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Glycans covalently attached to protein biotherapeutics have a significant impact on their biological
activity, clearance, and safety. As a result, glycosylation is categorized as a critical quality attribute that
needs an adequate analytical approach to guarantee product quality. However, the isomeric complexity
and branched structure of glycans makes their analysis a significant challenge. In this work, we propose a
multidimensional approach for monitoring released glycans that combines ultrahigh-resolution ion mobi-
lity spectrometry (IMS) and cryogenic vibrational spectroscopy, and we demonstrate this technique by
characterizing four N-glycans cleaved from the therapeutic fusion protein etanercept that range in abun-
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dance from 1% to 22% of the total N-glycan content. The recorded vibrational spectra exhibit well-
resolved transitions that can be used as a fingerprint to identify a particular glycan. This work represents
an important advance in the analysis of N-linked glycans cleaved from biopharmaceutical proteins that
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Introduction

Protein-based biotherapeutics have become an increasingly
important class of drugs. The vast majority of therapeutic pro-
teins on the market are glycoproteins, which have glycans
attached as post-translational modifications.” Glycosylation of
a therapeutic protein is considered a critical quality attribute
that affects its bioactivity, efficacy, solubility, stability, pharma-
cokinetics, pharmacodynamics, and immunogenicity.> It is
therefore essential to analyze glycoforms for monitoring the
batch-to-batch consistency in production and for comparing
biosimilars to their originator biologics.'”

N-Glycans are covalently attached to the nitrogen atom of
specific asparagine residues on the protein by an N-glycosidic
bond.” They share a conserved pentasaccharide core formed by
three mannose (Man) and two N-acetylglucosamine (GlcNAc)
sugars. Additional monosaccharides such as fucose (Fuc),
galactose (Gal), and mannose are typically linked to the core
structure, generating an enormous variety of N-glycans and

“Laboratoire de Chimie Physique Moléculaire, Ecole Polytechnique Fédérale de
Lausanne, EPFL SB ISIC LCPM, Station 6, CH-1015 Lausanne, Switzerland.

E-mail: thomas.rizzo@epfl.ch

bUniversity of Gothenburg, Department of Physics, 412 96 Gotheburg, Sweden
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d0an01206h

This journal is © The Royal Society of Chemistry 2020

could eventually be used as tool for monitoring biopharmaceutical glycoforms.

resulting in a heterogenous population of protein glycoforms.
The intrinsic isomeric complexity of glycans poses a daunting
challenge for analytical techniques.” Over the years, numer-
ous approaches have been established to characterize
N-glycans cleaved from glycoproteins. Mass spectrometry (MS)-
based strategies are widely used in glycan analysis because of
their speed and sensitivity,*® and various kinds of chromato-
graphic, electrophoretic, and ion mobility (IM) separations are
often employed in combination with MS to more fully resolve
different isomeric forms.*'*™"”

Recently, spectroscopy-based methods have been combined
with MS to tackle the issue of glycan identification.’®>® For
relatively large and complex molecules such as N-linked
glycans, cryogenic spectroscopy is best suited to distinguishing
the subtle structural differences between isomers.>' > Because
vibrational spectra reflect intrinsic molecular properties of a
molecule, they are insensitive to the range of experimental
conditions that might be encountered in different
laboratories.”®

In this work, we combine ultrahigh-resolution ion mobility
spectrometry and cryogenic, vibrational spectroscopy to
analyze four of the N-glycans released from the therapeutic
protein etanercept, which is a key pharmaceutical component
of the drug Enbrel™. Etanercept is a dimeric fusion protein
containing the extracellular domain of the human tumor
necrosis factor receptor (TNFR) attached to the fragment crys-
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Fig. 1 Schematic structures of the N-glycans studied in this work.
Glycans are represented using the Symbol Nomenclature for Glycans
(SNFG). Note that in the case of G1F, we do not distinguish the two pos-
itional isomers.

