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Abstract 

 

The understanding of features that determine transglycosylation (TG) activity in glycoside 

hydrolases is important because it would allow the construction of enzymes that can catalyze 

controlled synthesis of oligosaccharides. To increase TG activity in two family 18 chitinases, 

chitinase D from Serratia proteamaculans (SpChiD) and chitinase A from Serratia marcescens 

(SmChiA), we have mutated residues important for stabilizing the reaction intermediate and 

substrate binding in both donor and acceptor sites. To help mutant design, the crystal structure of 

the inactive SpChiD-E153Q mutant in complex with chitobiose was determined. We identified 

three mutations with a beneficial effect on TG activity: Y28A (affecting the -1 subsite and the 

intermediate), Y222A (affecting the intermediate) and Y226W (affecting the +2 subsite). 

Furthermore, exchange of D151, the middle residue in the catalytically important DXDXE motif, 

to asparagine, reduced hydrolytic activity up to 99 % with a concomitant increase of apparent TG 

activity. The combination of mutations yielded even higher degrees of TG activity. Reactions with 

the best mutant, SpChiD-D151N/Y226W/Y222A, led to rapid accumulation of high levels of TG 

products that remained stable over time. Importantly, the introduction of analogous mutations at 

same positions in SmChiA (Y163A equal to Y28A and Y390F similar to Y22A) had similar effects 

on TG efficiency. Thus, the combination of reducing hydrolytic power, subsite affinity and the 

stability of intermediate states provides a powerful, general strategy for creating 

hypertransglycosylating mutants of retaining glycoside hydrolases.  
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Introduction 

Chitinases catalyze hydrolysis of β-1, 4 glycosidic bonds in chitin, a linear homopolymer of N-

acetylglucosamine (GlcNAc). Controlled degradation of chitin, and of its partially deacetylated 

derivative chitosan, yields chitooligosaccharides (CHOS), which are gaining interest due to a wide 

range of potential biological applications, especially in the food, medical, and agriculture fields1, 

2. The biological activities of CHOS include antimicrobial activities3, antitumor properties4, 

antifungal activities5-7, and immuno-enhancing effects8. The activity of CHOS depends of their 

length, degree of acetylation and pattern of acetylation2. Despite their interesting properties and 

potential applications, CHOS with well-defined structures are of limited commercial availability. 

Most biological activities require CHOS with a degree of polymerization ≥4 and the synthesis of 

such compounds is a daunting task9. Among several methods available for generating CHOS, 

enzymatic approaches are most promising.  

Retaining chitinases belonging to glycoside hydrolase family 18 (GH18) show 

transglycosylation (TG) activity along with hydrolytic activity, and are thus capable of forming 

new glycosidic bonds between donor and acceptor saccharides10-14. This property may be exploited 

for the production of longer chain CHOS and may also allow generation of well-defined CHOS 

by coupling smaller CHOS building blocks15. Retaining GHs, catalyze a double displacement 

reaction16, which normally involves the formation of a glycosyl-enzyme intermediate. Hydrolysis 

occurs when a water molecule attacks the glycosyl-enzyme intermediate. Alternatively, a 

carbohydrate, or another suitable acceptor molecule, outcompetes the water, leading to TG17. The 

GH18 enzymes are special in that catalysis is substrate-assisted; instead of going through a 

glycosyl-enzyme intermediate, the donor saccharide goes through an oxazolinium ion intermediate 

that is stabilized by interactions with the enzyme18-21. 

It has been shown that TG activity by chitinases can be improved by mutagenesis. For 

example, mutation of W167 in the −3 subsite of chitinase A from Serratia marcescens (SmChiA) 

to alanine enhanced TG activity22. Mutations of aspartates in the diagnostic DXDXE sequence 

motif containing the catalytic glutamic acid in SmChiA (D311 & D313) and SmChiB (D140 & 

D142), which likely affect the stability of the oxazolinium ion intermediate, also improved TG 

activity12. Similar mutations in chitinase-A1 from Bacillus circulans WL-12 (BcChiA1) (D200A 
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& D202A)23, chitinase-42 from Trichoderma harzanium (D170A & D170N)23 and chitinase-A 

from Vibrio harveyi (D313A & D313N)24 also led to improved TG activity. Mutations in the 

DXDXE motif strongly reduce hydrolytic activity, which, generally, is beneficial for the 

accumulation of TG products. Furthermore, there is increasing evidence that aromatic side chains 

in acceptor subsites are important determinants of TG activity in GH18 chitinases12, 14, 25-27.  In 

particular, Zakariassen et al. (2011)12 and Umemoto et al. (2013, 2015)26, 27 have shown that TG 

activity can be enhanced by introducing aromatic side chains in the +2 and +1 subsite of GH18 

chitinases, respectively.  

Chitinase D, a family 18 chitinase from Serratia proteamaculans (SpChiD) is known for 

its high TG activity. Although some structural features related to the TG activity of SpChiD have 

been identified13, 14, 28, structural features known to be important for TG from the above-cited 

studies on other GH18 enzymes have not yet been explored, nor has the potential to generate 

variants of this promising enzyme that display enhanced TG activity. In the present study, we take 

advantage of our previous works on SmChiA and SpChiD and have carried out an extended 

mutational study of SpChiD with the aim of increasing its TG activity. We have assessed the 

potential of mutations suggested by the above-cited studies on other GH18 chitinases, and we have 

explored novel mutations that primarily affect the binding of the -1 sugar and the oxazolinium ion 

intermediate. To help in the mutational design and in the understanding of mutational effects, the 

X-ray crystal structure of SpChiD in complex with substrate was determined. Finally, in an attempt 

to generalize the principles of TG emerging from the work on SpChiD, analogous mutations were 

introduced in SmChiA. This approach yielded variants of both enzymes with strongly enhanced 

TG activity. 

Materials and Methods  

Preparation of SpChiD and SmChiA mutants − 

Wild-type pET-22(b)-SpChiD was used as template for generating single mutants of SpChiD, 

while, pET-22(b)-D151N was used as template for preparing double and triple mutants. SmChiA-

D313N/F396W12 was used as template for preparing SmChiA triple mutants. Mutagenesis was 

performed using the QuikChange II site-directed mutagenesis kit (Agilent Technologies), as 

described by the manufacturer. The primers and the templates used for mutagenesis are listed in 

Table 1. The sequences of the mutated genes were confirmed by automated DNA sequencing and 
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plasmids with desired mutations were transformed into Escherichia coli BL21 (DE3) for protein 

production.  

