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Abstract 

N-glycans are modified by glycosyltransferases in the endoplasmic reticulum and Golgi 

apparatus. N-acetylglucosaminyltransferase IV (GnT-IV) is a Golgi-localized 

glycosyltransferase that synthesizes complex-type N-glycans in vertebrates. This enzyme 

attaches N-acetylglucosamine (GlcNAc) to the α-1,3-linked mannose branch of the N-glycan 

core structure via a β-1,4 linkage. Deficiency of this enzyme is known to cause abnormal 

cellular functions, making it a vital enzyme for living organisms. However, there has been no 

report on its three-dimensional structure to date. Here, we demonstrated that the C-terminal 

regions (named CBML) of human GnT-IVa and Bombyx mori ortholog have the ability to bind 

β-N-acetylglucosamine. Additionally, we determined the crystal structures of human CBML, 

B. mori CBML, and its complex with β-GlcNAc at 1.97, 1.47, and 1.15 Å resolutions, 

respectively, and showed that they adopt a β-sandwich fold, similar to carbohydrate-binding 

module family 32 (CBM32) proteins. The regions homologous to CBML (≥24% identity) were 

found in GnT-IV isozymes, GnT-IVb, and GnT-IVc (known as GnT-VI), and the structure of B. 

mori CBML in complex with β-GlcNAc indicated that the GlcNAc-binding residues were 

highly conserved among these isozymes. These residues are also conserved with the GlcNAc-

binding CBM32 domain of β-N-acetylhexosaminidase NagH from Clostridium perfringens 

despite the low sequence identity (<20%). Taken together with the phylogenetic analysis, these 

findings indicate that these CBMLs may be novel CBM family proteins with GlcNAc-binding 

ability.  
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Introduction 

Protein glycosylation is one of the most common posttranslational modifications in 

eukaryotic cells and is involved in variable physiological functions. N-Glycans are attached to 

asparagine residues in the Asn–X–Ser/Thr (X is any amino acid except Pro) sequon of proteins 

and perform various functions, including protein folding, stability, trafficking, and intracellular 

communication (Varki, 2017). Since the development of some diseases, such as cancer, causes 

specific changes in the glycan structures, they have recently been used as biomarkers (Kizuka 

and Taniguchi, 2016). An oligosaccharide precursor consisting of 14 monosaccharides 

(Glc3Man9GlcNAc2) is transferred from a dolichol pyrophosphate carrier to asparagine side 

chains of nascent polypeptides as they are translocated into the lumen of the endoplasmic 

reticulum in the early step of N-glycan biosynthesis. The glycan is processed by glycoside 

hydrolases, including α-glucosidase I, α-glucosidase II, and α-mannosidases in the ER and 

further modified by Golgi-resident α-mannosidases and several glycosyltransferases. N-glycan 

structure varies among organisms and their tissue, and maturation of N-glycans is achieved 

through addition and branching with various monosaccharides, including N-acetylglucosamine 

(GlcNAc), galactose, fucose, and sialic acid (Helenius and Aebi, 2001). Hybrid- and complex-

type N-glycans, mainly found in vertebrates, consist of these monosaccharides attached to the 

trimannosyl core of N-glycans by glycosyltransferases, such as N-

acetylglucosaminyltransferases (GnTs) and galactosyltransferases. Although invertebrates, 

especially insects, mainly produce pauci-mannose-type glycans, recent studies have 

demonstrated that a small portion of N-glycan structures in invertebrates are more complex and 

elongated, with multiple monosaccharides and branches (Kimura et al., 2003; Koles et al., 

2007; Aoki et al., 2007; Kurz et al., 2015; Stanton et al., 2017; Hykollari et al., 2018; Hykollari 

et al., 2019). 

Golgi-resident GnTs are enzymes that transfer GlcNAc from a uridine diphosphate (UDP)-
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GlcNAc donor to α-1,3 and α-1,6-mannosyl residues in N-glycans to form branches. GnT-I 

(MGAT1) is a key enzyme that catalyzes the transfer of GlcNAc to α-1,3-arm of the 

trimannosyl core via β-1,2 linkage, resulting in hybrid-type N-glycans (Brockhausen et al., 

1988). This GlcNAc residue is essential for mannose-trimming by Golgi α-mannosidase II and 

addition of GlcNAc on α-1,6-arm by GnT-II (MGAT2) (Bendiak et al., 1987). Further branches 

of GlcNAc are formed by GnT-III (MGAT3), GnT-IVa,b (MGAT4A, B), GnT-IVc (MGAT4C, 

also known as GnT-VI and GnT-IV-H), GnT-V (MGAT5), and GnT-IX (MGAT5B) (reviewed 

in Nagae et al., 2020). Among them, the crystal structure of GnT-I was reported as the first case 

(Unligil et al., 2000), and those of GnT-II and GnT-V have been reported in recent years 

(Kadirvelraj et al., 2018; Nagae et al., 2018; Darby et al., 2020). The catalytic domains of all 

GnTs other than GnT-V are predicted to adopt the GT-A fold (Nagae et al., 2020), whereas that 

of GnT-V adopts the GT-B fold. 

