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Abstract 

TmCel5B is a lichenase belonging to glycoside hydrolase family 5 subfamily 36 (GH5_36). 

To gain insights into the active site of this subfamily which contains multifunctional 

endoglycanases, we determined the crystal structure of TmCel5B in complex with an 

iminosugar, 1-deoxynojiromycin (DNJ). DNJ is bound to the -1 subsite, making a network of 

non-covalent interactions with the acid/base residue Glu139, the nucleophile Glu259, and with 

other residues that are conserved across the GH5 family. The catalytic site displayed a Glu-

Arg-Glu triad of the catalytic glutamates that is unique to the GH5_36 subfamily. Structural 

comparison of active sites of GH5_36 homologs revealed divergent residues and loop regions 

that are likely molecular determinants of homolog-specific properties. Furthermore, a 

comparative analysis of the binding modes of iminocyclitol complexes of GH5 homologs 

revealed the structural basis of their binding to GH5 glycosidases, in which the subsite binding 

location, the interactions of the ligand with specific conserved residues, and the electrostatic 

interactions of the catalytic glutamates with the ring nitrogen, are crucial.  
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1. Introduction 

About 1-3% of genes present in most organisms code for carbohydrate-active enzymes, 

consistent with the large structural diversity of their natural carbohydrate substrates [1]. Among 

these enzymes, the Glycoside Hydrolases (GHs) constitute the largest class with 173 different 

GH families listed in the CAZy database [2]. The GH5 family is among the largest and most 

diverse GH families with respect to the range of substrates. These enzymes are active on diverse 

oligo- and poly-saccharide substrates, including cellulose, lichenin, mannan, xylan, 

arabinoxylan, laminarin, and dextran, among others. GH5 enzymes contain the common (β/α)8 

barrel protein fold, and at least 29 types of experimentally determined enzymatic activity types 

are reported within the family [3]. This variability in function across homologs occurs due to 

the differences in the active site that is primarily built by the loop regions that connect the 

conserved β-strands and  α-helices [4,5].  

The GH5 family is classified into 54 distinct subfamilies based on a large-scale 

phylogenetic analysis in conjunction with biochemical and structural data [6]. While some of 

these subfamilies are monospecific, several subfamilies display poly-specificity and 

accommodate a range of substrates. Moreover, the experimental activities of several 

subfamilies are yet to be determined, and several sequences remain unclassified. The GH5_36 

subfamily comprises bacterial and archaeal homologs that are putative endo-glycanases and 

only three homologs have been biochemically characterized to date. Two enzymes exhibit 

endo-β-1,4-mannanase activity with minor endo-β-1,4-glucanase activity (EC 3.2.1.78) [7]. 

Among these two, the structure of the Caldanaerobius polysaccharolyticus mannanase 

(CpMan5B) bound to Tris has been reported at 1.6 Å (PDB ID: 3W0K) [8]. The structure of 

the complex provided insights into residues that likely contribute to catalysis and specificity. 

The third enzyme, TmCel5B, from Thermotoga maritima has a demonstrated lichenase activity 

(EC 3.2.1.73) and is devoid of cellulase activity. Lichenase is an endo-β-glucanase specific to 

catalysing the hydrolysis of (1,4)-β-glucosidic linkages in cereal β-D-glucans containing mixed 

β-(1,3)- and β-(1,4)-linkages. Moreover, the cleavage occurs on the β-(1,4)-linkage strictly 

after the β-(1,3)-linkage, with the product having a β-(1,3)-linkage at the reducing end. 

Interestingly, TmCel5B is reported  to be a unique lichenase, producing glucosyl β-(1,3) 

glucosyl β-(1,4) glucose, instead of the usual glucosyl β-(1,4) glucosyl β-(1,3) glucose (Scheme 

1) [9]. Moreover, the gene expression profile of glucomannan-inducible TmCel5B suggests 

probable mannanase activity as well [10].  
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Scheme 1. Scheme of cleavage patterns for classical lichenase and TmCel5B on lichenin substrate. 
Lichenan is a mixed linkage glucose polysaccharide contain β-1,3 and β-1,4 linkages. The classical 
lichenase represented by B. subtilis lichenase, cleaves the lichenin polysaccharide after β-1,3 glycosidic 
bond and produces a triose and tetraose sugar (glucosyl β-1,4 glucosyl β-1,3 glucose (G4G3G) and 
glucosyl β-1,4 glucosyl β-1,4 glucosyl β-1,3 glucose (G4G4G3G) respectively). TmCel5B has a unique 
lichenin hydrolysis profile and produces glucosyl β-1,3 glucosyl β-1,4 glucose (G3G4G), instead of the 
usual glucosyl β-1,4 glucosyl β-1,3 glucose (G4G3G) [9]. 

The crystal structure of the apo form of TmCel5B is available in the PDB (PDB ID: 

1VJZ, Joint Centre for Structural Genomics, unpublished). Thus, the structural determinants of 

substrate binding within the subfamily are poorly described due to the lack of a structure of a 

cognate sugar/analogue complex. Substrates/products and their analogues, transition state 

analogues, and inhibitors, are commonly used to probe the substrate binding sites and identify 

the subtle variations in binding interactions employed by diverse GHs. Iminosugars and their 

analogues are a major group of reversible competitive glycosidase inhibitors that resemble 

saccharides and contain an endocyclic nitrogen atom. These compounds are known to act by 

mimicking properties of the glycosidase oxocarbenium-ion-like transition state [11–13]. 

Ligand trapping of iminosugars and their derivatives in glycosidase crystal structure complexes 

can thus shed light on the geometry of the active site interactions and help establish the 

structural basis of transition-state stabilization and inhibition.  In this study, we report the 

crystal structure of TmCel5B bound to a 1-deoxyglucose analogue, 1-deoxynojirimycin (DNJ), 

at 1.8 Å resolution. DNJ is a naturally occurring iminosugar and together with its derivatives, 

iminosugars used as glycosidase inhibitors are promising therapeutic agents in pharmaceutical 

applications [14–17]. The first such sugar-bound complex in the dual-specific GH5_36 

subfamily provides insights into the catalytic residues and active site features that may be 

determinants of substrate binding and specificity. 

 

2. Material and Methods 

2.1 Protein expression and purification  
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TmCel5B (gene TM1752, UniProt ID: Q9X274) is 329 amino acids long. The clone procured 

from the DNASU plasmid repository (Clone ID: TmCD00396393) is in an ampicillin-resistant 

pMH1 vector with expression under the control of an arabinose-inducible araBAD promoter. 

