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Immunoglobulin G (IgG) is the most abundant immunoglobulin in human blood. Here it plays a central role in the immune system by recognizing antigens and mediating effector functions of the humoral immune defense. The role of IgG N-glycosylation in many of these processes is well known. However, low-abundant N-glycans with special features, like sulfation or galactosylated bisecting N-acetylglucosamine (GlcNAc), are rarely accounted for due to their challenging detection. These structures are frequently overlooked and their presence on IgG is disputed mainly because specialized enrichment and analysis strategies are required for their detection. Consequently, they are disregarded in studies of IgG N-glycosylation, which in general is well understood. But functional knowledge is mainly based on N-glycans found in IgGs Fc region that contains a conserved N-glycosylation site. In contrast, the influence of N-glycosylation within the Fab region is less well understood, partly because it is present at non-conserved glycosylation sites found on only 10%–25% of IgG. Here, we performed an in-depth analysis of released N-glycans derived from intact IgG, its Fab and its Fc regions. For this we combined proteolytic fragmentation of IgG obtained by affinity chromatography and exoglycosidase sequencing based on multiplexed capillary gel electrophoresis with laser-induced fluorescence detection (xCGE-LIF). By using these simple and readily available methods, we localized N-glycans bearing sulfation or galactosylated bisecting GlcNAc on IgG, and found them on IgA, too. Further, we proved sulfation of N-glycans using an apo-sulfatase in an epitope-directed glycan enrichment (EDGE-) profiling workflow. With our novel findings, we provide insights into hypothetical biological implications of these low-abundant N-glycan features and advocate for their inclusion in future studies of IgG N-glycosylation.
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1 INTRODUCTION
Since the first discoveries of immune mechanisms, which led to the concept of antitoxins in blood, tremendous knowledge in the field of immunology has been gained at a rapid pace (Rees, 2014). Hence, nowadays we know that these antitoxins, among others, comprise of antibodies, and their structure and development are well characterized. Of these, immunoglobulin G (IgG) is the highest abundant antibody class in human blood (Vidarsson et al., 2014). IgG plays a pivotal role by binding antigens, such as viruses or bacteria, and mediating various immune responses. These effector functions include complement-dependent cytotoxicity, antibody-dependent cell-mediated cytotoxicity, phagocytosis, and anti-inflammatory responses (Shkunnikova et al., 2023). This central role made IgG an extremely interesting target for research since its discovery less than one hundred years ago (Black, 1997; Rees, 2014, pp. 1–46). Immense efforts have since been put into its structural and functional characterization, and the gained knowledge was rapidly adapted to make use of IgG. Hence, it is so well understood nowadays that it represents the leading class of biopharmaceuticals (Walsh and Walsh, 2022).
Briefly summarized, human IgG is a glycoprotein with a molecular weight of approximately (∼) 150 kDa. It is composed of two light chains (LC) and two heavy chains (HC) linked by disulfide bonds within the hinge region (Figure 1A) (Damelang et al., 2024). Each heavy chain consists of one N-terminal variable (VH) domain and three constant (CH) domains. The light chains consist of one N-terminal variable (VL) domain and one constant (CL) domain. The diversity of amino acid sequences of the constant domains is limited by the HC variants that determine the IgG isotype (IgG1, IgG2, IgG3 or IgG4), and by the light chain type (λ or κ) (Murphy and Weaver, 2018, pp. 222–237). The CH2 and CH3 domains of the HC constitute the so-called Fc region (fragment crystallizable, Figure 1B), that mediates the effector functions. The Fc contains consensus sequons for N-glycosylation, Asn-X-Ser/Thr, where X may be any amino acid except proline. These conserved N-glycosylation sites at Asn297 in the CH2 domains are almost fully occupied (Stavenhagen et al., 2015; Chandler et al., 2019).
[image: Diagram depicting antibody structures and glycosylation. Panel A shows antibody components like heavy and light chains, hinge region, as well as N-glycosylation sites and N-glycan features. Panel B illustrates the antibody fragments Fab and Fc, and the F(ab')2, and Fc/2 fragments produced by the IgG-specific protease IdeZ. Panel C displays a selection of typical N-glycan structures found on IgG with labels: FA2G0, FA2G1, FA2G2, and others, showcasing the used nomenclature.]FIGURE 1 | Schematic drawings of IgG’s structure, fragments and N-glycans. (A) IgG is assembled from two heavy and two light chains. Disulfide bridges link the heavy chains in the hinge region, and the light chains to the heavy chains between the CH1 and CL domains. In the CH2 domain, a conserved N-glycosylation site is present. In contrast, non-conserved N-glycosylation sites might be found, usually in the VH and VL domains. (B) The variable domains together with the CH1 and CL domains constitute two antigen binding fragments (Fabs). The CH2 and CH3 domains constitute the fragment crystallizable (Fc). Proteolytic cleavage by IdeZ below the hinge region results in a dimeric Fab fragment (F(ab’)2) and two halves of the Fc (Fc/2). These fragments will be referred to as Fab and Fc, respectively, because their exact composition is not important for the analysis of their N-glycosylation. (C) A representative selection of common IgG-derived N-glycans is shown. Glycan names follow the Oxford notation, with slight modifications, as explained by Cajic et al. (2023). Graphic representations are based on the symbol nomenclature for glycans (SNFG) (Neelamegham et al., 2019) with: Blue squares: GlcNAc. Red triangles: fucose. Green circles: mannose. Yellow circles: galactose. Purple diamonds: N-acetylneuraminic acid (Neu5Ac, α2,6-linked when tilted to the right).Together, the CH1, CL, VH and VL domains constitute the two Fab regions (antigen binding fragments, Figure 1B). The Fab usually does not contain a consensus sequon for N-glycosylation. But unlike the constant domains, the amino acid sequences of variable domains are highly diverse. This diversity is due to genetic rearrangements in the developing antibody-producing B cells, and it enables the binding of various antigens (Murphy and Weaver, 2018). Additionally, upon an initial antigen contact the antibodies undergo affinity maturation by a process called somatic hypermutation. Herein, the sequences encoding the VH and VL domains are even further mutated to enhance antigen binding. As a result, around 10%–25% of IgG acquire consensus sequons for N-glycosylation in the Fab region (van de Bovenkamp et al., 2016; Nimmerjahn et al., 2023), and these non-conserved glycosylation sites are not always fully occupied (Kissel et al., 2022).
