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Summary of Doctoral Thesis

Chitin is a watetinsoluble 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 Grarmnegative bacteriurBerratia marcescenSnChiA) is a processive enzyme that
hydrolyzes crystalline chitin as it moves linearly along the substrate sulrficec previous study,

the catalytic activity ofSnChiA 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 substrliading cleft ofthe catalytic domain, respectively. In this
thesis, | used singlmolecule analysis to understand the mechanism of thisdaitgttytic
activity mutant oSnChiA, and further improved chitin hydrolytic activity by generatmgew
mutant with engineering gpoach based on bioinformaticgte-saturation mutagenesis, and
robotbased automated screening.

The thesis consists of 5 Chapters. Chapter 1 is a general introduction of chitin and chitinase.
In Chapter 2, singkenolecule fluorescence imaging and higgeed atomic force microscopy
were applied to understand the mechanisrigif-catalyticactivity F232W/F396Wmutant
A reaction scheme including processive catalysis was used to reproduce the properties of
SnChiA wild-type and F232W/F396W, in whiciimostall 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 258ChiA-like protans revealed that tryptophan, not phenylalanine,
is predominant at the corresponding positions {E32and Ph&96 forSnChiA).

In Chapter 3,1 optimized the design of degenerate oligonucleotides for saturation
mutagenesis and robbased automated scremsgm procedures foEnChiA purification and
activity measurement. In order to optimize the degenerate oligonucleotides for saturation
mutagenesis, the logdg-function mutant of green fluorescence protein, GFPM(@8H, was
used for introducing NNN or NNBazlon. Although the ratios of gawof-function mutant
(H66Y) in both colony counting and deep sequencing analysis were sinidand that the
ratios of nucleotides in the primers were highly biased among the suppliers. Biases for NNB

were less severe thdor NNN. The supplier which showed the lebgts for NNB primer was



used in Chapter 4.

The alignment in Chapter 2 also showed that several amino acid resithogisdatalytic
domainand chitin binding domaiare not conserved IBnChiA. This stronglysuggests that
althoughSnChiA is the most studied processive chitinase, the amino acid sequence is not
optimized for high hydrolytic activity. In Chapter 4, | combined bioinformasite;saturation
mutagenesis, and robbased automated screening toliertimprowe 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 resultjdentified F232W/F396W/S538V mutant.
Interestingly, valine was not found in the niple sequence alignment at the Ser538 residue.
This result indicates thahy method can generate an active mutant taanotbe achieved
only by the introduction of mutation which is dominant in the multiple sequence alignment.

Finally, | conclude this tbsis in Chapter 5. My results highlight the importance of the
combination of singlenolecule analysis with biochemical analysis to understand the
mechanism ofSnChiA. Although | successfully identied F232W/F396W/S538V which
shows high catalytic activitghe singlemolecule analysigandthe structure analysiwill 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 singt®lecule analysis and

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

General Introduction



1. Chitin

Chitin is one of the most abundant polysaccharidesdan nature, only secondary to
cellulose. Chitin is a watensoluble polysaccharide and it is mostly fouasl crystalline
microfibrils thatform the structural componenits the shells of crustaceans, the exoskeleton
of insects, and the cell walls ofrae fungi= with the fact that it does not appear in organisms
producing celluloseSimilar to cellulose, the natural function of chitin is that of a structural
polysaccharide, but its properties are different faitulose.Chitin is a lineapolymerchain
of b-1,4 glycosidic linkages of the monomacetyl glucosaminéslcNAc) which are rotated
18C¢ to each other(Figure 1A). Chitin ha the disaccharide N/Njliacetylchitobiose
[(GIcNAC),] as the structural subitf Similar to cellulose, chitin can be found in three various
polymorphic forms ({J b, a n d which differ in theirpolymeric chainarrangemefit(Figure
1B) . -dhitin, thlepolymericchains are arrayed antiparallel to each othem| -chitin, they
are arranged parallel to each othére polymeric chain f -chibin arerandomlyarranged.
The s o uahitnenaiolyf comsfrom crustaceans suchascrabe d s hr i mps, whe
chitin is from s g udhitinsisdarived fromuoigh wor ms, and 9

The characteristic features of chjtiramely degree of deacetylation (DDA) and molecular
mass can vary with the method of isolation, the pro¢cessl origin of chitinThe DDA index
is usal to differentiate between ¢ and chitosan. If the DDAndexis less than 50%, it is
thendefinedas chitin and if the DDAndexis greater than 50%, it @efinedas chitosan. DDA
indexis an important factor whiatelates tahe properties of chitin such as solubility, flexityili

polymer conformatiopand viscosity.
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Bundle of chitin fiber

Insects
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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 FigurelA are obtained from thessite Google with the copyright download
and modifiedwith Adobe lllustrator.(B) The schematic representation of three different polymeric
confi gur atnidoms (od, cthi ti n.