tallizable (Fc) portion of human immunoglobulin heavy chain
G1 (IgG1)*° by disulfide bonds (and hence its abbreviation
TNFR-Fc). It functions as a tumor necrosis factor (TNF) inhibi-
tor by binding to TNF and blocking the inflammatory cellular
responses.®™> It is used to treat autoimmune diseases includ-
ing rheumatoid arthritis, juvenile idiopathic arthritis, psoriatic
arthritis, and plaque psoriasis.**>*

The glycans released from etanercept studied in this publi-
cation are shown in Fig. 1. They span the range of relative
abundance from 22% for GOF to 1% for G0.'**> The purpose
of this study is to demonstrate that combining ultrahigh-
resolution IMS with cryogenic vibrational spectroscopy can
provide characteristic fingerprints for N-linked glycans that
could be used as a rapid and sensitive means to monitor
them. We discuss how this approach might be used more gen-
erally as a tool for glycan analysis of biotherapeutics.

Experimental approach
Ion-mobility-selective IR spectroscopy

Analysis of N-linked glycan standards as well as those enzy-
matically cleaved from etanercept was performed on a home-
built instrument that combines ultrahigh-resolution ion mobi-
lity spectrometry and cryogenic vibrational spectroscopy, as
described in a series of recent publications.****>?%3® Briefly,
doubly protonated glycan ions are generated by a nanoelectros-
pray ionization (nESI) source and introduced into the first
vacuum stage through a heated stainless steel capillary. After
exiting the capillary, the ions enter a dual ion funnel trap
(IFT), where they are focused and accumulated into packets.
These packets are ejected from the IFT and transported into a
travelling wave ion-mobility device based on structures for loss-
less ion manipulation (SLIM), originally developed by Smith
and coworkers.>”°

The SLIM design used in our experiments has two sec-
tions.*® A separation region allows us to achieve high resolu-
tion in the arrival-time distribution (ATD) by propelling ions
through a 1.5 m serpentine path, and this resolution can be
further increased by cycling ions through this path multiple
times. Another SLIM section is configured as a trap, which is
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used for selection and storage of the mobility-separated ions.
To increase sensitivity, we accumulate several ion packets from
the IFT in this on-board trap before ejecting them from the
SLIM board. For the measurement of ATDs, the ions are then
passed through a quadrupole mass filter and detected using a
channeltron. The detailed operating parameters of the SLIM
device are given in the ESIL{

To measure vibrational spectra, the channeltron is moved
out of the beam path and mobility- and mass-selected ions are
injected into a planar, cryogenic trap,’® where they are con-
fined and cooled to ~39 K by collisions with a cold buffer gas
composed of a He/N, (90:10) mixture. At low temperatures,
one or more nitrogen molecules attach to the glycan ions,
serving as a “messenger tag” for detecting photon absorption.

The ions in the cryogenic trap are then subjected to 0.2 W
of infrared radiation from a continuous wave mid-IR laser (IPG
Photonics) for 50 ms and subsequently ejected into a time-of-
flight mass spectrometer. Resonant absorption of IR photons
by tagged ions followed by intramolecular vibrational energy
redistribution leads to the evaporation of the tag(s), which is
measured as a depletion of ion signal at the mass of the
tagged glycan species. A plot of the number of tagged ions as a
function of the laser wavenumber provides a vibrational finger-
print by which we can identify a given glycan.

The data are acquired using a WaveSurfer MXs-B
Oscilloscope (Teledyne LeCroy SA, Switzerland) and processed
using in-house control software written in LabVIEW.