The protein contains an N-terminal 12-residue expression and purification tag 

(MGSDKIHHHHHH). E. coli harbouring the plasmid were grown in 400 ml of LB broth in a 

1 L flask with shaking at 37 °C. Expression was induced at OD600 ~0.6 by the addition of L-

(+)-arabinose to a final concentration of 0.2% (w/v) and the cells were grown for 4 h. The 

subsequent steps were carried out at 4 °C unless otherwise stated. The pelleted cells suspended 

in lysis buffer (20 mM Tris-HCl, 10 mM imidazole, 300 mM NaCl, pH 7.5) were lysed by 

sonication. The cell extract was clarified by centrifugation at 10,000 rpm for 10 min. The 

supernatant was incubated at 65 °C for 20 min in a water bath and centrifuged at 12,000 rpm 

for 45 min to precipitate heat-labile E. coli proteins. The clear lysate was loaded on an Ni-

Nitrilotriacetic Acid (Ni2+-NTA) affinity column, pre-equilibrated with lysis buffer. The 

column was washed with 5 column volumes of wash buffer (20 mM Tris-HCl, 30 mM 

imidazole, 300 mM NaCl, pH 7.5) and the protein eluted using elution buffer (20 mM Tris-

HCl, 300 mM imidazole, 300 mM NaCl, pH 7.5). The purified sample was applied to a HiPrep 

26/10 desalting column (GE Healthcare) pre-equilibrated with storage buffer (10 mM Tris-

HCl, 25 mM NaCl, pH 7.5) to remove excess imidazole. The molecular weight and purity of 

the protein were analysed by SDS-PAGE. The concentration of the protein was determined by 

UV spectroscopy using a theoretical molar extinction coefficient, ε = 100380 M-1 cm-1 at 280 

nm. The oligomeric state of TmCel5B was estimated by size-exclusion chromatography (SEC) 

performed at 4 °C using a SuperdexTM 200 10/300 GL analytical column (GE Healthcare). 50 

µl of protein (2 mg ml-1) was loaded onto the column pre-equilibrated with 25 mM NaCl and 

10 mM Tris-HCl (pH 7.5) and eluted at a flow rate of 0.4 ml min-1. The chromatogram was 

monitored by measuring absorbance at 280 nm.  

 

2.2 Protein crystallization, data collection, structure determination and refinement 

The enzyme was concentrated to 20 mg ml-1. Initial crystallization screening was performed 

using commercial screens from Hampton Research (HR2-144, HR2-110 and HR2-112) at 20 

°C using the hanging drop vapour diffusion method. 1 µl of protein solution was mixed with 1 

µl of reservoir solution and equilibrated with 500 µl reservoir solution. For co-crystallization 

trials of the TmCel5B-DNJ complex, 25 µl (~0.5 mM) protein was first incubated with 1 µl of 

100 mM stock solution of DNJ at 20 °C for 90 min prior to setting up the vapour diffusion 

drop. Bar shaped crystals were obtained in 100 mM sodium citrate tribasic dihydrate (pH 5.8-
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6.2), 8-14% (v/v) isopropanol and 8-16% (w/v) PEG 4000 within 4-6 days. X-ray diffraction 

datasets were collected at 100 K on a Bruker MICROSTAR rotating anode with MAR345 

image plate detector. The data were processed and scaled using MOSFLM and AIMLESS 

programs from the CCP4 software package [18–20]. The structures were solved by the 

molecular replacement method using the PHASER program. One subunit of the apo form of 

TmCel5B (PDB: 1VJZ) was used as the search model. Refinement was performed using the 

maximum likelihood refinement program implemented in the PHENIX software suite [21]. 

Model building was carried out using the COOT program [21–23]. The MolProbity program 

was used to assess the stereochemical quality of the final structure [24]. The summary of the 

data collection, refinement, and validating statistics is provided in Table 1. 

 

2.3 Sequence and structural analysis 

TmCel5B structure was used to carry out a structural homology search using the DALI 

program. The outcome was compared with the GH5 structures (95 unique proteins) available 

in the CAZy database and  a structure-based sequence alignment was generated  [2,25]. Next, 

28 sequences from the GH5_36 subfamily were identified from the CAZy database and were 

added to extend the previous alignment using MAFFT [26]. The final sequence alignment was 

modified using ESPRIPT [27]. The represented sequence logos of motifs were generated using 

the WebLogo software [28]. Ligplot and PyMOL programs were used to analyse various 

structures and generate figures [29,30]. 

 

3. Results and Discussion 

3.1 Overall structure of TmCel5B 

Recombinant TmCel5B was purified to homogeneity and is a monomeric enzyme with a native 

molecular weight of ~39 kDa based on SEC analysis (Fig. S1). Next, we carried out 

crystallization trials to obtain the apo form and Michaelis complexes with monosaccharide 

ligands and analogues. In this study, a new crystal form of TmCel5B belonging to the 

orthorhombic space group P212121 was obtained. The asymmetric unit contains two 

independent subunits. This form is different from that of the previously reported tetragonal 

form of apo TmCel5B with one subunit in the asymmetric unit (PDB:1VJZ, 2.05 Å resolution, 

unpublished). The subunit comprises residues 6-329. Residues corresponding to the first 5 

residues and the expression tag were not built into the model because of disorder in the electron 

density.  
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The structure of TmCel5B is a typical (β/α)8 TIM-barrel fold, with parallel strands 

forming an inner barrel, and flanking α-helices. The overall fold is like that observed in all 

GH5 homologs. However, TmCel5B displayed an incomplete barrel, where the region 

corresponding to the canonical α5 helix is replaced by a loop region A5 (Fig. 1, Fig. S2). The 

equivalent region in GH5_36 β-mannanase/endoglucanase, CpMan5B, is a loop region 

containing a short 310 helix. A similar feature has earlier been identified in some other GH5 

enzymes such as CtCel5E from C. thermocellum [31], E1CD from A. cellulolyticus [32], Exg 

from C. albicans [33] and MeMan5A from M. edulis [34]. Besides, TmCel5B contains 

additional major structural elements that decorate the core fold. These regions, mostly loops 

connecting the core secondary structure elements, are divergent compared to homologs from 

other GH5 subfamilies (Fig. S3). In a structural homology search of the PDB, TmCel5B 

exhibits the highest structural similarity to CpMan5B as expected (3W0K; 42% sequence 

identity, rmsd of 1.7 Å over 324 Cα atoms) [8,25]. The next closest structural and sequence 

neighbours among the GH5 are the endoglucanase CtCelC from C. thermocellum (1CEN; 28% 

identity, rmsd of 2.2 Å over 334 Cα atoms) of subfamily GH5_37 [31] and members of the 

GH5_25 subfamily. Among the GH5_25 homologs include the well-characterized dual-

specificity mannanase/endoglucanase  TmCel5A from T. maritima, (PDB: 3AMD; 23% 

identity, rmsd of 2.3 Å over 312 Cα atoms) [35]. Together, the GH5_37 and the GH5_25 

subfamilies contain one and five structurally characterized members, respectively (Fig. S4). 

