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HIGHLIGHTS GRAPHICAL ABSTRACT

e Functional exoglycosidase enzymes
were designed with attached 6HIS-tag

s tag

and produced in bacterial expression w—
systems. -
e The O6HIS-tagging approach enabled =
oriented immobilization for enhanced
accessibility to the active sites of the
enzymes. y \
e Rapid, high performance enzymatic ‘
digestion with immobilized enzymes ‘ “
supporting  solid  phase  glycan K}»G‘*‘SM
sequencing. -

e The efficiency of the workflow was
demonstrated by N-linked carbohydrate
sequencing of biopharma and biological

samples.
ARTICLE INFO ABSTRACT
Keywords: Full characterization of the attached carbohydrate moieties of glycoproteins is of high importance for both the
Glycan sequencing rapidly growing biopharmaceutical industry and the biomedical field. In this paper we report the design and

6HIS-tagged enzyme production
Exoglycosidases

Immobilization

Capillary electrophoresis

production of three important 6HIS-tagged exoglycosidases (neuraminidase, p-galactosidase and hexosamini-
dase) to support rapid solid phase N-glycan sequencing with high robustness using immobilized enzymes. The
exoglycosidases were generated in bacterial expression systems with high yield. Oriented immobilization via the
6HIS-tag portion of the molecules supported easy accessibility to the active sites and consequently high digestion
performance. The three exoglycosidases were premixed in an appropriate matrix format and processed in a low-
salt buffer to support long term storage. The digestion efficiencies of the immobilized enzymes were
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ulin G1.
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demonstrated by using solid phase sequencing in conjunction with capillary electrophoresis analysis of the
products on a commercial glycoprotein therapeutic (palivizumab) and human serum derived fluorophore labeled

glycans.

1. Introduction

Protein glycosylation is one of the most common post-translational
modifications in eukaryotic cells. It has been known that the attached
carbohydrate structures hold a great amount of biological information
and, have key roles in cell-cell interactions and signaling pathways, also
involved in disease progression [1]. Moreover, N- and O-glycosylation
are important for proper folding, stability and the functionality of pro-
teins [2]. The glycan moieties of glycoproteins are composed of mono-
saccharides, where sugar unit sequence, linkage type and position all
contribute to their complexity and diversity. Therefore, structural
glycan analysis represents a challenging task, especially in view of their
critical importance and understanding of biological function.

The advent of new generation protein therapeutics holds the promise
to outperform small molecule drugs due to their outstanding specificity
and efficacy. Most often, biotherapeutics are glycosylated such as the
frequently used monoclonal antibodies and Fc-fusion proteins. The
attached carbohydrates on these therapeutic glycoproteins play key
roles in their biological activity, solubility and immunogenicity, so
comprehensive characterization of their glycan profiles is of high
importance. Currently the most frequently used analytical approaches
applied to reveal the structural composition and positional/linkage in-
formation of complex carbohydrates include liquid chromatography
(LO), capillary electrophoresis (CE) and mass spectrometry (MS), this
latter maybe hyphenated with LC or CE [3-5]. Preliminary structural
elucidation can be based on the glucose unit (GU) values of the sepa-
rated components [6-8] that is usually followed by exoglycosidase
matrix-based verification [9-15].

Oligosaccharide sequencing by consecutive exoglycosidase digestion
steps is one of the most commonly used techniques to determine the
structure of complex carbohydrates including recognition of positional
and linkage isomers [11,12,16-20]. In other words, since exoglycosi-
dase enzymes have monosaccharide unit and linkage position as well as
orientation (a vs ) specificity, they can reveal not only the sequence but
the associated connection and anomeric configuration information [11,
21]. Exoglycosidase matrix-based glycan sequencing requires separa-
tions of the products of each matrix reactions. High performance
capillary electrophoresis is frequently used for this task because of its
low sample volume requirement, short separation time and multiplexing
option [22]. Structural information can be derived from the peak shifts
caused by the consecutive exoglycosidase treatments.

