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ABSTRACT: Sialoglycans on HeLa cells were labeled with a nitroxide spin radical through 

enzymatic glycoengineering (EGE)-mediated installation of an azide-modified sialic acid 

(Neu5Ac9N3) and then click reaction-based attachment of a nitroxide spin radical. An α2,6-

sialyltransferase (ST) Pd2,6ST and an α2,3-ST CSTII were used for EGE to install α2,6- and α2,3-

linked Neu5Ac9N3, respectively. The spin-labeled cells were analyzed by X-band continuous 

wave (CW) electron paramagnetic resonance (EPR) spectroscopy to gain insights into the 

dynamics and organizations of cell surface α2,6- and α2,3-sialoglycans. Simulations of the EPR 

spectra revealed fast- and intermediate-motion components for the spin radicals in both 

sialoglycans. However, α2,6- and α2,3-sialoglycans in HeLa cells possess different distributions 
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of the two components, e.g., a higher average population of the intermediate-motion component 

for α2,6-sialoglycans (78%) than that for α2,3-sialoglycans (53%). Thus, the average mobility of 

spin radicals in α2,3-sialoglycans was higher than that in α2,6-sialoglycans. Given the fact that a 

spin-labeled sialic acid residue attached to the 6-O-position of galactose/N-acetyl-galactosamine 

would experience less steric hindrance and show more flexibility than that attached to the 3-O-

position, these results may reflect the differences in local crowding/packing that restrict spin-label 

and sialic acid motion for the α2,6-linked sialoglycans. The studies further suggest that Pd2,6ST 

and CSTII may have different preferences for glycan substrates in the complex environment of 

extracellular matrix. The discoveries of this work are biologically important as they are useful for 

interpreting the different functions of α2,6- and α2,3-sialoglycans and indicate the possibility of 

using Pd2,6ST and CSTII to target different glycoconjugates on cells. 

 

Introduction 

Sialic acids are a group of nine-carbon acidic amino sugars derived from neuraminic acid. N-

Acetylneuraminic acid (Neu5Ac) is its most common member, thus Neu5Ac is often referred to 

as the “sialic acid”. Neu5Ac is ubiquitous in eukaryotes and typically at the non-reducing end of 

glycans as the terminal sugar units. Consequently, Neu5Ac is usually exposed on the cell surface 

for being directly involved in cell recognition, adhesion, signaling, and other biological events.1-4 

For example, the interactions of sialic acid-binding immunoglobulin-type lectins (Siglecs) with 

their sialylated ligands on human immune cells help the immune system distinguish self from non-

self,5-6 and Siglecs are also important immune checkpoints.7  

Neu5Ac possesses only three forms of linkages in humans. One has Neu5Ac C-2 α-linked to 

the 3-O-position of a galactose (Gal) or an N-acetyl-galactosamine (GalNAc) residue, and the other 

https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Sugar_acid
https://en.wikipedia.org/wiki/Neuraminic_acid
https://en.wikipedia.org/wiki/N-acetylneuraminic_acid
https://en.wikipedia.org/wiki/N-acetylneuraminic_acid
https://en.wikipedia.org/wiki/Immunology
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has Neu5Ac C-2 α-linked to the Gal or GalNAc 6-O-position. The third form has Neu5Ac α-linked 

to the 8-O-position of another Neu5Ac. These sialyl linkages are generated by α2,3-, α2,6-, and 

α2,8-sialyltransferases (STs), respectively, with cytidine-5′-monophospho-N-acetylneuraminic acid 

(CMP-Neu5Ac) as the sialyl donor (Scheme 1). In human adults, sialyl α2,3- and α2,6-linkages are 

abundant whereas the α2,8-linkage is downregulated during the process of developments. However, 

α2,8-linkage reappears as an important molecular signature during some oncodevelopments.8-10 

Scheme 1. Biosynthesis of α2,3-, α2,6-, and α2,8-linked sialoglycans 

 

