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Abstract

Asparagine-linked glycosylation is a major form of posttranslational modifications, which plays
important roles in protein folding, intracellular signaling, and a number of other biological
recognition events [11. Glycoproteins are often characterized by their structural micro-
heterogeneity where different glycoforms have the same polypeptide backbone but differ in the
pendant oligosaccharides. Of particular interest are the findings that subtle difference in the
attached glycans can have a significant impact on the biological functions of a given

glycoprotein [2:3]. The urgent need of pure glycoforms for functional studies and biomedical
applications has stimulated a great interest in exploring new methods for making homogeneous
glycoproteins [4. Major advances include the application of native chemical ligation and
expressed protein ligation for constructing full-size glycoproteins [>~71, chemoselective ligation to
introduce homogeneous glycans [8], and the engineering of yeast glycosylation pathways to
produce single glycoforms [°]. Yet another interesting advance in the field is the endoglycosidase-
catalyzed transglycosylation for glycosylation engineering and glycoprotein synthesis [10-161,
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Endo-p-N-acetylglucosaminidases (ENGases) of the glycosyl hydrolase family 85 (GH85)
are endoglycosidases that release N-glycans from glycoproteins by hydrolyzing the
glycosidic bond in the chitobiose (GICNAcB1-4GIcNAc) core. Two ENGases, the Endo-A
from Arthrobacter protophormiae and the Endo-M from Mucor hiemalis, have been used for
glycopeptide and glycoprotein synthesis because of their potent transglycosylation

activity [10-16] The two enzymes have distinct substrate specificity. Endo-M can hydrolyze
both high-mannose type and complex type N-glycans, but Endo-A has been shown to act
only on high-mannose type N-glycans. An interesting development in the field is the
exploration of synthetic sugar oxazolines, the mimics of the oxazolinium ion intermediate
generated in a substrate-assisted mechanism, as activated donor substrates for the enzymatic
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transglycosylation [11-14]. To address the problem of product hydrolysis, glycosynthase
mutants of Endo-M and Endo-A were generated that lack the hydrolytic activity but can still
use the activated sugar oxazolines for transglycosylation [15 16 In particular, we and others
have demonstrated that wild type Endo-A was able to take some truncated and selectively
modified sugar oxazolines for transglycosylation with diminished product

hydrolysis [11. 12. 141 These results suggest that Endo-A could tolerate selected
modifications at the outer mannose moieties of the highly activated ManzGIcNAc-oxazoline
substrate. We report in this communication our new findings that wild-type Endo-A
possesses low but promiscuous activity on full-size complex-type glycan oxazolines for
transglycosylation without product hydrolysis. The transglycosylation activity of Endo-A on
complex sialoglycan oxazoline, coupled with its high hydrolytic activity on high-mannose
type N-glycans, enables a one-pot conversion of ribonuclease B to sialylated ribonuclease C.
In addition, we also demonstrate that a combined use of Endo-A and an Endo-M mutant
provides an efficient chemoenzymatic synthesis of homogeneous sialylated N-glycoproteins,
which are hitherto difficult to obtain for functional studies [3 & 171,

Despite the observations that wild type Endo-A could take some truncated and modified
sugar oxazolines for transglycosylation [11. 12141 ‘initial study under a common enzymatic
reaction condition did not reveal transglycosylation activity of Endo-A on a complex-type
glycan oxazoline (CT-oxazoline, 1) [16]. This data suggested that the substitution at the C-2
positions of the 3- and/or 6-branch mannoses of the Man3GIcNAc-oxazoline with a
Galp1l—4GIcNACcB1 moiety, as found in the complex type N-glycan, conferred detrimental
effects on substrate recognition by Endo-A. Nevertheless, the recently reported structures of
Endo-A and its complex with a substrate analogue Man3GlcNAc-thiazoline [18] inspired us
to re-investigate the activity of Endo-A toward various complex type glycan oxazolines. The
structure of the Endo-A in complex with MangGlcNAc-thiazoline indicates that the C-2
position at the a-1,3-branch mannose are protruding outside of the catalytic site without
confrontation with Endo-A, but the C-2 position of the a.-1,6-branch mannose has only a
narrow space, implying a potential conflict of the C-2 substituent with Endo-A.
Interestingly, when we docked the CT-oxazoline (1) into the substrate-binding pocket of
Endo-A, we found that the CT-oxazoline could take an alternative conformation to avoid a
direct conflict of the C-2 substituent. That is, the ManzGIcNAc core still reached deeply in
the center of the binding pocket, while the a-1,6-branch mannose could rotate to protrude
outside the cavity (Figure 1). While some extra activation energy would be required to
compensate this conformational twist, these preliminary modelling studies did imply
potential substrate promiscuity of Endo-A toward complex type N-glycan oxazolines. To
test this idea, we sought to evaluate Endo-A activity on full-size complex type N-glycans
oxazolines under a more forceful reaction condition.

