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The synthetic efficiency of endohexosaminidase-catalysed glycosylation reactions using N-glycan oxazo-
lines as donors was investigated as two reaction parameters were varied. Both the addition of quantities
of an organic co-solvent and modulation of reaction pH between 6.5 and 8.0 were found to have different
effects on reactions catalysed by either Endo A (and two available mutants) or Endo M, indicating subtle
differences between these two family GH85 enzymes. Fine tuning of reaction pH, or the addition of quan-
tities of an organic co-solvent, resulted in beneficial increases in achievable synthetic efficiency by effect-
ing a reduction in the rate of competitive hydrolytic processes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Access to pure homogeneous defined single glycoforms of gly-
coproteins has now become a major scientific objective.! Not only
is this a prerequisite to facilitate more precise biological investiga-
tion into the effects that different glycans have on protein proper-
ties, but it is also an important commercial goal in the field of
glycoprotein therapeutics, which are currently marketed as hetero-
geneous mixtures. Glycoprotein remodelling using endohexosami-
nidases, a class of enzymes that specifically cleave the chitobiose
core of N-linked glycans between the two GIcNAc residues, is an
attractive methodology that can allow access to a variety of defined
homogenous glycoconjugates including glycoproteins.

The two endohexosaminidase enzymes that have so far shown
the most useful synthetic glycosylation activity are Endo M from
Mucor Hiemalis? and Endo A from Arthrobacter protophormiae,® both
of which are members of the glycohydrolase (GH) family 85.% Initial
studies revealed the remarkable ability>® of these enzymes to effect
transglycosylation of a variety of acceptor substrates bearing Glc-
NAc residues using asparagine-linked isolated oligosaccharides as
donors. However, because these enzymes naturally display hydro-
lytic activity the efficiency of such approaches was very limited;
typically 100-1000 equiv of glycosyl acceptor was required in order
to effect even very moderate yields of product due to competitive
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hydrolytic processes. Following the disclosure by Shoda’ and co-
workers that carbohydrate oxazolines could be used as activated
glycosyl donor substrates for these enzymes, the synthetic effi-
ciency of endohexosaminidase-catalysed glycosylation has been
significantly increased. Studies both by ourselves,® and by Wang
and co-workers® have detailed the application and further develop-
ment of this basic methodology and demonstrations of the utility of
both Endo A and Endo M for the transfer of intact oligosaccharides
to amino acids, peptides®® ¢ and proteins®®"#* (including
monoclonal antibodies)® have now all been reported. Nevertheless,
although the use of oxazolines as donor substrates has already
proven to be extremely beneficial, the issue of hydrolytic activity
remains. In particular with more extended glycan structures such
activity can seriously compromise synthetic efficiency.

In an attempt to decrease the natural hydrolytic activity of the
enzymes both Wang®™ and ourselves®® have used site-directed
mutagenesis to produce ‘glycosynthase’’°-like mutants of Endo A,
whilst Wang and Yamamoto have also reported a similar engineer-
ing of Endo M.%¢ Indeed recently reported crystallographic data are
now available for both wild-type (WT)!" and Endo A mutants'?
which may facilitate such future optimisation of enzyme produc-
tion. Although such approaches do result in a further increase in
achievable synthetic yield, in the majority of cases, particularly
with extended donors, reactions are still far from efficient. Herein
the use of multiple additions of an excess of oxazoline donor may
be required to achieve a good yield of product. Continued limita-
tion of synthetic efficiency arises because, although mutant
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enzymes may not be able to hydrolyse the products of these glyco-
sylation reactions, they unfortunately can still catalyse direct
hydrolysis of the oxazoline donors themselves.

