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Summary of Doctoral Thesis 

 

Chitin is a water-insoluble polysaccharide which is a component of the shells of crustaceans, 

the exoskeleton of insects, and the cell walls of some fungi. Chitin degradation is not only 

important in nature but also industrial applications such as biomass conversion. Chitinase A 

from the Gram-negative bacterium Serratia marcescens (SmChiA) is a processive enzyme that 

hydrolyzes crystalline chitin as it moves linearly along the substrate surface. In a previous study, 

the catalytic activity of SmChiA against crystalline chitin was found to increase after the 

tryptophan substitution of two phenylalanine residues (F232W and F396W), located at the 

entrance and exit of the substrate-binding cleft of the catalytic domain, respectively. In this 

thesis, I used single-molecule analysis to understand the mechanism of this high-catalytic-

activity mutant of SmChiA, and further improved chitin hydrolytic activity by generating a new 

mutant with engineering approach based on bioinformatics, site-saturation mutagenesis, and 

robot-based automated screening.  

The thesis consists of 5 Chapters. Chapter 1 is a general introduction of chitin and chitinase. 

In Chapter 2, single-molecule fluorescence imaging and high-speed atomic force microscopy 

were applied to understand the mechanism of high-catalytic-activity F232W/F396W mutant. 

A reaction scheme including processive catalysis was used to reproduce the properties of 

SmChiA wild-type and F232W/F396W, in which almost all of the kinetic parameters were 

experimentally determined. High activity of F232W/F396W mutant was caused by a high 

processivity and a low dissociation rate constant after productive binding. An alignment of 

amino acid sequences of 258 SmChiA-like proteins revealed that tryptophan, not phenylalanine, 

is predominant at the corresponding positions (Phe-232 and Phe-396 for SmChiA). 

In Chapter 3, I optimized the design of degenerate oligonucleotides for saturation 

mutagenesis and robot-based automated screening procedures for SmChiA purification and 

activity measurement. In order to optimize the degenerate oligonucleotides for saturation 

mutagenesis, the loss-of-function mutant of green fluorescence protein, GFPMut3-Y66H, was 

used for introducing NNN or NNB codon. Although the ratios of gain-of-function mutant 

(H66Y) in both colony counting and deep sequencing analysis were similar, I found that the 

ratios of nucleotides in the primers were highly biased among the suppliers. Biases for NNB 

were less severe than for NNN. The supplier which showed the least-bias for NNB primer was 
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used in Chapter 4. 

The alignment in Chapter 2 also showed that several amino acid residues in both catalytic 

domain and chitin binding domain are not conserved in SmChiA. This strongly suggests that 

although SmChiA is the most studied processive chitinase, the amino acid sequence is not 

optimized for high hydrolytic activity. In Chapter 4, I combined bioinformatics, site-saturation 

mutagenesis, and robot-based automated screening to further improve chitin hydrolytic activity 

of F232W/F396W mutant. This method allows us to reduce the number of mutation trials and 

shortens the screening time. As a result, I identified F232W/F396W/S538V mutant. 

Interestingly, valine was not found in the multiple sequence alignment at the Ser538 residue. 

This result indicates that my method can generate an active mutant that cannot be achieved 

only by the introduction of mutation which is dominant in the multiple sequence alignment. 

Finally, I conclude this thesis in Chapter 5. My results highlight the importance of the 

combination of single-molecule analysis with biochemical analysis to understand the 

mechanism of SmChiA. Although I successfully identified F232W/F396W/S538V which 

shows high catalytic activity, the single-molecule analysis and the structure analysis will be 

required in the future to understand its mechanism in detail. This thesis will be helpful for 

understanding the kinetic mechanisms and further improvement of the crystalline chitin 

hydrolytic activity of SmChiA mutants. Moreover, both the single-molecule analysis and 

protein engineering method developed in this thesis will be also applicable to other enzymes. 
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1. Chitin  

Chitin is one of the most abundant polysaccharides found in nature, only secondary to 

cellulose. Chitin is a water-insoluble polysaccharide and it is mostly found as crystalline 

microfibrils that form the structural components in the shells of crustaceans, the exoskeleton 

of insects, and the cell walls of some fungi1-3 with the fact that it does not appear in organisms 

producing cellulose. Similar to cellulose, the natural function of chitin is that of a structural 

polysaccharide, but its properties are different from cellulose. Chitin is a linear polymer chain 

of ɓ-1,4 glycosidic linkages of the monomer N-acetyl glucosamine (GlcNAc) which are rotated 

180° to each other (Figure 1A). Chitin has the disaccharide N,Nǋ-diacetylchitobiose 

[(GlcNAc)2] as the structural subunit4. Similar to cellulose, chitin can be found in three various 

polymorphic forms (Ŭ, ɓ, and ɔ) which differ in their polymeric chain arrangement5 (Figure 

1B). In Ŭ-chitin, the polymeric chains are arranged anti-parallel to each other. In ɓ-chitin, they 

are arranged parallel to each other. The polymeric chains of ɔ-chitin are randomly arranged. 

The source of Ŭ-chitin mainly comes from crustaceans such as crabs and shrimps, whereas ɓ-

chitin is from squids and tube worms, and ɔ-chitin is derived from loligo6.  

The characteristic features of chitin, namely degree of deacetylation (DDA) and molecular 

mass, can vary with the method of isolation, the process, and origin of chitin. The DDA index 

is used to differentiate between chitin and chitosan. If the DDA index is less than 50%, it is 

then defined as chitin and if the DDA index is greater than 50%, it is defined as chitosan. DDA 

index is an important factor which relates to the properties of chitin such as solubility, flexibility, 

polymer conformation, and viscosity. 
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Figure 1. Schematic model of chitin (A) The schematic shows the sources of chitin and its monomeric 

subunit. The images in Figure1A are obtained from the sites on Google with the copyright download 

and modified with Adobe Illustrator. (B) The schematic representation of three different polymeric 

configurations (Ŭ, ɓ, and ɔ) of chitin. 

