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ABSTRACT: Protein glycosylation is implicated in a wide array of diseases, yet glycoprotein analysis remains elusive owing 
to the extreme heterogeneity of glycans including microheterogeneity at the same amino acid residue (glycosite). Top-down 
mass spectrometry (MS) allows precise identification and localization of glycans on intact proteins, and coupling top-down 
MS with chromatography allows time-resolved characterization of glycoforms. Here, we couple ultraviolet photodissociation 
(UVPD) to hydrophilic interaction chromatography (HILIC) to advance the characterization of glycoproteins ranging from 15-
34 kDa, offering site localization of glycans, providing sequence coverages up to 93% and relative quantitation of individual 
glycoforms.  

Introduction  
Protein glycosylation has emerged as one of the most 

prevalent, heterogeneous, and dynamic types of post-trans-
lational modifications (PTMs), modulating protein struc-
ture, function, and interactions.1 Dysregulation of or aber-
rant glycosylation has been implicated in many diseases, in-
cluding cancer2–4 , both neurodegenerative5–7 and autoim-
mune diseases,8,9 among others. Not only have specific gly-
coproteins been identified as biomarkers of disease state, 
but disease severity and progression may also be linked to 
glycosylation patterns.10–12  Comprehensive analysis of gly-
coproteins remains elusive owing to extreme heterogeneity 
in glycan size and identity.13 Other PTMs, such as phosphor-
ylation and acetylation, do not consist of repeating, branch-
ing or variable units, thus resulting in less heterogene-
ity.14,15 Conversely, glycans that decorate proteins are com-
posed of multiple monosaccharides, commonly glucose, ga-
lactose, mannose, N-acetylglucosamine, and sialic acid, 
among others, which can be arranged in different orders 
and branching patterns, each which has the potential to 
code for different functions or to modify structures.16,17 In 
addition to the sheer complexity of the glycan compositions, 
the glycans may be attached at different and/or multiple 
sites along the protein sequence, further compounding het-
erogeneity.  Unraveling glycosylation sites and identifying 
the glycans remains a significant analytical challenge.  

Mass spectrometry and tandem mass spectrometry have 
emerged as powerful techniques to characterize glycopro-
teins. Glycomics, which involves enzymatic cleavage of the 

glycans from the proteins and analysis of the collection of 
glycans, provides extensive compositional information but 
no insight into the specific glycosylation sites of proteins.18 
An alternative strategy entails proteolysis of the protein to 
create peptides followed by analysis of the resulting glyco-
peptides, often coupled with an enrichment step to enhance 
the detection of low abundance glycopeptides relative to 
the enormous population of non-glycosylated peptides.17,19 
While this method, known as bottom-up glycoproteomics, 
provides reliable information about glycan location and site 
occupancy,17,19 it does not offer comprehensive feedback 
about glycan branching patterns, linkages, or glycoforms. 20 
An overall picture of all the glycosites and their occupancies 
in a full-length protein is necessary for true combinatorial 
insight.20  Only methods that analyze intact proteins offer 
the potential to map glycoforms, i.e., a depiction of all the 
glycosites and their occupancies in proteins. However, the 
intact protein strategy requires appropriate separation 
methods21 and high-level data processing algorithms22 for 
successful translation to high throughput analysis of heter-
ogeneous mixtures. Top-down methods can map coexisting 
glycans, thus revealing proteoform-level information,23 
even in a quantitative fashion in some cases.24,25 However, 
few studies have reported top-down analysis of glycopro-
teins, which requires advanced activation techniques,26 ad-
vanced separation techniques27, or may utilize partial enzy-
matic deglycosylation28–30 to mitigate the analytical chal-
lenge presented by glycan heterogeneity which creates an 
overlap of glycoproteoforms in the m/z domain.31 
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One of the major ongoing challenges in the top-down pro-
teomics workflow is the successful separation of glycopro-
teins. Traditional reversed phase liquid chromatography 
(RPLC) methods (C18, C4, PLRP, and others) are suitable for 
the separation of cleaved permethylated glycans,32 small 
glycopeptides,33–35 and some intact proteins,21 but do not al-
ways provide sufficient resolution of larger glycans and gly-
cosylated proteins. Capillary electrophoresis (CE), which in-
volves the separation of analytes based on their electropho-
retic mobilities, has shown some success in separating in-
tact glycoproteins,36,37 along with cleaved glycans.38 Hydro-
philic interaction chromatography (HILIC) has been widely 
adopted for the separation of cleaved glycans,39 and glyco-
peptides,40–42 and more recently has been adapted for intact 
glycoproteins.21,43 Recent advances in HILIC stationary 
phases have demonstrated especially promising perfor-
mance metrics for glycoproteins, surpassing the separa-
tions achieved by RPLC and CE.21 For example, the afore-
mentioned HILIC study used a monolith polymer HILIC sta-
tionary phase44,45 to provide sufficient separation of the ex-
tremely heterogeneous SARS-CoV-2 spike protein receptor 
binding domain and assigned glycoforms based on intact 
mass; albeit without top-down MS/MS data to confirm gly-
coform assignments.21 Gas-phase charge reduction strate-
gies have also shown some success in dispersing glycoforms 
in m/z space, thus enabling differentiation of gly-
coforms;46,47 these methods commonly suffer from signal 
suppression so liquid chromatography is still more com-
monly used for glycoprotein separation. Ion mobility, a 
technique that separates ions based on their shape and 
charge in the gas phase, has also been implemented to facil-
itate analysis of glycoproteins and glycopeptides.27–29 

