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Abstract

An enzymatic strategy was developed to generate asymmetrically branched A-~glycans from
natural sources by using a panel of glycosidases and glycosyltransferases. Briefly, LacZ -
galactosidase was employed to selectively trim symmetrically branched A+glycans isolated from
bovine fetuin. The yielding stuctures were then converted to asymetrically branched core
structures by robust glycosyltransferase for further extension.

Graphical Abstract

Using a set of glycosidases and glycosyltransferases, an enzymatic strategy was developed to
prepare asymmetric N-glycans excluding any chemical procedures.
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Asparagine-linked glycosylation (A-glycosylation) is one of the most important post-
translational modifications of eukaryaotic proteins, and the A-glycan structures have been
shown to modulate protein’s structure and function in many ways. For example, A-glycans
were found to play key roles in a variety of biological processes, including cell adhesion,
immune responses, tumor metastasis, etc.! On the other hand, A-glycans can influence
proteins folding, stability, and immunogenicity, among others.1¢: 2 Thus, elucidating the
structures and functions of Atglycans is essential for understanding related biological and
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pathological processes, and access of structurally defined A-~glycans is prerequisite for this
purpose.

The natural complexity in the biosynthesis of (A+)glycans has led to the generation of very
diverse and complex glycan structures.® Take mouse zona pellucida glycoprotein 3 as an
example, 58 distinct A-glycan structures were identified associated with a single
glycosylation site (named A-glycan microheterogeneity).* Another representative example is
that 13 high-mannose A-glycans structures were identified within 3 glycomers
(MansGIcNAC,, Man;GIcNACc, and MangGIcNAG,) released from bovine ribonuclease B.°
Modern glycobiology studies have indicated that A-glycans with minor structural
differences may exhibit distinct protein binding profiles,® and certain structures may play
essential roles in various biological processes,'?: 7 However, in-depth study of such roles
have been largely limited by the lack of structurally defined A~glycans in adequate amount.

Current methods for the separation of A-glycan structures have been focusing on small
quantities for analytical purposes.8 And due to the diversity and complexity, as well as low
abundance of most structures, it is extremely challenging to isolate adequate amounts of NV-
glycans with specific structures from natural sources. On the other hand, despite numerous
efforts on chemical synthesis of Aglycans,? only a few groups had recently developed
strategies for synthesizing libraries of structurally defined A-glycans, including Boons’s
general strategy for chemoenzymatic synthesis of asymmetric A-glycans,5 10 Wong’s
modular synthesis of HIV Atglycans,11 and our core synthesis/enzymatic extension (CSEE)
strategy to prepare A-glycan isomers.12 Nevertheless, all strategies require expertise and
proficient skills for chemical synthesis of key asymmetric A-glycan core or modular
structures for further enzymatic diversification.

Exclusively, starting with sialylglycopeptide (SGP) isolated from egg yolk, we were able to
generate 36 symmetric bi-antennary A:glycans.10 Herein, we introduce a novel enzymatic
strategy to generate asymmetric A-glycans excluding any chemical synthesis. Briefly, two
symmetric A~glycan structures, NOOL1 and N301 (Fig. 1A) were firstly separated and purified
from bovine fetuin in milligram scale, followed by selective degalactosylation and
glycosylation to generate a panel of asymmetric A-glycan core structures (Fig. 1B), which
can be further enzymatically extended to asymmetric bi-, tri- and tetra-antennary structures
as described previously.® 122

Isolation of homogenous symmetric N-glycans NOO1 and N301 from bovine

fetuin

Bovine fetuin is a serum glycoprotein that contributes to the attachment and spreading of
cells, which thus has been widely used in cell culture. Bovine fetuin is also considered as a
golden standard in glycomics and glycoanalysis, as glycan moieties (6 glycosylation sites)
accounts for over one fourth of its molecular weight.13 The 3 Atglycans represent 80% of
total carbohydrates, and the 3 O-glycans represent the remaining 20%.13 Among the A-
glycans, totally 23 structures were previously identified, including around 80% tri-antennary
ones (mass ratio) with one to four NeuSAc attached (either a2,3-linked or a2,6-linked) to
core structure N301, and 16% with zero to two Neu5Ac attached to N001.13 No more
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monosaccharide residues were found in fetuin other than Neu5Ac, Gal, GIcNAc and Man.
While it is challenging to isolate homogenous forms of each glycans in preparative scale, it
could be much practical to get mg to grams of core structures N301 and NOO1 in pure form
after glycan trimming.