This structural similarity is consistent with a previous sequence-based subfamily level 

phylogenetic classification where the GH5_37 and GH5_25 subfamilies are closely related to 

GH5_36 [6]. 
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Figure 1. Structure of TmCel5B. Ribbon representation of the TmCel5B-Tris complex (PDB: 7EFZ). 
The structure displays an incomplete (α/β)8 barrel fold, with the canonical α5 helix replaced by an 
irregular loop (A5, red). The secondary structure elements of core fold are shown in green (helix) and 
yellow (strands). Additional secondary structure elements are displayed in blue, and loops are shown in 
grey color. Bound Tris molecule at the -1 subsite is shown in stick representation with cyan, red and 
blue color for carbon, oxygen and nitrogen, respectively. Loop regions connecting the (α/β)8 secondary 
structure elements and constituting the substrate binding site at the C-terminal end of the barrel are 
labelled L1-L8. 

 

TmCel5B residues Glu139 (on loop connecting β4 and α4) and Glu259 (on the C-

terminal end of β7) were identified as the catalytic acid/base and nucleophile, respectively, 

based on the structure-based sequence alignment (Fig. S4). The distance between the 

carboxylate carbon atoms of the catalytic residues is 4.4 Å, demonstrating that TmCel5B adopts 

a catalytic mechanism typical of the retaining type GH5 enzymes [36–38]. Interestingly, 

electron density corresponding to a Tris molecule was identified at the active site of the 

structure that was refined at 1.69 Å (Fig. 2b). Tris, a purification buffer component, is a known 

competitive inhibitor in several GHs since the hydroxyl groups mimic the sugar hydroxyls. The 

bound Tris molecule interacts with multiple residues of the expected -1 subsite. The charge on 

a protonated amino nitrogen which mimics the oxocarbenium ion-like transition state, is at a 

distance of 2.6 Å from the catalytic nucleophile, Glu259 [36]. Also, a water-mediated H-bond 

is present between the catalytic acid/base residue Glu139 and Tris.  The structure of the 

TmCel5B-Tris complex (PDB: 7EFZ) is largely identical to that of the apo form of TmCel5B 

(PDB:1VJZ) (rmsd of 0.32 Å and 0.23 Å over 324 Cα atoms for two subunits). Besides, the 

side chain conformations of residues constituting the Tris-binding site remains unchanged, 

indicating a rigid binding site. Minor differences in conformation between the two structures 

are limited to regions that occur at crystal packing interfaces. 

 Given the Tris-bound crystals of the apo form, it was imperative to identify new 

crystallization conditions to obtain a cognate sugar-bound complex. To this end, we tried co-

crystallization and soaking experiments with several monosaccharides and glucose analogues. 

Fortunately, a co-crystallization experiment using DNJ resulted in a TmCel5B-DNJ complex. 

The complex structure in the orthorhombic crystal form was determined at a resolution of 1.80 

Å. Unambiguous electron density maps clearly indicate that DNJ displaced the bound Tris at 

the catalytic site in both subunits, under the same crystallization conditions (Fig. 2a). DNJ was 

modelled in an undistorted 4C1 conformation. Henceforth, all description of the structure 

corresponds to that of the TmCel5B-DNJ complex. Little structural variation was observed 

between the Tris and DNJ bound forms (rmsd 0.18 Å over all Cα atoms).  
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Figure 2. Active site geometry and interactions of bound DNJ and Tris in TmCel5B. a) DNJ, 
shown in stick representation (green carbon atom), is bound to the expected -1 subsite (PDB:7EC9). 
The endocyclic N-atom of DNJ makes H-bonds with catalytic residues E259 and E139. DNJ molecule 
also makes H-bonds with other -1 subsite residues including H86, N138, H207 and W212. Highly 
conserved W292 and Y200 make water mediated H-bonds with DNJ. Besides this, Y200, W292, W212, 
H207 and H86 make stacking interactions (cut off ≤ 4 Å) with DNJ. Water molecule (W2 and W3) are 
present near -2 subsite and are not involved in catalysis. The carbon atoms and endocyclic N-atom of 
DNJ are marked by red labels. b) Tris, shown in stick representation (pink carbon atom), is bound to 
the -1 subsite (PDB: 7EFZ). DNJ (green stick) from the TmCel5B-DNJ complex is shown 
superimposed on the Tris complex for comparison. Tris makes H-bonds with both the catalytic residues 
E139 and E259 as well as with -1 subsite residues namely, H86, N138, H207 and W212. Y200, W292, 
W212, H207 and H86 also make non-covalent interactions (cut off ≤ 4 Å) with Tris. Side chains of 
proximal residues (≤ 4 Å) are shown in stick representation (yellow carbon atom). Blue and red color 
correspond to nitrogen, and oxygen atoms, respectively. The dashed lines correspond to H-bond 
interactions. All the distances are measured in Å. The inset in each panel shows the corresponding omit 
map of the bound ligand (Fo-Fc, contoured at 4.0 σ, blue color mesh). The map was generated using 
POLDER MAPS program in the PHENIX suite.  