Every year, approximately 8 million tons of crustaceans shell waste are produced
worldwidé€’. Different from cellulose, chitin is not only the carbsource but also the nitrogen
source of biomass convas in both nature and indusfry. As a nitrogercontaining
compound, chitin has potential applications in agriculture, biotechnology, and the
pharmaceutical industfy. Forthis reasonghitin 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 présdoreever, there are many
naturally occurring organisms that possess the ability to degrade chitin under mild conditions

(room temperature and normal pressimelsing enzymes called chitina¥es



2. Chitinase

Chitinases are widespad in nature and have been found in bacteria, fungi, plants,
invertebrates (mainly nematodes, insgaisl crustaceans) and all classes of verteBtaidse
roles of chitinases in these organisms are diverse and subject to intensive investigation. In
vertebrates, chitinases are usually part of the digestactor the immune systenin insects
and crustaceans, chitinases are associated with the need for partial degrattetmd ofiticle,
and their secretion is controlled by a complex hormonal mechanism. In plants, a major part of
the inducible defese response against exogenous pathogenesis is the secretion of proteinase
inhibitors, glucanasesand chitinases. Chitinases in fungi are thought to have autolytic,
nutritional and morphogenetic rol¥s Finally, bacteria secrete chitinases that catalyze the
degradation of chitin, the products of which asta source of energy

According to the CarbohydrateActive enZYmes dasab€ AZY: http://www.cazy.orgh,
chitinase is classified in the glycoside hydrolase family 18 (EC 3.2.1.14) and functions to
catalyze the hydrolysis of tHe1,4 glycosidic bonds of chitin. This hydrolysis occurs on the
crystalline surface of chitihe primary product of chiteses ithe GH18 family is chitobiose,
which is converted to GIcNAc by a family GH20 b&taacetylhexosaminidase (known as
chitobiase}*. The GH family 18 chitinases are retaining and maintaining the configuration of
t h eanofmeric carbon of substrates in products (Figure 2% Mlechanism is attained by a
substrateassisted type of double displacement hydrolytic mechanism involving a simply
DXDXE (D-aspartic acid, Ejlutamic acid, and any other amino acg)l motif in the catalytic
site'>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\aatating bae in inverting enzymes. In

GH family 18, the substrate and not necessarily a second carboxylic acid residue plays the



nucleophilic role, while the highly conserved glutamate residue positioned above the TIM
barrel serves as the general acid/base, protgn#te glycosidic oxygen and initiating the

cleavageof the glycosidic bond.

Acid residue

)gu:‘ﬂS in SmChiA )\
(0] o = 0 o O-
'E')O CHSJ‘\IHOH l-(I)O o-R Bond Cleavage i—(|)0 CHleNHOH I-(l)O o-R
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i P Base residue
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OYNH Product Release CH; Chitobiose \< 0
CH; -O0_ O wo_ ol CH, \I;)
Y iy
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Figure 2. Mechanism of hydrolysis of glycosidic bonds in chitinilmodified from Akihiko
Nakamura et ai’, Nat. Commun.2018)

The chitinase®f the bacteriunSerratia marcescerare a welknown model for the study
of chitin degradation. When grown on chitin, this bacterium sectetesexoprocessive
chitinasesSnChiAandSnC h i B, t h a tl,4jglycosidiodorydg feom the necing and
nontreducing ends, respectively, a RAprocessive endohitinase $nChiC), a chito
oligosaccharidattacking Nacetylhexosaminidase (Chitobias&§nCHB), and a Iytic
polysaccharide monooxygengdSer. PMO1 0 A; al s o k #.6nmChiA, SChiB, CBP 2 1 ¢

and SnChiC belong to the GH family 18 and share thdlg TIM-barrel structure of the



catalytic domainAccording to the previous reportSChiA is the most powerful enzyme
among theS. marcescenshinolytic enzymesn the hydrolysis of crystalline chitt#.

SnChiAis a linear molecular motor enzyme that hydrolyzes chitin from the reducing end
and works in the extracellular environment without the need for 8if€hiA is composed of
two domains: a catalytic domain (CD) and a chitinding domain (CBDY (Figure 3). Both
thesubstratebinding cleft of CD and the chitihinding surface of CBD have aromatic residues
lined along them. These aromatic residues play importarg moleoth substrate binding and
the hydrolytic activity and processivity of tB&ChiA?122 The details information @nChiA

will be explained and discussed in Chapter 2.

CD CBD

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

with (GIcNAc), (sphere model) and crystalline chitin (stick model). The schematic shows the CD and
CBD. Phe232 and Ph&96 (sphere model, colored with cyan) are locatdleaentrance and exit of

the substratebinding cleft, respectively.