 

Every year, approximately 8 million tons of crustaceans shell waste are produced 

worldwide7. Different from cellulose, chitin is not only the carbon-source but also the nitrogen-

source of biomass conversion in both nature and industry4, 7. As a nitrogen-containing 

compound, chitin has potential applications in agriculture, biotechnology, and the 

pharmaceutical industry7-8. For this reason, chitin degradation is important in nature as well as 

industrial applications. Due to its stable crystalline structure, chitin is very durable, only 

decomposing at very high temperatures and under high pressure9. However, there are many 

naturally occurring organisms that possess the ability to degrade chitin under mild conditions 

(room temperature and normal pressure) by using enzymes called chitinases10.  
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2. Chitinase 

Chitinases are widespread in nature and have been found in bacteria, fungi, plants, 

invertebrates (mainly nematodes, insects, and crustaceans) and all classes of vertebrates11. The 

roles of chitinases in these organisms are diverse and subject to intensive investigation. In 

vertebrates, chitinases are usually part of the digestive tract or the immune system. In insects 

and crustaceans, chitinases are associated with the need for partial degradation of the old cuticle, 

and their secretion is controlled by a complex hormonal mechanism. In plants, a major part of 

the inducible defense response against exogenous pathogenesis is the secretion of proteinase 

inhibitors, glucanases, and chitinases. Chitinases in fungi are thought to have autolytic, 

nutritional, and morphogenetic roles11. Finally, bacteria secrete chitinases that catalyze the 

degradation of chitin, the products of which act as a source of energy12.  

According to the CarbohydrateActive enZYmes database (CAZY: http://www.cazy.org/)13, 

chitinase is classified in the glycoside hydrolase family 18 (EC 3.2.1.14) and functions to 

catalyze the hydrolysis of the ɓ-1,4 glycosidic bonds of chitin. This hydrolysis occurs on the 

crystalline surface of chitin. The primary product of chitinases in the GH18 family is chitobiose, 

which is converted to GlcNAc by a family GH20 beta-N-acetylhexosaminidase (known as 

chitobiase)14. The GH family 18 chitinases are retaining and maintaining the configuration of 

the ɓ-anomeric carbon of substrates in products (Figure 2). This mechanism is attained by a 

substrate-assisted type of double displacement hydrolytic mechanism involving a simply 

DXDXE (D-aspartic acid, E-glutamic acid, and X-any other amino acids) motif in the catalytic 

site15-16. The general mechanism of GHs is known to involve two carboxylic acid residues, one 

serving as the general acid/base and the other as the nucleophile that stabilizes the oxazolinium 

intermediate in retaining enzymes or serves as a water-activating base in inverting enzymes. In 

GH family 18, the substrate and not necessarily a second carboxylic acid residue plays the 
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nucleophilic role, while the highly conserved glutamate residue positioned above the TIM 

barrel serves as the general acid/base, protonating the glycosidic oxygen and initiating the 

cleavage of the glycosidic bond.  

 

 

 

Figure 2. Mechanism of hydrolysis of glycosidic bonds in chitin (modified from Akihiko 

Nakamura et al.17, Nat. Commun., 2018). 

  

The chitinases of the bacterium Serratia marcescens are a well-known model for the study 

of chitin degradation. When grown on chitin, this bacterium secretes two exo-processive 

chitinases, SmChiA and SmChiB, that hydrolyze ɓ-1,4 glycosidic bonds from the reducing and 

non-reducing ends, respectively, a non-processive endo-chitinase (SmChiC), a chito-

oligosaccharide-attacking N-acetylhexosaminidase (Chitobiase; SmCHB), and a lytic 

polysaccharide monooxygenase (SmLPMO10A; also known as ñCBP21ò)18. SmChiA, SmChiB, 

and SmChiC belong to the GH family 18 and share the (ɓ/Ŭ)8 TIM-barrel structure of the 
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catalytic domain. According to the previous reports, SmChiA is the most powerful enzyme 

among the S. marcescens chinolytic enzymes in the hydrolysis of crystalline chitin19-20.  

SmChiA is a linear molecular motor enzyme that hydrolyzes chitin from the reducing end 

and works in the extracellular environment without the need for ATP. SmChiA is composed of 

two domains: a catalytic domain (CD) and a chitin-binding domain (CBD)12 (Figure 3). Both 

the substrate-binding cleft of CD and the chitin-binding surface of CBD have aromatic residues 

lined along them. These aromatic residues play important roles in both substrate binding and 

the hydrolytic activity and processivity of the SmChiA21-22. The details information of SmChiA 

will  be explained and discussed in Chapter 2. 

 

 

Figure 3. Schematic model of SmChiA.  A crystal structure of SmChiA (PDB ID: 1CTN) complexed 

with (GlcNAc)7 (sphere model) and crystalline chitin (stick model). The schematic shows the CD and 

CBD. Phe-232 and Phe-396 (sphere model, colored with cyan) are located at the entrance and exit of 

the substrate-binding cleft, respectively.  
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3. Single-molecule Total Internal Reflection Fluorescence Microscope 

 To understand the nature of protein function, structure and dynamics are two important 

factors. In order to solve the structure of the protein, X-ray crystallography, nuclear magnetic 

resonance (NMR) spectroscopy, and cryogenic electron microscopy (cryo-EM) have been 

developed23-25. On the other hand, optical trap nanometry26, single-molecule fluorescence 

microscopy27-28, and atomic force microscopy (AFM)24 also have been developed to study the 

dynamics of the protein. A single-molecule fluorescence microscope is one of the famous 

methods to visualize the dynamics or the movement of proteins. An important limitation of 

standard fluorescence microscopy is its resolution limit (~0.2 µm) that is too large to 

distinguish the single molecule or single complex of the proteins. Recently, several techniques 

such as deconvolution or confocal microscopy have been developed to improve the resolution. 

