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Abstract

Specific alterations in N-linked glycans, such as core fucosylation, are associated with many 

cancers and other disease states. Because of the many possible anomeric linkages associated with 

fucosylated N-glycans, determination of specific anomeric linkages and the site of fucosylation 

(i.e., core vs outer arm) can be difficult to elucidate. A new MALDI mass spectrometry imaging 

workflow in formalin-fiXed clinical tissues is described using recombinant endoglycosidase F3 

(Endo F3), an enzyme with a specific preference for cleaving core-fucosylated N-glycans attached 

to glycoproteins. In contrast to the broader substrate enzyme peptide-N-glycosidase F (PNGaseF), 

Endo F3 cleaves between the two core N-acetylglucosamine residues at the protein attachment 

site. On tissues, this results in a mass shift of 349.137 a.m.u. for core-fucosylated N-glycans 

when compared to N-glycans released with standard PNGaseF. Endo F3 can be used singly and 

in combination with PNGaseF digestion of the same tissue sections. Initial results in liver and 

prostate tissues indicate core-fucosylated glycans associated to specific tissue regions while still 

demonstrating a diverse miX of core- and outer arm-fucosylated glycans throughout all regions 

of tissue. By determining these specific linkages while preserving localization, more targeted 

diagnostic biomarkers for disease states are possible without the need for microdissection or 

solubilization of the tissue.

*Corresponding Author: Anand S. Mehta − Department of Cell and Molecular Pharmacology and Experimental Therapeutics, 
Medical University of South Carolina, Charleston, South Carolina 29425, United States; Phone: 843-792-9946; mehtaa@musc.edu. 

Complete contact information is available at: https://pubs.acs.org/10.1021/acs.jproteome.0c00024

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
J Proteome Res. Author manuscript; available in PMC 2022 March 10.

Published in final edited form as:
J Proteome Res. 2020 August 07; 19(8): 2989–2996. doi:10.1021/acs.jproteome.0c00024.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Graphical Abstract

Keywords

MALDI; mass apectrometry imaging; endoglycosidase F3; Endo F3; PNGase F; dual Enzyme; 
N-glycans; N-glycosylation

INTRODUCTION

It is well-established that many aspects of the molecular development and progression of 

cancer are directly linked to changes in glycosylation.1–10 In most cases, glycan analysis 

has been done with serum and not directly from the cancer tissue itself.11–27 Serum is 

often used as it is easily obtained, but it is limited, in that it comprises dilute levels of tumor-

derived material. Thus, direct tissue analysis is preferred. However, the miXing of different 

cell types and the loss of proteins while processing complicate glycan analysis of tissue 

often lead to misleading data and misrepresentation of tumor-specific analysis. To combat 

this, we have developed a method of tissue-based glycan imaging that allows for both 

qualitative and quantitative in situ N-linked glycan analysis on tissues using matriX-assisted 

laser desorption/ionization imaging mass spectrometry (MALDI IMS).28 This method was 

codeveloped in 2013 by Drake and Mehta laboratories and has continued to evolve29–31 to 

allow for better analysis of sialylated glycans32 and for the simultaneous analysis of glycans 

and proteins.33 However, a major limitation of the MALDI-TOF imaging methods is the 

inability to obtain true structural and linkage information of a PNGase F-released glycan. 

To address this limitation, we began to examine other enzymes that may allow for more 

structural information via IMS.

In 1982, a novel glycosidase preparation from Flavobacterium meningosepticum, designated 

endo-β-N-acetylglucosaminidase F, was described34 and was found to include three distinct 

endoglycosidase activities, termed Endo F1, Endo F2, and Endo F3.35 These three 

endoglycosidases cleave the β(1−4) link between the two core GlcNAcs of asparagine-

linked glycans, but have specificities for distinct oligosaccharide structures.36 For example, 

Endo F1 cleaves high mannose and hybrid structures, but not complex oligosaccharides, 

and core fucosylation of hybrid structures reduces the rate of cleavage by 50-fold. Endo 

F2 cleaves primarily complex glycans with core fucosylation having little impact on glycan 

cleavage. In contrast, Endo F3 has no activity on oligomannose and hybrid molecules; it 

has a reported 400-fold increase in activity toward core-fucosylated structures as compared 
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to triantennary structures at a pH of 4.5, thus reducing the amount of nonspecific N-glycan 

cleavage.37 With this in mind, Endo F3 was applied to different MALDI IMS workflows 

alone or in conjunction with PNGase F. This workflow would allow for the structural 

characterization of core-fucosylated glycans in tissues, while maintaining the localization of 

N-glycans in tissues.