Sophisticated tandem mass spectrometry methods are 
also essential for the characterization of glycoproteins.48 
Traditional collisional activated dissociation (CAD) meth-
ods are widely used to analyze glycopeptides, affording gly-
can compositional and peptide sequence information.19,49,50 
However, CAD often causes preferential cleavage of the gly-
cans from the peptides, thus making localization of glycans 
difficult and resulting in low sequence coverage of the mid-
dle section of a protein sequence in top-down methods.51 
CAD has been used to characterize O-linked glycans of intact 
SARS-CoV-2 receptor binding domain (RBD), a protein con-
taining one O-linked glycosite close to the N terminus.28,29 
Electron-based dissociation methods (ETD, ECD, EThcD) 
have been successful in localizing glycans on peptides17,52–54 
and small intact glycoproteins,26 and have been adapted for 
the characterization of the O-linked glycoforms of the 
RBD.28 Electron-based and collision-based MS/MS methods 
may be paired to provide peptide sequence, glycan identifi-
cation, and glycosite localization of glycopeptides,54–56 and 
have been used in an integrated manner for countless high 
throughput bottom-up glycoproteomics studies.17,20,49,57 For 
top-down analysis of glycoproteins,  the use of high-perfor-
mance mass spectrometers is essential for the accurate 
identification of fragment ions, as demonstrated in a recent 
study that combined CAD and ECD to achieve characteriza-
tion of glycan structures, glycosite locations, and some of 
the O-glycoform microheterogeneity of the SARS-CoV-2 
spike protein RBD, albeit without chromatographic separa-
tion of glycoforms.28  

An alternative high-energy activation method, ultraviolet 
photodissociation (UVPD), has shown success in identifying 
and localizing glycans on peptides.51,58–60 UVPD has also 
been adapted for top-down analysis of proteins in an array 
of studies, typically yielding higher sequence coverages 
than other MS/MS methods and moving closer to the goal of 
complete proteoform analysis.61–64 The successful inroads 
of UVPD for top-down analysis motivated our interest in de-
veloping a workflow for analyzing intact glycoproteins, 
among the most challenging targets owing to the complexity 
and diversity of the glycan modifications. Herein, we de-
scribe a workflow where HILIC is coupled to UVPD-MS to 
localize glycan sites, identify glycan composition at each 
site, and provide relative quantitation of glycoforms, as 
demonstrated for RNase B, partial length hemagglutinin A, 
and a collection the SARS-CoV-2 spike protein receptor 
binding domain variants. 

Materials and methods  

Materials and samples 

Water, acetonitrile, formic acid, tris(2-carboxy-
ethyl)phosphine (TCEP), trypsin, dithiothreitol (DTT), iodo-
acetamide (IAM), and trifluoroacetic (TFA) acid (LC-MS 
grade) were obtained from Thermo Fisher Scientific. RNase 
B and PNGase F (glycerol-free) were purchased from New 
England Biolabs. Partial-length hemagglutinin A 1 (HA) was 
a gift from the Georgiou group (UT-Austin) and was pro-
duced as previously described.65  SARS-CoV-2 spike protein 
receptor binding domain (RBD) variants were obtained 
from BEI resources, and for most experiments, these sam-
ples were partially deglycosylated with 0.75 µL of PNGase F 
per 20 µg of RBD. All samples were reduced with 150-200 
mM TCEP for 2 hours at 37 °C. The WT RBD sample was re-
duced with DTT (5 mM), alkylated with IAM (15 mM) for 30 
minutes at room temperature, and digested overnight with 
trypsin at 37 °C for bottom-up analysis. All protein se-
quences, masses, and vendors/catalog numbers (when ap-
plicable) are given in Table S1. All glycans were abbrevi-
ated as follows: hexose (H), N-acetylhexosamine (N), fucose 
(F), and sialic acid (S), and the number after each letter in-
dicates the number of each unit contained within the glycan.  