One of the limitations of using enzymes in such workflows is that
they may rapidly lose their activity, which can significantly increase the
cost of analyses. Immobilization of the enzymes reportedly alleviates
this handicap [23], furthermore, may enhance enzyme activity and
allow repeated use, as well as improves resistance to denaturation [24].
Immobilized trypsin linked to various monolithic supports [25] or
capillary walls [26] is frequently used for rapid protein digestion.
Temporini et al. developed an on-line pronase immobilized enzyme
reactor coupled with HPLC-MS/MS for automated glycoprotein analysis
[27]. Immobilization of the pronase enzyme onto an epoxy-silica
monolithic material decreased the reaction time from 48 h to 40 min.
In an early approach, disposable polymeric nylon tube pipette tips with
covalently linked enzymes were used to determine the urea content in
serum samples [28]. Subsequently, Nakanishi and co-workers described
a trypsin-immobilized pipette tip technique for rapid protein digestion
[29]. In the glycomic side, PNGase F-impregnated polyacrylamide gel
containing pipette tips were applied to rapid glycoprotein analysis [30].
Krenkova et al. orientedly immobilized PNGase F onto a monolithic
support for carbohydrate analysis in capillary electrophoresis [31]. By

all means, selection of the proper immobilization technique to achieve
highly efficient enzyme reaction is of high importance because the
linking reaction and the orientation influence the catalytic activity of
enzymes. Exoglycosidase digestion of glycans typically performed
overnight at 37 °C.

In the present study, we report on the design and production of three
important 6HIS-tagged exoglycosidases (neuraminidase, p-galactosidase
and hexosaminidase) to support rapid solid phase N-glycan sequencing.
The use of immobilized exoglycosidases enabled fast and robust oligo-
saccharide sequencing in conjunction with capillary electrophoresis
analysis of the digestion reaction products. The exoglycosidase enzyme
digestion steps were optimized by adjusting the enzyme concentration,
the digestion buffer pH and the reaction temperature.

2. Materials and methods
2.1. Chemicals and reagents

Water (HPLC grade), acetonitrile, dithiothreitol (DTT), ammonium
acetate, acetic acid, sodium dodecyl sulfate (SDS), sodium cyanobor-
ohydride (1 M in THF), ethylenediaminetetraacetic acid (EDTA),
glycine, tetramethylethylenediamine (TEMED), ammonium persulfate
(APS) and Nonidet P-40 (NP-40) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Aminopyrene-1,3,6-trisulfonic acid (APTS), the N-
linked carbohydrate separation buffer (NCHO) and the M1 magnetic
beads of the Fast Glycan Kit were from Bio-Science Kft (Budapest,
Hungary). The hIgGl glycoprotein was from Molecular Innovations
(Peary, MI, USA). The palivizumab (Synagis) therapeutic glycoprotein
and the human serum were provided by University of Debrecen
(Debrecen, Hungary). PNGase F enzyme was produced in house as
described in Ref. [32]. Tris-HCl and NaCl were from VWR (Radnor,
Pennsylvania, USA). NaHyPO4 was from Spektrum 3D (Debrecen,
Hungary). Glycerol, Coomassie Brilliant Blue R250 and imidazole were
from Merck (Darmstadt, Germany). The 40% (37.5:1) acrylamide:
bis-acrylamide solution was from Bio-Rad Laboratories (Hercules, Cal-
ifornia, USA) and boric acid from Scharlab (Debrecen, Hungary).
Expression vectors pET23b and pET17b were purchased from Novagen
(Madison, Wisconsin, US). Cloning E. coli strain TOP10 was from Invi-
trogen (Carlsbad, California, USA). Restriction endonucleases Agel HF,
Sacl HF, Ndel and Xhol, and the expression host SHuffle T7 Express
Competent E. coli was purchased from New England Biolabs (Ipswich,
Massachusetts, USA). BL21-CodonPlus (DE3)-RIL E. coli cells originated
from Agilent Technologies (Santa Clara, California, USA). T4 DNA ligase
was from Thermo Scientific (Waltham, Massachusetts, USA). Cells were
cultured in LB Broth medium and LB Agar (Scharlau, Barcelona, Spain).
Ampicillin (Amp) and Chloramphenicol (Chl) were from Sigma-Aldrich.
A 100 g/L Amp and a 30 g/L Chl stock solution was prepared and used in
a 1,000-times dilution in the culture media. Coding DNA sequence of the
functional part of neuraminidase and hexosaminidase were synthesized
by Biomatik (Cambridge, Ontario, Canada) and provided in pUC57
plasmid. Coding sequence of the functional part of p-galactosidase was
synthesized by Twist Bioscience (San Francisco, California, USA) and
provided in pTwist plasmid. DNA sequencing was performed by Mac-
rogen Europe (Amsterdam, the Netherlands).