Previous reports on the use of Endo A'®> and Endo M'* for trans-
glycosylation using asparagine-linked donors have detailed that
increased synthetic efficiency could be achieved by the addition
of an organic co-solvent to these aqueous reaction mixtures. Since
the increased efficiency thereby observed was presumably due to a
decrease in the rate of competitive hydrolytic processes, then the
addition of quantities of an organic co-solvent to other synthetic
reactions catalysed by endohexosaminidases would appear to be
a promising avenue for investigation. Moreover throughout the
numerous reports on the uses of oxazolines as donors for endohex-
osaminidase-catalysed glycosylations several reaction parameters
have been varied without a specific comment. One of the most
notable of these is the reaction pH. The pH/rate dependency for
the hydrolytic activity of hexosaminidases is typically a bell-
shaped curve centred around pH 5.0-8.0, the precise pH optimum
depending on the enzyme.!> The upper and lower limits of this
bell-shaped curve generally correspond with the kinetic pKa values
of the two catalytic acid residues in the enzyme active site. For
example, the pH optimum for Endo H is pH 5.5, and its hydrolytic
activity drops rapidly as the pH is either increased from pH 6.0 to
pH 8.0, or is decreased from pH 5.0 to pH 4.0.'® Although family
GH85 endohexosaminidasses, such as Endo M and Endo A, possess
only one key catalytic acid residue in the active site (E173 for Endo
A and E177 for Endo M) similar pH/rate profiles have generally
been observed for their hydrolytic activity.?>!>¢

The non-enzyme-catalysed hydrolysis of carbohydrate oxazo-
lines under acidic conditions in aqueous solution is well estab-
lished, obviating the use of an oxazoline in any reaction
performed at a pH below that of the lower limit of the enzyme’s
bell-shaped pH/rate curve.!” However since the hydrolytic activity
of these enzymes is dependent on protonation of the glycosidic
oxygen by the key catalytic carboxylic acid residue, then moving
to a higher reaction pH should curtail the rate of product hydroly-
sis, in correspondence with the upper limit on the pH/rate curve. In
addition an increase in reaction pH may not overly affect the rate
of a synthetic reaction employing an oxazoline donor, and thus a
further kinetic advantage may be obtained. Moreover working at
higher reaction pH will also increase the lifetime of an oxazoline
donor in the reaction medium by a reduction in the rate of non-en-
zyme-catalysed hydrolysis. In light of these possibilities it was con-
sidered that an increase in reaction pH employing oxazolines as
activated donors may perhaps give a further kinetic advantage to
synthetic processes over competing hydrolytic ones. This report
therefore details investigations that were undertaken into the
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effects that both the addition of an organic solvent and variation
of reaction pH had on the synthetic efficiency of endohexosamini-
dase-catalysed glycosylation with oxazolines as donors.

2. Results and discussion

Glycosylation of the glycosyl amino acid acceptor 1 using the
tetrasaccharide oxazoline donor 2 to produce the pentasaccharide
glycosyl amino acid 3 was used as the standard reaction for inves-
tigation of the dependency of synthetic efficiency on reaction
parameters (Scheme 1). In addition, for certain reactions catalysed
by Endo M the trisaccharide oxazoline donor 4 was also used for
glycosylation of 1, resulting in the formation of tetrasaccharide gly-
cosyl amino acid 5.

2.1. Effect of an organic co-solvent

The inclusion of an organic co-solvent in the reaction medium
has frequently been used to increase the synthetic efficiency of gly-
cosidase-catalysed processes;'® the two most commonly employed
organic co-solvents in this respect being dimethylsulfoxide
(DMSO) and acetone. Indeed as discussed previously, the addition
of quantities of an organic co-solvent has been shown to improve
the synthetic efficiency of both Endo A-® and Endo M-'“catalysed
transglycosylation reactions using asparagine-linked N-glycan oli-
gosaccharides as donors. However it is notable that in some of
these reactions large excesses of glycosyl acceptor were required.
For example, using Endo A, Lee and co-workers typically? em-
ployed more than 1000 equiv of a GIcNAc acceptor relative to the
quantity of the MangGlcNAc,Asn donor used. In contrast, the more
modest yields reported by Yamanoi'# and co-workers for Endo M
corresponded to the use of only 2 equiv of a sialylglycopeptide do-
nor. In both cases it was proposed that the improvements in yield
were due to both an enhancement of the rate of the transglycosy-
lation process itself and a reduction of the rate of product and
starting material hydrolysis by decreasing the effective water con-
centration. It should be noted, however, that the precise identity of
the organic co-solvent was also found to have a differential effect
on the extent of transglycosylation, indicating a more subtle role
over and above that of simply decreasing effective water concen-
tration. For example, the use of DMF as an additive enhanced trans-
glycosylation activity for Endo A2 but completely destroyed such
activity for Endo M.™