LC-MS/MS 

All liquid chromatography experiments were performed 
on an UltiMate 3000 RSLCnano system (Thermo Fisher Sci-
entific) in trap and elute mode. Trap columns were packed 
in-house with C4 (5 μm, 120 Å, Dr. Maisch, Inc.) to ~3 cm 
length with 100 µM ID and held at 50 °C for the entirety of 
all experiments. Nano HILIC analytical columns (20 cm 
length and 200 μm ID)  were prepared as previously de-
scribed21,44,66 and held at room temperature. Proteins were 
diluted to 50-500 ng/µL in water with 0.1% formic acid, and 
1 µL of solution was injected per experiment. Water with 
0.1% formic acid was used for the loading solvent. Analyti-
cal mobile phases consisted of (A) 98% water and 2% ace-
tonitrile, (B) 98% acetonitrile and 2% water, each acidified 
with 0.1% formic acid and 0.05% TFA. Gradients varied by 
type of sample and are listed in Tables S2-4. 

Traditional reversed phase chromatography was also 
used to compare to HILIC (intact proteins) and to analyze a 
standard tryptic digest of the WT RBD sample. PLRP-S pack-
ing material (5 μm, 1000 Å, Agilent) and C18 (3 μm, 120 Å, 
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NanoLCMS Solutions) were used for both the trap and ana-
lytical columns for HILIC comparison and the tryptic digest, 
respectively.  The analytical and trap columns had an ID of 
75 μm and 100 μm, respectively. The columns were packed 
to a length of ~5 cm (trap) and ~20 cm (analytical). The trap 
and analytical columns were held at 40 °C and room tem-
perature for all experiments, respectively. The same loading 
and analytical mobile phases were used for the HILIC 
method as described above, except the TFA was omitted. 
The gradient is given in Table S5 for all experiments. All ex-
periments were performed using an OrbitrapTM Fusion Lu-
mos mass spectrometer (Thermo Fisher Scientific) 
equipped with a 193 nm Coherent ExciStar XS excimer laser 
(Santa Clara, CA) to perform UVPD in the low-pressure lin-
ear ion trap as previously described.67 A 15 µm ID emitter 
(New Objective), 35 V of in source collision activation, and 
spray voltage of 1800 V were used. For the relative quanti-
tation of glycoforms, technical triplicates were performed 
while collecting only MS1 spectra at 15,000 resolution with 
ten microscans and a 3E6 AGC target. UVPD analysis was 
carried out with targeted runs of a single charge state for 
each glycoform, during which MS1 spectra were collected at 
15,000 resolution with two microscans and a 3E6 AGC tar-
get. UVPD spectra were collected at 240,000 resolution, 50-
100 microscans, and a 1E6 AGC target or a maximum ion in-
jection time of 500 ms. The most abundant charge state of 
each glycoform was targeted for UVPD. For the bottom-up 
glycoproteomics approach, UVPD scan events were trig-
gered by glycan-specific ions in survey HCD scan events, as 
previously described.51 

Data processing  

All MS2 data was processed with Prosight Native/TD val-
idator with a mass calibration of 0-10 ppm and default ad-
ditional settings, including a S/N threshold of 3, cluster tol-
erance of 0.35, ppm error tolerance of 10, score of 0.5, and 
minimum fragment residue length of 2, to confirm isotopic 
fits of UVPD fragments. Average mass of each glycoform was 
determined by deconvoluting low resolution MS1 spectra 
using Unidec.68 Glycan mass was determined using NIST 
glycan mass calculator 
(https://www.nist.gov/static/glyco-mass-calc/). Quantita-
tion was performed by rendering extracted ion chromato-
grams (EICs) for the highest abundant charge state of each 
glycoform in QualBrowser, and peaks of each EIC were inte-
grated using the Genesis algorithm. All fragment ion identi-
fications and glycoform relative abundance used for quanti-
tation are available in the supplemental information. Gly-
coforms for the multiply glycosylated RBD sample were 
identified with a custom Matlab script and data available 
from previous glycoproteomics studies on the RBD.21 All 
data is available in the public repository jPOST with the ac-
cession number JPST002959. 