2.2. Exoglycosidase enzyme production

2.2.1. Construction of the exoglycosidase expressing plasmids
The coding sequence of the 39-990 polypeptide segment of neur-
aminidase (the native protein without its releasing signal peptide) from
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sia-AU gene from Paenarthrobacter ureafaciens (UniProt ID: Q5W7Q2)
and the coding sequence of 34-1,280 polypeptide segment of }-N-ace-
tylhexosaminidase (sequence of the native protein without its releasing
signal peptide, the LPXTG recognition signal of sortase and the C-ter-
minal peptidoglycan anchor) from strH gene from Streptococcus pneu-
moniae serotype 4 (UniProt ID: P49610) were codon optimized for E. coli
and expanded with the Sacl nuclease as well as the TEV protease
cleavage site coding sequences at their 3’-ends. The synthesized genes
were obtained in pUC57 between its EcoRV sites. These plasmids and the
PET23b expression vector were digested by Ndel and Xhol restriction
enzymes, purified from agarose gel and ligated by T4 ligase, fusing a C-
terminal 6HIS-tag coding sequence to the designed gene. TOP10 E. coli
cells were transformed by the ligation mixture and spread on LB Agar
plates containing 100 pg/mL Ampicillin. Plasmid DNA from selected
colonies was purified by Monarch Plasmid Miniprep Kit (New England
Biolabs) and analyzed by restriction digestion and sequencing. The
coding sequence of the 137-985 polypeptide segment of p-galactosidase
(the catalytic domain of the native enzyme) from bgaA gene from
Streptococcus pneumoniae serotype 4 (UniProt ID: Q8DQP4) was first
codon optimized for E. coli. The synthesized gene was provided in pTwist
plasmid and digested by Agel HF and Sacl HF restriction enzymes. The
PET17b plasmid was modified in our laboratory by inserting the coding
sequences of an N-terminal 6-HIStidine tag, a TEV protease cleavage
site, a folding enhancer glycine-serine-histidine (GSH) tripeptide and an
Agel restriction nuclease cleavage site by stepwise mutagenesis after the
start codon, resulting in the N-terminal polypeptide MHHHHHHEN-
LYFQGSHTG fused to the catalytic domain of -galactosidase, similar to
as in Ref. [32].

2.2.2. Expression of the exoglycosidases

Neuraminidase-TEV-6HIS (NANase) and hexosaminidase-TEV-6HIS
(HEXase) coding pET23b plasmids were used to transform the SHuffle
T7 Competent E. coli cells, applying the standard protocol recommended
by the manufacturer. Protein expression was performed as follows: a 5.0
mL LB/Amp medium was inoculated and grown overnight at 30 °C (250
rpm). 0.5-0.75 L LB/Amp was supplemented with 1.0% (v/v) overnight
culture and grown at 30 °C until ODgg reached 0.6-0.8. Cell culture was
induced by 0.4 mM IPTG and further incubated at 16 °C, for 16 h. Cells
were harvested by centrifugation at 10,000 g (30 min at 6.0 °C) using a
Heraeus Biofuge primo R centrifuge (Hanau, Germany) and subse-
quently kept at —80 °C. The 6HIS-TEV-GSH-galactosidase (GALase)
coding pET17b plasmid was used to transform the BL21-CodonPlus
(DE3)-RIL E. coli competent bacteria. Cells were grown in 5.0 ml LB/
Amp, Chl media overnight at 37 °C (250 rpm). 0.25 L LB/Amp, Chl was
inoculated with 0.5% (v/v) overnight culture and grown at 37 °C (250
rpm). When the ODgg value of the culture reached 0.6-0.8, it was
induced with 0.5 mM IPTG and further incubated for 16 h at 30 °C. The
cells were harvested by centrifugation by 4,370 g (Heraus Multifuge 3S-
R) for 30 min at 6.0 °C, and kept at —80 °C.

