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Abstract

The heterogeneity associated with glycosylation of the 66 N-glycan sites on the protein trimer 

making up the spike (S) region of the SARS-CoV-2 virus has been assessed by charge detection 

mass spectrometry (CDMS). CDMS allows simultaneous measurement of the mass-to-charge 

ratio and charge of individual ions, so that mass distributions can be determined for highly 

heterogeneous proteins such as the heavily glycosylated S protein trimer. The CDMS results are 

compared to recent glycoproteomics studies of the structure and abundance of glycans at specific 

sites. Interestingly, average glycan masses determined by “top-down” CDMS measurements are 

35–47% larger than those obtained from the “bottom-up” glycoproteomics studies, suggesting 

that the glycoproteomic measurements underestimated the abundances of larger, more-complex 

glycans. Moreover, the distribution of glycan masses determined by CDMS is much broader than 

the distribution expected from the glycoproteomics studies, assuming that glycan processing on 

each trimer is not correlated. The breadth of the glycan mass distribution therefore indicates 

heterogeneity in the extent of glycan processing of the S protein trimers, with some trimers being 

much more heavily processed than others. This heterogeneity may have evolved as a way of 

further confounding the host’s immune system.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel coronavirus 

that emerged in Wuhan, China in late 2019 giving rise to the COVID-19 pandemic.1–5 

SARS-CoV-2 is an enveloped, positive, single-stranded RNA virus. The viral envelope has 

two structural glycoproteins called the membrane and spike (S) proteins. The S protein is a 

large transmembrane protein and trimers of the S protein decorate the surface of the viral 

envelope, giving the virus its characteristic appearance. The S protein mediates cell entry 

by fusion of the host and viral membranes. It also plays key roles in neutralizing-antibody 

and T-cell responses, and consequently it is the primary target for vaccine and therapeutic 

development.6,7

The S protein consists of two subunits: S1 contains the receptor binding domain (RBD) and 

S2 is responsible for membrane fusion. S1 binds to the host cell’s angiotensin converting 

enzyme II (ACE2) receptor. Before ACE2 binding, the prefusion S trimer exists in either 

an open or closed configuration.8 The closed state shields the RBD of the S protein from 

immune recognition and ACE2 binding, and the open configuration allows the S trimer to 

initiate binding.9–11 Once bound to ACE2, S trimers shed their S1 subunits allowing the S2 

subunits to fuse to the membranes of host cells.8,12

The S protein is heavily glycosylated and these modifications play key roles in 

facilitating immune evasion by shielding the underlying protein surface to prevent antibody 

recognition.13,14 Glycosylation of viral proteins utilizes host-cell machinery, as the viral 

envelope is developed by budding through the endoplasmic reticulum (ER) or Golgi 

apparatus. The S protein has 22 potential N-glycosylation sites (66 N-glycan sites on 

the trimer) and at least 3 sites for O-glycosylation have been predicted.15 To date, 

glycoproteomics studies of the SARS-CoV-2 S protein using enzymatic digestion and mass 

spectrometry have been applied to determine the glycan composition at each of these 22 

sites N-glycan sites.16–20 N-linked high mannose, hybrid, and complex glycans have been 

reported.16 However, it appears that the glycan composition and occupancy at each site 
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is different if the S1 and S2 subunits are expressed separately.17 In addition to the 22 

N-glycans, O-linked glycans have been detected at two sites on the S1 subunit.17

The number of distinct glycoforms is the product of the numbers of different glycans that 

can occupy each site on the S protein trimer. If we consider glycans with a population of 

>1% from previous reports,16 then 8.2 × 1075 glycoforms would be anticipated, assuming 

that glycosylation at different sites on the trimer is not correlated. Furthermore, the most 

likely glycoform of the spike trimer has a probability of only 1.9 × 10−34 (see below). Thus, 

the probability that two spike trimers have the same glycan distribution is vanishingly small. 

