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Abstract

9-O-Acetylation is a common natural modification on sialic acids (Sias) that terminate many
vertebrate glycan chains. This ester group has striking effects on many biological phenomena,
including microbe-host interactions, complement action, regulation of immune responses, sialidase
action, cellular apoptosis, and tumor immunology. Despite such findings, 9-O-acetyl
sialoglycoconjugates have remained largely understudied, primarily because of marked lability of
the 9-O-acetyl group to even small pH variations, and/or the action of mammalian or microbial
esterases. Our current studies involving 9-O-acetylated sialoglycans on glycan microarrays
revealed that even the most careful precautions cannot assure complete stability of the 9-O-acetyl
group. We now demonstrate a simple chemical biology solution to many of these problems by
substituting the oxygen atom in the ester with a nitrogen atom, resulting in sialic acids with
chemically and biologically stable 9-N-acetyl group. We present an efficient one-pot multienzyme
method to synthesize a sialoglycan containing 9-acetamido-9-deoxy-A-acetylneuraminic acid
(Neu5Ac9NAc) and compare it to the one with naturally occurring 9- O-acetyl- A-acetylneuraminic
acid (Neu5,9Ac,). Conformational resemblance of the two molecules was confirmed by
computational molecular dynamics simulations. Microarray studies showed that the
Neu5Ac9NAc-sialoglycan is a ligand for viruses naturally recognizing Neu5,9Ac,, with a similar
affinity but with much improved stability in handling and study. Feeding of NeuSAc9NAc or
Neu5,9Ac, to mammalian cells resulted in comparable incorporation and surface expression as
well as binding to 9-O-acetyl-Sia-specific viruses. However, cells fed with NeuSAcONAc
remained resistant to viral esterases and showed a slower turnover. This simple approach opens
numerous research opportunities that have heretofore proved intractable.
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The first sialic acid discovered (crystallized by Gunner Blix from a hot mild acid extract of
bovine submaxillary mucin in 1936) contained two acetyl groups, only one possibly attached
to nitrogen. In retrospect, Blix likely isolated a 9-O-acetyl variant of the common sialic acid
N-acetylneuraminic acid (NeuSAc), 9- C-acetyl- N-acetylneuraminic acid (Neu5,9Ac») (1,
Figure 1). Neu5,9Ac; along with NeuSAc and A-glycolylneuraminic acid (Neu5Gc) are the
three most frequently occurring sialic acid forms in mammals.? It has long been known that
9-O-acetylation of sialic acids masks the recognition by influenza A virus hemagglutinin3
and by other lectins such as Factor H,® CD22/Siglec-2,%" and Sialoadhesin/Siglec-1,’
while being required for the binding of influenza C virus hemagglutinin.3:8-11 Despite such
early recognition and understanding of their importance, studies of the biological
significance of sialoglycans presenting this common O-acetylated form of sialic acid have
lagged far behind those of the parent molecules. The reasons are many, and have been
detailed elsewhere, including their lability to both acidic and basic conditions (often used in
standard purification methods for glycans and glycoconjugates), their propensity to migrate
from one position to another, and their relative or absolute effects in blocking sialidase
action.2312 However, when it has been further studied, such O-acetyl group modification
turns out to be a key determinant modulating recognition by viruses,313.14 antibodies, 15-18
and mammalian lectins,87:17:19 as well as modulating sialidase action2312 and cellular
apoptosis.20-24

Overall, exploration of the functions of Neu5,9Ac, and its biological and pathological
interactions has been greatly hampered by the chemical instability of the O-acetyl group
and/or the esterase cleavage of such a group.8 Taken together with the fact that it is
eliminated by basic conditions during conventional approaches to glycomic analysis such as
beta-elimination and permethylation, it has come to the point where 9-O-acetylation tends to
be simply ignored in many studies. Synthetic analogs of Neu5,9Ac, with chemical
modifications of the 9-position of Neu5SAc generated included a 9-N-acetyl analog, 9-
acetamido-9-deoxy- A-acetylneuraminic acid (NeuSAc9NAC) (2, Figure 1), which was
shown to mimic Neu5,9Ac; in binding to influenza C virus without being destroyed by
esterase activity of the hemagglutinin-esterase.2> This observation was not however further
explored for chemical and biological studies of Neu5,9Ac,. Herein, we report a more
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efficient chemoenzymatic method for synthesizing NeuSAc9NAc and a sialoside containing
this Neu5,9Ac, analog. Applications in glycan microarray and cell feeding studies are
presented, laying the foundation for a new approach to elucidate the important roles of 9-O-
acetylation of sialic acids.

Results

Problems with Instability of O-Acetyl Sialic Acids in Preparing and Using Glycan
Microarrays

The early described glycan microarrays did not have much representation of O-acetyl sialic
acids.28 In an attempt to address this deficiency, our groups have been collaborating to
synthesize, print, and study matched pairs of sialoglycans that either have or do not have O-
acetyl esters. Due to their relative ease of synthesis and handling compared to 7-O- or 8-O-
acetyl analogs, sialosides with 9-O-acetylated sialic acids were the ones studied first. Over
the last few years we have been collaborating with several other groups to study the binding
of various proteins to such glycans using glycan microarray technology.16-19.27-32 |n
revisiting some of these studies, we noticed that some of the 9-OAc-glycans used for
microarray printing were partially de-O-acetylated.

Investigating and Minimizing 9-O-Acetyl Group Loss at Various Steps in Sample
Preparation, Preparing and Using of Glycan Microarrays

Based on the above observations, we investigated the extent of de-O-acetylation at the final
steps of the synthesis and entire glycan arraying process for the model 9-OAc-glycan
Neu5,9Ac,a3Galp4GlcpProNs and its reduced form Neu5,9Ac,a3Galp4GIcpProNH,. The
azide-containing glycan was analyzed using nuclear magnetic resonance (NMR)
spectrometry and high resolution mass spectrometry (HRMS). It was found to be pure,
without any loss of OAc group. The compound was then subjected to hydrogenolysis using
H, and Pd-C in water with a drop of glacial acetic acid. The reaction was completed in one
hour as detected using MS. To minimize de-O-acetylation during the celite filtration step
which uses Na,COs3 as a mild base,3? filtration after catalytic hydrogenation was replaced by
passing the reaction solution through a nylon syringe filter (0.2 um). The product was then
purified using a short C-18 cartridge (water as an eluant) instead of the commonly and
previously used Bio-Gel purification, as it is faster. The fractions containing the pure product
were combined and lyophilized. No noticeable loss of the O-acetyl group was observed
using the improved procedures described above.

Then, the reduced glycan was quantified for the OAc loss at each step of glycan microarray
process. Our results revealed that ~45% of the OAc group was either lost from the 9-
position of Neu5Ac or migrated to 7- and 8-positions of the sialic acid upon conventional
analysis procedures including release of sialic acids with acetic acid, derivatization with 1,2-
diamino-4,5-methylenedioxybenzene (DMB), followed by high performance liquid
chromatography (HPLC) analysis of fluorescent adducts (Figure 2A). In comparison,
Arthrobacter ureafaciens sialidase (AUS)3# treatment followed by DMB derivatization at
low temperature3® showed only 1.5% loss of the OAc group (Figure 2B). This means there is
no significant de-O-acetylation during initial preparation of stock solution in water (it should
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be noted that the final synthetic product is a neutral sodium salt - earlier studies in which the
acid form was prepared was associated with some de-O-acetylation, data not shown) and
AUS treatment with low temperature DMB derivatization. However, about 3% loss of OAc
was observed during storage in phosphate buffer (pH 8.4) at room temperature, a condition
popular for current microarray printing. Furthermore, about 5% of the sialic acid was de-O-
acetylated under the standard blocking condition used for glycan arrays (ethanolamine in
Tris-HCI buffer, pH 9.0). The glycan stock solution was also analyzed again after three
months of storage at -20 °C and a few freeze-thaw cycles. It was noticed that another 4% of
the OAc group was released over three months. Therefore, a small amount of de-O-
acetylation occurred under the storage conditions and under conditions used for microarray
printing and slide blocking. Any further loss of O-acetylation after printing during the
binding and analysis, however, could not be directly monitored.

