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SUMMARY

SUMMARY
In the shift from a fossil-based to a bio-based economy, exploration of renewable recourses

is needed. Chitin is considered as the second most abundant polysaccharide on Earth, after
cellulose, and its water-soluble derivatives chitosan and chitooligosaccharides (CHOS) have
several applications, for example in medicine, agriculture, and the food industry. Today, the
extraction of chitin from chitin-rich biomasses and the subsequent production of chitosan and
CHOS involve harsh chemicals. It is of interest to replace the current chemical processing
technology with enzyme-driven processes, since this would be more environmentally
friendly. In addition, enzymes can be used to produce well-defined chitosans and CHOS,
which is of interest, since the bioactivity of these compounds depends on properties such as
the fraction of acetylation (Fa), the degree of polymerization (DP) and the pattern of
acetylation (Pa). Investigation of proteins utilized by microorganisms during growth on chitin
might provide insight into natural chitin conversion and may yield enzymes that can aid in

industrial valorization of chitin-rich biomasses.

Paper | describes the characterization of a carbohydrate esterase family 4 (CE4) deacetylase,
which was selected because of its potential application in the production of CHOS with
defined Fa and Pa. To utilize these enzymes in an optimal way, good understanding of their
substrate interactions and specificities is needed. Paper I includes the first enzyme-substrate
complex of a CE4 deacetylase with an open active site, providing valuable insight into how
the enzyme interacts with its substrate. The enzyme is able to deacetylate a variety of
substrates at varying positions. This broad specificity and the presence of seemingly few
subsites occupied by the substrate indicate that it may be difficult to use or develop this type

of CE4 enzymes for enzymatic tailoring of the Pa of CHOS.

The genome of Cellvibrio japonicus encodes a large array of carbohydrate-active enzymes,
including several putative chitinases and other enzymes possibly involved in chitin
degradation. Whether these enzymes are actually involved in chitin utilization by this Gram-
negative bacterium had not been investigated at the start of the work described in this thesis.
Paper 11 describes a study of proteins that C. japonicus secretes during growth on chitin,
using a novel, plate-based proteomics approach which yielded secretome samples with a
relatively low fraction of cytoplasmic proteins. This study revealed that the four glycosyl

hydrolase family 18 (GH18) chitinases encoded in the C. japonicus genome are produced in
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high amounts, indicating that these enzymes are all involved in natural chitin turnover. Chitin
degradation studies showed that C. japonicus has considerable chitinolytic power. The
proteomics study revealed several proteins without an obvious role in chitin degradation that
also are produced in high amounts during growth on chitin, thus providing a list of proteins

that could be targeted in future searches for proteins that degrade chitin-rich biomass.

Paper 111 describes an in-depth investigation of the GH18 chitinases encoded by C.
japonicus. Knockout studies showed that one of the chitinases, CjChil8D, is crucial for the
bacterium’s ability to utilize chitin as a carbon source. Biochemical characterization showed
that CjChil8D is the most efficient chitin degrader, which could explain its crucial role.
Comparative studies of the four enzymes indicated different and putatively complementary
functions, as exemplified by CjChil8C having the by far highest activity against
chitohexaose. Indeed, when combining enzymes, synergistic effects on chitin degradation
efficiency were observed. Transcriptomic analysis showed that the four GH18 chitinases and
a chitin-active LPMO, CjLPMO10A, are strongly up-regulated when C. japonicus grows on
chitin, along with several other putatively chitin-active enzymes as well as a few proteins of

unknown function, which are up-regulated to a lesser extent.

Serratia marcescens produces one the best studied chitinolytic machineries, involving three
chitinases, a lytic polysaccharide monooxygenase, and a chitobiase. However, the genome
sequence of one of the most frequently studied S. marcescens strains was not available at the
start of this thesis work, and possible involvement of other proteins in chitin utilization had
not been investigated. Paper 1V describes the genome sequence of S. marcescens BJL200
and a proteomics investigation of proteins secreted during growth on chitin. The genome
sequence showed that S. marcescens encodes a fourth chitinase, SmChiD, but the proteomics
data indicated that this chitinase is not important in chitin utilization. Indeed, biochemical
characterization of SmChiD supported the notion that this enzyme is not important for chitin

conversion and, thus, likely has another, yet unknown, biological role.

Taken together, the results presented in this thesis provide novel insight into chitin-active
enzymes encoded by bacteria. Paper | provides insights into the substrate binding of CE4
deacetylases with an open active site. Papers I1-1V reveal chitin-active enzymes, in particular
hydrolases, that play key roles in natural chitin conversion. Additionally, Papers I1-1V yield

a list with proteins without an obvious role in chitin degradation, which may be targeted in
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future studies of the degradation of chitin-rich biomasses. Further studies on tailoring CE4
deacetylases for modification of chitosan and CHOS and on more efficient chitin conversion

using enzymes derived from S. marcescens and C. japonicus are currently in progress.






SAMMENDRAG

SAMMENDRAG
| overgangen fra en fossil-basert til en bio-basert gkonomi ma bruken av fornybare ressurser

utforskers. Kitin er, etter cellulose, ansett som den biomassen det fins mest av pa jorden, og
de vannlgselige kitin-derivatene kitosan og kitooligosakkarider har mange applikasjoner
innen eksempelvis medisin, jordbruk og matindustri. Ekstraksjonsprosessen av kitin fra kitin-
rik biomasse og videre produksjon av kitosan og kitooligosakkarider involverer i dag farlige
kjemikalier. Det er derfor gnskelig & erstatte dagens kjemiske prosess med en enzymdrevet
prosess da dette vil veere mer miljgvennlig. I tillegg kan enzymer brukes til & produsere godt
definerte kitosaner og kitooligosakkarider, noe som er av interesse siden bioaktiviteten til
disse forbindelsene er avhengig av egenskaper slik som fraksjon av acetylering, grad av
polymerisering og acetyleringsmanster. A undersgke hvilke proteiner mikroorganismer
bruker nar de vokser pa kitin kan gi innsikt i naturlig kitin-nedbrytning og kan gi relevante

enzymer som trengs for industriell valorisering av Kitin-rik biomasse.

Artikkel 1 beskriver karakteriseringen av en karbohydrat esterase familie 4 (CEA4)
deacetylase, som ble valgt pa grunn av sitt potensiale for bruk i produksjon av
kitooligosakkarider med definert fraksjon av acetylering og acetyleringsmgnster. En god
forstaelse av hvordan disse enzymene interagerer med sitt substrat og enzymenes spesifisitet
er viktig for & utnytte enzymene pa en best mulig mate. Artikkel | inkluderer det fgrste
enzym-substrat komplekset for en CE4 med et apent aktivt sete, og gir verdifull informasjon
om hvordan dette enzymet interagerer med sitt substrat. Enzymet kan deacetylere flere ulike
substrater pa ulike posisjoner. Den brede substratspesifisiteten og at substratet okkuperer
tilsynelatende fa subseter indikerer at det kan bli vanskelig a utvikle denne typen CE4

enzymer for & skreddersy acetyleringsmgnsteret i kitooligosakkarider.

Et vidt spekter av karbohydrataktive enzymer kodes av genomet til Cellvibrio japonicus,
inkludert flere kitinaser og andre enzymer som muligens er involvert i kitin nedbrytning. Nar
arbeidet med denne avhandlingen startet hadde det ikke blitt undersgkt om noen av disse
enzymene faktisk er involvert i denne Gram-negative bakterien sin utnyttelse av Kkitin.
Artikkel 11 utforsker de proteinene som C. japonicus sekreterer nar den vokser pa kitin, ved
bruk av en ny plate-basert proteomikkmetode som ga sekretomprgver med relativt lav
fraksjon av cytoplasmiske proteiner. Resultatene viser at de fire glykosyl hydrolase familie

18 (GH18) kitinasene som finnes i genomet til C. japonicus produseres i store mengder, noe
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som indikerer at disse enzymene er involvert i nedbrytning av naturlig kitin. Forsgk med kitin-
nedbrytning viste at C. japonicus har betydelig kitinolytisk kraft. Flere proteiner uten en
apenbar rolle i kitin-nedbrytning ble produsert i store mengder under vekst pa kitin, og danner
en liste med proteiner som i fremtiden kan utforskers for en mulig rolle i nedbrytning av kitin-

rik biomasse.

Artikkel 111 gir en fyldigere beskrivelse av GH18 kitinasene produsert av C. japonicus. Ved
a sla ut kitinasegenene, ble det vist at en av kitinasene, CjChi18D, er helt avgjerende for at
bakterien skal kunne utnytte Kkitin som karbonkilde. Biokjemisk karakterisering viste at
CjChil8D er den mest effektive i nedbrytning av kitin, som kan forklare dens avgjgrende
rolle. Sammenligning av de fire enzymene indikerte at de har ulike og antageligvis
komplementare funksjoner, eksemplifisert med CjChil8C som har hgyest aktivitet mot
kitoheksaose. Ved & kombinere enzymene sa ble synergistiske effekter i kitin-nedbrytning
observert. Transkriptomikk analyser viser at de fire GH18 kitinasene og en kitin-aktiv lytisk
polysakkarid monooksygenase, CjLPMO10A, er oppregulert nar C. japonicus vokser pa kitin.
Det samme er mange andre antatte kitinaktive enzymer, i tillegg til noen fa proteiner med

ukjent funksjon, som er oppregulert i noe mindre grad.

Serratia marcescens innehar ett av de mest studerte kitinolytiske maskineriene, som
involverer tre kitinaser, en lytisk polysakkarid monooksygenase og en kitobiase. Genomet til
en av de best studerte S. marcescens familiene hadde imidlertid ikke blitt sekvensert da
arbeidet med denne avhandlingen startet, og viktigheten av eventuelt andre proteiner i Kitin-
nedbrytningen hadde ikke blitt undersgkt. Dataene presentert i Artikkel IV inkluderer
genomsekvensen til S. marcescens BJL200 og en proteomikk-basert undersgkelse av hvilke
proteiner som sekreteres nar bakterien vokser pa kitin. Genomsekvensen viste at genomet
inneholder en fjerde kitinase, SmChiD, men proteomikken antyder at denne kitinasen ikke er
viktig i utnyttelsen av kitin. En biokjemisk karakterisering av SmChiD stattet antydningene
om at dette enzymet ikke er viktig i Kitin-nedbrytning, og en annen, hittil ukjent, biologisk

rolle for denne kitinasen antas.

Oppsummert sa gir dataene presentert i denne avhandlingen innsikt i kitinaktive enzymer
produsert av bakterier. Artikkel I gir verdifull innsikt i hvordan CE4 deacetylaser med et
apent aktivt sete binder sitt substrat. Artikkel 11-1V bekrefter at kitinaktive enzymer, spesielt

hydrolaser, har viktige roller i naturlig nedbrytning av kitin. 1 tillegg gir Artikkel 11-1V en
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liste med proteiner uten en apenbar rolle i kitin-nedbrytning. Disse proteinene blir dratt frem
som mulig mal for videre undersgkelse av deres potensielle rolle i nedbrytning av kitin-rik
biomasse. Videre studier pa tilpasning av CE4 deacetylaser for modifisering av kitosan og
kitooligosakkarider, og pa mer effektiv kitin-nedbrytning ved bruk av enzymer fra S.

marcescens og C. japonicus pagar.
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INTRODUCTION

1 INTRODUCTION
Today there is a worldwide focus on shifting from a fossil-based economy towards a bio-

based economy. This implies a need to replace products derived from fossil resources, such
as oil, with products produced using renewable resources. Biomasses of different origins
represent important renewable resources, which can be used to produce fuels, chemicals and
other products. Cellulose is the most abundant biomass on Earth, being a main component in
the plant cell wall. So called “first generation feedstocks”, including corn and sugar cane used
for ethanol production, and rapeseed oil used for biodiesel production, are the main resources
in the bio-based economy today. Although renewable, the use of first generation feedstocks
raises some issues, as their use for producing e.g. fuels competes with their use as food or
feed (Williams, 2008). Therefore, in recent years, research focus has shifted towards non-
edible feedstocks, often referred to as “second generation feedstocks”. The most common of
these feedstocks is lignocellulosic biomass derived from plants and trees. Other non-edible
feedstocks are also in focus, such as algae (Bibi et al., 2016) and chitin-rich biomasses
(Aranda-Martinez et al., 2017), but their exploration has not yet advanced to the level reached

for lignocellulose.

Chitin is the second most abundant polysaccharide on Earth and is, like cellulose, a
recalcitrant, insoluble polysaccharide found in the exoskeletons of arthropods and in fungal
cell walls, with an estimated annual production of around 10*! tons (Kurita, 2006). Although
crab and shrimp shell waste from the seafood industry is used for commercial production of
chitin and its derivative chitosan (see below), much of this waste is deposited, meaning that
valuable biomass is wasted (Kandra et al., 2012). The current process for chitin extraction
from crustaceans and production of down-stream products involves harsh and not
environmentally friendly chemicals, which is needed to remove minerals and proteins. One
way to achieve more environmentally friendly and sustainable utilization of chitin-rich
biomass is to replace one or more of the chemical processing steps with enzyme-based
processes. This thesis deals with the identification and characterization of enzymes for chitin

processing.