Consequently, every spike trimer present on the surface of a SARS-CoV-2 virus is expected 

to be different; the question is how different?

To address this question, we have employed a single particle approach, charge detection 

mass spectrometry (CDMS), to directly determine the mass of individual ions by 

simultaneously measuring the m/z ratio and charge of each ion.21,22 CDMS has traditionally 

been used to analyze large molecules and complexes. However, this technique also has 

great utility for analysis of very heterogeneous mixtures. Herein, we use CDMS to make 

measurements on thousands of individual trimeric spike protein ions derived from different 

cell lines to provide information on the glycan mass distribution for the S protein trimer 

(Scheme 1). A comparison of this CDMS data with previous MS-based glycoproteomics, 

which identified glycan compositions and abundances at specific sites, reveals a greater 

average glycan mass determined directly by CDMS. In addition, the distribution of glycan 

mass determined by CDMS is broader than expected for an uncorrelated glycan distribution 

(where the processing of glycans at one site is independent of the processing at other sites), 

indicating that the glycans on some S protein trimers are more heavily processed than on 

others.

RESULTS

Mass Distribution Measured for the S Protein with a Trimerization Domain.

A typical mass distribution recorded following electrospray of the spike protein trimer 

described in Scheme 1a is shown in Figure 1a (blue). The mass distribution plotted over the 

mass range of 0–1000 kDa (inset in Figure 1a) reveals a single prominent peak, centered 

around 560 kDa, attributed to the trimer. This sample incorporates a fibritin trimerization 

domain23,24 to stabilize the trimer. There are no peaks close to the masses expected for 

the monomer or dimer in the spectrum. The charge distribution of the spike trimer (Figure 

1b) reveals a charge RMSD of 0.191 e (elementary charges). The charge states are almost 

completely baseline resolved. Therefore, individual ions can be assigned to specific integer 

charge states with a low error rate and the uncertainty in the charge does not degrade the 

mass resolution.

The mass distribution for the spike protein trimer is relatively broad, around 35 kDa fwhm. 

As a comparator, we measured the mass distribution for β-galactosidase using the same 

experimental conditions (Figure 1a). The peak for β-galactosidase (orange line) is much 

narrower, and its measured mass (467.6 kDa) is <0.5% larger than the expected mass (465.4 

kDa). Masses measured for large protein complexes by MS are usually slightly larger than 
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the expected masses because of residual salt and counterions. This result shows that the 

broad distribution measured for the spike trimer is not a consequence of the experimental 

conditions and must therefore arise from heterogeneity.

The expected mass of the glycosylated S protein trimer can be obtained by adding the 

sequence mass of the unglycosylated trimer (414.2 kDa) to the average mass of the N­

glycans (107.5 kDa) from previous glycoproteomics studies.16 The value obtained (521.7 

kDa) is shown by the dotted line in Figure 1. The center of the measured mass distribution 

is ~37 kDa higher than the expected mass. Some of this excess mass could be attributed 

to residual salt mentioned above. However, this is expected to contribute only 2–3 kDa 

based on previous studies25,26 and the results for β-galactosidase described above. O-linked 

glycans could also contribute. Three sites for O-glycosylation have been predicted near 

the furin cleavage site15 with recent results suggesting that one of the sites (T678) is 

glycosylated.19 There is also evidence that T323 is glycosylated, and possibly S325.17 

However, the extent of O-glycosylation revealed to date is much less than required to 

account for the 37 kDa additional mass.

Calculation of the Glycan Mass Distribution for the Spike Trimer.