2.2.3. Purification of the recombinant exoglycosidases

The cell pellets from the 0.5 L SHuffle/NANase and the 0.75 L
SHuffle/HEXase producing cell cultures were thawed and suspended in
10 mL and 15 mL ice-cold buffer ‘A’ (20 mM NaH5PO4, 500 mM NacCl,
25 mM imidazole, pH 7.5), respectively, supplemented with Complete
protease inhibitor (Hoffman-La Roche, Basel, Switzerland) and incu-
bated on ice for an hour. After addition of 2.0% (w/v) glass beads
(diameter 0.5 mm, Sigma-Aldrich) the cells were disrupted by sonication
(Cole-Parmer, Vernon Hills, Illinois, USA) 10 times for 30 s by applying
10 W power. The remaining cell debris were settled by ultracentrifu-
gation at 111,000 g for 30 min at 10 °C in a Beckman Coulter OptimaTM
Max-XP Ultracentrifuge (Brea, CA, USA) using an MLA-80 fixed-angle
rotor. The supernatant was filtered through a 0.45 pm diameter syringe
filter and applied directly to a pre-equilibrated 5 mL HiTrap Chelating
Ni-affinity column (GE Healthcare, Chicago, IL, USA). NANase was
eluted with 50% ’B’ (buffer 'B’: 20 mM NaH;PO4, 500 mM NaCl, 500
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mM imidazole, pH 7.5) buffer, which corresponds to ca. 260 mM
imidazole, while HEXase was eluted as a single peak at 25% ’B’ (ca. 140
mM imidazole).

Cell pellet from 0.25 L cell culture producing BL21-CodonPlus (DE3)-
RIL/GALase was thawed and suspended in 10 mL buffer ‘A’ supple-
mented with Complete protease inhibitor and incubated on ice for an
hour. 2% (w/v) glass beads were added, and the cells were disrupted by
sonication 10 times for 30 s by applying 10 W power. The remaining cell
debris was settled by ultracentrifugation at 111,000 g for 30 min at 10 °C
on an OptimaTM Max-XP Ultracentrifuge (Beckman Coulter). The su-
pernatant was filtered through a 0.45 pm diameter syringe filter and
applied directly to a pre-equilibrated 5.0 mL HiTrap Chelating Ni-
affinity column (GE Healthcare). The main proportion of the pure pro-
tein was eluted by 125 mM buffered imidazole corresponding to 20% "B’
buffer.

Purity of the proteins in the eluted fractions were checked by SDS
PAGE (varied between 8% and 10% based on protein size). The protein
concentration was calculated from the absorbance measured at 280 nm
on a UV-Vis spectrophotometer (Jasco V-630, Tokyo, Japan) using the
following parameters: molecular weight MW = 102.14 kDa, molar
extinction coefficient € = 114,515 M lem™? for NANase, MW = 139.65
kDa and ¢ = 154,940 M~'em ™! for HEXase and MW = 98.37 kDa, ¢ =
175,560 M~ lem ™! for GALase.

2.3. N-glycan sample preparation

N-glycan sample preparation utilized 10 pL of 10 mg/mL glycopro-
tein solution (hIgG1, palivizumab) or 10 pL human serum at 50-fold
aqueous dilution based on Reider et al. [33]. Briefly, the glycoprotein
samples were denatured at 80 °C for 10 min using 2.0 pL of a denatur-
ation mixture (12.5 mM DTT, 0.6% SDS and 0.06% NP-40). After the
denaturation step, the sample was digested with 1.0 pL of PNGase F (0.1
mg/mL) in 20 pL of 20 mM ammonium acetate at 37 °C for 2.0 h. After
the digestion step, 20 pL of labeling solution was added containing 6.0
mM of APTS, 100 mM of sodium cyanoborohydride in 1 M THF and 24%
(v/v) of acetic acid followed by overnight incubation at 37 °C with the
vial lid open. Next, the excess dye was removed using 20 pL of tenfold
concentrated M1 beads (Fast Glycan Kit) and 185 pL of acetonitrile
alternately in a total of 4 wash cycles. Then, the APTS labeled sample
was eluted using 100 pL of HPLC grade water.