In general, the N-glycosylation of IgG is a very well understood post-translational modification, and a plethora of reviews is available that cover different aspects, including the influence on the protein structure, regulation of effector functions, or correlations with various diseases (Arnold et al., 2007; Seeling et al., 2017; Cymer et al., 2018; Cobb, 2020; Nimmerjahn et al., 2023; Shkunnikova et al., 2023). Yet, most of this understanding is focused on the conserved N-glycosylation site Asn297 within the Fc region. The typically reported N-glycans at this site are diantennary glycans with a high degree of core fucosylation, varying degrees of galactosylation, as well as low levels of bisecting N-acetylglucosamine (GlcNAc) and sialylation, which are known modulators of the effector functions. Some representative examples of these structures are shown in Figure 1C, along with the nomenclature used in this manuscript (Cajic et al., 2023). In contrast to the Fc, the investigation of Fab N-glycosylation has only gained track in the last few years. The N-glycans found on the Fab are structurally similar to those found on the Fc but have a lower degree of fucosylation and higher degrees of bisection, galactosylation, and sialylation (Bondt et al., 2014). Known influences of Fab N-glycosylation include mostly effects on serum half-life (van de Bovenkamp et al., 2016), antigen binding (Leibiger et al., 1999; Xu et al., 2021; Kissel et al., 2022), as well as its role in autoimmune diseases and in B cell malignancies (Bondt et al., 2016; Rombouts et al., 2016; Vletter et al., 2020; Koers et al., 2023a; 2023b). Albeit, in some cases observations are limited to the presence or level of Fab glycosylation. For these reasons, functional understanding of individual Fab N-glycan features is still lagging behind that of Fc N-glycans (Vletter et al., 2020).
In addition to the established and frequently observed IgG N-glycans mentioned above, N-glycans on IgG can be modified by a sulfate group (Wang et al., 2017) or with an additional galactose on the bisecting GlcNAc (i.e., a bisecting N-acetyllactosamine, LacNAc) (Takegawa et al., 2005; Harvey et al., 2008). These structural features are challenging to recognize and therefore require dedicated analyses or enrichment strategies to compensate for their low abundance. In consequence, these structures are often unnoticed, disregarded, and in part actively challenged by the scientific community (Lauc et al., 2018). Therefore, they are not generally known or acknowledged modifications of IgG-derived N-glycans, even though they were discovered years ago. This is paradoxical given the significant interest in IgG and the adaptation of knowledge about it. Presumably, these two structural features are omitted in regular investigations of IgG N-glycosylation due to their challenging detection and identification by many commonly used and available analytical methods.
To solve these challenges, we used multiplexed capillary gel electrophoresis with laser-induced fluorescence detection (xCGE-LIF), which is a powerful tool for the analysis of antibody N-glycosylation (Cajic et al., 2021). In xCGE-LIF, glycans are labeled with a charged fluorescent dye and then electrophoretically separated inside a polymer-filled capillary, which leads to a high sensitivity and a high resolution of isomeric glycans (Hennig et al., 2016; Cajic et al., 2021; Burock et al., 2023). Due to the electrophoretic separation, the number of charges a glycan has by itself will considerably influence its migration time. Therefore, xCGE-LIF is particularly useful to separate glycans with additional charges, like those containing a sulfate group, from those lacking one. Hence, we used this analytical technique to identify IgG-derived sulfated N-glycans without the need for dedicated enrichment. Furthermore, we proteolytically separated the IgG Fab and Fc by using the IgG-specific protease IdeZ (Figure 1B) (Lannergård and Guss, 2006), and performed an in-depth N-glycan analysis of these fragments. As the sulfation of N-glycans can be difficult to verify, we ultimately proved the sulfation of the identified N-glycans by using a sulfatase that we have recently described (Chuzel, 2021; Chuzel et al., 2021). As shown during its characterization using IgA-derived N-glycans, this sulfatase is highly specific for 6-O-sulfated GlcNAc. We also meticulously evaluated the exoglycosidase digests, performed to expose 6-O-sulfated GlcNAc, in great detail. Thereby, we also re-discovered and localized long neglected, IgG-derived N-glycans with a bisecting LacNAc (Takegawa et al., 2005; Harvey et al., 2008), and identified them on IgA, too.
2 MATERIALS AND METHODS
2.1 Materials
Human IgA, IgG (batches IG1802-R22 and IG2017-01), Fab and F(ab’)2 were purchased from Athens Research & Technology (Georgia, USA).
Individual donor plasma samples were taken from a VisuCon™ normal donor set (Lot: NDS-0013) purchased from Affinity Biologicals Inc. (Ancaster, Canada). Three individual samples of the set were randomly selected and are referenced as follows: donor 1 (ID: ND105; LOT: 673760816), donor 2 (ID: ND96; LOT: 667210816), and donor 3 (ID: ND116; LOT: 667600816). VisuCon™-F frozen normal control plasma pools (batches 0009-52FCP and 0012-52FCP) were also purchased from Affinity Biologicals Inc. (Ancaster, Canada).
Buffers and solutions were prepared using ultrapure water with a conductivity of 1 S that was produced in-lab by a MilliQ® Reference A+ water purification system from Merck KGaA (Darmstadt, Germany).
Other chemicals were purchased from Merck KGaA (Darmstadt, Germany), unless specified otherwise.
2.2 Capture of intact IgG from blood plasma
Intact IgG was captured from blood plasma samples as reported before (Plomp et al., 2018; Beimdiek et al., 2022). Briefly, diluted blood plasma was applied to CaptureSelect™ IgG Fc affinity matrix (ThermoFisher Scientific, Darmstadt, Germany) placed inside a frit plate well and subsequently washed with phosphate buffered saline and water. Intact IgG was eluted from the affinity matrix with 100 mM formic acid and eluates were neutralized with ammonium bicarbonate solution.
2.3 On-bead IdeZ digest and fractionation of intact IgG into Fc and Fab
Based on a previously reported protocol (Bondt et al., 2014), intact IgG was captured from human plasma on CaptureSelect™ IgG Fc affinity matrix and washed with phosphate buffered saline and water. Then 240 U of the IgG-specific protease IdeZ (New England Biolabs Inc., Ipswich, USA) in 50 µL 50 mM ammonium bicarbonate buffer at pH 7.5 were added and incubated at 37°C in a humidified atmosphere overnight (∼19 h). The Fab containing enzyme solution was collected via centrifugation. The remaining Fab was washed off twice with 50 mM ammonium bicarbonate buffer and pooled with the collected enzyme solution as the Fab fraction. Affinity matrix-bound Fc was washed twice with water, eluted with 100 mM formic acid, and subsequently neutralized with ammonium bicarbonate solution.
2.4 N-glycan analysis using xCGE-LIF
N-glycans from blood plasma, IgA, intact IgG, Fab and Fc were prepared for xCGE-LIF-based N-glycan analysis by using the glyXprep™ kit (glyXera GmbH) as described before (Beimdiek et al., 2022). Briefly, N-glycans were released from denatured glycoproteins with PNGase F, labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS), and purified via hydrophilic interaction chromatography in solid-phase extraction mode (HILIC-SPE), carefully following the kit instructions. Analyses of labeled N-glycans were conducted on a glyXboxCE™ system (glyXera, Magdeburg, Germany), based on a modified (“glyconeered”) 16 capillary 3130xl Genetic Analyzer equipped with a 50 cm capillary array filled with POP-7™ polymer. The samples were electrokinetically injected and analyzed with a running voltage of 15 kV for 40 min. Generated glycan data were analyzed with the glycoanalysis software glyXtoolCE™ (glyXera, Magdeburg, Germany), performing migration time alignment to double aligned migration time units (MTU”) for peak annotation and a relative quantification by normalization to total peak height (i.e., %TPH). Glycan peak annotations were additionally confirmed by xCGE-LIF-based re-analysis after exoglycosidase digestions using α2-3,6,8,9 neuraminidase A (SiaA), β1-3,4 galactosidase (GALase), α1-2,4,6 fucosidase O (FucO), α1-3,4 fucosidase, β-N-acetylglucosaminidase S (GlcNAcase), or α1-2,3,6 mannosidase (MANase), following the enzyme supplier’s instructions (all New England Biolabs Inc., Ipswich, USA).