Considering both the additional mass and broad distribution measured for the spike trimer, 

we calculated the distribution that would arise assuming all 66 sites were populated 

according to the glycoproteomics study. As noted above, the number of different glycoforms 

is 8.2 × 1075 if glycans with a population >1% are considered. The probability that a 

particular glycoform is populated is

P a, b, c…, z = p1
a × p2

b × p3
c × … × p66

z (1)

where p1
a is the probability, from the glycoproteomics study,16 that site 1 is occupied by 

glycan a, etc. The probability for the most likely glycoform (where all sites are occupied by 

the most probable glycan) is 1.9 × 10−34. Note that in eq 1, we assume that the glycan sites 

are uncorrelated. In other words, the glycan at site 2 is completely independent of the nature 

of the glycan at site 1. Because of the enormous number of possible glycoforms indicated 

above we calculated the glycan mass distribution using a Monte Carlo (MC) approach with 

importance sampling, where the probability of sampling a particular glycoform is given 

by eq 1. The glycan mass distribution calculated in this way is shown in Figure 2a. The 

overall peak shape is close to Gaussian and the distribution is centered at 107.5 kDa. The 

distribution in Figure 2a was obtained using 1 Da bins and reveals a series of resonances 

separated by ~1 kDa. An expanded region shows that the resonances consist of a series of 

sharp peaks (Figure 2b) while further expansion (Figure 2c) reveals that these peaks are 

separated by ~8 Da. The results shown by the blue lines in Figure 2 were obtained from 

1010 MC samples. To demonstrate that this is sufficient to provide an accurate representation 

of the mass distribution, the red dashed line in Figure 2c shows results obtained from 109 

samples. The results are almost identical, confirming that enough samples were performed.

The width (fwhm) of the calculated glycan mass distribution (~5.5 kDa) is much narrower 

than the measured distribution (compare Figure 2a with Figure 1a). If we consider a 
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situation where each site can be occupied by just two glycans with masses of 1200 

and 2000 Da, the resulting mass distribution will be Gaussian and extend from 79200 

Da (where all glycans are 1200 Da) to 132000 Da (where all glycans are 2000 Da). 

However, the probability of being at one of the extremes (where all glycans are either 

1200 or 2000 Da) is vanishingly small. The fwhm of the distribution is expected to be 

around 66 × 2000 − 1000 Da = 6500 Da wide, which is similar to the width from the MC 

simulations. The calculated distribution is narrow because of the averaging that results from 

random sampling of the glycans at each site.

Mass Distributions Measured for Other S Proteins Samples.

CDMS measurements were performed for S protein samples from a variety of sources to 

determine how the cell line or protein sequence influenced the results. A typical mass 

distribution for the S protein without a trimerization domain expressed in HEK293 cells 

(Scheme 1b) is shown (Figure 3a). The charge spectrum (red inset) shows well-resolved 

charge states (charge RMSD 0.175 e). The main peak in the mass spectrum at 196 kDa 

is assigned to the spike monomer. In addition, there is a small peak at around 388 kDa 

that we attribute to a dimer and another peak at around 565 kDa attributed to a trimer. 

The mass of the dimer is slightly less than twice the monomer mass, but the mass of the 

trimer is substantially less than three times the monomer mass. This trend is observed for 

all the spectra measured for two different samples of this protein, under a variety of solution 

conditions. The average dimer mass is ~5 kDa less than twice the monomer mass (392 kDa), 

and the trimer mass is ~17 kDa less than three times the monomer mass (588 kDa).

Figure 3b shows a mass distribution measured for the spike monomer expressed in CHO 

cells (Scheme 1c). The charge spectrum (red inset) shows well resolved charge states 

(charge RMSD 0.186 e). The mass distribution is similar to that in Figure 3a, showing a 

peak at ~188 kDa that we assign as the spike monomer and peaks at ~370 kDa and 555 

kDa assigned as the dimer and trimer, respectively. As in Figure 3a, the dimer peak occurs 

at a mass slightly less than twice the monomer mass (376 kDa), and the trimer peak is at a 

mass substantially less than three times the monomer mass (564 kDa). Note that the masses 

of the monomer, dimer, and trimer from the CHO cells are all significantly less than the 

corresponding masses for HEK293 cells.