Fucosylatransferase 8 (FUT8), the only known enzyme responsible for core fucosylation, 

has been implicated in a variety of settings including non-small-cell lung cancer, melanoma, 

and hepatocellular carcinoma, demonstrating an increase in invasion and metastasis for 

patients with elevated levels of FUT8 or core-fucosylated N-glycans.38–40 These previous 

studies show the importance of determining core fucosylation as opposed to outer 

arm fucosylation in terms of N-linked glycosylation and the clinical relevance of this 

methodology described below.

EXPERIMENTAL SECTION

Cloning, Expression, and Purification of Endo F3

The cDNA fragment encoding the Endo F3 gene was amplified by polymerase chain 

reaction from the genomic DNA of Elizabethkingia meningoseptica (UniProtKB—P36913) 

without the N-terminus signal sequence. Additionally, a His tag (×10) was added to its 

C-terminus. Amplified DNA fragments were cloned into pQE-60 by NcoI/BlpI (Genscript, 

Piscataway, NJ). The constructed plasmid, pQE-60-Endo F3–10XHis, was transformed 

into BL21 (DE3). The transformants were cultured in Luria−Bertani broth supplemented 

with 100 μg/ mL ampicillin. Cultures were grown at 37 °C until the cells reached an 

A600nm of about 0.5, and 0.5 mM IPTG was added to the culture to induce protein 

overproduction at 20 °C. The next day, the cells were harvested by centrifugation. The cell 

pellets were resuspended in phosphate-buffered salinewith added Pierce protease inhibitor 

tablets (Thermo Fisher Scientific, Waltham, MA), which are stored at −20 °C. OmniCleave 

endonuclease (Lucigen Corporation, Middleton, WI) and MgCl2 were added to the thawed 

cell suspension. The cell suspension was incubated at room temperature for at least 1 h 

with rocking. The cells were lysed using a French press (GlenMills Inc., Clifton, NJ) as per 

the manufacturer’s instructions. The cell lysis was applied to HisTrap FF (GE Healthcare, 

Pittsburgh, PA) and washed using 20 mM sodium phosphate, 0.5 M NaCl, and 20 mM 

imidazole (pH 7.4). The bound His-tagged protein was eluted with a gradient from 150 to 

500 mM imidazole in 20 mM sodium phosphate and 0.5 M NaCl (pH 7.4). The purified 

Endo F3 was desalted and concentrated using 20 mM Tris-HCl and 50 mM NaCl (pH 7.5), 

using a Spin-X UF concentrator (10 kDa; Corning). The protein purity was confirmed using 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

In-Solution Digestion by Endo F3

Human Fetuin-A (Assaypro, St. Charles, MO) or RNase B (New England BioLabs) was 

incubated with Endo F3 at an enzyme-to-protein-ratio of 1:5 (w/w) at 37 °C for 3 h. For our 

purposes, 1 μg of Endo F3 was added to 5 μg of the protein at a pH of 4.5.
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Glycan Sequencing

Human Fetuin-A was run on SDS-PAGE gel, stained, and cut out. The gel pieces were 

alkylated in the dark for 30 min with iodoacetamide, fiXed in a solution of 10% methanol 

and 7% acetic acid for 1 h, washed in acetonitrile, followed by subsequent steps of 

washing in 20 mM ammonium bicarbonate (pH 7.0) and acetonitrile before being dried 

in a SpeedVac. PNGase F (PNGASE F Prime, N-Zyme Scientifics, Doyles-town, PA) or 

Endo F3 was diluted with corresponding buffer and allowed to absorb into and cover the 

gel pieces and then incubated overnight at 37 °C. The glycans were eluted from the gel 

pieces by sonication in Milli-Q water, dried down, and labeled with a 2AB dye as previously 

described.41 The labeled glycans were subsequently enriched from free 2AB dye using 

paper chromatography and filtered using a poly-(tetrafluoroethylene) syringe filter unit. 

