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ABSTRACT: Given the biological relevance and intrinsic structural complexity of glycans, increasing efforts are being directed
towards developing a general glycan database that includes information from different analytical methods. As recently demonstrated,
cryogenic infrared (IR) spectroscopy is a promising technique for glycan analysis, as it provides unique vibrational fingerprints of
specific glycan isomer ions. One of the main goals of a glycan database is the identification and detailed characterization of unknown
species. In this work, we combine enzymatic digestion with cryogenic IR-spectroscopy and demonstrate how it can be used for glycan
identification. We measured the IR-spectra of a series of cationic glycan standards of increasing complexity and compared them with
spectra of the same species after enzymatic cleavage of larger glycans. We show that the cryogenic IR spectra of the cleaved glycans
are highly structured and virtually identical to those of standards after both single and multiple cleavages. Our results suggest that the
combination of these methods represents a potentially powerful and specific approach for the characterization of unknown glycans.

INTRODUCTION

The surface of nearly every cell of living organisms is cov-
ered by a layer of glycans that play a central role in the cell-
to-cell recognition and signaling.'” Glycans are responsible
for triggering cellular immune response and inflammatory
processes to protect cells from viruses and bacteria.> Moreo-
ver, they are involved in most major diseases,>** and their
characterization is essential for assessing the quality of bio-
therapeutics.® As the biological function of glycans is directly
related to their structure, many different approaches have been
introduced to unravel their structural and isomeric complex-
ity. Commonly used methods include liquid chromatography
(LC)"™!"" with enzymatic digestion,”'*'* mass spectrometry
(MS),"*'® and ion mobility spectrometry (IMS)."?* Current
glycan databases®*?® that include information from these tech-
niques represent powerful tools for fundamental research in
chemistry and molecular biology as well as for the pharma-
ceutical industry.

While the above-mentioned experimental approaches can-
not distinguish all types of glycan isomerism when used alone,
combining them often provides a more complete structural
characterization. For instance, coupling IMS or LC to MS al-
lows one to determine many glycan isomers that are indistin-
guishable by MS alone.2?* Nevertheless, these so-called hy-
phenated techniques are blind to many of the subtle structural
details that distinguish isomeric glycans.”' In the last few
years vibrational spectroscopy has been proven to provide
unique structural fingerprints of isolated glycans.”’** We have
recently combined IMS-MS with cryogenic messenger-tag-
ging IR-spectroscopy to obtain highly resolved, isomer-spe-
cific vibrational spectra of glycan ions,?®*** which is not pos-
sible with room temperature spectroscopic techniques.”?!
Our goal is to complement currently existing databases by
adding a vibrational fingerprint for each glycan species. While
this spectroscopic database will be constructed initially using

standard/known glycans, one needs a mechanism to associate
a vibrational fingerprint with glycan structures that are pres-
ently unknown or those for which standards are not easily ob-
tained.

For the identification of unknown glycans, we propose a
bottom-up approach using cryogenic spectroscopy to identify
specifically cleaved glycan fragments. Currently, the most
standard technique for determining glycan structures from
their fragments is to use MS" together with collision-induced
dissociation (CID).!7-#-3936-38 Jging infrared multiphoton dis-
sociation (IRMPD) spectroscopy, Compagnon and coworkers
recently demonstrated that the anomericity of glycosidic link-
ages can be retained in the dissociation process,*® which is im-
portant structural information. Nevertheless, CID and IRMPD
are intrinsically non-specific fragmentation techniques, and
the multitude of isomeric fragments can lead to an ambiguous
interpretation of the parent structure.

In contrast, the more time-consuming enzymatic digestion
approach allows identification of complex glycans through a
series of bond-specific cleavages.”'*'* Unknown glycans can
be sequenced by a set of exoglycosidases, which selectively
cleave monosaccharides from the non-reducing end. By de-
grading a parent glycan until its spectrum is one that is in our
database, and knowing the isomeric specificity of the applied
enzymes, one can reconstruct the primary structure of the un-
known parent glycan and then add its vibrational spectrum to
the database.