2.5 EDGE-profiling of sulfated N-glycans
To prove the sulfation of N-glycans, an approach termed epitope-directed glycan enrichment (EDGE) was pursued. Usually, the used sulfatase F1-ORF13 (provided by New England Biolabs Inc., Ipswich, USA) cleaves off a sulfate group from 6-O-sulfated GlcNAc (Chuzel, 2021; Chuzel et al., 2021). But this enzyme can also bind terminal 6-O-sulfated GlcNAc as an apo-sulfatase, lacking Ca2+ ions as a cofactor needed for enzymatic activity (Chuzel, 2021). Here, this property was used in an EDGE-profiling workflow, in which sulfated N-glycans are bound by the enzyme and separated from non-sulfated N-glycans, as described before (Chuzel, 2021). Briefly, to enable enzyme binding, APTS-labeled N-glycans were first desialylated using SiaA and degalactosylated using GALase. Subsequently, N-glycans were incubated for 1 h at room temperature with 10 µg sulfatase in 50 mM MES buffer at pH 6 containing 1 mM EDTA for chelation of residual background Ca2+ ions. After incubation, the mixture was transferred into pre-washed NanoSep™ 30 kDa filters (Pall, Dreieich, Germany) to separate sulfated from non-sulfated N-glycans. Unbound, non-sulfated N-glycans were collected by centrifugation and pooled with two subsequent 120 µL water washing steps. To elute sulfated N-glycans from the apo-sulfatase, their binding was disrupted by incubation in 120 µL enzyme denaturing elution buffer (0.2% SDS in 0.1 M dithiothreitol) for 20 min at 60°C. The released sulfated N-glycans were collected by centrifugation and pooled with a single 200 µL water washing step. Both fractions (non-sulfated and sulfated N-glycans) were subjected to HILIC-SPE clean up using the glyXprep™ kit and analyzed on a glyXboxCE™ system as described before.
2.6 SDS-PAGE and N-glycan isolation from separated proteins
To ensure that the identified, low-abundant N-glycans originate only from IgG, the sample purity was initially assessed by non-reducing sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) as described by Hennig et al. (2015). Therefore, blood plasma, intact IgG, Fab and Fc fractions were dissolved in NuPAGE™ LDS sample buffer, loaded onto a precast NuPAGE™ 4%–12% Bis-Tris gel (both ThermoFisher Scientific, Darmstadt, Germany) and electrophoretically separated. The protein size was evaluated using the PageRuler™ Plus pre-stained protein ladder (ThermoFisher Scientific, Darmstadt, Germany). During electrophoresis, intact IgG (∼150 kDa), Fab (∼100 kDa) and Fc (∼25 kDa) were separated from potential glycoprotein impurities with different molecular weights. Visible protein bands were then excised, reduced with dithiothreitol, alkylated with iodoacetamide, and de-N-glycosylated with PNGase F as described before (Hennig et al., 2015). N-glycans isolated from bands corresponding to intact IgG, Fab and Fc were prepared for xCGE-LIF based N-glycan analysis by using the glyXprep™ kit (glyXera GmbH, Magdeburg, Germany) as described above.
2.7 Identification of protein impurities with mass spectrometry
Proteomic analyses of the samples were performed as described before by Kolodziej et al. (2016) with two objectives. On the one hand, impurities should be recognized that might be present at very low levels and therefore might not appear as protein bands in SDS-PAGE. Therefore, the in-solution samples of intact IgG, Fab and Fc were reduced, alkylated and digested with trypsin for 12 h at 20°C. On the other hand, protein bands that do not correspond to intact IgG, Fab and Fc should be identified. Therefore, the cut-out and de-N-glycosylated protein bands from SDS-PAGE were digested with trypsin overnight at 37°C, and tryptic peptides were extracted.
Subsequent liquid chromatography–tandem mass spectrometry (LC-MS/MS) was performed on a hybrid dual pressure linear ion trap/orbitrap mass spectrometer (LTQ Orbitrap Velos Pro, Thermo Scientific, San Jose, CA, USA) equipped with an Ultimate 3000-nLC Ultra HPLC (Thermo Scientific, San Jose, CA, USA). Dried peptide fractions were dissolved in 10 μL 0.1% trifluoroacetic acid and subjected to a 200 cm µPAC™ RP C18-csA column (PharmaFluidics, Ghent, Belgium). Separation was achieved by applying a gradient from 2% to 35% acetonitrile in 0.1% formic acid over 180 min at a flow rate of 1.6 μL/min. The LTQ Orbitrap Velos Pro MS exclusively used collision-induced dissociation (CID) fragmentation when acquiring MS/MS spectra, consisting of an orbitrap full MS scan followed by up to 20 LTQ MS/MS experiments (TOP20) on the most abundant ions detected in the full MS scan. The essential MS settings were as follows: full MS (FTMS; resolution 60,000; m/z range 400–2,000); MS/MS (Linear Trap; minimum signal threshold 500; isolation width 2 Da; dynamic exclusion time setting 30 s; singly charged ions were excluded from selection). Normalized collision energy was set to 35%, and the activation time was set to 10 ms.
Raw data processing and protein identification of the high resolution orbitrap datasets were performed with de novo sequencing algorithms of PEAKS Studio 8.0 (Bioinformatics Solutions Inc., Waterloo, Canada) using the human SwissProt database. The false discovery rate was set to 0.1%.
3 RESULTS
Using MS-based techniques, we have recently been able to identify sulfated N-glycans on IgA (Cajic et al., 2023; Zuniga-Banuelos et al., 2025b). Regrettably, the glycoanalytical toolbox lacked suitable enzymes to directly prove the sulfation of N-glycans in complex mixtures by separation-based methods like xCGE-LIF. To provide such a missing tool, we previously have isolated and characterized a sulfatase (termed F1-ORF13) in a collaborative effort published by Chuzel et al. (2021). Its specificity and performance were determined using IgA-derived N-glycans, and more specifically, a core fucosylated, diantennary N-glycan with two galactoses, two α2-6 linked N-acetylneuraminic acids and one sulfate group attached to an antenna GlcNAc–FA2Su1G2S2(6,6). We could detect the same sulfated N-glycan in complex blood plasma, as shown in Figures 2B1, B2. While investigating whether other plasma proteins besides blood-derived IgA also carry FA2Su1G2S2(6,6), we have developed a particular interest in blood-derived IgG. Hence, we were encouraged to use the sulfatase to specifically prove N-glycan sulfation on this protein. Thus, as a first step we captured intact IgG from human blood plasma by affinity purification (Figure 2A) and subsequently subjected it to xCGE-LIF-based N-glycan analysis. Indeed, we were able to identify a peak in the fingerprint of the intact IgG-derived N-glycans with ∼0.24%TPH at a migration time of ∼112MTU”, matching FA2Su1G2S2(6,6) (Figures 2C1, C2).