Figure 3c shows the mass distribution measured for the spike protein from insect cell 

expression (Scheme 1d, Sino Biological). We struggled to measure a spectrum for this 

sample and tried many different solution conditions. The spectrum in Figure 3c was 

measured with a shorter trapping time (100 ms). Because of the short trapping time, charge 

states are not resolved, and the mass resolution is significantly lower than that in Figure 

3a,b. The data for S derived from insect cell expression shows a high mass tail that extends 

to beyond 10 MDa. We attribute the peak at 162 kDa to the S protein monomer (sequence 

mass 136.0 kDa). Unlike the spectra obtained from HEK293 and CHO expression, peaks 

due to the dimers and trimers are not well-defined here. Instead, there are prominent peaks 

below the mass of the monomer at around 72.6 and 90.2 kDa. We assign these to the S1 and 

S2 subdomains of the spike protein because the sum of their masses is 162.8 kDa, near the 
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mass of the monomer. The furin cleavage sequence at the junction between the S1 and S2 

subdomains was not modified in this sample (unlike the other samples studied here).

The peak attributed to the spike monomer (at 162 kDa) in Figure 3c is at a significantly 

lower mass than the monomer peak for the samples in Figure 3a,b that were obtained 

from mammalian cells. Subtracting the sequence mass (134.4 kDa) from the monomer mass 

(162 kDa) yields an average glycan mass of 27.6 kDa, which is much smaller than the 

corresponding glycan masses for the spike monomers from HEK293 cells (61.4 kDa) and 

CHO cells (52.4 kDa). This observation is consistent with the conclusions of Zhang et al., 

who found the glycans from the S protein expressed in insect cell lines were mainly of 

the high mannose type while glycans from mammalian cell lines were mainly complex.18 

Thus, the lower mass for the spike protein derived from insect cell expression is a result of 

different processing of the glycans in insect cells versus mammalian cells.

Figure 3d shows the spectrum measured for the S protein with reduced glycan heterogeneity 

obtained by expression in HEK 293S GnTI- cells. With this cell line, all N-linked glycans 

should be occupied by Man5GlcNac2. The blue line in Figure 3d is the measured mass 

distribution which shows a broad distribution of low mass ions that partially obscure several 

peaks. The red line shows the distribution obtained after removal of ions with fewer than 

20 charges, a process that discriminates against the low mass ions. There are prominent 

peaks at around 166, 206, and 475 kDa. The sequence mass of this S protein is 140.8 

kDa and the mass of the 22 Man5GlcNac2 glycans is 22 × 1216 Da = 26.8 kDa, so the 

expected mass of the glycosylated spike protein monomer is 167.6 kDa. The peak at 166 

kDa is around 1.6 kDa less than the expected mass of the glycosylated spike monomer. 

The lower-than-expected mass may result from deviations in glycan occupancy (i.e., around 

one glycan site per monomer is not occupied). The S protein used for the measurement in 

Figure 3d (Scheme 1e) incorporates a fibritin trimerization domain which may account for 

the absence of a significant peak attributable to the dimer. The peak at 475 kDa, attributed to 

the trimer, is at a mass significantly lower than the expected mass (502.8 kDa). Significantly 

fewer glycan sites must be occupied in the trimer than on the monomer discussed above.

The spectrum in Figure 3d was measured using 100 ms trapping where the diminished 

accuracy of the charge measurement significantly degrades the mass resolution. Despite the 

reduced resolution, the trimer peak at 475 kDa in Figure 3d has a fwhm of 25 kDa which 

is considerably narrower than the measured spike trimer peaks in Figure 1a and Figure 

3a,b. The mass resolution for 475 kDa peak in Figure 3d is estimated to be around 23.7 

kDa (fwhm) (see Supporting Information). Thus, the width of this peak (25 kDa) is mainly 

due to instrumental resolution and the underlying peak width is probably in the 5–10 kDa 

range. This is much narrower than the trimer peaks in Figures 1a and 3a,b where the mass 

resolution is <2 kDa and the measured peak is representative of the underlying distribution. 