The aim of this work is to evaluate the feasibility of com-
bining exoglycosidase digestion with cryogenic IR-
spectroscopy for glycan identification. For this purpose, we
compare vibrational spectra of four representative reference
glycans with those produced after single or multiple enzy-
matic cleavage. To demonstrate our approach NA2 N-linked
glycan was used as a model for an unknown glycan.



EXPERIMENTAL APPROACH
Exoglycosidase digestion of N-linked glycans

In the present work, we monitor the enzymatic degradation
of glycans using UPLC-MS. We chose the N-linked glycans
Man-1, Man-3, NGA2, and NA2 (Figure 1) as standards.
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Figure 1. The schematic structures of N-linked glycans used in this
study.

All glycan reference compounds were purchased from Dex-
tra (UK) and exoglycosidases (B(1-3,4)-galactosidase (Bovine
testis), a(1-2,3,6)-mannosidase (Jack bean), B-N-acetylhex-
osaminidase (Jack bean)) were purchased from Prozyme
(Denmark). Glycan purity is certified at a minimum of 85 %.
Enzymatic exoglycosylations were carried out in a total gly-
can concentration of 0.4 mg/mL. A solution of oligosaccha-
ride and exoglycosidase in 50 pL of buffer solution was incu-
bated at 37 °C for various periods of time (Table S1, Support-
ing Information).

After digestion, all samples were analyzed and purified by
hydrophilic interaction liquid chromatography using an
AQUITY UPLC H-Class Plus System (Waters) coupled to a
Q-TOF mass spectrometer (Waters Premier). We used an
XBridge Glycan BEH Amide Column (Waters) with a bisol-
vent system as a mobile phase — acetonitrile and ammonium
formate buffer solution (100 mM, pH = 4-5). After digestion,
glycans were collected using a Waters Fraction Collector II1
coupled to the UPLC-MS system, and the solvents were evap-
orated to concentrate the samples up to 15-20 pM final con-
centration, calculated assuming 100% elution of samples from
the column.

Cryogenic tagging IR-spectroscopy

We performed our spectroscopy experiments on a home-
built, cryogenic, tandem mass spectrometer, a detailed de-
scription of which has been reported previously.*® Briefly, cat-
ionized glycans are produced via nanoelectrospray ionization
(nESI) of 15-20 uM standard and cleaved glycan samples
(Man-1, Man-3, NGA2, NA?2) dissolved in 50:50 water/ace-
tonitrile. The ions of a particular m/z ratio are selected in a
quadrupole mass filter and guided into a cryogenic octupole
ion trap maintained at 40-50 K, where they are cooled in col-
lisions with a mixture of nitrogen and helium buffer gases
(1:9) and tagged with N,. The nitrogen-tagged ions are then
irradiated with an infrared pulse from a Nd:YAG pumped tun-
able optical parametric oscillator (OPO). When the OPO
wavenumber is tuned in resonance with a vibrational transi-
tion, IR radiation is absorbed and then internally redistributed,
causing the weakly bound N, molecule to evaporate. Monitor-
ing the depletion of the tagged ions as a function of the IR
wavenumber allows us to obtain an infrared absorption spec-
trum.*" The acquisition time for each scan was 27.30 min for
the range 3200—3750 cm™. We analyzed our samples at 10—
15 uM concentration using nano-ESI. With a flow rate for
nano-ESI in the range of 1—100 nL/min, the total amount of
sample used for this experiment is approximately 0.5—40
pmol.

RESULTS AND DISCUSSION
Exoglycosidase digestion of N-linked glycans

For the N-glycan core, Man-3, we performed a single exo-
enzyme cleavage with o(1-2,3,6)-mannosidase. During the in-
cubation period, two mannose residues were removed from
the non-reducing end of Man-3, leaving Man-1. The chroma-
togram (Figure 2B) of the mixture after cleavage confirms the
full conversion of Man-3 to Man-1, showing a single peak for
Man-1 with retention time 6.07 min.