However, these methods still have problems in rapid photobleaching and out-of-focus of light 

which increases the background of noise. The total internal reflection fluorescence (TIRF) 

microscope has significantly eliminated this out-of-focus fluorescence problem. It limits the 

excitation of light to a very thin area near the coverslip which makes it achieve the single-

molecule or particle observation and also suppresses the photobleaching of fluorophores in 

observation area28. 
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Figure 4. Optical basis of TIRF microscope (modified from Sheng-Wen Chiu et al.29, Int. J. Mol. Sci., 

2011) In the typical fluorescence microscopy (A), the light directly excite the sample. All of the 

fluorophores are excited (bright green circles). In the TIRF microscopy (B), the excitation light is totally 

internally reflected from the coverslip/sample interface at the critical angle, qc (red). When the 

excitation light travels at a high incident angle q (black), which is greater than qc, an evanescent field 

is generated on the opposite side of the interface. Only fluorophores very near to the surface are 

significantly excited. 

 

 The basic properties of optical physics have been applied to a typical fluorescence 

microscope in order to generate an electromagnetic field to excite fluorophores instead of direct 

illumination. When light passes through two adjacent materials, one with a higher refractive 

index (glass coverslip) and another with a lower refractive index (sample solution), it is 

reflected and refracted depending on the angle of incidence. If a critical angle has been reached, 

all the light is reflected and the phenomenon called total internal reflection (TIR) occurs (Figure 

4). Once the excitation light travels at a high incident angle greater than the critical angle, light 

no longer passes through the lower refractive index material, the reflection light generates the 

electromagnetic field, typically called an evanescent field, with the thickness about 100 nm. 

The fluorophores are excited only inside the evanescent field very near to the glass coverslip 

and the excitation of the fluorophore molecules far from the glass coverslip is eliminated. This 

limited excitation significantly reduces the out-of-focus background fluorescence and also 
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improves the photobleaching problem or prevents harmful light damage from direct 

illumination as well28. 

 

4. High-speed Atomic Force Microscopy (HS-AFM)  

Although single-molece fluorescence microscopy can observe the dynamic property of 

proteins, this is the indirect observation, as the protein molecules themselves are invisible24. 

Atomic force microscopy (AFM) has been developed to directly obtain the high-resolution 

image of biological molecules under the nearest physiological condition without staining or 

labeling the sample23-25. The basic principle of AFM is that a very sharp tip at the end of a 

flexible micro-cantilever is scanned over the sample surface. The deflections of the cantilever 

are measured, then the sample stage (cantilever base) is moved in the z-direction to keep 

constant of the mechanical state of the cantilever at an assigned state through the feedback 

controller (dynamic proportional-integral-derivative (PID) controller). This feedback 

controller represses or eliminates the complete detachment of the tip from the sample surface 

at the slope region of the sample, also called parachuting effect. The height information over 

many points of the sample is acquired to form an image and visualize by the computer23-25. 

However, the conventional AFM lacks a high temporal resolution of the image which is 

inappropriate in the analysis of most biological dynamic processes. High-speed AFM (HS-

AFM) has been developed to increase the imaging rate of AFM. HS-AFM can observe the 

image of biological dynamics at sub-100 ms temporal resolution (5-20 frames per second; fps) 

without disturbing the function of fragile proteins by the interaction of cantilever23-25. The 

setting of the HS-AFM system is shown in Figure 5. The HS-AFM system includes a fast 

scanner, a feedback controller, fast electronics, and an optical beam deflection (OBD) detector 

for detecting deflection of this small cantilever. A long working distance objective lens which 
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is used for the optical microscope is a part of the OBD detector and is also used for viewing 

the cantilever and sample stage under the optical microscope via a digital camera or a CCD 

camera. A cantilever chip is installed in the holder in which tip points upward that is opposite 

to the conventional AFM. A sample stage, connected to the z-scanner and facing opposite to 

the tip, is placed over the cantilever. An incident laser beam passing through the objective lens 

is focused onto the small cantilever, and the light reflected back from the cantilever is collected 

and collimated by the same objective lens and guided to a quadrant-cell Si PIN photodiode. 

The incident and reflected laser beams are separated using a quarter-wavelength (ɚ/4) plate and 

a polarization beam splitter23, 25. 

Another important factor to success imaging with HS-AFM is a substrate surface. The 

surface of the sample stage should be flat as much as possible because AFM visualizes the 

sample only one direction perpendicular to the substrate surface. Nowadays, five types of 

substrate surfaces have been applied for imaging of biological molecules with HS-AFM: (1) 

bare mica or chemically modified mica, (2) supported lipid bilayers, (3) two-dimensional 

crystals of streptavidin grown on planar lipid bilayers containing biotin lipid, (4) highly 

oriented pyrolytic graphite, and (5) DNA origami tiles placed on mica surface. In order to 

observe the movement of chitinases23, 25, in this thesis, we immobilized crystalline chitin on 

the chemically modified mica surface. The mica surface was freshly cleaved and coated with 

fluoro surf (FS-1010S135-0.5, Fluoro Technology) to modify the hydrophobicity of surface for 

increasing the affinity to the chitin. 