GnT-IV (also known as MGAT4) belongs to the glycosyltransferase family 54 (GT54) 

based on the CAZy classification, and this family contains homologs, GnT-IVa, GnT-IVb, GnT-

IVc, and GnT-IVd (MGAT4D, also known as GnT-1IP). GnT-IVa and GnT-IVb are type II 

membrane proteins that catalyze the β-1,4 transfer of GlcNAc to the α-1,3-linked mannose 

branch of the N-glycan core structure (Oguri et al., 1997; Oguri et al., 2006). The glycosylation 

reaction of GnT-IVa and GnT-IVb requires a β-1,2-linked GlcNAc residue on the α-1,3-

mannose arm (Fig. 1). Bovine GnT-IV and human GnT-IVa and GnT-IVb have been cloned and 

enzymatically characterized (Minowa et al., 1998; Yoshida et al., 1998). GnT-IVc has also been 

cloned from humans and chickens (Frukawa et al. 1999; Sakamoto et al. 2000), and the chicken 

enzyme exhibited the ability to transfer a residue on the α-1,6-mannose arm via a β-1,4 linkage 

(Taguchi et al., 2000; Sakamoto et al., 2000). In humans, GnT-IVa is expressed locally in the 

thymus, pancreas, and spleen, while GnT-IVb is expressed in various body tissue (Yoshida et 

al., 1998; Yoshida et al., 1999). Their products increase in chorionic gonadotropin in 
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choriocarcinoma patients (Mizuochi et al., 1983). GnT-IVd/MGAT4D has not been shown to 

possess glycosyltransferase activity and is primarily expressed in spermatogonium and 

spermatocytes, conferring heat stress tolerance to germ cells (Akintayo et al., 2020a; Akintayo 

et al., 2020b). This protein was reported to inhibit GnT-I function and to localize to the ER, the 

ER-Golgi intermediate compartment, and the cis-Golgi (Huang and Stanley, 2010; Au et al., 

2015). In contrast to their physiological functions, their domain organization and three-

dimensional structures remain unclear. 

Herein, we hypothesize that GnT-IV has multiple domains with different functions and 

focused on its C-terminal region based on structural prediction. We identified the C-terminal 

regions of human GnT-IVa (HsGnT-IVa) and its insect ortholog as novel carbohydrate-binding 

modules, and their crystal structures were determined. 
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Results 

Domain structure prediction 

A structure prediction of the full length of HsGnT-IVa was initially performed using 

SWISS-MODEL (Waterhouse et al., 2018). Partial homology models were generated using 

rabbit GnT-I (PDB 1FO9, sequence identity = 14.5%) and a carbohydrate-binding module 

family 32 (CBM32) domain of Clostridium perfringens β-N-acetylglucosaminidase NagH 

(CpNagHCBM32-2, PDB 2WDB, sequence identity = 21.4%) as templates. The result 

indicated that the N-terminal region (residues 104–380) of the HsGnT-IVa luminal domain has 

a GT-A fold, as previously predicted, and the C-terminal region (residues 386–535) adopts a β-

sandwich fold (Fig. S1). AlphaFold2 prediction showed that the luminal region of HsGnT-IVa 

is divided into the N-terminal GT-A fold and the C-terminal β-sandwich domains connected by 

a linker (Fig. 2A). The β-sandwich fold is observed in various CBMs, which are domains found 

in carbohydrate-active enzymes, such as glycoside hydrolases and glycosyltransferases, to 

facilitate substrate binding. Therefore, we hypothesized that the C-terminal CBM-like domain 

(CBML) acts as CBM. The sequence alignment of human GnT-IV homologs revealed that only 

GnT-IVd/MGAT4D lacks a CBML domain. GnT-IV orthologs are encoded in vertebrate and 

invertebrate genomes (Walski et al., 2016; Nishihara, 2018). A GnT-IV ortholog (BmGnT-IV) 

from Bombyx mori, a model lepidopteran insect, has 35.4% sequence identity and a similar 

domain organization as HsGnT-IVa. 

 

CBML binds GlcNAc 

Recombinant proteins of CBMLs of HsGnT-IVa and BmGnT-IV (named HsCBML and 

BmCBML, respectively) were expressed in Escherichia coli and purified to investigate the 

carbohydrate-binding ability of CBML (Fig. 2B). Isothermal titration calorimetry revealed that 

both CBMLs showed affinity toward GlcNAc but not mannose, glucose, and N-
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acetylgalactosamine (Figs. 3 and S2). Due to the low affinity, the fitting process could not 

accurately calculate the binding stoichiometry. However, based on the CBML structures, which 

revealed a single binding site (see below), adjusting the stoichiometry to one for data fitting 

was deemed valid. The binding constants (Ka) of HsCBML and BmCBML for GlcNAc were 

287 ± 71 M−1 and 217 ± 60 M−1, respectively (Table I). We also tested N,N'-diacetylchitobiose 

(GlcNAc-β-1,4-GlcNAc) and p-nitrophenyl (pNP)-β-GlcNAc for HsCBML (Fig. 3) and 

discovered that GlcNAc-β-1,4-GlcNAc and pNP-β-GlcNAc had 4.4 and 6.9 times higher 

association constants than GlcNAc, respectively. In contrast, HsCBML and BmCBML had no 

binding activity to pNP-α-GlcNAc (Fig. 3), suggesting that CBMLs recognize the β anomer of 

GlcNAc. The Wiseman c parameter (Wiseman et al., 1989) was calculated to be 0.065–0.591. 

Generally, c values within the range of 10 < c < 500 is considered to be meaningful for Ka 

calculation, but Turnbull and Daranas reported that binding parameters can be obtained even if 

c value is in the range of 0.01 < c < 10 if analysis meets the proposed conditions: (1) a sufficient 

portion of the binding isotherm is used for analysis, (2) the binding stoichiometry is known, 

(3) the concentrations of both ligand and receptor are known with accuracy, and (4) there is an 

adequate level of signal-to-noise in the data  (Turnbull and Daranas, 2003). Therefore, the 

parameters in the present study can be reliable (Table I). The ΔH values indicate that all CBML 

bindings were enthalpy-driven. CpNagHCBM32-2 binds GlcNAc and β-GlcNAc-linked 

disaccharides. Among the reported N-acetylhexosamine-binding members of CBM32, 

CpNagHCBM32-2 had the most similar association constants to the CBMLs (Table I). 