For NGA2 a single enzymatic cleavage with [-N-
acetylhexosaminidase was carried out. During the incubation
period, two N-acetylglucosamine monosaccharides were re-
moved from the non-reducing end of NGA2, and the resulting
smaller glycan was Man-3. The chromatogram (Figure 2C) of
the mixture after cleavage confirms the full conversion of
NGA2 to Man-3, showing a single peak with retention time
10.82 min.
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Figure 2. Chromatograms of a mixture of glycan standards (A) and
smaller glycans after enzymatic cleavage (B-D). B — conversion of
Man-3 to Man-1; C — conversion of NGA2 and NA2 to Man-3; D —
conversion of NA2 to NGA2.

For NA2 we performed single cleavage with B(1-3,4)-ga-
lactosidase and multiple exoenzyme cleavage using a combi-
nation of P(1-3,4)-galactosidase and B-N-acetylhexosamini-
dase. The chromatogram (Figure 2D) of the mixture after
cleavage confirms the full conversion of NA2 to NGA2,
showing a single peak for NGA2 with retention time 13.22
min. After multiple digestion we observed the same chroma-
togram (Figure 2C) as was obtained after a single exoenzyme
cleavage of NGA2. The observation of a single peak with re-
tention time 10.82 min confirms the full conversion of NA2
to Man-3 in which two galactose units and two N-acetylglu-
cosamine monosaccharides were removed from the non-re-
ducing end.

Infrared spectroscopy of glycan standards and smaller
glycans after enzymatic cleavage

Since N-linked glycans, such as those investigated in this
work contain at least two N-acetylglucosamine monosaccha-
rides, they can be easily protonated in acidic medium. Since
we use low pH (4-5) during the clean-up procedure after en-
zymatic cleavage, the corresponding protonated glycans were
the predominant species observed in all mass spectra of our
collected samples. The IR spectra of protonated glycan stand-



ards and glycans after enzymatic cleavage were measured us-
ing the messenger tagging technique, monitoring the depletion
of the weakly bound N,-tagged molecules.

Man-1 IR-spectra

We performed a single enzymatic digestion of Man-3 with
a(1-2,3,6)-mannosidase, which converts all of the starting ma-
terial to Man-1, as shown in Figure 2B. Figure 3 shows the
measured IR-spectra of this cleaved Man-1 along with that
from the Man-1 reference compound. Both consist of a num-
ber of overlapping transitions in the range 3450-3550 cm!
and four distinct lines in the “free” OH-stretch region (3550—
3700 cm™). The good agreement in both the position and in-
tensities of the vibrational bands of the reference and cleaved
Man-1 confirms the identity of the degradation product.

Figure 4 shows the corresponding spectra of the sodiated
Man-1. As in the case of the protonated species, the spectrum
of the enzymatic digestion product matches that of the refer-
ence compound unambiguously. One expects the spectra of
the sodiated and protonated species to differ, since the proton
and sodium cation will bind differently, leading to a different
geometry and hence different vibrational frequencies. The
spectral matching of both the protonated and sodiated species
with their respective standards provide independent infor-
mation with which to identify the enzymatic digestion prod-
uct.
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Figure 3. IR-spectra of protonated Man-1 reference (purple) and Man-
1 after enzymatic cleavage of Man-3 (grey).
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Figure 4. IR-spectra of sodiated Man-1 reference (purple) and Man-1 af-
ter enzymatic cleavage of Man-3 (grey).

To date, thorough high-level theoretical calculations of gly-
can structure have been restricted to disaccharides, mainly due
to the challenges associated with long computational times
and with carefully sampling the full conformational space of
such complex molecular ions. Recently, first molecular dy-
namics investigations have been performed to understand the
structure and isomeric complexity of larger glycans.***! Be-
cause we are interested only in the primary (i.e., covalent)
structure of glycans including all isomeric forms, rather than
comparing our measurements with calculated spectra, we take

a completely different approach. We aim to identify an un-
known glycan molecule by measuring its mass and vibrational
fingerprint spectrum and comparing them with entries in a da-
tabase that we will construct. This means that our determina-
tion of primary structure does not rely upon being able to per-
form accurate, high-level, quantum-chemical calculations.