Different linkage forms and expression levels of Neu5Ac in various tissues and species are 

closely related to biological functions.1, 11 For instance, influenza virus infection starts from the 

binding of the viral hemagglutinin (HA) to Neu5Ac on the hosts' epithelial cell surface.12 Avian 

influenza virus binds preferentially with Neu5Acα2,3Gal, which is the principal epitope on avian 

epithelial cells. In contrast, human influenza virus prefers Neu5Acα2,6Gal—the main epitope on 

the epithelial cells in human respiratory tract.13-14 This has pathological implications. For example, 

for avian influenza virus to effectively infect and transmit among humans, its HA has to be mutated 

to recognize and bind α2,6-linked Neu5Ac.15  

The presentational or organizational patterns of glycans on cells can also have a great impact 

on their bioactivity.16-17 For example, most tumor-associated carbohydrate antigens (TACAs) are 

just regular glycans overexpressed by tumors but are still closely related to cancer development 

and progression18-20 and useful biomarkers for cancer diagnosis and therapy.21 It is reported that 



 4 

although TACAs are also expressed by normal cells, the human immune system can distinguish 

these glycans on normal and cancer cells and selectively respond to cancer and develop TACA-

specific antibodies.22 This is attributed to the different densities of these glycans on cancer and 

normal cells, which may affect their structure, organization, and accessibility.22,23 Hypersialylation 

is a hallmark for most cancers, and many TACAs are sialoglycans.19 Clearly, knowing the 

organization and dynamics of sialoglycans on the cell surface is important.  

It is currently feasible to study the glycan structures and compositions of cell glycocalyx by a 

combination of advanced analytical techniques, such as nuclear magnetic resonance spectroscopy, 

mass spectrometry and fluorescence microscopy, with modern tools in carbohydrate chemistry and 

glycobiology,24-25 such as cell glycoengineering.26-27 However, deciphering the functional roles of 

glycan organization, including the impact of environments on their mobility, is difficult because 

such studies are hindered by the high diversity, complexity, and flexibility of glycans on cells. To 

address the issue, we developed new methods to label cell surface glycans with a nitroxide spin to 

enable electron paramagnetic resonance (EPR) spectroscopy studies.28-29 It is well-established that 

line shape analyses and simulations of continuous wave (CW)-EPR spectra of radical spins can 

provide metrics useful for quantifying the mobility of spin labels (SLs)30-37 and uncover the spatial 

alignments, flexibility, and dynamics of the labelled molecule and its adjacent environment.  

Previously, we demonstrated the possibility to incorporate nitroxide SLs into cell surface glycans 

through metabolic glycan engineering (MGE) and then bio-orthogonal click reaction to install SLs 

onto the engineered glycans on various cells (Figure 1A).28 More recently, we extended this strategy 

to cell surface sialoglycan labeling with nitroxide radicals by enzymatic glycan engineering (EGE) 

and then a click reaction (Figure 1B).29 EGE of the cell glycocalyx to incorporate an azido-modified 

Neu5Ac into glycans was achieved with an α2,3-sialyltransferase (ST) and an azido-modified sialyl 
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donor.  Reported here, we applied the latter approach to the spin-labelling of cell surface α-2,3- or 

α-2,6-sialoglycans specifically and subjected the labeled cells to CW-EPR spectroscopy to study 

the mobility and local environments of these isomeric glycans. This work can help advance our 

understanding of Neu5Ac-related glycobiology, as well as the rational design of spin-probes for 

EPR studies of glycan mobility and packing. 

 

Figure 1: Spin labelling of cell surface sialoglycans via (A) MGE- or (B) EGE-mediated incorporation of 

an azido-Neu5Ac residue and then a click reaction to install the SL. 

Results and discussion 

Incorporation of nitroxide spin labels in cell surface sialoglycans.  EGE was used to selectively 

modify cell surface glycans with α2,3- or α2,6-linked 9-azido-9-deoxy-Neu5Ac (Neu5Ac9N3) 

according to the protocol depicted in Figure 2. First, cells are treated with a sialidase to delete cell 

surface Neu5Ac, thereby exposing Gal and GalNAc to enable more effective sialyation. Next, the 

treated cells are incubated with an azide-modified sialyl donor, such as CMP-Neu5Ac9N3, in the 

presence of either an α2,3- or an α2,6-ST to enzymatically attach Neu5Ac9N3 to the Gal/GalNAc 