With its high-speed and minimal invasiveness, HS-AFM was used in several studies to 

directly visualize the dynamics of proteins, protein-protein interaction, and DNA-protein 

interaction23-25, 30-31. In this thesis, we used HS-AFM to observe and analyze the velocity, run 

length, and moving time of processive chitinase, SmChiA, on crystalline chitin (Chapter 2).  
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Figure 5. Schematic of the HS-AFM system. (Takayuki Uchihashi et al., Nat. Protoc., 2012)23  
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Chapter 2 

 

Single-molecule analysis of  

high-catalytic activity mutant 

F232W/F396W 
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1. Introduction 

Processivity and Processive enzymes 

Processive enzymes play important roles in various biological activities such as DNA/RNA 

synthesis32-33, cargo transport34-35, and protein36-37 and polysaccharide38-40 degradations. Once 

processive enzymes bind to their substrates, they can repeat multiple cycles of catalysis without 

dissociation41-42. Processive cellulases and chitinases are well-known examples of the 

processive enzymes that perform multiple rounds of hydrolytic cleavage of cellulose and chitin, 

respectively38-40. Processivity prevents the dissociation/reassociation process once the enzyme 

binds to the end of a single polymer chain, thereby reducing the number of times the enzyme 

rebinds to the end of the same substrate chain40, 43. Processive cellulases and chitinases share a 

similar feature of a long and deep substrate-binding cleft and substrate-binding surface, which 

contain aromatic amino acid residues38, 40, 44. These aromatic residues play an important role in 

the carbohydrate-protein interaction by which hydrophobic stacking (CH-  ́ interaction) is 

formed between the aromatic side chain and sugar ring. This interaction is thought to be 

beneficial for processivity by reducing the sliding energy of the polymer carbohydrate chain40, 

45-48. Studies on processivity of the cellulases and chitinases using biochemical methods, such 

as the fluorescence labeling of the substrate 49-50 and 14C-labeled chitin51, or via the use of 

biosensors52 have been performed extensively. However, they often involve complicated 

procedures and have some limitations. Furthermore, processivity cannot be directly measured 

using a biochemical assay as it requires interpretations and is usually estimated from the 

dissociation rate. Recently, single-molecule imaging methods with fluorescence microscopy or 

high-speed atomic force microscopy (HS-AFM) have been used to directly visualize the 

processive movement of the enzymes because they are more straightforward than biochemical 

methods17, 31, 53-54. In our previous study54, we reported not only the processivity but also the 
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kinetic parameters of SmChiA-WT (His6-tagged), including the binding rate constant (kon), 

dissociation rate constant (koff), translational velocity (ktr), and productive binding ratio, 

obtained using single-molecule fluorescence imaging.  

 

SmChiA high-catalytic-activity mutant  (F232W/F396W mutant) 

Recently, Liu et al.55 reported the structure alignment of the substrate-binding cleft of 

Ostrinia furnacalis chitinase-h (OfChi-h) and SmChiA. As a result, two different aromatic 

residues, Phe-232 and Phe-396 for SmChiA and Trp-225 and Trp389 for OfChi-h, were found 

in the beginning and end of the cleft (at the chitin-binding subsites 6 and 2)55-56, respectively, 

as shown in Figure 6.  

In addition, the mutation of these two positions of SmChiA into those of OfChi-h (F232W/ 

F396W) showed higher hydrolytic activity against crystalline chitin compared with the 

SmChiA WT. However, the details of the mechanism for improved activity have not yet been 

reported. In the present study, I performed detailed biochemical analysis and single-molecule 

imaging analysis using fluorescence microscopy and HS-AFM to understand the mechanism 

by which F232W/F396W mutant showed higher catalytic activity than WT. A reaction scheme 

including processive catalysis was used to explain the properties of SmChiA WT and 

F232W/F396W, in which all the kinetic parameters were experimentally determined. I also 

performed amino acid sequence alignment of 258 SmChiA-like proteins and revealed the 

predominant aromatic amino acid residues responsible for the chitin binding. 
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Figure 6. Schematic structure and structural superimposition of SmChiA and OfChi-h bound 

with (GlcNAc)7, (A) A crystal structure of SmChiA complexed with (GlcNAc)7 (sphere model) and 

crystalline chitin (stick model). The schematic shows the CD and CBD. Phe-232 and Phe-396 (sphere 

model, colored with cyan) are located at the entrance and exit of the substrate-binding cleft, respectively. 

(B) Structural superimposition to compare the aromatic residues inside the substrate-binding cleft of 

SmChiA (blue and side chain highlighted with cyan; PDB entry 1CTN) and OfChi-h bound with 

(GlcNAc)7 (pink; PDB entry 5GQB) in side view. The red boxes indicate the two different aromatic 

residues in SmChiA and OfChi-h. The numbers (-6 to +2) represent the substrate-binding subsites of 

SmChiA according to the standard nomenclature55-56. The red dashed lines in (B) show the position of 

the bond cleavage. 
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2. Materials and Methods 

Preparation of enzymes  

 The SmChiA WT gene (including the D415C mutation for fluorescent labeling)54 in the 

expression plasmid pET27b with the C-terminal Factor Xa (FaXa) recognition sequence and 

His6 tag was used as the template to introduce the F232W/ F396W mutation by PCR. The PCR 

product was treated with 1 µL of DpnI (New England Biolabs) to reduce the template 

background at 37 °C for 15 min. After DpnI treatment, 1% agarose gel electrophoresis was 

performed. The target fragments were extracted and purified using a gel extraction kit 

(Promega). The purified DNA fragments were ligated using the NEBuilder Assembly Tool 

(New England Biolabs). The DNA fragments and reagent were mixed at a ratio of 1:1 (v/v) and 

then incubated at 50 °C for 30 min. After the ligation reaction, the samples were immediately 

used for transformation using E. coli (TunerTM DE3) as a host. Transformed cells were 

incubated for 1 hour at 37 °C and spread on an LB plate with 25µg/mL kanamycin. Single 

colonies were inoculated into 10 mL of LB medium with 25µg/mL kanamycin and incubated 

overnight at 37 °C and 250 rpm. The plasmid containing the mutant gene was purified from 

the harvested cell and the sequence was verified. The E. coli colonies carrying SmChiA 

F232W/F396W or WT expression plasmids were cultured in 10 mL of LB medium with 

25µg/mL kanamycin at 37 °C and 250 rpm until O.D.600 = 1. Then 5 mL of the culture was 

added to 1 liter of LB medium with 25µg/mL kanamycin in a 3-liter flask and cultured at 37 °C 

and 130 rpm until O.D.600 = 1.8. Then the media were cooled on ice water for 10 min, isopropyl-