1.1 Chitin
Chitin is a linear homopolymer consisting of $-1,4 linked N-acetylglucosamine [GICNAc (Fig.

1a)]. Chitin chains assemble into crystalline structures and different polymorphic forms exist
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depending on the arrangement of individual chains in the chitin fiber. The different
polymorphic forms are named a-chitin, B-chitin, and y-chitin, [Fig. 1b, (Carlstrom, 1957,
Rudall, 1963)], with a-chitin being most recalcitrant. In Nature a-chitin is the most abundant
form, found in fungal cell walls and in the exoskeletons of crustaceans and insects (Rinaudo,
2006). Beta-chitin is found in the gladius of squids (also known as the squid pen) (Blackwell,
1969), while y-chitin has been identified in cocoon fibers of the Ptinus beetle and in the
stomach of the squid Loligo (Jang et al., 2004). The chitin chains are organized in sheets,
which in a-chitin are held together by inter- and intramolecular hydrogen bonds making it
more rigid than B-chitin, which lacks inter-sheet hydrogen bonds (Rudall, 1963, Rinaudo,
2006). Due to the absence of intermolecular hydrogen bonds, -chitin is more loosely packed
and is more susceptible to swelling by accommodating various polar molecules (Saito et al.,
2000, Saito et al., 2002, Rinaudo, 2006).

In the exoskeleton of crustaceans, chitin exists in complex with proteins and minerals (mainly
calcium carbonate; Fig. 1c). This composite material consist of 15-40 % chitin, 20-40 %
protein and 20-50 % calcium carbonate. Extraction of chitin from this composite material
requires the removal of proteins and calcium carbonate. This is commonly achieved by the
use of concentrated sodium hydroxide and hydrochloric acid, respectively. There are several
drawbacks in these chemical methods: the chemicals are hazardous, the process destroys the
protein fraction, which represents a potentially valuable co-product, and the chemicals come
with a cost. Alternative and more environmentally friendly extraction processes have been
reported, using enzymes (Younes et al., 2014, Younes et al., 2016) or microbial fermentation
(Bajaj et al., 2015). These latter processes may preserve both the protein and calcium
carbonate, but have so far only been explored in laboratory scale (Kaur and Dhillon, 2015).
Although enzymatic deproteinization using proteases is promising, this process is inferior to
the chemical process, as the enzymatic process leaves 5-10 % residual protein in the chitin.
For many applications this is not a huge problem, but for biomedical applications complete
protein removal is crucial, as shellfish allergy in humans is caused by the protein components
(Younes and Rinaudo, 2015).
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NH
OH O:< OH a-chitin  B-chitin  y-chitin
C
Homarus americanus Multilayered bulk cuticle Twisted plywood of Chitin-protein fiber plane

chitin-protein planes

Honeycomb-like
chitin-protein nanofibril
plane; mineralized

N-acetylglucosamine " Chitin nanofibrils Chitin-protein fibers in
molecules wrapped with proteins mineral-protein matrix

Figure 1. Chitin structure and organization. (a) Chemical structure of chitin showing p-1,4 linked
N-acetylglucosamine units. (b) The different polymorphic forms of chitin. (c) Example of how chitin
is packed in the exoskeleton of the lobster Homarus americanus. Figure adapted from Nikolov et al.
(2011).

1.2 Chitosan and chitooligosaccharides
Chitin is commonly used to produce chitosan and chitooligosaccharides (CHOS). Chitosan is

the deacetylated form of chitin, i.e. a form where the acetyl group on the C2 amino group has
been removed. Thus, chitosan contains glucosamine (GIcN) rather than N-acetylglucosamine
(Fig. 2). The term “chitosan” is used for a collection of chitin-derivatives, ranging from fully
deacetylated to approximately 35 % deacetylated. In other words, the fraction of acetylation
(Fa) may vary from O to approximately 0.65. The key property that defines a chitin-based
polymer as chitosan is solubility in mildly acidic solutions. Chitosan is not commonly found
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in Nature, but is produced by a few fungal species (Pochanavanich and Suntornsuk, 2002).
Production of chitosan from chitin for industrial purposes is done using homogeneous or
heterogeneous deacetylation processes (Varum et al., 1991a, Varum et al., 1991b). In the
homogeneous process, the chitin is dissolved in an alkaline solution at low temperature under
extensive stirring, while in the heterogeneous process the chitin is kept insoluble by adding a
hot alkali solution (Aam et al., 2010).

HO o) O  Ho ~

OH OH

Figure 2. Chemical structure of chitosan. The figure shows B-1,4 linked glucosamine units, but it
should be noted that chitosans normally also contain N-acetylglucosamine and that the fraction of

acetylation (Fa) can be as high as 0.65.

Chitosan is a unique polymer since glucosamine has a pKa value around 6.5, thus adapting a
positive charge at mildly acidic pH and thereby yielding a poly-cationic macromolecule.
Chitosan is produced industrially in the thousands of tons per year scale and has numerous
applications (Kim, 2010), for example in medicine and agriculture (Table 1). This is due to
the biocompatible and biodegradable nature of the chitosan [and CHOS (Aam et al., 2010,
Kong et al., 2010, Anitha et al., 2014)]. Chitosan has a proved antimicrobial effect that is
better compared to other disinfectants. The mechanism for this antimicrobial effect is not fully
understood, but one hypothesis for the antibacterial effect is that chitosan change the
permeability of the cell membrane due to interactions between the positively charged chitosan
and the negatively charged components in the cell membrane (Younes and Rinaudo, 2015).
The antifungal effect of chitosan towards Rhizopus stolonifer (Ehrenb.:Fr.) Vuill, causing
rhizopus rots disease of various fruits and vegetables, was shown to be dependent on the
molecular weight of the chitosan. Low molecular weight chitosan inhibited the mycelial
growth, while high molecular weight chitosan had more effect on the development of spores
(Hernéndez-Lauzardo et al., 2008). Chitin, chitosan, and CHOS are known to improve the

wound healing, and Minagawa et al. (2007) found that the effect in the wound healing process
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was affected by the Faand the degree of polymerization (DP, also referred to as chain length).
This shows that there is a need to control these parameters when making chitosan and CHOS.

Table 1. Applications of chitin and its derivatives chitosan and CHOS.

Field Examples of usage Selected references
Pharmaceuticals Drug delivery Agnihotri et al. (2004)
] Antimicrobial El Hadrami et al. (2010)
Agriculture ]
Plant promotor Winkler et al. (2017)
_ Raval et al. (2016)
Biotechnology Wastewater treatment o
Wawrzkiewicz et al. (2017)
Stabilizer Dickinson (2017)
Food )
Packing Marsh and Bugusu (2007)
) Cho et al. (1999)
) . Wound healing )
Biomedical Minagawa et al. (2007)
Tissue engineering Freier et al. (2005)
Textiles Coating Ye et al. (2005)
Cosmetics Skin care Gautier et al. (2008)

Table adapted from Hamed et al. (2016).

Enzymatic depolymerization of chitin and chitosan generates CHOS, which, depending on
the starting material will be homo- or hetero-oligosaccharides of GIcNAc (A) and GIcN (D).
Such CHOS are thought to have a wide variety of bio-activities, such as antifungal and
antitumor activity (Nam et al., 2007, El Hadrami et al., 2010). The biochemical properties of
chitosans and CHOS are not only affected by the Fa, but also by the DP, the pattern of
acetylation (Pa; also referred to as “sequence”), and the molecular weight distribution (PD;
PolyDispersity). The chemical methods commonly used for production of chitosan give a
random distribution of the GIcN and GIcNAc units, however for some applications it is
desirable to have chitosans and CHOS with a well-defined Pa (Aam et al., 2010). It has been
proposed that chitin deacetylases could be used for converting chitin and fully acetylated
CHOS to chitosan and CHOS with varying Fa. These deacetylases specifically remove the
acetyl-groups by a hydrolytic reaction (Tsigos et al., 2000, Hamer et al., 2015, Hamed et al.,
2016) and if deacetylases with sequence specificities could be found or developed, one might
even be able to generate defined Pa’s. By combining deacetylates with chitinases and
chitosanases having different substrate specificities it is, at least in theory, possible to produce

CHOS will specific DP, Fa and Pa. It should be noted though that, so far, enzymatic
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conversion of chitin to chitosan has not been accomplished and that there are only very few
examples of sequence specific deacetylation of CHOS (Andrés et al., 2014, Hamer et al.,
2015).

1.3 Carbohydrate-active enzymes
Nature is full of carbohydrates, in monomeric, oligomeric and polymeric forms, and different

enzymes have evolved to synthesize, modify or degrade complex carbohydrate structures.
Carbohydrate-active enzymes (CAZymes) are organized and classified in the CAZy database,
where they are divided into different classes, according to function, and families, according

to amino acid sequence similarity [www.cazy.org, (Lombard et al., 2014)]. Currently the

CAZy database contains five enzyme classes and one class of non-catalytic modules that are
associated with carbohydrate-active enzymes. The glycosyl hydrolase (GH) class contains
enzymes that hydrolyze glycosidic linkages. Some GH enzymes also have transglycosylating
activity, where a sugar (instead of water, as in hydrolysis) acts as an acceptor resulting in the
formation of a new glycosidic bond (Cantarel et al., 2009). Glycosyl transferases (GT)
synthesize glycosidic linkages using activated sugars, while polysaccharide lyases (PL)
perform non-hydrolytic cleavage of glycosidic bonds. Carbohydrate esterases (CE) remove
ester modifications on carbohydrates (Cantarel et al., 2009). The fifth class is referred to as
auxiliary activities (AA) and contains a variety of redox enzymes acting in conjunction with
other CAZymes (Levasseur et al.,, 2013). The AA class includes the so-called lytic
polysaccharide monoxygenases (LPMOs; see Section 1.3.1.3), that were discovered in 2010
(Vaaje-Kolstad et al., 2010) and that play a pivotal role in polysaccharide degradation. The
AA class also contains redox enzymes acting on lignin, since lignin is found together with
polysaccharides in plant cell walls. In addition, lignin facilitates the activity of LPMOs
(Levasseur et al., 2013). Next to these five classes of catalytic domains, the carbohydrate-
binding module (CBM) class contains proteins with no enzymatic activity. CBMs are
normally covalently attached to other enzymes, and their primary function is to promote
substrate binding (Cantarel et al., 2009).

1.3.1 CAZymes in chitin degradation and modification

1.3.1.1 Chitinases
Chitinases, enzymes that hydrolyze the B-1,4 glycosidic bonds in chitin chains, are found in

GH families 18 and 19 (Henrissat and Bairoch, 1993). GH18s have a (B/a)s-barrel fold
(Perrakis et al., 1994, van Scheltinga et al., 1994), while GH19 chitinases mainly comprise a-
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helices (Hart et al., 1995). The two enzyme types use different catalytic mechanisms; GH18s
use a substrate-assisted mechanism that is retaining (Tews et al., 1997), the latter meaning
that the anomeric configuration is retained, while GH19s use a classical inverting mechanism,
i.e. the anomeric configuration is inverted (Davies and Henrissat, 1995). Bond cleavage by
inverting enzymes proceeds through a single-displacement mechanism, contrary to the double
displacement mechanism in retaining enzymes. Both mechanisms use a general acid catalysis
and require a pair of carboxylic acids. One carboxylic acid acts as the catalytic acid, whereas
the other acts as a water-activating base in the inverting mechanism or as a nucleophile in the
retaining mechanism. The retaining mechanism entails the formation of an intermediate that
is hydrolyzed by a water, activated by the deprotonated catalytic acid. Both reactions proceed
through oxacarbenium-ion-like transition states (Rye and Withers, 2000). GH18 family
chitinases use a special version of the retaining mechanism, namely a substrate-assisted
mechanism (Fig. 3), where the oxygen of the N-acetyl group in the substrate acts as a
nucleophile, leading to the formation of an oxazolinium ion intermediate. In GH18 enzymes
the catalytic acid is a glutamate, which acts as a base in the second half of the reaction. This
glutamate is located in a diagnostic DXDXE sequence motif that occurs in all active GH18
chitinases (van Aalten et al., 2001, Gloster and Davies, 2010, Vaaje-Kolstad et al., 2013).