Protein production, isolation and purification − 

E. coli BL21 (DE3) cells producing SpChiD variants were grown as described earlier29. 

Periplasmic fractions were prepared as suggested in the pET expression system manual (Novagen) 

with minor modifications. In the first step, cells, collected by centrifugation from a 500 mL culture, 

were resuspended in 15 ml of ice-cold spheroplast buffer and incubated at 4 °C with gentle mixing 

for 15 min. The spheroplast buffer contained 10 mL of 1 M Tris–HCl, pH 8.0, 20 g sucrose, 200 

µL 0.25 M EDTA, pH 8.0, and 200 µL 50 mM phenylmethylsulfonyl fluoride with a final volume 

adjusted to 100 mL using distilled water. After collection of the cells by centrifugation at 7741 g, 

for 8 min at 4 °C, the pellet was resuspended in 15 mL of ice-cold filter-sterilized 5 mM MgSO4 

solution and incubated at 4 °C for 10 min, followed by centrifugation at 7741 g, for 8 min at 4 °C. 

The supernatant was sterilized using 0.2 µm filters and used for protein purification. Prior to 

purification, the protein was transferred to equilibration buffer (50 mM NaH2PO4, 300 mM NaCl, 

10 mM imidazole), pH 8.0, using Amicon Ultra Centrifugal filters (10 kDa cutoff, Millipore, 

Billerica, MA). The proteins were purified using standard nickel affinity chromatography, as 

described previously29.  

SmChiA variants were isolated by resuspending cells collected by centrifugation in 

equilibration buffer, followed by sonication at 20 % amplitude with 30 − 5s pulses (with 20s delay 

between pulses) on ice, using a Vibra cell Ultrasonic Processor, converter model CV33, equipped 

with a 3 mm probe (Sonics, Newtown, CT, USA). The cell lysate was centrifuged at 15,200 g for 

10 min at 4 °C to remove insoluble cell debris and the supernatant was sterilized using 0.2 µm 

filters before purification as previously described12. Fractions with the highest purity were 

collected and the protein was concentrated using Amicon Ultra Centrifugal filters (10 kDa cutoff, 

Millipore, Billerica, MA). The protein concentration was measured using the Bradford micro assay 

supplied by Bio-Rad (CA, USA). 
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Table 1: Details of primers and templates used for generation of SpChiD and SmChiA mutants. 

S.No Name of the mutant 
Template used 

for PCR 

Primer 

combination used 
Primer sequence (5’−3’) 

 SpChiD Mutants   

1 Y28A SpChiD-WT Y28A-Fp CTTACCTTTCCGTCGGTGCTTTCAACGGTGGCGGTG 

Y28A-Rp CACCGCCACCGTTGAAAGCACCGACGGAAAGGTAAG 

2 D151N SpChiD-WT D151N-Fp GACGGCATCGATCTCAACTGGGAATACCCGG 

D151N-Rp CCGGGTATTCCCAGTTGAGATCGATGCCGTC  
3 E153Q SpChiD-WT E153Q-Fp CATCGATCTCGACTGGCAGTACCCGGTTAACGGTG 

E153Q-Rp CACCGTTAACCGGGTACTGCCAGTCGAGATCGATG 

4 Y222A SpChiD-WT Y222A-Fp CCTCGATTACATCAACCTGATGACTGCCGATATGGCGTACG 

Y222A-Rp CGTACGCCATATCGGCAGTCATCAGGTTGATGTAATCGAGG 

5 Y226A SpChiD-WT Y226A-Fp GATGACTTACGATATGGCGGCCGGCACCCAATACTTCAAC 

Y226A-Rp GTTGAAGTATTGGGTGCCGGCCGCCATATCGTAAGTCATC 

6 Y226W SpChiD-WT Y226W-Fp CCTGATGACTTACGATATGGCGTGGGGCACCCAATACTTC 

Y226W-Rp GAAGTATTGGGTGCCCCACGCCATATCGTAAGTCATCAGG 

7 D151N/Y28A D151N Y28A-Fp CTTACCTTTCCGTCGGTGCTTTCAACGGTGGCGGTG 

Y28A-Rp CACCGCCACCGTTGAAAGCACCGACGGAAAGGTAAG 

8 D151N/Y222A D151N Y222A-Fp CCTCGATTACATCAACCTGATGACTGCCGATATGGCGTACG 

Y222A-Rp CGTACGCCATATCGGCAGTCATCAGGTTGATGTAATCGAGG 

9 D151N/Y226W D151N Y226W-Fp CCTGATGACTTACGATATGGCGTGGGGCACCCAATACTTC 

Y226W-Rp GAAGTATTGGGTGCCCCACGCCATATCGTAAGTCATCAGG 

10 D151N/Y226W/Y28A D151N/Y226W  Y28A-Fp CTTACCTTTCCGTCGGTGCTTTCAACGGTGGCGGTG 

Y28A-Rp CACCGCCACCGTTGAAAGCACCGACGGAAAGGTAAG 

11 D151N/Y226W/Y222A D151N Y222A/Y226W-Fp CAACCTGATGACTGCCGATATGGCGTGGGGCACCCAATACT 

Y222A/Y226W-Rp AGTATTGGGTGCCCCACGCCATATCGGCAGTCATCAGGTTG 
12 D151N/Y28A/Y222A D151N/Y222A  Y28A-Fp CTTACCTTTCCGTCGGTGCTTTCAACGGTGGCGGTG 

Y28A-Rp CACCGCCACCGTTGAAAGCACCGACGGAAAGGTAAG 

 SmChiA Mutants   

13 D313N/F396W/Y163A D313N/F396W Y163A-Fp GCAAAGTGGTCGGTTCTGCTTTCGTCGAGTGGGGCG 

Y163A-Rp CGCCCCACTCGACGAAAGCAGAACCGACCACTTTGC 

14 D313N/F396W/Y390F D313N/F396W Y390F-Fp CATCTTCCTGATGAGCTTCGACTTCTATGGCGC 

Y390F-Rp GCGCCATAGAAGTCGAAGCTCATCAGGAAGATG 
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Crystallization –  

A catalytically inactive mutant of SpChiD, E153Q, was purified and incubated at various 

concentrations (12, 15 and 18 mg/mL) with 3 mM of (GlcNAc)6 at 4 °C, respectively, overnight, 

to ensure a complete binding. These preformed complexes were used for vapour-diffusion 

crystallization screening in 96-well sitting drop trays, using a Mosquito crystallization robot (TTP 

Labtech, UK) and commercially available screens. Crystals appeared in several conditions of the 

JCSG-plusTM (MD1-37) screen, and well diffracting crystals appeared by equilibrium against 0.2 

M magnesium chloride, 0.1 M Tris-HCl pH 7.0 and 10% (w/v) PEG 8000 as precipitant. 