To test this, 400 mg of bovine fetuin was treated with PNGaseF (release N-glycans,
monitored by SDS-PAGE) and neuraminidase from Clostridium perfringens (remove
Neu5Ac, monitored by HPLC analysis of A-glycans) in one pot for two days
(Supplementary Information I, Fig. S2). Two major A-glycan peaks (Fig. 2A) were found
on the HPLC profile (running condition: Waters amide column: 130 A, 5 pm, 4.6 mm x 250
mm; Solvent A : Water; Solvent B: Acetonitrile; Gradient elution B%: 65% to 50% within
25 min; Flow rate: 1 mL/min; monitor by UV210nm) Of the product, and MALDI-MS
analysis showed that Peak 1(retention time = 15.0 min) and Peak 2 (retention time = 17.5
min) have m/z of 1663.5902 and 2028.7246 (Fig. 2B&C), corresponding to molecular
weight of NOO1 [M + Na]* and N301 [M + Na]*, respectively. Please note that, due to
existence of interconverting a- and p-anomers of glycans with free reducing end in
solution,4 two adjacent bumps or a large shoulder can usually be observed on the glycan
peak in HPLC analysis. Such a phenomenon was found and reported repeatedly in HPLC
analysis of N-glycans.10 12,15 To purify the two glycans, fetuin protein were firstly
precipitated by the addition of ice-cold acetone (3 volumes). After brief centrifugation, the
supernatant was then concentrated and subjected to G-25 gel filtration (2.5 cmx2100 cm) for
rough separation. The A-glycan containing fractions (analyzed by MALDI-MS, Fig. S3)
were then subject to HPLC purification as previously reported.122 Totally, 4.1 mg (63%
yield, Supplemental Information 111) of compound corresponding to peak 1 and 26 mg (65%
yield) of compound corresponding to peak 2 were collected. Extensive NMR
characterization (Supplemental Information 1X) confirmed peak 1 as NOO1 and peak 2 as
N301. It is worth to note that, possible p1,3-linked Gal on B1,4-GIcNAc branch and/or core-
fucose were observed on N301,13: 16 however, we did not find any signals corresponding to
them on NMR spectra of purified A-glycans, nor did we find impurity peaks on MS and
HPLC profiles. One possible explanation is that only minor amount of such glycans exist in
bovine fetuin, and HPLC purification steps eliminated these structures.