D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 500 µM, and cells 

were further cultured at 20 °C and 130 rpm overnight. The culture was then centrifuged at 

6,000 × g for 10 min. Ten times the volume of the cell weight of 50 mM sodium phosphate (pH 

7.0), containing 100 mM NaCl, was added and supplemented with protease inhibitor mixture 



17 

 

(cOmplete Mini, EDTA-free, Roche Applied Science). The cell suspension was sonicated on 

ice for 20 min at 3-s intervals. The disrupted cells were then centrifuged at 4 °C and 30,000 × 

g for 10 min. The supernatant was incubated with Ni-NTA Superflow (Qiagen) and equilibrated 

with 50 mM sodium phosphate (pH 7.0) containing 100 mM NaCl for 15 min at room 

temperature under gentle rotation. Then the Ni-NTA resin was packed into an open column and 

washed with 0 and 50 mM imidazole in 50 mM sodium phosphate (pH 7.0) containing 100 

mM NaCl and eluted with 100 mM imidazole in 50 mM sodium phosphate (pH 7.0) containing 

100 mM NaCl. The eluted fractions were pooled and concentrated to 500 µL using a 30,000 

molecular weight cut-off VIVASPIN Turbo 50 (Sartorius). The sample was then injected into 

a Superdex 200 10/300 GL column (GE Healthcare) and eluted with 50 mM Tris-HCl (pH 8.0) 

containing 100 mM NaCl. The fractions were collected at a flow rate of 0.5 mL/min. The eluted 

fractions were mixed and concentrated to 200 µL using a 30-kDa molecular mass cut-off 

VIVASPIN Turbo 15 (Sartorius). Protein concentrations were estimated from the absorbance 

at 280 nm and the molar extinction coefficients (280 = 107,050 and 118,050 M-1 cm-1 for WT 

and F232W/F396W, respectively). The molar extinction coefficients were calculated by using 

the ProtParam in the Expasy bioinformatics resource portal web service 

(https://web.expasy.org/protparam/). One hundred microliters of 100 µM sample were 

incubated with 5 µL of 1 mg/mL FaXa protease (New England Biolabs) and 2 µL of 100 mM 

calcium chloride at 23 °C overnight to digest C-terminal His6. Then 10 µL of sodium phosphate 

(1 M, pH 7.0) was added to the FaXa treated sample, and the sample was centrifuged at 4 °C 

and 16,000 × g for 10 min to precipitate calcium phosphate. The supernatant was applied to the 

Ni-NTA column to remove the cleaved His6 tag and undigested samples. The column was 

washed, and the flow-through fractions were collected with 50 mM sodium phosphate (pH 7.0) 

containing 100 mM NaCl. The collected fractions were mixed and concentrated to 500 µL 
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using a 30-kDa molecular mass cut-off membrane (VIVASPIN Turbo 15, Sartorius). DTT at a 

final concentration of 10 mM was added to the sample to prevent the formation of disulfide 

bonds between D415C. The sample was then loaded onto a Superdex 200 10/300 GL column 

(GE Healthcare) with 50 mM sodium phosphate (pH 7.0) containing 100 mM NaCl to remove 

FaXa protease and DTT. Cy3-maleimide (GE Healthcare) was dissolved in DMSO and mixed 

with the sample at the same molar concentration as the enzyme before incubating for 1 hour at 

room temperature. The unreacted Cy3-maleimide was removed using a NAP-5 column (GE 

Healthcare). The labeling ratio of Cy3 to the enzyme (97% for WT and 83% for F232W/F396W 

mutant) was calculated from the absorbance at 280 and 550 nm, the molar extinction coefficient 

of the enzyme as described above, and the Cy3-maleimide (280 = 12,000 M-1cm-1 and 550 = 

150,000 M-1 cm-1 ). The samples were then stored at 80 °C until further use. In this study, WT 

(D415C-Cy3) and F232W/F396W/D415C-Cy3 are described as WT and F232W/F396W, 

respectively. Crystalline ɓ-chitin was purified from Satsuma tubeworms (Lamellibrachia 

satsuma), as described in a previous study31(also explained in the Appendix).  

 

Biochemical measurement of chitinase hydrolytic activity 

 I used a liquid-handling robot, Beckman Coulter Biomek 4000, to measure the hydrolytic 

activity of all of the samples (blank, WT, and F232W/F396W). The samples were measured in 

triplicate simultaneously in 96-well plates. The purified enzymes were diluted to 100 nM using 

100 mM sodium phosphate (pH 6.0) in a low-protein-binding microtube. In 96-well reaction 

plates, the diluted enzymes were incubated with crystalline chitin (0ï6 mg/mL) at 25 °C for 30 

min in a reaction mixture volume of 150 µL (1:1 (v/v) enzyme/substrate ratio) without shaking. 

The reactions were stopped with 200 µL of the Schalesô reagent (500 mM sodium carbonate, 

1.5 mM potassium ferricyanide). Insoluble chitin was separated on 96-well 1.2-m hydrophilic 
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low-protein-binding Durapore membrane filter plates (Merck Millipore). The filtered solution 

was heated at 95 °C for 15 min, and 100 µL of the samples were transferred to 384-well clear 

plates. Absorbance at 420 nm was measured using a multimode microplate reader (SpectraMax 

iD3, Molecular Devices). The amounts of soluble products were calculated from the standard 

curve with chitobiose. The error bars shown in Figure 7 (A and B) represent the S.D. values of 

the sextupled experiments.  