Overall, definitive conclusions about binding of probes can therefore only be made where
binding is exclusively to the O-acetylated sialoglycan spots and not to the corresponding
non-O-acetylated ones, as discussed later. A more general conclusion is that, even under the
most carefully managed handling by skilled experimentalists, some loss of 9-O-acetylation
appears inevitable. Taken together with the knowledge that esterases of bacterial36-40 and
vertebrate*1-43 origin are very common in biological systems, there is an intractable problem
facing the systematic study of the chemistry and biology of sialic acid 9-O-acetylation.

Chemical Synthesis of Neu5Ac9NAc Precursor 6-Acetamido-6-deoxy-N-
acetylmannosamine (ManNAc6NAc) and Enzymatic Synthesis of NeuSAc9NAc

A new efficient chemoenzymatic synthetic strategy was developed for the synthesis of
Neu5AcINAc. The design was to chemically synthesize ManNAc6NAc, a precursor of
Neu5Ac9INAc, followed by a sialic acid aldolase-catalyzed reaction44° for the synthesis of
desired Neu5AcONAc. ManNAc6NAcC was synthesized in a 82% yield from previously
obtained 6-azido-6-deoxy-A-acetylmannosamine (ManNAc6N3)*6 using a simple one step
reduction and simultaneous acetylation process achieved by adding thioacetic acid to a
pyridine solution containing ManNAc6N3.4” NeuSAcONAC was readily obtained from
ManNAc6NAc and pyruvate with a 78% yield using a reaction catalyzed by a sialic acid
aldolase from Pasteurella multocida (PmAldolase).*>

One-pot Multienzyme (OPME) Synthetic Approach for Facile Production of
Neu5Ac9NAca3Galp4GIcpProNH, for Glycan Microarray Studies

ManNAc6NAc was also used directly for synthesizing a sialoside analog
Neu5AcINAca3Galp4GIcpProNs via an efficient one-pot multienzyme (OPME) sialylation
system?6:48:49 containing PmAldolase,*> a CMP-sialic acid synthetase from Neisseria
meningitidis (NmMCSS),* and Pasteurella multocida sialyltransferase 1 M144D mutant
(PmST1 M144D).50 NeuSAcINAca3GalB4GIcBProN; was obtained in 84% yield and was
readily converted in a quantitative yield to NeuSAcO9NAca3GalB4GIcpProNH, by catalytic
hydrogenation using H, in the presence of Pd/C.5!
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Glycan Microarray Studies of Viral Proteins and Human Siglec-9 Binding to Sialosides
Containing Neu5,9Ac, and Neu5Ac9NAc

The synthesized glycan NeuSAc9NAca3GalB4GIcpProNH, was added to our previously
described glycan library for glycan microarray studies.28 Proteins known to recognize
Neu5,9Ac, were tested including immunoglobulin Fe-fused human Siglec-9-Fc
(hSiglec-9),%2 as well as viral proteins (hemagglutinins in an esterase inactivated form) of
porcine torovirus (PToV-P4-Fc, PToV) and bovine coronavirus (BCoV-Mebus-Fc, BCoV).13
The results were compared to those obtained using Neu5,9Ac,a3Galp4GIcpProNH,, and
Neu5Aca3Galp4GIcBProNH, lacking 9-modification at sialic acid as probes on the same
slides (Figure 3). Results from glycan microarray studies (Figure 3A) showed that hSiglec-9
prefers binding to Neu5Ac-glycan without 9-modification at sialic acid (white column), but
with observable binding to both NeuSAc9NAc (black column) and Neu5,9Ac; (grey
column)-containing glycans. In comparison, both PToV and BCoV prefer binding to both
sialoglycans with 9-modifications such as NeuSAc9NAc and Neu5,9Ac,. BCoV is a known
viral protein probe for 90Ac sialic acids (both Neu5,9Ac, and Neu5Gc9Ac) and especially
7,9-di-OAc sialic acids.13 The more specific 90Ac-sialic acid viral probe PToV (prefers
Neu5,9Ac, over Neu5Gc9AC)!S binds to both 90Ac and 9NAc glycans although it shows
slightly stronger binding to the 9OAc derivative. The specific recognition of 9-modified
sialic acid by esterase-inactive PToV and BCoV, the stability of 9NAc, and the esterase
lability of 90Ac were evident by comparing the binding study results of esterase active
PToV-treated samples (Figure 3B) with those non-treated ones (Figure 3A).

Feeding of Free Neu5Ac9NAc and Neu5,9Ac, to Human Cells Followed by Measuring Cell
Surface Incorporation with PToV Probes

Human Burkitt lymphoma B (BJA-B K20) cells are hypo-sialylated due to the lack of UDP-
N-acetylglucosamine 2-epimerase/ N-acetylmannosamine kinase,>3 therefore maximizing
exogenous sialic acid incorporation. After three days of feeding with either 1 mM of free
Neu5AcINAC or Neu5,9Acy, cells were probed with PToV-P4-Fc¢ (PToV) with or without
active esterase to measure cell surface incorporation of the sugars. Both Neu5Ac9NAc and
Neu5,9Ac, were detected on the cell surface, but only NeuSAcONAc-fed cells were resistant
to virus-hemagglutinin-esterase activity (Figure 4).

Feeding of Free Neu5Ac, Neu5,9Ac», NeuSAc9NAc to Human BJA-B K20 Cells Followed by
Measuring Cell Surface Incorporation of Sialic Acids with DMB Derivatization and HPLC

Analysis

BJA-B K20 cells were fed with 1 mM of Neu5Ac (Figure 5A), Neu5,9Ac, (Figure 5B), or
Neu5ACcINAC (Figure 5C) for 3 days. The cell membranes were recovered and sialic acids
were released with Vibrio cholerae neuraminidase.3454 The released sialic acids were
derivatized with DMB and subjected to HPLC analysis which showed incorporation of each
sugar on the cell membrane. Although BJA-B K20 cells are hypo-sialylated, they still
express some Neu5Ac as can be observed on the cell membrane of Neu5,9Ac, or
Neu5Ac9INAc-fed cells (Figure 5B and 5C).
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Monitoring Turnover of Neu5Ac9NAc and Neu5,9Ac, on the Cell Surface

After feeding BJA-B K20 cells for two days with either 1 mM of free NeuSAc9NAc or
Neu5,9Ac,, the sugars were removed from the cell culture medium (day 0) and the presence
of the sialic acids on the cell surface was monitored for 4 days with the PToV (esterase
inactive) probe (Figure 6). The turnover of Neu5,9Ac; on cell surface was shown to be faster
than that of NeuSAcONAC.