Man-3 IR-spectra

Man-3 was obtained by both the single digestion of NGA2
with B-N-acetylhexosaminidase and multiple digestion of
NA2 with a mixture of P(1-3,4)-galactosidase and P-N-
acetylhexosaminidase. We measured the IR-spectra of these
cleaved Man-3 oligosaccharides and compared them with the
reference Man-3 spectra for protonated (Figure 5), ammoni-
ated and sodiated adducts (Figure S3-S4).
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Figure 5. IR-spectra of protonated Man-3 reference (purple), Man-3 after
enzymatic cleavage of NGA2 (grey) and Man-3 after multiple enzymatic
cleavage of NA2 (red).

The spectra of Man-3 after single enzymatic digestion of
NGA2 and multiple digestion of NA2 are in excellent agree-
ment with the reference spectra of Man-3. These results
demonstrate that the spectra of smaller glycans do not depend
on the means by which they are produced and reinforce the
practicality of using a spectroscopic database to identify them.

NGA2 IR-spectra

For NA2 we performed the single digestion with B(1-3,4)-
galactosidase and obtained the smaller glycan NGA2. We
show the IR-spectra of the cleaved species together with that
of the standard for protonated (Figure 6) and sodiated (Figure
S5) NGA2.
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Figure 6. IR-spectra of protonated NGA2 reference (purple) and NGA2
after enzymatic cleavage of NA2 (grey).

NA2 IR-spectrum

The goal of our approach is to identify either unknown gly-
cans or known glycans for which we cannot obtain standards.
In the present case, we have used NA2 as a model for an un-
known glycan to demonstrate our procedure. Once we have
identified the target parent glycan, we can then add its cryo-
genic IR spectrum to our database and identify it subsequently



by its spectroscopic fingerprint. The spectrum of the NA2 par-
ent, shown in Figure 7, is sufficiently structured that it would
serve well as such a fingerprint. Moreover, it provides the
basis for identifying larger glycans that we can enzymatically
degrade to NA2.
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Figure 7: IR-spectrum of protonated NA2 reference.

CONCLUSIONS

The use of cryogenic vibrational spectroscopy for glycan
identification requires the development of a spectroscopic da-
tabase. While we will initially measure the spectra of as many
known glycan structures as possible, one major goal is to an-
alyze glycans from biological samples, which will certainly
include species that are not (at least initially) contained in our
database. By combining the existing protocols for exoglyco-
sidase cleavage with cryogenic infrared spectroscopy, we
have developed a mechanism by which to determine unknown
glycan primary structures and add them to the database. The
fact that glycans as large as those investigated in this work
still show discrete spectral lines by which we can identify
them bodes well for the principle of using a spectroscopic da-
tabase for glycan analysis.

It is important to note that the methodology described in
this work represents a procedure for constructing rather than
using the database. We only have to go through this time-con-
suming process once for each unknown species. Each time we
add a new species to the database, we gain the ability to iden-
tify it from a mixture on the basis of its spectral fingerprint
and obtain a new core structure that can be used in identifying
still larger glycans that are built upon it. By initially focusing
on N-linked glycans, we should be able to quickly construct a
functional database that will progressively expand. We also
plan to include cryogenic IR spectra from glycan fragments
generated by CID, as these will provide complementary infor-
mation for determining glycan structure.

In conclusion, the present work demonstrates the feasibility
of combining enzymatic digestion with cryogenic IR-
spectroscopy for glycan analysis. The IR-spectra of enzymat-
ically cleaved glycans do not depend on enzymatic cleavage
procedure and are in very good agreement with those of ref-
erence standards. Even though the glycans investigated in this
work have as many as nine monosaccharide units, all the spec-
tra exhibit sufficiently distinct spectral fingerprints that can
serve as unique identifiers. These results serve as a starting
point for constructing a glycan database and can be useful to
benchmark future electronic structure and vibrational fre-
quency calculations of increasingly complex glycans.
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