3. Singlemolecule Total Internal Reflection Fluorescence Microscope

To understand the nature of protein function, structure and dynamics are two important
factors. In order to solve the structuretlod protein, Xray crystallography, nuclear magnetic
resonance (NMR) spectroscopy, and cryogenic electron microscopyEbtydave been
developed*?®. On the other hand, optical trap nanom@éirginglemolecule fluorescence
microscopy’28, and atomic force microscogfFM)2* also have been developed to study the
dynamics ofthe protein. A single-molecule fluorescence microscope is one of the famous
method to visualize the dynamics dine movement of protem An important limitation of
standardfluores@nce microscopy is its resolution limit (~0.fm) that is too large to
distinguish the single molecule singlecomplex oftheproteirs. Recently, several techniques
such as deconvolution or confocal microscopy have been developed to improve the nesolutio
However, these methods still have problems in rapid photobleaching anfifoats of light
which increases the background of noiske Ptal internal reflection fluorescence (TIRF)
microscope has significantly eliminated this-otffocus fluorescere 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 are&



A Typical Fluorescence microscopy B TIRF microscopy

Fluorophore
labeled sample in

Aqueous solution
Evanescent field

Coverslip

Figure 4. Optical basis of TIRF microscope(modified from ShengVen Chiu et af?, Int. J. Mol. Sci.,

2011) Inthe typical fluorescence microspy (A), the light directly excite the sample. All of the
fluorophores are excitetiightgreen circles). lthe TIRF microscopy(B), the excitation light is totally
internally reflected from the coverslip/sample interface at the critical anggléed). When the
excitation light travels at a high incident angléblack, which is greater thag,, an evanescent field

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

The basic propties of optical physics have been appliedataypical fluorescence
microscope in order to generate an electromagnetic field to excite fluorophores instead of direct
illumination. When light passs through two adjacent materials, one with a higher réfeact
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 totinat reflection (TIR) occurs (Figure
4). Once the excitation light travels at a high incident angle greatetitbantical angleight
no longer passsthrough the lower refractive index material, the reflection light gersita¢e
electromagnetic fid, typically calledan evanescent field, with the thickness about 100 nm.
The fluorophoresireexcited onlyinside theevanescerield very near to the glass coverslip
and the excitation of the fluorophore molecules far from the glass covsmsliminated This

limited excitation significantly redusethe outof-focus background fluorescence and also



improves the photobleaching problem or prevents harmful light damage from direct

illumination as wef?.

4. High-speed Atomic Force Microscopy (HSAFM)

Although singlemolece fluorescence microscoggn observe the dynamic property of
proteirs, this is the indirecbbservation, as the protein molecules themselves are in¥fsible
Atomic force microscopy (AFM) tsbeen developed to directly obtain the higisolution
image of biological molecules under the neapdg/siological condition without staining or
labeling the sampté&?°. The basic principle of AFM is that a very sharp tip at the end of a
flexible micro-cantilever is scanned over the sample surfaced€&fections ofthe cantilever
are neasured, then the sample stage (cantilever base) is moved irditieetion to keep
constant of the mechanical state of the cantilever at an assigned state through the feedback
controller (dynamic proportionahtegratderivative (PID) controller). This feedback
controllerrepreses or eliminate 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 sampigaccuired to form an image and visualize by the comggtite

However, the conventional AFNacksa high temporal resolution dhe image which is
inappropriate in the analysis of most biological dynamic processghk-sideed AFM (HS
AFM) has been developdd increase the imaging rate of AFMS-AFM can observe the
image of biological dynamics at si§0 ms temporal resolution-gD frames per second; fps)
without disturbing thefunction of fragile proteindy the ineraction of cantilevé#?®. The
setting of the HSAFM system is shown in Figure 5. The &M system includes a fast
scanner, a feedback controller, fast electrqringd an optical beam deflection (OBD) detector

for detecting deflection of this small cantilever. A long working distance objectivevieich



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 microscopedigdad camera or a CCD
cameraA cantilever chip is installed in the holder in which tip points upward that is opposite
to the conventional AFM. A sample stage, connected to-#eaaner and facing opposite to
the tip, is placed over the cantilever. lscident 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 quaetbBi PIN photodiode.
The incidet and reflected laser beams are separated usingaquatere | engt h ( a/ 4)
a polarization beam splitter?®

Anotherimportant factor to success imaging with A6M is a substrate surface. The
surfaceof the sample stage should be flat as much as possible because AFM \ggbalize
sample only one direction perpendicutarthe substrate surfacélowadays,five types of
substrate surfaces have been applied for imaging of biological molecules wARMS(1)
bare mica or chemically modified mica, (2) supported lipid bilayers, (3)dimensional
crystals of streptavidin grown on planar lipid bilayers containing biotin lipid, (4) highly
oriented pyrolytic graphite, and (5) DNA origami tiles placed on rsigdace.In order to
observe the movement of chitinagé<® in this thesis, we immobilized crystalline chitin on
the chemically modified mica surfacEhe mica surface was freshly cleaved and coated with
fluoro surf (FS1010S13850.5, Fluoro Technology) to modify the hydrophobicity of surface for
increasing the affinity to the chitin.