Feeding of Neu5Ac, Neu5,9Ac,, and Neu5Ac9NAc to Human BJA-B K20 Cells Followed by
Measuring Cell Surface Incorporation with Human CD22-Fc

BJA-B K20 cells were fed with 3 mM of Neu5Ac, NeuSAcINAc, or Neu5,9Ac,. After 3
days of feeding, BJA-B K20 cells were probed with human CD22-Fc/Siglec-2 to detect
ligands (Figure 7). It was found that there was a high expression of CD22 ligand when the
cells were fed with Neu5Ac (Figure 7A). However, when the cells were grown in the
presence of NeubAc9NAC, the expression of the CD22 ligand was minimal (Figure 7C). The
level of CD22 ligand expressed on the cells fed with Neu5,9Ac, (Figure 7B) was between
the two which could be explained by possible partial de-O-acetylation of Neu5,9Ac,. This
supports previous observations that human CD22-Fc recognizes a2—6-linked sialosides with
Neu5Ac or A-glycolylneuraminic acid (Neu5Gc) as the preferred naturally existing sialic
acid form and 9-O-acetyl modification on sialic acid blocks the binding.57 In addition, it
demonstrates further that NeuSAc9NAC can be a suitable substituent for natural Neu5,9Ac,
while has improved stability.

Comparison of Sialosides Containing Neu5Ac9NAc and Neu5,9Ac, Using Molecular

Dynamics

Classical molecular dynamics (MD) simulations of Neu5,9Ac,a3Galp4GIcBProN3 and
Neu5AcINAca 3Galp4GIcpProN; were carried out to investigate any differences that the
chemical modification would introduce into the conformational ensemble in aqueous
solution. The simulations were based on the GLYCAM carbohydrate force field®® and TIP3P
water model,®8 with added electrostatic parameters for describing the N-acetylation. The
total length of the simulation exceeded 2 ps for each of the two sialosides studied, which has
previously been noted to provide good sampling of oligosaccharide conformational degrees
of freedom.>’

Figure 8 shows the results of our simulations projected onto the (¢, y;) dihedral angles of the
glycosidic linkage between Sia and Gal. The main observation is that the conformational
ensembles of the N-acetylated and O-acetylated sialosides are highly equivalent. There are
three free energy basins on the positive y half of the plot with the same shape and the
relative free energies between the basins are similar to within 1 kcal/mol.

The classical MD simulation approximates the effect of the chemical modification as
changing the force field parameters at the acetylation site. In particular, only the partial
charges on the N-acetyl functional group are modified. To test this assumption, we used
density functional theory to calculate the difference in electrostatic potential as a result of
changing O-acetylation to N-acetylation.58 The results are shown in Figure 9 which confirm
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that the change in electrostatic potential is entirely localized to the acetylation site, which
lends credence to the results of the classical simulations.

The O-acetylated sialoside appears to display a slightly higher amount of flexibility, as there
exists a cluster of conformations at 3—4 kcal/mol higher in energy than the minimum (dotted
box in Figure 8) where y adopts negative values. These conformations represent far less
than 1% of the whole ensemble, but are nonetheless interesting to investigate for
understanding the effects of chemical modification. The overall conformational ensemble is
shown in the top panel of Figure 10, and the negative- y conformations are shown in the
bottom panel, indicating that the position and orientation of Sia differ significantly between
the full set vs. subset of conformations. The sialoside spends most of its time in an extended
conformation, but occasionally adopts a hairpin-like structure where the C7-C9 part of Sia
bends back towards Glc. These hairpin conformations were not observed in the N-acetylated
ensemble. The sialosides formed few intramolecular hydrogen bonds, which suggests that
the chemical modification alters the conformational ensemble via the local hydrogen
bonding network of the solvent;® a more detailed analysis of solvent degrees of freedom is
needed to test this hypothesis.

Discussion

This study began with the realization that even with the best of precautions, some de-O-
acetylation occurs during preparation of sialoglycan arrays. In retrospect, definite
conclusions to date by us and by others about 9-O-acetylation on such arrays can only be
made in instances where binding is exclusively to the O-acetylated sialoglycan spot, and not
to the corresponding non-O-acetylated one.13 And even in this instance the ideal conclusive
proof is to show loss of binding upon pretreatment with a Nidovirus 9-O-acetylesterase
(such as PToV and BCoV).13 To be clear this does not overtly contradict our previous
studies!6-19.27-32 a5 \we rarely commented about the role of O-acetylation except when
selective binding occurred.13 But it is important to prevent inadvertent misinterpretation of
some of our published raw data such as binding patterns and heat maps, by readers who may
not know the subtleties and to alert others who may be studying these fascinating acetyl
esters that modify important members of the vertebrate sialome.

Here we have presented a very practical solution to long-standing technical problems that
have markedly inhibited progress in studies of the biology of 9-O-acetylated sialic acids.
The strategy is replacing the labile OAc group with a more stable NAc group, which
otherwise behaved functionally in a generally similar manner on microarrays, incorporation
into cells after feeding, and subsequent expression on cell surfaces. The single obvious
difference in both the array and cell feeding studies with or without binding studies using
human CD22-Fc as a probe was the general resistance of the NAc group to both viral
esterases and to endogenous cellular esterases. Of course in both instances we cannot rule
out a very low level of esterase cleavage, and further studies are required.

The lack of cell lines that consistently express 90Ac sialic acids has also been a great
limitation with cellular studies. The incorporation of the 9NAc molecules by feeding now
allows one to ask if the cells become targets for infection by viruses that normally recognize

ACS Chem Biol. Author manuscript; available in PMC 2018 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khedri et al.

Page 8

the 90Ac group. Many other previously well-recognized but poorly studied biological or
pathological roles of sialic acid O-acetylation may now become accessible. For example,
while the disialoganglioside GD3 appears to protect cells from apoptosis, the unstable
90ACcGD3 is said to enhance apoptosis.20-24 If feeding of cells expressing GD3 results in
expression of 9NAc-GD3, this phenomenon can now be better studied. Likewise the
potential role of O-acetylation in regulating Siglec functions could also now be better
explored.

The rapid turnover of the O-acetyl groups in fed cells is very likely due to the action of a
cytosolic sialic acid esterase we previously described.#2:62-64 \We predict the NAc-form to be
resistant to this enzyme. The slower but continued turnover of the A-acetyl form is likely
due to continued dilution by cell doubling. Assuming that the NeuSAc9NAC is first degraded
into ManNAC6NAC, the question also arises as to whether this molecule can be further
metabolized. Biochemical analysis can be used to track possible outcomes.

In principle, the same approach could be tried to address difficulties in the studies of 4-O-
acetyl sialic acid and even more labile esters known to occur naturally at the 7- or 8-
positions of sialic acids.2 A paper recently appeared showing an example of how this
approach can work for 4-O-acetyl group.% The approach could also potentially address the
strong propensity of C-acetyl groups to migrate from one position to another.25466.67 Even
at near neutral/physiological pH values under which no significant de- C-acetylation
occurred, the 7-O-acetyl group of Neu5,7Ac, can easily migrate to the 9-position, producing
Neu5,9Ac¢, (possibly via an 8-position intermediate). Even more remarkably, the di- C-acetyl
form Neu5,7,9Ac3 quickly yields a dynamic equilibrium mixture of Neu5,7,9Ac3 and
Neu5,8,9Ac3, in a molar ratio of ~1:1. Both the di- C-acetyl forms and the transient mono-8-
O-acetyl form have been virtually impossible to study. While even more challenging to
synthesize, N-acetyl versions of the 7,9-di-O-acetyl, 8,9-di-O-acetyl, 4,7-di-O-acetyl and
4,9-di-O-acetyl molecules that are known to occur in nature, as well as the 7,8,9-tri-O-acetyl
entity, could be considered. Preparation of the NAc versions of these molecules could give
the first hope of potentially understanding functions of the evanescent 8- O-acetyl group, and
of differentiating between the recognition functions of 7,9 and 8,9 di- O-acetyl sialic acids,
which are normally in a dynamic equilibrium state. Nevertheless, it remains to be seen if
NAc analogs of such molecules recapitulate the conformation and biology of their natural
counterparts, and also if they can all be efficiently incorporated by feeding the cells.