3-O- or 6-O-position, respectively. Subsequently, SLs are introduced to the azido-sialoglycans on 

the cell surface via strain-promoted alkyne-azide cycloaddition (SPAAC) using DBCO-modified 

nitroxide (DBCO-SL) developed for our earlier MGE and EGE studies. Finally, the spin-labelled 

cells are subjected to EPR studies.  
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Specifically, the HeLa cell line was chosen as the cell model, and Pd2,6ST and CSTII—two 

bacterial STs—were employed for EGE and subsequent spin labelling of cell surface α2,6- and 

α2,3-sialoglycans, respectively. Pd2,6ST is an α2,6-ST from Photobacterium damselae;38 CSTII 

is an α2,3-ST derived from Campylobacter jejuni.39-40 Both STs are promiscuous and accept C9-

modified CMP-Neu5Ac, such as  CMP-Neu5Ac9N3, as sialyl donors41-43 to allow for EGE.29, 44-45 

HeLa cells treated by the same protocol without ST were utilized as controls for the subtraction of 

non-specific spin labeling. The successful EGE of cells to bear unnatural Neu5Ac9N3 within surface 

sialoglycans and attachment of molecular labels to the azide group via SPAAC were verified for 

both CSTII29 and Pd2,6ST (Figure S-1, Supporting Information) by treating the engineered cells 

with DBCO-modified fluorescent labels and then analysis of the cells by flow cytometry (FACS). 

To further validate the labelling of cell surface glycans, we incubated the labelled cells with peptide 

N-glycosidase F (PNGase F), which removes N-glycans from glycoproteins, and observed a 50% 

decrease in the FACS signal.29 This result suggests that at least 50% of the fluorescent labels are 

attached to N-glycans on the cell surface. The remaining fluorescent labels might be attached to 

other glycans, such as the O-glycans of glycoproteins and the glycans of glycolipids. 
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Figure 2: The protocol for regiospecific spin labelling of sialoglycans on cells via EGE and a click reaction. 

Cells were treated with a sialidase to delete both α2,3- and α2,6-linked Neu5Ac residues in glycans on the 

cell surface. Next, 9-azido-Neu5Ac was attached to the 3-O- or 6-O-position of Gal/GalNAc residues on 

the cell surface under the catalysis of α2,3- or α2,6-ST (CSTII or Pd2,6ST), respectively. Finally, SLs were 

attached to the azide-marked sialoglycans via SPAAC. 

EPR studies of spin-labelled cells. The spin-labelled cells having SLs linked to the sialic acid C9-

position of α2,6- or α2,3-sialoglycans were investigated using a benchtop 100 G X-band CW-EPR 

spectrometer, with the samples prepared and data collected by previously described methods.29 

Briefly, counted HeLa cells (~ 1 x 106) were suspended in 0.8% agarose and loaded into an EPR 

tube. Agar was utilized to help suspend cells for more reproducible measurements for control 

subtraction. Effects of agar on the spin-label EPR spectra were minimal and within the range of 

variations observed for spectra obtained from multiple batches of spin-labeling cells (Figures S-2 

and S-3, Supporting information). X-Band absorption EPR spectra were collected from the treated 

and control groups of cells with baselines corrected by LabView software and peak areas 

normalized to cell numbers. A control spectrum, used to subtract out the EPR signal due to non-

specific labeling, was obtained for each given batch of cells to account for any variation in cell 

diversity. Therefore, each control EPR spectrum was applied to only a specific set of samples. 

Typically, three replicate experiments were performed and analyzed. 

Figure 3 shows an example of the cell count-normalized EPR spectra of Pd2,6ST-treated cells 

(top) and the control (middle). The EPR signal for the control likely arises from nonspecific 

partitioning of DBCO-SL into the cell membrane, as the signal does not decrease upon additional 

washing, and should not arise from any endocytosed label because the nitroxide label is expected 

to be reduced rapidly if it permeates into the cell.28 The intensity of the EPR signal of treated cells 

is remarkably higher than that of the control group (~ 35% total area), and the control-subtracted 
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resultant spectrum (Figure 3, bottom) gives an excellent signal to noise ratio, suggesting a potent 

EPR signal from the Pd2,6ST-mediated spin-labelled cells, with ca. 109 to 1010 EPR active SL-

sialic acid moieties per cell. These results also validated the robust glycoengineering and spin-

labelling of HeLa cells using the nitroxide radical, which agreed with the FACS results using an 

analogous clickable fluorescent label. The line shape of the control-subtracted EPR spectrum, 

which is in contrast to the sharp, narrow EPR peaks of free DBCO-SL in solution,28 are diagnostic 

for large biomolecule-tethered nitroxide spins that have limited mobility, indicating SL attachment 

to cell surface glycans.  