Results and Discussion  

HILIC-UVPD facilitates characterization of protein sequence 
and glycosylation sites  

Development and optimization of the HILIC-UVPD strat-
egy were benchmarked using a well-characterized glyco-
protein, RNase B, a 15 kDa glycoprotein with a single N-
linked glycosite (N34) and eight abundant glycoforms. As 
previously established,21,44 the HILIC monolith column pro-
vides excellent separation of glycoforms as evidenced by 

the near baseline chromatographic resolution of four gly-
coforms in Figure 1a. The companion MS1 spectra are 
shown in Figure 1b (and deconvoluted mass spectra in Fig-
ure S1). We compared the performance of the HILIC sepa-
ration to a conventional reversed phase separation using 
PRLP stationary phase (the one most commonly employed 
for LC-MS analysis of intact proteins), the latter of which did 
not resolve any of the glycoforms (Figure S2). The HILIC 
separation provided sufficient resolution to isolate individ-
ual glycoforms for subsequent MS/MS analysis. The perfor-
mance of four MS/MS methods, higher-energy collisional 
dissociation (HCD, a beam-type CAD), ETD, hybrid EThcD, 
and 193 nm UVPD, was assessed for characterization of 
RNase B, as summarized in Figure S3 for the glycoform con-
taining penta-mannose. HCD afforded low sequence cover-
age (39%) of RNase B and few backbone cleavages close to 
the glycosylation site (Figure S3a), preventing the known 
N34 glycosite from being confidently differentiated from 
N44. ETD and EThcD offered substantial improvement, 
yielding 76% and 82% sequence coverage of RNase B, re-
spectively, and both methods produced fragment ions 
bracketing the glycosylation site (Figure S3b,c). UVPD of-
fered the highest sequence coverage (93%), with numerous 
fragment ions retaining the glycan and bracketing the N34 
site (Figure 1c, S3d). A representative UVPD mass spec-
trum is shown in Figure S4, along with examples of isotopic 
fits of fragment ions to confirm their assignments. These re-
sults motivated the adoption of UVPD for the remainder of 
the study.  

The HILIC method provided sufficient chromatographic 
resolution to allow relative quantitation of the RNase B gly-
coforms. For this strategy, UVPD was used to confidently 
identify the glycoforms using 50-100 scan averages for the 
acquisition of MS/MS data, and separate HILIC runs were 
used for quantitation based on integration of peak areas of 
the EICs of the most abundant charge state of each intact 
glycoform.  The UVPD runs were not used for quantitative 
analysis owing to distorted peak shape caused by the aver-
aging needed for MS/MS experiments (Figure S5). The rel-
ative abundances of four glycoforms are summarized in Fig-
ure 1d, consistent with those reported based on bottom-up 
analysis of RNase B glycopeptides (Table S6).69,70 Technical 
replicates demonstrated low run-to-run variability in elu-
tion times and standard deviations of the chromatographic 
peak areas (Figure 1d). Blanks run between samples en-
sured lack of carryover.  

 

Online HILIC UVPD elucidates glycan location and identity 
on complex viral glycoproteins  

 In the previous RNase B example, only a few abun-
dant glycoforms occupied the m/z domain (Figure 1b, top 
spectrum). However, many larger glycoproteins contain nu-
merous different glycans located at the same or different 
glycosites, such as observed for partial-length hemaggluti-
nin HA1 (HA), an influenza antigen. Partial length HA is a 25 
kDa protein with several possible N-linked glycosylations 
and glycosites. For more massive proteins that are highly 
charged, each charge state is more closely spaced in the m/z 
domain, resulting in overlapping charge state distributions 
of proteoforms, particularly those with similar masses. 
Without chromatographic separation of proteoforms, 
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Figure 1. (a) HILIC separation of RNase with base peak chromatogram (top) and extracted ion chromatograms for each gly-
coform (middle to bottom). (b) MS1 spectra of each glycoform corresponding to each retention time with and charge-assigned 
spectra shown in Figure S1 and average intact masses in Table S7. (c) The sequence deconvoluted coverage map was derived 
from UVPD (1 pulse, 2 mJ) of the 15+ charge state (UVPD mass spectrum shown in Figure S4). All identified fragment ions 
are summarized in the supporting information (Table S8).  The location of the pentamannose glycan is shaded in gold (N34). 
(d) Relative abundances of glycoforms are compared with error bars representing the standard deviation based on three 
replicates. 