Conclusions

We present an efficient one-pot multienzyme method to synthesize a sialoglycan containing
Neu5ACcINAcC and demonstrate that substituting the C9-oxygen atom in Neu5,9Ac, with a
nitrogen atom is an effective approach to study sialosides containing unstable 9-O-acetyl
sialic acid. Computational molecular dynamics simulations, mammalian cell feeding with or
without binding studies using human CD22-Fc as a probe, and glycan microarray studies
showed that NeuSAc9NAc-sialoglycan structurally and conformationally resembles
Neu5,9Ac,-sialoglycan but with much improved stability in handling and study. This simple
approach therefore opens up numerous research opportunities to gain a new understanding
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of the biology that depends on the modification of sialic acids with O-acetyl group at various
positions that have heretofore proved intractable.

Cy3 and PE affinipure goat anti-human 1gG (H+L) antibodies were obtained from Jackson
ImmunoResearch Laboratories. Arthrobacter ureafaciens sialidase (AUS) and Vibrio
cholerae neuraminidase were purchased from EY Labs and Roche, respectfully. Chemical
and biological material were purchased from commercial sources and used as received.
Nuclear magnetic resonance (NMR) spectra were recorded in the NMR facility of the
University of California, Davis on a Bruker Avance-400 NMR spectrometer (400 MHz

for 1H, 100 MHz for 13C). Chemical shifts are reported in parts per million (ppm) on the &
scale. High resolution electrospray ionization (ESI) mass spectra were obtained using a
Thermo Electron LTQ-Orbitrap Hybrid MS at the Mass Spectrometry Facility at the
University of California, Davis. Column chromatography was performed using RediSep Rf
silica columns or an ODS-SM column (51 g, 50 um, 120 A, Yamazen) on the CombiFlash®
Rf 200i system. Thin layer chromatography (TLC) 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). Pasteurella multocidasialic acid aldolase (PmNanA), Neisseria
meningitidis CMP-sialic acid synthetase (NmCSS), and Pasteurella multocida
sialyltransferase 1 M144D mutant (PmST1 M144D) were expressed and purified as
described previously.

Preparation of Hemagglutinin-Esterase Probes for 9-OAc Sia

The sequences for expressing the ectodomains of the hemagglutinin-esterase (HE) of two
nidoviruses (PToV-P4 and BCoV-Mebus) were synthesized by GenScript (Piscataway, NJ),
with varied degrees of insect codon optimization. To generate the probe molecules, the
esterase domains were inactivated by changing the active site of the Ser residue to Ala by
site-directed mutagenesis using Q5 mutagenesis (New England Biolabs). The HE proteins
were linked to the baculovirus gp64 signal sequence peptide at their N-termini, and the C-
terminus fused to a linker containing a thrombin cleavage sequence, the Fc domain of
Human IgG1, and a 6-His sequence. Constructs were cloned into pFastBac-1 (Life
Technologies) to generate recombinant bacmids following the manufacturer's protocol.
Recombinant baculoviruses were recovered by transfection of the bacmids into Sf9 insect
cells using Cellfectin Il (Life Technologies). Viruses were used to infect suspension High
Five cells and the supernatant harvested 2—3 days post-infection. The proteins were purified
by binding to a HiTrap ProteinG HP 5ml column (GE Healthcare Life Sciences, Piscataway,
NJ) and eluted with 0.1M citrate, pH 3.0 (pH neutralization to 7.8 with 1 M of Tris-HCI, pH
9.0) using AKTA FPLC system (GE Healthcare Life Sciences). The HE-Fc containing
fractions were dialyzed in PBS and concentrated using 30 kD Amicon Ultra-15 filters (EMD
Millipore). Purified proteins were stored at -80 °C in aliquots.
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Cell Culture and Sugar Supplementation

BJA-B K20 cells were propagated as suspension with RPMI 1640 medium, supplemented
with 10% heat-inactivated fetal calf serum, 2 mM glutamine, 100 U of penicillin per mL,
100 pg of streptomycin per mL in a humidified 5% CO,, 37 °C atmosphere as described
previously.>3 For medium supplementation, Neu5AcONAc and Neu5,9Ac, were dissolved in
PBS, titrated to a neutral pH and filter sterilized. The sugars were added at the indicated
concentrations. For the sugar turnover experiments, the cells were fed as mentioned above
and on day 0, the cell culture media was switched to RPMI 1640 medium, supplemented
with 1% Nutridoma (Roche), 100 U of penicillin per mL and 100 pg of streptomycin
without NeuSAc9NACc and Neu5,9Ac,.

Flow Cytometry

Cells were washed with PBS and incubated with 10 pg/mL of PToV probes in PBS with 1%
BSA and 10 mM EDTA for 30 minutes on ice. Subsequently, cells were washed with PBS
and incubated with PE goat anti-human IgG antibody for 30 minutes on ice. After an
additional washing step, the cells were analyzed by FACSCalibur (BD).

Synthesis of 2,6-Diacetamido-2,6-dideoxy-D-mannopyranose (ManNAc6NAc) from 2-
Acetamido-6-azido-2,6-dideoxy-D-mannopyranose (ManNACc6N3)

To a solution of ManNAc6N3%6 (300 mg, 1.14 mmol) in pyridine (8 mL), thioacetic acid (2
mL) was added and the mixture was stirred at room temperature for 24 h. The solvent was
concentrated in vacuo. The crude product was purified by column chromatography (ethyl
acetate/methanol = 3:1) to produce ManNAC6NAc (262 mg, 82%) as a colorless amorphous
solid. 1H NMR (400 MHz, D,0) a-isomer: 6 5.10 (d, J= 1.5 Hz, 1H), 4.31 (dd, /=4.7, 15
Hz, 1H), 4.04 (dd, /= 9.8, 4.7 Hz, 1H), 3.96-3.86 (m, 1H), 3.68-3.33 (m, 3H), 2.07 (s, 3H),
2.03 (s, 3H); p-isomer: 6 5.00 (d, /= 1.7 Hz, 1H), 4.46 (dd, /= 4.5, 1.7 Hz, 1H), 3.82 (dd, J
=9.0, 4.5 Hz, 1H), 3.68-3.33 (m, 4H), 2.11 (s, 3H), 2.04 (s, 3H); 13C NMR (100 MHz,
D,0) 6 175.70, 174.77, 174.54, 174.53, 93.01, 74.43, 71.73, 70.24, 68.58, 68.49, 68.20,
53.98, 53.21, 40.27, 40.16, 22.04, 21.90, 21.77; HRMS (ESI) Anal. Calcd for C19H19N202
[M+H]*: 263.1243, Found: 263.1241.