2.4. Engyme matrix and co-dialysis

Enzyme solutions were first prepared in matrices [19,34] containing
enzymes at concentrations twenty times higher than those required for
the deglycosylation reactions, based on preliminary experiments tar-
geting optimal enzyme concentration to complete the enzymatic reac-
tion in 1.0 h at 37 °C. Three different solution compositions were
prepared: Matrix 1: NANase only (0.3 mg/mL); Matrix 2: NANase (0.3
mg/mL) + GALase (0.3 mg/mL), and Matrix 3: NANase (0.3 mg/mL) +
GALase (0.3 mg/mL) + HEXase (0.42 mg/ml). The exoglycosidase so-
lutions were dialyzed together against 20 mM Tris-HCI, 50 mM NacCl (pH
7.5) buffer at 4.0 °C overnight. Finally, glycerol was added to the dia-
lyzed solutions at the final concentration of 50% (v/v) in order to
facilitate long term (up to 2 years) storage at —20 °C.

2.5. Enzyme immobilization and exoglycosidase digestion

For all N-glycan sequencing reactions by immobilized 6HIS-tagged
exoglycosidase enzymes, one mL size Ni-IMAC resin filled (40 pL bed
volume) tips were used (PhyNexus, San Jose, CA, USA). Pipetting was
done automatically employing 1000+ pipette heads with the controller
software (Capture — Purify — Enrich, Version 2.2.3, PhyNexus). The tips
(one for each of the three enzyme matrices — see section 2.4.) were
washed prior to use with 1.0 mL of 20 mM ammonium acetate solution
(pH 7.0) using 1.4 mL/min aspiration and 2.8 mL/min dispensing speeds
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(700 pL total volume) for 2.0 min. Then, 10 pL of each enzyme matrix
solution was added to 90 pL of HPLC grade water (10x dilution) and
immobilized onto the pre-washed tips using 0.6 mL/min aspiration and
1.2 mL/min dispense speeds for 20 min using 300 pL pipetting volume to
ensure extensive contact between the enzyme and the resin. Finally, the
pipette tips were washed again with 1.0 mL of fresh 20 mM ammonium
acetate solution (pH 7.0) using the same conditions as described for the
tip wash above. For longer storage, the prepared tips were kept in 50%
glycerol containing dialysis buffer (see section 2.4.) up to one month
(tested time period) between 2 and 8 °C. The released and APTS labeled
N-glycan samples were aliquoted to 20 pL portions and diluted to 100 pL
with 10 mM ammonium acetate buffer resulting in the pH of 5.5. Then,
the enzyme containing tips (Matrix 1, 2 and 3) were applied for exo-
glycosidase digestion by using the same pipetting conditions as in the
enzyme immobilization step for 30 min at the optimized temperature
gradient approach of: 1 — keeping at 37 °C for 5.0 min, 2 - heating up to
50 °C in 3.0 min, 3 - keeping at 50 °C for 12 min, 4 - heating up to 60 °C
in 3.0 min, and 5 - keeping at 60 °C for 7.0 min. The schematic repre-
sentation of the workflow is shown in Fig. 1. The aqueous phase refer-
ence digestion experiments were carried out using the same parameters
by adding 5 pL of each enzyme matrices to 10 pL sample.

2.6. Glycan sequencing by capillary gel electrophoresis

All capillary gel electrophoresis separations were performed on a P/
ACE MDQ capillary electrophoresis system, equipped with a laser-
induced fluorescence (LIF) detection system (488 nm excitation and
520 nm emission, Beckman Coulter). For all separations, the NCHO
matrix was used as separation medium in 50 pm ID bare fused silica
capillary columns with 50 cm total length (40 cm effective length).
Sample injection: 5.0 psi for 5.0 s. The temperature of capillary and the
sample storage compartment were both set at 20 °C. The applied electric
field strength during the separations was 600 V/cm with reverse polarity
(anode at the inlet capillary end) separation mode.

