J= 3.2 Hz and 9.6 Hz, 1H), 4.18 (dd, /= 4.0 and 12.0 Hz, 1H), 4.15 (m, 1H), 4.06
(d, J= 1.6 Hz, 1H), 3.94 (t, /= 6.4 Hz, 1H), 3.91-3.57 (m, 15H), 2.75 (dd, /= 4.8 and 12.8
Hz, 1H), 2.71 (dd, J=4.0 and 12.0 Hz, 1H), 2.06 (s, 3H), 2.02 (s, 3H), 1.77 (t, J= 12.0 Hz,
1H), 1.71 (t, J= 12.8 Hz, 1H). 13C NMR (200 MHz, D,0) & 174.85, 173.35, 173.24, 161.55,
142.38, 125.95, 116.34, 100.31, 100.07, 99.49, 78.29, 75.31, 75.28, 73.96, 72.53, 71.60,
69.24, 68.72, 68.35, 67.99, 67.83, 66.96, 62.43, 61.43, 60.61, 52.15, 51.61, 40.37, 39.67,
22.20, 21.90. HRMS (ESI) m/z calculated for C34H49N304 (M-H) 882.2628, found
882.2604.

Org Biomol Chem. Author manuscript; available in PMC 2017 December 20.
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Neu5Gca2—-8Neu5Aca2-3GalppNP (2)—55 mg, yield 90%; white solid. IH NMR (800
MHz, D,0O) 6 8.27 (d, /= 8.8 Hz, 2H), 7.26 (d, /= 8.8 Hz, 2H), 5.32 (d, /= 8.0 Hz, 1H),
4.23 (dd, J=2.4 Hz and 9.6 Hz, 1H), 4.18 (dd, /=4.0 and 12.0 Hz, 1H), 4.16 (m, 1H), 4.12
(s, 2H), 4.06 (d, J= 2.4 Hz, 1H), 3.94 (t, /= 6.4 Hz, 1H), 3.91-3.55 (m, 15H), 2.77 (dd, J=
4.8 and 12.8 Hz, 1H), 2.72 (dd, J= 4.8 and 12.8 Hz, 1H), 2.06 (s, 3H), 1.77 (t, /= 12.8 Hz,
1H), 1.74 (t, J= 12.0 Hz, 1H). 13C NMR (200 MHz, D,0) 6 175.61, 174.85, 173.35, 173.27,
161.56, 142.38, 125.95, 116.34, 100.33, 100.08, 99.49, 78.28, 75.31, 75.28, 73.96, 72.25,
71.66, 69.23, 68.72, 68.09, 67.92, 67.83, 66.96, 62.39, 62.07, 61.43, 60.84, 60.62, 52.15,
51.31, 40.42, 39.67, 22.20. HRMS (ESI) m/z calculated for Cg4H4gN3045 (M-H) 898.2577,
found 898.2561.

Neu5Aza2—8Neu5Aca2—-3GalBpNP (3)—51 mg, yield 92%; white solid. IH NMR (800
MHz, D,0) & 8.27 (d, /= 8.8 Hz, 2H), 7.26 (d, J=9.6 Hz, 2H), 5.32 (d, J= 8 Hz, 1H), 4.23
(dd, /= 3.2 and 10.4 Hz, 1H), 4.18 (dd, /= 4 and 12 Hz, 1H), 4.15 (m, 1H), 4.05 (s, 2H),
3.94-3.66 (m, 17H), 2.76 (dd, J= 4 and 12 Hz, 1H), 2.71 (dd, J= 4 and 12.8Hz, 1H), 2.06
(s, 3H), 1.76 (t, J= 12 Hz, 1H), and 1.72 (t, J= 12 Hz, 1H). 13C NMR (200 MHz, D,0): &
174.85, 173.35, 173.24, 170.99, 161.56, 142.38, 125.95, 116.34, 100.33, 100.07, 99.49,
78.29, 75.31, 75.29, 73.96, 72.20, 71.68, 69.22, 68.72, 68.20, 67.94, 67.83, 66.96, 62.41,
61.42, 61.16, 60.62, 52.15, 51.78, 51.69, 40.39, 39.67, 22.20. HRMS (ESI) m/z calculated
for C34H4gNgO24 (M-H) 923.2642, found 923.2629.