NHAc

N3 AcSH, Py AcHN—_ NHAc
HO OH 82% HO OH

Synthesis of 5,9-Diacetamido-3,5,9-Trideoxy-D-glycero-D-galacto-2-nonulopyranosylonic
Acid (Neu5Ac9NAc)

To a solution (10 mL) containing ManNAc6NAc (50 mg, 0.19 mmol), sodium pyruvate (210
mg, 1.9 mmol), and Tris-HCI buffer (100 mM, pH 7.5), PmAldolase (3.0 mg) was added and
the reaction was incubated in an isotherm incubator for 48 h at 37 °C with agitation at 100
rpm. The reaction was quenched by adding the same volume of ice-cold ethanol and
incubating at 4 °C for 1 h. The solvent was removed and the crude product was purified by
column chromatography (ethyl acetate/methanol/water = 4:2:1) and followed by a short
BioGel P-2 gel filtration column to give NeuSAc9NAc (55.4 mg, 78%) as a colorless
amorphous solid. IH NMR (400 MHz, D,0) & 4.06-3.92 (m, 3H, H-4, H-6, H-5), 3.80 (ddd,
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J=9.0,7.7, 3.1 Hz, 1H, H-8), 3.59 (dd, /= 14.1, 3.1 Hz, 1H, H-9), 3.44 (dd, J= 9.0, 1.1 Hz,
1H, H-7), 3.24 (dd, J= 14.1, 7.6 Hz, 1H, H-9), 2.22 (dd, J= 12.9, 4.8 Hz, 1H, H-3¢), 2.06 (s,
3H, COCHb), 2.02 (s, 3H, COCHs), 1.83 (dd, J= 12.9, 11.4 Hz, 1H, H-3a); 13C NMR (100
MHz, D,0) & 176.64, 174.68, 174.56, 96.36, 70.09, 69.77, 68.77, 67.25, 52.26, 42.76,
39.35, 22.08, 21.82; HRMS (ESI) Anal. Calcd for C13H21N,0g [M-H]": 349.1247, Found:
349.1255.

Synthesis of 3-Azidopropyl O-(5,9-Diacetamido-3,5,9-trideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonic acid)-(2—3)-O-p-D-galactopyranosyl-(1—4)-B-D-glucopyranoside
(Neu5Ac9NAca3GalB4GlcpProNs)

Neu5AcINAca 3Galp4GIcpProN; was synthesized following the general procedure for
enzymatic synthesis of sialosides. GalB4GIcBProN3*® (46 mg, 0.11 mmol), ManNAC6NAC
(43 mg, 0.16 mmol), sodium pyruvate (91 mg, 0.83 mmol) and CTP (87 mg, 0.16 mmol)
were dissolved in Tris-HCI buffer (100 mM, pH 8.5, 10 mL) containing 20 mM of MgCl,.
The pH of the solution was further adjusted to 8.5 with 4 M NaOH. PmAldolase (1.5 mg),
NmCSS (2.5 mg) and PmST1 M144D (2.5 mg) were added. The reaction was incubated in
an isotherm incubator for 24 h at 37 °C with agitation at 100 rpm. The reaction was
quenched by adding the same volume of ice-cold ethanol and incubating at 4 °C for 1 h. The
formed precipitates were removed by centrifugation and the supernatant was concentrated.
The residue was purified by passing through a BioGel P-2 gel filtration column followed by
a C18 column (H,O/CH3CN = 10:1) (70.9 mg, Yield 84%). 1H NMR (400 MHz, D,0) &
4.52 (dd, J=12.8, 7.9 Hz, 2H), 4.10 (dd, J= 9.9, 3.2 Hz, 1H), 4.06-3.86 (m, 4H), 3.88-3.53
(m, 13H), 3.54-3.43 (m, 3H), 3.37-3.23 (m, 2H), 2.76 (dd, /= 12.4, 4.6 Hz, 1H), 2.04 (s,
3H), 2.04 (s, 3H), 1.92 (p, J= 6.6 Hz, 2H), 1.81 (t, J= 12.1 Hz, 1H); 13C NMR (100 MHz,
D,0) 6 174.92, 174.39, 173.81, 102.60, 102.11, 99.87, 78.17, 75.53, 75.14, 74.78, 74.33,
72.79, 72.73, 69.96, 69.58, 69.36, 68.30, 67.46, 67.34, 61.01, 60.01, 51.66, 47.86, 42.11,
39.61, 28.22, 22.02, 21.81; HRMS (ESI) Anal. Calcd for CogH46N5019 [M-H]™: 756.2787,
Found: 756.2792.

Synthesis of 3-Aminopropyl O-(5,9-Diacetamido-3,5,9-trideoxy-D-glycero-a-D-galacto-2-

nonulopyranosylonic acid)-(2—3)-O-B-D-galactopyranosyl-(1—4)-p-D-glucopyranoside

(Neu5Ac9NAca3Galp4GIcpProNH>)
A catalytic amount of 10% palladium on charcoal (Pd/C) was added to the solution of
Neu5AcINAca3Galp4GIcpProNs (5.6 mg) in H,O (1 mL). The mixture was stirred under
hydrogen atmosphere for 3 h. The solution was diluted with MeOH (2 mL) and passed
through a filter to remove the catalyst. The solvent was concentrated in vacuoto give
Neu5Ac9INAca 3Galp4GIcpProNH, (5.4 mg, quant.) as a colorless amorphous solid. HRMS
(ESI) Anal. Calcd for CogHsgN3019 [M-H]: 730.2882, Found: 730.2914.

OoH HO _OH OH
AcNH OH o0¢ ° " PAIC, Hy, Hy0
—_—
AcHN 2 o OHO o.__~_-N: quantitative
HO OH HO
HO OH
acni_ M on ooC o oH
=7~0 o
:WO&’DH:&A,OWNHz
HO OH HO
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Reduction of Neu5,9Ac,a3Galp4GIcpProNs to Neu5,9Ac,a3Galp4GIcBProNH;

Neu5,9Ac,a3Galp4GlcpProNs (20 mg) was dissolved in HoO/MeOH (3 mL, 2:1 by
volume) and a drop of glacial acetic acid was added. The mixture was stirred under
hydrogen atmosphere in the presence of 10% palladium on charcoal for 1 h. The reaction
mixture was then passed through a HyperSep C18 cartridge (1 g, 40-60 pum, Thermo) and
eluted with water. The collection fraction containing the desired product was collected and
lyophilized. The obtained white power was stored at -20 °C for long-term storage.

HPLC Analysis of Neu5,9Ac,a3GalpB4GIcBProNH;

Neu5,9Ac,a3Galp4GlcpProNH, was first hydrolyzed in glacial acetic acid (2 M) for 3 h at
80 °C. AUS hydrolysis was performed based on the company protocol. DMB derivatization
was performed as it is reported previously.8 The DMB-derivatized samples were analyzed
on a Dionex Ultra3000 HPLC System using a Phenomenex Gemini 5 um C18 250 x 4.6 mm
HPLC column at room temperature. The fluorescence was detected at 448 nm using
excitation at 373 nm.

Glycan Microarray Screening

Glycan microarrays were fabricated using epoxide-derivatized slides (Corning by Thermo
Fisher Scientific) and Arrayit SpotBot® Extreme Microarray Spotter as previously
described.17:28:53 The arrays were printed with Stealth SMP3 microarray spotting pins from
Arraylt (Sunnyvale, CA, USA) generating 100 um diameter spots. 4 pins were used; with
each pin printing 4 replicate spots/well. The glycoconjugates were prepared at 100 uM
concentration in an optimized printing buffer (300 mM phosphate buffer, pH 8.4). They were
then distributed into a 384-well source plate in 20 pL per well. To monitor printing quality, 4
replicate-wells of human IgG (Jackson ImmunoResearch) was used at 100 ug/ml (in PBS)
for each printing-pin. One complete array was printed on each slide (within approx 12 hour/
~28 slides). The humidity level in the arraying chamber was maintained at about 60-65%
during printing. Printed slides were left on spotter deck overnight, allowing humidity to drop
to ambient levels. Printed glycan microarray slides were blocked by 50 °C pre-warmed
blocking solution (0.1 M Tris-HCI, 0.05 M ethanolamine, pH 9.0, 1 h). They were then
washed twice with 50 °C pre-warmed water and dried. Slides were packed, vacuum-sealed
and stored at RT until used.