 

Crystal structures of CBMLs 

The crystal structures of HsCBML and BmCBML were determined at 1.97 and 1.47 Å 

resolution, respectively, by the molecular replacement method using their AlphaFold2 models 

(Table II). They belong to the space group P21 and contain two monomers in each asymmetric 



 

 

8 

unit. HsCBML and BmCBML adopt the β-sandwich fold, consisting of nine and eight β-strands, 

and have three and two short α-helices, respectively (Fig. 4A and B). The structural alignment 

of these CBMLs revealed that their core regions are almost identical [root mean squared 

deviation (RMSD) of Cα, 0.735 Å, (Fig. 4C)]. No metal ion was found in both structures. A 

structural homology search using the Dali server revealed that the C-terminal domain of 

Streptococcus pneumoniae GH29 α-fucosidase (PDB 6ORG, Z score = 12.6–12.7, RMSD = 

2.4–2.6 Å, sequence identity = 12%–13%) and CpNagHCBM32-2 (PDB 2WDB, Z score = 

12.4–12.7, RMSD = 2.4 Å, sequence identity = 19%–20%) are the most structurally 

homologous proteins for HsCBML and BmCBML (Fig. 4D and Tables SI and SII). The 

CBM47 proteins, similar to several CBM32 proteins, were also found to be structurally 

homologous (Tables SI and SII). All hit proteins comprised of a β-sandwich topology. 

 

GlcNAc-binding site 

Several attempts to co-crystallize HsCBML and GlcNAc failed because the predicted 

sugar-binding sites faced each other molecule in the crystals, making it difficult for the ligand 

to bind the site. Instead, the structure of BmCBML in complex with GlcNAc was determined 

at 1.15 Å resolution (Table II). Soaking and co-crystallization with GlcNAc-β-1,4-GlcNAc and 

pNP-β-GlcNAc were also unsuccessful to obtain diffractable crystals. The co-crystal belongs 

to the same space group (P21) and contains two molecules in the crystallographic asymmetric 

unit as the unliganded BmCBML. An electron density map for β-GlcNAc was found at the side 

surface of the β-sandwich structure in each monomer (Fig. 5A). Asp480 forms hydrogen bonds 

with two water molecules in the unliganded structure (Fig. 5B), while it forms hydrogen bonds 

with O3 and O4 of β-GlcNAc (Fig. 5C). The main chain N of Trp535 also directly forms a 

hydrogen bond with O4 of β-GlcNAc and the side chain of His477 interacts with O3 of β-

GlcNAc via a water molecule. Trp535 forms π–π stacking interaction with the pyranose ring, 
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and Trp445 and Tyr429 may contribute to creating a hydrophobic environment to accept the 

sugar ring and the methyl group of GlcNAc. Superposition of the binding sites of HsCBML 

and BmCBML showed that all amino acid residues involved in the binding are identical (Fig. 

5D). Among human GnT-IV paralogs, only GnT-IVd/MGAT4D lacks a domain corresponding 

to CBML (Fig. S3). Amino acid sequence alignment of vertebrate GnT-IVa, -IVb, and -IVc, 

and insect orthologs revealed that amino acid residues involved in GlcNAc-binding are well 

conserved (Figs. 5E, S3, and S4). 

The structure of CpNagHCBM32-2, a GlcNAc-binding member of the CBM32 family, in 

complex with GlcNAc-β-1,2-Man (PDB 2WDB) was reported (Ficko-Blean and Boraston 

2009). The disaccharide is the nonreducing-end component of the GnT-IV substrate and 

product (Fig. 6A). Figure 6B depicts the superimposition of the ligand-binding sites of 

BmCBML and CpNagHCBM32-2. Despite having a low whole sequence identity, the amino 

acid residues involved in GlcNAc-binding are well conserved. Furthermore, the orientations of 

β-GlcNAc pyranose rings are almost identical, and the α-face of GlcNAc is held by the 

tryptophan side chain. These observations indicate that the binding site is specific for β-

GlcNAc, which is consistent with the ITC results. In contrast to GlcNAc, the reducing-end 

mannose residue is exposed to solvent (Fig. 6C), suggesting that longer oligosaccharides with 

the non-reducing end β-GlcNAc could be accepted in the binding site. This agrees with the fact 

that HsCBML showed affinity toward both GlcNAc-β-1,4-GlcNAc and pNP-β-GlcNAc. 

Unfortunately, we could not obtain crystal structures in complex with disaccharides, and it is 

not clear whether and how the reducing-end sugar interacts with the CBML. The reducing end 

sugar may be specifically recognized by the CBML because CpNagHCBM32-2 showed the 

higher Ka value for GlcNAc-β-1,2-Man than that for GlcNAc-β-1,4-GlcNAc (Table I). 
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Discussion 

In this study, we demonstrated that the C-terminal domains of HsGnT-IVa and insect 

ortholog, which were initially predicted to have a similar fold as CBM32 proteins, had specific 

binding ability toward β-GlcNAc using the ITC binding analysis, supported by X-ray 

crystallography. CBMs are noncatalytic modules with sugar-binding ability found in 

carbohydrate-active enzymes and play various roles in assisting the enzyme function, such as 

proximity effect and targeting function (Boraston et al., 2004). CBMs are divided into three 

types: Type A, surface-binding CBM; Type B, glycan-chain-binding B; and Type C, small-

sugar-binding. Type A CBMs bind insoluble crystalline polysaccharides and they have 

platform-like binding sites with multiple aromatic residues. Type B CBMs have a long cleft in 

common that recognizes an oligosaccharide unit (four or more residues) in polysaccharides. 