Kdna2—-8Neu5Aca2—-3GalBpNP (4)—70 mg, yield 82%; white solid. 1H NMR (800
MHz, D,0) 6 8.27 (d, /= 9.6 Hz, 2H), 7.26 (d, J=8.8 Hz, 2H), 5.32 (d, J= 7.2 Hz, 1H), 4.22
(dd, /= 3.2 Hz and 9.6 Hz, 1H), 4.17 (dd, J= 4.0 and 12.8 Hz, 1H), 4.17 (m, 1H), 4.13 (s,
1H), 4.06 (d, J=2.4 Hz, 1H), 3.94 (t, J= 6.4 Hz, 1H), 3.9-3.55 (m, 15H), 2.71-2.67 (m, 1H),
2.06 (s, 3H), 1.77 (t, J=12.0 Hz, 1H), 1.67 (t, J= 12.0 Hz, 1H). 13C NMR (200 MHz, D,0)
6 174.86, 173.45, 173.35, 161.56, 142.38, 125.95, 116.34, 100.33, 100.09, 99.49, 78.21,
75.31, 75.28, 73.96, 73.53, 71.90, 70.25, 69.69, 69.24, 68.71, 67.83, 67.64, 66.98, 62.50,
61.41, 60.61, 52.15, 39.93, 39.64, 22.20. HRMS (ESI) m/z calculated for CgoHagN2054 (M-
H) 841.2362, found 841.2347.

Neu5N3a.2-8Neu5Aca2-3GalppNP (5)—56 mg, yield 95%; white solid. 1H NMR (800
MHz, D,0O) 6 8.27 (d, /= 9.6 Hz, 2H), 7.26 (d, J=9.6 Hz, 2H), 5.31 (d, /=8 Hz, 1H), 4.23
(dd, J=3.2 and 10.4 Hz, 1H), 4.16 (dd, J= 4 Hz and 12 Hz, 1H), 4.13 (m, 1H), 4.06 (d, J=
3.2 Hz, 1H), 3.95-3.44 (m, 16H), 2.73 (dd, /= 4.8 and 12.8 Hz, 1H), 2.70 (dd, /= 4.8 and
12 Hz, 1H), 2.06 (s, 3H), 1.77 (t, J= 12.8Hz, 1H), 1.72 (t, J=12 Hz, 1H). 13C NMR (200
MHz, D,0O) 6 174.86, 173.40, 173.10, 161.56, 142.38, 125.96, 116.34, 100.40, 100.13,
99.50, 78.20, 75.29, 75.27, 73.96, 72.51, 71.82, 69.45, 69.17, 68.71, 68.31, 67.82, 67.05,
62.54, 62.40, 61.40, 60.61, 52.14, 40.12, 39.59, 22.19. HRMS (ESI) m/z calculated for
C3oH45N50,3 (M-H) 866.2427, found 866.2410.

Neu5Ac7Nsa2-8Neu5Aca2-3GalppNP (6)—71 mg, yield 85%; white solid. IH NMR
(800 MHz, D,0) & 8.27(d, J= 8.8 Hz, 2H), 7.26 (d, /= 9.6 Hz, 2H), 5.31 (d, /= 8 Hz, 1H),
4.21 (dd, J= 3.2 and 10.4 Hz, 1H), 4.16 (dd, J= 4.0 and 12 Hz, 1H), 4.12 (m, 1H), 4.05 (d, J
= 2.4 Hz, 1H), 4.04-3.47 (m, 16H), 2.74-2.70 (m, 2H), 2.06 (s, 3H), 2.02 (s, 3H), 1.77-1.72
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(m, 2H). 13C NMR (200 MHz, D,0) 6 174.82, 174.28, 173.32, 173.02, 161.55, 142.38,
125.95, 116.34, 100.50, 100.06, 99.50, 78.37, 75.31, 75.28, 73.97, 71.66, 70.52, 69.33,
68.70, 68.34, 67.77, 66.93, 62.29, 61.37, 60.61, 60.56, 52.33, 52.14, 40.11, 39.67, 22.18,
22.02. HRMS (ESI) m/z calculated for C34H4gNgO23Mass calculated (M-H) 907.2693,
found 907.2669.

Neu5Ac9Nza2—-8Neu5Aca2-3GalppNP (7)—41 mg, yield 86%; white solid. TH NMR
(800 MHz, D,0O) 6 8.27(d, /= 9.6 Hz, 2H), 7.26 (d, J= 8.8 Hz, 2H), 5.31 (d, /= 8 Hz, 1H),
4.22 (dd, J= 3.2 and 9.6 Hz, 1H), 4.17 (dd, /= 3.2 and 12 Hz, 1H), 4.11 (m, 1H), 4.06 (d, J
= 2.4 Hz, 1H), 4.01 (m, 1H), 3.94-3.48 (m, 15H), 2.74 (dd, J= 4 and 12 Hz, 1H), 2.71 (dd, J
=4.8and 12.8 Hz, 1H), 2.06 (s, 3H), 2.02 (s, 3H), 1.75 (t, /= 12.8 Hz, 1H) and 1.70 (t, /=
12 Hz, 1H). 13C NMR (200 MHz, D,0) 6 174.83, 174.80, 173.33, 173.21, 161.56, 142.38,
125.95, 116.35, 100.41, 100.04, 99.51, 78.37, 75.29, 73.93, 72.35, 70.16, 69.24, 68.71,
68.54, 68.35, 67.83, 66.93, 61.41, 60.62, 52.84, 52.15, 51.60, 40.37, 39.70, 22.20, 21.92.
HRMS (ESI) m/z calculated for C34H4gNgO»3 Mass calculated (M-H) 907.2693, found
907.2679.