spectral congestion is a significant obstacle, as exemplified 
by the high-resolution mass spectrum of HA shown in Fig-
ure S6.  The assignment of charge states is not only con-
founded, but isolation of individual glycoforms for MS/MS 
analysis is thwarted. HILIC provided ample separation of 
HA glycoforms and non-glycosylated HA (Figure 2a, S7a), 
resulting in simplified time-resolved MS1 spectra contain-
ing fewer proteoforms (Figure S7b) and facilitating the ac-
quisition of MS/MS spectra.  

 UVPD mass spectra were acquired for all HA gly-
coforms above 5% relative abundance, eight glycoforms in 
total. The UVPD mass spectrum of the most abundant glyco-
form (H5N4F1S1) is shown in Figure 2b, displaying numer-
ous fragment ions that contain the glycan, such as (y190-1)23+ 
and (a44 +1)5+ ions,  with isotopic profiles shown beneath the 
UVPD mass spectrum. The sequence map is displayed in 
Figure 2c, resulting in 77% sequence coverage for the 
H5N4F1S1 glycoform. HILIC-UVPD of six other HA gly-
coforms plus the non-glycosylated protein yielded se-
quence coverages ranging from 67% to 82% (Figure S8). 
The glycan was localized to N40 for all the HA glycoforms 
(H1N1 A/California/04/2009 strain) based on specific frag-
ment ions that bracketed the glycosite at N40 

(corresponding to N97 of full-length HA1). Following the 
same HILIC quantitation strategy described above, the rela-
tive abundances of the HA glycoforms were determined, as 
summarized in Figure 2d and Table S8.  The identification 
of several abundant glycoforms (10-20% relative abun-
dance) confirmed the high heterogeneity at this glycosite. 
As HA glycosylation patterns are known to vary with influ-
enza strain,71  the identification, localization, and relative 
quantitation of HA glycans provide insight into the develop-
ment of future vaccines and antiviral therapeutics. 

In addition to HA, we investigated the glycosyla-
tion of SARS-CoV-2 spike protein receptor binding domain 
(RBD), another viral glycoprotein. The RBD is a 25 kDa im-
munogenic fragment of the large spike glycoprotein typi-
cally decorated with approximately 9 kDa of glycans among 
two N- (N13 and N25) and one O- (full length T323, RBD T5) 
glycosites.21,46 We first focused on the characterization of 
the O-linked glycoforms by using PNGase F to remove the N-
linked glycans. O-linked glycans are often the most chall 
enging for identification and localization as they are more 
labile and may be lost during conventional CAD. However, 
the fast, high energy activation process of UVPD allows re-
tention of glycans during backbone cleavages of proteins.51
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Figure 2. (a) HILIC chromatogram of HA with extracted ion chromatograms and MS1 spectra of glycoforms shown in Figure 
S7 and intact mass average masses in Table S9. (b) UVPD mass spectrum (1 pulse, 2 mJ) of the most abundant glycoform of 
HA (H5N4F1S1, m/z 1057, t4 = 34.0 min, highlighted with a star) with inserts showing two glycan-containing sequence ions. 
The UVPD fragment ions were used to generate the (c) sequence coverage map. Sequence coverage maps of additional gly-
coforms are given in Figure S8, and all identified fragment ions are provided in Table S8. (d) Comparison of the relative 
abundance of glycoforms with error bars representing the standard deviation from three replicates (see specific values in 
Table S10).    