 

Biochemical bound fraction analysis  

 Bound fraction analysis was performed manually using a multichannel pipette. Each 

measurement condition was measured in triplicate. SmChiA WT and F232W/F396W were 

diluted to 100 nM using 100 mM sodium phosphate (pH 6.0) in a low-protein-binding 

microtube and transferred to a 96-well low-binding plate (Eppendorf). Then 100 nM enzyme 

was incubated with various concentrations of crystalline chitin (final concentration 0ï6 

mg/mL) at a 1:1 (v/v) enzyme/substrate ratio at 25 °C for 15 min. The 96-well plate was then 

centrifuged at 4400 rpm for 15 min at 25 °C. Then 100 µL of the supernatant (unbound fraction) 

was transferred to a 96-black well plate to measure the fluorescence. The fluorescence intensity 

was measured using a microplate reader (SpectraMax iD3, Molecular Devices). The excitation 

and emission wavelengths were 550 and 610 nm, respectively, optimized by fluorescence 

spectral scanning. The intensities of the blank (no enzyme) were subtracted, and signal 

intensities were compared with that of the positive control (enzymes without chitin, 100% 

intensity). The percentages of the bound fractions were calculated, plotted, and fitted using 

Langmuirôs equation. The error bars shown in Figure 7C represent the S.D. values of the 

triplicate experiments.  
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Single-molecule fluorescence imaging analysis.  

 The coverslips used for the single-molecule fluorescence imaging were cleaned with 

ethanol and sonicated for 10 min before rinsing with MilliQ water and cleaned with 10 M 

potassium hydroxide overnight to remove any contaminants on the glass surface. Before using, 

the coverslips were rinsed with MilliQ water. Then 60 µL of 0.01 mg/mL crystalline chitin 

suspension was spin-coated on the coverslip before placement on the microscope stage. The 

observation area was determined using bright-field microscopy. Then 20 µL of 50 pM SmChiA 

WT or F232W/F396W in 50 mM sodium phosphate (pH 6.0) was dropped onto the coverslip.  

 For kon and koff analysis, fluorescence images of single molecules were recorded at 4 fps at 

a laser power of 0.14 µW/µm2 with localization precisions of 8.6 and 8.4 nm in x and y 

directions, respectively. After observation, 10 µL of 10 nM WT was dropped onto the coverslip 

to strain the crystalline chitin. The values of kon were calculated from the number of SmChiA 

molecules bound to the single crystalline chitin divided by the SmChiA concentration, chitin 

length, and observation time (M-1µm-1 s-1). Binding events were counted for 40 s after focusing. 

The length of the microfibrils was measured from the fluorescence images of crystalline chitin 

stained with 10 nM WT using ImageJ. The distributions of kon were fitted using double 

Gaussian functions. The binding time distribution was fitted with the double exponential decay 

function, according to the following equation,  

 

ώ ÁϽÅØÐÂÔ ÃϽÅØÐÄÔ 

 

where a, b, c, and d are the fitting parameters and t is the binding time. The productive binding 

ratio was estimated from the ratio of the number of moving molecules and the number of 

nonmoving molecules in the initial 40-s movies after focusing. The observation condition was 
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1 µW/µm2 with 3 fps to improve the moving moleculeïfinding efficiency. The localization 

precisions in the x and y directions were 4.3 and 3.8 nm, respectively. For the analysis, I defined 

moving molecules as the molecules that showed movements larger than 20 nm (~5 times larger 

than the localization precision) for 3 or more frames. Eight independent images were used to 

analyze and calculate the average value of the productive binding ratio. Before performing the 

detailed analysis of the image sequences, the trajectory of non-moving molecules was verified 

to confirm whether there was any drift in the image sequences. If the image sequences showed 

any drift, they were not used for analysis.  

 

High-speed Atomic force microscopy (HS-AFM )  

 HS-AFM observations were carried out using the system described previously31, except 

for the preparation of stage. The mica surface on the stage was freshly cleaved and coated with 

2 µL of fluoro surf FS-1010S135-0.5 (Fluoro Technology) to make the surface hydrophobic 

and to have high affinity to the crystalline chitin. Then 10 µL of crystalline chitin suspension 

was dropped onto the surface before incubating at room temperature (~25 °C) for 10 min and 

covered with a moisture cap. The surface was rinsed twice with 80 µL of 50 mM sodium 

phosphate (pH 6.0). Immobilized crystalline chitins were initially observed without the 

SmChiA in 78 µL of 50 mM sodium phosphate (pH 6.0). After that, 2 µL of chitinase was added 

to obtain an enzyme at a final concentration of 2 µM. The solution was then mixed gently, and 

the images were recorded at 5 fps. 

 Home-built software based on Igor Pro (WaveMetrics) was used for the visualization and 

analysis of the HS-AFM images. I analyzed moving molecules that showed movements for 3 

or more frames. A linear tracking function was used to track the moving molecules. First, the 

region of interest was selected manually at the first and last frame of each individual moving 
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molecule. The center of the region of interest was calculated using the software to obtain the 

position at each frame of tracking molecules. The translational velocity (ktr) of the moving 

molecules was calculated using the following equation,  

Ὧ
ЎØ ÎÍ ЎÙ ÎÍ
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where ЎØ and ЎÙ denote the difference between the start and the end positions of a moving 

molecule in the x and y direction, respectively. The distributions of ktr were fitted with the 

Gaussian function. The processive catalysis rate constant (kpc) was calculated by dividing ktr 

by the step size of SmChiA (1.04 nm, the length of chitobiose). The distribution of the run 

length was fitted with the single-exponential decay function. The processivity was estimated 

from the obtained run length constant on the assumption that the SmChiA step size was 1.04 

nm. The distribution of the moving time was fitted with the single-exponential decay function, 

and the inverse of the obtained moving time constant was used as the productive dissociation 

rate constant (koff
P ).  

 

Structure and sequence alignment by bioinformatics  

 The sequence of SmChiA and SmChiA-like proteins from the different organisms were 

obtained using the Protein BLAST tool in the NCBI database (http://blast.ncbi.nlm.nih.gov). 