Fluorescently labeled glycans were then separated on a normal-phase Waters Alliance high-

performance liquid chromatography (HPLC) system as previously described.41 Samples 

were further digested with sialidase for calculation of the glucose unit (GU) value and 

compared with the GlycoStore database.42

On-Slide Tissue Preparation

Multiple formalin-fiXed paraffin-embedded (FFPE) blocks of tissues were obtained for 

optimization and analysis. Tissue microarray (TMA) slides were purchased from US 

Biomax (Rockville, MD), while all other tissue blocks (prostate, cerviX, and liver) were 

provided by the Medical University of South Carolina Biorepository and Tissue Analysis 

Shared Resource (Charleston, SC). The FFPE blocks were sectioned onto the slides at 5 μm 

and then prepped for imaging as previously described.43 In brief, the slides were washed 

and deparaffinized by heating at 60 °C for 1 h and then washed sequentially in Xylene, a 

dilution of ethanol, and water. The slides then underwent antigen retrieval using citraconic 

anhydride and were placed in a steam chamber for 30 min. Finally, buffer exchange was 

performed and the slides were desiccated. The enzyme was then applied to the slides using 

an M3 TM-Sprayer Tissue MALDI Sample Preparation System (HTX Technologies, LLC) 

at 0.1 μg/μL. PNGase F was sprayed in HPLC water, while Endo F3 was sprayed in a 

solution of 87 μM acetic acid (pH 4.43) for better efficiency. The slides were then placed in 

a humidity chamber and incubated at 37 °C for 2 h and then desiccated. Finally, the matriX 

was applied (α-cyano-4-hydroXycinnamic acid, 0.042 g CHCA in 6 mL of 50% acetonitrile/

49.9% water/0.1% trifluoroacetic acid) using the same M3 TM-Sprayer.

N-Glycan Imaging via MALDI IMS

As previously described, tissues were analyzed via imaging N-glycans using a MALDI 

FTICR mass spectrometer (SolariX Dual Source, 7T, Bruker Daltonics, m/z 500−5000). 

The data were then analyzed and visualized using FlexImaging 5.0 and SCiLS Lab 

2017b (Bruker Daltonics). Finally, glycans were built and validated against the database 

in GlycoWorkbench, as well as built for graphical interpretation.28,44

N-Glycan Removal

In cases where F3 was applied first, glycans were collected from the slide and analyzed 

as previously described.45 In brief, the slides were placed in 100% ethanol for removal of 
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matriX and then placed in a series of dilutions of ethanol (95 and 70%). Next, the slides were 

placed in a high-pH cleaning solution (10 mM Tris, pH 8.98), HPLC grade water, then a 

low-pH cleaning solution (citraconic buffer, pH 3), and then HPLC grade water again. The 

slides were then desiccated and dried. Following the cleaning, the tissues were then prepped 

for PNGase F application by following the same tissue preparation and glycan imaging 

protocol as previously described;40 however, the dewaxing and antigen retrieval steps were 

omitted, beginning with enzyme application on the tissue.

RESULTS

In-Solution Analysis of Endo F3 Activity on N-Linked Glycans

The deglycosylation activity of the purified recombinant Endo F3 was tested initially using 

two well-characterized glyco-proteins, RNase B and Fetuin-A, to confirm the activity 

of Endo F3 acting on core-fucosylated glycans only (Figure 1). Human Fetuin-A is a 

circulating plasma glycoprotein with two N-linked and three O-linked carbohydrate side 

chains.46 The heterogeneity of Fetuin-A is mainly due to extensive modification with 

variable amounts of sialic acids; some less abundant glycoforms were found to be core-

fucosylated.47 RNase B is a well-characterized glycoprotein from bovine pancreas that 

only contains noncore-fucosylated high mannose N-glycans attached to a single N-linked 

glycosylation site.48 As shown by SDS-PAGE, the recombinant Endo F3 will cleave Fetuin-

A but not RNase B as shown by the band shift on the gel, which is consistent with Endo 

F3-reported sensitivity and specificity. In contrast, treatment with PNGase F leads to a 

band shift of RNase B. This supports the claim that we can differentially cleave glycans 

on proteins based on the composition of the glycans attached to them, specifically ignoring 

high-mannose glycans that do not contain a core fucose modification.