To assure the quality of the printed slides, we used one or two slides for quality control using
antibodies, lectins and serum samples with known glycan binding specificity. For glycan
array binding, slides were fitted in a multi-well microarray hybridization cassette
(AHC4X8S, Arraylt, Sunnyvale, CA, USA) to divide into 8 subarrays. The subarrays were
blocked with Ovalbumin (1% wi/v) in PBS (pH 7.4) for 1 h at RT, with gentle shaking. For
the esterase activity studies on the array, after removing the blocking solution, slides were
first treated with 20 pg/mL PToV-P4-Fc (esterase active) in blocking buffer for 2 h at RT and
then washed with PBS in 0.1% Tween 20 and then PBS (10 min/wash with shaking).
Subsequently, diluted protein samples in blocking solution with various concentrations were
added to each subarray (both esterase treated and non-treated slides). After incubating the
protein samples for 2 h at RT with gentle shaking, the slides were washed with PBS in 0.1%
Tween 20 and then PBS (10 min/wash with shaking). Cy3 affinipure goat anti-human IgG
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(H+L) antibody (Jackson ImmunoResearch) was used for the detection of BCoV-Mebus-Fc,
PToV-P4-Fc and human Siglec-9-Fc. Diluted antibody in PBS was added to the subarrays
and incubated for 1 h at RT. They were washed with PBS in 0.1% Tween 20, PBS and water
(10 min/wash with shaking) and dried. The microarray slides were scanned using a Genepix
4000B microarray scanner (Molecular Devices Corp., Union City, CA, USA) at 100% laser
power, PMT Gain 450 and 10 uM pixels. Data analysis was performed using Genepix Pro
7.0 analysis software (Molecular Devices Corp., Union City, CA) and the outputs were
saved as gpr and jpg files. The gpr files then were saved as xls. The data were further
analyzed with Excel. Local background subtraction was performed and data were plotted
separately for each subarray. The binding specificity to glycoconjugates for each protein was
plotted based on the RFU (Relative Fluorescence Units), average fluorescence value for 4
replicates, versus glycan IDs. The standard deviations were calculated and the error bars
were found for each glycan binding. The final graphs (Figure 3) were plotted based on the
tested proteins versus RFU for each glycan in GraphPad Prism 5.

Comparison of N-Acetylated and O-Acetylated Sialosides Using Molecular Dynamics

The molecular dynamics simulations were carried out using the AMBER15 software suite,
principally using t/eap for setup and pmemd.cuda for dynamics.5® The simulations
employed the GLYCAM force field and TIP3P water model; the sialoside was solvated in a
rectangular water box with roughly 1000 water molecules. The simulations used a 2.0 fs
time step and a Langevin thermostat set to 298.15 K and a collision frequency of 1.0 psL.
The equilibration simulations used a Berendsen barostat set to 1.0 atm, a compressibility of
44.6 x 1076 bar'l and a time constant of 1.0 psL; the production simulations were carried out
at constant volume. The particle mesh Ewald method was used to treat long range
electrostatics with a real-space cutoff of 8.0 A. All input files and parameters are provided as
part of the Supporting Information.

The parameters for the A-acetyl functional group were developed following the procedure
outlined in Reference 7°. The initial guess force field for NeuSAcONAc was constructed by
replacing the 9-O-acetyl group with a copy of the 5-N-acetyl group and the corresponding
force field parameters. After 100 ps of equilibration in the NPT ensemble, we generated 50
ns of NVT dynamics, and saved 50 snapshots at 1 ns intervals. These snapshots were
energy-minimized in the TeraChem software package with the dihedral angles constrained,
employing the restricted Hartree-Fock method and 6-31G* basis set.”1-74 The energy-
minimized geometries were used as input to a restrained electrostatic potential calculation
carried out using the R.E.D. server using the RESP-C2 charge model as appropriate for the
GLYCAM force field.5® In the charge optimization, the charges for the terminal hydroxyl
group were kept at the initial values and all hydrogen charges set to zero. The resulting final
set of charges on the N-acetyl group has a slightly different total charge from the original O-
acetyl group; the charge on the carbon atom that the N-acetyl group is bonded to is increased
by +0.0014, instead of the +0.008 value used for O-acetyl. An analogous calculation was
carried out for the ProN3 functional group to obtain a complete set of charges for
Neu5,9Ac,a3Galp4GlcpProNs. The valence force field parameters for ProN3 were copied
over from the general AMBER force field (GAFF)7> by comparing GLYCAM atom types to
GAFF atom types.
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After the parameterization was finished, the production simulations of
Neu5,9Ac,a.3Galp4GIcpProN3 and NeuSACINAca3Galp4GIcBProN; were carried out to
collect data for the free energy plots. The simulations were unbiased and each simulation ran
for 2.5 ps, and configurations were saved every 10 ps. The free energy plot was constructed
by projecting the ensemble of configurations onto the selected dihedral degrees of freedom.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Neu5,9Ac, (1) Neu5Ac9NAc (2)

Figurel.
Structures of 9- O-acetyl-A-acetylneuraminic acid (Neu5,9Ac,) (1) and its A-acetyl analog

Neu5AcINAC (2).
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Figure 3.

Sigloglycan microarray binding specificity studies of human Siglec-9 (hSiglec-9-Fc,
hSiglec-9), porcine torovirus hemagglutinin-esterase (PToV), and bovine coronavirus
hemagglutinin-esterase (BCoV) (both PToV and BCoV were mutated to ablate their esterase
activity) towards NeuSAcONAca3Galp4GIcProNH; (black columns),
Neu5,9Ac,a3GalB4GIcpProNH, (gray columns), and NeuSAca3GalB4GIcpProNH, (white
columns) without esterase treatment (A) or treated with esterase active PToV (B).
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Figure 4.

Detection of incorporation of Neu5,9Ac, or NeuSAc9NAC into hypo-sialylated human

Page 23

lymphoma BJA-B K20 cells. Cells were fed (or not) for 3 days with free Sias (1 mM) and
then stained with PToV in inactive (mutated, solid black line) or active (dashed black line)

O-acetylesterase forms. The binding was analyzed by flow cytometry.
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DMB derivatization and HPLC analysis of sialic acids released from cell membranes of
BJA-B K20 fed for 3 days with 1 mM of Neu5Ac (A), Neu5,9Ac; (B) or NeuSAc9NAc (C).