 

Figure 3. Cell count-normalized 100 G X-band CW-EPR spectra of the HeLa cells treated with (top) and 

without (control) Pd2,6ST, as well as the control-subtracted difference spectrum (bottom) with peak heights 

annotated for mobility parameter calculations. 

Next, we analyzed the line shapes of the EPR spectra from the spin-labelled cells. X-Band EPR 

spectra from nitroxide SLs on biomolecules reflect the mobility of the SL determined by both the 

flexibility (rotational motion of bonds) from the SL structure and the motion (rotation of bonds, 

libration, etc.) of the biomolecular backbone, which in this case is the glycan. The local 
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environment, described as tertiary packing and crowding, can also limit the mobility of the SL. 

For example, nitroxide SLs in fast isotropic motion produce EPR spectra with three sharp peaks 

of nearly equal intensity to give h(+1)/h(0) and h(-1)/h(0) values close to 1.0. As the SL motion slows 

down or becomes restricted, the EPR peaks broaden and show diminished intensities for h(+1) and 

h(-1) transitions, as compared to the central h(0) transition, leading to lower h(+1)/h(0) and h(-1)/h(0) 

values.46 An average h(+1)/h(0) value of 0.59 ± 0.06 for the EPR spectra of Pd2,6ST-mediated spin-

labelled cells from three separate experiments implies a moderate average mobility for the SLs 

attached to α2,6-sialoglycans. However, the average h(+1)/h(0) value for the EPR spectra of α2,3-ST 

CSTII-mediated labelled cells is 0.75 ± 0.06,29 reflecting a higher mobility. This was unanticipated 

given the fact that spin-labeled Neu5Ac residues attached to the Gal and GalNAc C6—the carbon 

beyond the sugar ring—should be more flexible than spin-labeled Neu5Ac residues attached to the 

Gal and GalNAc C3 within the sugar ring (Figure 4). The interpretation of this finding is discussed 

further below. 

  

Figure 4. The structures of cell surface sialoglycans having spin-labeled Neu5Ac residues linked to (A) C6 

and (B) C3 of Gal/GalNAc, respectively. C6 is out of the sugar ring, whereas C3 is in the sugar ring. As a 
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result, overall, the 6-O-linked SL-Neu5Ac moiety should have a higher degree of freedom and face less 

steric hindrance than the 3-O-linked SL-Neu5Ac moiety.  

 

Theoretical EPR spectral fitting. Theoretical fitting of the EPR spectra using EasySpin software 

can provide insights into the environments around the SL.47 Therefore, the control-subtracted EPR 

spectra for Pd2,6ST- and CSTII-mediated spin-labelled cells were simulated with one-, two- and 

three-component theoretical spectral fits, where the lowest residuals with unique and reproducible 

solutions were obtained for the two-component fits in both cases, as depicted in Figure 5 (Figures 

S4-S5 and Tables S1-S6 in Supporting Information show one- and three-component simulations). 

The results revealed two distinct motional components for the SL α2,6-linked to the Gal/GalNAc 

residues on the surface of HeLa cells (Figure 5A). One is a fast-motion component (τc ~0.2-0.5 ns), 

and the other is an intermediate-motion component (τc ~4-8 ns) (Table 1). Interestingly, these two 

components are similar to those obtained from our prior simulations of the same SL α2,3-linked to 

cell surface glycans29 (Figure 5B, Table 1). However, the populations of these components differ 

for the two types of spin-labelled glycans (Table 1). The fast-motion component comprises ~22 ± 

5% of the signal population for spin-labelled α2,6-sialoglycans, but this highly mobile component 

comprises ~47 ± 10% for spin-labelled α2,3-sialoglycans. The changes in the relative populations 

of these two spectral components give rise to the difference in the average mobility derived from the 

h(+1)/h(0) line shape analyses. 
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Figure 5. Example simulation results for X-band EPR spectra of spin-labelled HeLa cells using sialidase, 

CMP-Neu5Ac9N3, and (A) Pd2,6ST or (B) CSTII. The simulation spectra in green are the sums of the two 

component spectra at the given percentages. Residuals between the simulation and experimental spectra are 

shown in light grey. 