With its high-speed and minimal invasiveness,-ABM was used in several studies to
directly visualize the dynamics of proteingo@inprotein interactionand DNA-protein
interactiort>2> 331 |n this thesis, we used H&M to observe and analyze the velocity, run

length and moving time of processive chitinaSeChiA, on crystalline kitin (Chapter2).

10
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Figure 5. Schematic of the HSAFM system. (Takayuki Uchihashi et alNat. Protoc, 2012%®
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Chapter 2

Singlemolecule 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
synthesi®&, cargo transpott®, and proteiff3’ and polysaccharid&*® degradations. Once
processive enzymes bind to their substrates, they can repeat multiple cycles of catalysis without
dissociatioi*#2. Processive cellulases and chitinases are-kmewn examples of the
processive enzymes that perfomultiple rounds of hydrolytic cleavage of cellulose and chitin,
respectively®*°. Processivity prevents the dissociation/reassociation process once the enzyme
binds to the end of a single polymer chain, themgalcing the number of times the enzyme
rebinds to thend of the same substrate chaifé Processive cellulases and chitinases share
similar feature of a long and deep substtataling cleft and substratanding surface, which
contain aromatic amino acid residéfe®” 44 These aromatic residues play an important role in
the carbohydratprotein interaction by which hydrophobic stacking (CHhnteraction) 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 carbohydrat&chain
4548 Studes on processivity of the cellulases and chitinases using biochemical methods, such
as the fluorescence labeling of the substt&te and *C-labeled chitif®, or via tre use of
biosensor® have been performed extensively. However, they often involve complicated
procedures and have some limitations. Furthermore, processivity cannotdily dneasured
using a biochemical assay as it requires interpretations and is usually estimated from the
dissociation rate. Recently, singi®lecule imaging methods with fluorescence microscopy or
high-speed atomic force microscopy (H&M) have been el to directly visualize the
processive movement of the enzymes because they are more straightforward than biochemical

methods” 31 5%4 In our previous stud§, we reported not only the processivity but also the

13



kinetic parameters oBnChiA-WT (Hiss-tagged), including the binding rate constakah)(
dissociation rate constankof), translational velocity k), and productive binding ratio,

obtained using singimolecule fluorescence imaging.

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

Recently, Liuet al® reported the structure alignment of the substoatding cleft of
Ostrinia furnacalischitinaseh (OfChi-h) andSnChiA. As a result, two different aromatic
residues, Ph232 and Ph&96 forSnChiA and Trp225 and Trp389 foDfChi-h, were found
in the beginning and end of the cleft (at the cHitinding subsites 6 and%2§5, respectively,
as shown in Figuré.

In addition, the mutation of these two positionsSatChiA into those ofofChi-h (F232W/
F396W) showed higher hydrolytic activity against crystalline chitin compared with the
SnChiA WT. However, the detailsf the mechanism for improved activity have not yet been
reported. In the present study, | performed detailed biochemical analysis anehsitegele
imaging analysis using fluorescence microscopy anéAHS! to understand the mechanism
by which F232W/F36W mutant showed higher catalytic activity than WT. A reaction scheme
including processive catalysis was used to explain the properti€snohiA WT and
F232W/F396W, in which all the kinetic parameters were experimentally determined. | also
performed aminaacid sequence alignment of 2S8rChiA-like proteins and revealed the

predominant aromatic amino acid residues responsible for the chitin hinding

14
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Catalytic domain domain B SmChiA M OfChi-h
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Crystalline chitin

Figure 6. Schematic structure andstructural superimposition of SmChiA and OfChi-h bound
with (GIcNACc)7, (A) A crystal structure oSnChiA complexed with (GIcNAg)(sphere model) and
crystalline chitin (stick model). The schematic shows the CD and CBB2¥hand Ph&96 (sphere
model, colored with cyan) are located at the entrance and exitaflibrag-binding cleft, respectively.
(B) Structural superimpositioto compare the aromatic residues insideshiestratebinding cleft of
SnChiA (blue and side chain highlighted with cyan; PDB entry 1CTN) @i@hi-h bound with
(GlcNAc)? (pink; PDB entry 5GQB)n side view. The red boxes indicate the two different aromatic
residues irSnChiA and OfChi-h. The numbers-§ to +2) represent theubstratebinding subsites of
SnChiA according to the standard nomenclattite The red dashed lines (B) show the position of
the bond cleavage.
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2. Materials and Methods
Preparation of enzymes