Chitinases degrade chitin chains from one of the ends (exo-mechanism) or from a random
point on the chain (endo-mechanism). In addition, the endo- or exo-activity can be combined
with processivity, meaning that the enzyme stays attached to the substrate after a successful
cleavage. The enzyme thus slides along the chitin chain making several successive cleavages
before it detaches from the substrate (Davies and Henrissat, 1995, Horn et al., 2006b).
Processive and non-processive enzymes have been studied in detail revealing both sequence
and structural differences that underlay processivity and its direction (Horn et al., 2006b,
Zakariassen et al., 2009, Payne et al., 2012)
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Figure 3. The substrate-assisted mechanism used by GH18 chitinases. Binding of the substrate

leads to distortion of the sugar bound in subsite -1 towards a boat conformation. Simultaneously,
Aspl42 rotates and forms hydrogen bonds with the catalytic Glu144 and the acetamido group of the
sugar in the -1 subsite. At this point, Glul44 acts as a general acid by protonating the glycosidic

oxygen, which supports leaving group departure (i.e. cleavage of the glycosidic bond) that is further

promoted by nucleophilic attack of the acetamido group on the anomeric carbon, forming an
oxazolinium ion intermediate. Glul44 then acts as a general base, activating an incoming water

molecule that hydrolyzes the oxazolinium ion. The product is released from the active site and Asp142

rotates back to its original conformation. Notably, if the water molecule hydrolyzing the oxazolinium
and Withers, 2000).

ion is outcompeted by another acceptor, transglyosylation will occur instead of hydrolysis (Williams

Amino acid numbering is based on chitinase B (SmChiB) from Serratia
marcescens. The figure was taken from Vaaje-Kolstad et al. (2013).

During growth on chitin, the well-known chitinolytic Gram-negative bacterium Serratia
marcescens produces mainly three chitinases (SmChiA, SmChiB, and SmChiC), of which

8

SmChiA and SmChiB are processive exo-enzymes, while SmChiC is a non-processive endo-
enzyme. The structures (Fig. 4) of these proteins show that SmChiA and SmChiB have deep
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Figure 4. Structures of S. marcescens chitinases. The left figures show (a) SmChiA (PDB id 1CTN),
(b) SmChiB (PDB id 1E15), and (c) SmChiC (PDB id 4AXN) in cartoon representation. The a+f
domain present in SmChiA and SmChiB is shown in pink. Extra domains that promote substrate

binding in SmChiA (Fnlll) and SmChiB (CBMS5) are shown in green, as is a small B-hairpin domain
in SmMChiC possibly aiding substrate binding. Note that SmChiC has an Fnlll and a CBM5/12 domain,
but structural data for these domains are not available. The catalytic Glu is shown as sticks with blue
carbons. The figures in the middle show the chitinases in surface representation, with aromatic
residues lining the active site cleft (Vaaje-Kolstad et al., 2013) highlighted in orange, and the catalytic
Glu in blue. The right figures show the differences in the depth of the active site. The figure was made
using PyMol (Schrodinger, 2015).

active site clefts, contrary to the shallow and open active site in SmChiC. The deep clefts of

the two processive enzymes are defined by several loops, and a small sub-domain that occurs
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only in a subset of GH18 enzymes (including SmChiA and SmChiB, but not SmChiC) and
that has been named the o+ domain (Perrakis et al., 1994). Aromatic residues lining the
surface of the active site cleft form another characteristic feature of processive enzymes. One
of these aromates is next to the highly conserved SXGG sequence, which is followed by a
Trp in processive enzymes (Payne et al., 2012). These aromatic residues likely help the
enzyme to stay attached to the substrate as it moves along the chain. Horn et al. (2006a) and
Zakariassen et al. (2009) mutated several of the aromatic residues in SmChiB and SmChiA,
respectively, to non-aromatic residues, and showed that some of these mutations almost

abolished processivity while having no detrimental effect on catalytic activity as such.

It is worth noting that chitinases in families GH18 and GH19 also act on chitosan, as
documented in various studies (Sgrbotten et al., 2005, Horn et al., 2006a, Zakariassen et al.,
2009). Expectedly, the efficiency of the enzymes decreases as the Fa decreases. Furthermore,
due to the substrate-assisted nature of the catalytic mechanism, GH18 enzymes only cleave

after an acetylated sugar.

Experimental determination of the processivity and the endo- or exo-nature of a chitinase is
challenging. For GH18 chitinases, insight can be obtained from studies with highly acetylated
chitosan as shown by Horn et al. (2006b). When using water-soluble chitosans, processive
SmChiA and SmChiB mainly produce even-numbered oligomers, while SmChiC produces
equal amounts of even- and odd-numbered CHOS (Serbotten et al., 2005, Horn et al., 2006b,
Sikorski et al., 2006). The production of even-numbered oligomers by processive chitinases
is expected, as an N-acetyl group in subsite -1 is essential for catalysis and the repetitive unit
in in chitin and chitosan is a dimer [Fig. 1 and 2 (Vaaje-Kolstad et al., 2013)]. Initial
productive binding of the substrate to the enzyme will yield products of any length. If the
enzyme is processive, it will move by two sugars at the time, until a new productive complex
is formed, meaning that any further products resulting from the same initial enzyme-substrate
association will be even-numbered. Non-processive enzymes will detach and rebind in
between each reaction, thus yielding a continuum of product lengths. The exo- or endo-
activity of a chitinase can be determined by measuring the reduction of viscosity during
reactions with chitosan. An endo-enzyme, cutting randomly along the chitosan chain, will
lead to fast reduction of viscosity. To the contrary, an exo-enzyme, cutting from the chain

ends, will lead to slow reduction of viscosity (Sikorski et al., 2006).

10
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1.3.1.2 pB-N-acetylhexosaminidases
The most dominant product arising from chitin degradation by GH18 and GH19 chitinases is

(GIcNAC)2. To further convert (GICNACc). to GIcNAc, most chitinolytic enzyme systems
contain a GH20 B-N-acetylhexosaminidase (also known as chitobiase), but other enzymes
performing similar reactions are also known (e.g. in families GH3 and GH84). The chitobiase
cleaves off the non-reducing end sugar of CHOS, using a catalytic mechanism similar to the
substrate-assisted mechanism used by chitinases (Drouillard et al., 1997, Tews et al., 1997).
Since most chitinases yield (GIcNACc)2 as their primary product, this also represents the
primary substrate for chitobiases. However, it is well known that chitobiases are capable of
efficiently removing GIcNAc residues from the non-reducing end of longer CHOS
(Drouillard et al., 1997).

1.3.1.3 Lytic polysaccharide monooxygensases
In 2005 Vaaje-Kolstad and colleagues showed that a chitin-binding protein produced by S.

marcescens, named SmCBP21 and originally classified as a CBM33, (see Section 1.3.1.6)
contributed to chitin degradation by strongly boosting chitin solubilization by chitinases
(Vaaje-Kolstad et al., 2005). At the time, SmCBP21 was assumed to have no catalytic
activity, but rather act as a “helper protein” (e.g. “substrate-disrupting protein”) for chitinases
in the chitin degradation process. However, in 2010 it was shown that SmMCBP21 is a member
of a family of enzymes capable of cleaving chitin and other polysaccharides, including
cellulose, by an oxidative mechanism (Vaaje-Kolstad et al., 2010). The reaction products of
these enzymes contain a single oxygen obtained from the dioxygen co-substrate (Vaaje-
Kolstad et al., 2010), and, therefore, the enzymes were named lytic polysaccharide

monooxygenases (Horn et al., 2012b).

The most remarkable feature of these oxidative enzymes is their ability to cleave
polysaccharide chains that are embedded in a crystalline environment, something that is both
sterically and energetically difficult for the canonical hydrolytic enzymes such as chitinases
and cellulases. By making nicks on the surface of the polysaccharide crystals, LPMOs likely
disrupt the crystal surfaces and provide attachment points for the hydrolytic enzymes, which
explains the synergistic effects that are observed when combining LPMOs and hydrolytic
enzymes (Vaaje-Kolstad et al., 2010, Nakagawa et al., 2013, Paspaliari et al., 2015, Nakagawa
et al., 2015). LPMOs cannot use the catalytic power of substrate distortion, as e.g. GH18

chitinases do (see Section 1.3.1.1), but use instead powerful redox chemistry facilitated by a

11
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catalytic centre that contains a copper ion coordinated by two fully conserved histidine
residues and the N-terminal amino group of one of these histidines (Figure 5).
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Figure 5. Catalytic center and reaction mechanism of LPMOs. (a) The catalytic center in LPMOs,
exemplified by CjLPMO10A from Cellvibrio japonicus (PDB id 5FJQ) showing the T-shaped
coordination (called the histidine brace) of the Cu-ion (brown sphere). The two conserved histidines,
coordinating the Cu-ion, are shown as sticks. The figure was made using PyMol (Schrddinger, 2015).
(b) Reaction mechanism of LPMOs, exemplified with cellulose as substrate, showing the possible C1
and C4 oxidized products (see text for details). Figure taken from Vaaje-Kolstad et al. (2017).

The discovery of LPMOs led the CAZy team to create the auxiliary activity class (see Section
1.3), which today contains 13 families. LPMOs are categorized in AA families 9, 10, 11, and
13, and are found in several organisms, including bacteria, fungi, viruses and higher
eukaryotes like insects (Levasseur et al., 2013). Chitin-active LPMOs are found in AA
families 10 and 11, and so far, chitin-active fungal LPMOs are only described in AA family
11.

LPMO activity was originally discovered for chitin but it was immediately obvious that
similar enzymes acting on cellulose would exist, in particular enzymes that were at the time
erroneously classified as GH61 (Vaaje-Kolstad et al., 2010). Since the discovery of the first
chitin-active LPMOs, LPMOs acting on cellulose have gained much attention due to their
industrial relevance (Forsberg et al., 2011, Phillips et al., 2011, Quinlan et al., 2011,
Westereng et al., 2011, Beeson et al., 2015). LPMOs show different oxidative
regioselectivities and these differ between chitin-active and cellulose-active LPMOs. While
only C1 oxidizing chitin-active LPMOs have been described, cellulose-active LPMOs can be
strictly C1 oxidizing, strictly C4 oxidizing, or be able to oxidize both the C1 and C4 position
(Vaaje-Kolstad et al., 2017). Independent of the regioselectivity, LPMOs depend on copper
(Phillips et al., 2011, Quinlan et al., 2011), reducing equivalents to reduce this copper, and

dissolved molecular dioxygen in order to perform catalysis. However, in a recent publication

12



INTRODUCTION

Bissaro et al. (2017) question the validity of dioxygen being the LPMO co-substrate and
provide compelling evidence indicating that hydrogen peroxide (H2O3) is the true co-substrate
of LPMOs. Notably, LPMOs can themselves generate H20, from O (Kittl at al, 2012).

1.3.1.4 Carbohydrate esterases
Carbohydrate esterases (CES) are enzymes catalyzing the O- or N-deacetylation of substituted

saccharides, i.e. esters or amides in which sugars play the role of alcohol and amine,
respectively. Enzymes that hydrolyze esters in which sugars play the role of acid are also
considered as CEs (Biely, 2012). Of the 16 CE families known to date (September 2017) CEs
deacetylating chitin and its derivatives are only found in CE families 4 and 14 [www.cazy.org

(Lombard et al.,, 2014)]. The CE14 family only contains a few characterized chitin
deacetylases, all being archaeal, deacetylating the non-reducing end of (GIcCNAC): as part of
the chitinolytic pathway of the organism [see Section 1.4.3 (Tanaka et al., 2004, Mine et al.,
2014)]. The CE4 family comprises several bacterial and eukaryotic esterases that deacetylate
GIcNACc units in peptidoglycan, chitin, and CHOS. The CE4 family also contains enzymes
capable of removing O-linked acetyl groups from acetyl xylan (Biely et al., 1996) and several
family members are known to act both on xylan (O-deacetylation) and chitin [N-deacetylation
(Caufrier et al., 2003, Puchart et al., 2006, Tang et al., 2011, Liu et al., 2017)]. The activity

and structural features of CE4 deacetylases are discussed in more detail below.

1.3.1.4.1 Carbohydrate esterase family 4
The first deacetylase acting on chitin was found in extracts from the fungus Mucor rouxii

(Araki and Ito, 1975). However, a few years earlier, Araki and co-workers described an
enzyme from Bacillus cereus that deacetylates GICNAc units in peptidoglycan (Araki et al.,
1971). Both these enzymes are today classified into carbohydrate esterase family 4. CE4
deacetylases removing the N-acetyl group form GIcNAc units share five conserved sequence
motifs: motif 1, T(F/x)DD; motif 2, H(S/T)xxH; motif 3, R(P/X)PY; motif 4, (Dxx)D(W/Y);
motif 5, LxH (Blair et al., 2005). Blair et al. (2005) first proposed a catalytic mechanism for
family CE4 deacetylases, which, notably, depends on a bound metal ion, preferably zinc or
cobalt (Blair et al., 2005, Taylor et al., 2006, Andrés et al., 2014). They suggested a general
acid/base reaction mechanism based on an extensive structural analysis (Fig. 6). In this
catalytic cycle, the catalytic base (the first Asp in motif 1) activates a metal-bound water
molecule, which subsequently performs a nucleophilic attack on the carbon in the scissile C-

N bond, creating a tetrahedral oxyanion intermediate. The metal ion and the backbone
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nitrogen of the tyrosine in motif 3 stabilize the negative charge on the carbonyl oxygen. The
catalytic acid (His in motif 5) protonates the nitrogen in the substrate, generating a free amine
on the deacetylated product and leading to release of acetate (Blair et al., 2005, Andrés et al.,
2014).
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Figure 6. Reaction mechanism of CE4 deacetylases. The figure shows a proposed acid/base reaction
mechanism for CE4 deacetylases that remove N-acetyl groups. The amino acid numbering is based on
SpPgdA and the figure was taken from Blair et al. (2005). See the main text for detailed description

of the catalytic mechanism.