 
Table 1. Two-component simulation results for control-subtracted EPR spectra of spin-labelled HeLa cells 

and the relative populations of the two components 

Parameters 
Pd2,6ST CSTII 

Comp 1 Comp 2 Comp 1 Comp 2 

c (ns)   

Trial 1 

Trial 2 

Trial 3 

average 

 

0.2 

0.5 

0.2 

0.3 ± 0.1 

 

3.7 

7.8 

3.8 

5.0 ± 2.0 

 

0.4 

0.3 

0.4 

0.4 ± 0.04 

 

5.5 

9.2 

7.5 

7.0 ± 2.0 

 

Population (%) 

Trial 1 

Trial 2 

Trial 3 

average 

 
 

16 

25 

24 

22 ± 5 

 
 

84 

75 

76 

78 ± 5 

 
 

58 

41 

42 

47 ± 10 

 
 

42 

59 

58 

53 ± 10 

 



 12 

Simulation of DBCO-SL mobility. The line shapes of X-band EPR spectra reflect the mobility of 

SLs due to the motional averaging of the anisotropic hyperfine interaction. Therefore, simulation 

of the SL mobility (rotamers) allows for the characterization of contributions that the SL makes to 

the obtained EPR spectra.48-50 It is common to discuss the mobility of a SL in terms of the number 

of rotatable bonds via dihedral angle fluctuation. For instance, Hubbell and co-workers showed that 

the MTSSL had limited rotation around the S-S bond due to interaction with the protein backbone. 

This ‘interaction” gives MTSSL its utility in reporting biomolecular motions and is referred to as 

the 4/5 model of motion because the disulfide bond-peptide backbone interaction limits rotation 

around 1/2/3.
51-52 Paramagnetic 2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid (TOAC) 

provides more direct information about the molecular backbone, as its molecular fluctuations are 

limited to ring puckering.53 Other rigid labels (for proteins and nucleic acids) are also utilized to 

make inferences about biomolecular motions54-56 and measure distances where narrow distribution 

profiles are desired.57-58  

To understand the molecular origin of the two components of our EPR spectra, we performed 

molecular dynamic simulations of the Neu5Ac-DBCO-SL moiety to investigate its flexibility. As 

expected, several of the dihedral bonds (4, 8 and 9, Figure 6) show almost no rotation because 

of conjugation and partially conjugation (amides). The DBCO-SL segment has the highest motional 

flexibility around 7 > 6 >> 5. In this manner, the rotational flexibility of the pyrroline ring in the 

SL is modulated mostly by the 7 and 6 dihedral angles, similar to MTSSL that also has two 

rotatable bonds. However, because a high flexibility is also observed in the side chain of Neu5Ac 

to which DBCO-SL is attached (adding rotation around 1 > 3 > 2), the DBCO-SL moiety linked 

to Neu5Ac is expected to be flexible, thus limiting our ability to delineate the motional contribution 

from the sugar moiety and spin label to the motion-averaged EPR spectrum.   
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 Figure 6. Scatter plot of the dihedral angles of the Neu5Ac-DBCO-SL moiety. 

Given the substantial motion observed in our simulations around 6 dihedral angles we interpret 

the line shapes of our EPR spectra in the following way. If one assumes Neu5Ac-DBCO-SL to 

generate an isotropic-limit spectrum reflective of a high flexibility of the SL itself, then the broad 

component observed in our spectra would arise from SL interactions with the local environment 

(such as crowding and tertiary interactions or binding). These interactions would restrict rotation 

around various dihedral angles, thereby giving rise to an EPR spectrum reflective of intermediate 

or possibly slow motions. A highly isotropic-like signal (τc ≤1 ns) of our EPR spectra reflects high 
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motion of the SL itself or the SLs attached to highly flexible glycans that have no strong interactions 

with other biomolecules, i.e., an uncrowded environment. Spectra with intermediate motion (τc ~4-

8 ns) represent sites that are in contact with other moieties, i.e., a crowded environment/tertiary 

contact. Ideally, to probe changes in the mobility of glycans, we would desire a spin probe that can 

be attached to glycans by a tether with limited flexibility, e.g., a shorter tether, to essentially remove 

the motion from 5/6/7. 