The effect of the addition of an organic co-solvent on the syn-
thetic efficiency of processes carried out using oxazoline donor 1
was investigated using WT Endo A, Endo M, and also two available
Endo A mutants, E173H and E173Q. DMSO was selected as a repre-
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sentative organic co-solvent for these comparative studies, since
its use had previously been shown to have a beneficial effect on
the synthetic efficiency of transglycosylation for both Endo A and
Endo M. A series of experiments was undertaken in which the yield
of product 3, arising from glycosylation of 1 by 2, was monitored as
a function of time. Time course studies of synthetic reactions cata-
lysed by WT Endo A, the E173H and E173Q mutants and Endo M
performed in the presence of varying quantities of DMSO as an
organic co-solvent in phosphate buffer at pH 6.5 are shown
in Figure 1.

In the case of WT Endo A (Fig. 1A) the addition of 5% DMSO by
volume to the reaction medium led to a significant improvement in
the efficiency of the reaction. Herein quantitative conversion to
product was observed after 30 min and no significant amount of
product hydrolysis was observed until after 3 h reaction time. After
this time slow product hydrolysis could be observed. This result
contrasted with the reaction performed in the absence of DMSO;
a maximum yield of 88% was observed after 30 min, after which
time rapid product hydrolysis ensued. The addition of as little as
5% by volume DMSO as an organic co-solvent therefore resulted
in an improved efficiency of the glycosylation process primarily be-
cause of a marked decrease in the rate of product hydrolysis. Fur-
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ther experiments in which the DMSO content was increased to 10%
and 15% led to further small decreases in the rate of product hydro-
lysis, but also to corresponding decreases in the rate of the syn-
thetic reaction. For example, with 15% v/v DMSO quantitative
product formation was not observed until after 60 min.

The addition of DMSO as an organic co-solvent resulted in a
reduction of the rate of synthetic processes catalysed by both the
Endo A mutants. In the absence of DMSO the E173H mutant
catalysed production of 3 in 99% yield after 150 min; subsequent
product hydrolysis was, as expected based on the designed incor-
porated mutation, extremely slow and only occurred in a signifi-
cant amount after 6 h. The addition of 5% DMSO to the reaction
mixture resulted in a slower synthetic reaction; 98% conversion
to product was only achieved after 520 min. This yield of product
then remained essentially constant, dropping slightly to 96% after
three days (Fig. 1B). Increasing the DMSO content further to 10%
v/v and then to 15% v/v led to progressive further reductions in
the rate of the synthetic reaction. However no reduction was ob-
served in the maximum achievable yield of the synthetic reaction,
and significantly product hydrolysis was also completely curtailed
in these cases. In the absence of DMSO as an organic co-solvent the
E173Q mutant was able to catalyse the glycosylation reaction in
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Figure 1. Time correlations of product yield for glycosylations of acceptor 1 with donor 2 in the presence of an organic co-solvent with (A) WT Endo A with DMSO; (B) Endo A
E173H with DMSO; (C) Endo A E173Q with DMSO; (D) WT Endo M with DMSO; (E) WT Endo A with acetone and (F) WT Endo A with DMF.
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Figure 2. Time correlations of product yield for glycosylation of acceptor 1 at varying pH with: (A) WT Endo A and donor 2; (B) Endo A E173H and donor 2; (C) Endo AE173Q

and donor 2; (D) WT Endo M and donor 2; and (E) WT Endo M and donor 4.