ACS Chem Biol. Author manuscript; available in PMC 2018 January 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Khedri et al.
(A) 1500

1000

MFI

500

(B) 1500-

1000

MFI

500+

Page 25

Neu5,9Ac,

- measured

] expected due
= to dilution

NlJlnp

Neu5Ac9NAc

o_
days:

Figure6.
Monitoring turnover of incorpo

‘ Il IIH ..|_| T

rated Neu5,9Ac; (A) and NeuSAcINAc (B) in BJA-B K20

cells. Cells were fed for two days with 1 mM of Neu5,9Ac, or NeuSAcONAc. After two
days, the feeding with Neu5,9Ac, or NeuSAcINAC was stopped and the turnover of these
sugars was measured with PToV (esterase inactive) probe by flow cytometry in the course of
4 days. The expected amount of sugar was calculated based on the initial MFI (Mean
Fluorescence Intensity) at day 0 and the following cell doubling.
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Page 26

Probing Neu5Ac, Neu5,9Ac, or NeubAcINAc-fed human lymphoma BJA-B K20 cells with
CD22-Fc to detect ligands. Cells were fed for 3 days with 3 mM of Neu5Ac (solid black
line), Neu5,9Ac, (dashed black line) or NeuSAc9NAc (dotted line) and then stained with
human CD22-Fc to detect ligands (and compared with non-fed cells, gray). The binding was

analyzed by flow cytometry.
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Page 27

Free energy diagram of glycosidic linkage in solution for NeuSAc9NAca3Galp4GIcpProN;
and the corresponding Neu5,9Ac,a3Galp4GIcpProNs. The 9NAc and 90Ac analogs are
compared in the left and right panels. The predominant states are almost identical for the
two molecules, indicating that the 9NAc and 90Ac sialosides have similar structures in
solution. The 90AcC sialoside has a sparsely populated state not seen in 9NAc (dotted box).

ACS Chem Biol. Author manuscript; available in PMC 2018 January 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Khedri et al.

Page 28

Potential (Cmpnd 3; NAc)

-30 (kcal/mol) +30

Figure.
Top: Calculated electrostatic potential for a representative sialoside structure extracted from

simulations of NeuSAc9NAca3Galp4GIcpProN; using the B3LYP/6-31G™ level of
theory®9-61 and plotted on the p=0.002 density isosurface. Bottom: Electrostatic potential
difference computed between Neu5AcINAca 3Galp4GIcpProNs and
Neu5,9Ac,a.3GalB4GIcpProNs plotted on the same isosurface; the O-acetylated potential
was calculated by replacing NH with O in the N-acetylated structure. The difference
between the potentials is very small, although AVH group has a slightly positive potential
relative to O.
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Full ensemble of OAc

E ) A

Figure 10.
Superimposed conformations of the 90Ac sialoside simulations, showing only carbohydrate

residues and aligned using galactose heavy atoms. One representative conformation is shown
in licorice representation (C, gray; O, red; N, blue; H, white. 7op: The full conformational
ensemble of Neu5,9Ac,a.3Galp4GlcpProNs with snapshots taken 10 ns apart (Neu5,9Ac,,
yellow; Gal, green; Glc, blue). Bottom: The conformations corresponding to the dotted box
in Figure 8 with snapshots taken 10 ps apart. These rarely seen conformations were only
visited in the O-acetylated simulations but are only a small part of the ensemble, being
higher in free energy.

ACS Chem Biol. Author manuscript; available in PMC 2018 January 20.



Supporting Information
for

A Chemical Biology Solution to
Problems with Studying Biologically Important but Unstable 9-O-Acetyl Sialic Acids

Zahra Khedri,"® An Xiao0,%® Hai Yu*® Corinna Susanne Landig,* Wanging Li,? Sandra Diaz,*

Brian R. Wasik,® Colin R. Parrish,® Lee-Ping Wang,? Ajit Varki,** and Xi Chen®*

Glycobiology Research and Training Center, University of California, San Diego, CA 92093, USA
“Department of Chemistry, University of California, Davis, CA 95616, USA

Department of Microbiology and Immunology, Baker Institute for Animal Health, College of
Veterinary Medicine, Cornell University, Ithaca, NY 14853, USA

SThese authors contributed equally.

*Corresponding authors, X.C. (xiichen@ucdavis.edu) and A.V. (alvarki@ucsd.edu)

Table of Contents

'H and 3C NMR Spectra 0f MANNACONAC. ..o eeeeeeeeeeeeee e e eeeeeeeee oo S2
'H and 3C NMR SPectra 0f NEUSACINAC. ... veeeeeeeeeeeeee e e eeeeeeeeeeeeeeeeeeee e veseeenseesses s s S3
'H and *C NMR spectra of NeuSACINACO3GAIBAGICBPION.........c.ovvereveeeeereeiereeeseeseeereereesssenseons S4
'H and 23C NMR SPECLIa OF NEUS,OAC. ..eeeeeeeeeeeeeeeeeeeee e oo eeeeeeeeeeee e e eeeeeeeeeeeeeeeeeesnn e S5
Residue file (NAX.prep) for N-acetyl group including Charges...........ccocceoeiiiininiiniiniieesee e S6

Residue file (AZl.prep) for ProN; terminal group including Charges. ..o S7
Force field parameter file (AZI.frcmod) for ProNs terminal group..........ccccevveeiieiiiccie e S8
Input file for tleap for setting up Neu5,9Ac203GalBAGICBPION . ......ccvviiieieiecee e S9
Input file for tleap for setting up NeUSACINACA3GaIBAGICBPION .. ....ccvveiiiiiiiieieeee S10

S1


file:///C:/XC/AppData/Local/Downloads/xiichen@ucdavis.edu
mailto:a1varki@ucsd.edu

'H and *C NMR spectra of ManNAC6NAC

s
g’ BN HN)I\
HO ww OH
ManNAc6NAc
jMJ JML
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (pom)
o G
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

S2



'H and *C NMR spectra of NeuSAcCONAC

OH
>\ oH OH
g’ N N
\n,HN Q co,
o HO
Neu5Ac9NAc
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

S3



'H and **C NMR spectra of NeuSAcONAca3Galp4GIcpProNs

OH .
% oH €O,
Y K
\",HN Q o
I

J |

OH _OH

OH

o, °
. HO o~Ns

° HO

Neu5Ac9NAca3Galp4GlcpProN;

7.0

6.5

6.0

5.5

T T T T T T

5.0 4.5 4.0 3.5 3.0 2.5
f1 (ppm)

2.0

1.5

1.0

0.5

0.0

190

180

170

160

150

140

130 120 110 100 90 80 70
f1 (ppm)

S4

60

50

40

30

20

10



'H and *C NMR spectra of Neu5,9Ac;

HO
o
Neu5,9Ac,
T T T T T T T T T T T T T T
70 6.5 6.0 55 5.0 4.5 35 3.0 2.5 2.0 1.5 1.0 05 0.0

ft (ppm)

T T T T T T T T T T T T T T T T

150 180 170 160 150 140 130 120 110 100 &0 70 50 40 30 20 10
f1 {ppm)

S5



Residue file (NAX.prep) for N-acetyl group including charges

leap-generated prep residue

BEG

NAX.res

NAX INT 0

CHANGE NOMIT DU
0.00000
1 DUMM DU M
2 DUMM DU M
3 DUMM DU M
4 NO Ng M
5 HO H E
6 ClA M
7 ola ] E
8 C2A Cg M
9 H1A Hc E
10 H2A Hc E
11 H3A Hc M

IMPROPER

C2A NO ClA 0Ol1A

-M ClA NO

DONE
STOP

HO

.000000
.000000
.000000
.000000
.993600
.645363
.838546
.234479
.144158
.276705
.169944

N DM WP O O+ O O

.000000
.000000
.000000
.000000
.000000
.176179
.285072
.403934
.185298
.215462
.752756

| | |
= o o o o o o o o o o

.000000
.000000
.000000
.000000
.000000
.000000
.132088
.150051
.495405
.079875
.175844

S6

.0

.0

.0

.634100
.296800
.668800
.606900
.007000
.000000
.000000
.000000



Residue file (AZl.prep) for ProN3 terminal group including charges

000

leap-generated prep residue

AZI.res

AZI INT 0

CHANGE NOMIT DU
0.00000
1 DUMM DU
2 DUMM DU
3 DUMM DU
4 N2 nl
5 N1 nl
6 N n2
7 c3
8 H5 hl
9 H6 hl
10 cC1 c3
11 H hc
12 H1 hc
13 cC2 c3
14 H2 hl
15 H3 hl
16 O os

DONE

STOP

A E X HBE R BB R R R R RE R

BEG

-0.
.268343
.589434
.000000
.384205
.364157
.530600
.870864
.918779
.117675
.200618
.866972
.606621

-0
-0

-0
-0

=R W N e

.000000
.000000
.000000

034676

-0.