 

3.2 Active site residues and interactions of TmCel5B with DNJ  

In a scan of the PDB for all complexes of GH homologs with DNJ or its derivatives, a total of 

29 PDB entries belonging to 12 different GH families were identified (Table S1). The 

TmCel5B-DNJ complex is the first instance of a piperidine bound to a GH5 enzyme. The active 

site of TmCel5B is located at the C-terminal end of the (β/α)8 barrel. DNJ, a 1-deoxyglucose 

analogue, with a nitrogen replacing the pyranose ring oxygen, is stabilized through extensive 

hydrogen bonding to residues Glu259, Glu139, Trp212, His207, and Asn138. Moreover, 

residues Tyr200 and Trp292 form water-mediated hydrogen bonds. Besides, other protein-DNJ 

interactions include carbohydrate-aromatic interactions, van der Waals interactions and those 

that contribute to non-polar interactions with residues Tyr200, Trp212, Phe17, His86, and 

Trp292 (Fig. 2a). Among these, residues His86, Asn138, Glu139, Tyr200, His207, Glu259, 

and Trp292 are mostly conserved across the GH5 family [31] (Fig. S4, Fig. S5).  
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 A comparison of the TmCel5B-DNJ complex with that of the TmCel5A-cellotetraose 

complex (PDB: 3AZT) indicates that DNJ is bound at the -1 subsite [35]. Moreover, several 

residues in contact with the respective ligands are also conserved between TmCel5B and 

TmCel5A, providing a rationale for the reported endo-glucanase activity of TmCel5B [9]. The 

presumably protonated endocyclic N5 atom of DNJ is positioned at hydrogen bonding 

distances of 3.0 Å and 3.1 Å, from the carboxylate oxygen atoms of Glu139 and at 2.8 Å from 

a carboxylate oxygen atom of the nucleophile Glu259, suggesting strong electrostatic 

interactions. The C1 carbon atom is positioned at ~3.6 Å and 4.0 Å from the carboxylate 

oxygen atoms of Glu139. Interestingly, the orientation of DNJ in TmCel5B is flipped relative 

to the cognate sugar in GH5 homologs so that the 6-OH group mimics the 2-OH group, for 

example, in TmCel5A (PDB: 3AZT) and CtCelC (PDB: 1CEN). Although this orientation is 

at odds with the usual binding mode of DNJ mimicking a transition-state analogue, the 

interactions of the DNJ 6-OH with conserved residues His86 and Asn138 are equivalent to the 

vital transition-state-stabilizing interactions of substrate 2-OH group of the Michaelis complex. 

Additionally, the DNJ 2-OH interactions with conserved residues His207 and Trp212 are 

equivalent to that observed between the substrate 6-OH group with the corresponding residues 

in TmCel5A and CtCelC.  The typical pyranose ring CH-π interaction geometry with the 

conserved residues Tyr200 and Trp292 (TmCel5B numbering) is also maintained (Fig. 2a). 

Together, the overall semblance of the  interaction geometry to that observed for a competitive 

inhibitor with  transition-state-like features is strongly suggestive of opportunistic binding of 

DNJ at the -1 subsite, akin to a bound inhibitor or glucose analogue [39].  

The deep and extended substrate binding cleft in TmCel5B can likely accommodate at 

least two glycosyl units on either end of the labile glycosidic bond, a common feature for 

similar endo-acting enzymes. Notably, the cleft that constitutes the proposed non-reducing end 

subsites is formed by loop regions L1 (residues 13-26 after strand β1) and L3 (residues 89-106, 

after strand β3) lining one side, while loop L6 (residues 200-234, after strand β6) lines the cleft 

containing the reducing end subsites on the opposing side (Fig. 3). Superposition of the DNJ 

and Tris complexes with the corresponding apo form (PDB: 1VJZ) show that there are minor 

conformational changes in the residues that make up these subsites (rmsd of 0.23 A among 324 

residues), suggesting a rigid and preformed subsite. The only conformational change between 

the apo/Tris complex and the DNJ complex is that of a rearrangement of the side chain of 

Lys95 in loop L3 to enclose the active site cleft forming a clamp over DNJ. In this closed-form, 

Lys95 forms a water-mediated hydrogen bond with the main chain oxygen of Trp212 on loop 

L6. This movement may facilitate substrate access or product egress from the active site cleft.  
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Figure 3. Conformational variability of active site cleft loops within the GH5_36 subfamily. Stereo 
image for superposition of CpMan5B-Tris complex (teal color) (PDB: 3W0K) and TmCel5B-Tris 
complex (orange-yellow color) (PDB: 7EFZ). Residues in the L1 and L3 loops are proposed to line the 
non-reducing end subsites of the cleft, whereas the residues in the L6 loop are expected to line the 
reducing end subsites. In TmCel5B, a hydrogen bond is present between residue Glu96 in L3 loop and 
Ser18 of L1 loop, while in CpMan5B, a salt bridge exists between Asp95 and Arg93. These interactions 
are unique to each homolog and result in significant loop variability between these two close homologs.  

 

Loops L1, L3 and L6 regions are structurally divergent across GH5 subfamilies and 

play important roles in determining the substrate specificity across paralogs [40].  A cis-peptide 

bond between residues Ile201-Pro202 marks the C-terminal end of the strand β6 and the 

beginning of the L6 region and likely directly affects the conformation of the substrate-binding 

cleft at the bottom. Interestingly, Pro202 is conserved only within the GH5_25, GH5_36 and 

GH5_37 subfamilies (Fig. S4). 

 In the numerous endoglucanases of the GH5 family, a strictly conserved His residue at 

position 198 (TmCel5B numbering) has been proposed to be critical for catalysis. This residue 

positioned within 3.5 Å of the two catalytic glutamates was proposed to constitute a Glu-His-

Glu electron-relay network that affects catalysis [20,35]. In the GH5_36, this residue is 

replaced by a stringently conserved arginine (Arg198) (Fig. S5) [8]. Comparison of the 

GH5_36 TmCel5B, CpMan5B, and the GH5_37 TmCel5A structures indicate that the Arg and 

His side chains are structurally equivalent. The side chain of Arg198 maintains a network of 

interactions with neighbouring residues that is conserved within the GH5_36. This includes 

strong ionic interactions with the two catalytic glutamates and Asp176 (Fig. S6).  Additional 

hydrogen bonds occur with the side chain of conserved Asn138 and carbonyl oxygen of 

Cys197. Mutation of Arg to Ala in CpMan5B abolished activity completely, whereas 

substitution with His lowered activity by about 85 and 93% , for mannanase and endoglucanase 

activities, respectively [8]. Considering that the pKa values of His and Arg are widely different, 
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it is likely that this network of ionic interactions may modulate catalysis by influencing the 

protonation/deprotonation states of the catalytic residues [42]. We believe that this novel 

variant motif may be an evolutionary adaptation in the GH5_36 subfamily in comparison to its 

phylogenetically close subfamilies. 