Diffraction data collection, structure determination and model refinement – 

Crystals were flash frozen in liquid nitrogen after a short soak in reservoir solution supplemented 

with 20% ethylene glycol. X-ray diffraction data of SpChiD-E153Q crystals co-crystallized with 

(GlcNAc)6 were collected at the ID30A-1 “Massif” beamline at the European Synchrotron 

Radiation Facility (ESRF), in Grenoble, France. The data was integrated, scaled and analyzed 

using XDS30, Aimless31 and CCP4i32. The structure was solved by molecular replacement with the 

Phaser module in the PHENIX software33, using the structure of the ligand-free SpChiD as a search 

model (4NZC.pdb)34. The refinement was done using PHENIX33 and each refinement cycle was 

interspersed with rebuilding and manual adjustments using Coot35. The asymmetric unit of the 

final model contains 2 protein chains of 399 and 398 residues, respectively, as well as 2 (GlcNAc)2 

molecules, 4 ethylene glycol molecules, 2 chloride ions and 995 solvent water molecules. A few 

side chains have been modeled with two alternative conformations. A simulated annealing 

composite-omit map was calculated using PHENIX,33 omitting 5% of the model for each map, to 

verify the density of the modeled chitobiose (Fig 3C). Final atomic coordinates and structure 

factors have been deposited in the Protein Data Bank with accession code 6F8N. 

Product analysis by UPLC – 

Chitin mono- and oligosaccharides were purchased from Megazyme (Wicklow, Ireland). 

Quantitative analysis of (GlcNAc)1-6 was performed using a long hydrophilic interaction 

chromatography (HILIC) column (Acquity UPLC BEH Amide, 300Å, 1.7 µm, 2.1 mm × 150 mm) 

as described previously36 with minor modifications. The sample injection volume was 7.0 µL and 

the flow rate was maintained as 0.4 mL/min. The gradient was as follows: The starting conditions, 

20% eluent A (15 mM Tris–HCl pH 8.0), 80% eluent B (100% acetonitrile) were held for 5 min, 
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followed by a 7 min linear gradient to 70% B and a 4 min linear gradient to 55% B. Column 

reconditioning was obtained by a 2 min gradient back to initial conditions (20% A: 80% B), which 

were then held for 4 min. Products were detected by monitoring absorbance at either 195 nm or 

205 nm. At 205 nm the signal-to-noise ratio is better and peak integration is more accurate and 

therefore the absorbance values at 205 nm were considered for product quantification. A linear 

correlation between peak area and concentration of each (GlcNAc)n in standard samples was 

established for quantification of (GlcNAc)1-6 oligomers. Standard calibration curves for 

(GlcNAc)1-6 were constructed separately. These data points yielded a linear curve for each standard 

sugar with R2 values of 0.997 – 1.0, allowing the molar concentrations of (GlcNAc)1-6 to be 

determined with confidence.   

Specific activity measurements and TG assay with (GlcNAc)4 as substrate – 

For determination of the initial rates of SpChiD variants, reaction mixtures contained 0.6 mM 

(GlcNAc)4 in 20 mM Tris-HCl, pH 8.0, and the enzyme concentration was adapted to the activity 

of the tested variant (0.1 µM − 1 µM). For monitoring of TG activity of SpChiD variants, reactions 

were set up with 0.6 mM (GlcNAc)4 as the substrate and 1.0 µM of enzyme, in 20 mM Tris-HCl, 

pH 8.0. The properties of SmChiA variants were assessed in a similar manner, using 1.0 mM 

(GlcNAc)4 and 3.0 µM of enzyme in 20 mM ammonium acetate, pH 6.1, containing 0.1 mg/mL 

BSA, for determination of both initial rate and TG activity. For determination of the initial rate for 

wild-type SmChiA, the enzyme concentration was 10 nM. All reactions were performed at 37 °C.  

Fractions were collected at regular time intervals and the reaction was stopped by adding 

an equal volume of 100% acetonitrile and samples were stored at −20 °C until UPLC analysis of 

reaction products, as described above. All the reactions were run in triplicate. When determining 

initial rates for specific activity measurements, care was taken to have true initial conditions, 

meaning that the rate of hydrolysis of (GlcNAc)4 was constant over time and that the (GlcNAc)4 

concentration always remained above 80% of the starting concentration. 

The TG potential was assessed in a qualitative manner by quantifying all TG products over 

time for reactions that were run until most of the substrate had been consumed. For SpChiD 

(GlcNAc)5 and (GlcNAc)6 were monitored, whereas for SmChiA, with its higher hydrolytic 

activity on compounds like (GlcNAc)5 and (GlcNAc)6, formation of (GlcNAc)3 was monitored. 

SmChiA cannot directly convert (GlcNAc)4 to GlcNAc and (GlcNAc)3 meaning that (GlcNAc)3 
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can only emerge as a result of hydrolysis of longer oligomers that were generated in a preceding 

TG event.12 

Results  

Residue analysis and mutant design – 

Comparison of amino acid sequences pertaining to the catalytic domains of family 18 chitinases 

of different origin (bacterial eg. SpChiD, SmChiA, SmChiB, BcChiA1 and plant eg. chitinase from 

Cycas revoluta (CrChi)) through structure based sequence alignment (Fig. 1) revealed the presence 

of strictly conserved and also similar residues that were shown to be important for either hydrolysis 

or TG activity. Previous studies of GH18 chitinases had indicated that TG activity may be obtained 

by increasing the hydrophobicity/binding surface area of acceptor subsites (+ subsites) or by 

mutating residues important for stabilizing the oxazolinium ion intermediate (“catalytic residues”). 