The narrower peak width is consistent with the reduced glycan heterogeneity expected for 

this sample.

Figure 4 shows a comparison of the glycan mass distributions determined for the spike 

trimer from three sources: (a) the S protein with a trimerization domain from HEK293 cells 

(blue line labeled Tri); (b) the S protein without a trimerization domain from HEK293 cells 
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(orange line labeled HEK); and (c) the S protein without a trimerization domain from CHO 

cells (yellow line labeled CHO). The distributions in Figure 4 were obtained by subtracting 

three times the sequence mass of the S proteins (Scheme 1) from the measured masses. 

The measured glycan mass distributions differ significantly for the different proteins. The 

average glycan masses are 145.3 kDa for the trimer of the S protein with a trimerization 

domain from HEK293 cells (Scheme 1a), 158.2 kDa for the trimer of the S-protein without 

a trimerization domain from HEK293 cells (Scheme 1b), and 150.2 kDa for the trimer of the 

S protein without a trimerization domain from CHO cells (Scheme 1c). The average glycan 

masses derived from the CDMS measurements are 35–47% higher than the average glycan 

mass derived from the glycoproteomics studies.16 The red line in Figure 4 is the calculated 

N-glycan distribution from the MC simulations described above. In the MC simulations, it is 

assumed that each glycosylation site is randomly populated with glycans in accordance with 

their site-specific abundances from glycoproteomics studies.16 The distributions determined 

from the CDMS measurements are all much broader than the distribution obtained from 

the MC simulations (red line) and shifted to significantly higher mass. The observation that 

the measured mass distributions for the spike trimers are much broader than the calculated 

glycan distribution indicates that glycosylation is not correlated. Some spike trimers appear 

to have much larger glycans than others, and this is probably related to how the glycans are 

processed in the cell.

DISCUSSION

Protein glycosylation is a complex process.27,28 The coronavirus family of viruses infect 

a wide range of mammalian species and hijack the host cell glycosylation machinery. For 

SARS coronaviruses, S protein trimerization and initial N-glycosylation occurs in the ER. 

Further processing occurs in the Golgi where complex glycans are generated and O-glycans 

added.29–32 Cleavage of the S1 and S2 subdomains is also thought to occur in the Golgi.33,34 

The development of MS-based glycoproteomics methods over the last two decades has 

enabled the analysis of glycosylation patterns for a wide range of glycoproteins.35–37 

The glycopeptides generated by enzymatic digestion of glycoproteins are interrogated by 

LC-MS, and the abundances of N-glycans at specific sites are inferred from the results. 

Using this approach, it is possible to determine the identity and relative abundances of the 

glycans that occupy each site on a glycoprotein. However, this approach cannot provide 

information about how the glycans at a particular site are correlated with glycans at other 

sites on individual glycoprotein molecules. In contrast, CDMS analyzes individual intact 

glycoproteins, and the results can be used to directly assess the heterogeneity within the 

glycoprotein ensemble. The average glycoprotein mass deduced from the bottom-up MS 

analysis of glycopeptides should agree with the average mass determined by top-down 

CDMS analysis. This does not appear to be the case for the S protein studied here. The 

average glycan masses deduced from the CDMS measurements for S protein trimers from 

mammalian cells are 35–47% (depending on the trimer) higher than the average glycan 

mass deduced from glycoproteomic studies16 (107.5 kDa). The deviation for the S protein 

monomer is even larger (42–72%) because it is systematically more heavily glycosylated 

than the trimer.
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The glycoproteomics studies indicate that all potential sites of N-glycosylation are 

populated. Thus, a possible explanation for the difference between the average glycan 

masses obtained from the MS-based glycoproteomics studies and the single molecule 

CDMS measurements is that the glycoproteomics measurements are skewed in a manner 

that underestimates the abundances of larger, more complex glycans. This could result for 

several reasons. There may be differences in the glycopeptide solubilities, rates of enzymatic 

digestion, efficiency of ionization, and the accuracy of database–based assignments. For a 

heavily glycosylated protein like the spike protein there are also questions about sensitivity 

and dynamic range.37,38 A measure of the intact mass by CDMS holistically captures the 

full distribution because those glycans present in low abundance only contribute to the width 

of the distribution.