 

3.3 Comparison of active site features within the GH5_36 subfamily 

CpMan5B is the sole GH5_36 homolog where mutational analyses of the predicted active site 

residues combined with activity assays have been carried out [8]. It is to be noted that TmCel5B 

is an endo-1,3-1,4-β-D-glucanase, whereas CpMan5B is an endo-1,4-β-D-glucanase [8,9]. 

Hence, we carried out a comparative analysis of TmCel5B-DNJ with CpMan5B to compare 

and contrast the active site features. Superposition shows that despite high similarity, there are 

notable differences in the active site residues, which in part may influence the relative 

mannanase:endoglucanase activities and the specificity profiles between these two close 

homologs.  The two enzymes share several residues that form the proposed -1 and -2 subsites, 

including His86, Asn94, Asn138, Tyr200, Trp212, and Trp292 (Fig. S4). Substitution of the 

equivalent His86 and Asn138 to alanine in CpMan5B showed total loss of both activities. These 

two residues are completely conserved across the GH5_25, GH5_36, and GH5_37 subfamilies 

as well and have been previously implicated in catalysis by other GH5 endo-glucanases. 

Tyr200, which forms a stacking interaction with the -1 subsite sugar, is strictly conserved 

across multiple GH5 subfamilies that include groups of β-mannan-specific, endo-glucan-

specific and, dual-specificity enzymes  [42]. However, Trp212 in loop L6 is conserved only 

between GH5_36, GH5_37, and GH5_25 subfamilies (Fig. S5). A comparison of TmCel5B 

with the cellobiose complexes of TmCel5A (PDB: 3AMG) and CtCelC (PDB: 1CEN) shows 

that Trp212 forms stacking interactions with the -2 subsite sugar and therefore is expected to 

play a similar role in the GH5_36 homologs as well. 

 Phe17 in loop L1 contributes to a strong van der Waals interaction (3.8 Å) with the O4 

atom of DNJ. In GH5_36, this residue is either Phe or Tyr, whereas the entire loop region 

containing this residue is divergent across the GH5 family (Fig. S5). In CpMan5B, the 

equivalent mutants Y12A, Y12E, and Y12F retained only 28, 12, and 63 % activity, 

respectively, with mannohexaose, while with cellohexaose, they retained 67, 20, and 29% 

activity, respectively [8].  Positioning a Tyr instead of Phe in the TmCel5B-DNJ complex 

indicates a strong hydrogen bond interaction is possible (2.8 Å) between the Tyr OH and the 

O4 hydroxyl of DNJ (Fig. 2). Considering the protein-DNJ interactions and significant effects 

of the mutations on the activity profiles, the residue at this position may play an important role 
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in determining the relative activity profiles and substrate specificities/preferences between 

homologs within the GH5_36 subfamily. We also speculate that the interaction of DNJ with 

Phe17 may be responsible for the unusual flipped-over state of the iminosugar at the -1 subsite 

since the overall geometry of the protein-DNJ interactions is essentially identical when 

compared to cognate sugar-bound complexes across GH5 homologs. 

 Notably, Ala substitution of Asn at position 94 in CpMan5B is strongly deleterious for 

both activities, suggesting a significant role for this residue. While this residue is conserved 

within the GH5_36 subfamily, this region of loop L3 is divergent compared to subfamilies 

GH5_25 and GH5_37. Moreover, the residue composition of L3 is distinct between the two 

GH5_36 subfamily homologs (Fig. S4). Superposition of the CpMan5B and TmCel5B show 

that L3 residues 93-98 adopt significantly different conformations (rmsd 2.4 Å over the Cα 

atoms). For instance, the equivalent Cα atoms of residues 96 and 97 are separated by ~8.2 and 

6.2 Å, respectively (Fig. 3).  Thus, in CpMan5B, the side chain of Asn94 makes a hydrogen 

bond with the bound Tris, whereas the equivalent Asn in TmCel5B is oriented away from the 

bound DNJ with no interaction between the two. To evaluate the possible role of Asn94 in 

TmCel5B, the TmCel5A-cellobiose complex (PDB: 3AMG) was superimposed to examine 

possible sugar-protein interactions. In this model, Asn94 side chain in TmCel5B is positioned 

within hydrogen bonding distance to the expected -2 subsite sugar, providing an explanation 

for the deleterious effect of the Asn94 mutant. A close examination of the L3 regions in 

CpMan5B and TmCel5B shows that the large conformational difference of L3 between the two 

proteins is tightly coupled to the conformation and interactions with residues of the adjacent 

L1 loop. The L1 loop in CpMan5B is three residues longer, with a divergent residue 

composition. These differences in the conformations and interactions between the L1 and L3 

loops in the two proteins, result in dissimilar geometries of their non-reducing active site clefts. 

Furthermore, notable differences exist in the conformations of the corresponding L6 loops 

connecting β6 and α6. The rmsd for the Cα atoms of equivalent regions (residue 200-233 in 

TmCel5B) is ~3.0 Å (Fig. 3). Together, it appears that sequence and structural modifications 

occur between the GH5_36 subfamily homologs at both the non-reducing and reducing subsites 

and that these are restricted to loops L1, L3 and L6 that line the extended active site cleft. We 

propose that these distinct features play a crucial role in determining the structural basis of the 

contrasting homolog-specific substrate profiles within this subfamily. 
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3.4 Structural basis of iminosugar binding and inhibition in the GH5 family 

Competitive inhibition of glycosidases by iminosugars with a protonated ring nitrogen is 

attributed to their resemblance to the partial positive charged states of the anomeric carbon or 

endocyclic oxygen of the glycosidase transition state [11-13]. An exhaustive search of the 

CAZy database revealed 29 crystal structures of GH complexes of DNJ and their derivatives 

(Table S1). The first DNJ complex for the GH5 family is reported here in our study. In addition, 

we identified 7 iminocyclitols complexes of four GH5 homologs (Table S2). Of these, six 

compounds have been shown to act as inhibitors for the respective GH5 enzymes over a large 

range of potencies (Ki = 0.03 – 400 µM). These inhibitors constitute a diverse set of 

iminocyclitols that vary in their ring sizes, stereochemistry and the type and size of the 

substituents (Fig. S7). For instance, DNJ, CTS, IFL and MNI are monosaccharides while 9MR, 

CDN and IDC are disaccharides. Moreover, the enzymes in this dataset belong to 5 different 

GH5 subfamilies and are divergent in their biochemical activities, with distinct substrate 

binding clefts built around a conserved catalytic site geometry (Table S2). A comparative 

analysis of the binding modes and interactions of these enzyme-ligand complexes, including 

the TmCel5B-DNJ, was carried out to identify and assess shared interactions that are most 

relevant to iminosugar binding and inhibition of the GH5 enzymes.  