Cloning of SpNanA and SpNanB

The catalytic domain of SpNanA (318-792 aa, NCBI Reference Sequence: NP_359129.1)
was cloned as an N-Hisg-tagged fusion protein in pET15b vector. The truncated SpNanB
(30-697 aa, NCBI Reference Sequence: NP_359124.1) was cloned as a C-Hisg-tagged
fusion protein in pET22b(+) vector. Genomic DNA of Streptococcus pneumoniae R6 was
used as the template for polymerase chain reactions (PCR). The primers used for SpNanA
were: forward primer 5'-GATCCATATGCCTGAAGGAGCGGCTTTAAC-3" (Nael
restriction site is underlined) and reverse primer 5’-
CGCGGATCCTTAATCTTTGCTCAAAAAGTCC-3" (BamH restriction site is
underlined). The primers used for SpNanB were: forward primer 5’-
GATCGGATCCGAATGAATTAAACTATGGTCAACT-3" (BamH restriction site is
underlined) and reverse primer 5’-
CGCCTCGAGTTTTGTTAAATCATTAATTTCCAAA-3" (Xhol restriction site is
underlined). PCR was performed in a reaction mixture (50 uL) containing genomic DNA (1
ug), forward and reverse primers (1 pM each), 10 x Herculase buffer (5 pL), dNTP mixture
(1 mM), and 5 U (1 pL) of Herculase-enhanced DNA polymerase. The reaction mixture was
subjected to 30 cycles of amplification with an annealing temperature of 52 °C. The
resulting PCR product was purified and digested with corresponding restriction enzymes.
The purified and digested PCR product was ligated with predigested pET15b or pET22b(+)
vector and transformed into electrocompetent £. co/i DH5a cells. Selected clones were
grown for minipreps. Positive clones were characterization by restriction mapping and DNA
sequencing performed by Davis Sequencing Facility at the University of California-Davis.

Expression and Purification of SpNanA and SpNanB

E. coli BL21 (DE3) cells containing recombinant plasmid in pET15b or pET22b(+) vector
was cultured in LB-rich medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl)
supplemented with 100 ug/mL ampicillin. The cells were grown until the ODggg nm, of the
culture reached 0.8-1.0. Isopropyl-1-thio-p-D-galactopyranoside (IPTG, 0.1 mM) was
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added to induce the overexpression of the target protein. The culture was incubated at 20 °C
for 20 h with shaking at 250 rpm in a C25KC incubator shaker (New Brunswick Scientific,
Edison, NJ). Cells were then harvested by centrifugation at 4 °C, 4,000 rpm for 2 h. The cell
pellet from 1 L culture was resuspended in 20 mL of lysis buffer (100 mM Tris-HCI, pH 8.0,
containing 0.1% Triton X-100). The suspension was sonicated (amplitude at 68% for big tip,
3 s pulse on and 2 s pulse off for 80 cycles) and centrifuged at 12,000 g for 15 min at 4 °C.
The lysate (supernatant) was collected and applied to a Ni2*-NTA affinity column that was
pre-equilibrated with 6 column volumes of binding buffer (50 mM Tris-HCI buffer, pH 7.5,
0.5 M NaCl, 5 mM imidazole). The column was washed with 10 column volumes of binding
buffer (50 mM Tris-HCI, pH 7.5, 0.5 M NaCl, 5 mM imidazole), 10 column volumes of
washing buffer (50 mM Tris-HCI, pH 7.5, 0.5 M NaCl, 20 mM imidazole) followed by 8
volumes of elute buffer (50 mM Tris-HCI, pH 7.5, 0.5 NaCl, 200 mM imidazole). The
fractions containing the purified enzyme were collected, dialyzed against Tris-HCI buffer
(20 mM, pH 7.5) containing 10% glycerol, and stored at 4 °C for sialidase assays.