HILIC provided excellent separation of the O-linked gly-
coforms of the WT RBD (Figure 3a), as evidenced by the 
MS1 spectra for each glycoform (Figure 3b). We first local-
ized a non-glycan modification to the N-terminus of the pro-
tein, which consists of pyroGlu (+111 Da), a leftover residue 
from the signal peptide. This modification was confirmed by 
analysis of a tryptic digest of the RBD protein (Figure S9) 
and is consistent with a previous report.72 UVPD of the 
H1S2N1 glycoform (Figure 3c) yielded fragment ions that 
confirmed the location  of the O-linked glycan as T6 when 
considering the addition of one amino acid pyroGlu (Q) to 
the N terminus, T5 without Q1 (Figure 3d). The detection 
of fewer sequence ions that bracket the glycan (i.e., short N-
terminal or very long C-terminal fragment ions) is at-
tributed to partial glycan dissociation, making it more chal-
lenging to search for and assign the glycan-modified frag-
ment ions with confidence. A plethora of fragment ions 
characterize the C-terminal region of the protein, and the 
overall sequence coverage is 51%. UVPD fragment ion iden-
tifications for all glycoforms (H1S1N1, H2S1N2, H1S2N1, 
and H2S2N2) are provided in the supporting information 
(Table S8), and the corresponding sequence coverage maps 
for H1S1N1, H2S1N2, and H2S2N2 glycoforms are shown in 
Figure S10. UVPD resulted in sequence coverages ranging 
from 28% to 51% for each glycoform.  

Comparing glycosylation across glycoprotein variants  

As the COVID-19 pandemic has evolved, the emer-
gence of new viral variants remains a primary concern, and 
elucidating changes in glycosylation patterns in the SARS-
CoV-2 proteome, such as the mutational hot spot spike pro-
tein, may help correlate the impact of mutations immuno-
genic fragment of the larger spike glycoprotein, on trans-
missibility and virulence.73 Here, we compare five RBD var-
iants containing different point mutations (Table S1). The 
N-linked glycans were removed using PNGase F treatment 
to allow the O-glycosylation sites to be targeted. HILIC-MS 
provided good separation and MS1 analysis of the O-linked 
glycoforms of each variant (see base peak and extracted ion 
chromatograms in Figures S12-S16). UVPD spectra were 
collected for each O-glycoform, and the correspondingfrag-
ment ion identifications are provided in the supplemental 
information (Table S8), along with the resulting sequence 
maps in Figures S17-S21. The UVPD data confirmed that all 
RBD samples have the same O-linked glycosite, T6 and T5, 
for the WT and variant RBD samples, respectively. The dis-
tribution of O-glycoforms for each variant and the WT pro-
tein are summarized in Figure 4.  The identities of the RBD 
glycans are similar to those reported previously,28,29 and the 
specific glycosylation patterns of each variant are generally 
similar except for the E484K variant for which the H1S1N1
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Figure 3. (a) Base peak chromatogram and extracted ion chromatograms of each O-linked glycoform of SARS-CoV-2 spike 
protein receptor binding domain (RBD) and (b) corresponding MS1 spectra of a single charge state (26+) at each retention 
time with full range MS1 spectra and deconvoluted spectra shown in Figure S10. Average intact masses are given in Table 
S10. (c) UVPD (1 pulse, 2 mJ) mass spectrum of the 26+ charge state of the H1S2N1 glycoform (m/z 1080) with an expanded 
view of one site-localizing fragment ion, (a12+1)2+, that contains both the glycan (T6) and the additional modification (addition 
of pyroGlu (+111 Da) at the N terminus). (d) Sequence coverage map derived from the UVPD spectrum. The locations of the 
modifications are shaded in gold. UVPD sequence coverage maps for additional glycoforms are shown in Figure S11, and 
fragment ion identifications for all glycoforms are provided in Table S8.

glycan was not detected. Interestingly, none of the RBD var-
iants contained the H2S1N2 glycan, which was only identi-
fied for the wild-type RBD (Figure 4). All variants and the 
WT RBD share the same most abundant glycan (H1S2N2); 
however, the WT RBD exhibited a much lower abundance of 
this glycoform (39%) than the variant samples (average 
74%) and literature values (65%).28,29 This trend continues 
with the variants agree more closely with literature values 
than the lower abundance glycoforms, H1S1N1 and 
H2S2N2, as the WT which shows higher abundances of 
H1S1N1 and H2S2N2 (Table S11). Given that the RBDs ex-
amined here and elsewhere28,29 are products of overexpres-
sion, it must be considered that the expression cell lines 
(HEK293 for WT, HEK293T for variants) or other expres-
sion conditions may impact glycosylation patterns.   