Sample preparation

N-Glycans were cleaved from etanercept using PNGase F. Two
300 pg portions of the protein were diluted with 20 mM
sodium phosphate buffer (pH 7.2) to a final concentration of
1 pg pl™', followed by overnight incubation at 37 °C. As
explained in detail in the ESI,} the cleaved N-glycans were sep-
arated from salts, detergents, and the deglycosylated protein
using a combination of C18 and porous graphitic carbon car-
tridges (ThermoFisher, Germany). The eluates were combined
and dried under vacuum. The dried residues were then recon-
stituted in 50 pl distilled water/acetonitrile (70:30) prior to
analysis. We monitor the efficiency of the enzymatic digestion
with a UPLC (ACQUITY™ H-Class Plus, Waters, UK) coupled to
Micromass Q-TOF Premier (Waters, UK). Cleaved glycans were
additionally purified using an XBridge Glycan BEH Amide
Column (Waters) with a mobile phase consisting of an
ammonium formate buffer (100 mM, pH ~4.5) and acetonitrile
to elute the glycans. Each eluted glycan was collected using a
Waters Fraction Collector III, evaporated down, and reconsti-
tuted to a total volume of 1 ml. Assuming no loss during the
sample preparation, we estimate a final maximum concen-
tration of 0.33 uM for the least abundant glycan (G0) and 7 uM
for the most abundant (GOF) (see ESIf). Sample solutions were
stored at —20 °C.

Etanercept was expressed in CHO cell lines in the EPFL
Protein Production Facility. PNGase F (recombinant) was pur-
chased from Roche (Basel, Switzerland). All solvents used were
HPLC grade. Ultrapure water was obtained from a Milli-Q

This journal is © The Royal Society of Chemistry 2020
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Integral system. Synthetically derived N-glycans standards (esti-
mated to be >85% pure) were purchased from Dextra
Laboratories (UK) and analyzed without any additional purifi-
cation. All standards were reconstituted in water/acetonitrile
(70:30) to a concentration of 80 pM prior to analysis. The
stock solutions were further diluted using water/acetonitrile
(70: 30) to obtain 5-20 uM analyte solutions. We added 3-5 pL
of 0.1% formic acid to enhance generation of the protonated
N-glycan species.

Results and discussion

In this study, we compared four different N-glycans cleaved
from TNFR-Fc, GO, GOF, G1F, G2F, to a targeted database that
we created using standards. The database contains mass, ion
mobility ATDs, as well as reference IR spectra. Fig. 2 shows a
mass spectrum obtained for the GOF standard compared with
that for GOF cleaved from TNFR-Fc. The spectrum of the stan-
dard shows multiple ion adduct species, including [M + H +
NH,]*", [M + H + Na]*, [M + H + K>, [M + 2Na]*", and [M + K
+ Na]*', whereas the sample cleaved from TNFR-Fc shows pri-
marily the doubly protonated form. The predominance of the
latter is related to the clean-up procedure of the cleaved
N-glycans performed in acidic (pH 4.5) media. For this reason,
we compare the cleaved glycans with their corresponding stan-
dards in their doubly protonated form.

Fig. 3 shows ATDs of the GOF standard. The three sharp
peaks observed after one cycle on the SLIM board (Fig. 3a) sep-
arate into multiple peaks after three SLIM cycles (Fig. 3b). We
clearly observe additional small peaks that correspond to ions
having slightly different three-dimensional structure from the
major species. Multiple peaks in the ATD could correspond to
different isomers (e.g., « and p anomers at the reducing end
OH">'7**) or to multiple conformers of those isomers. There
can also be different protonation sites or different sites to
which fucose might migrate.*" We have used significantly high
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Fig. 2 Comparison of ion adducts of GOF formed in positive ESI mode.
(a) standard, (b) cleaved of TNFR-Fc.
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Fig. 3 Arrival time distribution of the doubly protonated GOF after (a)
one cycle on the SLIM board (drift length of 1.48 m) and (b) three separ-
ation cycles (drift length of 4.88 m).

electric field gradients and RF amplitudes in the first stages of
our instrument prior to IMS separation to anneal the confor-
mational distribution. While this does not necessarily imply
that we are observing the lowest energy conformers, since
some may be kinetically trapped, it ensures that the observed
ATDs are reproducible between different experimental runs
and independent of the nESI conditions.