 The iminocyclitol moieties in all cases occupy the -1 subsites, making multiple non-

bonded interactions with the neighbouring residues. Among these, CH-π stacking interactions 

with aromatic residues Tyr200 and Trp292 (TmCel5B numbering) appear invariant (Fig. 4, 

Fig. S8). Interestingly, in the endoglycoceramidase complex (RhEGC, PDB: 2OYM) with a 5-

membered 2,5-imino-D-mannitol ring (MNI), the sugar is present in the same flipped ring 

orientation as in TmCel5B-DNJ. Moreover, the iminosugar moieties in the RhEGC and 

TmCel5B complexes superpose well and the interactions of the iminosugar with the conserved 

-1 subsite residues (Glu139, Glu259, His86, Asn94, Asn138, Tyr200, and Trp292) are almost 

identical between the two complexes (Fig. 4e).  MNI is an inhibitor of RhEGC with a Ki value 

of 10 µM. However, it is a weaker inhibitor compared to cellobiose like isofagomine (9MR, 

Ki = 5 µM) and cellobiose like imidazole, (IDC, Ki =0.5 µM), for RhEGC (Table S2). It is 

probable that an iminosugar bound in this flipped orientation could also influence enzymatic 

activity of TmCel5B. 
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Figure 4. Comparative analysis of iminocyclitol interactions with GH5 homologs. Panels a-g show 
pairwise superpositions of the TmCel5B-DNJ complex (PDB: 7EC9, light brown) superposed on 
structures of seven separate GH5 complexes (dark teal) with bound iminocyclitols. (a) CmMan5 (PDB: 
1UZ4); (b, c) BaCel5A (PDB: 1OCQ, 2V38); (d, e, f) RhEGC (PDB: 2OYK, 2OYM, 2OYL); (g) 
CaExg (PDB: 1EQC). All iminosugars occupy the -1 subsite in their respective structures. TmCel5B 
residues, namely, His86, Asn138, Glu139, Tyr200, Glu259 and Trp292 are conserved across the GH5 
family and make interactions with the iminosugar. The endocyclic/anomeric N-atoms make electrostatic 
interactions with the catalytic glutamates. Ligands are shown as sticks (DNJ in yellow, iminocyclitols 
in homologs in cyan). IFL- Isofagomine; MNI- Five membered ring iminocyclitol; CTS- 
Castanospermine; DNJ- 1-deoxynojirimycin; IDC- Imidazole derived cellobiose; 9MR- cellobiose 
derived IFM, CDN- cellobiose derived neuromycin (Table S2). 
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 The crucial role of the sugar 2-OH group-enzyme interactions in contributing to 

transition-state stabilization in retaining glycosidases is well known [35]. In most complexes 

here, favourable interactions are present between an equivalently positioned donor/acceptor 

group in the ligand and the amide side chain of the stringently conserved Asn that precedes the 

catalytic acid/base residue and/or the side chain of a mostly conserved His residue (His86 in 

TmCel5B). Next, the structures show that irrespective of the location of the nitrogen atom in 

place of the endocyclic oxygen or at the anomeric carbon position, it is always positioned 

within H-bonding distance from either or both catalytic glutamates. For instance, DNJ has an 

N atom at the O5 position, while in isofagomine-lactam (IFL), the N atom is at the C1 position. 

This tight electrostatic interaction is observed for both exo- and endo-acting enzymes and is 

independent of the individual conformations (distorted or undistorted) and flipped orientations 

that the furanosidic or pyranosidic groups adopt within the active sites (Table S2). Thus, the 

iminosugar positioning, in general, is consistent with the favourable electrostatic interactions 

between the catalytic glutamates and the developing positive charge at the transition state of 

retaining glycosidases. Indeed, the protonated form of bound isofagomine is observed in the 

active site of BsCel5A [43]. The binding mode of imidazole derived cellobiose (IDC) in 

RhEGC is a minor exception since it is a case of an imidazole-enforced transition-state mimic, 

and additional interactions with the 2-OH group determine the binding mode of this high 

affinity inhibitor [44]  (Fig. 4, Fig. S8).  

 Together, the comparative analysis demonstrates the structural basis for binding of an 

iminosugar in the GH5 family. Three shared structural interactions with the first-shell 

conserved protein residues around the -1 subsite profoundly influence iminosugar binding and 

inhibition and appear to extend to all members of this large and diverse family. These include, 

i) the stacking with a conserved aromatic residue at the -1 subsite, ii) the H-bonding interactions 

of the sugar OH or an equivalent group with either or both of a stringently conserved Asn and 

the mostly conserved neighbouring His, and iii) the interaction of the ring nitrogen with the 

catalytic carboxylates. These complexes also indicate that the plasticity seen in the -2 subsites 

of GH5 enzymes should also be considered for design of specific and relevant glycosidase 

inhibitors. For instance, in AaCel9A (PDB: 3RX7), isofagomine by itself is a weak inhibitor, 

but the addition of a single β-glucosyl moiety at the 4-OH position significantly improved the 

binding to the enzyme [45].  
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4. Conclusions 

TmCel5B is the first structure of a GH5_36 subfamily homolog bound with a cognate sugar 

ligand. The identified divergent and conserved structural features in the extended active site 

cleft that result in the differences in the active site shapes provide a rationale for the diversity 

in substrate preference profiles within this dual-specific subfamily and across closely related 

GH5 subfamilies. Future work on obtaining structures of cognate sugar ligands is required to 

explore the determinants of the substrate specificity in TmCel5B. GH5 enzymes are 

ubiquitously present in pathogens like Mycobacterium tuberculosis or Yersinia pestis, and in 

non-pathogenic microbes. Moreover, numerous studies have shown that iminocylitols can act 

as inhibitors for various glycosidase enzymes. The structure basis of iminocyclitol binding to 

a GH5 homologs described in our studies can provide pointers for the design of potent and 

specific inhibitors for glycosidase enzymes of medical interests. 