The average mass from the glycoproteomics studies (107.5 kDa) is at the low end of the 

measured glycan mass distributions (see Figure 4). The upper end of the measured glycan 

mass distributions is at a mass that is close to twice the glycoproteomics average. The 

broad width of the glycan mass distribution provides insight about how the spike protein 

is processed in the cell. It has been reported that the S protein is mannosylated before 

it assembles into trimers in the ER and acquires complex N-glycans in the Golgi.30 The 

CDMS results presented here indicate that the degree of processing is highly variable. If the 

glycosylation sites were processed randomly so that the processing of one site on a trimer 

is uncorrelated with the processing at another, then the resulting glycan mass distribution 

would be narrow like the calculated distribution in Figure 2a. The broad glycan mass 

distribution observed in the experiments suggests that processing is correlated, so that for 

some trimers, many of the glycan sites are lightly processed, while for others, many of 

the sites are heavily processed. This additional variance in glycoforms could be another 

modification that helps the virus escape the host’s immune response.

In addition to the large range of glycoforms found for the S protein, the measured average 

mass for all S protein monomers was greater than one-third of the measured mass for 

the S protein trimers. This finding is consistent with complex glycosylation of the trimers 

occurring after trimerization in the ER, limiting the available sites for complex glycosylation 

in the trimer. In contrast, all the sites on the unassembled S protein monomer would be fully 

accessible in the Golgi where they could be processed to obtain complex glycans, leading 

to the larger measured mass. The differences between the glycosylation of the S protein 

monomer and the S protein trimer could prove to be important for vaccine approaches that 

rely on the S protein as the antigen to spur immunity.

CONCLUSIONS

We have used CDMS to investigate the heterogeneity associated with glycosylation of the 

SARS-CoV-2 spike trimer protein derived from several expression systems, HEK293, CHO, 

insect cells, and HEK 293S GnTI-. We found that the average glycan mass obtained from 

these direct “top-down” CDMS measurements is much larger than the average obtained 

from “bottom-up” MS-based glycoproteomics studies. CDMS is agnostic to the size and 

nature of the glycans, so it should holistically capture the full mass distribution. Thus, the 

glycoproteomics studies may have missed some of the larger glycans. To the best of our 
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knowledge, this is the first time that a comparison of top-down and bottom-up glycan mass 

distributions has been performed. While results presented here are for a single glycoprotein, 

it is reasonable to expect that this behavior is not restricted to the SARS-CoV-2 S protein. 

The broad glycan mass distributions measured here indicates that glycan processing is 

correlated. Thus, most of the glycans on some S protein trimers are heavily processed while 

on other S protein trimers, most of the glycans are only lightly processed. This study is the 

first to explore cooperativity in glycan processing. The heterogeneous glycan distribution 

found in this study may have evolved as a way of further confounding the host’s immune 

system.

MATERIALS AND METHODS

Sample Preparation.

The variants of the SARS-CoV-2 Spike protein (Scheme 1) were purchased from Acro 

Biosystems (SPN-C52H8 and SPN-C52H4) for HEK293 expression; The Native Antigen 

Company (REC31868–100) for CHO expression, and Sino Biological (40589-V08B1) for 

insect cell expression. The spike protein expressed in HEK293S cells is described below. 

Prior to CDMS analysis, samples were buffer exchanged into 200 mM ammonium acetate 

using Zeba microbiospin columns with a 7K MWCO (Thermo Scientific).