  

Discussion of the EPR spectra of spin-labelled HeLa cells. Theoretical fitting of the EPR spectra 

of Pd2,6ST- and CSTII-mediated spin-labelled cells showed that both spectra contained fast- and 

intermediate-motion components. This result is anticipated from the viewpoint of glycobiology. 

On the cell surface, the peripheral glycans of glycoproteins or peptidoglycans are in relatively non-

crowded environments, whereas their glycans close to the cell membrane or glycans of glycolipids 

are deeper inside the cell glycocalyx and surrounded by the packed cell surface matrix to result in 

decreased molecular flexibility and mobility. Our molecular dynamic simulation results revealed 

that the Neu5Ac-DBCO-SL moiety is flexible around 5-6 dihedral angles, which further suggests 

that the decreased mobility of SLs seen here is likely reflective of the packing interactions of SLs 

with the surrounding matrix. 

Pd2,6ST catalyzes the attachment of Neu5Ac9N3 and then SL to the Gal/GalNAc 6-O-position, 

which extends beyond the sugar ring (Figure 4). CSTII is a bifunctional enzyme with potent α2,3-

ST and weak α2,8-ST activities. In this study, CSTII was employed to perform cell EGE for only a 

short period (30 min) to limit α2,8-sialylation.29, 39 Therefore, CSTII should have only catalyzed 

the attachment of Neu5Ac9N3 and SL to the Gal/GalNAc 3-O-position, which is on the sugar ring 

and is more restricted than the 6-O-position. Neu5Ac-DBCO-SL attached to the Gal/GalNAc 3-

O-position (in plane of the sugar ring, with limited rotation) should be less flexible or mobile than 
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that linked to the Gal/GalNAc 6-O-position (out of plane, with a higher flexibility) under the same 

conditions (Figure 4). On the contrary, our theoretical line shape fits of the EPR spectra suggest 

that the percentage of α2,6-sialoglycans with restricted mobility (75%) is greater than that of α2,3-

sialoglycans in the same motion regime (58%). This indicates an overall lower mobility of α2,6-

sialoglycan-linked SLs (h(+1)/h(0) value of EPR spectra: ~0.59) than that of α2,3-sialoglycan-linked 

SLs (h(+1)/h(0) value of EPR spectra: ~0.75). These apparently contradictory results can only be 

explained by the differently local environments that some of the α2,3- and α2,6-sialoglycans may 

have experienced on the cell surface, as all other conditions for the two experiments were identical. 

This observation is consistent with the above hypothesis that the difference in mobility of SLs is 

due to the packing interactions of SLs with the surrounding matrix. 

Additionally, the EPR results also disclosed a higher population of slow-mobility SLs attached 

to α2,6-sialoglycans than that attached to α2,3-sialoglycans, suggesting the residence of a relatively 

large number of α2,6-sialoglycans in more crowded surroundings, e.g., close to the glycoprotein 

backbone and/or to the cell membrane. There are two plausible explanations for this finding. One 

explanation is that the numbers and distribution patterns of α2,6- and α2,3-sialylation sites differ 

on the cell surface. For example, although both Pd2,6ST and CSTII can catalyse the sialyation of 

terminal Gal and GalNAc residues in relatively relaxed environments, Pd2,6ST may be less stereo-

sensitive and thus more effective than CSTII to catalyse Neu5Ac9N3 attachment to the relatively 

restricted internal N-acetyl-lactosamine (LacNAc) epitopes in the glycoprotein glycans. Literature 

results supporting this proposition include Pd2,6ST-catalyzed sialylation of internal LacNAc.59-61 