Type C CBMs typically recognize shorter oligosaccharides (three or less residues) compared 

to Type A and B CBMs. This classification is useful to understand structure-function 

relationships of CBMs. The functional and structural analyses in this study revealed that 

CBMLs specifically recognize the nonreducing-end β-GlcNAc residue of oligosaccharides 

(Table I and Fig. 5). CBM32 domains have been found in various enzymes, including GHs, 

polysaccharide lyases, and peptidases, and their binding specificities vary, including galactose 

(Ficko-Blean and Boraston, 2006; Boraston et al., 2007; Ficko-Blean et al., 2012; Grondin et 

al., 2014), GalNAc (Ficko-Blean and Boraston, 2006; Ficko-Blean et al., 2012; Grondin et al., 

2014; Grondin et al., 2017; Pluvinage et al., 2021), GlcNAc (Ficko-Blean and Boraston, 2009), 

chitosan (Shinya et al., 2013; Das et al., 2016; Shinya et al., 2016), and polygalacturonic acid 

(Abbott et al., 2007). Because all CBM32 proteins have been reported to recognize the 

nonreducing end of substrate oligosaccharides, CBM32 are classified into Type C (Boraston et 

al., 2004). Additionally, the CBMLs have similar binding and structural characteristics as the 

CBM32 members, especially CpNagHCBM32-2, indicating that CBML can be classified as 
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Type C CBM. HsCBML shows 34% sequence identity with BmCBML; the corresponding 

regions of human GnT-IVb and GnT-IVc share 57% and 26% sequence identities with 

HsCBML, respectively. In contrast, HsCBML and BmCBML show 13% and 14% identities 

with CpNagHCBM32-2, respectively. Moreover, the phylogenetic analysis showed that CBML 

proteins form the distinct clades from CBM32 proteins (Fig. S5), indicating that the CBMLs 

define a novel CBM family (CBM94, B. Henrissat and N. Terrapon, personal communication).  

The GlcNAc-bound structure indicates that three direct hydrogen bonds, one indirect 

hydrogen bond via a water molecule, and hydrophobic interaction are involved in GlcNAc-

binding (Fig. 5C). Comparison between the unliganded form and GlcNAc-complex of 

BmCBML suggests that the hydrogen bonds between Asp480 and water molecules are 

dissolved and the water molecules are released to bulk when GlcNAc binds to the protein. The 

magnitude of binding enthalpy reflects the loss of protein–solvent hydrogen bonds, van der 

Waals interactions, and the formation of protein–ligand bond and salt bridges (Perozzo et al., 

2004). Therefore, the enthalpically-driven bindings observed by the ITC analysis are consistent 

with the interactions observed in the structure of BmCBML-GlcNAc complex. An 

enthalpically-driven process is commonly seen in protein–carbohydrate interactions (Dam and 

Brewer, 2002; Boraston et al. 2004; Abbott and Boraston, 2012). 

The structure of BmCBML in complex with β-GlcNAc suggested that these proteins do 

not strictly recognize the second sugar of the ligand compared with the non-reducing β-GlcNAc. 

The ITC results for HsCBML showed a slight difference in the binding constants between 

GlcNAc-β-1,4-GlcNAc, and pNP-β-GlcNAc. Also, the Ka values of CpNagHCBM32-2 toward 

disaccharides with non-reducing end β-GlcNAc were reported to vary and the highest for 

GlcNAc-β-1,2-Man (Table I). The side chain of Tyr429 of BmCBML is predicted to be 

relatively close to the second sugar (Fig. 6). Tyr429 is well conserved among CBML homologs, 

but it is substituted to phenylalanine in GnT-IVc (Figs. S3 and S4). Therefore, CBML proteins 
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may have slightly different binding strength and specificity toward disaccharides. 

GnT-IVa and -IVb have been shown to act only on N-glycans with β-1,2-GlcNAc at the α-

1,3-mannose branch attached by GnT-I (Oguri et al., 1997; Oguri et al., 2006); GnT-IVc 

requires both β-1,2-GlcNAc and β-1,6-GlcNAc at the α-1,6-mannose branch attached by GnT-

II and GnT-V (Taguchi et al., 2000). These specificities indicate that these enzymes specifically 

recognize the nonreducing end β-1,2-GlcNAc residues. Although it is unclear whether the 

CBML recognizes the sugar residue in concert with the active site of the catalytic domain, 

CBMLs may be involved in targeting and proximity to the substrate GlcNAc-terminated N-

glycans to act on. Some CBM32 proteins have been reported to be involved in efficient 

catalysis via substrate binding (Mizutani et al., 2014; Das et al., 2016). Similarly, sugar-binding 

domains have been discovered in some glycosyltransferases and they are often called ‘lectin 

domains’ or ‘lectin-like domains.’ The sugar-binding domain of polypeptide N-

acetylgalactosaminyltransferases, which is classified into the CBM13 family and is involved 

in the biosynthesis of mucin-type O-glycan, affects catalytic efficiency (Gerken et al., 2013). 