After the download of sequences, the signal sequences were removed according to the 

prediction of SignalP 5.0 (http://www.cbs. dtu.dk/services/SignalP)57, with the appropriate 

organism group for prediction. The sequences for which SignalP could not predict the signal 

sequence were excluded from the alignment. The amino acid sequences of 258 chitinases were 

aligned and visualized using Clustal Omega (Clustalɤ : http://www.ebi. 

ac.uk/Tools/msa/clustalo)58 and WebLogo (http://weblogo. threeplusone.com)59, respectively. 
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The structure of SmChiA (PDB entry 1CTN) was superimposed with OfChi-h (PDB entry 

5GQB) and VhChiA (PDB entry 3B8S) using the alignment function of PyMOL. 
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3. Results and Discussion 

SmChiA F232W/F396W mutant showed higher kcat than WT  

 The previous study by Liu et al.55 compared the hydrolytic activity of OfChi-h, SmChiAWT, 

and SmChiA F232W/F396W. They found that the SmChiA F232W/F396W mutant showed 

higher hydrolytic activities against several insoluble chitin substrates than SmChiA WT; 

however, these results were obtained at only one substrate concentration55. In our previous 

study54, we used a range of crystalline chitin concentrations (0ï2 mg/mL) to estimate the kcat 

and Km values of SmChiA WT. In the present study, to confirm the high catalytic activity of the 

F232W/F396W mutant and estimate kcat and Km, I measured the hydrolytic activity of SmChiA 

WT and F232W/F396W at various crystalline chitin concentrations (0ï6 mg/mL) using a 

liquid-handling robot, developed in our previous report60. The measurement was performed in 

two independent experiments carried out in triplicate. It is worth noting that contrary to the 

previous study54, in the present study, His6 tags were removed from the C terminus of the 

constructs during purification. This was done as positive charges of His6 may change the 

binding/dissociation dynamics of SmChiA against the crystalline chitin immobilized on the 

surface of a negatively charged glass surface. Furthermore, fluorescently labeled enzymes 

(Cy3-D415C WT and F232W/F396W) were used for all biochemical measurements as these 

enzymes were also used for the single-molecule imaging analysis described later. Note that in 

our previous study54, I confirmed that there is no significant difference between hydrolytic 

activities of Cy3-labeled and unlabeled enzymes.  

 As a result, F232W/F396W was found to show higher hydrolytic activity than WT in all 

of the crystalline chitin concentrations tested (Figure 7A). At a high crystalline chitin 

concentration (defined as more than 1 mg/mL), the hydrolytic activities of WT and 

F232W/F396W tended to show a degree of inhibition and were not appropriate within the 
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MichaelisïMenten equation. Thus, I used the hydrolytic activity at a low chitin concentration 

range (0ï1 mg/mL) to ensure fit within the Michaelisï Menten equation (Figure 7B). The 

turnover number (kcat) and Michaelis constant (Km) for WT and F232W/F396W on crystalline 

chitin were subsequently estimated to be 3.1 ± 0.21 and 3.9 ± 0.21 s-1 and 0.32 ± 0.045 and 

0.19 ± 0.030 mg/mL, respectively (Table 1). Furthermore, the values of kcat/Km for WT and 

F232W/F396W were 10 and 21 mLmg-1s-1, respectively. This result suggests a 2 times larger 

rate constant of productive binding for F232W/F396W than that for WT.  

 

 
 

Figure 7. Biochemical analysis of SmChiA WT and F232W/F396W mutant. A, hydrolytic activity 

of SmChiA WT (blue) and F232W/F396W (pink) at various concentrations of crystalline chitin (0ï6 

mg/mL). B, same as A at a low concentration range (0 ï1 mg/mL). The data points were fitted with the 

MichaelisïMenten equation to estimate kcat and Km of WT and F232W/F396W. The hydrolytic activity 

was measured in 50 mM sodium phosphate (pH 6.0) at 25 °C. C, the bound fraction of WT and 

F232W/F396W at various concentrations of crystalline chitin (0ï6 mg/mL). Inset, the low chitin 

concentration range (<0.6 mg/mL). The amount of free enzymes was used to calculate the bound 

fraction percentage. The distribution was fitted with the Langmuir equation to estimate the dissociation 

constant (Kd). Error bars, S.D. of the sextupled (A and B) or triplicate (C) measurements. 

 

 In addition, I performed a biochemical binding assay to compare the ratio of bound 

fractions between WT and F232W/ F396W at various crystalline chitin concentrations. The 

free enzymes in the solution were used to calculate the percentage of the bound fraction. The 

plot was fitted using Langmuirôs equation to estimate the dissociation constant (Kd) (Figure 
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7C). At a crystalline chitin concentration below 0.6 mg/mL, the binding affinity of 

F232W/F396W was found to be slightly higher than that of the WT (Figure 7C, inset). At a 

concentration of 2 mg/mL crystalline chitin, almost all of the enzymes of both the WT and 

F232W/F396W were found to be bound to the crystalline chitin surface (over 90%). The values 

of Kd for WT and F232W/ F396W were 0.23 ± 0.019 and 0.18 ± 0.015 mg/mL, respectively 

(Table 1). These results indicate that the binding affinity increased slightly as a result of the 

mutation of two phenylalanine residues into tryptophan residues. 

 

Table 1. Summary of kinetic parameters determined by biochemical analysis. 

Kinetic 

parameters 

kcat 
1 

s-1 

Km 
1 

mg/mL 

kcat/Km 

mLmg-1s-1 

Kd 
2 

mg/mL 

WT 3.1 ± 0.21 0.32 ± 0.045 10 0.23 ± 0.019 

F232W/ 

F396W 
3.9 ± 0.21 0.19 ± 0.030 21 0.18 ± 0.015 

1 kcat and Km were estimated from the biochemical activity measurement at a low chitin  

concentration range (0ῐ1 mg/mL) with the fitting by the Michaelis-Menten equation. 
2 Kd was estimated from the bound fraction analysis with the fitting by  

Langmuirôs equation. 