We have previously described a semi-synthesis of an asialoglycan oxazoline (1, C T-
oxazoline) by a multiple-step approach including acetylation of the free glycan, oxazoline
ring formation under Lewis acid catalysis, and final de-O-acetylation [16]. The synthesis of
sialoglycan oxazoline could be more complex by this approach because of the presence of
the sialic acid residues. Recently Shoda and co-workers reported an efficient method for
synthesizing sugar oxazolines from free 2-acetamido sugars in aqueous solution, using 2-
chloro-1,3-dimethylimidazolinium chloride (DMC) as the reagent for a single-step
conversion (191, They have shown that sialylated glycan oxazoline could be generated
efficiently from the corresponding free glycan, although isolation and further
characterization of the product were not described. We thus followed this procedure for
preparing the sialoglycan oxazoline 2 (Scheme 1). The sialoglycopeptide (SGP) isolated
from hen’s egg yolk [2] was hydrolyzed by Endo-M to give the free N-glycan (SCT), which
was then treated with excess DMC (15 mol equiv) in the presence of TEA (42 mol equiv).
Monitoring of the reaction by high-performance anion-exchange chromatography (HPAEC)
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indicated essentially 100% conversion of SCT to the sialoglycan oxazoline 2 within 15 min
(Figure S1, Supporting Information). We also investigated the use of inorganic bases for the
DMC-promoted transformation and found that NaOH and K,CO3 were also effective for the
conversion to give a high yield of the sialoglycan oxazoline (2) (Table S1, Supporting
Information,). The product was readily isolated from the reaction mixture by gel filtration
(Sephadex G15; eluent, 0.05% aqueous TEA), giving the sialoglycan oxazoline 2 in 90%
yield (Scheme 1). Similarly, treatment of the asialoglycan (CT) with an excess amount of
DMC and Et3N in water gave the corresponding asialoglycan oxazoline (1) in excellent
yield.

First, we examined the Endo-A catalyzed transglycosylation of sialoglycan oxazoline 2
using a GIcNAc-pentapeptide (3) derived from erythropoietin (aa 37-41) as the acceptor
substrate [12]. Incubation of the donor 2 (15 mM) and acceptor 3 (5 mM) with a catalytic
amount of wild type Endo-A (10 mU/pl) at 23°C for 5 h gave only trace amount of the
transglycosylation product (monitored by HPLC). This result is consistent with our previous
observation that a desialylated complex-type N-glycan oxazoline was a poor substrate for
wild type Endo-A [16]. However, when the enzymatic reaction was performed under high
substrate concentrations (75 mM for the donor and 25 mM for the acceptor) with a
significantly increased amount of Endo-A (200 mU/pl), a smooth transglycosylation
reaction was observed, giving the transglycosylation product (4) in 68% yield after
incubation for 8 h (Scheme 2). Encouraged by this result, we re-investigated the Endo-A
catalyzed reaction between the asialoglycan oxazoline (1) and GIcNAc-peptide (3). We
found that under the more drastic condition (high substrate concentration and large amount
of enzyme), Endo-A also showed significant transglycosylation activity on the asialoglycan
oxazoline (1) to give a 60% yield of the corresponding transglycosylation product (5)
(Scheme 2). It was found that the complex-type N-glycopeptide products 4 and 5 were
completely resistant to hydrolysis by Endo-A even for an extended incubation time,
confirming the notion that Endo-A could act on the highly activated glycan oxazolines for
transglycosylation but lack the activity to hydrolyze the “ground-state” products thus
formed. The transglycosylation product 4 was characterized by ESI-MS analysis coupled
with specific enzymatic transformations (See Supporting Information). Recently, Fairbanks
and co-workers reported that Endo-A could act on a further truncated bi-antennary complex
type N-glycan oxazoline, in which the C-2 positions of the outer mannoses of the core were
substituted with only a GIcNAc moiety, for a slow transglycosylation to give a 11% yield of
the corresponding product, but extended incubation somehow did not lead to increased
yield [14]. The discovery of the substrate promiscuity of Endo-A toward full-size complex-
type N-glycan oxazolines, together with its complete lack of hydrolytic activity toward the
ground-state complex-type product, raises an exciting opportunity to improve and expand
Endo-A’s potential for transglycosylation via a directed evolution strategy [211. In
comparison, we examined the transglycosylation of sialoglycan oxazoline (2) to GIcNAc-
peptide (3) by wild-type Endo-M. It was found that the Endo-M catalyzed reaction
proceeded rapidly to give a maximal yield of the glycopeptide product 4 within a short time.
After that, however, the product yield decreased quickly with time, due to a rapid product
hydrolysis catalyzed by Endo-M (Figure S2, Supporting Information). In contrast, Endo-A
catalyzed transglycosylation was much slower, but the product was accumulated because of
its lack of hydrolytic activity on the product.