The stem region of protein O-linked mannose β1,2-N-acetylglucosaminyltransferase 1 

comprises two β-sheets and two α-helices and recognizes β-linked GlcNAc of O-mannosyl 

glycan (Kuwabara et al., 2016) although the stem regions of many Golgi-localized GTs have 

not been reported to show carbohydrate-binding ability. Therefore, CBML domains in GnT-IV 

homologs may have similar functions as the ‘lectin-like domains’ in the reported 

glycosyltransferases. Further investigation is necessary to reveal the relationship between the 

sugar-binding ability of CBML and the GnT-IV catalytic reaction. 

 Conclusively, we identified the C-terminal domains (CBML) of GnT-IVa and its insect 

ortholog as novel CBM that binds β-GlcNAc. The crystal structures of the CBMLs clarified 

the GlcNAc-binding mechanism and its commonality with the CBM32 proteins, especially 

CpNagHCBM32-2. Considering the low sequence identity with known CBMs, CBMLs are 
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now classified into a new CBM family, CBM94. 

 

 

Materials and methods 

 

Structure prediction and bioinformatics 

SWISS-MODEL (https://swissmodel.expasy.org/, Waterhouse et al., 2018) and 

AlphaFold2/ColabFold (Jumper et al., 2021; Mirdita et al., 2022) were used to predict 

structures of HsGnT-IVa and BmGnT-IV. The transmembrane regions of HsGnT-IVa and 

BmGnT-IV were predicted by the TMHMM server 

(https://services.healthtech.dtu.dk/service.php?TMHMM-2.0) (Krogh et al., 2001). Amino 

acid sequence alignment was performed using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/, Sievers et al., 2011) and visualized using ESPript 

3 (Robert and Gouet, 2014). 

 

Cloning and plasmid construction 

DNA encoding HsCBML was amplified by polymerase chain reaction (PCR) using primers, 

HsCBML_NheI_ F and HsCBML_XhoI_R, cDNA of HEK293 cell as a template, and a KOD 

ONE DNA polymerase (Toyobo, Osaka, Japan). DNA fragment was treated with NheI (New 

England Biolabs, Massachusetts, U.S.A) and XhoI (New England Biolabs) and ligated with a 

pET-28a(+) vector (Merck, Darmstadt, Germany) pre-treated with the same restriction 

enzymes. 

The first-strand cDNA was synthesized from a fifth-instar larva using a PrimeScript RT 

reagent kit (Takara Bio, Kusatsu, Japan), as previously described (Miyazaki et al., 2019a; 

Miyazaki et al., 2019b). A DNA fragment encoding full-length BmGnT-IV was amplified by 
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PCR using ExTaq DNA polymerase (Takara Bio) and primer pair, BmGnT-IV_F and BmGnT-

IV_R. The resultant DNA was ligated into a pMD19 T vector (Takara Bio) and sequenced. 

Subsequently, DNA encoding BmCBML was amplified using a KOD One DNA polymerase 

and primer pair, BmCBML_NdeI_F and BmCBML_HindIII_R, then ligated into a pET-28a(+) 

vector pre-digested with NdeI and HindIII restriction enzymes. 

 

Expression and purification 

E. coli BL21 (DE3) transformed with each expression plasmid was cultured at 37°C in 1 L 

of Luria–Bertani medium containing 50 μg/mL kanamycin. When the culture reached an 

optical density of 0.6–0.8 at 600 nm, the culture was ice-cooled, induced with 1.0 mM 

isopropyl-β-D-1-thiogalactopyranoside, and further incubated for 20 h at 20°C. After the 

incubation, bacterial cells were harvested by centrifugation at 10,000 × g for 15 min and stored 

at −30ºC until further experiments. Then, the cells were resuspended in 50-mM Tris-HCl buffer 

(pH 7.5) containing 300-mM NaCl and disrupted by sonication. Next, the insoluble materials 

were removed by centrifugation at 10,000 × g for 15 min.  

The supernatant was added to 3 mL of Ni-sepharose 6 Fast Flow (Cytiva, Tokyo, Japan) in 

a gravity column equilibrated with 50 mM Tris-HCl buffer (pH 7.5) containing 300 mM NaCl. 

The resin was washed with 50 mM Tris-HCl (pH 7.5) containing 300 mM NaCl, and the 

recombinant proteins were eluted with step-wise increasing concentrations (50, 100, and 250 

mM) of imidazole. Protein purity was confirmed by SDS-PAGE with Coomassie brilliant blue 

staining. The absorbance of purified protein was measured at 280 nm wavelength by 

ultraviolet–visible spectrophotometry using a spectrophotometer UV-1800 (Shimadzu, Kyoto, 

Japan). Sample concentrations were determined from the molar absorption coefficients, 18,450 

cm−1 M−1 for HsCBML and 28,420 cm−1 M−1 for BmCBML, calculated by ProtParam 

(Gasteiger et al., 2005). 
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Isothermal titration calorimetry 

The purified recombinant proteins were concentrated to 0.3 mM using 3 kDa-cut off Amicon 

Ultra-15 (Merck) and dialyzed against 50 mM 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonicacid (HEPES)-NaOH (pH 7.0). D-GlcNAc, N-acetyl-D-galactosamine, D-

mannose, and D-glucose (30 mM, 0.5 µL each) were titrated into 0.3 mM HsCBML and 

BmCBML. HsCBML was also measured for affinity to pNP-β-GlcNAc (10 mM), N,N'-

diacetylchitobiose (10 mM), and pNP-α-GlcNAc (5 mM). Titrations were performed by 

MicroCal iTC200 (Malvern Panalytical Ltd, Enigma Business Park, UK) at 25°C. The titration 

results were analyzed using MicroCal Origin ITC (Malvern Panalytical Ltd.). Thermodynamic 

parameters were obtained by nonlinear least-squares fitting using the one binding site model, 

and the average and standard error were calculated using data from at least three ITC 

measurements. 