[image: Flowchart illustrating how IgG is captured from blood plasma and separated into Fab and Fc fragments using IdeZ. It starts with blood plasma and first isolates intact IgG. Intact IgG can be eluted for xCGE-LIF-based N-glycan analysis. Alternatively, subsequent on-bead enzymatic treatment with IdeZ divides IgG into Fab and Fc fractions. Corresponding graphs (B1-E2) show N-glycan fingerprints of blood plasma, intact IgG, Fab and Fc as normalized signal intensity data versus aligned migration time on the x-axis. Each graph has unique color codes, glycan annotations, and peak patterns.]FIGURE 2 | Tracking FA2Su1G2S2(6,6) in N-glycan fingerprints of blood plasma, intact IgG, Fab, and Fc of donor 1. The workflow starts with blood plasma as a complex glycoprotein mixture (A). From this mixture, either intact IgG was selectively captured by affinity chromatography and eluted, or IgG was selectively captured, cleaved on-bead by IdeZ, and separated into Fab and Fc containing fractions. In the xCGE-LIF-based N-glycan fingerprints of blood plasma (B1, B2), intact IgG (C1, C2), and the Fab fraction (D1, D2) a FA2Su1G2S2(6,6) peak is found at ∼112 MTU”, but not in the fingerprint of the Fc fraction (E1, E2). * Migration time alignment standard. Blue squares: GlcNAc. Red triangles: fucose. Green circles: mannose. Yellow circles: galactose. Purple diamonds: Neu5Ac (α2,6-linked when tilted to the right). S indicates a sulfate group.As mentioned in the introduction, the two regions of IgG (Fab and Fc) mediate different functions. For this reason, the attachment site of the sulfated N-glycans can provide helpful hints to their biological role. To the best of our knowledge, neither the region of IgG to which the sulfated N-glycans are attached, nor details about the function of sulfated N-glycans on IgG are known yet. To localize the sulfated N-glycans, we separated the captured intact IgG into Fab and Fc by proteolytic on-bead cleavage using IdeZ (Figure 2A). In the Fab fraction we detected a peak with ∼1.82%TPH at the corresponding migration time of FA2Su1G2S2(6,6), too (Figures 2D1, D2). In contrast, we could not detect this peak in the Fc fraction (Figures 2E1, E2), implying that FA2Su1G2S2(6,6) is selectively localized on the Fab.
To exclude individual, donor-dependent bias of this observation, we analyzed additional samples from different sources: IgG isolated from two more individual donor-derived plasma samples (Supplementary Figures 1, 2), IgG isolated from two batches frozen normal control plasma pools (VisuCon™-F, Supplementary Figures 3, 4), two commercial IgG samples (Athens Research & Technology, Supplementary Figures 5, 6), as well as commercial Fab and F(ab’)2 samples (Athens Research & Technology, Supplementary Figure 7). We could identify FA2Su1G2S2(6,6) in all blood plasma, IgG, and Fab samples, but not in the associated Fc samples. This confirms that the seemingly exclusive localization of sulfated N-glycans on the Fab is not only a donor-specific observation but could be a general feature of human blood plasma-derived IgG.
The FA2Su1G2S2(6,6) peak also allows us to infer the Fab glycosylation frequency from the generated data. By correlating the normalized intensities of this peak in the N-glycan fingerprints of the Fab and intact IgG, a Fab glycosylation frequency of ∼15.2% can be estimated for donor 1. For all analyzed IgG samples, the Fab glycosylation frequency ranged from 14.2% to 25.8% (Supplementary Chapter 2; Supplementary Table 1).
Hitherto, intact IgG, Fab and Fc were obtained by a single-step affinity purification, which in general already yields a high sample purity. However, especially in the case of extremely low-abundant target analytes like the sulfated N-glycans (see Figure 2C1 with FA2Su1G2S2(6,6) at 0.24%TPH), it is of special importance to ensure the absence of remaining glycoprotein contaminants. Even the smallest impurities might result in misinterpretation of the analysis results. To verify that the assignment of the sulfated N-glycan structures to IgG, and respectively its Fab, is accurate, we subjected the intact IgG, the Fab fraction and the Fc fraction shown in Figures 2C–E to an LC-MS/MS-based proteomic analysis. Notably, this approach identified only a few low-abundant glycoprotein impurities, as shown in Supplementary Tables 2–4. While major impurities like the serum albumin are not N-glycosylated and consequently do not impede the analysis, other co-immunoprecipitated proteins like components of the complement system could have influenced the analysis results. To further assess and improve the purity, intact IgG, the Fab fraction and the Fc fraction were subjected to non-reducing SDS-PAGE (Figure 3A). Thereby, glycoprotein impurities are separated from the target proteins in separate bands. Besides the bands corresponding to intact IgG at ∼150 kDa, Fab at ∼100 kDa, Fc at ∼25 kDa, and IdeZ at ∼36 kDa, several other bands were detected. We analyzed the proteins that constitute these bands by LC-MS/MS-based proteomics and considered both, the apparent molecular weights of the identified protein bands and the detected tryptic peptides. Thereby, these bands were identified as unspecific degradation products of IgG and Fab (Figure 3B; Supplementary Tables 5–18). Additionally, insufficiently depleted albumin was identified as a faint band in the Fab fraction (lane 5, band 5-4), and traces of incompletely digested IgG in the Fc fraction (lane 6, band 6-1). To entirely ensure that the traces of glycoprotein impurities did not impede our results and can be neglected, bands of intact IgG, Fab and Fc (Figure 4A) were subjected to in-gel N-glycan analysis, as shown in Figure 4B2–D2. This eliminated the impact of glycoprotein impurities with molecular weights different from intact IgG, Fab, or Fc. The analysis of N-glycans isolated from the protein bands corroborates the results obtained from samples in solution (Figure 2). A peak at the migration time of FA2Su1G2S2(6,6) can be found on intact IgG (Figure 4B1) and Fab (Figure 4C1), but not on Fc (Figure 4D1). Therefore, the impact of glycoprotein impurities on the analyses of samples in solution is minimal and can be neglected, as their abundance is most likely lower than the relative amount of FA2Su1G2S2(6,6).