Selective degalactosylation of NOO1

Branch specificity of several B-galactosidases towards Galp1,4-GIcNAcp1,2-Mana.1,6-
(Galp1,4-GIcNACcB1,2-Manal,3-)Manp1,4-GlcNAc (N0OO1 without reducing end GICNAC)
were tested, with only Escherichia coli B-galactosidase (LacZ) exhibiting branch preferences
(prefers a1,3-Man branch).1’ Interestingly, LacZ also had a branch preference towards
Galp1,4-GIcNAcp1,6-(Galpl,4-GlcNAcB1,3-)Gal (prefers p1,6-GIcNAc branch) but not to
Galp1,4-GIcNACB1,6-(Galp1,4-GlcNACB1,3-)Galp1,4-GlcNAc.17-18 For this reason, we
first performed a substrate specificity assay of LacZ towards a pair of A~glycan isomers
N111 and N211 (Fig. 1).128 The results (Supplemental Information V1) showed that LacZ
digested N111 much faster than N211, confirming LacZ has a preference toward the a.1,3-
Man branch.
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Next, we monitored the digestion reaction of NOO1 by LacZ to determine the best time to
collect mono-agalactosylated NOO1 (N111/N211) (Supplementary Information VII). Result
showed that with appropriate amounts of LacZ, after 6 hours, all NOO1 was digested and
converted into mono-agalactosylated NOO1 (85%) and di-agalactosylated NOO1 (NOQO, 15%)
(Fig. S6). Milligram scale LacZ digestion of NOO1 were then performed and mono-
agalactosylated NOO1 (Fig. 3B, MALDI-MS m/z peak of 1501.5210) were purified by
HPLC as previously reported.122 As our HPLC method cannot distinguish N111 and N211,
we applied an enzymatic strategy, using two human glycosyltransferases, a.1,6-
fucosyltransferase (FUT8) and mannosyl-a.1,6-glycoprotein p1,6- V-acetyl-
glucosaminyltransferase (MGATS5, also known as GnT-V). FUT8 strictly requires a free
GlcNAc on the a1,3-Man branch of A-glycans for activity,1® and MGATS5 requires a free
GlIcNACc on the a1,6-Man branch.20 We also did detailed substrate specificity study of
FUT8120 and MGATS5 (Supplementary Information V, Fig. S4) using a library of synthetic
N-glycans, which double confirmed previous reports.19-20 Thus, as illustrated in Fig. 3A,
FUTS8 can fucosylate N211 but not N111, whereas MGAT5 can glycosylate N111 but not
N211. MALDI-MS analysis showed that all A~glycans were fucosylated (Fig. 3C, m/z peak
corresponding to starting material disappeared, new m/z peak of 1647.5821 corresponding to
N6211 [M + Na]* appeared) in FUT8-catalyzed reaction, whereas no new peak was found
corresponding to N4111 in MGAT5-catalyzed reaction (Fig. 3D). These results confirmed
that the purified LacZ digestion product of NOO1 is N211 in pure form.

Selective degalactosylation of N301

Degalactosylation of N301 was slower than that of NOO1. After 3 days of LacZ incubation, 4
peaks corresponding to A-glycans were observed on HPLC chromatograph (Fig. S7). We
then performed degalactosylation of N301 in milligram scale (20 mg), with each peak
purified by semi-preparative HPLC. MALDI-MS analysis indicated that peak | (10%), 1
(73%), 111 (10%), and 1V (7%) are corresponding to N301, mono-agalactosylated N301
(N391 or N392 or N393 or mixture, m/z peak of 1866.6707 as shown in Fig. 4B), di-
agalactosylated N301 (N381 or N382 or N383 or mixture, m/z peak of 1704.6011 as shown
in Fig. 4E) and N300, respectively. FUT8- and MGAT5-catalyzed reactions were performed
to identify structures of agalactosylated N301 as illustrated in Fig. 4A. In MGAT5-catalyzed
reaction m/z peaks of 2069.7421 and 2086.5037 corresponding to N4391 [M + Na]* and [M
+ K]* were observed while the peak corresponding to mono-agalactosylated N301
disappeared (Fig. 4C), but in FUT8-catalyzed reaction, a product m/z peak corresponding to
N6393 was not observed (Fig. 4D). Such results indicated that purified mono-
agalactosylated N301 is N391 in pure form. The structure was further confirmed by NMR
characterization (Supplementary Information 1X). Similarly, for di-agalactosylated N301,
both MGAT5- and FUT8-catalyzed reactions yielded new m/z peaks on MALDI-MS profiles
while the m/z peak of the starting glycan disappeared (Fig. 4F&G), suggesting that purified
di-agalactosylated N301 is pure N382.

These results indicated that LacZ prefers to digest the Gal residue on the a1,6-Man branch
of tri-antennary A-glycan N301, and then the Gal residue on the p1,2-GIcNAca.1,3-Man
branch, different from that towards bi-antennary N-glycan NOO1, which prefers to digest Gal
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residue on the a1,3-Man branch. Nevertheless, LacZ was successfully used to generate
asymmetric bi- and tri-antennary A-glycan core structures (N211, N391 and N382) in mg
scales.