82% in an irreversible fashion; the mutant enzyme being com-
pletely incapable of hydrolysing the product. However the syn-
thetic reaction was itself slow, and took around 30h to reach
this maximum value (Fig. 1C). The addition of 5% DMSO by volume
as a co-solvent again led to a further decrease in the rate of the
synthetic reaction and correspondingly to a decrease in the maxi-
mum amount of 3 produced (73% yield after 90 h). The lower syn-
thetic efficiency observed in the latter case can be attributed to
direct competitive hydrolysis of the oxazoline donor itself during
the extremely protracted reaction.

The results obtained with Endo A contrasted markedly with
those obtained with Endo M (Fig. 1D)." In the case of Endo M an in-
crease in the DMSO content actually led to a slight increase in the
rate of the synthetic reaction. However correspondingly the rate of
product hydrolysis was also increased by the addition of DMSO.
These observations using oxazoline 2 as the donor are in fact some-
what contradictory to the results previously reported by Yamanoi
and co-workers." In that study the rate of transglycosylation
reactions catalysed by Endo M using a complex biantennary sialogly-

™ It should also be noted that the unit activity definitions of Endo A and Endo M
used in this study are different. See Section 4 for precise definitions.

copeptide (SGP) as the donor was not significantly affected by the
addition of an organic co-solvent in quantities of 30% or lower by
volume. Moreover Yamanoi and co-workers'* reported that the rate
of product hydrolysis was reduced by the addition of an organic co-
solvent, resulting in a higher achievable yield. In the present study
with oxazoline 2 as the donor the maximum yields obtained using
Endo M as a catalyst were 41% after 3 h (no added DMSO), 37% after
2 h (5% DMSO) and 38% after 90 min (10% DMSO). The maximum
yield obtainable was therefore not altered by the addition of an
organic co-solvent, but the rate by which it was achieved was
increased with increased DMSO content. Likewise the rate of product
hydrolysis also showed a small increase with increased DMSO
content.

Finally two other co-solvents were investigated for the WT
Endo A-catalysed glycosylation of acceptor 1 by donor 2. In line
with the previous report on the effect of added co-solvents for
Endo A-catalysed transglycosylation using Asn-linked donors® the
use of either 10% acetone by volume (Fig. 1E) or 10% DMF by vol-
ume (Fig. 1F) was found to have a beneficial effect; in both cases
the rate of the synthetic reaction was not greatly affected, but
the rate of product hydrolysis was significantly diminished. Indeed
product hydrolysis was most retarded with 10% acetone as the
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co-solvent; quantitative product formation was observed after
50 min (Fig. 1E), and less than 3% hydrolysis was observed until
after 400 min. It can therefore be concluded that the use of 10%
acetone by volume probably represents the optimal reaction sol-
vent for WT Endo A-catalysed glycosylation using oxazoline
donors.

2.2. Effect of reaction pH

Published data for Endo M? reveal a pH rate maximum for
hydrolytic activity in the range pH 6.0-6.5; at higher pH the activ-
ity dropped markedly. In contrast, the pH rate profile of Endo A was
reported to have a very broad optimum, most active in the range
pH 5.0-9.0, though the rate of hydrolysis was little reduced even
at pH 11.3¢ Furthermore the optimum pH for Endo A-catalysed
transglycosylation using asparagine-linked donors has been re-
ported to be pH 6.0, though no precise data were shown.>” An
investigation was undertaken to elucidate how synthetic efficiency
varied with reaction pH for both of these enzymes using oxazolines
as donors, the rationale being that moving to higher reaction pH
may curtail the hydrolytic activity of the enzyme. Figure 2 shows
the pH dependency of glycosylation reactions catalysed by WT
Endo A (Fig. 2A) and the two mutants E173H (Fig. 2B) and E173Q
(Fig. 2C). As can be seen there was no significant variation in prod-
uct yield, or even in the time dependency of yield, as the pH was
increased from 6.5 to 8.0.* This result reflects the ‘broad pH opti-
mum’ that was described for the hydrolytic activity of Endo A.3¢
The only minor variation observed in these comparative experi-
ments was in the case of the E173Q Endo A mutant, where an in-
crease in reaction pH led to a small increase in product yield.
Unfortunately it was not possible to extend the current study to in-
clude reactions performed above pH 8.0 since decomposition of the
acceptor 1 occurred at these higher pH values.