For our N-glycan database of standards, we recorded cryo-
genic IR spectra of the most intense peaks in the ATD, shown
in Fig. 4 for GOF. The infrared spectra have sharp, distinct fea-
tures in the free OH stretch region (3580-3700 cm™') and
broad transitions in the weakly hydrogen-bonded OH stretch
region (3450-3550 cm™'), all of which provide a fingerprint
that can be used to identify the molecule. While these mobi-
lity-selected infrared spectra likely represent subtly different
molecular conformations, the reproducibility of the ATD’s
ensures that they provide a reliable identifying fingerprint.

The data of Fig. 5 below demonstrate the utility of ultra-
high-resolution ion mobility for comparing the cleaved sugars
with their standards. The ATD for the GO standard (Fig. 5a,
top) exhibits multiple peaks that are not fully resolved, while
that for the cleaved GO (Fig. 5a, bottom) shows a similar
shape, but with a slightly different intensity distribution. In
the case of the GOF standard (Fig. 5b, top), the ATD has mul-
tiple peaks that match well both in position and intensity with
those of cleaved GOF (Fig. 5b, bottom). The ATD for the G1F
standard (Fig. 5c, top) shows numerous prominent peaks, and
while that of the cleaved G1F has the same number of peaks,
they differ slightly in their intensities (Fig. 5¢, bottom). Part of
the complexity of this ATD almost certainly arises from the
overlap of peaks from the two positional isomers, G1F and
G1F', which differ by the location of the galactose on the non-
reducing end (see Fig. 1). In the present work we have made
no attempt to separate these isomers, since our purchased
standard was a mixture of the two and we have not yet
measured either the ATD or the vibrational spectrum separ-
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(a) Arrival time distribution of the doubly protonated GOF of m/z 732.7. (b) Cryogenic IR spectrum of mobility-separated drift peaks (red,
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Fig. 5 Arrival time distributions for (a) doubly-protonated GO standard (top, gray) and GO from the etanercept (red), 5 cycles after enrichment
(8.62 m); (b) doubly-protonated GOF standard (top, gray) and GOF from the etanercept (green), 3 cycles after enrichment (5.22 m); (c) doubly-proto-
nated G1F standard (top, gray) and G1F from the etanercept (blue), 3 cycle after enrichment; (d) doubly-protonated G2F standard (top, gray) and G2F
from the etanercept (pink), 5 cycles after enrichment. ATDs have been recorded using the different IMS settings for each sample, and thus cannot

be directly compared.

ately. The G2F standard displays two major peaks in the ATD
that are not fully resolved (Fig. 5d, top), and the cleaved G2F
has a similar profile with slightly different intensities of these
two peaks (Fig. 5d, bottom). While some small differences
were observed in the ATDs of the cleaved sugars compared to
their respective standards, as demonstrated below, their
respective cryogenic IR spectra confirm unambiguously our
ability to identify them.

We recorded cryogenic IR spectra of the four cleaved
N-glycans and their respective standards without ion mobility
selection, shown in Fig. 6. The spectrum of each N-glycan has
unique well-resolved transitions in the free OH stretch region
(3580-3700 ¢cm™") that can be used for identification. In

6496 | Analyst, 2020, 145, 6493-6499

addition, GO and GOF have broad bands in the weakly hydro-
gen-bonded OH stretch region (3450-3550 cm™") that are also
distinctive.

The IR spectra of reference and cleaved GO (Fig. 6a) gener-
ally match in both the position and intensity of the vibrational
bands, with only slight differences for broader bands
(3471 em™ and 3511 cm™"). Spectra of the reference and
cleaved GOF (Fig. 6b), G1F (Fig. 6¢), and G2F (Fig. 6d) show
nearly a perfect match in both the band positions and intensi-
ties. To quantify the similarity between IR spectra of standard
and cleaved glycans, we calculated the correlation coefficient
between each corresponding pair (see ESIT for details). The
resulting high degree of correlation (95.9% for GO, 97.7% for

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Cryogenic IR-spectra of doubly-protonated glycan references
(gray) and cleaved glycans: (a) GO; (b) GOF; (c) GIF; and (d) G2F. The
spectra of GI1F represent the mixture of the two possible positional
isomers.