3. Results and discussion
3.1. Gene design and construction

Genes for neuraminidase (EC 3.2.1.18), hexosaminidase (EC
3.2.1.52) and p-galactosidase (EC 3.2.1.23) were designed to possess a

6HIStag to enable oriented immobilization, utilizing available structural
models from the literature to determine their optimal position. In all

—>
|

Pipette tip wash

—>

Enzyme immobilization
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instances tagging positions were chosen to be the farthest from the
active centrums of enzymes (NANase [35], GALase [36], HEXase [37,
38D).

Considering the localization of the active center, the 6HIS-tag fol-
lowed by a TEV protease cleavage site was fused to the C-terminal end of
the enzymatically functional part of neuraminidase and hexosamini-
dase. For the expression of these two enzymes, the corresponding genes
were incorporated into an engineered pET23b plasmid between the Ndel
and Xhol sites, resulting in the pET23b-Ndel-neuraminidase-TEV-6HIS-
Xhol and Ndel-hexosaminidase-TEV-6HIS-Xhol constructs as shown in
Fig. 2 (left panel). In the case of p-galactosidase, similar structural
considerations led to the fusion of an N-terminal 6HIS-TEV-tag to its
functional part using an engineered pET17b-based plasmid [32] for the
expression of GALase (Fig. 2, right panel).

3.2. Protein expression in E. coli BL21 strains

The six cysteins of NANase form three disulfide bridges at proper
folding by oxidation, which is not supported in the reducing environ-
ment of the bacterial cytosol. Engineered E. coli cells, such as SHuffle T7
Express support appropriate disulfide bridge formation resulting in
soluble and catalytically active enzymes. Therefore, our attempt to ex-
press NANase in the right form was highly successful yielding about 50
mg pure and soluble protein per liter culture. Since HEXase contains
only a single Cys, SHuffle T7 Express also supported right folding by
preventing the formation of intermolecular disulfide bonds, resulting in
a soluble and catalytically active enzyme. With our approach, 35 mg/L
culture pure and properly folded HEXase was obtained. Since SHuffle
usually produces significantly lower amount of cell mass, induced cul-
tures were harvested by using higher centrifugal force (10,000 g).
GALase does not contain any cysteines, so expression of this enzyme was
attempted in four different BL21 (DE3) strains and the CodonPlus (DE3)-
RIL was found to be the most effective (74 mg pure and soluble protein
per liter culture).

3.3. Exoglycosidase concentration optimization and co-dialysis

The optimal digestion reaction concentrations of each enzyme, i.e.,
to assure complete digestion of the fluorophore labeled glycans, were
determined by preliminary aqueous phase experiments with consecutive
enzyme by enzyme application. It is important to note that in exogly-
cosidase enzyme digestion based N-glycan sequencing, only complete
digestion is acceptable to ensure unambiguous peak identification. The

—

TG G

Pipette tip wash Enzymatic reaction

Fig. 1. Schematic representation of the immobilized exoglycosidase digestion workflow.
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Fig. 2. Gene design for NANase and HEXase (left), as well as GALase (right).

initial target reaction time was set to 1.0 h and the optimal enzyme
concentration was 0.15 pM for each enzyme. To generate a stock solu-
tion for matrix reactions, the exoglycosidases were pre-mixed with 3.0
pM final concentration each and co-dialyzed against 20 mM Tris-HCl
(pH 7.5) buffer containing 50 mM NaCl in order to have the same
amount of salt in each member of the matrix, i.e., NANase, NANase +
GALase and NANase + GALase + HEXase. Then, the matrices were
diluted in a 1:1 ratio with glycerol resulting in 10x enzyme concentra-
tion and stored at —20 °C until use. This approach resulted an option for
long term storage of the enzymes (tested time period: 2 years without
activity loss; ready to be used after dilution) and negligible salt effect
during electrokinetic injection in CE analysis. High performance enzy-
matic reaction was attained even with the presence of glycerol in the
storage solution since the 10-fold dilution of the matrices prior to use
reduced its possible inhibition effect to a negligible level. The efficiency
of the 10x diluted co-dialyzed enzyme matrices has been compared to
the mixture of the individually used and glycerol-free enzymes using the
very same enzyme concentrations at 37 °C overnight incubation. Mul-
tiple batches of enzyme fermentations were tested and compared
throughout the development period resulting negligible differences both
in yield and performance. Conceptual analysis was outside of the scope
of this project.