In contrast to the results obtained for Endo A, the synthetic effi-
ciency of glycosylation reactions catalysed by Endo M, also shown
in Figure 2, showed a more marked dependence on reaction pH. At
pH 6.5 glycosylation of acceptor 1 with donor 2 produced 3 in a
maximum yield of 41% after 3 h; after this time product hydrolysis
rapidly decreased the synthetic efficiency of the reaction (Fig. 2D).
At pH 7.0 pentasaccharide 3 was produced more rapidly; the max-
imum yield of 41% was reached after 2 h, though again after this
time product hydrolysis was rapid. Increasing the pH further to
8.0 led to a further increase in the maximum obtainable yield of
3 (52% after 80 min) though again after this time product hydroly-
sis led to a rapid decrease in yield. These results indicated that, at
least for Endo M, increasing the reaction pH increased the rate of
the synthetic reaction relative to that of competitive hydrolytic
processes. The fact that the synthetic reaction appeared to be
accelerated at higher pH is somewhat surprising, particularly since
a previous report indicated that the hydrolytic activity of Endo M
should be approximately 50% lower at pH 8.0 than at pH 6.5.2°
However Figure 2D clearly shows that an increase in pH resulted
in increases in both the rate of product formation and the maxi-
mum achievable yield.

Puzzled by this somewhat unexpected result, a second series of
reactions was carried out using the (1-3)-linked trisaccharide
oxazoline 4 as the glycosyl donor, again with glycosyl amino acid
1 as the acceptor (Fig. 2E), to produce tetrasaccharide glycosyl ami-
no acid 5. At pH 6.5 the maximum yield of product 5 observed was
45%; this maximum was reached after only 30 min and after this
time very rapid product hydrolysis ensued. When a similar reac-
tion was conducted at pH 8.0 the rate of product formation was

* Quantitative analysis of experiments performed at pH 8.0 for reaction times of
greater than 7 h was not always possible due to acceptor decomposition; broad peaks
developed in the HPLC trace obviating accurate peak integration.

similar, though significantly the rate of product hydrolysis was
dramatically decreased, in line with the expected reduction in
hydrolytic activity of Endo M at this higher pH. Thus an increased
maximum yield of 58% of 5 was achieved after 60 min, and after
500 min 40% of the product 5 was actually still present in the reac-
tion mixture. By way of comparison at pH 6.5 effectively all of 5
had been hydrolysed after this time. These results suggest that in
the case of the (1—3)-linked trisaccharide donor 4 the low yield
of the transglycosylation product is primarily due to competitive
product hydrolysis, and that the rate of this hydrolysis reaction is
suppressed at higher pH in a similar manner. It can be concluded
therefore that whilst close control of reaction pH in the range
6.5-8.0 is not critical for obtaining the maximum synthetic yield
for reactions catalysed by Endo A, working at higher pH does in-
crease the synthetic efficiency of reactions catalysed by Endo M.
These results are broadly in line with the different pH/rate depen-
dences and maxima previously described for these two enzymes.

3. Conclusions

The two sets of comparative experiments with WT Endo M and
WT Endo A (taken together with the E173H and E173Q mutants)
indicate subtle yet significant differences between the two en-
zymes. In the first instance the addition of DMSO as an organic
co-solvent had a far greater and opposite effect on reactions cata-
lysed by Endo A as opposed to those catalysed by Endo M. In this
case Endo A-catalysed reactions (both synthetic and hydrolytic)
were slowed by increased amounts of an organic co-solvent, whilst
for Endo M the rates of both processes were actually slightly en-
hanced. The use of either 10% acetone or 10% DMF with WT Endo
A was also found to be particularly useful; in both cases the rate
of the synthetic reaction was not greatly affected, but the rate of
product hydrolysis was greatly diminished. Secondly variation of
the reaction pH from 6.5 to 8.0 had little effect on reactions cata-
lysed by Endo A, or its mutants, in line with the broad pH/rate pro-
file described for Endo A.3¢ However, increased reaction pH had a
significant effect on reactions catalysed by Endo M, and led to a
substantial improvement in product yield, particularly with one
of the two oxazoline donors used. This result is in line with the
strong pH rate dependence described for Endo M, with maximal
hydrolytic activity being observed in the range pH 6.0-6.5.2°
Extension of investigations to include higher reaction pH, which
may prove beneficial for both enzymes, was unfortunately not pos-
sible in the current study due to instability of the glycosyl acceptor
1. Subtle differences between Endo A and Endo M therefore mean
that it is not possible to arrive at a definitive set of reaction condi-
tions that will be optimal for any GH85 family endohexosamini-
dase-catalysed process. However it is clear that fine tuning of
reaction pH or the addition of quantities of an organic co-solvent
may result in beneficial increases in synthetic efficiency by effect-
ing a reduction in the rate of competitive hydrolytic processes.