The SnChiA WT gene (including the D415C mutation for fluorescent labelfrig)the
expressia plasmid pE27b with the Gterminal FactoiXa (FaXa) recognition sequence and
Hiss tag was used as the template to introduce the F232W/ F396W mutation by PCR. The PCR
product was treated with iL of Dpnl (New England Biolabs) to reduce the template
backgound at 37 °C for 15 min. After Dpnl 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. coli (Tuner™ DE3) as a host. Transfoed cells were
incubated for 1 dur at 37 °C and spread on an LB plate withu@snL kanamycin. Single
colonies were inoculated into 1L of LB medium with 2Hig/mL kanamycin and incubated
overnight at 37 °C and 250 rpm. The plasmid contaitiiegnutant gne was purified from
the harvested cell and the sequence was verified.ETteoli colonies carryingSnChiA
F232W/F396W or WT expression plasmids were cultured in 1L0omLB medium with
25ug/mL kanamycin at 37 °C and 250 rpm ur@IDeoo = 1. Then 5 rh of the culture was
added to 1 liter of LB medium with p§/mL kanamycin in a diter flask and cultted at 37 °C
and 130 rpm until O.Beo=1.8. Then the media were cooled on ice water for 10 mirapgp
D-1-thiogalactopyranosiddPTG) was added at final concentration of 50QM, and cells
were further cultured at 20 °C and 130 rpm overnight. The culture was then centrifuged at
6,000x% g for 10 min. Ten times the volume of the cell weight of 50 mM sodium phosphate (pH

7.0), containing 100 mM NaCl, waglded and supplemented with protease inhibitor mixture
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(cOmplete Mini, EDTAfree, Roche Applied Science). The cell suspension was sonicated on
ice for 20 min at 3 intervals. The disrupted cells were then centrifuged at 4 °C and 30,000
gfor 10 min. Tre supernatant was incubated withNIA 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 th&lWIA resin was packed into an open column and
washed wth 0 and 50 mM imidazole in 50 mM sodium phosphate (pH 7.0) containing 100
mM NacCl 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 tplL508ing a 30,000
molecuar weight cutoff VIVASPIN Turbo 50 (Sartorius). The sample was then injected into

a Superdex 200 10/300 GL column (GE Healthcare) and eluted with 50 miMJTrigpH 8.0)
containing 100 mM NacCl. The fractions were collected at a flow rate of /&im. The eluted
fractions were mixed and concentrated to Q0using a 3&kDa molecular mass cufff
VIVASPIN Turbo 15 (Sartorius). Protein concentrations were estimated from the absorbance
at 280 nm and the molar extinction coefficientg{= 107,050 and 118,050 ¥cm?* 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:/Iweb.expasy.org/protparam/Pne hundred maroliters of 100 uM sample were
incubated with JuL of 1 mg/nmL. FaXa protese (New England Biolabs) andu2 of 100 mM
calcium chloride at 23 °C overnight tmdst Gterminal His. Then 1QuL of sodium phosphate

(2 M, pH 7.0) was added to the FaXaatedsample, and the sample wantrifuged at 4 °C

and 16,000x g for 10 min to precipitate calcium phosphate. The supernatant was applied to the
Ni-NTA column to remove the cleaved Higg and undigested samples. The column was
washed, and the floshrough factions were collected with 50 mM sodium phosphate (pH 7.0)

containing 100 mM NaCl. The collected fractions were mixed and concentrated {d_500
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using a 3&kDa molecular mass cuatff membrane (VIVASPIN Turbo 15, Sartorius). DTT at a

final concentration ©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 NacCl to remove
FaXa proteasera DTT. Cy3maleimide (GE Healthcare) was dissolved in DMSO and mixed
with the sample at the same molar concentration as the enzyme before incubatirguf@t1 h
room temperature. The unreacted €gadleimide was removed using a NARcolumn (GE
Healthcae). The labeling ratio of Cy3 theenzyme (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 ther@at@imide (280 = 12,000 Mcm! and ss0=
150,000 Mtcmt). The samples were then stored at 80 °C until further use. In this study, WT
(D415GCy3) and F232W/F396W/D415Cy3 are described as WT and F23R896W,
respectively. Crystallinéb-chitin was purified fromSatsumatubeworms ILamellibrachia

satsumy, as described in a previous stéidgisoexplained intheAppendix)