 

X-ray crystallography 

HsCBML and BmCBML were concentrated in 50-mM HEPES-NaOH buffer (pH 7.0) 

containing 50-mM NaCl to 20 mg/mL. Crystallization was performed at 20°C using the 

hanging-drop vapor diffusion method, where 1 µL of protein was mixed with the same volume 

of a reservoir solution. HsCBML was crystallized in a reservoir solution comprised of 0.2-M 

lithium nitrate mixed with 20% PEG 3350. BmCBML was crystallized in a reservoir solution 

containing 12% (w/v) PEG20000 and 0.1-M 2-(N-morpholino)ethanesulfonic acid-NaOH 

buffer (pH 7.0). For co-crystallization with GlcNAc, 0.2 µL of 100 mM GlcNAc was added to 

a 2-µL drop where BmCBML and the reservoir solution were mixed as described above. 

Crystals were cryo-protected with 20% (v/v) ethylene glycol in each reservoir solution and 

flash-frozen in liquid nitrogen. Diffraction data were collected at Photon Factory beamlines 
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AR-NW12A and BL5A (Tsukuba, Japan). Data collected were processed by XDS (Kabsch 

2010) or Mosflm (Battye et al., 2011) and scaled using SCALA (Evans, 2006) in the CCP4 

suite (Winn et al., 2011). The phase was determined by the molecular replacement method 

using MOLREP (Vagin et al., 2010), and each model was created with ColabFold/AlphaFold2 

as a search model. Manual model building was performed using COOT (Emsley et al., 2010), 

and refinement was performed using REFMAC5 (Murshudov et al., 2011) and 

Translation/Libration/Screw Motion Determination (Painter and Merritt. 2006). The final 

models were evaluated using the MolProbity server (Chen et al., 2010). Structure images were 

prepared using PyMOL (Schrödinger, LLC). Structural similarity searches were performed 

using the Dali server (Holm, 2020). 
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Figure legends 

 

Fig. 1. Schematic of GnT-IV reaction. 

GnT-IV transfers GlcNAc from a uridine diphosphate (UDP)-GlcNAc donor to the α-1,3 

mannose branch of the N-glycan core structure pre-attached with β-1,2-GlcNAc, forming a β-

1,4 linkage. Sugar symbols are used according to Varki et al. (2009). 

 

Fig. 2. HsGnT-IVa and BmGnT-IV domain organization and recombinant expression. 

(A) The domains of HsGnT-IVa and BmGnT-IV are based on the AlphaFold2 models (Fig. 

S1). The transmembrane regions were predicted using TMHMM. (B) SDS-PAGE analysis of 

HsCBML and BmCBML. Lane M, PM1700 All Blue Broad Excel Band Range Protein Marker 

(SMOBIO, Tokyo, Japan); lane 1, HsCBML; lane 2, BmCBML.   

 

Fig. 3. Sugar-binding analysis of CBML using ITC. 

HsCBML in 50-mM HEPES-NaOH buffer (pH 7.0) was titrated with GlcNAc (A), pNP-β-

GlcNAc (B), N,N'-diacetylchitobiose (C), and pNP-α-GlcNAc (D) using MicroCal iTC200. 

BmCBML in the same buffer was titrated with GlcNAc (E) and pNP-α-GlcNAc (F). The results 

were calculated and plotted using MicroCal Origin ITC. 

 

Fig. 4. Crystal structures of HsCBML and BmCBML 

(A and B) Ribbon models of HsCBML (A) and BmCBML (B). The β-sheets and α-helices are 

shown in cyan and red, respectively. GlcNAc bound to BmCBML is shown as a magenta stick 

model. (C) Superimposition of HsCBML (pink) and BmCBML (green). (D) Superimposition 

of BmCBML (green) and CpNagHCBM32-2 (orange). GlcNAcβ-1,2-Man and Ca2+ ion bound 

to CpNagHCBM32-2 are shown in slate blue-stick and gray-sphere models, respectively. 
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Fig. 5. GlcNAc-binding site of CBML. 

(A) Fo−Fc omit map for GlcNAc in BmCBML. (B and C) GlcNAc-binding sites of unliganded 

BmCBML (B) and GlcNAc-bound BmCBML (C). (D) Comparison of the sugar-binding sites 

of HsCBML and BmCBML. Side chains interacting with GlcNAc (magenta) in BmCBML and 

the corresponding residues in HsCBML are represented as green and pick-stick models, 

respectively. (E) Multiple sequence alignment of GnT-IV homologs in various animals and 

CpNagHCBM32-2 generated using ESPript 3. First two letters in each protein name mean 

acronyms of scientific names: Hs, Homo sapiens; Bt, Bos taurus; Mm, Mus musculus; Gg, 

Gallus gallus; Xl, Xenopus laevis; Dr, Danio rerio; and Bm, Bombyx mori. Green arrows 

indicate the amino acid residues involved in the GlcNAc-binding of BmCBML.  

 

Fig. 6. Comparison of sugar-binding sites of BmCBML and CpNagHCBM32-2. 