[image: Panel A shows a gel electrophoresis image with coomassie stained protein bands in lanes one to six. Lane 3 indicates molecular weights ranging from 25 to 185 kilodaltons. Each lane is labelled with the analyzed protein sample, and various bands are boxed and numbered with unique identifiers. Panel B shows schematic representations of these proteins, featuring antibody structures or protein names. Boxes correspond to gel bands with shared unique identifiers.]FIGURE 3 | Non-reducing SDS-PAGE of intact IgG, Fab and Fc fractions to assess sample purity. The sample purity was assessed by non-reducing SDS-PAGE (A). As references, blood plasma from donor 1 as the initial sample (lane 1), and an IgG control (Athens Research & Technology, 95% purity, lane 2) were loaded onto the gel. The apparent molecular weights of proteins were evaluated with protein size marker (lane 3). The electrophoretic separation of the intact IgG sample (lane 4), the Fab fraction (lane 5) and the Fc fraction (lane 6) showed additional protein bands. LC-MS/MS-based proteomics of cut-out protein bands (B), in combination with apparent molecular weights, could identify them as unspecific degradation products of the main sample components that are intact IgG, Fab, Fc and IdeZ, respectively. For instance, band 4-3 at ∼100 kDa contains IgG that lost both light chains due to disrupted disulfide bonds that linked them to the heavy chains, resulting in a ∼50 kDa lower molecular weight. Exceptions are the serum albumin band 5-4, as the only visible impurity band that is not related to IgG, and the incompletely digested IgG band 6-1 in the Fc fraction.[image: Panel A shows a gel electrophoresis image with four lanes and Coomassie stained protein bands, including a protein size marker and three samples. Bands corresponding to intact IgG, Fab and Fc are linked by arrows to schematic drawings of these proteins. Adjacent panels B1, B2, C1, C2, D1, and D2 are N-glycan fingerprints showing normalized signal intensity versus aligned migration time. Panels B1 and B2 correspond to intact IgG N-glycans, Panels C1 and C2 to Fab N-glycans, and Panels D1 and D2 to Fc N-glycans. Panels B1, C1 and D1 are zoom-ins of Panels B2, C2 and D2, respectively.]FIGURE 4 | N-glycan analysis of intact IgG, Fab and Fc isolated from gel bands confirms the attachment of FA2Su1G2S2(6,6) to the Fab. After non-reducing SDS-PAGE (A) gel bands of intact IgG (lane 2), the separated Fab (lane 3) and the separated Fc (lane 4) from donor 1 were excised and subjected to in-gel N-glycan analysis by xCGE-LIF. A FA2Su1G2S2(6,6) peak at ∼112 MTU” was found on intact IgG (B1, B2) and on the separated Fab (C1, C2), but not on the separated Fc (D1, D2). Lane 1: protein size standards. * Migration time alignment standard. Blue squares: GlcNAc. Red triangles: fucose. Green circles: mannose. Yellow circles: galactose. Purple diamonds: Neu5Ac (α2,6-linked when tilted to the right). S indicates a sulfate group.So far, FA2Su1G2S2(6,6) has been exclusively identified by migration time matching to our database. To verify the identification of this N-glycan, we performed exoglycosidase digests using SiaA and GALase (Figure 5). The SiaA digest of Fab-derived N-glycans caused the loss of two sialic acids from FA2Su1G2S2(6,6), producing FA2Su1G2 that appears at ∼209 MTU” (Figure 5B). From this glycan two galactoses were hydrolyzed by a GALase digest, forming FA2Su1G0 that appears at ∼152 MTU” (Figure 5C). We were also able to identify these sulfated structures after exoglycosidase digests of blood plasma- and intact IgG-derived N-glycans (Supplementary Figures 8, 9), but not after exoglycosidase digests of Fc-derived N-glycans (Supplementary Figure 10). Furthermore, we had a closer look at the exoglycosidase digests of N-glycans derived from IgA, on which we initially detected the sulfated N-glycan FA2Su1G2S2(6,6) (Chuzel et al., 2021; Cajic et al., 2023). These digests revealed several additional sulfated glycans, like the disulfated diantennary FA2Su2G2S2(6,6) at ∼67 MTU”, as well as the triantennary FA3[2,4]Su1G3S2 at ∼151 MTU”, and their respective digestion products (Supplementary Figure 11).
[image: Three-panel figure comparing N-glycan profiles before and after exoglycosidase digests. Panel A: Green line labeled "Fab" showing graphic representations of original N-glycans annotated to each peak. Peaks and corresponding N-glycans at 112, 197, and 271 migration time units are highlighted. Panel B: Purple line labeled "SiaA Digest" with altered peak positions and intensities. Only N-glycans without sialic acids are annotated. Highlighted are peaks and N-glycans at 209 and 395 migration time units. Panel C: Yellow line labeled "SiaA & GALase Digest" with altered peak positions and intensities. Only N-glycans without sialic acids and galactose moieties are annotated. Peaks at 152 and 300 migration time units are highlighted. Arrows indicate the shifts of highlighted peaks and N-glycans through the digests.]FIGURE 5 | Exoglycosidase digests of Fab-derived N-glycans with SiaA and GALase confirm the identification of FA2Su1G2S2(6,6). N-glycans derived from the Fab of donor 1 (A) were digested with SiaA (B). Thereby, FA2Su1G2S2(6,6) was digested to FA2Su1G2, shifting the peak from ∼112 MTU” to ∼209 MTU” (purple arrow). Trace amounts of the monosialylated FA2Su1G2S1(6) at ∼151 MTU” are indicated with a faded glycan depiction. At this position also an unknown compound appears, that is not reacting to any exoglycosidase digest. SiaA also hydrolyzed sialic acids from FA2BG3S2 at ∼197 MTU” and FA2BG3S1 at ∼271 MTU”, and thereby produced the FA2BG3 peak at ∼395 MTU”. By evaluating the amounts of FA2BG3 and FA1[3]G1 (peak at ∼294 MTU”) after the sialidase digest, most of the peak at ∼197 MTU” could be attributed to FA2BG3S2, which is indicated by the larger N-glycan picture. Upon digestion with GALase (C) FA2Su1G2 lost two galactoses, producing FA2Su1G0 and shifting the peak to ∼152 MTU” (yellow arrow). Furthermore, because three galactoses were hydrolyzed from FA2BG3 at ∼395 MTU”, and two from FA2BG2 at ∼371 MTU”, the FA2BG0 peak at ∼300MTU increased substantially (yellow arrow). Additionally, one galactose is hydrolyzed from FA2BG1[6] at ∼331 MTU” and FA2BG1[3] at ∼340 MTU”, thereby also contributing to the increase of the FA2BG0 peak at ∼300 MTU” (dashed yellow lines). * Migration time alignment standard. Blue squares: GlcNAc. Red triangles: fucose. Green circles: mannose. Yellow circles: galactose. Purple diamonds: Neu5Ac (α2,6-linked when tilted to the right, α2,3-linked when tilted to the left). S indicates a sulfate group. N-glycans that comigrate in a single peak are indicated by brackets and “+”.After desialylation of the Fab-derived N-glycans we also observed a peak at ∼395 MTU” (Figure 5B). This peak also appeared after desialylation of intact IgG- and IgA-derived N-glycans (Supplementary Figures 9B, 11B) and in the commercial F(ab’)2 sample (Supplementary Figure 7B). To this peak we could not assign any existing database entry based on SiaA and GALase digests alone. Therefore, this peak was thoroughly investigated using additional exoglycosidases, namely GlcNAcase, α1-3,4 fucosidase and FucO, as shown in Supplementary Figure 13. Because the peak did not shift in the GlcNAcase digest (Supplementary Figure 13B) or in the α1-3,4 fucosidase digest (Supplementary Figure 13C), we excluded terminal GlcNAc residues or antenna fucosylation. In the FucO digest (Supplementary Figure 13D) the peak disappeared and shifted from ∼395 MTU” to ∼369 MTU”, thereby verifying the core fucosylation of the constituting N-glycan. In the GALase digest this N-glycan lost three galactose residues and shifted to FA2BG0 at ∼300 MTU” (Figure 5C), together with other core fucosylated, bisected N-glycans. Hence, we identified this glycan as a core fucosylated, fully galactosylated, diantennary N-glycan, containing a galactosylated bisecting GlcNAc, i.e., a bisecting LacNAc. Since this structure has not yet been described in the nomenclature system used here, this N-glycan was named FA2BG3. By considering characteristic migration time shifts caused by one or two sialic acids, respectively, we located the mono- and disialylated counterparts of this N-glycan in the untreated Fab sample. These are FA2BG3S1 at ∼271MTU” and FA2BG3S2 at ∼197 MTU” (Figure 5A). Albeit the peak at ∼197 MTU” is a multi-structure peak constituted by FA2BG3S2 and FA1[3]G1S1(6), we could evaluate its composition after the sialidase digest, forming FA2BG3 and FA1[3]G1. The careful evaluation of all normalized peak intensities revealed that the majority of the peak at ∼197 MTU” is constituted by FA2BG3S2.