Motif 1, 2, and 5 are highly conserved between different deacetylases, while motif 3 and 4
display more sequence variation (Fig. 7). The Asp-His-His metal binding triad is located in
motif 1 and 2 (Fig. 7 and 8a). Motif 3 and 4 form one side of the active site groove each [Fig.
8a (Blair et al., 2005, Andrés et al., 2014)].

As shown in Fig. 7, some CE4 members have big insertions, representing loops that are
located close to the active site (Fig. 8b). Andrés et al. (2014) proposed a “subsite capping
model” involving six loops (indicated in Fig. 7) that cap the edges of the active site cleft. Such
loops would contribute to substrate specificity and could endorse the deacetylase with
sequence specificity, because they could define which substrates that can bind to the enzymes
and which GIcNAc unit in the substrate that becomes deacetylated. The family CE4
representative, VCCDA, from Vibrio cholera, is special in that these loops are particularly
long and form a buried active site (Fig. 8b). It was further suggested that these loops may
rearrange depending on the length of the substrate (Andrés et al., 2014). Indeed, VCCDA is a
highly specific enzyme that is restricted to deacetylate the GICNAc next to the non-reducing
end in CHOS. It is important to note that most other deacetylases in this family, including

most other structurally characterized ones (Fig. 7), have shorter loops and, hence, more open
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active sites (Fig. 8c). These enzymes generally show less specificity compared to VCCDA,
deacetylating a variety of substrates at several positions (Hekmat et al., 2003, Blair et al.,
2005, Blair et al., 2006, Liu et al., 2017). Hence, CE4 deacetylases are generally considered
to have broad substrate specificity (Caufrier et al., 2003, Liu et al., 2017). For example, a
deacetylase from Aspergillus nidulans (AnCDA), having an open active site, is able to
deacetylate all GICNAc units in a chitohexaose and also shows activity towards acetyl xylan
(Liu etal., 2017).

SpPgdA 269 PNPATTPQVLETLAKYDIKATFFVLGK-—-NVSG-———————
AnCDA 41 PS-EYTPQLLDLLSRYSARATFFVLGD-—-ARAQ-———————
SICE4 47 PSG-STQSLLNALRQNGLRATMFNQGQ---YAAQ-——-———-—
BsPdah 67 YENGYTPKVLDVLKKHRVTGTFFVTGH-~~FVKD---—=-——~
cicoa 43 PF-TFTPQLLDILKQNDVRATFFVNGNNWANIEAGS————-—
VcCDA 33 PVNA-SVEVIKVLNQGGVKATFYFNAW---HLDGIGDENEDRALEALKLALDSGHIVGNIsianeMI

SpPgdA e PILSQLSLDEAKKQITDTEDVLTKV-—————=— L-G
AnCDA 112 —==mmmmmm e VSLPSLGYDGIASQMTRLEEVIRPA-——————— L-G
SICE4 108 -==----—mmm - PHMTQLGQAQMDSEISRTQQAIAGA-——————— G-G
BsPdaA 129 —=——-mmmmmmm e PDLTTKTADQIQDELDSVNEEVYKI———————— TGK=—————
CiCDhA 109 ——————————— PDLNTLSSADRISQMRQLEEATRRI-———————

VcCDA 104

SpPgdA 368
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cicpa 178 PETTH-LSAEKFNN--EL-SADVGA--=-===========-—mco- NSYI DV---====== HE-QTVVS-L
VcCDA 248 --TEA---VPFLAYVDKA-LNSCSPTTIEPINSKTQEFPCGTPLHADKVI DFLFEDGKRGMGATQNL-P-K

[ I Ve To - | ____Loore |

Figure 7. Structure-based sequence alignment of CE4 enzymes. The five conserved sequence
motifs are indicated with dark purple background. The yellow asterisks indicate the metal binding
triad, while a red triangle and circle indicate the catalytic base and acid, respectively. The deacetylases
included in the alignment are: SpPgdA, peptidoglycan deacetylase from Streptococcus pneumoniae;
ANCDA, chitin deacetylase from Aspergillus nidulans; SICE4, acetyl xylan deacetylase from
Streptomyces lividans; BsPdaA, peptidoglycan deacetylase from Bacillus subtilus; CICDA, chitin
deacetylase from Colletotrichum lindemuthianum; VcCDA, chitin deacetylase from Vibrio cholerae.
Loop numbering and coloring was taken from Andrés et al. (2014). The alignment was prepared using
PyMod 1.0 (Bramucci et al., 2012).
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The GIcNAc residue to be deacetylated binds in subsite 0, and apart from the interactions
between the enzyme and substrate in subsite 0, little experimental evidences for interactions
between the enzyme and substrate in other subsites exist. The crystal structure of VCCDA in
complex with (GIcNAc). and (GIcNAc)s was determined by Andrés et al. (2014), representing
the only structures of CE4 enzymes in complex with a relevant substrate. The dimer occupies
subsite 0 and -1, while the trimer occupies subsite -1 to +1, with the non-reducing end in
subsite -1 in both cases. VCCDA makes several interactions with the sugar in subsite -1, and
binding of a sugar in subsite +1 requires rearrangement of several loops to allow its binding.
As pointed out above and illustrated in Fig. 8, the structure of VCCDA is very different
compared to other CE4 enzymes with known structure. Blair et al. (2006) performed a
docking of (GIcNAc)s bound in subsite -1 to +1 in CICDA, which indicated that there are no
interactions between the enzyme and the sugar bound in subsite -1. This is different from what
Andrés et al. (2014) found for VcCDA, underlining the need to obtain enzyme-substrate
complexes with CE4 proteins with an open active site to get a deeper understanding of the

substrate binding of these enzymes.

Figure 8. Structure of CE4 deacetylases. (a) CICDA in cartoon representation zooming in on the
active site. The side chains of the most important residues from the five catalytically important
sequence motifs is shown as sticks. The metal ion is coordinated in an octahedral fashion (black dashed
lines) by the metal binding triad, a water molecule (red sphere), and an acetate ion (sticks with pink
carbons). (b) Surface representation of VCCDA (PDB id 4NY2) highlighting the loops that are
proposed to be involved in the substrate-capping model. (c) Surface representation of CICDA (PDB
id 2IW0), showing the open active site. The loops are colored according to the color scheme used in
Fig. 7: loop 1 in yellow, loop 2 in blue, loop 3 in red, loop 4 in orange, loop5 in green, and loop 6 in
black. The metal ion is shown as a grey sphere. The figure was made using PyMol (Schrddinger,
2015).
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From an applied point of view, utilization of deacetylates for production of chitosans and
CHOS with defined Pa is of great interest since the Pa together with the Fa influences the
biochemical properties of chitosan and CHOS, as previously described (Section 1.2). In this
context, VCCDA and NodB from Rhizobium sp. GRH2 have been utilized to produce CHOS
that are deacetylated specifically at the non-reducing end and the neighboring sugar unit
(Hamer et al., 2015). Recently, a fungal deacetylase from Puccinia graminis was shown to
deacetylate all GICNAc units in different CHOS, except the two at the non-reducing end
(Naqgvi et al., 2016).

1.3.1.5 Chitosanases
Chitinases are hydrolytic enzymes that hydrolyze the O-glycosidic bonds in chitosan and can

cleave all types of glycosidic linkages found in chitosan, except, usually, GIcNAc-GIcNAc
linkages. As mentioned in Section 1.3.1.1, GH18 chitinases can also hydrolyze chitosan,
however, they require a GICNAC unit in the -1 subsite, an important property that separates
them from chitosanases. Chitosanases exist in GH families 5, 7, 8, 46, 75, and 80. GH families
5, 7, and 8 contain enzymes that hydrolyze a variety of polysaccharides, while GH families
46, 75, and 80 exclusively contain chitosanases. Chitosanases in GH families 8, 46, 75, and
80 hydrolyze chitosan through an inverting mechanism, contrary to chitosanases in GH

families 5 and 7, which use a retaining mechanism [www.cazy.org, (Hoell et al., 2010,

Lombard et al., 2014)]. Based on substrate specificity, chitosanases are sometimes divided
into four subclasses; subclass | enzymes hydrolyze GIcNAc-GIcN and GIcN-GIcN linkages
(Fukamizo et al., 1994), subclass enzymes Il hydrolyze GIcN-GIcN linkages (Izume et al.,
1992), subclass 111 enzymes cleave GIcN-GIcNAc and GIcN-GIcN linkages (Mitsutomi et al.,
1996), while subclass IV can cleave all types of linkages (Hirano et al., 2012). Notably, some
chitosanases also cleave GIcNAc-GIcNAc linkages, albeit not very efficiently (Heggset et al.,
2010).

1.3.1.6 Carbohydrate-binding modules
In recalcitrant polysaccharides such as chitin and cellulose, the substrate is often difficult to

access for carbohydrate-active enzymes. Many CAZymes have solved this problem by
including one or several non-catalytic CBMs that promote association of the enzyme to the
polysaccharide and which may also contribute to correct (“productive”) positioning of the
catalytic module (Boraston et al., 2004). A recent study showed that the beneficial effect of

CBMs on enzyme efficiency is reduced at higher substrate concentrations, underpinning their
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role in substrate binding (Varnai et al., 2013). Currently (September 2017), 81 different CBM
families exist, and chitin-binding CBMs are found in families 1, 2, 3, 5, 12, 14, 18, 19, 37,
50, 54, 55, and 73 [www.cazy.org (Lombard et al., 2014)]. CBM families 5 and 12 are
distantly related and often referred to as CBM5/12. Of the different CBM families, the
CBM50 family contains most entries. CBM50 proteins are also known as LysM domains,
which bind to various GICNAc containing carbohydrates such as peptidoglycan, chitin, and
CHOS (Buist et al., 2008, Akcapinar et al., 2015).

In addition to the CAZy classification, CBMs have been divided into three types, based on
structural and functional similarities: type A, surface-binding CBMs; type B, glycan-chain-
binding CBMs; type C, small-sugar-binding CBMs (Boraston et al., 2004). The binding of
CBMs to crystalline surfaces involves aromatic residues on the binding surface of the module,
and several papers have demonstrated the importance of these aromates for the activity of the
appended catalytic domains towards crystalline substrates [e.g. (Akagi et al., 2006, Viegas et
al., 2008)]. CBMs are not usually considered to be important towards oligomeric substrates
and, indeed, studies have shown that the aromatic residues in the binding surface of a CBM
are not important for the activity of the appended catalytic domain towards such short (and
soluble) substrates (Uchiyama et al., 2001, Katouno et al., 2004, Akagi et al., 2006).

1.3.2 Biological roles of chitin-active enzymes
Chitin-active enzymes are important for all organisms that contain or metabolize chitin. From

a biotechnological and biorefining point of view, the conversion of chitin to soluble products
that can be metabolized by different organisms is perhaps the most central. This subject of
microbial chitin degradation is described in detail in Section 1.4. In addition to the metabolic
function of chitin-active enzymes, a multitude of other functions have been described for this
diverse group of enzymes. Chitin-active enzymes are widespread in Nature, found in all

domains of life, and the biological role of these proteins varies.

Humans, although devoid of chitin, have two GH18 chitinases encoded in the genome: human
chitotriosidase (Hollak et al., 1994) and acidic mammalian chitinase (Boot et al., 2001). The
human chitotriosidase plays a role in the innate immune system against chitin-containing
pathogens (van Eijk et al., 2005), while the acidic mammalian chitinase has gained attention
due to its possible link to the pathophysiology of asthma (Zhu et al., 2004). In fungi, chitinases

are postulated to have a wide variety of functions including degradation of exogenous chitin
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for nutrition, remodeling of the (own) fungal cell wall (which contains chitin), and
contributing to the defense against other fungi and arthropods (Seidl, 2008). Fungal chitinases
have also been proposed to act as virulence factors in pathogen fungi infecting insects (Huang
et al., 2016). The number of chitinases encoded by fungi varies from one to over 30, making
it an extensive task to determine the exact role of each chitinase in a fungus encoding several
chitinases (Gruber and Seidl-Seiboth, 2012, Langner and Goéhre, 2016). This is discussed
further in Section 1.4.4. In plants, chitinases are important in the defense against fungal
attacks (Broglie and Chet, 1991, Collinge et al., 1993). Bacteria generally use chitinases to
degrade chitin for utilizing it as a nutrient source (Watanabe et al., 1997, Orikoshi et al., 2005).
However, there are indications that bacterial chitinases have additional roles, based on
putative activities on non-chitin substrates such as glycoproteins (Adrangi and Faramarzi,
2013, Frederiksen et al., 2013). For example, virulence of Listeria monocytogenes in
mammals is dependent on a chitinase, suggested to suppress the expression and activity of a
nitric oxide synthase, an important part of the innate immune system in mammals (Chaudhuri
etal., 2013).