The glycan profile of Fetuin-A was also investigated by normal-phase HPLC. The 

chromatograms are shown in Figure 2. A standard curve using the homopolymer dextran 

was used to convert the elution time into glucose units and is shown at the bottom of the 

figure. Among PNGase F-released glycans, sialic acid removal simplified the profiles, and 

further treatment with bovine kidney fucosidase (result not shown) removed peaks at GU 

7.70, representing a biantennary glycan with a core α−1,6-linked fucose (F(6)A2G2) that 

only contributed to 2.2% of the total glycan profile. On the other hand, the three major 

glycans released by Endo F3 are all core-fucosylated biantennary with variable amounts 

of sialic acids that represented 83.0% of the total glycan profile; with the removal of 

sialic acids, the three species combined into one peak at GU 7.20 which is F(6)A2G2*, 

considering that with Endo F3 digestion, one GlcNAc and the core α−1,6-linked fucose 

were left on the protein as opposed to the cleavage at the asparagine residue for PNGase F 

(Figure 1A).

On-Tissue Analysis of Endo F3 Digestion Using MALDI IMS

Keeping the conserved GlcNAc and fucose residues in mind, we then applied the enzyme 

to the well-established tissue imaging protocol as described above (Figure 3). With the 

differential cleavage of Endo F3 as compared to PNGase F, we saw a mass shift of 

349.137 m/z for core-fucosylated glycans. When applied, we saw the downward shift in 
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the mass spectra of core-fucosylated N-glycans, while effectively prohibiting cleavage of 

N-glycans that do not contain a core fucose residue, similar to what was observed via HPLC 

(Figure 4). The benefit of tissue imaging is the conservation of spatial localization for the 

analytes without the need for microdissection or solubilization, and this work maintains 

this advantage as shown in Figure 5. Following analysis of Endo F3 application on tissues, 

we found over 30 N-linked glycans to be core-fucosylated (Supporting Information, Tables 

S1 and S2), and the main N-glycans found to be core-fucosylated are demonstrated in 

Table 1. These N-glycans also showed localization to specific regions of the tissue. As 

shown in Figure 5, a prostate cancer tissue section (Supporting Information, Figure S1) 

underwent a variety of treatments, where the first column of images represents masses for 

the tissue following a general PNGase F digestion, the second column represents an Endo F3 

digestion, and finally, the last column represents an Endo F3 digestion, wash, and sequential 

PNGase F digestion as described above. As shown in the first row of Figure 5, we see 

the distribution of the N-glycan A2G2F (1809.6393 predicted m/z) undergoing PNGase F 

digestion (Figure 5A), a serial tissue section with Endo F3 digestion (Figure 5B) and the 

same tissue section washed, and a sequential PNGase F digestion applied (Figure 5C). These 

results show that we do not achieve any PNGase F cleavage activity on the glycans with our 

Endo F3 digestion, but are still able to achieve the same spatial distribution of the glycans 

following an Endo F3 digestion, albeit at a lower overall intensity relative to the initial 

PNGase F digestion. The second row of Figure 5 shows the truncated N-glycan F(6)A2G2 

(1460.5023 predicted m/z) that underwent the same treatments. Figure 5D shows that we 

do not observe this mass following PNGase F digestion; however, in Figure 5E, we see this 

mass following the Endo F3 digestion as expected. We are also able to efficiently remove 

the Endo F3-cleaved glycans following washing and PNGase F application as shown by 

Figure 5F. Finally, in the third row of Figure 5, we show the distribution of the N-glycan 

Man8 (1743.5810 predicted m/z) which should never contain a core fucose. Again, we see 

a similar situation as observed in the first row, with PNGase F cleavage (Figure 5G), no 

cleavage with Endo F3 (Figure 5H), and a less efficient salvage with a sequential PNGase F 

digestion (Figure 5I). To be certain that the effectiveness of the Endo F3 digestion was not 

tissue-specific, we also performed similar digestions on multiple tissue types (Supporting 