GOF, 98.8% for G1F, and 98.3% for G2F) confirms their visual
similarity and demonstrates the viability of using a spectro-
scopic database to identify them. The strong correlation is
largely due to the sharpness of the features in the high fre-
quency region of the spectrum, which is the result of the low
temperature of the trapped ions, rendering this approach sen-
sitive to the subtlest structural differences. The slight differ-
ences between the reference spectra and those of the cleaved
glycans likely arises from small differences in the conformer
distributions.

In this work, we did not record IR spectra for individual ion
mobility peaks of each cleaved N-glycan, since the overall
spectra of the sugars were nearly identical to their standards,
both in the position and intensities of the vibrational bands.
As demonstrated in Fig. 4, mobility-selected IR spectra are
somewhat sharper and more distinctive, and thus they
provide a more stringent spectroscopic fingerprint. However,
this comes at the cost of sensitivity, since we are only
sampling a subset of the ions, and hence we do this only if
necessary to resolve ambiguous assignments. In principle, this
should also allow us to distinguish the positional isomers G1F
and G1F'.

This journal is © The Royal Society of Chemistry 2020
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To further assess the viability of this approach as a general
tool for glycan analysis of biotherapeutics, we also need to
demonstrate that the amount of sample required is reason-
able. We estimate the maximum concentration of the least
abundant of the cleaved glycans, GO, to be ~0.33 pM, and that
of the most abundant, GOF, to be ~7 puM (see the ESIf{ for
details). Given that the measurement of one IR spectrum takes
approximately 3 min for the range from 3400 cm™ to
3750 cm™" and assuming a nESI flow rate (100 nl min™"), we
can estimate that the maximum amount of sample on which
we made our measurements is 100 fmol for GO and 2 pmol for
GOF. Any losses in sample during the clean-up procedure,
which we neglected, would mean that our measurements were
made on smaller amounts than this. While higher sensitivity
is always better, our detection limit is in the range that would
make this approach feasible for monitoring N-glycosylation in
the large-scale production of biotherapeutics.*?

In addition to needing sufficient sensitivity, a viable analyti-
cal approach must be able to make measurements rapidly.
Fig. 7a shows an example of an IR spectrum of the GOF stan-
dard measured in 55 seconds compared to one measured over
a period of 180 s. While the signal-to-noise ratio is not as
good in the faster scan, it still clearly exhibits resolved IR tran-
sitions in the OH spectral region that can be used as an identi-
fying fingerprint. Such a short analysis time scale underlines
the promise of this approach for rapid N-glycosylation
profiling.

Our ultimate goal is to create a database of mass, mobility,
and IR fingerprint spectra for known N-glycans in a manner
similar to those measured in this work. For glycans for which
we do not have standards, we can use collision induced dis-
sociation techniques on the SLIM-IMS platform,*® as well as
enzymatic degradation strategies,?” to determine parent glycan
structures and include them in the database.

Relative ion intensity

(b) 180 sec

L B B L B B e

3480 3540 3600 3660 3720

-1
Infrared wavenumber/cm

Fig. 7 Cryogenic IR spectrum of GOF standard recorded in (a) 55 s and
(b) in 180 s.

Analyst, 2020, 145, 6493-6499 | 6497


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0an01206h

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 04 August 2020. Downloaded on 12/4/2025 8:57:37 PM.

(cc)

Paper

Conclusions

We have demonstrated that the combination of ultrahigh-
resolution IMS based on structures for lossless ion manipu-
lation (SLIM) technology with cryogenic vibrational spec-
troscopy can identify N-linked glycans cleaved from a thera-
peutic protein using a database approach. This work serves as
a proof of principle that the sensitivity, speed, and resolution
should be sufficient for large-scale N-glycan characterization
and identification. Multiplexing these kinds of measurements
will make them even more suitable for incorporation into
analytical workflows. This approach should facilitate basic
research and process development for novel therapeutics and
biosimilar products.
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