Chitobiases have several biological roles, dependent on the organism and even the cell type.
In addition to participating in chitin catabolism, several additional biological functions of
bacterial chitobiases is proposed. For example, a chitobiase in Escherichia coli is shown to
be important in cell wall recycling by hydrolyzing the B-1,4-linkange between GIcNAc and
anhydro-N-acetylmuramic acid (Cheng et al., 2000). In the biofilm-forming bacterium
Actinobacillus actinomycetemcomitas, a chitobiase is important for detachment of cells from
the biofilm in order to enable spreading of the biofilm to other surfaces (Slamova et al., 2010).
In fungi, chitobiases have several biological roles, especially in controlling the composition
of chitin in the cell wall. Chitobiase activity is also important for nutrient release during
saprophytic and mycoparasitic growth phases in fungi and is proposed to be involved in insect
pathogenesis (Slamova et al., 2010).

Chitosanases are found in bacteria, fungi, and plants, having different biological functions
(Thadathil and Velappan, 2014). Some organisms secrete chitosanases to degrade chitosan
and utilize this as a nutrition source (Viens et al., 2015). Saito et al. (2009) demonstrated that
a GH46 chitosanase from Amycolatopsis sp.CsO-2 had antifungal activity against Rhizopus
oryzae. Chitosanases may also have a role in protection against the antimicrobial activity of
chitosan and CHOS (Ghinet et al., 2010).
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In addition to participating in chitin catabolism, LPMOs are suggested to act as virulence
factors in some organisms. Listeria monocytogenes possess two chitinases and an LPMO
possibly involved in the pathogenesis of this bacterium (Chaudhuri et al., 2010, Paspaliari et
al., 2015). In V. cholerae an LPMO (Loose et al., 2014) termed GbpA binds mucin, and
thereby enhances bacterial colonization of the intestine (Bhowmick et al., 2008). Mucin
consist of glycoproteins, which are glycosylated with different carbohydrates including
GIcNAc (Barchi, 2013); it is not yet known whether the LPMO domain of GbpA acts on the
mucins. Another example of an LPMO potentially involved in bacterial virulence is
SmCBP21 from S. marcescens. Kawada et al. (2008) showed that knocking out this protein
significantly decreased adhesion of the bacterium to colonic epithelial cells, and suggested

that SMCBP21 and similar proteins are involved in bacterial adhesion to such cells.

Deacetylases in the CE4 family are believed to have a role in pathogenesis of Gram-positive
bacteria, since they, by modifying the peptidoglycan layer, make the bacteria less susceptible
to the host innate immune system (Boneca, 2005, Zhao et al., 2010). The CE4 peptidoglycan
deacetylase of S. pneumonia (SpPgdA) acts as a virulence factor by deacetylating GIcNAc
residues in peptidoglycan, thereby obstructing lysozyme activity of the host. Knocking out
the PgdA gene made the bacterium lysozyme sensitive (Vollmer and Tomasz, 2000, Vollmer
and Tomasz, 2002). In fungi, CE4 deacetylases are thought to have a similar role in
pathogenesis by deacetylating the chitin in the fungi cell wall to chitosan, creating a poorer
substrate for host chitinases (El Gueddari et al., 2002, Cord-Landwehr et al., 2016). It has also
been shown that deacetylases are required for yeast spore wall formation (Christodoulidou et
al., 1996, Christodoulidou et al., 1999), which indicates that remodeling of chitin plays a role
in this process. The heterodimer GIcNAc-GIcN, produced by highly specific chitin
deacetylases in Gram-negative Vibrio species, induces the production of chitinases by
functioning as a signal molecule in the catabolic chitin cascade (Hirano et al., 2009).
Deacetylases in Vibrios and Photobacteria produce CHOS with a deacetylated sugar next to
the penultimate GICNAc, and the resulting products, GIcCNAc-GIcN-(GIcNAc)» (Li et al.,
2007), resemble those produced by NodB, another specific CE4 deacetylase producing GIcN-
(GIcNAC)34 (Zhao et al., 2010). The products from NodB are intermediates in the
biosynthesis of Nod factors, which are important in the communication between symbiotic
nitrogen fixing bacteria and plants (Zhao et al., 2010). This suggests that the products
produced by deacetylases in Vibrios and Photobacteria could be important in cellular
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signaling (Li et al., 2007, Zhao et al., 2010). Due to the abovementioned biological functions
of CE4 deacetylases, they are interesting targets for biological control of pathogenesis.

In addition to the important role of CBMs in promoting substrate binding when associated
with catalytic domains, many other biological roles of CBMs have been suggested, including
roles in virulence related to the ability of CBMs to bind to carbohydrate structures in the host
(Guillén et al., 2010). Although CBMs often are associated with catalytic domains
hydrolyzing different polysaccharides, they can also exist as single domains or with catalytic
domains targeting non-polysaccharide substrates. For example, the plant pathogenic fungus
Cladosporium fulvum secretes Av4, a CBM14 protein, which binds specifically to chitin in
fungal cell walls, protecting the fungi from host chitinases during infection (van den Burg et
al., 2006, van Esse et al., 2007). In the same fungus, a LysM domain (CBM50) mediates

virulence through perturbation of chitin-triggered host immunity (de Jonge et al., 2010).

1.4 Microbial degradation and utilization of chitin
Chitinolytic microbes are widespread in Nature, and are able to degrade chitin under both

aerobic and anaerobic conditions. In general, chitin catabolism is achieved by a
microorganism through secretion of a set chitinolytic enzymes that attack the insoluble chitin,
generating shorter soluble CHOS that are imported into the cell and processed further by other
enzymes for utilization as a nutrient source. The strategy used by the microbe seems to depend
on the environmental conditions in which the microbe dwells. For example, in a comparative
study of chitinolytic proteins encoded by bacterial genomes performed by Bai et al. (2016),
substantial differences were found when comparing aquatic and terrestrial bacteria. The
modular composition of chitinases differed substantially between the two habitats and the
terrestrial bacteria seemed more adapted to various chitin sources, having a higher number of
chitinase genes, higher diversity of associated CBMs, and a higher number of LPMOs (Bai et
al., 2016). Different microorganisms have developed different systems for chitin modification

and utilization, and a few of such systems are discussed in detail below.

1.4.1 Chitin degradation by Serratia marcescens
S. marcescens is a Gram-negative bacterium and one of the most studied chitinolytic bacteria.

The SmCBP21 protein from S. marcescens BJL200, originally classified as CBM33, was the
first of its kind to be identified as an LPMO (Vaaje-Kolstad et al., 2010, Horn et al., 2012b).

The chitinolytic machinery of S. marcescens (Fig. 9) consist of three chitinases (SmChiA,
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SmChiB, and SmChiC), SmCBP21, and a chitobiase. SmChiA and SmChiB are predominantly
processive exo-acting enzymes, degrading the chitin from the reducing and non-reducing end,
respectively (Perrakis et al., 1994, Van Aalten et al., 2000, Hult et al., 2005, Igarashi et al.,
2014). Contrary to SmChiA and SmChiB, SmChiC is a non-processive endo-acting enzyme
(Horn et al., 2006b, Horn et al., 2006c). As early as in 2005 (Vaaje-Kolstad et al., 2005), it
was shown that SmMCBP21 promotes chitinase activity on chitin, and since 2010 (Vaaje-
Kolstad et al., 2010), we know that SMCBP21 is an LPMO that makes oxidative cleavages in
crystalline regions of the substrate, creating new ends for the chitinases to bind to (Vaaje-
Kolstad et al., 2013). The main product produced by the chitinases is (GICNAC)2, which is

cleaved into monomers by chitobiase (Fig. 9).

O GlcNAc
@ GIcNACA

Figure 9. The chitinolytic machinery of S. marcescens. The chitinases SmChiA, SmChiB, and

SmChiC hydrolyze glycosidic bonds in different fashions. SmMCBP21 is an LPMO, making oxidative
cuts in the crystalline part of the chitin. The chitobiase degrades soluble products generated by the
chitinases and the LPMO into monomers. Note that SmChiC has Fnlll and CBM5/12 domains and

that the chitobiase is a four-domain protein. Figure taken from Vaaje-Kolstad et al. (2013).

As mentioned in Section 1.3.1.6, catalytic domains degrading crystalline polysaccharides
often have CBM s to aid in substrate binding. Accordingly, SmChiA has an N-terminal FnllI
module contributing in substrate binding and improving catalytic activity (Perrakis et al.,
1994, Uchiyama et al., 2001), while SmChiB has a C-terminal CBM5/12 module (Van Aalten
et al., 2000). SmChiC has two C-terminal domains, one Fnlll and one CBM5/12 module,
however in culture supernatant two versions of SmChiC are commonly found; C1 and C2.

The C1 version contain the catalytic domain and the two C-terminal domains, while C2 only
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consist of the catalytic domain (Suzuki et al., 1999, Watanabe et al., 1997). The chitobiase
consist of four domains designated I, 11, Ill, and IV, with domain 11l being the catalytic
domain. Domain | share structural similarities with a CBM2, while the functional roles of
domain Il and IV are unknown (Tews et al., 1996, Vaaje-Kolstad et al., 2013).

When grown on chitin, S. marcescens secretes all the three chitinases and SmCBP21
(Brurberg et al., 1994, Brurberg et al., 1995, Suzuki et al., 1998, Hamilton et al., 2014).
Interestingly, SmChiB and SmChiC lack a conventional signal peptide. Hamilton et al. (2014)
showed that secretion of the chitinolytic machinery in S. marcescens Db10/11 is dependent
on a holin-like protein and an endopeptidase, however the mechanism for this and the exact
role of the holin/endopeptidase system is not clear (see Section 1.5 for details on protein
secretion). Interestingly, the genes encoding SmMCBP21 and SmChiB are localized in a gene
locus dedicated to chitin metabolism. This gene locus also contains the holin and
endopeptidase genes, a LysR transcriptional regulator involved in regulation of chitinase
expression, and two spanin genes (Suzuki et al., 2001, Hamilton et al., 2014). The chitobiase,
whose expression is induced by the presence of (GIcNAC)2, is located in the periplasm,
although small amounts of the enzyme have been detected in culture supernatants (Toratani
et al., 2008). Fig. 10 shows a proposed model for the catabolic pathway for chitin utilization
in S. marcescens. Generally, the catabolic pathway in S. marcescens is similar to the
chitinolytic machinery described in other Gram-negative (Hunt et al., 2008) and Gram-

positive bacteria (Nazari et al., 2013).

Chitinases
CBP21 Chitobiase

chitin = (GlcNAc), —— GIcNAc

| |
v !

Chitobiase

(GlcNAc), ——> GlIcNAc
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(GlcNAc), GlcNAc
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(GICNAC),-6P  ====== > GlcNAc-6P —> Fructose-6P
\\\ ,ﬂ
N /
GlcNAc

Figure 10. Catabolic pathway for chitin utilization in S. marcescens. Pathways supported by
experimental data are shown with solid arrows, and enzymes of the chitinolytic machinery are
indicated. Pathways with dashed arrows are not supported by experimental data. OM; outer membrane,

IM; inner membrane. Figure adapted from Toratani et al. (2008).
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1.4.2 Chitin degradation by bacteria in the Bacteriodetes phylum
The Bacteriodetes phylum contains Gram-negative bacteria that are generally recognized for

effectively degrading carbohydrates. Although, most studied Bacteriodetes are anaerobes
related to the gut microbiota of mammals, Bacteriodetes can be found in both anaerobic and
aerobic environments (Thomas et al., 2011). The genes encoding the proteins needed for
degrading a specific carbohydrate are often organized in gene clusters called polysaccharide
utilization loci [PULs (Martens et al., 2009)]. The first described PUL is the starch utilization
system of the anaerobic bacterium Bacteriodetes thetaiotaimicron, which, next to enzymes
contains a so-called SusC/D pair, i.e. an outer membrane porin and a carbohydrate binding
protein, respectively (D'Elia and Salyers, 1996, Reeves et al., 1997). SusC/D-like pairs are
now used as identifiers for PULSs in different organisms (Terrapon et al., 2015).