In the current work, we chose to study additional residues that has been shown to be important for 

catalysis and intermediate stabilization for a GH18 chitinase (SmChiB) through biochemical assays, 

computational analyses, and crystal structures of complexes with different carbohydrate 

ligands.20,21 

D149, D151, and E153 (SpChiD numbering) in the conserved DXDXE motif, are key 

catalytic residues, where E153 is the catalytic acid. These residues are situated on a TIM-barrel b-

strand with E153 on the top (Fig. 2A; Fig. 3). Prior to substrate binding, D151 is rotated down in 

the barrel making a hydrogen bond to D149. When substrate binds, this hydrogen bond is broken 

and D151 rotates upwards, now making hydrogen bonds with the catalytic acid, E153, and the NH 

of the N-acetyl-group of the sugar bound in the -1 subsite, which becomes positively charged in 

the oxazolinium ion intermediate. D151 in SpChiD corresponds to D313 in SmChiA (Fig. 2B; the 

large difference in sequence number is due to the presence of an N-terminal FnIII domain in 

SmChiA only). From earlier work12, it was known that mutation of D151 to asparagine may be 

beneficial for TG activity.  

Several other residues contribute to intermediate formation and stabilization. Y28 in 

SpChiD (Y163 in SmChiA) is situated in the –1 subsite (Fig. 2 & 3) and the methyl group of the 

N-acetyl-group of the –1 sugar has a hydrophobic stacking interaction with the benzene ring of the 

tyrosine. Moreover, studies of SmChiB have shown that, upon substrate binding, this tyrosine shifts 

by up to 2 Å, placing its phenolic hydroxyl group at 2.6 Å from D149 which compensates for the 



10 

 

temporary loss of hydrogen bonding interactions due to the rotation of its hydrogen bonding 

partner, D151, towards E153. Another tyrosine, Y222 in SpChiD (Y390 in SmChiA) seems to be 

of particular importance for interactions with the intermediate since, upon substrate binding, the 

hydroxyl group of this tyrosine forms a hydrogen bond with the carbonyl oxygen of the N-acetyl-

group of the –1 sugar This interaction helps positioning the N-acetyl group for nucleophilic attack 

on the anomeric carbon and is likely maintained in the oxazolinium ion intermediate. Both Y28 

and Y222 (SpChiD numbering) were targeted for mutagenesis. 

The final residue targeted in this study was Y226 (F396 in SmChiA) which is situated in 

the +2 subsite (Fig. 2 & 3). Substrate binding creates a hydrophobic interaction between the 

aromatic amino acid and the +2 sugar moiety and it had been shown previously that replacing F396 

in SmChiA by tryptophan was beneficial for TG activity12. Notably, W114 (W275 in SmChiA), 

making a seemingly strong stacking interaction with the substrate in subsite +1 (Fig. 3), was not 

mutated since this residue has shown to promote TG activity in several family 18 chitinases.12, 14, 

26 

When constructing new mutants, we chose to keep the Asp to Asn mutation at the 151- 

(SpChiD) and 313- (SmChiA) position. The mutation to Asn is the only "clean" mutation that 

removes the crucial charge in position 151, without any further sterical effects and likely with little 

effects on hydrogen bonding. The effect of e.g. the D151Q mutation would be more unpredictable. 

In positions 28 (SpChiD) and 163 (SmChiA) 222 (SpChiD) and 390 (SmChiA) a Tyr was 

exchanged with an Ala residue to i) remove a stabilizing interaction of the intermediate, ii) 

introduce hydrophobicity, and iii) chose a residue that is generally considered to result in a safe 

exchange. Introduction of Y390A in SmChiA was successful, but resulted in poor protein 

production. Instead, Y390F was chosen as Phe resembles Tyr in size, but is incapable to participate 

in a hydrogen bond with the intermediate. SmChiA-Y390F could be produced in sufficient 

amounts for enzyme characterization with respect to TG activity. 
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Figure 1. Structure based sequence alignment was created by considering the amino acid sequence 
corresponding to the catalytic domains of SpChiD (4NZC), SmChiA (1EDQ), SmChiB 
(1E15), CrChi (4MNJ) and BcChiA1 (1ITX). Similar residues are shown in black bold characters 
and boxed in yellow, while, the strictly conserved residues are shown as white characters on a red 
background. Arrows and/or characters shown in green boxes indicate the residues that are 
examined or discussed in the current study. 
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Figure 2. Schematic representation of the key residues interacting with the (GlcNAc)4 from 

donor and acceptor subsites of SpChiD (A) and SmChiA (B). The crystal structures of SpChiD 
(PDB: 4NZC) and SmChiA (PDB: 1NH6) were used for representing the respective substrate-
binding clefts. The side chains of key residues affecting TG activity are shown as sticks and the 
catalytic residues of both the enzymes are shown as red color sticks. The co-ordinates of (GlcNAc)4 
were taken from the PDB: 1NH6 and only four of the seven GlcNAc units are shown in sticks 
occupying the subsites −2 to +2 and the nitrogen atoms are colored dark blue, and oxygen atoms 
are colored red. 
 

 

 

 

 

 

 

 

 



13 

 

 
 

 

Figure 3. Crystal structure of SpChiD_E153Q in complex with (GlcNAc)2. (A) Surface 
representation showing the sides chains of key residues (yellow carbons) important for chitinase 
activity and binding of a (GlcNAc)2 molecule that occupies subsites +1 and +2 (blue carbons). (B) 
Close-up view of selected residues and their interactions with (GlcNAc)2; potential interactions 
are shown as dashed lines with distances in Å. Residue 153 is the catalytic acid/base which was 
mutated from glutamate to glutamine. C) 2Fo-Fc electron density map for chitobiose and active 
site of SpChiD contoured at 1.0 sigma level. Selected interactions between the chitobiose and 
nearby solvent water molecules and enzyme residues are shown as dashed lines. (D) Simulated 
annealing composite omit map around the chitobiose. Map contoured at 1.0 sigma level. 
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Crystal structure of SpChiD-E153Q in complex with (GlcNAc)2 –  