Production and Purification of Spike Protein with Limited Glycosylation.

HEK 293S GnTI- cells were obtained from the American Type Culture Collection 

(CRL-3022) and cultured at 37 °C in 5% CO2. Cells were maintained in DMEM/F12 

(Invitrogen) supplemented with nonessential amino acids and 10% FBS. Prior to 

transfection, the culture media was replaced with Opti-MEM (Invitrogen). Cells were 

transiently transfected with a plasmid encoding the SARS-CoV-2 S protein ectodomain 

(a kind gift from Weston Struwe)20 using lipofectamine-2000 (Invitrogen) by following 

the manufacturers recommended protocol. The supernatant was harvested at 24 and 48 h 

following transfection and snap frozen at −80 °C until use. The supernatant was thawed on 

ice and filtered through a 0.45 μm filter before being passed over a 5 mL Ni-NTA prepacked 

column (GE Healthcare) using an AKTA pure FPLC system preequilibrated with loading 

buffer (2 mM Tris-HCl (pH 7.4), 200 mM NaCl, 20 mM imidazole). The immobilized 

protein was washed with five column volumes of wash buffer (2 mM Tris-HCl (pH 7.4), 

200 mM NaCl, 80 mM imidazole) before being eluted with the same buffer containing 

400 mM imidazole. Peak fractions were concentrated and further purified using a Superdex 

200 increase 10/300 GL size exclusion chromatography column equilibrated with 2 mM 

Tris-HCl (pH 7.4) and 200 mM NaCl. The protein eluted as a single peak which was 

concentrated to ~1 mg/mL, snap frozen in liquid nitrogen, and stored at −80 °C for further 

use.

CDMS Measurements.

In CDMS, the masses of individual ions are determined from the simultaneous measurement 

of each ion’s m/z ratio and charge. The measurements were performed on a home­

built CDMS instruments described in detail elsewhere.39–45,26 Briefly, ions generated by 

nanoelectrospray are carried into the instrument through a capillary. The resulting gas flow 
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and the entrained ions enters the first vacuum chamber which incorporates a FUNPET42 

which dissipates the gas jet and transfers the ions through a small aperture into an RF 

hexapole. The DC potential on the hexapole rods sets the final ion energy. After the 

hexapole, the ions pass into a segmented RF quadrupole. Ions that exit the quadrupole 

are focused into an ion beam and then enter a dual hemispherical deflection energy analyzer 

that is set to pass a narrow band of ion kinetic energies. The transmitted ions are focused 

into a linear electrostatic ion trap (ELIT).41 The ELIT consists of two end-caps that can 

be switched between transmission and trapping modes. The trapped ions oscillate back 

and forth through the detection cylinder that is located between the two end-caps. The 

detection cylinder is connected to a low-noise charge sensitive amplifier which detects the 

induced charge from the oscillating ion. The resulting signal is amplified, digitized, and 

analyzed using fast Fourier transforms.43 The oscillation frequency provides the m/z, and 

the magnitude provides the charge. Ions that were not trapped for the full trapping time 

are discarded. The accuracy of the charge measurement depends on the trapping time. 

Measurements were performed with trapping times of 100 ms and 1.5 s. With 1.5 s trapping, 

the uncertainty (RMSD) in the charge measurements is around 0.2 e; charge states are well 

resolved in the charge spectrum, and ions can be assigned to integer charges with a low error 

rate. The mass resolution is then determined by the m/z resolution. With 100 ms trapping, 

the uncertainty in the charge is around 1 e, and this becomes the main factor limiting the 

mass resolution (see Supporting Information).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CDMS measurements for the S protein with a trimerization domain (Scheme 1a). (a) 

Mass spectrum. The blue lines show the measured mass distribution. The inset shows the 

distribution over the 0–1000 kDa range. (b) Charge spectrum. The charge RMSD is 0.191 

e. A bin size of 2 kDa was used for part a and a bin size of 0.1 e was used for part b. 