However, CSTII is relatively selective for terminal sialic acids. It is also possible that glycolipids 

have more sites for α2,6-sialylation than for α2,3-sialylation; therefore, more glycolipid glycans, 

which are close to the cell membrane and located in crowded environments in the cell matrix, are 
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sialylated and spin-labelled by Pd2,6ST. The other explanation is that Pd2,6ST and CSTII may 

have different properties. For example, Pd2,6ST may be more effective than CSTII to navigate 

through crowded environments to catalyse sialylation reactions. In either case, it seems that CSTII 

and Pd2,6ST can target different glycans and sialylation sites on cells to perform α2,6- and α2,3-

sialylations, which has not been observed previously. This interesting finding can be of biological 

importance and applications. For example, changes in the biological activity resulted from 

Pd2,6ST and CSTII-mediated EGE may be because of not only differences in the linkage forms 

of their Neu5Ac but also different molecular targets on the cells. Therefore, cautions should be 

used when interpreting related results. 

 

Conclusion 

In brief, sialoglycans on live HeLa cells were successfully labelled with a nitroxide radical spin 

through EGE-based installation of Neu5Ac9N3 to cell surface glycans and then click reaction-

based attachment of the SL. In this process, Pd2,6ST and CSTII were utilized to install α2,6- and 

α2,3-linked Neu5Ac9N3, respectively, hence α2,6- and α2,3-sialoglycans could be separately and 

specifically labelled and probed on live cells. Studies on the EPR spectra of the spin-labelled cells 

demonstrated that both types of sialoglycans contained a slow-motion component and a fast-motion 

component, indicating the diverse environments that these glycans have experienced in the cell 

glycocalyx or extracellular matrix. Different distributions of the two motion components for α2,6- 

and α2,3-sialoglycans indicated the different environments of these two sialoglycans on cells, i.e., 

a higher population of α2,6-sialoglycan in the more restricted/crowded environments than that of 

α2,3-sialoglycan, as a result of Pd2,6ST- and CSTII-mediated EGE. Consequently, it seems that 

Pd2,6ST and CSTII can target different glycans or different sialylation sites on the cell surface. 



 17 

The results are not only biologically significant but also have potential biological applications. For 

example, Pd2,6ST and CSTII may be employed to target different glycoconjugates on cells and 

help gain more insights into the functions of α2,6- and α2,3-linked sialoglycans. Overall, this work 

has validated the great potential of EGE-based spin labelling of live cells to allow for studies of 

different glycans on the cell surface by EPR spectroscopy. In addition, it is conceivable that this 

method can be useful for EPR studies of other glycans based on cell EGE using corresponding 

glycosyltransferases. 

 

Experimental 

Materials. HeLa cell line was purchased from American Type Culture Collection (ATCC), USA. 

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin 

(10000 U/mL), phosphate buffered saline (PBS), and other reagents were purchased from Thermo 

Fisher Scientific, USA. CMP-Neu5Ac9Az and DBCO-SL were synthesized according to reported 

methods,28, 62 and their NMR and MS data matched with that in the literature. Pd2,6ST38 and 

CSTII40 enzymes were prepared according to reported methods using the pET22b vector and genes 

custom-synthesized by GeneArt® from Thermo Fisher Scientific, USA. 

EGE-based spin-labelling of cells:  HeLa cells were cultured in DMEM medium containing 10% 

FBS and 100 U mL−1 Penicillin–Streptomycin until 80~90% confluency. The cells were treated 

with trypsin and harvested as pellets via centrifugation at 600 g for 7 min. The cell pellets were 

washed twice with PBS buffer (pH = 7.4) containing 2% BSA and the cell number was counted 

by aliquoting a small amount (20 uL) of the cell suspension, treating it with Trypan blue, and then 

counting on a Hemocytometer. Five million cells were suspended in DMEM without FBS (50 µL), 

which was followed by the addition of sialidase A (100 U) in 10x Glycobuffer 1® buffer (NEB, 20 
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µL) per manufacturer's instructions and then DMEM to reach 200 µL. The resulting mixture was 

incubated at 37 °C for 1 h with continuous shaking at 90 rpm. The enzymatic reaction was 

quenched with chilled DMEM, and the cells were collected through centrifugation, washed as 

described, and resuspended in DMEM. In the meantime, Neu5Ac9Az-CMP (0.1 mmol) in 20 mM 

Tris-HCl buffer containing 20 mM MgCl2 (50 µL, pH = 8) was mixed with Pd2,6ST (1 U) or 