 

Data availability: The coordinates and structure factors presented in this manuscript have been 

deposited in the Protein Data Bank (PDB) with the following codes: 7EFZ, 7EC9. All 

remaining data are contained within the article. 
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Figure S1. a) SDS-PAGE analysis of TmCel5B. Lane M shows various molecular mass markers and 
lane 1 shows the band for the purified enzyme corresponding to the molecular weight ~39 kDa. b) Size-
exclusion chromatogram of TmCel5B. SEC analysis indicates that the protein exists as a monomer in 
solution.  The chromatogram was monitored at an absorbance of 280 nm. The molecular weight of the 
sample was estimated by plotting the calibration curve using ferritin (440 kDa), aldolase (158 kDa), 
conalbumin (75 kDa), ovalbumin (44 kDa) and ribonuclease (13.7 kDa) as standard proteins. 
 
 

 

Figure S2. Topology diagram of TmCel5B. α-helices are displayed as cylinders and β-strands are 
displayed as arrows. Residue numbers marking the extent of the secondary structure elements are 
indicated. TmCel5B shows an incomplete (β/α)8 TIM barrel architecture displayed by yellow arrows 
(strands β1-β8) and green cylinders (α-helices α1-α8), where α5 helix is replaced by an irregular loop 
(labelled A5, red rectangular box). The position of catalytic residues (Glu139 and Glu259) and other 
important residues are indicated by filled purple circles. Besides the core structure, TmCel5B also 
displays other minor α-helices [α̍1- α̍5] and 4 β-strands (β1̍-β'4) shown in blue. β1̍-β̍2 and β3̍-β4̍ form 
two pairs of antiparallel β-sheets. Loop regions that constitute the substrate binding cleft are labelled 
L1-L8. 
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Figure S3. Active site loop variations within closely related GH5 subfamilies. Representation of 
variation in the conformations of corresponding loop regions (L1-L8) in the GH5_25 (PDB: 3AZT) 
(green), GH5_37 (PDB: 1CEN) (yellow), GH5_36 (PDB: 3W0K) (blue) and GH5_36 (PDB: 7EFZ) 
(red) subfamilies.  
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Figure S4. Structure-based multiple sequence alignment of TmCel5B with representative GH5 
homologs. The alignment is based on a multiple structural superposition of available structures from 
the GH5_37, GH5_36 and GH5_25 subfamilies. The secondary structure elements marked on the top 
line correspond to that of TmCel5B (PDB: 7EFZ). The catalytic residues are marked with blue circles 
and conserved motifs and critical residues are highlighted in red and marked with cyan stars. Critical 
residues, Lys95 and Arg198, unique to the GH5_36 subfamily, are highlighted in blue. The loop regions 
L3, L4, L6 and L8 are marked using green boxes. The residues within loops L1, L3 and L6 which line 
the active site cleft are highlighted in cyan. TmCel5B and CpMan5B belongs to GH5_36 subfamily and 
CtCelC belongs to GH5_37 subfamily. Others belong to GH5_25 subfamily. 
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Figure S5. WebLogo representation of conservation pattern of active site cleft residues within the 
GH5_36 subfamily and comparison with homologs from other GH5 subfamilies. The top panel 
displays the conservation of specific residues present across the GH5 family (n=122 sequences), while 
the bottom panel displays the structurally equivalent residues within the GH5_36 subfamily (n=28 
sequences). The residue number corresponds to the amino acid number in TmCel5B. Residues R42, 
N138, E139, Y200, E259 and W292 are completely conserved across the GH5 family. A His residue at 
position 198 is highly conserved across the GH5 family but is substituted by a completely conserved 
Arg within the subfamily 36. The subsequent residue (G199) is also highly conserved in subfamily 36, 
whereas it is highly variable in GH5 family. Other highly conserved residues within the subfamily 36 
include F17, P140, H207, W212 and F298.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. A unique Glu-Arg-Glu charge-relay network of the catalytic glutamates in the GH5_36 
subfamily. Close up view of the superposition of the catalytic sites of GH5_36 TmCel5B (PDB: 7EC9, 
yellow) and GH5_25 FnCel5A (PDB: 3NCO, cyan). The His and Arg residues are structurally 
equivalent and make ionic interactions with the catalytic glutamates and Asp176. Hydrogen bonds and 
ionic interactions are represented in brown and pink dashed lines, respectively. All lengths are indicated 
in Å. The carbon atoms of DNJ, TmCel5B and FnCel5A are represented by green, yellow, and cyan 
color respectively. Oxygen and nitrogen are represented by red and blue respectively. The cut-off values 
for bond distances to define H-bonds and ionic interactions are 3.2 and 4.0 Å, respectively. 
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Figure S7.  Iminocyclitol ligands bound in structures of complexes of GH5 homologs. DNJ and 
CTS are iminosugars where the endocyclic O-atom has been replaced by N-atom, whereas in IFM and 
IFM-derived compounds (9MR and IFL), the anomeric carbon is replaced by N-atom. MNI is a five 
membered ring iminocyclitol and 9MR and IDC are cellobioses. The atom numbered as position 1 
corresponds to the anomeric carbon in glucose. The corresponding PDB ids are also mentioned. IFL- 
Isofagomine; IFM- Isofagomine; MNI- Five membered ring iminocyclitol; CTS- Castanospermine; 
DNJ- 1-deoxynojirimycin; IDC- Imidazole derived cellobiose; 9MR- cellobiose derived IFM, CDN- 
cellobio-derived neuromycin 
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Figure S8. Schematic representation of the -1 subsite interactions of iminocyclitols in complexes 
of GH5 homologs. The names of GH5 enzymes and PDB IDs are labelled as given in Table S2. 
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Table S1. List of structures of GH complexes with DNJ and derivatives 

 
* DNJ derivatives 
** The conformation was determined using Privateer software of CCP4i suite [27] 
 

S. 
No 

PDB ID Resoluti
on (Å) Chain 

Iminosugar 
conformation*

* 
Activity Refere

nce 

Family, 
[Fold], 

mechanism 

1 1OIM 2.15 
A 4E 

β-glucosidase 

[1] 
 
 
 

[2] GH1 [(β/α)8] 
Retaining 

B 1S3 

2 2J77 2.10 
A 4C1 

B 1S3 

3 5NS8 1.55 
A, B 4H3 β-glucosidase [3] 

C 4E 

4 3VIG 0.99 A 4H3 β-glucosidase [4] 

5 6R5N 2.00 A, B 4H3 β-glucosidase [5] GH3 
Retaining 6 4IID 2.30 A, B 4C1 β-glucosidase [6] 

7 6LGC 1.90 A, B 4C1 sucrose hydrolase [7] 

GH13 [(β/α)8] 
Retaining 

8 1I75 2.00 A, B 4C1 glucano-transferase [8] 

9 2PWD 1.80 A, B 
4C1 trehalulose synthase [9] 

10* 2YA2 2.37 A 4C1 α-amylase [10] 

11 3GBE 1.70 A 
4C1 trehalulose synthase [11] 

12 5WCZ 1.58 A, B 4C1 α-glucosidase [12] 

13* 2XG9 1.80 A 4C1 β-amylase [13] GH14 [(β/α)8] 
Inverting 14* 6F9J 1.67 A 4C1 β-amylase N.A. 