Information, Figure S2). To further explore the process of the dual-enzyme cleavage, initial 

experiments were conducted to determine the possibility of miXing both PNGase F and 

Endo F3 in one spray. The enzymes were initially combined at a 3:1, 1:1, or 1:3 ratio of 

Endo F3 and PNGase F, and it was found that the lower concentration of Endo F3 was 

better suited for cleaving both core- and noncore-fucosylated N-glycans (data not shown). 

Therefore, further experiments were done to obtain a 1:20 ratio of Endo F3 to PNGase 

F, and this demonstrated the best spectra regarding efficient cleavage of all N-glycans of 

interest (Supporting Information, Figure S3). Efficiency and control experiments are still 

ongoing; however, this is a promising start to further optimize the dual enzymatic workflow.

Endo F3 Application to Patient Tumor Microarrays

With the ability to determine core versus outer arm fucosylation, we then wanted to 

apply this technique to patient samples to determine the relevancy of this technique for 

determining clinically relevant factors. As previously described, core fucose is implicated in 

many cancer progressions; so we applied the Endo F3 by following the PNGase F protocol 
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to a purchased hepatocellular carcinoma TMA set (US Biomax) as previously analyzed by 

our group.49 In Figure 6, we see two different fucosylated glycans implicated in the paper, 

A2G2F and A4G4F (1809.6393 and 2539.9037 predicted m/z, respectively). Figures 6A,B 

represent F(6)A2G2 and F(6)A4G4 in their reduced forms following Endo F3 digestion 

(1460.5023 and 2190.7667 predicted m/z, respectively), while Figure 6C,D represent the 

sequential wash and PNGase F digestion for noncore-fucosylated A2G2F and A4G4F. On 

examining the results, we see that there are TMA cores that contain relatively more of 

the core-fucosylated versions of the glycans, while some contain relatively more noncore-

fucosylated glycans. While this is not an absolute quantitation, and more direct analysis will 

be required to determine the abundance of core versus outer arm fucosylation, this work 

shows promise that we can further parse out the underlying mechanisms and difference 

resulting from the tumor heterogeneity among patients. For example, in previously published 

results involving this tumor microarray, it was shown that survival probability is decreased in 

patients with elevated levels of A4G4F2 (m/z 2685.968);49 however, when examined under 

the dual-enzymatic conditions described above, elevated levels of the glycan mentioned 

above involving no core fucosylation show no significant difference in survival probability 

(Supporting Information, Figure S4), thus demonstrating the effectiveness and relevance 

of the dual-enzymatic approach. Further studies are needed and ongoing regarding patient 

outcomes and tumor grading and scoring in terms of core versus outer arm fucosylation.

DISCUSSION

As we know, fucosylation of N-linked glycans has been associated with several types of 

cancers,50 especially, changes upon the addition of core α−1,6-linked fucose are associated 

with the development of hepatocellular carcinoma.51 Compared to PNGase F, Endo F3 

works more efficiently and selectively on core α−1,6-linked fucosylated structures. Without 

the interference and noise of all the other complex glycans released by PNGase F, we can 

focus on the core α−1,6-linked fucosylated structures while comparing patients’ samples 

with that of healthy controls. This is demonstrated in Figure 5, showing that core versus 

outer arm fucosylation does vary from patient to patient, although the underlying mechanism 

is still unclear.

The most notable benefit of this work is addressing one major drawback of MALDI IMS. 