Fig. 3 compares the CE-LIF traces from the consecutive analyses,
normalized by size to the maltose internal standard peak of the non-
digested reference sample run in case of the individually applied non-
dialyzed enzymes. The % peak areas of the major hIgGl glycans
(>1%) were evaluated and compared between the two set of experi-
ments to determine whether the storage and/or co-dialysis influenced
the efficiency of the digestion reactions. The major N-glycan structures
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affected by the exoglycosidase treatments in each sequencing stage are
listed in Table 1.

The results in Fig. 3 and Table 1 show no significant differences in %
peak areas between the individual (standard) and the co-dialyzed
enzyme (stored in 1:1 glycerol) approach. Thus, the established stor-
age and pre-mixing method was used in all downstream experiments.

3.4. Comparison of aqueous and solid phase exoglycosidase digestion

Similar to our former approach, all aqueous enzyme reactions using
the three 6HIS-tagged enzyme matrices utilized the temperature
gradient digestion protocol as described in Ref. [19]. Furthermore, in
order to optimize the combined efficiency of the enzymes, the pH of the
samples was adjusted with 10 mM ammonium acetate solution. This was
important in order to facilitate the hexosaminidase digestion (pH opti-
mum 5.5), which had the lowest reaction speed among the three en-
zymes applied. Albeit, this pH was somewhat sub-optimal for the
neuraminidase and galactosidase, it was still within their adequate
working range. Since the accessibility of the enzymes may be differen-
tially affected by immobilization, the formerly published digestion
temperature gradient protocol [19] had to be further optimized as: 1)
37 °C for 5.0 min, 2) heating up to 50 °C in 3.0 min, 3) keeping at 50 °C
for 12 min, 4) heating up to 60 °C in 3.0 min, and 5) keeping at 60 °C for
7.0 min, to ensure complete and rapid (only 30 min) processing of
N-glycan sequencing. The basis of the optimization process was to
determine the temperature ranges that would provide the optimal re-
action rates for each enzyme and offers a consecutive digestion
sequence. For example, while NANase requires only 5.0 min at 37 °C for
complete digestion but does not operate above 50 °C, the reaction speed

B 14
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Fig. 3. Oligosaccharide sequencing of PNGase F released and APTS labeled higG1l N-glycans with overnight digestion at 37 °C. The enzymes were applied indi-
vidually in each consecutive reaction (Panel A) or pre-mixed/co-dialyzed (Panel B). Separation conditions: 50 cm total (40 cm effective) length BFS capillary, NCHO
separation matrix, 20 °C capillary and sample compartment temperature, pressure injection: 5.0 psi for 5.0 s.
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The resulted % peak areas during N-glycan sequencing of the hIgG1 sample. The results of the individually used enzymes (standard) are compared to the co-dialyzed

enzyme reactions.

Peak no. Structure Migration time (min) GU value % peak area Peak no. Structure % peak area

Standard Co-dialyzed
Reference Neuraminidase digestion
1 FA2G2S2 7.54 4.85 1.04 7 FA2 22.43 22.47
2 FA2BG2S2 7.59 4.94 0.93 8 FA2B 3.41 3.63
3 FA2G1S1 8.10 5.94 0.95 9 FA2 [6]G1 21.94 21.68
4 A2G1S1 8.19 6.13 1.79 10 FA2 [3]G1 18.47 18.58
5 FA2G2S1/A2 8.44 6.66 7.02 11 FA2G2 25.65 25.97
6 FA2BG2S1/M5 8.50 6.81 4.94 12 FA2BG2 8.09 7.67
7 FA2 8.91 7.72 23.55 Galactosidase digestion
8 FA2B 9.13 8.24 3.33 7 FA2 83.45 83.24
9 FA2 [6]G1 9.38 8.80 23.01 8 FA2B 16.55 16.76
10 FA2 [3]G1 9.53 9.14 14.52 Hexosaminidase digestion
11 FA2G2 9.98 10.18 15.98 13 M3 9.60 9.48
12 FA2BG2 10.13 10.53 2.94 14 FM3 90.40 90.52

of GALase and HEXase were significantly higher at higher temperatures.