Theoretically, the migration time of FA2BG3 (∼395 MTU”) could also correspond to large hybrid-type N-glycans with a core fucose. To exclude this possibility, and to be completely sure of the identification of FA2BG3, we also performed MANase and GlcNAcase digests after the GALase digest (Supplementary Figure 14). Both digests showed insufficient amounts of hybrid-type N-glycans present to account for the peak at ∼395 MTU”. Interestingly, through this meticulous analysis we also identified traces of triantennary N-glycans on the Fab (Figure 5). A comprehensive overview of all Fab-derived N-glycans can be found in Supplementary Table 19. Neither triantennary N-glycans nor N-glycans with a bisecting LacNAc could be identified on the Fc (Supplementary Figure 10). Using a similar approach, we also found peaks in HILIC-UPLC-FLD (hydrophilic interaction liquid chromatography - ultra-high performance liquid chromatography with fluorescence detection) to which we could assign FA2BG3S1, FA2BG3S2 and FA2Su1G2S2(6,6) (Supplementary Figure 15).
To ultimately prove the sulfation of the observed N-glycans, we made use of the previously described sulfatase in its apo-state in an EDGE-profiling workflow (Chuzel, 2021; Chuzel et al., 2021). This EDGE-profiling was performed on released N-glycans (its potential use for peptide- or protein-bound N-glycans is discussed in Supplementary Chapter 9). Lacking Ca2+ ions as a cofactor, the apo-sulfatase binds to terminal, 6-O-sulfated GlcNAc (Figures 6A, B), but does not release the N-glycan by hydrolysis of the sulfate group. Thereby, sulfated N-glycans are highly enriched in the elution fraction (Figure 6D), while non-sulfated N-glycans are collected in the flow-through (Figure 6C). By using this property, we ultimately proved the presence of the diantennary, sulfated N-glycan FA2Su1G0 on the Fab (Figure 6D) and on the intact IgG (Supplementary Figure 9E), while it could not be detected on the Fc (Supplementary Figure 10E). In addition to FA2Su1G0, we could prove the presence of the double sulfated FA2Su2G0 (peak at ∼76 MTU”) and the sulfated triantennary FA3[2,4]Su1G0 (peak at ∼176 MTU”) on IgA (Supplementary Figure 11E). In blood plasma, we additionally found the non-fucosylated sulfated A2Su1G0 (peak at ∼131 MTU”), and FA3[2,4]Su1G0, too (Supplementary Figure 8D).
[image: Diagram illustrating epitope-directed glycan enrichment profiling. Panel A shows the workflow steps: First, binding buffer, sulfatase, and N-glycans after SiaA and GALase digest, whose N-glycan profile is shown in Panel B, are mixed. The sulfatase binds the N-glycans with exposed 6-O-sulfated GlcNAc. Non-sulfated N-glycans are removed and washed off twice using water, ending up in the Flow-Through. Panel C shows the N-glycan profile of the flow-through. Then, the sulfated N-glycans are eluted from the apo-sulfatase by adding enzyme denaturing elution buffer and subsequent water washes. Panel D shows the N-glycan profile of the elution fraction, notably with highly enriched sulfated N-glycans.]FIGURE 6 | EDGE-profiling of Fab-derived N-glycans as final proof of N-glycan sulfation. Epitope directed glycan enrichment (EDGE-) profiling was performed to separate sulfated from non-sulfated N-glycans. Fab-derived N-glycans after SiaA and GALase treatment (B) were mixed with the sulfatase in binding buffer (50 mM MES buffer at pH 6 containing 1 mM EDTA) in the absence of available Ca2+ ions (A). In this apo-sulfatase state, the enzyme only binds to 6-O-sulfated GlcNAc without hydrolyzing the sulfate and releasing the N-glycan. Unbound, non-sulfated N-glycans were collected in the flow-through together with subsequent water washing steps (C). N-glycans with terminal 6-O-sulfated GlcNAc were eluted by denaturing the apo-sulfatase with enzyme denaturing elution buffer (0.2% SDS in 0.1 M dithiothreitol) and can be found in the elution fraction (D). For instance, FA2SuG0 is found as a peak at ∼152 MTU”. * Migration time alignment standard. # unknown impurity introduced by enzyme solution (see explanation in Supplementary Figure 12). Blue squares: GlcNAc. Red triangles: fucose. Green circles: mannose. S indicates a sulfate group. N-glycans that comigrate in a single peak are indicated by brackets and “+“.4 DISCUSSION
Sulfation is recognized as a biologically relevant modification of glycans (Bowman and Bertozzi, 1999) that is found for example in the nervous system (Scott and Panin, 2014; Yoshimura et al., 2017; Muñoz et al., 2019). It is also known to participate in various processes like degradation of pituitary gland hormones (Fiete et al., 1991), growth of neural cells (Martini et al., 1992), viral binding and reproduction (She et al., 2017; 2019), or lymphocyte homing (Rosen, 1999; Toyoda et al., 2009). But in many instances, like that of IgG, sulfated glycans are present in small quantities only, making their analysis a challenging endeavor that often requires targeted enrichment (Yagi et al., 2005; Lei et al., 2010; Wang et al., 2017; Yamada et al., 2020). Additionally, certain properties of glycan sulfation can further impede their analysis by state-of-the-art methods that are often used for IgG N-glycan profiling. E.g., it is crucial to account for suppressed ionization efficiency (Toyoda et al., 2009; Thomsson et al., 2010; Wang et al., 2017) and neutral in-source loss (Khoo and Yu, 2010; Chen et al., 2018) in mass spectrometry (MS) with the commonly used positive ion mode. Therefore, the negative ion mode is better suited for sulfated N-glycans (Yagi et al., 2005; Khoo and Yu, 2010; Wedepohl et al., 2010; A Balog et al., 2012; Hafkenscheid et al., 2017). Unfortunately, it suffers from lower overall sensitivity (Ni et al., 2013; Šoić et al., 2022) and collision-induced migration of sulfate groups (Kenny et al., 2011). Furthermore, adaptation of analysis workflows to the negative mode is not straightforward. E.g., when MS is combined with prior chromatography-based separations, the most commonly used glycan labels are optimized for maximum sensitivity in the positive mode (Šoić et al., 2022).