Biochemical measurement of chitinase hydrolytic activity
| used a liquiehandling robot, Beckman @tier 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 9&ell plates. The purified enzymes were diluted to 100 nM using
100 mM sodium phosphateH5.0) in a lowproteinbinding microtube. In 9&vell reaction
plates, the diluted enzymes were incubated with ctystathitin (0 6 mg/nL) at 25 °C for 30
min in a reaction mixture volume of 150 (1:1 (v/v) enzyme/substrate ratio) without shaking.
Thereactions were stopped with 200 of t he Schal esd reagent (50

1.5 mM potassium ferricyanide). Insoluble chitin was separated-aveB@.2m hydrophilic
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low-proteinbinding Durapore membrane filter plates (Merck Millipore). Thierfdd solution

was heated at 95 °C for 15 min, and 1Q0of the samples were transferred to 3@dll clear

plates. Absorbance at 420 nm was measured using a multimode microplate reader (SpectraMax
iD3, Molecular Devices). The amounts of soluble produ&eevealculated from the standard

curve with chitobige. The error bars shown in FiguréA and B) represent the S.D. values of

the sextupled experiments.

Biochemical bound fraction analysis

Bound fraction analysis was performed manually using a rhalticel pipette. Each
measurement condition was measured in triplicBteChiA WT and F232W/F396W were
diluted to 100 nM using 100 mM sodium phosphate (pH 6.0) in apl@ieinbinding
microtube and transferred to a-@@ll low-binding plate (Eppendorf). Bm 100 nM enzyme
was incubated with various concentrations of crystalthéin (final concentration 10
mg/mL) at a 1:1 (v/v) enzyme/substrate ratio at 25 °C for 15 min. Theeligplate was then
centrifuged at 4400 rpm for 15 min at 25 °C. Then 1D0f the supernatant (unbound fraction)
was transferred to a 98lack well plate to measure the fluorescence. The fluorescence intensity
was measured using a microplate reader (SpectraMax iD3, Molecular Devices). The excitation
and emission wavelengths wes80 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 perceages of the bound fractions were calculated, plotted, and fitted using
Langmui r 6 sheemou lzats ishown in kige 7C represent the S.D. values of the

triplicate experiments.
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Singlemolecule fluorescence imaging analysis
The coverslips usedof the singlemolecule 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 coverslis were rinsed with MilliQ water. Then GfL of 0.01 mg/nh crystalline chitin
suspension was spooated on the coverslip before placement on the microscope stage. The
observation area was determined using bigid microscopy. Then 2QAL of 50 pMSnChiA
WT or F232W/F396W in 50 mM sodium phosphate (pH 6.0) was dropped onto the coverslip.
For kon andkosr analysis, fluorescence images of single molecules were recorded at 4 fps at
a laser power of 0.14W/um? with localization precisions of 8.6 and 8.4 nmx and y
directions, respectively. After observation, dl0of 10 nM WT was dropped onto the coverslip
to strain the crystalline chitin. The valueskef were calculated from the number ®fChiA
molecules bound to the single crystalline chitin divitlgdthe SmChiA concentration, chitin
length and observation time (ffum? s1). 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 usingmageJ. The distributions d&n were fitted using double
Gaussian functions. The binding time distribution was fitted with thibléexponential decay

function according to the following equation,

o ARAZPAO AAGDPAO

where a, b, ¢, and d areetfitting parameterand t is the binding timé he productive binding
ratio was estimated from the ratio of the number of moving molecules and the number of

nonmoving molecules in the initial 4Dmovies after focusing. The observation condition was

20



1 uw/pum? with 3 fps to improve the moving moleciifinding efficiency. The localization
precisions in the x and y directions were 4.3 and 3.8 nm, respectively. For the ahdéfsised

moving molecules as the molecules that showed movements larger thar{-Zbtimes 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, thectaay of noamoving 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 microscopyHS-AFM)

HS-AFM observations were oded out using the system described previotiskyxcept
for the preparation of stage. The mica surface on the stage was freshly cleaved and coated with
2 uL of fluoro surf FS1010S13850.5 (Fluoro Technology) to ake the surface hydrophobic
and to have high affinity to the crystalline chitin. ThenulOof crystalline chitin suspension
was dropped onto the surface before incubating at room temperg26réQ) for 10 min and
covered with a moisture cap. The surfacas rinsed twice with 8QlL of 50 mM sodium
phosphate (pH 6.0). Immobilized crystalline chitins were initially observed without the
SnChiAin 78uL of 50 mM sodium phosphate (pH 6.0). After thagtl2of chitinase was added
to obtain an enzyme at a firmncentration of 2AM. The solution was then mixed gently, and
the images were recorded at 5 fps.