A crystal structure determination study was undertaken to confirm that the intermolecular 

interactions observed between a (GlcNAc) oligomeric substrate and SmChiB and SmChiA, 

respectively, also are formed in SpChiD. A crystal of SpChiD-E153Q in complex with a ligand 

was obtained by incubation of the protein with (GlcNAc)6 prior to crystal screening. The structure 

was determined at a resolution of 1.45 Å (Table 2) and revealed the presence of a chitobiose 

molecule bound to subsites +1 and +2 (Fig. 3). The chitobiose is likely a product generated by the 

mutant, which probably retains a very low catalytic activity. A residual catalytic activity of 0.024 % 

of the wild type has previously been observed for SmChiB-E144Q (corresponding mutation)21. It 

is likely that the combination of (i) the ability of the protein to distort the -1 sugar to a boat 

conformation (i.e. as observed in van Aalten et al. (2001)20, Perrakis et al. (1994)37), which is 

required for hydrolysis, (ii) the presence of water in the active site as shown in the crystal structure 

(Fig. 3C), and (iii) the long incubation time of the crystallization experiments, is sufficient for 

hydrolysis to take place. Chen et al. (2014) have previously observed similar occurrence.38 The 

presence of the chitobiose molecule is likely due to a relative strong binding interaction with 

SpChiD, which was reported to have a Ka
 of 4.22 × 104 M-1 (Kd

 = 0.24 mM and DG° = –6.0 

kcal/mol).14 In a different example, this binding interaction has been determined to yield Ka of 2.5 

× 103 M-1 (Kd
 = 0.40 mM and DG° = –4.6 kcal/mol) for SmChiA.39 The structure of SpChiD-E153Q 

was highly similar to that of wild-type SpChiD34, with an r.m.s. deviation of less than 0.2 Å for a 

superposition of 2695 protein atoms. Fig. 3B shows that the pyranose rings of the +1 and +2 sugar 

residues stack against the side chains of W114 and Y226, respectively.   
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Table 2. Crystal data, data-collection statistics and refinement data. 
Data Collection  

Beamline ID30A-1 (ESRF, Grenoble) 

Wavelength (Å) 0.96600 

Temperature (K) 100 

Space Group C2 

Unit-cell parameters (Å, °) a=128.84, b=87.57, c=75.39 

 α= γ = 90;  β = 115.5 

Resolution (Å) 69.96 - 1.45 (1.47 - 1.45)a 

Unique reflections 126 010 (4074) 

Completeness (%) 93.9 (60.6) 

Multiplicity 2.8 (1.9) 

Mean I/σI 9.9 (2.1) 

Rmerge (all I+ and I-) 0.063 (0.325) 

Refinement statistics  

Resolution of data used in refinement 69.96 – 1.45 

Completeness for range (%) 93.9 

Rcryst/Rfree (%)b 17.5/20.9 

R.m.s.d. bonds (Å) 0.006 

R.m.s.d. angles (°) 0.85 

Average B-factor 
(protein/solvent/NAG ligand) (Å2) 

17.7 / 29.6 / 22.8 

Number of atoms in model  

Protein 6261 

Solvent waters 995 

Chitobiose ligands 58 

Ethylene glycol 16 

Chloride ions (Cl-) 2 

Ramachandran plot (%) c  

Favorable region 97.5 

Additionally allowed 2.5 
a Values in parentheses are for the highest resolution shells 
b Rcryst = Σhkl |Fo - Fc| / Σhkl |Fo| where Fo and Fc are the observed and calculated structure factor 
amplitudes, respectively. Rfree is calculated from a randomly chosen 4.92% set of unique reflections not 
used in refinement. 
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c Defined using MolProbity40. 
 

Table 3. Specific activity and relative TG activity of SpChiD and SmChiA variants, when acting 
on (GlcNAc)4 as the substrate.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1) Analogous residues in SpChiD and SmChiA have different numbers. The corresponding 
numbers are (SpChiD first): 28-163; 151-313; 222-390; 226-396. 
2) TG activity of SpChiD variants was scored based on visual inspection of the progress curves of 
Figures 5B, 5C, 6B and 6C, whereas TG activity of SmChiA variants was scored based on visual 
inspection of the progress curves of Figure 7C. Scoring was based on +: activity of the wild types 
(“minimal activity”), ++++: highest activity observed for a constructed mutant (“very high 
activity); ++ and +++: intermediate activity relative to that observed for the wild types and highest 
activity. ─: no activity. 
3) Estimates of oxazolinium ion intermediates undergoing TG reactions as explained in the 
manuscript text. 
  
 

 

 

Enzyme1) Specific 

activity 

µmol.s-

1.mg-1 

% of  

wild 

type 

Relative 

TG 

activity2) 

Percentage 

TG 

Activity3) 

SpChiD 202 ± 12 100 +   11 
Y28A 216 ± 19 107 ++   21 
Y222A 232 ± 11 115 ++    21 
Y226A 142 ± 6 70 ─   ─ 
Y226W 40 ± 4 20 +   15 
D151N 1.2 ± 0.3 0.6 ++   19 
     
D151N/Y28A 0.7 ± 0.1 0.3 ++   15 
D151N/Y222A 1.5 ± 0.1 0.7 +++    22 
D151N/Y226W 1.1 ± 0.2 0.6 +++   22 
D151N/Y226W/Y28A 0.4 ± 0.1 0.2 ++    17 
D151N/Y226W/Y222A 1.5 ± 0.1 0.8 ++++  >22 
D151N/Y28A/Y222A ─ ─ ─   
     
SmChiA 708 ± 44 100 +  
D313N/F396W 1.6 ± 0.1 0.2 ++  
D313N/F396W/Y163A 1.3 ± 0.1 0.2 +++  
D313N/F396W/Y390F 3.0 ± 0.1 0.4 ++++  
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Specific hydrolytic activity of the SpChiD and SmChiA variants – 

Specific hydrolytic activities against (GlcNAc)4 were measured by monitoring the initial rate of 

substrate disappearance and Table 3 shows the results for all enzyme variants assessed in this study. 

The activity of mutants SpChiD-Y28A and SpChiD-Y222A was similar to, or perhaps slightly 

increased, compared to the wild-type. SpChiD-Y226W and SpChiD-Y226A showed a 30 % and 

80 % decrease in specific activity, respectively, and, as expected, the SpChiD-D151N variant 

displayed the greatest reduction in activity of all the single mutants (1 % of wild-type activity). All 

SpChiD variants with multiple mutations contained the D151N mutation and showed specific 

activities in the range of 1 % of the wild-type, except for the triple mutant SpChiD-

D151N/Y28A/Y222A, for which hydrolytic activity could not be detected. As observed for 

SpChiD, the different SmChiA variants, which all contained the D313N mutation analogous to 

D151N in SpChiD, showed similar specific activities as the single mutant SmChiA-D313N. 