Sialidase assays

Sialidase assays (20 pL for each reaction) were carried out in duplicate at 37 °C for 30 min
in a 384-well plate (Fisher Scientific, Chicago, IL) in a reaction mixture containing Siaa2—
8Neu5Aca2-3GalppNP (selected from 1-7 for each sample, 0.3 mM), SpNanB (452 ng,
used as an a2-3-sialidase), and Aspergillus oryzae B-galactosidase (12 pg, 126 mU). The
amounts of the SpNanB and p-galactosidase required to completely hydrolyze NeuSAca2—
3GalppNP (0.3 mM) to release pNP within the time frame of the assay were predetermined
and confirmed by control assays with NeuSAca2-3GalppNP (0.3 mM) in the absence of the
sialidase to be tested. The reactions were stopped by adding 40 pL of A-cyclohexyl-3-
aminopropane sulfonic acid (CAPS) buffer (0.5 M, pH 10.5). The amount of para
nitrophenolate formed was determined by measuring the Asgs nm Of the reaction mixtures
using a microtiter plate reader.

In order to assure that the concentrations of the sialosides were consistent, the stock
solutions of the sialosides were quantified using capillary electrophoresis (CE) equipped
with photodiode array (PDA) detector as described previously.3¢ The assay conditions for
bacterial sialidases were: hNEU2 (51.4 pg) in MES buffer (100 mM, pH 5.0); Vibrio
cholerae sialidase (2 mU) in sodium acetate buffer (50 mM, pH 5.5) containing CaCl, (4
mM) and bovine serum albumin (0.1 mg/mL); CjCstll (115.2 ug) in MES buffer (100 mM,
pH 6.0) containing CMP (0.4 mM); SpNanA (450 ng) in sodium acetate buffer (100 mM,
pH 6.0); A. ureafaciens sialidase (3 mU) in sodium acetate buffer (100 mM, pH 5.5);
BiNanH2 (11.4 ug) in sodium acetate buffer (100 mM, pH 5.0); Clostridium perfringens
sialidase (60 mU) in MES buffer (100 mM, pH 5.0); PmST1 (36 ug) in sodium acetate
buffer (L00 mM, pH 5.5) containing CMP (0.4 mM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Substrate specificity of the a.2—8-sialidase activity of ANEU2 and several bacterial

sialidases. Substrates used were NeuSAca2-8A1 (1), Neu5Gca2-8A1 (2), NeuSAza 2-8A1
(3), Kdna2-8A1 (4), Neu5N3a2—-8A1 (5), NeuSAc7N3a2—-8A1 (6), NeuSAcIN3a2-8A1
(7) where Al is NeuSAca2—-3GalBpNP.

Org Biomol Chem. Author manuscript; available in PMC 2017 December 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tasnima et al. Page 13

R! R'
ﬁ;ﬁ&,\.w RaHO R 0.
HO . SP1-SP7 " Ho OH
Hov!\_%:;’\ o Pyruvate, CTP, Mg?*, pH 8.5 vk%j\
0 o‘&e .—DO
HN NO, PmNanA, NmCSS, CiCstil HN
Neu5Aca2-3GalppNP (A1) Slaa2—8Nau5Aca2 3GalppNP
1-7, 82-95%
R' = NHAc, NHGc, NHACN;, OH, or N3 ( )
R? = OH, or N, ﬂ
-, -
R*=OH, orNs High-throughput sialidase assay
Scheme 1.

One-pot multienzyme (OPME) chemoenzymatic synthesis of Siaa2—-8Neu5Aca 2—
3GalppNP (1-7). Enzyme abbreviations: PmNanA, Pasteurella multocida sialic acid
aldolase; NmCSS, Neisseria meningitidis CMP-sialic acid synthetase; CjCstll,
Campylobacter jejuni a2-3/8-sialyltransfearse.

Org Biomol Chem. Author manuscript; available in PMC 2017 December 20.

No,



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Tasnima et al. Page 14

HO 0.C
R3 R 0;
G HO _OH
o HO _OH 02-8 sialidase ”° s &
$ HN O
VH'.?N k%v\'
Siaa2—8N9u5Acu2 -3GalppNP (1-7) Neu5Aca2-3GalppNP (A1)
a2-3 sialidase Adjusted pH > 9.5 O
- —< >—No - No, —) Read at A
p-galactosidase e z ks z 405nm
p-nitro phenol (pNP) p-nitro phenolate
R' = NHAc, NHGc, NHAcCN3, OH, or N4
R? = OH, or N
R®=OH, or N;
Scheme 2.

The high-throughput screening method for substrate specificity studies of a2-8-sialidases.
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One-pot three-enzyme (OP3E) preparative-scale synthesis of a2—8-linked sialosides. Yields were calculated
for purified products based on the amounts of acceptor (the limiting reagent) used.

Entry Sia Precursor Acceptor Sialosides (Siaa.2—8Neu5Aca2-3GalBpNP) Yield
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