Recently, Larsbrink et al. (2016) described the first chitin utilization locus, which was found
in the aerobic Bacteroidetes Flavobacterium johnsoniae, consisting of eleven genes encoding
four enzymes, a predicted two-component sensor/regulator system, and two SusC/D-like pairs
(Fig. 11). The four enzymes are a secreted multidomain GH18 chitinase (ChiA), an outer-

membrane anchored GH18 chitinase (ChiB), a periplasmic chitobiase (GH20), and a

-----

@Nag.«’-\ “NagB

Figure 11. Proposed pathway for chitin utilization in F. johnsoniae. The secreted multi-domain
ChiA converts chitin to CHOS. ChiB can also degrade CHOS and chitin, although not as efficiently

as ChiA. The SusC/D-like pairs (here called CusC/D) capture and import CHOS to the periplasm. The

A

chitobiase (GH20) converts CHOS to monomers, before translocation of the monomers to the
cytoplasm where they are converted to fructose-6-phosphate by NagK, A and B. The proteins not
encoded by the PUL are colored grey. Figure taken from Larsbrink et al. (2016).
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glucosamine-6-phosphate deaminase (NagB). Interestingly, to date, no LPMOs have been
discovered in Bacteriodetes (Hemsworth et al., 2016, Larsbrink et al., 2016). The absence of
LPMOs may be related to the fact that most Bacteriodetes live under anaerobic conditions. It
is worth noting, however, that, as mentioned in Section 1.3.1.3, recent findings suggest that
molecular oxygen is not crucial for LPMO activity (Bissaro et al., 2017). Another explanation
could be that the PULs in themselves are so powerful when it comes to polysaccharide
degradation, that the need for LPMOs are relieved (Larsbrink et al., 2016).

1.4.3 Chitin degradation by Thermococcus kodakaraensis
Tanaka and co-workers have studied the rather peculiar chitinolytic pathway of the

hyperthermophilic anaerobic archaeon Thermococcus kodakaraensis KOD1 (Tanaka et al.,
1999, Tanaka et al., 2001, Tanaka et al., 2003, Tanaka et al., 2004). The chitin utilization
system of this archaeon is organized in a gene cluster encoding a multimodular family GH18
chitinase (Tk-ChiA), a family CE14 deacetylase (Tk-Dac), a family GH35 glucosaminidase
(Tk-GImA), an ABC transporter system, and several hypothetical proteins. The chitinase has
two catalytic GH18 domains and three CBMs. The catalytic GH18 domains show different
activities, the first domain being an exo-type chitinase, while the second is an endo-type
chitinase (Tanaka et al., 2001). Two of the CBMs belong to family 2 and can bind both chitin
and cellulose, while the last CBM belongs to family 5 and binds to chitin (Tanaka et al., 1999,
Lombard et al., 2014, Hanazono et al., 2016). Tk-Dac is a highly specific deacetylase that only
deacetylates the non-reducing end of fully acetylated CHOS (Tanaka et al., 2004). Tk-GImA
is active against a range of fully deacetylated CHOS, although the dimer GIcN-GIcNAc is
considered as the physiological substrate (Tanaka et al., 2003, Tanaka et al., 2004). In the
proposed pathway for chitin conversion by T. kodakaraensis KOD1 (Fig. 12), Tk-ChiA
produces (GIcNAC): that is imported into the cells by the ABC transporter. The intracellular
deacetylase, Tk-Dac, specifically deacetylates the non-reducing end of (GIcNACc). after which
the glucosaminidase, Tk-GImA, hydrolyses the GIcN-GIcNAc dimer. Finally, Tk-Dac
deacetylates the GICNAc monomer to generate GIcN (Tanaka et al., 2004).
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Figure 12. The chitinolytic pathway of T. kodakaraensis. Tk-ChiA converts chitin to (GICNAC).,

which is deacetylated on the non-reducing end by Tk-Dac. Tk-GImA then hydrolyses the GIcN-
GIcNAc dimer, and Tk-Dac finally deacetylates GIcNAc, to produce GIcN. Figure taken from Tanaka
et al. (2004).

1.4.4 Chitin degradation by fungi
Fungal genomes often encode several chitinases; it is not exceptional to find 10-25 different

chitinases, which, all belong to family GH18 (Seidl, 2008, Gruber and Seidl-Seiboth, 2012).
For example, the genome of the well-studied entomopathogen Beauveria bassiana encodes
twenty GH18 chitinases possibly involved in pathogenesis by aiding the penetration of the
chitin-containing exoskeleton of the host (St Leger et al.,, 1986, Xiao et al., 2012).
Trichoderma species, which are known for biomass degradation as well as chitinase-mediated
biocontrol functionalities, contain a various number of GH18 encoding genes, as many as 36
GH18s are encoded by Trichoderma virens (Seidl et al., 2005, Gruber and Seidl-Seiboth,
2012). Chitinases in fungi are sometimes divided into three subgroups, A, B, and C, based on
their modular structures. Group A contains chitinases without extra domains, group B
contains chitinases linked to CBM1s, while group C comprise chitinases with CBM18s and
LysM (CBM 50) domains (Seidl et al., 2005, Seidl, 2008). Chitin is an important part of the
fugal cell wall, which also contains p-1,3-glycan and a manno-protein layer [Fig. 13 (Bowman
and Free, 2006)].
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Figure 13. The fungal cell wall. Schematic representation of the fungal cell wall containing a cell
membrane, a chitin layer, and B-glucan and manno-protein layers. Figure taken from Brown et al.
(2015).

As mentioned in Section 1.3.2, fungal chitinases are involved in cell wall remodeling and in
degradation of exogenous chitin, and an often raised issue is how the fungi discriminate
between self and non-self chitin. It has been proposed that different chitinases are specialized
to do different jobs. Gruber and Seidl-Seiboth (2012) hypothesize that differentiation between
self and non-self is regulated by substrate accessibility (Seidl, 2008, van den Burg et al.,
2006). The high number of chitinases often found in the genomes make genetic assessment
of chitinase functionality a challenging task. For instance, knocking out one chitinase gene
might not lead to any phenotypical change, and it is needed to make double or multiple knock-
outs to get a phenotypic effect, indicating possible redundancy in fungi encoding many
chitinases (Alcazar-Fuoli et al., 2011, Langner and Gohre, 2016).

1.5 Protein secretion in Gram-negative bacteria
While protein secretion in Gram-positive bacteria seems relatively simple and uniform,

exploiting a limited set of secretion mechanisms (Schneewind and Missiakas, 2014), Gram-
negative bacteria, such as the bacteria discussed in Section 3.2-3.4 of this thesis, have
developed an array of secretion mechanisms to translocate different compounds (DNA,
proteins, small molecules etc.) over their two membranes (Desvaux et al., 2009, Costa et al.,
2015). The different mechanisms in Gram-negative bacteria, referred to as the type 1-9
secretion systems (T1-9SS; Fig. 14), can be divided into two groups based on the secretion
mechanism, which may be a one-step or a two-step mechanism. T1SS, T3SS, T4SS, and T6SS
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span the two cell membranes and secrete substrates directly from the cytoplasm to the target
location outside the cell in one-step. The target location can be the extracellular space itself
or a target cell. In the latter case, well known from pathogenic bacteria, the secretion system
docks on the target cell and the secreted compound is injected into this cell (Fig. 14). The
secretion systems with a two-step mechanism (T2SS, T5SS, T7SS, T8SS, and T9SS) depend
on initial translocation of the substrate over the inner membrane by systems also found in
Gram-positive bacteria, and subsequently the secretion system secretes the substrate from the
periplasm over the outer membrane in a separate step. The target location of proteins secreted
by these latter mechanisms can be the extracellular space or the compounds may end up
anchored to the outer membrane (Costa et al., 2015).

Host CM
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Figure 14. Secretion systems in Gram-negative bacteria. The figure shows a simplified schematic

representations of the organization of the nine secretion systems and the Sec and Tat translocation
machineries mentioned in the text. OM: outer membrane, IM: Inner membrane, CM: Cell membrane,

PG: Peptidoglycan. See text for more details.

Proteins secreted in one-step with T1SS, T3SS, T4SS, or T6SS are guided to these systems
by different signal motifs in the amino acid sequence. Proteins secreted through T1SS usually
have a glycine rich motif at the C-terminal end (Costa et al., 2015), while T3SS secreted
proteins have a secretion signal on the N-terminus of the amino acid sequence which is not
cleaved upon secretion (Sory et al., 1995, Schesser et al., 1996). Proteins secreted via the

TASS share a conserved hydrophilic motif with a net positive charge on the C-terminal end
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(Vergunst et al., 2005). Proteins secreted through the T6SS are proposed to contain an N-
terminal motif named MIX (Salomon et al., 2014), however this does not seem to be universal

as proteins without this motif have been shown to be secreted via T6SS (Liang et al., 2015).

Translocation over the inner membrane in the two-step mechanisms is commonly dependent
on the SecYEG translocon (Sec) or the twin-arginine translocation pathway (Tat; Fig. 14). To
be translocated via the Sec or Tat system, proteins have an N-terminal signal peptide that
targets the protein to the correct processing system. The signal peptide is normally cleaved
off during, or shortly after translocation by a signal peptidase. Lipoproteins anchored to the
inner or outer membrane can also be translocated to the periplasm via the Sec system (see
Section 1.5.1 for more details on lipoproteins). The major difference between the Sec- and
Tat-pathway is that unfolded proteins are translocated via the Sec-pathway, while protein
folded in the cytoplasm are translocated via the Tat-pathway (Natale et al., 2008). It is worth
noting that folded proteins without a signal peptide may be translocated from the cytoplasm
to the periplasm via holins. Holins are small membrane proteins originating from phages and
are involved in translocation and activation of cell-wall hydrolyzing proteins (Desvaux and
Hébraud, 2006). As mentioned in Section 1.4.1, secretion of the chitinolytic machinery in S.
marcescens Db10/11 is dependent on a holin-endopeptidase system, similar to the lysis
cassette found in phages (Hamilton et al., 2014). However, a precise description of the role of
this system in the secretion of the chitinolytic machinery is not available. Section 3.4 discuss

the secretion of the chitinolytic machinery in S. marcescens in more detail.

Compounds secreted through the T1SS are often associated with virulence, nutrient
acquisition, and adhesion (Natale et al., 2008, Costa et al., 2015). T3SS, T4SS, and T6SS
translocate different effector molecules from pathogenic bacteria into a target host cell. T4SS
is somewhat special as translocation of DNA, in addition to proteins, is possible with this
system (Costa et al., 2015). Proteins secreted via the T2SS are often hydrolytic enzymes and
toxins (Costa et al., 2015). For example, the T2SS is needed for secretion of CAZymes
involved in cellulose degradation by the Gram-negative bacteria Cellvibrio japonicus
(Gardner and Keating, 2010) and secretion of cholera toxins produced by V. cholerae during
infection (Hirst et al., 1984, Reichow et al., 2010). The T5SS, also referred to as the
autotransporter system, meaning that the proteins contain a translocator in their C-terminus
that directs secretion across the outer membrane or that a separate translocator protein

facilitates the secretion. The T5SS is divided into five subfamilies, denoted a-e. Molecules
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secreted through the T5SS are involved in adhesion, biofilm formation, or act as virulence
factors (Chagnot et al., 2013, Costa et al., 2015). The T7SS represents the chaperone-usher
pathway responsible for assembly and secretion of appendages called pili or fimbriae, which
contribute to pathogenicity and biofilm formation, and play a role in initiation of host cell
recognition and attachment (Chagnot et al., 2013, Costa et al., 2015). The T8SS refers to the
extracellular nucleation-precipitation pathway involved in secreting and assembling curlis,
which are amyloid fibers associated with adhesion, biofilm formation and surface
colonization (Desvaux et al., 2009, Costa et al., 2015). The most recently described secretion
system in Gram-negative bacteria is the T9SS found exclusively in the phylum of
Bacteriodetes. Proteins secreted through the T9SS contain, in addition to a classical N-
terminal signal peptide, a C-terminal domain guiding them to the secretion system (Nguyen
et al., 2007, Kharade and McBride, 2014). The T9SS is mainly thought to secrete proteins
involved in motility and pathogenesis (Sato et al., 2010). However, ChiA of F. johnsoniae,
described in Section 1.4.2, is shown to be secreted through the T9SS (Kharade and McBride,
2014).

It should be noted that not all secretion systems occur in all Gram-negative bacteria. Abby et
al. (2016) predicted the presence of secretion systems by studying multiple Gram-negative
genomes from various phyla, which revealed that T1SS and T5SS are the most widespread

secretion systems.

1.5.1 Insilico prediction of secreted proteins
N-terminal signal peptides targeting proteins to the Sec and Tat pathway share a similar

tripartite architecture, with an n-region dominated by positively charged amino acids, a h-
region dominated by hydrophobic amino acids, a c-region consisting of more polar amino
acids, and with the cleavage site for a signal peptidase (von Heijne, 1990, Bendtsen et al.,
2005b). Several algorithms have been developed for in silico prediction of different N-
terminal signal peptides and, consequently the subcellular locations of their cognate proteins,
in Gram-negative bacteria (Juncker et al., 2003, Bendtsen et al., 2005a, Bendtsen et al., 2005b,
Bagos et al., 2010, Petersen et al., 2011). These prediction tools have since the 1980s
developed from signal peptide prediction based on weight matrices to more sophisticated
machine learning approaches (Caccia et al., 2013). Today, a combination of several
bioinformatics tools are often used to obtain the most reliable predictions possible (Desvaux
et al., 2009).
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SignalP is one of the most popular algorithms used for prediction of signal peptides having a
signal peptidase | (Spl) cleavage site (Bendtsen et al., 2004, Petersen et al., 2011). However,
SignalP is not able to predict signal peptidase Il (Spll) cleavage sites, which are the cleavage
sites found in the signal peptides of lipoproteins, i.e. proteins that concomitant with transport
over the membrane become post-translationally modified with N-terminal lipid(s) and
covalently bound to the cell membrane. Both Spl and Spll signal peptides target the unfolded
protein for translocation from the cytoplasm to the periplasm through the Sec-pathway. In the
periplasm, peptidases cleave off the signal peptide, before the protein folds and is then
potentially exported out of the cell via one of the secretion systems (Fig. 14) or anchored to
one of the membranes (Juncker et al., 2003). Juncker et al. (2003) developed LipoP to predict
lipoproteins that have a Spll signal peptide; LipoP is convenient, since it also predicts Spl,
cytosolic, and trans-membrane proteins. Spll signal peptides have a region of four well-
conserved amino acids (called the lipobox) located in the c-region around the cleavage site
and the first amino acid of the mature protein is always a cysteine (Juncker et al., 2003).
Studies exist showing that the amino acid following this cysteine determines the final
localization of a lipoprotein, i.e. anchoring to the inner or outer membrane (Seydel et al.,
1999).