Homebuilt software based on Igor Pro (WaveMetrics) was used for the visualization and
analysis of the H&FM images.l analyzed moving molecules that showedvements 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 walsulated using the software to obtain the
position at each frame of tracking molecules. The translational veldgjtyf the moving

molecules was calculated using the following equation,

9 YO 1 1 YU T i
i T OKEG A

where Y@ and YU denote the difference between the start and the end positions of a moving
molecule in the x and y direction, respectively. The distributionls; afere fitted with the
Gaussian furteon. The processive catalysis rate constig) (vas calculated by dividinkg

by the step size dbnChiA (1.04 nm, the length of chitobiose). The distribution of the run
length was fitted with the singlexponential decay function. The processivity wasmated

from the obtained run length constant on the assumption th&nbkiA step size was 1.04

nm. The distribution of the moving time was fitted with the sire{ponential decay function,

and the inverse of the obtained moving time constant we assthe productive dissociation

rate constantkgs®).

Structure and sequence alignment by bioinformatics

The sequence @&nChiA and SnChiA-like proteins from the different organisms were
obtained using the ProteBLAST tool in the NCBI database t(p://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/SigRalR)ith 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 chitireses w
aligned and \visualized wusing Clustal Omega (Cluostal: http://www.ebi.

ac.uk/Tools/msa/clustaff)and WebLogo (http://weblogo. threeplusone.ctnmespectively.
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The structure of SmChiA (PDB entry 1CTN) was superimposed @i@hi-h (PDB entry

5GQB) anavhChiA (PDB entry 3B8S) using the alignment function of PyMOL.
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3. Results ard Discussion
SmChiA F232W/F396W mutant showed highekcat than WT

Theprevious study by Liet al.>> compared the hydrolytic activity GfChi-h, SWChiAWT,
and SnChiA F232W/F396W. They found that tIf&ChiA F232W/F396W mutant showed
higher hydrolytic activities against several insoluble chitin substrates Sh@tiA WT;
however, these results were obtained at only one substrate concetitrétianur previous
study®*, we used a range of crystalline chitin concentrations (@g/nlL) to estimate thé&ca
andKm values ofSnChiA WT. In the present study, to confirm the high catalytic activity of the
F232W/F396W mutant and astatek.a:andKm, | measured the hydrolytic activity 8irChiA
WT and F232W/F396W at various cryéitee chitin concentrations (& mg/m.) using a
liquid-handling robot, developed in our previous reffofthe measurement was performed in
two independent experiments carried out in triplicate. It is worth netiagcontrary to the
previous studd?, in the present study, Hisags were removed from the C terminus of the
constructs during purification. This was done as positive charges efitdig change the
binding/dissomtion dynamics ofSnChiA 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
enzymeswvere also used for the singheolecule imaging analysis described later. Note that in
our previous stud¥, | confirmed that there is no significant difference between hydrolytic
activities of Cy3labeled and unlzeled enzymes.

As a result, F232W/F396W was found to show higher hydrolytic activity than WT in all
of the crystalline citin concentrations tested (FiguidA). At a high crystalline chitin
concentration (defined as more than 1 migimthe hydrolytic agvities of WT and

F232W/F396W tended to show a degree of inhibition and were not appropriate within the
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Michaelig Menten equation. Thus,used the hydrolytic activity at a low chitin concentration
range (01 mg/nl) to ensure fit within théMlichaelis Menten equation (Figur@B). The
turnover numberkca) and Michaelis constanKg,) for WT and F232W/F396W on crystalline
chitin were subsequently estimated to be$3@.21 and 3.% 0.21 s' and 0.32+ 0.045 and
0.19+ 0.030 mg/m., respectively (Table 1). Finermore, the values &fa/Km for WT and
F232W/F396W were 10 and 21Lmgs?, respectively. This result suggests a 2 times larger

rate constant of productive binding for F232W/F396W than that for WT.
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Figure 7. Biochemical analysisof SmChiA WT and F232W/F396W mutant A, hydrolytic activity

of SMChiA WT (blue) and F232W/F396W (pink) at various concatidns of crystalline chitin {@®
mg/mL). B, same as A at a low concentration rangel(éhg/nL). The data points were fitted with the
Michaelis Menten equation to estimate.andK, of WT and F232W/F396WIhe tydrolytic 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 concentoats of crystalline chitin (06 mg/ni). Inset, thelow chitin
concentration range (<0.6 md{m 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
constantKq). Error bars, S.D. of the sextudléA and B) or triplicate (C) measurements.

In addition, | 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 usedalculate the percentage of the bound fraction. The

pl ot was fitted using Langmuir 6s KydRigare i on
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7C). At a crystalline chitin concentration below 0.6 mpb/mthe binding affinity of
F232W/F396W was found toe slightly higher than that of the WT (ki@ 7TC, inset). At a
concentration of 2 mg/icrystalline 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 Kq for WT and F232W/ F396W were 0.230.019 and 0.1& 0.015 mg/nh, 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.Summaryof kinetic parameters determined by biochemical analysis.