(A) Structure of glycan product of GnT-IVa and GnT-IVb. (B) Superimposition of ligand-

binding sites of BmCBML (green) in complex with GlcNAc (magenta) and CpNagHCBM32-

2 (orange) in complex with GlcNAcβ-1,2-Man (slate blue) (PDB 2WDB). Symbols of 

GlcNAcβ-1,2-Man are shown in a dotted box. (C) Surface model of BmCBML. GlcNAcβ-1,2-

Man was superimposed with PDB 2WDB. The molecular surfaces of aromatic residues 

involved in GlcNAc recognition are highlighted in pink. Dashed arrows in the right panel of 

(C) indicate the anomer orientations of the reducing-end mannose residue of GlcNAcβ-1,2-

Man. 
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Table I. Binding constants of CBML and CBM32 proteins toward sugars determined by 

ITC 

Name Ligand Ka (M−1) ΔG (kcal/mol) ΔH (kcal/mol) −TΔS 
(kcal/mol) 

c value 

HsCBML GlcNAc 2.87 (± 0.58) 
×102 

−1.43 ± 0.40 −1.26 ± 0.45 −0.173 ± 0.05 0.086 

 pNP-β-GlcNAc 1.97 (± 0.15) 
×103 

−5.21 ± 0.45 −5.28 ± 0.50 0.066 ± 0.050 0.591 

 GlcNAc-β-1,4-
GlcNAc 

1.27 (± 0.07) 
×103 

−2.84 ± 0.34 −2.71 ± 0.37 −0.127 ± 0.03 0.381 

BmCBML GlcNAc 2.42 (± 0.74) 
×102 

−0.961 ± 0.26 −0.802 ± 0.29 −0.198 ± 0.04 0.065 

CpNagHCB
M32-2 a 

GlcNAc 1.88 ×103     

 GlcNAc e 2.22 ×103     
 GlcNAc-β-1,4-

GlcNAc e 
1.25 ×103     

 GlcNAc-β-1,2-
Man e 

7.86 ×103     

 GlcNAc-β-1,3-
Man e 

3.98 ×103     

 GlcNAc-β-1,3-
GalNAc 

5.91 ×103     

PeCBM32 b GlcNAc-β-1,4-
GlcNAc 

9.0 ×103     

 GlcN-β-1,4-
GlcNAc 

1.4 ×105     

EfCBM32 c GalNAc 2.66 ×102     
BmCBM32 d GalNAc 2.60 ×102     

Each experiment was performed in triplicate. 

a CBM32-2 domain of Clostridium perfringens GH84 β-N-acetylglucosaminidase NagH (Ficko-Blean 

et al. 2009) 

b CBM32 domain of Paenibacillus elgii GH8 chitosanase (Das et al. 2016) 

c CBM32 domain of Enterococcus faecalis GH31 α-N-acetylgalactosaminidase (Ikegaya et al. 2021) 

d CBM32 domain of B. mori GH31 α-N-acetylgalactosaminidase (Ikegaya et al. 2021) 

e These constants were determined by UV difference titration. 

 

  



 

 

33 

Table II. Data collection and refinement statistics of CBMLs 

 HsCBML BmCBML BmCBML-GlcNAc 
Data collection    

Beamline BL-5A AR-NW12A AR-NW12A 
Wavelength (Å) 1.0000 1.0000 1.0000 
Space group P21 P21 P21 
Cell dimensions    

a, b, c (Å) 50.7, 32.5, 85.6 32.7, 64.5, 78.8 32.7, 64.1, 79.2 
β (º) 94.7 95.1 95.9 

Resolution range (Å) 50–1.97 (2.08–1.97) 39.25–1.47 (1.55–
1.47) 

39.37–1.15 (1.21–1.15) 

Measured reflections 256528 343484 755968 
Unique reflections 20101 53654 113597 
Completeness (%) 100 (100) 96.6 (83.0) 98.6 (94.9) 
Redundancy 12.8 (13.0) 6.4 (5.0) 6.7 (6.6) 
Mean I/σ(I) 8.4 (2.4) 18.2 (2.7) 18.1 (2.3) 
Rmerge 0.207 (0.822) 0.052 (0.526) 0.046 (0.810) 
CC1/2 0.990 (0.951) 0.999 (0.841) 0.999 (0.782) 

Refinement statistics    
Rwork/Rfree 0.220/0.266 0.224/0.248 0.193/0.209 
RMSD    

Bond length (Å) 0.014 0.012 0.011 
Bond angles (º) 1.704 1.729 1.677 

Number of atoms    
Protein A 1179, B 1158 A 1167, B 1190 A 1303, B 1233 
Ligand/Ion − A 16, B 8 A 27, B 19 
Water 22 152 214 

Average B (Å)    
Protein A 57.7, B 73.6 A 21.7, B 23.7 A 19.4, B 19.9 
Ligands − A 34.2, B 38.6 A 29.3, B 25.4 
Water 55.6 28.4 27.8 

Ramachandran plot    
Favored (%) 97.2 97.1 97.0 
Outliers (%) 0.7 0 0 
Clashscore 4.09 3.88 4.45 
PDB code 7XTL 7XTM 7XTN 
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Figure S1. Structure modeling of HsGnT-IVa and BmGnT-IV using SWISS-MODEL and 
AlphaFold2. 

Each partial homology model generated using SWISS-MODEL is shown in the upper row, and 
each full-length AlphaFold2 model is shown in the lower row. The predicted transmembrane regions, 
catalytic domains, and CBML domains are shown in brown, orange, and blue, respectively. 
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Figure S2. ITC results of sugars which CBMLs did not bind. 
(a–c) HsCBML was titrated with mannose (a), glucose (b), and N-acetylgalactosamine (c). (d–f) 

BmCBML was titrated with mannose (d), glucose (e), and N-acetylgalactosamine (f). 
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Figure S3. Sequence alignment of human GnT-IVa, -IVb, -IVc, and -IVd. 