Signal peptides targeting folded proteins to the twin-arginine-pathway contains, as the name
implies, two arginines located in the n-region (Bagos et al., 2010). Tat signal peptides are in
general longer than Sec signal peptides, with a lower degree of hydrophobicity in the h-region
(Juncker et al., 2003). Several algorithms are available for prediction of Tat signal peptides
(Rose et al., 2002, Bendtsen et al., 2005b, Bagos et al., 2010).

Although most secreted proteins have a signal peptide guiding them to the Sec or Tat pathway
(or a signal sequence guiding the protein to any of the one-step secretion systems described
in Section 1.5), there are secreted proteins that do not contain a classical signal peptide. Such
proteins are subject to so-called non-classical secretion. As described in Section 1.4.1, and
further discussed in Section 3.4 of this thesis, SmChiB and SmChiC are examples of such
proteins. SecretomeP is an algorithm that predicts proteins secreted in a non-classical fashion
(Bendtsen et al., 2005a). This algorithm combines several protein features, e.g. predicted
protein disorder and amino acid composition, to predict whether a protein is secreted in a non-
classical fashion or not. A SecretomeP score between 0 and 1 is reported, and a score above

0.5 indicates non-classical secretion in Gram-negative bacteria. Some secreted proteins that
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lack a signal peptide may have a role both in the cytoplasm and extracellularly and are referred
to as moonlighting proteins (Jeffery, 1999). Gram-negative bacteria can exploit vesicles to
bring proteins out to the extracellular space [e.g. (Arntzen et al., 2017)]. These vesicles are
often referred to as outer membrane vesicles, meaning that the vesicle contain proteins located
in the periplasm, hence proteins must be translocated from the cytoplasm to the periplasm
before they can be part of an outer membrane vesicle (Kim et al., 2015). However, cytosolic
proteins, DNA and RNA have also been identified in outer membrane vesicles, indicating that
the cargo of these vesicles is not restricted to periplasmic content (Lee et al., 2008). One such
example is the cytotoxin CIyA in E. coli that does not have a predicted signal peptide, but is
known to be secreted via vesicles. Interestingly, this protein receive a low SecretomeP score
indicating that it is not secreted in a non-classical manner (Bendtsen et al., 2005a). This
example emphasis that experimental data is also needed to complement the in silico
prediction. When doing such experiments the experimental design is important as e.g.
moonlighting proteins might only be secreted under certain conditions (Bendtsen et al.,

2005a). This makes it a challenging task to reveal if a protein is secreted or not.

The presence of a signal peptide is commonly used as an indication of protein secretion
(Caccia et al., 2013) and in the secretomics studies presented in this thesis (Section 3.2 and
3.4) proteins with a predicted Spl, Spll, or Tat signal peptide were included when calculating
the fraction of secreted proteins. In addition, proteins predicted to be non-classically secreted
were included. It should, however, be noted that the presence of a signal peptide is not a
guarantee for secretion. In Gram-negative bacteria, a Spl or a Tat signal peptide is only
guiding the proteins to the Sec or the Tat translocon systems, respectively, translocating the
protein over the inner membrane. Whether proteins are actually exported out of the cell can
be difficult to predict. A Spll signal peptide indicates a lipoprotein, however it is difficult to
predict if an outer membrane anchored lipoprotein faces the periplasm or the extracellular
space. Until recently, there was a general understanding that lipoproteins face the periplasm,
anchored to the inner or outer membrane. However recent research suggests that several
lipoproteins in fact are surface-exposed, i.e. facing the extracellular space (Wilson and
Bernstein, 2016).

1.6 Proteomics as a tool for studying bacterial secretomes
The term “proteome” was coined by Marc Wilkins in 1994 and is defined as “the total set of

proteins expressed in a given cell at a given time”. The study of proteomes is referred to as

32



INTRODUCTION

proteomics (Dove, 1999). Since then, the field of proteomics has greatly evolved, from
qualitative determination of a protein’s presence, to proteome-wide protein quantification.
The development of proteomics has gone hand in hand with the improvement of mass
spectrometry (MS) methods suitable for proteins and peptides (Ong and Mann, 2005, Cox
and Mann, 2008, Nahnsen et al., 2013). Another important factor for the development of the
proteomics field, is the increased number of sequenced genomes which is essential in order
to have databases to search against. The proteome of a bacterium is, in contrast to the genome,
highly dynamic and shifts depending on environmental factors such as nutrient source, stress,

interactions with a host and temperature. The workflow of a proteomics experiment (Fig. 15)
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Figure 15. Common workflows in quantitative MS-based proteomics. The dark purple and yellow
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boxes represent two experimental conditions. Horizontal lines indicate when samples are combined,
while dashed lines indicate points where experimental errors and quantification errors can occur.
Figure adapted from Bantscheff et al. (2007).

typically starts by growing cells under specific conditions, before extracting, and, if desired,
subsequent fractionation of the proteins. Denatured proteins are then subjected to an
endoprotease with a specific cleavage pattern, generating peptides. Trypsin is commonly used
since it specifically cleaves after arginine and lysine residues. Solid-phase extraction with

Zip-Tips® or Stage-Tips (pipet tips packed with C-18 material) is then used to remove buffers
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used in the sample preparation and to concentrate the sample making it ready for MS-analysis.
Before reaching the MS, peptides are often separated by online reversed phase high-
performance liquid chromatography to reduce sample complexity. The raw data from the
mass spectrometer is then converted to a text-based format for protein identification using

database search engines.

Protein quantification using MS is not straightforward due to a phenomenon called ionization
efficiency. Peptides from a given protein have different amino acid composition and thus vary
in their ability to pick up a charge during ionization (i.e. the transition from liquid to gas
phase). This in turn cause different peptide intensities although they all originate from the
same protein, a fact that may preclude protein quantification. However, a great effort has been
done to circumvent this challenge (see below), and today, several strategies are available in

quantitative proteomics (Fig. 15), each having different advantages and disadvantages.

Metabolic labelling using stable isotopes has long been considered as the gold standard in
quantitative proteomics (Cox et al., 2014). Stable isotope labeling by amino acids in cell
culture experiments is done by growing two cell populations separately, one with normal
medium and one with medium containing isotope labeled amino acids (typically isotopically
labeled arginine or lysine). A major advantage of metabolic labeling is that the two resulting
cell samples (e.g. healthy versus sick cells, or cells with and without exposure to an external
factor) are combined prior to further sample preparation and LC-MS, excluding potential data
handling errors introduced during these steps. On the other hand, isotopes are expensive, and
only a few labels are available, restricting the number of conditions to be compared to
maximum five (Chen et al., 2015). Furthermore, this approach requires use of defined media,
which limits the types of biological questions that can be addressed in this type of

experiments.

Chemical labels can be introduced either at the protein or at the peptide level. Although
universally applicable, the later introduction of the chemical labels leads to a loss in
robustness, compared to metabolic labeling. (Cox et al., 2014). For absolute quantification of
one or a few proteins of interest, samples can be spiked with isotopically labeled synthetic
protein or peptide standards (Bantscheff et al., 2007). Like metabolic labeling, both chemical
labeling and the use of spiked standards have restrictions when it comes to the number of

samples that can be compared in the same experiment [referred to as multiplexing (Chen et
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al., 2015)], but the amount of multiplexing is markedly higher with chemical labeling where

up to 18 conditions in one run has been reported (McAlister et al., 2012).

In recent years, label-free quantification (LFQ) has gained massive popularity despite its
relatively poor position in Fig. 15. This is mainly due to three important factors: 1) its
simplicity, the samples do not need any kind of pre-treatment such as tedious labeling and
successive clean-up steps, 2) free of charge, no need for expensive isotope reagents, and most
importantly 3) a massive development in algorithms for data analysis. When using LFQ, all
samples are treated separately prior to data analysis (Fig. 15) which would imply that high
reproducibility in the sample preparation is required. However, thanks to the development of
sophisticated software, such as the MaxLFQ algorithm implemented in the MaxQuant
software package (Cox and Mann, 2008, Cox et al., 2014), these challenges have been largely
overcome. In the MaxLFQ algorithm, a delayed normalization is introduced by using a
nonlinear optimization model to minimize the overall peptide changes across all samples (Cox
et al., 2014). Such a method is compatible with upfront pre-fractionations and makes it
possible to quantitatively compare samples, even if there is some variation in the efficiency
of sample preparation. It is worth noting that, when using LFQ, there is no limitation when it

comes to the number of samples and conditions that can be compared in one experiment.

Proteomics is an excellent tool for studying proteins present in a cell-culture grown under
specific conditions. Investigation of proteins located in the extracellular milieu is often
referred to as secretomics, a term implying that only secreted proteins are studied. However,
there is some debate on how to correctly define studies of proteins located in the extracellular
milieu. Exoproteomics have been suggested as a more suitable term, since proteins that are
thought not to be actively secreted often are found in the extracellular milieu (Desvaux et al.,
2009). Proteins that are not predicted to be secreted provide a major challenge in
secretomics/exoproteomics, since it is difficult to know if the occurrence of such a protein in
the extracellular milieu is biologically relevant or an artefact due to e.g. cell lysis. When it
comes to degradation of chitin-rich material and other biomasses, extracellular enzymes are
thought to play a major role (see Sections 1.4 and 1.5). Secretomics will give insight into
which enzymes an organism use to accomplish biomass conversion and may also lead to
identification of “novel” proteins involved in conversion, i.e. proteins having similar
expression profiles as enzymes known to be important in biomass conversion, but whose

function in this process is not yet known. As an example, Takasuka et al. (2013) used
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proteomics to study how the CAZyme composition in the secretome of a Streptomyces strain
changed when growing on different biomasses. They found clear differences between
cellulose- and chitin-grown cells, and could thus show how the bacteria adapt to the biomass
that they are feeding on. There are several similar examples in the current literature and more

examples appear in Sections 3.2 and 3.4 of this thesis.

Combining proteomics with other omics-techniques, in particular transcriptomics, allows an
even deeper understanding of cellular responses to external effects. The transcriptome
changes faster than the proteome and gives a snapshot of the proteins transcribed at the time
of sampling. Due to variation in mRNA and protein lifetime, and due to the several (regulated)
processes in between mMRNA synthesis and the presence of the gene product (protein) at its
proper location, proteomics and transcriptomics data may give rather different views on a

system. These are complementary views, however, both provide important information.

36



OUTLINE AND PURPOSE OF THE RESEARCH PRESENTED IN THIS THESIS

2 OUTLINE AND PURPOSE OF THE RESEARCH PRESENTED IN

THIS THESIS
Chitin, being the second most abundant biomass on Earth, is a valuable resource in a green

economy. Potential downstream applications of chitin and its key derivatives, chitosan and
CHOS, are numerous. However, today much of the available chitin-rich biomass, mainly
crustaceans, is treated as waste and not utilized. In addition, the extraction of chitin from these
sources involves hazardous chemicals, and in the shift towards a greener economy, alternative
extraction processes must be considered. There is also a need for well-defined chitosans and
CHOS, which have numerous applications and which can be obtained by using an array of

enzymes with appropriate substrate specificities.

The research described in this thesis was part of a Norwegian national project (MARPOL)
focusing on the valorization of marine polysaccharides, with an overall goal to develop
innovative biomaterials and chemicals by enzyme technology. The research was focused on
enzyme discovery and characterization of enzymes involved in chitin degradation and
modification, and this enzyme work was conducted by using bioinformatics, proteomics, and
biochemical experiments. The work included studies of the chitin utilization systems of
bacteria, since such systems could be used to make the extraction process of chitin more
environmentally friendly, which is of industrial interest, as part of the change towards a

greener economy.