Alternatively, one can use separation-based techniques as stand-alone methods for the analysis of sulfated N-glycans (Yagi et al., 2005; Muñoz et al., 2019; Chuzel et al., 2021; Šoić et al., 2022; Cajic et al., 2023). (x)CGE-LIF is particularly well suited for this purpose due to its high sensitivity (Hennig et al., 2016; Cajic et al., 2021) and the pronounced migration time difference of sulfated glycans from their non-sulfated counterparts due to the additional negative charge (see, e.g., FA2G2S2(6,6) and FA2Su1G2S2(6,6) in Figure 5A). In contrast, the retention time difference in liquid chromatography is influenced by the column used and can be comparatively low. Yagi et al. (2005), e.g., reported a difference of 0.3 glucose units on an octadecyl silica phase, and a difference of one glucose unit on an amide phase for A2Su1G0 (1S1-200.1 according to their nomenclature). These small differences pose the risk that sulfated N-glycans comigrate with or are not well resolved from non-sulfated N-glycans (Supplementary Fig. 15), especially in highly complex samples, so that they are not recognized. Hence, xCGE-LIF is our method of choice to analyze sulfated N-glycans. But until recently, the available analytical toolbox to investigate sulfated N-glycans by separation-based techniques was quite limited. On the one hand, acidic hydrolysis of sulfate esters requires comparatively harsh conditions, and desulfation is hardly quantitative. E.g., Yagi et al. (2005) could only hydrolyze 50%–65% of sulfate esters after 4 h in 1 M HCl at 37°C. Such conditions might lead to a considerable loss of sialic acids, or at even higher temperatures and acid concentrations, ultimately degrade the whole glycan (Fan et al., 1994; He et al., 2018). On the other hand, enzymatic approaches, which have been rarely reported in the context of N-glycan analysis so far (Wedepohl et al., 2010; Chuzel et al., 2021), require milder conditions for quantitative desulfation. For this reason, an enzymatic approach was preferred here. Hence, we have used the previouslyisolated and characterized sulfatase to prove the presence of sulfate groups on a glycan by bindingin the absence of Ca2+ ions (Chuzel, 2021; Chuzel et al., 2021). In particular, we also analyzed the total N-glycome of IgA, that was used before as a generous source to isolate the sulfated N-glycan FA2Su1G2S2(6,6).
All immunoglobulins are secreted by B cells and therefore share a similar potential of enzymatic N-glycan processing, including sulfotransferases. Thus, it is a reasonable expectation to find N-glycan sulfation also on other immunoglobulins. Equipped with the suitable analytical capabilities for a straightforward identification, we set out to find sulfated N-glycans on other plasma proteins, and on immunoglobulins in particular. Notably, we were motivated by the study of Wang et al. (2017) to put a spotlight on IgG. The authors were able to detect sulfated N-glycans from IgG that was purified from human blood serum. They created a customized microchip device that makes use of titanium dioxide to enrich acidic N-glycans, including the sulfated structures. The results of Wang et al. were vigorously debated, with significant doubts being raised that low-abundant glycoprotein impurities might be the source of sulfated N-glycans (Lauc et al., 2018). This suspicion was successfully countered, and IgG as the origin of sulfated N-glycans was ultimately proven (Wang et al., 2018). Nonetheless, we also wanted to ensure that no low-abundant glycoproteins interfered with our analyses. By using SDS-PAGE as an additional purification step, we ruled out any considerable interference from other glycoproteins. Having ruled out such interferences, we have shown that xCGE-LIF can easily identify sulfated IgG N-glycans without the need for dedicated enrichment. Furthermore, for the first time we were able to localize the sulfated N-glycans and assign them to the Fab. Thus, further evidence and insight for the sulfation of IgG N-glycans is provided.
As stated before, the attachment site of N-glycans on IgG is biologically relevant, since the Fab and Fc regions are involved in different interactions of IgG. Thus, the evaluation of their origin is crucial to reveal their biological function. In contrast to the Fab, which is glycosylated in 15%–25% of IgG (see, e.g., Supplementary Table 1), the Fc is almost completely N-glycosylated and consequently accounts for the majority of the IgG N-glycome. Therefore, it is often implicitly conveyed as the predominant attachment site of all analyzed N-glycans, even when the total IgG N-glycome is analyzed. Typically, glycoproteomics is the method of choice to unequivocally assign a N-glycan to a specific glycosylation site of a protein. And indeed, glycoproteomics is a viable method for the site-specific identification of sulfated N-glycans (Toyoda et al., 2009; She et al., 2017; She et al., 2019; Zuniga-Banuelos et al., 2025a; Zuniga-Banuelos et al., 2025b). However, the glycoproteomic analysis of polyclonal antibodies becomes particularly difficult as soon as non-conserved glycosylation sites are to be considered. Complementary to the already high structural diversity of glycans, glycoproteomic analyses introduce another layer of complexity through the amino acid sequence of the glycopeptide. This usually poses no great challenge for glycosylation sites within known peptide sequences. But this critical prerequisite is not given for the Fabs of polyclonal antibodies, because most N-glycosylation sites of this region are introduced to hypervariable regions of the VH or VL domains during affinity maturation (van de Bovenkamp et al., 2016; Corsiero et al., 2020), and only five gene loci encode N-glycosylation consensus sequons within the variable Fab domains (Lefranc, 2011). Thus, the sheer variability of unknown amino acid sequences makes the glycoproteomic analysis of polyclonal Fabs practically impossible (Bondt et al., 2014; Shkunnikova et al., 2023). For this reason, we decided to separate the Fab from the Fc part by proteolytic digestion of blood plasma-derived polyclonal IgG to localize the sulfated N-glycans. Using this widely adopted strategy for the separate study of Fab and Fc N-glycosylation (Holland et al., 2006; Anumula, 2012; Bondt et al., 2014; Bondt et al., 2016; Mahan et al., 2015; Rombouts et al., 2016; Hafkenscheid et al., 2017) we could find N-glycan sulfation in all our analyzed samples on the Fab, but not on the Fc. It is therefore plausible that these structures were so far not found in glycoproteomic analyses of polyclonal IgG, which focus on the conserved N-glycosylation site of the Fc region.