With the ability to distinguish between the anomeric linkages of the fucose additions of 

the glycans, more in-depth analysis of tissue is possible without the use of serial sections 

or other structural elucidation techniques that lose their spatial localization afforded with 

imaging, such as proteomic analysis or ion mobility.52

Additionally, this methodology has the potential to improve glycopeptide analysis in the 

field of proteomics. With the residual HexNAc and Fucose residue being left following 

Endo F3 cleavage, this could be utilized in proteomic analysis as a more specific precursor 

ion. When used appropriately, this precursor ion could be indicative of glycopeptides 

that contained core-fucosylated N-glycans, further elucidating the structural motifs of the 

attached N-glycans with well-established and easy-to-perform proteomic analyses, such as 

electron-transfer dissociation.
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While this technique can effectively determine core-fucosylated N-glycans, the protocol 

will still require further optimization to reach efficiency levels similar to that of the 

PNGase F. As it stands now, PNGase F digestion works on N-glycans substantially more 

efficiently than Endo F3 digestion, rendering quantitative analysis difficult. However, despite 

the flaw in quantitative analysis, the qualitative abilities of the data are able to further 

elucidate the localization and relative abundance of these core-fucosylated glycans. With this 

information, more distinct patterns and features can be acquired from the tissue, allowing 

for more comprehensive analysis of tissue imaging and glycosylation as it relates to tumor 

heterogeneity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SDS-PAGE analysis of N-linked glycans cleaved by PNGase F or Endo F3. (A) Cartoon 

description of Endo F3 vs PNGase F cleavage on core-fucosylated N-linked glycans. For 

glycans, red triangles represent fucose, blue squares represent N-acetylglucosamine, green 

circles represent mannose, and yellow circles represent galactose. (B) SDS-PAGE analysis 

of Endo F3 and PNGase F digestion of human Fetuin-A or RNase B
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Figure 2. 
HPLC analysis of human Fetuin A N-linked glycans following Endo F3 and sialidase 

digestions. (A) N-linked glycans sequencing of human Fetuin-A released by PNGase F or 

Endo F3 and (B) followed by sequential sialidase digestion.
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Figure 3. 
Generalized workflow of Endo F3 and PNGase F treatments on a tissue. Begin by cutting 

the tissue from the FFPE block at 5 μm onto the slide; (I) heat the slide at 60 °C for 1 h; 

(II) dewax in the series of Xylene, ethanol dilutions, and water, antigen retrieval in citraconic 

buffer; (III) apply Endo F3 to the tissue; (IV) incubate in a humidity chamber at 37 °C for 2 

h; (V) apply the CHCA matriX to the tissue; (VI) Image on MALDI-FT-ICR; (VII) Clear the 

matriX and glycans with ethanol dilutions, high-pH and low-pH washes; (VII) apply PNGase 

F to the tissue; (IX) incubate in the humidity chamber at 37 °C for 2 h; (X) Apply the CHCA 

matriX to the tissue; (XI) Image on MALDI-FT-ICR.
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Figure 4. 
Full mass spectra for prostate cancer tissues treated with Endo F3 and PNGase F. Full 

example mass spectra are represented for PNGase F (blue, top) and for Endo F3 (green, 

bottom) applied to prostate cancer tissues. Two major PNGase F fucosylated glycans and 

their Endo F3 counterparts are highlighted along with the observed corresponding mass 

shift. Further N-glycan identification from the corresponding mass spectra peaks can be 

found in the Supporting Information Table S1 for PNGase F and Supporting Information 

Table S2 for Endo F3.
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Figure 5. 
Prostate cancer tissues analyzed upon multiple enzymatic digestions. A prostate cancer 

tissue section undergoing PNGase F treatment (A,D,G), Endo F3 treatment (B,E,H) or 

sequential PNGase F treatment following a wash of the Endo F3-treated tissue (C,F,I). A 

known core-fucosylated glycan, A2G2F distribution is shown for the PNGase F mass shift 

of 1809.6393 m/z (A−C) and for the Endo F3-treated, a mass shift of 1460.5023 m/z (D−F). 

Finally, high-mannose glycan Man8 (1743.5810 m/z) distribution is shown (G−I). Scale bar 

and intensity bar are included.
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Figure 6. 
Patient TMA treated with multiple enzymatic digestions. Patient TMAs treated with Endo 

F3 (A,B), followed by a PNGase F digestion (C,D) are shown with two prominent 

core-fucosylated glycans of F(6)A2G2 and F(6)A4G4 abundance shown (1809.6393 and 

2539.9037 m/z, respectively). (+) indicates cancerous tissue, while (−) indicates normal, 

untransformed tissue.
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