Notably, we were not able to produce sufficient protein amounts for SpChiD variants in which 

Y222 (analogous to Y390 in SmChiA) had been mutated to phenylalanine. 

TG activity of SpChiD variants – 

Effect of single mutants – 

The impact of mutations on TG activity of SpChiD was studied by monitoring product formation 

over time in reactions with (GlcNAc)4 as the substrate. HPLC analysis of product mixtures showed 

that wild-type SpChiD and its mutants generated a mixture of oligosaccharides, i.e. (GlcNAc)1-8, 

even in the very beginning of the reaction. The TG potential of all the mutants was compared by 

considering the production of (GlcNAc)5 and (GlcNAc)6, as determined by HPLC analysis of 

product mixtures. TG products beyond (GlcNAc)6 were not quantified due to the lack of standards. 

Hereafter, (GlcNAc)5,6 will be referred as quantifiable TG products. In Fig. 4, a schematic possible 

transglycosylation reaction for SpChiD is depicted using (GlcNAc)4 as substrate. Fig. 5 shows 

results for the single mutants, all of which, except D151N, gave an expected rapid decrease in the 

initial substrate concentration (Fig. 5A).  

The SpChiD-Y226A showed very little TG activity, which was to be expected since it is 

known from other mutagenesis studies of GH18s that an aromatic residue in this position is 

beneficial for TG.12, 25 All other single mutants showed increased TG activity compared to the wild 

type. Whereas, the wild-type and SpChiD-Y226W showed an early peak of TG products that 
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rapidly disappeared due to hydrolysis, TG products generated by the other single mutants were 

more persistent. Interestingly, the SpChiD variants showed clear differences in the product patterns. 

Looking at peak levels (GlcNAc)5 and (GlcNAc)6, we see that SpChiD-Y222A catalyzed the 

formation of 80 µM of (GlcNAc)5 and 45 µM of (GlcNAc)6 adding up to 125 µM in total (Fig. 5B 

& 5C). The starting concentration of (GlcNAc)4 was 600 µM indicating that 21 % of available 

oxazolinium ion intermediates undergoes TG reactions (21 % TG activity). Since the formation of 

125 µM TG products requires the consumption of 250 µM of the starting substrate (GlcNAc)4 (see 

Fig. 4), a percentage of (GlcNAc)4 involved in TG formation of 42 % can be estimated. Both 

numbers must be viewed as estimates since (GlcNAc)5 and (GlcNAc)6 also are substrates for 

subsequent hydrolysis and TG reactions. SpChiD-Y28A generated 75 µM (GlcNAc)6 and 50 µM 

(GlcNAc)5, also adding up to 125 µM in total (21 % TG activity). 
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Figure 4. Schematic depiction of possible transglycosylation reaction using (GlcNAc)4 as 

substrate. GlcNAc residues are shown as gray circles, and the binding subsites of the enzyme are 

numbered. For SmChiA, the (GlcNAc)4 substrate binds to the –2 to +2 subsites, and the glycosidic 

bond is cleaved to form a positive charged “(GlcNAc)2” oxazolinium ion intermediate (marked 

with +) in the –1 and –2 subsites (step 1). A (GlcNAc)2 product then exits and is replaced by an 

incoming water (step 2a) or acceptor (GlcNAc)4 (step 2b). In the second case (transglycosylation), 

a (GlcNAc)6 is formed (–2 to “+4”) (step 3). This transglycosylation product is released and may 

after rebinding (step 4) be subjected to hydrolysis or further transglycosylation reactions. In the 
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event of hydrolysis, all subsequent reactions are fast except for (GlcNAc)3, which accumulates and 

only occurs if a transglycosylation reaction has taken place allowing a quantification of TG activity.  

For SpChiD, the (GlcNAc)4 substrate binds to either –2 to +2 subsites or –1 to +3 subsites, and the 

glycosidic bond is cleaved to form a positive charged “(GlcNAc)2”  or “(GlcNAc)” oxazolinium 

ion intermediate in the –1 and –2 subsites or –1 subsite (step 5). A (GlcNAc)2 or (GlcNAc)3 product 

then exits and replaced an i.e. acceptor (GlcNAc)4 to produce (GlcNAc)6 and (GlcNAc)5, 

respectively, allowing a quantification of TG activity. 

 

As expected, SpChiD-D151N reacted much more slowly ending up at peak levels of 75 µM of 

(GlcNAc)5 and 45 µM of (GlcNAc)6 adding up to 115 µM in total (19 % TG activity) (Fig. 5B & 

5C). Due to the slow hydrolytic activity of this variant, the levels TG kept increasing or at least 

remained stable during the full 24 hours of the reaction. The SpChiD-Y226W variant produced up 

to 45 µM of both (GlcNAc)5 and (GlcNAc)6 (90 µM in total, 15 % TG activity), which is higher 

compared to the wild-type (37 and 30 µM, respectively, 11 % TG activity) (Fig. 5B & 5C). The 

differences in (GlcNAc)5 and (GlcNAc)6 concentrations likely reflect changes in binding 

preferences in individual subsites caused by the mutations due to the contribution of the original 

residues have on the binding free energy to the substrate versus the new residues. An example of 

this is when W167 in subsite –3 in SmChiA, which provides 2 kcal/mol in binding free energy to 

the sugar moiety in this subsite41, is exchanged to alanine, the preference for productive binding 

of (GlcNAc)5 is shifted from being equal between subsites –3 to +2 and to –2 to +3 to be about 

90 % in favor of binding from subsites –2 to +3.42  

Effect of double and triple mutants – 

Since the equivalent the D151N mutation has shown to be a key factor for TG activity for several 

family 18 chitinases and since SpChiD-D151N was superior among the single mutants in terms to 

maintaining a high concentration of TG products, we combined single mutations with beneficial 

effects on TG activity with D151N. All multiple mutants showed TG activity, with roughly similar 

(GlcNAc)5:(GlcNAc)6 ratios and very good product stability, but with considerable variation in 

the rate of TG product accumulation, which correlated with variation in the initial rate of substrate 

disappearance (Fig. 6). The two mutants containing Y28A, SpChiD-D151N/Y28A and 

D151N/Y226W/Y28A showed total TG product levels of 90 µM and 100 µM after 24 hours (15 % 

and 17 % TG activity, respectively), but in this case, the reactions did not seem finished. The other 

mutants displayed slightly higher total TG product levels, over 130 µM (over 22 % TG activity) 
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(Fig. 6B & 6C). The SpChiD-D151N/Y226W/Y222A stood out by accumulating high levels of 

TG products early in the reaction (Fig. 6B & 6C, orange curves). Notably, for this mutant, the 

apparent consumption of (GlcNAc)4 stopped after the levels of (GlcNAc)5 and (GlcNAc)6 had 

reached the maximum, which suggests that the reaction enters some sort of stable equilibrium, 

where consumption and production (from degradation of longer TG products) of (GlcNAc)4 are 

balanced. This suggest that SpChiD-D151N/Y226W/Y222A is highly suitable for carrying out TG 

reactions.  