The alignment was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and 
visualized using ESPript 3. The red triangle indicates the amino acid residue at the start of CBML 
domain, and the green triangle indicates the amino acid residue involved in GlcNAc-binding. 
  



S-5 
 

Figure S4. Sequence alignment of GnT-IV homologs in various species. 
The alignment was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and 

visualized using ESPript 3. The red triangle indicates the amino acid residue at the start of CBML 
domain, and the green triangle indicates the amino acid residue involved in GlcNAc-binding. First two 
letters in each protein name mean acronyms of scientific names: Hs, Homo sapiens; Bt, Bos taurus; Mm, 
Mus musculus; Gg, Gallus gallus; Xl, Xenopus laevis; Dr, Danio rerio; and Bm, Bombyx mori.  
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Figure S5. Phylogenetic tree of CBML domains of GnT-IV homologs and CBM32 proteins. 
The sequence alignment was performed using the MUSCLE algorithm with amino acid sequences 

of CBML domains of GnT-IV homologs and the structure-determined CBM32 proteins listed in the 
CAZy database. The tree was generated using the maximum likelihood method conducted by MEGA 
X. GenBank IDs (or PDB IDs) and protein names are labeled in each branch. CBML domains of HsGnT-
IVa and BmGnT-IV are highlighted in red. 
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Table S1. Structural homologs of HsCBML found using Dali server. 
Protein Origin Sugar ligand PDB Z score RMSD 

(Å) 
Sequence 
identity (%) 

C-terminal domain of GH29 α-
fucosidase  

Streptococcus 
pneumoniae 

− 6ORG 12.6 2.6 12 

CBM32 of GH84 N-
acetylglucosaminidase NagH 

Clostridium 
perfringens 

GlcNAc-Man 2W1U 12.4 2.4 19 

CBM32 DD1 of GH8 
chitosanase/glucanase 

Paenibacillus 
fukuinensis 

GlcN 4ZY9 12.2 2.8 10 

C-terminal β-sandwich domain 
of GH29 α-fucosidase  

Bacteroides 
thetaiotaomicron 

− 4OZO 12.1 2.5 14 

CBM32 of BT3015 Bacteroides 
thetaiotaomicron 

Gal 7BLG 12.1 2.5 15 

Intraflagellar transport 25 
(GTPase) 

Chlamydomonas 
reinhardtii 

− 2YC4 11.9 2.8 13 

CBM32 DD2 of GH8 
chitosanase/glucanase 

Paenibacillus 
fukuinensis 

GlcN-GlcN-GlcN 4ZZ8 11.9 2.6 12 

CBM47 SpX-3 of GH98 LewisY-
specific endo-β-1,4-galactosidase 

Streptococcus 
pneumoniae 

Fuc 2J22 11.8 2.6 7 

CBM47 of lectinolysin Streptococcus 
mitis 

α-L-Fucp-(1-2)-β-D-
Galp-(1-4)[α-L-
Fucp-(1-3)]-β-D-
GlcpNAc 

3LEG 11.8 2.6 13 

CBM6 of xylanase   Clostridium 
thermocellum 

xylan 1GMM 5.4 3.0 13 
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Table S2. Structural homologs of BmCBML found using Dali server. 
Protein Origin Sugar ligand PDB Z score RMSD 

(Å) 
Sequence 
identity (%) 

CBM32 of GH84 N-
acetylglucosaminidase 

Clostridium 
perfringens 

GlcNAc-Man 2WDB 12.7 2.4 20 

C-terminal domain of GH29 α-
fucosidase 

Streptococcus 
pneumoniae 

− 6ORF 12.6 2.4 13 

CBM32 of chitosanase/glucanase Paenibacillus 
fukuinensis 

GlcN 4ZZ5 12.6 2.6 16 

CBM32 of chitosanase/glucanase Paenibacillus 
fukuinensis 

GlcN 4ZY9 12.5 2.9 16 

C-terminal β-sandwich domain 
of GH29 α-fucosidase 

Bacteroides 
thetaiotaomicron 

− 4OZO 12.5 2.7 15 

CBM32-1 of GH31 protein Clostridium 
perfringens 

GalNAc 4LPL 12.3 2.6 8 

CBM47 SpX-3 of GH98 LewisY-
specific endo-β-1,4-galactosidase 

Streptococcus 
pneumoniae 

Fuc 2J1U 12.1 2.7 12 

CBM32 of exo-α-sialidase Clostridium 
perfringens 

Gal 2V72 12 2.6 9 

CBM32 of O-glycopeptidases Clostridium 
perfringens 

GalNAc 7JNB 11.9 3.2 13 

CBM6 of xylanase Clostridium 
thermocellum 

xylan 1GMM 5.4 3.0 13 
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Table S3. Sequences of oligonucleotides used in this study. 
Name Sequence 

HsCBML_NheI _F                            5’-TTTTGCTAGCAAAATCCATGTAAACCCACC-3’ 

HsCBML_XhoI_R                                        5’-CATATTAAAAAAGCCACCAACTGATCATCTGA-3’ 

BmGnT-IV_F 5’-ATTCGGATCCACCATGATTGATATTCGGCG-3’ 

BmGnT-IV_R 5’- AGATCGAAGTATTCAAGTTTTCTTTTCGTCCGGTG -3’ 

BmCBML_NdeI_F 5’- TTTTCATATGCAGTCGTATTTTCCACACCA -3’ 

BmCBML_HindIII_R 5’- TTTTAAGCTTTCAAGTTTTCTTTTCGTCCG-3’ 

 