  

 Biochemical analysis confirmed that the F232W/F396W mutant of SmChiA has a higher 

hydrolytic activity than the WT, as shown previously55 (Figure 7). I found that F232W/ F396W 

showed higher hydrolytic activity than WT at all chitin concentrations ranging from 0.063 to 6 

mg/mL. Hydrolytic activities were slightly inhibited for both WT and F232W/ F396W at chitin 

concentrations higher than 1 mg/mL and could not be fitted using the MichaelisïMenten 

equation (Figure 7A). This inhibition can be either the product or substrate inhibition, and 

additional experiments are required to understand the mechanism.  
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 At low chitin concentration range (0ï1 mg/mL), the MichaelisïMenten equation could be 

applied to obtain an estimate of the kcat and Km (Figure 7B). The kcat value for F232W/ F396W 

(3.9 s-1) was higher than that for WT (3.1 s-1) (Table 1). The Km value for F232W/F396W (0.19 

mg/mL) was lower than for WT (0.32 mg/mL), indicating that the affinity of the productive 

binding to the crystalline chitin of this mutant was higher than that of the WT. Actually, the 

F232W/F396W slightly increased the binding affinity to crystalline chitin, including 

productive and nonproductive bindings, as demonstrated by the results of biochemical bound 

fraction analysis, especially at low chitin concentrations (Figure 7C). The Kd values for WT 

and F232W/F396W were consistent with the Km values (Table 1). Because Phe was mutated to 

Trp at two positions, the surface area that engages the CH-  ́ interactions and the 

electronegativity of the ́-system can be increased61. 

 

No significant differences in binding and dissociation rate constants and productive 

binding ratio for WT and F232W/F396W 

 To further clarify the mechanism responsible for the higher hydrolytic activity in the 

F232W/F396W mutant compared with the WT, I first performed single-molecule fluorescence 

imaging according to the methods described in our previous study54. Note that in the single-

molecule fluorescence imaging and HS-AFM observation, it is difficult to define the chitin 

concentrations because the chitin microfibrils are attached on the glass or mica surface. Both 

the kon and koff of the WT and F232W/F396W were found to be similar (Figure 8). The 

distributions of kon were fitted using the double Gaussian function (Figure 8, top). The values 

of the peak positions for the WT were 8.2 ± 0.30 × 108 and 1.4 ± 0.43 × 109 M-1µm-1s-1, whereas 

those of the F232W/F396W were 9.1 ± 0.43 × 108 and 1.8 ± 0.29 × 109 M-1µm-1s-1, respectively. 

The multiple peaks of kon were related to the bundles of chitin microfibrils, wherein the first 
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peak was represented by kon for a single crystalline chitin microfibril, as explained in our 

previous study54. Essentially, no significant differences in overall kon between WT and 

F232W/F396W were obtained (Table 2). 

 The distribution of koff was fitted using a double-exponential decay function (Figure 8, 

bottom). The slow and fast dissociations were associated with the bindings of the SmChiA to 

the hydrophobic and hydrophilic surfaces of crystalline chitin, respectively54. The ratios of the 

slow and fast dissociations were calculated from the area under the fitting curves. The slow 

dissociation rate constants for WT and F232W/F396W were 0.089 ± 0.15 s-1 (14%) and 0.058 

± 0.12 s-1 (15%), respectively. The fast dissociation rate constants for WT and F232W/ F396W 

were 1.4 ± 0.089 s-1 (86%) and 1.2 ± 0.058 s-1 (85%), respectively. Subsequently, the average 

value of koff was calculated from the summation of the koff and the ratio of the slow dissociation 

fraction and that of the fast dissociation fraction. As a result, the average values of koff for WT 

and F232W/F396W were 1.2 and 0.99 s-1, respectively (Table 2). As described below, I used 

these values of koff as those of koff for nonproductive binding (koff
NP).  

 Next, I measured the productive binding ratio. Productive binding only occurs when 

SmChiA binds to the reducing end of the chitin chain on the hydrophobic surface of crystalline 

chitin. Therefore, the productive binding ratio of SmChiA is low, as was determined by single-

molecule imaging analysis in our previous study54. In the present study, the productive binding 

ratio was determined from the ratio of the number of moving molecules (nP) and nonmoving 

molecules (nNP) after the binding to the chitin surface. For measurement, I further improved 

the localization precision of single-molecule fluorescence imaging to identify the slowly 

moving molecules more precisely (4.3 and 3.8 nm in the x and y direction at 3 frames per 

second (fps), with a laser at 1 µW/m2 power). The productive binding ratios for WT and 

F232W/F396W were 0.074 ± 0.0041 and 0.076 ± 0.0089, respectively, and approximately the 
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same (Table 2).  

 

 
 

Figure 8. Comparison of the distribution of kon and koff of SmChiA WT (blue) and F232W/F396W 

(pink) obtained by single-molecule fluorescence imaging analysis. (Top) The distributions of kon were 

fitted with the double Gaussian function. The first peak corresponds to the kon against the single 

crystalline chitin microfibril. The sample number (N) in the distribution of kon represents the number of 

crystalline chitins observed. (Bottom) The distributions of koff were fitted with the double exponential 

decay function. A slow dissociation is associated to the binding of the enzyme to the hydrophobic 

crystalline chitin surfaces, while the fast dissociation is associated to the binding of the enzyme to the 

hydrophilic crystalline chitin surfaces. The sample number (N) in the distribution of koff represents the 

number of SmChiA molecules observed. 

 

F232W/F396W showed high processivity and low dissociation rate after productive 

binding  

 As no significant difference was found between the WT and F232W/F396W using single-

molecule fluorescence imaging analysis, I then applied single-molecule imaging with HSAFM 

to improve the localization precision. Several chitin microfibrils were observed to avoid 

heterogeneity on the crystalline chitin surface. At least 10 molecules per chitin were observed 