We also tested the sialoglycan oxazoline (2) with an Endo-M mutant, EndoM-N175A,
which was previously shown to be able to transglycosylate the desialylated glycan oxazoline
(1) without product hydrolysis [16]. It was found that the sialoglycan oxazoline (2) was a
good substrate for EndoM-N175A, leading to formation of the transglycosylation product
(4) in 88% yield (Scheme 2). The ability of wild type Endo-A and the mutant EndoM-
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N175A to use the sialoglycan oxazoline for transglycosylation without product hydrolysis
now provides a quick access to homogeneous sialylated complex N-glycopeptides.

The transglycosylation activity of Endo-A on sialoglycan oxazoline, together with its known
hydrolytic activity on high-mannose type N-glycans, prompted us to test the possibility to
switch the nature of N-glycans in a glycoprotein in a one-pot manner. We have chosen
bovine ribonuclease (RNase) as a model system. It is known that bovine pancreatic RNase
exists in different glycoforms: RNase A is unglycosylated; RNase B carries a heterogeneous
high-mannose type N-glycan (Mans_gGIcNAC,) at the Asn-34; and RNase C bears a
heterogeneous complex-type N-glycan [22]. Recently a desialylated glycoform of RNase C
was synthesized by an elegant combination of native chemical ligation and expressed
protein ligation [7]. To test a one-pot chemoenzymatic approach, a mixture of RNase B (6
mM), sialoglycan oxazoline 2 (72 mM), and Endo-A (700 mU/ul) in a phosphate buffer (pH
7.0) was incubated at 23 °C. It was expected that RNase B would be first hydrolyzed by
Endo-A to give the GIcNAc-RNase, which would then serve as an acceptor for the
subsequent Endo-A catalyzed transglycosylation, leading to the ligation of the complex type
N-glycan to the protein. An aliquot was taken from the reaction mixture at intervals and
analyzed by SDS-PAGE (Figure 2). It was found that the cleavage of the high-mannose N-
glycans of RNase B by Endo-A was very quick under the high enzyme concentration and the
glycan cleaving reaction was complete within 5 min to give the GIcNAc-RNase (Figure 2,
lane 2). The transglycosylation was relatively slow, but a new protein band corresponding to
the product sialylated RNase C, which was about 2 kDa larger than the GIcNAc-RNase, was
clearly formed at 3 h (Figure 2, lane 3). Thus, Endo-A permits a one-pot conversion of the
RNase B to the sialylated RNase C in the presence of the sialoglycan oxazoline (Scheme 3).
The sialylated RNase C product was isolated by RP-HPLC and its identity was characterized
by a combination of several analytic means. First, the purified product appeared as a single
band (Figure 2, lane 4) that was about 2 kDa larger in size than the GIcNAc-RNase B
(Figure 2, lane 2), suggesting an attachment of a typical N-glycan; second, treatment of the
RNase C product with Endo-M converted the RNase C back to GIcNAc-RNase B as a single
band (Figure 2, lane 5), indicating that the glycan in the product was attached to the inner
most GICNACc rather than other parts of the protein; third, deconvolution of the ESI-MS
spectrum (Figure 3) of the product gave a molecular mass of 15888 Da, which matches well
with the molecular mass of the expected sialylated RNase C (calculated, M = 15886 Da);
finally, treatment of the RNase C product by PNGase F released a single N-glycan that was
confirmed to be the sialylated, bi-antennary complex-type N-glycan (MALDI-TOF MS:
calculated, M = 2222.78; found (m/z), 2246.17 [M+Na™*]). These studies indicate that a one-
pot protocol is feasible for converting heterogeneous RNase B to a homogeneous RNase C.
Nevertheless, the low transglycosylation activity of Endo-A on the complex type glycan
oxazoline resulted in a relatively low yield. A prolonged incubation led to a moderate
increase of the transglycosylation yield of the product, but we were aware that an overnight
incubation also resulted in some non-enzymatic side reactions between the oxazoline and the
ribonuclease when both were present at high concentrations. The by-products are yet to be
further characterized, but a preliminary MS analysis of the mixture suggested that they were
likely generated by slow chemical reactions of the oxazoline with some side chains in the
proteins. Thus, generation of more active Endo-A mutants, e.g., via directed evolution,
would be a logical next step for enhancing the overall efficiency of the one-pot protein
glycosylation transformation.