.000000
.000000
.000000
.747263
.820547
.982800
.000000
.995067
.291898
.000000
.030791
-0.
-0.
-0.
-1.

474682
693370
614430
754014
081502

-0.

0.
.220843
-1.

-1

-1
-2

0.000000
0.000000
0.000000
3.175449
2.100080
0.
0
0
0
0

926692

.000000
.213904
.969849
.000000

000000
897410

185257

.212774
.375820
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0.
0.
0.
-0.
0.
-0.
.248600

0

-0.
0.
0.

-0.

-0.

.225100
0.

-0.

0

-0.

0
0
0
327300
641000
585600

000000
000000
008000
000000
000000

000000
000000
403800



Force field parameter file (AZl.frcmod) for ProN3 terminal group

remark goes here

MASS

BOND

os-Cg

ANGLE

c3-o0s-Cg
os-Cg-H2
0s-Cg-0s

os-Cg-Cg

DIHE

c3-os-Cg-H2
c3-0s-Cg-0Os
c3-0s-Cg-0Os
c3-0s-Cg-0Os
c3-0s-Cg-Cg
c3-0s-Cg-Cg
os-Cg-0s-Cg
os-Cg-0s-Cg
os-Cg-0s-Cg
os-Cg-Cg-Cg
os-Cg-Cg-H1
os-Cg-Cg-H1
0s-Cg-Cg-0h
0s-Cg-Cg-0h

IMPROPER

NONBON

308.6

62.
50.
72.
68.

70
85
74
00

[ = N = S S OY)

H O O O B B O O O O K O O

1.4316

112.48
109.58
108.29
107.97

.150
.10
.85
.35
.383

.10
.85
.35
.400
.00
.25
.144
.175

180.
180.

180.

180.
180.

o o o o

SOURCE1_SOURCES

SOURCE4_SOURCES
SOURCE3_SOURCES
SOURCE3_SOURCES
SOURCE3_SOURCES

00 3.000
-3.
=2.

-3.

-3.
-2.

00 3.000
-3.

-3.

17971

4012
2823
723
11384

Jcc, 7, (1986),230
1999

= o B

.0103

.7399
.6377
.0283
.3754

Junmei et al,

Junmei et al,

Junmei et al,

LPW

LPW

LPW

LPW

LPW

LPW copied from X

1999
1999

Copied

copied
copied
copied

copied

from

from
from
from

from

LPW copied

LPW copied

LPW copied

LPW copied from c3-c3-os-c3 in

LPW copied from c3-c3-os-c3 in

Junmei et al,

Junmei et al,

Junmei et al,

Jcc,7, (1986),230 LPW copied from X -c3-c3-X in GAFF

Junmei et al,

Junmei et al,

parm98,
parm98,

S8

1999
1999
1999

1999
1999

LPW copied

LPW copied

LPW copied

c3-os from GAFF

c3-os-c3
h2-c3-os
os-c3-0s

c3-c3-os

in
in
in

in

GAFF

GAFF

GAFF

GAFF

-c3-0s-X in

from c3-os-c3-os

from c3-os-c3-os

from c3-os-c3-os

GAFF

GAFF

from c3-os-c3-os

from c3-os-c3-os

from c3-os-c3-os

GAFF

in
in

in

in
in

in

GAFF
GAFF

GAFF

GAFF
GAFF
GAFF

LPW copied from hl-c3-c3-os in GAFF

LPW copied from hl-c3-c3-os in GAFF

TC,PC,PAK LPW copied from os-c3-c3-oh in GAFF

TC,PC,PAK LPW copied from os-c3-c3-oh in GAFF



Input file for tleap for setting up Neu5,9Ac,a3GalB4GIcBProN;

source leaprc.GLYCAM 06j-1 GLYCAM force field

source leaprc.gaff GAFF force field
loadamberparams AZI.frcmod Load frcmod file
loadamberprep AZI.prep Load azide prep file
m = sequence { AZI 4GB 3LB 9SA } Sequence of GLYCAM residues
# remove m.4 m.4.09 Delete oxygen at N-acetylation site
set m tail m.4.09 Set attachment point for O-acetylation
m = sequence { m ACX } Attach O-acetyl residue
set m.4.C9 charge 0.186 Set the attaching carbon charge = 0.1780 + 0.008
solvatebox m TIP3PBOX 8.0 Add a box of TIP3P water
addIons2 m Na+ 0 Add ions to neutralize
savepdb m 1.pdb Save PDB file

# savemol2 m 1.mol2 1 Save mol2 file (for parmchk to print out frcmod)

H FH H H H = H H FH H H H I I

saveamberparm m l.parm7 1l.rst7 AMBER parm7 and rst7 files

quit
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Input file for tleap for setting up NeuSAcONAca3GalB4GIcBProN;

source leaprc.GLYCAM 06j-1
source leaprc.gaff
loadamberparams AZI.frcmod
loadamberprep NAX.prep
loadamberprep AZI.prep

m = sequence { AZI 4GB 3LB 9SA }
remove m.4 m.4.09

set m tail m.4.C9

m = sequence { m NAX }

set m.4.C9 charge 0.1794
solvatebox m TIP3PBOX 8.0
addIons2 m Na+ 0

savepdb m 1.pdb

savemol?2 m 1.mol2 1
saveamberparm m 1l.parm7 1l.rst7

quit

Input file for equilibration run
Equilibration
&cntrl

irest=0, ntx=1,
nstlim=50000, dt=0.002,
ntt=3, gamma 1n=1.0,
temp0=298.15, ig=-1,
ntc=2, ntf=2, nscm=1000,

#
#
#
#
#
#
#
#
#
#
#
#
#
#
#

ntb=2, ntp=1, ioutfm=1, ntxo=2,

cut=8.0, iwrap=1,

GLYCAM force field

GAFF force field

Load frcmod file

Load N-acetyl prep file

Load azide prep file

Sequence of GLYCAM residues

Delete oxygen at N-acetylation site

Set attachment point for N-acetylation

Attach N-acetyl residue

Set the attaching carbon charge = 0.1780 + 0.0014
Add a box of TIP3P water

Add ions to neutralize

Save PDB file

Save mol2 file (for parmchk to print out frcmod)

AMBER parm7 and rst7 files

ntpr=1000, ntwx=10000, ntwr=10000,

Input file for production molecular dynamics run

MD Run
&cntrl

irest=1, ntx=5,
nstlim=50000000, dt=0.002,
ntt=3, gamma 1n=1.0,
temp0=298.15, ig=-1,
ntc=2, ntf=2, nscm=1000,
ntb=1, ioutfm=1, ntxo=2,

cut=8.0, iwrap=1,

ntpr=5000, ntwx=5000, ntwr=50000,

S10
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