4. Experimental
4.1. General

HPLC grade dimethylsulfoxide (DMSO), acetone and dimethyl
formamide (DMF) were purchased from Sigma-Aldrich. Glycosyl
amino acid acceptor 18? and oxazoline donors 28¢ and 38 were syn-
thesised as described previously. Recombinant Endo M was sup-
plied by Professor Kenji Yamamoto (Kyoto). Recombinant Endo A
and the Endo A E173H and E173Q mutants were produced using
the pET23d-Endo-A plasmid supplied by Professor Kaoru Takegawa
(Kagawa), as previously described.¢ Unit definitions of enzyme
activity used in this report are as follows. Endo A activity was
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assayed with RNase B as the substrate, applying the unit definition
of Endo H activity provided by New England Biolabs. One unit of
Endo A is defined as the amount of enzyme required to remove
>95% of the carbohydrate from 10 pg of denatured RNase B in a to-
tal reaction volume of 10 pLin 1 h at 37 °C. Endo M activity was as-
signed as supplied by Professor Yamamoto; 1 unit of Endo M is
defined as the amount of enzyme yielding 1 pmol of GIcNAc-
Asn-DNS from MangGIcNAc,-Asn-DNS in 1 min at 37 °C.

4.2. Analysis of enzymatic glycosylation

Endohexosaminidase-catalysed glycosylations were monitored
by HPLC using a Hewlett-Packard 1050 HPLC instrument using
Clarity software (version 2.4.1.43) connected to an Agilent 1100
variable wavelength detector at 257 nm wavelength. An analytical
HPLC (Phenomenex Gemini 5p C-18 column, 250 x 4.6 mm) was
used to monitor the reactions, with 2 pL aliquots taken at appro-
priate time intervals. The column was eluted with 22% MeCN/
H,0. The product yield was determined by integration of the prod-
uct and acceptor peaks.

4.3. Typical procedures for enzymatic glycosylation

4.3.1. Method 1: variation of co-solvent

Glycosyl amino acid acceptor 1 (100 pg, 621 nmol) and oxazo-
line donor 2 (3 equiv) were dissolved in a mixture of the appropri-
ate organic solvent (HPLC grade), water and sodium phosphate
buffer (0.4 M solution, pH 6.5, total reaction volume: 50 pL; overall
buffer concentration 0.1 M). Endo M (10 mU) or Endo A (50 mU) or
mutant enzyme (5 pg) was added and the temperature was main-
tained at 23 °C. Reaction progress was monitored by HPLC analysis
and the product yield was determined by integration of the prod-
uct and acceptor peaks.

4.3.2. Method 2: variation of reaction pH

Glycosyl amino acid acceptor 1 (100 pig, 621 nmol) and oxazoline
donor (2 or 4, 3 equiv) were dissolved in sodium phosphate buffer
(0.1 M solution of appropriate pH, total reaction volume: 50 uL).
Endo M (10 mU) or Endo A (50 mU) or mutant enzyme (5 pg) was
added and the temperature was maintained at 23 °C. Reaction pro-
gress was monitored by HPLC analysis and the product yield was
determined by integration of the product and acceptor peaks.
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