As an alternative approach, we also tested a combined use of Endo-A and EndoM-N175A
for a one-pot conversion. EndoM-N175A was already shown to be efficient to catalyze the
transglycosylation of a desialylated glycan oxazoline, but it does not hydrolyze high-
mannose type N-glycans in RNase B. In addition, both the Endo-M mutant and Endo-A
would not hydrolyze the “ground-state” complex-type glycoprotein product. Indeed,
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incubation of a mixture of RNase B, oxazoline (2), Endo-A, and EndoM-N175A together in
a phosphate buffer (pH 7.0) resulted in a substantial increase of the transglycosylation
efficiency, giving a 70% isolated yield of the sialylated RNase C (Scheme 3). In this case,
only a catalytic amount of Endo-A was required. Taken together, the combined use of the
two enzymes with distinct substrate specificity offers a useful method for glycosylation
engineering of glycoproteins by readily switching the personality of the attached N-glycans.

In summary, we have found that wild-type Endo-A possesses a low but promiscuous activity
on sialylated and desialylated complex-type N-glycan oxazolines for transglycosylation,
which enables a one-pot conversion of heterogeneous RNase B to homogeneous RNase C.
We have also shown that a combined use of the distinct substrate specificity of Endo-A and
an Endo-M mutant permits an efficient synthesis of homogeneous sialylated N-
glycoproteins that are usually difficult to obtain for functional studies. The discovery of the
promiscuous substrate activity of Endo-A on complex-type N-glycan oxazolines raises an
exciting opportunity to improve and expand Endo-A’s transglycosylation activity by a
directed evolution strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Conformational comparison of Man3GIcNAc-thiazoline (green) and CT-oxazoline (yellow)
docked into substrate-binding site of Endo-A (macromolecule displayed in ribbon).
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Figure 2.

SDS-PAGE analysis of the one-pot transglycosylation reaction and the product. lane 0:
marker; lane 1: RNase B; lane 2: an aliquot of the one-pot reaction mixture at 5min; lane 3:
an aliquot of the one-pot reaction mixture at 3 h; lane 4: purified sialylated RNase C; lane 5:

sialylated RNase C treated with Endo-M.

Chembiochem. Author manuscript; available in PMC 2012 September 17.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Huang et al.

[

] S

(=) <
1 L

Relative Intensity / %o —>
(=)
<
|

+13
40 -
1223.20
20 -
0
1000 1200

Figure 3.
ESI-MS of the sialylated RNase C.
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Endo-A and EndoM-N175A act on sialylated N-glycan oxazoline for transglycosylation
without product hydrolysis. Enzyme activity definition: 1 mU was defined as the amount of
Endo-A or EndoM-N175A needed for transferring 1 nmol of Man3GIcNAc-oxazoline to

GIcNACc-PNP in 1 min at 23 °C.
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Scheme 3.
Endo-A and EndoM-N175A catalyzed one-pot conversion of RNase B to sialylated RNase
C.
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