15 1DOG 2.30 
A 4C1 

α-glucosidase [14] GH15 [(α/α)6] 
Inverting B 4E 

16* 4HP0 1.19 A 4C1 lysozyme 
[15] GH22 

Retaining 17* 4HPI 1.19 A 4C1 lysozyme 

18 3GXT 2.70 
A 4C1 

α-galactosidase [16] GH27 [(β/α)8] 
Retaining B 4E 

19* 5NGL 1.85 
A 4H3 

β-glucanase [17] GH30 [(β/α)8] 
Retaining B, C 4E 

20 2X2J 2.35 A, B 4C1 α-glucan lyase [18] 

GH31 [(β/α)8] 
Retaining 

21 5DKY 1.60 A 4C1 α-glucosidase [19] 

22 5IEE 1.92 A 4C1 α-glucosidase [20] 

23 5NN5 2.00 A 4C1 α-glucosidase [21] 

24 7VKZ 2.00 A, B 4C1 beta-1,2-
glucosyltransferase 

[26] GH35 
Retaining 

25 3QFZ 2.39 A, B 
4C1 phosphorylase 

[22] GH94 [(α/α)6] 
Inverting 26 3QG0 2.70 

A 
4C1 

phosphorylase 
B 

1S3 

27 2JKE 1.70 A, B 4C1 α-glucosidase 
[23] 

 
GH97 [(β/α)8] 

Both 

28 5BX3 1.96 A 4C1 β-glucosidase [24] 
GH116 
[(α/α)6] 

Retaining 

29 1DIE 2.50 A, B 4C1 xylose isomerase [25] Not assigned 
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Table S2. List of crystal structures of complexes of GH5 homologs with bound iminocyclitols. 

S. 
No. 

UniProt ID 
(activity) 

Enzyme 
name 
(GH5 

Subfamily) 

Sequence 
Identity 

(%)# 

PDB 
ID 

RMSD 
(Å)* 

Ligand 
(Ki)** 

Confor-
mation 
(-1 site 
sugar) 

Refere
-nce 

1. 
Q6QT42 
(exo-
mannosidase) 

CmMan5 
(GH5_7) 

19.1  1UZ4 
2.0 

(234) 
IFL 

(400 µM) 
B2,5 [28] 

2. 
O85465 
(endo-cellulase) 

BaCel5A 
(GH5_2) 20.2  

1OCQ 
2.4 

(234) 

9MR 
(0.70 
µM) 

4C1 [29] 

2V38 
2.4 

(234) 

CDN  
(0.03 
µM) 

4C1 [30] 

3. 
O33853 
(endo-glyco-
ceramidase) 

RhEGC 
(GH5_28) 

 
23 

2OYK 
2.0 

(234) 
9MR 

(5 µM) 
4C1 

[31] 2OYM 
2.0 

(234) 
MNI 

(10 µM) 
4E 

2OYL 
2.0 

(234) 
IDC 

(0.5 µM) 
4C1 

4. P29717 
(exo-glucanase) 

CaExg 
(GH5_9) 

 
26 1EQC 1.9 

(234) 
CTS 
(ND) 

1,4B [29] 

5. 
Q9X274 
(mannanase) 

TmCel5B 
(GH5_36) 

- 7EC9 - 
DNJ 
(ND) 

4C1
 This 

study 
 

# Sequence identity values correspond to pairwise comparisons with TmCel5B 
*  RMSD values correspond to pairwise comparisons with TmCel5B. The number in bracket indicates 
the number of Cα atoms used for superpositions. 
** Ki- inhibition constant, IFL- Isofagomine; IFM- Isofagomine; MNI- Five membered ring 
iminocyclitol; CTS- Castanospermine; DNJ- 1-deoxynojirimycin; IDC- Imidazole derived cellobiose; 
9MR- cellobiose derived IFM, ND- Not determined 
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Table S3. Interactions of TmCel5B with DNJ and TRS. 

 

*-w- water mediated interactions 

 

 

 

 

 

 

Ligand 
H-bond interactions 

 Non-bonded 
contacts (<4.0 Å) 

Ligand 
atom 

Protein atom Distance (Å) 

DNJ 

   

Phe,17, Asn138, 
Glu139, Ty200, 
His207, Trp212, 
Glu259, Trp292 

O2 His207 NE2 2.5 
O2 Trp212 NE1 3.2 
O3 HOH890 Tyr200 OH 2.6-w-2.9* 
O4 HOH72 Trp292 NE1 2.8-w-3.0* 
N5 Glu259 OE1 2.8 
N5 Glu 139 OE2 3.1 
N5 Glu 139 OE1 3.0 
O6 Glu259 OE2 2.6 
O6 Asn138 ND2 3.0 
O6 Glu139 OE1 3.1 
O6 His86 NE2 2.8 

TRS 

   

Tyr200, His207, 
Glu259, Glu139, 
His86, Trp292, 

Trp212 

O2 His207 NE2 3.0 
O2 Trp212 NE1 3.1 
O1 Glu139 OE2 2.8 
O3 HOH664 Glu139 OE1 3.2-w-3.0* 
O3 HOH664 His86 NE2 3.2-w-2.8* 
O3 HOH664 Asn138 ND2 3.2-w-3.1* 
O3 HOH664 Glu259 OE2 3.2-w-2.8* 
N Glu259 OE1 2.5 
N HOH664 Glu259 OE2 2.5-w-2.8* 
N HOH664 Glu139 OE1 2.5-w-3.0* 
N HOH664 Asn138 ND2 2.5-w-3.1* 
N HOH664 His86 NE2 2.5-w-2.8* 
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