Online HILIC UVPD enables characterization of multiply gly-
cosylated proteins   

The most compelling attribute of top-down analy-
sis of proteins is the ability to map multiple modification 
sites in context, in essence, dissecting combinatorial post-
translational modification patterns. Glycosylated proteins 
often have multiple N- and O- glycosylation sites, creating 
extremely heterogeneous sets of proteoforms even for 

relatively small proteins like the 30-34 kDa RBD. HILIC-MS 
was used for fully glycosylated RBD HILIC (Figures 5a, 
S22). Although HILIC did not provide baseline separation 

Figure 4. Relative abundances of each glycoform. Chroma-
tograms and MS1 spectra for the RBD variant samples are 
shown in Figures S12-S16, average intact masses are 
shown in Table S10, and sequence coverage maps gener-
ated for each glycoform are shown in Figures S17-S21.   
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of individual glycoforms, it offered sufficient chromato-
graphic separation when implemented along with isolation 
of narrow m/z bands to winnow the number of glycoforms 
selected, enabling UVPD characterization of the more abun-
dant glycoforms (Figure 5b). Combining the set of putative 
glycoforms reported in a previous study21 and the UVPD 
data acquired here, we showcase an example of aglycoform 
identified for the fully glycosylated RBD (Figure 5c).  Accu-
rate mass assignments of the (a14+1)4+ and (x224+1)26+ frag-
ment ions support the localization of all three glycans.  Im-
provements in instrumentation to enhance the sensitivity of 
top-down methods and the development of more sophisti-
cated data processing methods to decipher specific glycan 
compositions based on the assignment of glycan fragment 
ions are key advances that are critical for realizing the goal 
of comprehensive top-down glycoproteoform analysis.  

Conclusions  

Glycoproteins remain one of the most challenging 
analytical targets, and their complexity is reflected in their 
myriad biological functional and structural roles. Here, we 
investigated the glycan profiles of viral proteins using an in-
tegrated HILIC-UVPD strategy. After separation of gly-
coforms by HILIC, UVPD was used to characterize individual 
glycoforms and the relative abundance of glycoforms could 
be compared using their chromatographic peak areas. Se-
quence coverages up to 93% were obtained by UVPD, allow-
ing the determination of glycosites. For partial length HA1 
from influenza, the glycosite was localized to N40, and the 

glycan composition at this site was found to be hetero-
genous with eight different glycans for the H1N1 strain an-
alyzed here. O-glycoforms of the SARS-CoV-2 RBD were 
identified and found to be consistent with prior reports re-
garding glycan identification and abundance. We also inves-
tigated the O-glycoforms of point mutants of the RBD and 
found that those mutants retained the same glycosite but 
exhibited variations in the distribution and compositions of 
the glycan profiles. As spike protein mutations are common 
in emerging SARS-CoV-2 variants74–76, this array of RBD 
point mutants showcases the ability of HILIC-UVPD to char-
acterize glycosylation patterns across the evolution of spike 
proteins. Finally, we advanced the characterization of mul-
tiply glycosylated species, in this case the fully glycosylated 
RBD, allowing insight into glycosylations that may occur in 
tandem.  

ASSOCIATED CONTENT  
Supporting Information. PDF: Protein sequences, masses, 
and catalog numbers, LC gradients, comparison of glycoform 
abundances to literature values, PLRP vs HILIC separations for 
RNase B, deconvoluted RNase B MS1 spectra,  comparison of 
chromatographic peak shape for RNase B MS1 only and UVPD 
runs, ESI mass spectra of HA collected without LC separation, 
sequence coverage maps and extracted ion chromatograms for 
RNase B (HCD, ETD, EThcD, and UVPD), HA (UVPD only) and 
RBDs (UVPD only). Spreadsheet: Identified fragment ions in 
MS2 spectra for RNase B (HCD, ETD, EThcD, and UVPD), HA 
(UVPD only) and RBDs (UVPD only). Relative quantitation re-
sults for RNase B, HA, and the RBDs.   This  material is available 

Figure 5. (a) Chromatograms include a base peak (top trace) and EICs of the most abundant species of the WT RBD. (b) UVPD 
mass spectrum of the 28+ charge state of the 31.18 kDa glycoform and the selected precursor is labeled with a star. (c) The 
resulting sequence coverage map displays the identified modified residues (T6 (H1S2N1), N14 (N6H4F1), and N26 
(N5H3F2S1)). The glycoform also contains a pyroGlu (+111 Da) modification at the N-terminus. The locations of the modifi-
cations are shaded in gold. MS1 spectra of other glycoforms are shown in Figure S22.    
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