The orange line in part a shows the CDMS spectrum measured for β-galactosidase under 

identical conditions. The dashed line in part a at 414.2 kDa shows the expected mass of the 

unglycosylated S protein trimer, and the dotted line at 521.7 kDa shows the expected mass 

of the glycosylated trimer (see text).
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Figure 2. 
Glycan mass distributions for the S protein trimer from Monte Carlo calculations using 

probabilities from glycoproteomics17 (see text). (a) The mass distribution calculated from 

1010 samples using 1 Da bins. (b) An expanded view of the portion of part a indicated by 

the orange bar. (c) Expanded view of the portion of part b indicated by the orange bar is 

shown as the underlying blue line. The glycan mass distribution calculated with 109 samples 

(scaled up by a factor of 10) is also shown (red dashed line in part c).
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Figure 3. 
CDMS measurements for other S protein samples: (a) typical mass spectrum (blue) and a 

charge spectrum (red inset) for the S protein without a trimerization domain from HEK293 

cells (Scheme 1b); (b) analogous spectra for the S protein from CHO cells (Scheme 1c); 

(c) a mass spectrum for the S protein from insect cell expression (Scheme 1d); (d) a mass 

spectrum for the S protein with a trimerization domain prepared by expression in HEK 293S 

GnTI- cells for reduced glycan heterogeneity (Scheme 1e). The blue line in part d is the 

measured spectrum, and the red line shows the spectrum obtained by removing ions with 

charges <20 e. The dashed vertical lines in parts a–d show the sequence masses of the S 

protein monomers. The dotted vertical lines in part d shows the expected masses of the fully 

glycosylated spike monomer and trimer (the sequence mass plus the mass of the glycans 
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assuming that they are all Man5GlcNac2). All mass distributions were generated using 2 kDa 

bins, and the charge distributions have 0.1 e bins. See text for details.
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Figure 4. 
Glycan mass distributions for the S protein trimer from multiple sources. The red line 

shows the distribution obtained from the Monte Carlo calculation using probabilities from 

glycoproteomics16 (see text). The other colored lines show experimental results where the 

glycan distributions were obtained by subtracting the sequence masses for the S protein 

trimers from the measured masses. The blue line labeled Tri is for the S protein with a 

trimerization domain (Scheme 1a). The orange and yellow lines are for samples without 

the trimerization domain. The orange line labeled HEK is for S protein from HEK293 cells 

(Scheme 1b), and the yellow line labeled CHO is for S protein from CHO cells (Scheme 1c).
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Scheme 1. S Protein samples used for CDMS measurementsa

aThe salient features of each sample are (a) An S protein trimer derived from HEK293 

cells. It contains V16–P1213, a modified furin cleavage sequence, several linkers, a fibritin 

trimerization domain23,24 to stabilize the S protein trimer, and a poly-His tag (purchased 

from Acro Biosystems); (b) S protein identical to part a except it is missing a linker and the 

fibritin trimerization domain (purchased from Acro Biosystems). (c) S protein derived from 

CHO cells. It has the predicted sequence M1-K1211, a modified furin cleavage sequence, 

a linker, and a poly-His tag (purchased from The Native Antigen Company); (d) S protein 

expressed in insect cells (predicted sequence V16–P1213) containing an unmodified furin 

cleavage site and a poly-His tag (purchased from Sino Biologics). (e) S protein with fibritin 

trimerization domain expressed in HEK 293S GnTI- cells to reduce glycan heterogeneity 

(described in ref 20). It is expected to lead with Q14. The molecular masses of the proteins 
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determined from their sequences (i.e., unglycosylated) are (a) 138068.85 Da, (b) 134642.05 

Da, (c) 135607.36, (d) 134366.88 Da, and (e) 140827.76 Da.
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