The biological function of the sulfated N-glycans on the Fab has yet to be determined in dedicated experiments, and to this point we can only hypothesize about possible functional or molecular implications of this modification. Recently, Huang et al. (2022) chemoenzymatically produced sulfated Fc glycoforms of the monoclonal antibody rituximab and showed that the sulfation of the Fc N-glycans did not significantly affect the binding to Fcγ receptor FcγRIIIa-V158. In contrast to this approach, our investigation has shown that sulfated N-glycans of blood plasma-derived IgG are located on the Fab and not on the Fc. Therefore, functional studies should focus on sulfated Fab glycoforms to elucidate their in vivo purpose.
As already mentioned, antibodies are secreted by B cells and circulate in the bloodstream. There, they are predominantly present in two forms: cell-bound via Fc-FcγR interactions or freely circulating. Thus, sulfated N-glycans could modulate the biological functions of the secreted IgG in different ways. E.g., it is known that the Fab can also interact with FcγRs, and that the mere presence of Fab N-glycans can influence the binding of IgG to FcγRs due to steric, electrostatic or thermodynamic effects (Brinkhaus et al., 2022; Kosuge et al., 2022; Volkov et al., 2023). In this interaction, the additional, negatively charged sulfate on N-glycans might counteract a positive charge of the Fab (Kosuge et al., 2022). Furthermore, sulfated Fab N-glycans of secreted, freely circulating IgG might act as ligands for adhesion molecules on the cell surface, thereby influencing cell-cell interactions that are involved in lymphocyte homing or migration (Rosen, 1999; Walker and Smith, 2008; Nitschke, 2009). IgG might be mediating these processes by recruiting cells via Fc-FcγR binding. Additionally, a possible involvement of the sulfated N-glycans in B cell malignancies is conceivable, in which Fab glycosylation is known to play a role (Vletter et al., 2020).
However, B cells not only secrete IgG, but they also express membrane-bound analogues of antibodies as part of the antigen-specific B cell receptor (BCR). Therefore, it might be possible that the sulfated N-glycans we found originate from the BCR and its Fab, respectively. On the B cell membrane, the sulfated N-glycans might influence the interaction of the BCR with other membrane receptors of the B cell. In particular, CD22 (Siglec-2) is a considerable inhibitory receptor, because the α2-6-sialylated 6-sulfo-LacNAc motif present on FA2Su1G2S2(6,6) is one of its known ligands (Blixt et al., 2004; Kimura et al., 2007; MacAuley et al., 2014). Recently, Kissel et al. (2022) published a thorough investigation on the influence of Fab N-glycosylation in the interaction of the BCR and CD22. Their work focused on anti-citrullinated protein antibodies (ACPAs) and their respective BCRs cloned from patients and expressed by HEK or Ramos B cells. The authors showed that N-glycosylation of the Fab, including an abundance of α2-6-sialylated complex type N-glycans, led to decreased antigen binding capacity and lower downregulation of B cell activation. By knocking out CD22, a similar increase in BCR signaling capacity was observed for both, glycosylated and non-glycosylated ACPA variants, indicating a regulation of B cell activity that is independent of CD22. But compared to its non-sulfated counterpart, the α2-6-sialylated 6-sulfo-LacNAc motif has a higher affinity to CD22 (Blixt et al., 2004; Kimura et al., 2007; MacAuley et al., 2014). Therefore, sulfation of Fab N-glycans might act as a trigger for interaction with CD22, thereby modulating the threshold for B cell activation (Walker and Smith, 2008; Nitschke, 2009; MacAuley et al., 2014). Thus, sulfation of Fab N-glycans might modulate disease severity or progression through regulating the B cell activity. However, the exact mechanism and effect of this interaction has to be elucidated in future studies.
By a meticulous evaluation of exoglycosidase digests, we also identified N-glycans with bisecting LacNAc, i.e., galactosylated bisecting GlcNAc, and localized them on the IgG Fab as well. Like sulfated N-glycans, this special N-glycan motif is not easily identified with MS-based methods, because its mass is identical to a third N-glycan antenna. As described by Harvey et al. (2008), such isomers can be difficult to distinguish in complex samples when using the positive detection mode, because the types and abundances of different fragment ions can lead to ambiguous structural conclusions. For this reason, signals are often assigned to the more plausible seeming, triantennary N-glycan structures. In contrast to the considerable knowledge about the function and influence of bisecting GlcNAc in the N-glycosylation of the IgG Fc (Shkunnikova et al., 2023), not much is known about bisecting LacNAc on N-glycans in general. So far, the presence of this glycan motif on IgG is known from complex type glycans (Takegawa et al., 2005; Harvey et al., 2008). Apart from that, it is mostly known from hybrid-type N-glycans. Such structures were observed in a mouse model of congenital disorder of glycosylation type IIa, characterized by a deficiency of GlcNAc transferase II that is necessary for the synthesis of complex type N-glycans (Wang et al., 2001). More recently, the bisecting LacNAc motif was also found on hybrid type N-glycans in human brain and on IgA, where it can be modified even further by sialic acid or fucose (Helm et al., 2021; 2022). Here, we also report the identification of the two complex type N-glycans FA2BG3S1 and FA2BG3S2 on IgA (Supplementary Figure 11A), thereby expanding the known diversity of N-glycans with a bisecting LacNAc motif found on this antibody class (Helm et al., 2021). Given these rare occasions of identification, much more research about the functional implication of a bisecting LacNAc is necessary, and such studies could be facilitated by xCGE-LIF-based glycan analysis.
Considering the increasing power of analytical methods and the option to simply chemoenzymatically produce such low-abundant N-glycans (Weiss et al., 2020; Huang et al., 2022), we strongly advocate for the inclusion of N-glycans with sulfation, or bisecting LacNAc, in future glycosylation-related studies to elucidate functional relationships or in searches of glycan-based biomarkers.
5 CONCLUSION AND OUTLOOK
In this paper we combined simple and readily available methods of affinity chromatography-based capture, proteolytic cleavage, and sophisticated xCGE-LIF-based glycan analysis to study the N-glycosylation of blood-derived IgG. Using this approach, we could assign rarely reported, low-abundant N-glycans to the Fab region. These included both, N-glycans bearing a bisecting LacNAc or 6-O-sulfation of GlcNAc, that was proven with a sulfatase in an EDGE-profiling workflow. These features could be easily identified or distinguished from isomeric structures by xCGE-LIF without dedicated enrichment or analysis strategies. Being harnessed with this straightforward, xCGE-LIF-based analytical approach, we anticipate a rapid increase in knowledge about the role of these peculiar, Fab-borne N-glycans and an advancing of the ever-growing insights into antibody-mediated immune regulation.
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