 
Figure 5. Product formation by SpChiD and its single mutants. The plots show the 
concentration of the substrate, (GlcNAc)4 (A) and of the quantifiable TG products (GlcNAc)5 (B) 
and (GlcNAc)6 (C). For a clear view, the data points pertaining to the initial phase of reaction (0 – 
180 min) are shown separately in the upper panel of the figure, while the lower panel includes 
complete set of data points for each mutant measured up to 24 h. The reaction mixtures contained 
0.6 mM (GlcNAc)4 and 1µM of each enzyme in 20 mM Tris-HCl, pH 8.0 and were incubated at 
37 °C. The error bars represent the standard deviations from three individual experiments.  
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Figure 6.  Product formation by SpChiD multiple mutants. The plots show the concentration 
of the substrate, (GlcNAc)4 (A) and of the quantifiable TG products (GlcNAc)5 (B) and (GlcNAc)6 

(C). For a clear view, the data points pertaining to the initial phase of reaction (0 – 180 min) are 
shown separately in the upper panel of the figure, while the lower panel includes complete set of 
data points for each mutant measured up to 24 h. The reaction mixtures contained 0.6 mM 
(GlcNAc)4 and 1µM of each enzyme in 20 mM Tris-HCl, pH 8.0 and were incubated at 37 °C. 
The error bars represent the standard deviations from three individual experiments. 
 

TG activity of SmChiA variants – 

SmChiA-D313N/F396W, a previously described variant of SmChiA with improved TG activity12 

that is analogous to SpChiD-D151N/Y226W, was used as a template to see if mutations showing 

a positive effect on TG activity in SpChiD had the same effect in SmChiA, and to see if the 

combination of such residues would give an additive effect. Thus, triple mutants 

D313N/F396W/Y163A (Y163 analogous to Y28 in SpChiD) and D313N/F396W/Y390F (Y390 

analogous to Y226 in SpChiD) were generated. In the case of SmChiA, longer TG products are too 
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susceptible to hydrolysis to be observed and TG activity is quantified by measuring the level of 

(GlcNAc)3, a product that can only be generated from a previously generated TG product with a 

degree of polymerization > 4 (Fig. 4).12 For this reason, percentage TG activity was not estimated 

for SmChiA mutants. 

Compared to the starting variant, both triple mutants showed slightly reduced catalytic rates 

(as evident from the rate of disappearance of (GlcNAc)4 or production of (GlcNAc)2; Fig. 7A & 

7B), and increased TG activity, as reflected in increased production of (GlcNAc)3 (Fig. 7C). Very 

interestingly, the SmChiA-D313N/F396W/Y390F showed the clearly best TG performance, as 

reflected by a steadily increasing level of (GlcNAc)3 throughout the reaction, reaching 140 µM 

after 24 hours (Fig. 7C). As such, this mutant is quite similar to the best performing mutant of the 

SpChiD, i.e. SpChiD-D151N/Y226W/Y222A, which carries mutations at the same three positions. 

Combined these results show that the residues important for TG activity in SpChiD also are 

important for TG activity in SmChiA.  

 

Figure 7. Product formation by SmChiA multiple mutants. The plots show the concentration 
of the substrate, (GlcNAc)4 (A) and of the quantifiable products (GlcNAc)2 (B) and (GlcNAc)3 (C), 
where the latter is an indicator of TG activity. Wild type SmChiA produced 15 µM of (GlcNAc)3, 
which did not accumulate beyond 3 min of reaction time. For this reason, the data are omitted from 
the Figure for clarity. The reaction mixtures contained 1.0 mM (GlcNAc)4 and 3.0 µM of enzyme 
in 20 mM ammonium acetate, pH 6.1, containing 0.1 mg/mL BSA. The error bars represent the 
standard deviations from three individual experiments. 
 
 
Discussion 

In the current work, we observed that the exchange of several residues involved in catalysis by 

family 18 chitinases alters the yield of TG products. Moreover, the combination of mutations 
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yielded even higher degrees of TG activity, including mutations affecting subsite affinity and a 

mutation, D151N, whose primary goal was to strongly reduce but not abolish the hydrolytic 

activity. The latter mutation reduced the hydrolytic activity of SpChiD about 200-fold (Table 2). 

Previous kinetic studies with SmChiA, also using (GlcNAc)4 as substrate, showed a kcat of 33 s-1 

for the wildtype versus 0.60 s-1 for SmChiA-D313N12. A common observation across families of 

retaining glycoside hydrolases is that increased TG activity can be obtained by decreasing the rate 

of hydrolysis43. This is obviously due in part to less efficient degradation of TG products, but also 

relates to the fact that residues affecting the transition state of the reaction, and, thus, the rate, also 

likely affect the stability, position and conformation of intermediate states. 

In the mechanism for GH18 catalysis, an oxazolinium ion is a proposed intermediate that 

normally undergoes nucleophilic attack of a water molecule18-20. In 1996, Kobayashi et al.44 

showed that incubation of a chitobiose oxazolinium with a wild-type family 18 chitinase from 

Bacillus sp. resulted in the generation of CHOS with a degree of polymerization between 10 and 

20. This suggests that the oxazolinium derivative has a propensity to accept a sugar molecule as 

the nucleophile over a water molecule. The magnitude of this propensity in cases when a chitinase 

is acting on a normal substrate, (GlcNAc)4 in this case, is not clear. It is conceivable, however, that 

this propensity may be influenced by mutations that affect the stability, conformation and/or 

orientation of the oxazolinium ion intermediate in the catalytic center. This was the rationale 

behind mutating Y28 and Y222 in SpChiD, which indeed had effects on the apparent TG activity. 