Kinetic kcatl Kml Keal Kim Kd2
parameters st mg/mL mLmg?s? mg/mL
WT 3.1+£0.21 0.32+£0.045 10 0.23+0.019
F232wW/
3.9+£0.21 0.19+0.030 21 0.18+0.015
F396W

! kearandKn were estimateffom the biochemical activity measurement at a low chitin
concentrati on withathediting byQhe Wichaejdemen)equation

2 K4 was estimated from the bound fraction analysis with the fitting by
Langmuirdés equation.

Biochemical analysis confirmed that the F232W/F396W mutasin@thiA has a fgher
hydrolytic activity than the WT, as shown previodsliFigure 3. | found that F232W/ F396W
showed higher hydrolytic activity than WT at all chitin concentrations ranging from 0.063 to 6
mg/mL. Hydrolytic adivities were slightly inhibited for both WT and F232W/ F396W at chitin
concentrations higher than 1 md/nand could not be fitted using the MichaéMenten
equation (Figure K). This inhibition can be either the product or substrate inhibition, and

addiional experiments are requir¢o understand the mechanism.
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At low chitin concentration rangei(@ mg/nL), the MichaelisMenten equation could be
applied to obtain an estimate of the:andKm (Figure B). Thekeatvalue for F232W/ F396W
(3.9 st) washigher than that for WT (3.1% (Table 1). Thém value for F232W/F396W (0.19
mg/mL) was lower than for WT (0.32 mgly, indicating that the affinity of the productive
binding to the crystalline chitin of this mutant was higher than that of the WT. [Agtilne
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 concentrationsuifggC). The Kq values for WT
and F232W/F396W were consistent with Kagvalues (Tabld). Because Phe was mutated to
Trp at two positions, the surface area that engages th€ G@fieractions and the

electronegativity of thé-system can be increaséd

No significant differences in binding and dissociation rate constants and productive
binding ratio for WT and F232W/F396W

To further chrify the mechanism responsible for the higher hydrolytic activity in the
F232W/F396W mutant compared with the Wiliyst performed singlanolecule fluorescence
imaging according to the methods described in our previous® 4tiNiyte that in the single
molecule fluorescence imaging and AEM 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 kot of the WT andF232W/F398V were found to be similar (Figure).8The
distributions ofkon were fitted using the double Gaussian function yFég top). Thevalues
of the peak positions for the WT were &.0.30x 168 and 1.4+ 0.43x 10° Mtums?, whereas
those of he F232W/F396W were 9#10.43x 1% and 1.8+ 0.29x 10° M*umis?, respedvely.

The multiple peaks dfon were related to the bundles of chitin microfibrils, wherein the first
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peak was represented By, for a single crystalline chitin microfibril, asxplained in our
previous studdf. Essentially, no significant differences in overkh between WT and
F232W/F396W were obtained (Table 2).

The distribution ofket was fitted using a doublexponential decay fction (Figire 8
bottom). The slow and fast dissociations were associated with the bindingsSofGheA to
the hydrophobic and hydrophilic surfaces of crystalline chitin, respectivlye 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 @-0895 s' (14%) and 0.058
+0.12s1 (15%), respectively. The fast dissociation rate constants for WF28@W/ F396W
were 1.4+ 0.089s! (86%) and 1.2 0.058s (85%), respectively. Subsequently, the average
value ofkor was calculated frorthesummation of théf and the ratio of the slow dissociation
fraction and that of the fast dissociation fracti@s a result, the average valuekgffor WT
and F232W/F396W were 1.2 and 099 respectively (Table 2). As described belbwsed
these values dé as those okorr for nonproductive bindingkgi"F).

Next, | measured the productive bindimgtio. Productive binding only occurs when
SnChiA binds to the reducing end of the chitin chain on the hydrophobic surface of crystalline
chitin. Therefore, the productive binding ratioifChiA is low, as was determined by single
molecule imaging analysiin our previous stud§ In the present study, the productive binding
ratio was determined from the ratio of the number of moving molecufgarfd nonmoving
molecules (W) after the binding to the chitin suda For measuremertfurther improved
the localization precision of singhaolecule 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 atpWW/m? power). The productive binding ratios for WT and

F232W/F396W were 0.0740.0041 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 kot of SMChiA WT (blue) and F232W/F396W

(pink) obtained by singkenolecule fluorescence imaging analy$igp) The distributions ok, were

fitted with the double Gaussian function. The first peak corresponds thtlagainst the single
crystalline chitin microfibril. The sample number (N) irttlistribution okon represents the number of
crystalline chitins observe@ottom) The distributions ok.« were fitted with the double exponential
decay function. A slow dissociation is associated to the binding of the enzyme to the hydrophobic
crystdline 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 distributiky fpresents the
number ofSmChiA 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 analysithen applied singkenolecule 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
29