The immobilized enzymes in the pipette tip microcolumns were then
evaluated by using the same digestion parameters as above. Although,
the individually immobilized GALase and NANase enzymes resulted in
complete digestion in 30 min using the temperature gradient method
(Fig. 4, traces Matrix 1 and 2), the HEXase enzyme showed incomplete
digestion in its immobilized form when it was in the matrix in the same
concentration as the other two (Fig. 4, Matrix 3#1 trace). As a first
approximation, we considered that the three enzymes competed for the
available Ni(II) binding sites and the HEXase was the less effective.
Therefore, we increased the HEXase concentration to 0.6 pM (four-fold).
With this modification, complete hexosaminidase digestion was ob-
tained in 30 min using the immobilized enzymes as shown in Fig. 4,
Matrix 3#2 trace. It is important to note that this solid state sequencing
approach opens up the opportunity for full automation using liquid
handling robots with immobilized enzyme containing pipette tip
microcolumns.

In addition, we found that the HEXase had the lowest activity among
the applied enzymes (data not shown) in the matrices. This exoglyco-
sidase was ~40 kDa larger than the NANase and GALase due the G5
spacer module of the source enzyme [38], which was designed to

optimize the orientation of the double active centrum during immobi-
lized operation. This increased size probably represented an additional
disadvantage during the co-immobilization process and necessitated the
use of extra amount of HEXase in Matrix 3. It is important to note that
the amount of the immobilized enzyme was significantly below the LOQ
of our detection systems [32]. More importantly, exoglycosidase based
glycan sequencing requires complete digestion within the given time
frame, otherwise the obtained results can be ambiguous.

3.5. Solid phase glycan sequencing of a therapeutic monoclonal antibody
and human serum N-glycans

To evaluate our novel solid phase oligosaccharide sequencing
approach, a human serum (Fig. 5A) and a monoclonal antibody thera-
peutic (palivizumab, Fig. 5B) were tested with the premixed and co-
dialyzed exoglycosidase enzymes in immobilized format using the
optimized 30 min temperature gradient method as described above. In
all instances, complete digestion was obtained in the given timeframe as
shown in the panels of Fig. 5. The arrows highlight examples of the
digestion mediated consecutive structural changes of a representative N-
glycan in each panel. Important to note that the same digestion
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Fig. 4. Exoglycosidase digestion based solid phase sequencing of the PNGase F released and APTS labeled hIgGl N-glycans using immobilized enzyme matrices.

Separation conditions and peak assignments are the same as in Fig. 2.
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Fig. 5. Solid phase N-glycan sequencing of PNGase F released and APTS labeled N-glycans from human serum (panel A) and palivizumab (panel B). The arrows
highlight examples of the digestion mediated consecutive structural changes of a representative N-glycan in each panel. Separation conditions were the same as

in Fig. 2.

efficiency was obtained in aqueous phase (non immobilized) reactions
using the same 6HIS-tagged enzymes under the conditions described
above (data not shown), thus, the immobilization did not decrease the
efficiency of the enzymes.

4. Conclusions

In this work, we first designed and produced three important 6HIS-
tagged exoglycosidase enzymes including neuraminidase, f-galactosi-
dase and hexosaminidase in order to rapidly perform solid phase N-
glycan sequencing with high robustness. Functional exoglycosidase en-
zymes were produced in high yield and purity using bacterial expression
systems in a cost-effective manner. The co-expressed 6HIS-tag enabled
oriented immobilization to ensure enhanced accessibility to the active
sites of the enzymes, therefore, high performance digestion both in
aqueous phase and in immobilized formats. This latter can readily
accommodate automation with liquid handling robots for high
throughput workflows. The enzymes were premixed in matrices, similar
to former applications [34] and more importantly, co-dialyzed against a
common low salt concentration buffer in order to support long term
storage of the ready to use pre-mixed solutions. This step also reduced
the negative effect of the high conductivity buffer ingredients on signal
strength during electrokinetic injection in capillary electrophoresis
analysis. The workflow with our novel solid phase oligosaccharide
sequencing approach was successfully demonstrated on a commercially
available therapeutic monoclonal antibody and human serum sample.
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