CSTII (150 µg), which was adjusted with Tris-HCl buffer to 250 µL. For the controls, only Tris-

HCl buffer (no ST) was added. This solution was briefly vortexed before being transferred to the 

cell suspension and then addition of DMEM to reach a final volume of 300 µL. The mixture was 

incubated at 37 oC for 30 min with continuous shaking at 90 rpm. The cells were collected and 

washed three times with PBS buffer containing 2% BSA (pH = 7.4). The washed cells were 

resuspended in PBS buffer (500 µL) containing 50 µM DBCO-SL and incubated at rt in the dark 

for 1 h. Finally, the cells were washed with PBS buffer containing 2% BSA three times, pelleted, 

and subjected to EPR analysis within 1-2 hrs after spin-labelling. The experiment was repeated 3 

times under each condition. 

CW-EPR analysis of spin-labelled cells. Cell pellets containing 1 x 106 cells were resuspended 

in PBS buffer (40 μL) containing 0.8% agarose. The cell suspension was immediately loaded in a 

50 μL-microcapillary quartz pipette tube, and the sample was allowed to solidify before CW-EPR 

data collection. X-Band (9.5 GHz) CW-EPR absorption spectra were collected at 30°C by a 

protocol reported in the literature,28 on a Magnettech MiniScope MS-5000 benchtop spectrometer 

equipped with a dielectric resonator. The spectra were reported as an average of 16 scans with 120 

mT sweep width, 0.2 mT modulation amplitude, 100 kHz modulation frequency, and 1 mW 

incident microwave power. All EPR spectra were area normalized to the cell number and baseline-
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corrected and were processed using the LabVIEW software provided by C. Altenbach and W. 

Hubbell. (https://sites.google.com/site/altenbach/labview-programs). 

Line shape analysis and simulation of EPR spectra. EPR spectra were simulated using 

the chili and esfit functions of EasySpin. The A- and g-tensors were previously determined: 

gxx = 2.0070, gyy = 2.0062, gzz = 2.0033, Axx = 6.7 G, Ayy = 6.7 G, and Azz = 35 G.28 

The other parameters used in EPR line shape simulations are linewidth, correlation time of 

motion (τc), and the ordering potential C20. Each EPR spectrum was subjected to 1-, 2-, 

and 3-component simulations. 

Simulation of DBCO-SL mobility. The DBCO structure was drawn in Avogadro63 and parameterized 

with CHARMM General Forefield (CGenFF 2.5) analog parameters employing the Paramchem 

web server, which includes the force fields for click-specific moieties and the nitroxide radical 

moiety.64 The molecule was solvated with the cTIP3P65 water model in a box with the dimensions 

of 41.123 Å x 47.657 Å x 40.136 Å. The CUDA accelerated AMBER2066 software implemented 

in the HiPerGator 3.0 high-performance computing facility at the University of Florida was used 

to perform the atomistic molecular dynamics simulations. The structure was energy-minimized in 

two stages. In the first stage, 10,000 steps of the steepest descent algorithm followed by 10,000 

steps of conjugate gradient was implemented, with harmonic restraints of 50 kcal/mol on the 

structure and allowing the water molecules to move freely. In the second stage, all restraints were 

removed, and the system was subjected to 10,000 steps of the steepest descent algorithm followed 

by the same number of steps in the conjugate gradient algorithm. All simulations beyond this point 

were done with a 500 kcal/mol harmonic restraint on the carbon atom of the DBCO to mimic the 

covalent bond to the sialic acid residue. Particle Mesh Ewald summation was used for long-range 

electrostatic interactions and the non-bonded interactions cutoff was set at 12 Å. The system was 

https://sites.google.com/site/altenbach/labview-programs
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heated to 300 K over 1 ns and then subjected to an equilibration step for 10 ns using an NVT 

ensemble. The production run was done for 500 ns in the NPT ensemble. The Langevin thermostat 

with a collision frequency of 1.0 ps−1 and the Berendsen barostat were used to regulate temperature 

and pressure, respectively. A time step of 2 fs was used along with the SHAKE67 algorithm to 

constrain bonds involving hydrogen atoms. The trajectory was analyzed using the cpptraj module 

found in the AMBERTools19 software package.68   
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