Generation of other core structures and asymmetric N-glycans

Several other asymmetric A-glycan core structures were generated (Fig. S8), including
N4391 that derived from N391 via MGAT5-catalyzed reaction, as well as N4382 and N6382
that derived from N382 via MGAT5 and FUT8-catalyzed reactions (Supplementary
Information VIII and 1V). These core structures are readily available for the synthesis of
libraries of asymmetric complex A-glycans. For example, N211 had been used as a core to
generate a number of bi-antennary Atglycan isomers with or without core-fucosylation.12
Taking the tri-antennary core N391 as another example, stepwise enzymatic synthesis was
performed to generate complex asymmetric A~glycans such as N396 (a similar asymmetric
tri-antennary N-glycan was prepared previously via chemoenzymatic approach). As shown
in Fig. 5, firstly, in a 0.5 mL reaction system, 4 mg (4 mM) of N391was incubated with
GDP-Fuc (10 mM), MnCl, (5 mM), and 0.1 mg of Helicobacter pylori a.l,3-
fucosyltransferase (Hp3FT).122 One microliter of the reaction mixture was sampled every 3
hours for analysis. MALDI-MS analysis showed a peak at m/z = 2158.7823, corresponding
to N394 [M + Na]* (Fig. 5B). After 20 hours, the reaction was freeze quenched at —=80 °C
for 30 min, and condensed for HPLC purification using a water/acetonitrile gradient elution,
yielding 4.2 mg of N394 (90% vyield). The purified N394 (3 mg) was then utilized for
enzymatic syntheses of N396 in two steps, catalyzed by bovine p1,4-galactosyltransferase
(bGalT)128 and Photobacterium damselae .2, 6-sialyltransferase (Pd26ST),2! respectively
(Supplementary Information V11 for details). NMR analysis was performed to confirm the
structure of the final product (2.5 mg, 93% yield for step 1, 85% yield for step 2)
(Supplementary Information IX).

In summary, we have developed a pure enzymatic strategy to generate asymmetric complex
N-glycans excluding chemical procedures. The strategy includes 1) glycosidase (PNGaseF
and neuraminidase) assisted separation of bi- and tri-antennary A-glycans in mg scale; 2) B-
galactosidase mediated selective degalactosylation and human FUT8- and MGAT5-
catalyzed glycosylation to generate asymmetric A-glycan core structures. The yielded core
structures can be readily utilized in the synthesis of asymmetrically branched bi-, tri- and
tetra-antennary N-glycans. Large-scale preparation of asymmetrically branched A~glycans
employing this strategy is undergoing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Symmetric (A) and asymmetric (B) N-glycan core structures for the generation of A~glycan

libraries. N111 was not prepared in this study.
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Figure 2.
HPLC analysis of PNGaseF and neuraminidase treated bovine fetuin (A), and MALDI-MS

analysis of HPLC peak 1 (B) and peak 2 (C). The two adjacent bumps of peak 1 and peak 2
represent a.- and p-anomer of the free reducing end glycans.
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human al,6-fucosyltransferase; MGATS5, human mannosyl-a1,6-glycoprotein p1,6-A-
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Rationale of enzymatic A-~glycan structure identification of mono- and di-agalactosylated

N301 (A); and MALDI-MS analysis of mono-agalactosylated N301 (B), mono-
agalactosylated NOO1 + MGATS5 (C), mono-agalactosylated NOO1 + FUT8 (D), di-
agalactosylated N301 (E), di-agalactosylated NOO1 + MGAT5 (F), di-agalactosylated NOO1
+ FUT8 (G). Lacz, E. coli B-galactosidase; FUT8, human al,6-fucosyltransferase; MGAT5,
human mannosyl-a.1,6-glycoprotein p1,6- A-acetyl-gucosaminyltransferase.

Org Biomol Chem. Author manuscript; available in PMC 2018 September 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Calderon et al.

Page 12

Intens. [a.u.]

200
04
200 C 23208665 [M + Na]*
100
- - 8287
F 26038287 - HF
0] D M- H]
2003
100 3
0 2 L} ¥ L 1 ¥ | ¥ | I ] LJ ] L]
1600 1800 2000 2200 2400 2600 2800 miz
Figureb.

Enzymatic extension of N391 to generate asymmetric tri-antennary glycans (A) and
MALDI-MS analysis of N394 (B), N395 (C) and N396 (D). Hp3FT, Helicobacter pylori
al,3-fucosyltransferase; bGalT, bovine B1,3-galactosyltransferase; Pd26ST, Photobacterium
damslae a2 ,6-sialyltransferase.
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