 Y222 in the -1 subsite of SpChiD forms a hydrogen bond with the carbonyl oxygen of N-

acetyl-group of the –1 sugar, i.e. the group that carries out nucleophilic attack on the anomeric 

carbon during substrate-assisted catalysis18, 20, 21. This hydrogen bond is likely maintained in the 

oxazolinium ion intermediate. Y28 has been proposed to be part of a system for dispersion of 

charge and displacement of protons during catalysis21. It is thus conceivable that mutations of these 

residues affect properties of the reaction intermediate that influence its susceptibility to 

nucleophilic attack by water versus a sugar acceptor. Notably, despite proposed roles of these 

residues in the catalytic mechanism, their mutation in SpChiD did not seem to change the rate of 

hydrolysis of (GlcNAc)4. Previous studies using substrates with non-natural leaving groups such 

as 4-methylumbelliferyl have shown that mutations of residues analogous to Y28 and, in particular, 

Y222 reduce catalytic activity21. Here, we used a natural substrate, with a different leaving group, 
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which may explain the different results45. Furthermore, both structural34 and activity data, such as 

an exceptionally high natural TG activity13, 14, indicate that catalysis in SpChiD differs 

significantly from other GH18 chitinases (see below).  

Next to reducing hydrolytic activity, the D151N mutation may also specifically affect the 

oxazolinium intermediate. In the work of Jitonnom et al. (2011)46, it was shown through Quantum 

Mechanics/Molecular Mechanics that D142 in SmChiB (equivalent to D313 and D151 in SmChiA 

and SpChiD, respectively) stabilized the transition state and the oxazolinium ion intermediate to a 

higher extent than N142, providing a theoretical explanation for the well-known deleterious effect 

of the D → N mutation on hydrolytic activity. Considering the important interaction between this 

residue and the oxazolinium ion intermediate, it is conceivable that, compared to aspartate, an 

asparagine in this position stabilizes the intermediate in a state that is more susceptible for 

nucleophilic attack by a sugar molecule. 

 Our work provides further support to the importance of increasing the 

hydrophobicity/binding surface area in positive subsites that presumably promotes binding of an 

acceptor sugar molecule. The increase in hydrophobicity/binding surface area through the 

exchange of Y226 to tryptophan at subsite +2 in SpChiD is analogous to the similar exchange of 

F396 to tryptophan in SmChiA. Both lead to increased accumulation in TG products. In further 

support of this notion, mutation of Y226 to alanine reduced the TG activity in line with what has 

been observed for similar mutations in other GH18 chitinases12, 25.  

While the present results show that the TG activity of different GH18 chitinases may be 

enhanced by similar types of mutations, and thus reveal general principles of TG activity, our study 

also reveals conspicuous differences between SpChiD and SmChiA. SmChiA is a well-known 

powerful chitin-degrading enzyme with an essential role in the chitinolytic machinery of S. 

marcescens47, 48. Even the D313N mutant of this enzyme still has so much hydrolytic power that 

TG products are converted to chitobiose and chitotriose12. The high level of chitotriose detected 

for some of the SmChiA mutants described here indicated considerable TG activity, which could 

be exploited in the synthesis of glyco-conjugates that are not susceptible to subsequent hydrolysis. 

Recent functional studies of an SpChiD homologue from S. marcescens showed that this enzyme 

has little chitin-degrading ability and that it not dominant in the enzyme cocktail that S. marcescens 

secretes when growing on chitin47. Tuveng et al., 2017,47 concluded that the biological function of 
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SpChiD remains unknown, and one may speculate whether the high TG activity of the wild-type 

enzyme (described for SpChiD13) is part of its biological function. Clearly, SpChiD provided a 

very nice scaffold for engineering efficient transglycosylating enzymes as we were able to generate 

mutants that produce high and stable levels of longer TG products (Fig. 5). 

The conspicuous differences between SpChiD and SmChiA may also be a result of the 

difference in polymer-end specificity. SmChiA degrades the carbohydrate polymer from the 

reducing end and SmChiB from the non-reducing end.49, 50 Even though these S. marcescens 

chitinases employ the same catalytic machineries and have identical or highly similar residues in 

the active sites, the end-specificity results in clear differences in thermodynamics of substrate 

binding and rate of substrate degradation.41, 51 This is because carbohydrate interactions in positive 

subsites in SmChiA facilitates product displacement while they are critical for keeping the 

substrate bound during hydrolysis in SmChiB and vice versa for negative subsites.52 The end-

specificity has not been determined for SpChiD. Still, a comparison of the crystal structure of 

SpChiD to those of SmChiA and SmChiB, suggest that the directionality of SpChiD resembles 

SmChiB more than SmChiA. This because both SmChiB and SpChiD have aromatic residues in 

subsites +3 (Phe-190 and Trp-290, respectively) where SmChiA interactions with the +3 sugar 

moiety is proposed to take place through hydrogen bonds directly or through via water molecules. 

Moreover, for SpChiD this path of exposed aromatic residues continues to subsite +4/5 while it 

goes all the way the way down onto the carbohydrate-binding module for SmChiB. For SmChiA, 

a similar path is observed on negative subsites.20, 34, 37, 42 To this regards, it is interesting to observe 

that mutation of Asp140 in the conserved DXDXE motif to alanine resulted in an increased TG 

activity for SmChiB, but not in SmChiA.12 

Conclusion 

The TG efficiency of wild-type chitinases (and other GHs) is inevitably limited by enzyme-

catalyzed (secondary) hydrolysis of the product. So, to generate longer chain oligosaccharides, 

there is a need for curtailing the hydrolytic activity while improving TG activity. Previously, 

several studies have shown that lowering the rate of hydrolysis and increasing the 

hydrophobicity/sugar acceptor binding surface area result in an increase in TG products. The 

present results clearly show that site-directed mutagenesis of residues that are involved in fine-

tuning catalysis and that may affect the stability, conformation and orientation of intermediates, 
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can lead to increased TG activity. The combination of such mutations with mutations affecting 

subsite affinities yielded even higher degree of TG product formations and led to the generation 

of GH18 variants with high and unprecedented TG activity. 
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