Deacetylases targeting GICNAc units in chitin and CHOS are of special interest when it comes
to production of chitosan and CHOS with defined Fa and Pa, properties which are known to
be important for the functionality, and, thus, application of these compounds. Almost all
known CE4 deacetylases acting on GICNAc show broad substrate specificities and do not
seem suitable for specific tailoring of chitosan or CHOS. The use of expanding sequence
databases, including metagenomics data, opens a possibility to discover CE4s with different
properties than already known proteins. Paper | describes the use of a (meta-)genomics
approach to search for novel CE4 deacetylases. This approach yielded several candidates, one
of which was selected for in-depth characterization. A crystal structure of an enzyme-
substrate complex and biochemical data provide new insights in the substrate binding and

specificity of CE4 deacetylases.
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Many microorganisms degrade chitin of different origins and, if an enzymatic process is to
be used for chitin extraction from e.g. shrimp shells, it is of interest to investigate the proteins
secreted by these organisms when growing on chitin. The ability of C. japonicus to degrade
plant cell wall polysaccharides has been studied in depth, however its chitinolytic potential
has not been investigated. Papers Il and 111 describe studies of the chitinolytic machinery of
C. japonicus. Paper Il describes the use of a novel plate method to investigate proteins found
in the extracellular space during growth on chitin. The genome of C. japonicus encodes four
putative chitinases belonging to glycoside hydrolase family 18, and proteomics data
confirmed their importance in chitin utilization, in addition to revealing other proteins of
possible importance in chitin utilization. The biochemical properties and biological
importance of the GH18 chitinases expressed by the bacterium were examined in detail, as
described in Paper I11. The functional studies described in Paper 111, which includes studies
of knock-out mutants, showed that some of the chitinases were more important than others,
thus pointing towards specific candidate enzymes for potential industrial use.

S. marcescens is one of the best studied chitinolytic bacteria, however, at the start of the
research described in this thesis, the genome sequence of one of the most commonly used
strains was not known. A proper investigation of the proteins secreted by this strain upon
growth on chitin had neither been done. Paper IV describes both the genome sequence and a
proteomics study of S. marcescens BJL200. The genome sequencing showed that S.
marcescens encodes four GH18 chitinases, including one, SmChiD, whose role in chitin
degradation had so far not been properly addressed. The proteomics data also revealed
interesting target proteins for future investigation, due to their potential involvement in chitin
degradation. The biochemical and biological properties of SmChiD were investigated and its

interplay with other well-known S. marcescens chitinases in chitin degradation was assessed.
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3 MAIN RESULTS AND DISCUSSION

3.1 Paper | — Structure and function of a CE4 deacetylase isolated from a
marine environment
CE4 deacetylases acting on chitin and CHOS are of interest, especially due to the possible

use of these enzymes to produce chitosan and CHOS with well-defined properties such as Fa
and Pa. The use of (meta-)genomic data from relevant ecological niches opens up the
possibility to discover proteins with different substrate specificities compared to already
characterized members of this enzyme family.

A database containing annotated bacterial genomes and metagenomes of different origins was
searched for members of the CE4 family using EC number 3.5.14.1. This search yielded 48
candidate CE4 proteins which were further evaluated using a set of criteria to sort out the best
candidates. The protein sequences should: 1) Contain the five motifs conserved in GIcNAc
active CE4s (see Section 1.3.1.4.1 for details on these motifs). 2) Have a predicted signal
peptide since activity against chitin is desired, and for bacteria (and not necessarily for fungi),
the chitin substrate is expected to be outside the cell. 3) Be single domains, to increase the
chance of successful expression. This filtration resulted in one candidate protein consisting of
246 amino acids including a predicted signal peptide from amino acid 1 to 31. The gene
originates from Arthrobacter sp. AW19M34-1, a Gram-positive bacterium isolated from a
tunicate at 77 meters depth in Vestfjorden, Norway. The protein, named ArCE4A, was

successfully expressed in E.coli.

Two crystal structures were obtained for the protein, one with and one without a (GICNAC)2
ligand (Table 1, Paper I). The protein shows a somewhat deformed (B/a)s topology (Fig. 1a,
Paper 1), characteristic for CE4 proteins (Blair et al., 2005, Blair et al., 2006, Taylor et al.,
2006, Andrés et al., 2014), with a relatively open active site. The structure without (GIcNAC)2,
contains a Ni%* ion, which is coordinated in an octahedral fashion by the metal binding triad
and three water molecules (Fig.1b, Paper 1). One of these water molecules is thought to act
as a nucleophile during catalysis, whereas the other two likely are displaced by substrate
binding (Fig. 16). CE4 deacetylases are known to require a metal ion for catalysis, and in
order to get an enzyme-substrate complex, EDTA was mixed with the protein to remove
metals prior to adding the (GIcNACc)4 substrate. Although a tetramer was used as substrate in
the crystallization, only a dimer could be refined from the electron density. Apparently, the

two other sugars were not stabilized by any protein-substrate interactions, which leaves them
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flexible and hence no electron density was observed for them. The refined GIcNAc dimer
occupied subsite 0 and +1, with the non-reducing end bound in subsite 0. The binding of the
sugar in subsite +1 seems to be dominated by stacking interactions with Trp171 in motif 4,
while the GIcNAC in subsite 0 makes several interactions with the protein, mainly involving
fully conserved residues in GICNACc active deacetylases. The hydroxyl-group at C3 interacts
with the metal ion and makes a hydrogen bond with Asp56 in motif 1, while the hydroxyl-

group at C4 seems to have an indirect interaction with the backbone carboxyl of Trpl71

through a water molecule (Fig. 16).
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Figure 16. Enzyme-substrate interactions in the crystal structure and proposed catalytic
intermediate state of ArCE4A. (a) ArCE4A in cartoon representation (purple), with residues
interacting with the substrate shown as sticks (purple carbons). Interactions coordinating the metal ion
(brown sphere) is shown as pink dashed lines, while interactions between the (GIcNAc). substrate
(sticks with grey carbons) and the enzyme is shown with black dashed lines. Water molecules are
shown as red spheres. The sequence motifs which the residues belong to are shown in red text. (b) The
proposed oxyanion tetrahedral intermediate state of the acid/base catalysis of CE4 deacetylases. The
figure is adapted from Blair et al. (2005), showing amino acid numbering corresponding to ArCE4A.
Since the sugar ring is absent in the figure, the interaction between the C3 hydroxyl group and the
metal ion is absent. See Section 1.3.1.4.1 and Fig. 6 for complete description of the catalytic

mechanism.

The backbone amine of Tyrl46 is thought to stabilize the oxyanion intermediate by

interacting with the oxygen in the acetyl group. In the structure of the complex, the distance
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between these two atoms is 3.3 A (Fig. 1d, Paper 1), which is normally considered to be a bit
too long for this sort of interaction, but minor positional changes affecting this distance during
catalysis are conceivable. The conserved catalytic acid in motif 5, His196, interacts with the
nitrogen atom in the acetamido group through its Ne nitrogen. The distance between these
two atoms is 3.5 A (Fig. 1d, Paper 1), similar to the distance of 3.7 A proposed in docking
studies with other CE4 deacetylases (Blair et al., 2005, Blair et al., 2006). The conserved
catalytic base, Asp55 in motif 1, does not make any direct interactions with the substrate. The
role of Asp55 during catalysis is to activate a water molecule which subsequently performs a
nucleophilic attack on the carbon in the scissile C-N bond. No water molecules were refined
in the active site cleft of the structure with the (GIcNACc)2 ligand, probably due to the lack of
a metal ion. However, a superposition of the two ArCE4A crystal structures (Figs. 16 and 1e,
Paper 1) shows that the position of one of the three water molecules visible in the structure
without (GIcNAC)2 could represent the nucleophilic water activated by Asp55. In addition,
the oxygen of the acetyl group and the hydroxyl on carbon 3 in the subsite 0-bound sugar
occupy the same positions as the other two water molecules observed in the metal containing
substrate-free structure. This indicates that the oxygen of the acetyl group and the hydroxyl

on carbon 3 of the sugar bound in subsite O coordinate the metal ion during catalysis.

The biochemical experiments with ArCE4A show that this deacetylase has a broad substrate
specificity, being able to deacetylate CHOS, chitosan, acetyl xylan, and, to a smaller extent,
chitin (Table 2, Paper I). The low activity against chitin is likely due to the crystalline nature
of chitin, making most of the acetyl-groups unavailable for ArCE4A. Liu et al. (2017) showed
that adding an LPMO to the reaction increased the activity of a deacetylase from A. nidulans,
probably by making more acetyl-groups available for the deacetylase, either by disturbing
crystal packing or by releasing soluble products. The use of a reducing end labelling method
allowed mapping of how, i.e. at which positions, ArCE4A deacetylates soluble chitin
fragments. Studies with (GIcNAc)s showed that deacetylation of internal sugars is preferred
over deacetylation of the ends, and that the reducing end sugar is rarely deacetylated under
the conditions used in this study (Fig. 3, Paper 1). Accordingly, CICDA, an enzyme with a
similar active site architecture as ArCE4A, was shown to deacetylate the reducing end sugar
of (GIcNAc)4 much slower than the other positions (Hekmat et al., 2003). Similarly, analysis
of the Pa of CHOS generated by PgtCDA from (GIcNACc)s-6 showed that deacetylation of the
reducing end is less favored (Nagvi et al., 2016). Collectively, these results indicate that

binding of the reducing end in subsite 0 is not favored, which is in agreement with the
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crystallographically observed binding mode of the (GIcNAc)2 ligand in ArCE4A. With the
methods used here, it was not possible to determine if ArCE4A has preferences when it comes
to deacetylation of one of the three middle sugars in chitopentaose. However, based on the
signal intensities from the MS2 spectra (Fig. 3, Paper 1), although giving only qualitative
data, one might speculate that the sugar next to the reducing end is slightly favored over the
other positions. Using a reacetylation and #0-labeling method before MS analysis, Naqvi et
al. (2016) found that PgtCDA prefers the sugar next to the reducing end during deacetylation

of a pentamer.

The crystal structure of ArCE4A with the (GIcNAC)2 ligand is the first of its kind and seems
to indicate that only two sugars in a tetramer made stable interactions with the protein.
However, the activity of ArCE4A towards (GIcNAc)2 was low compared to longer CHOS,
suggesting that other interactions between the protein and the ligand are beneficial for activity.
This is also consistent with the labeling experiments showing that ArCE4A preferred to
deacetylate the middle sugars in a pentamer. As already mentioned in the Section 1.3.1.4.1, a
docking study led Blair et al. (2006) to suggested that a (GICNAC)s bound in subsite -1 to +1
in CICDA does not make any interactions with the enzyme in subsite -1. This is in consensus
with the observed binding mode of the (GIcNACc)2 ligand in ArCE4A, occupying subsite 0
and +1, and the fact that only two of four sugars were refined in the structure. Unlike ArCE4A,
CICDA has a short loop between motif 1 and 2 containing a Trp (Fig. 2, Paper 1), which
could create a -2 subsite [Fig. 1f, Paper I, (Blair et al., 2006)]. This loop is one of the six
loops defined in the “subsite capping model” introduced by Andrés et al. (2014). The “subsite
capping model” is based on studies of VCCDA, with its much more closed substrate-binding
site (Fig. 8), and suggests that substrate binding could lead to conformational changes of
certain loops in CE4 deacetylases. If in ArCE4A conformational changes occur upon substrate
binding, this could imply that the (static) crystal structures presented cannot be used to
speculate about substrate-protein interactions beyond subsites 0 and +1. Notably, as discussed
in Section 1.3.1.4.1, VcCDA has large insertions forming flexible loops and hence a very
different active site conformation compared to ArCE4A, which has short loops and a much

more open active site.

Of the substrates tested, ArCE4 showed the highest activity towards acetyl xylan (Table 2,
Paper 1), suggesting that it might be an acetyl xylan deacetylase. Broad substrate specificity

is common among CE4 enzymes, including enzymes that are generally considered as chitin
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deacetylases (Caufrier et al., 2003, Liu et al., 2017). Recent data on a fungal CE4 showed a
similar activity profile as ArCE4A, with highest activity towards acetyl xylan. Importantly,
this deacetylase, from A. nidulans, is structurally similar to ArCE4A (Liu et al., 2017). All the
CE4 enzymes having a broad specificity have open active sites with seemingly few
interactions with the substrate beyond subsite 0, which could explain their broad specificity.
The structures of chitin, acetylated xylan and peptidoglycan (another substrate of CE4s; see
below) are different and one may argue that the main similarity between these substrates is
the acetyl group (Figs. 1 and 17). On the other hand, an acetylated xylose and a GICNAc sugar
are stereochemically very similar, with all hydroxyl groups in equatorial orientation. The main
difference is that xylose has a C2 O-acetylation, while GIcNAc has a C2 N-acetylation. The
enzyme-substrate complex presented in Paper | shows that the enzyme only had direct
interactions with the sugar bound in subsite O (the interactions in subsite +1 are stacking
interactions), hence the substrate, regardless of whether it is an acetylated xylose or GICNAc,

may provide all necessary interactions for an deacetylation to occur.

a-4-Me-GIcUA
“00C

o Acetyl - CHS \
chom HC. 0
3 o’< HO'

H3CO
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furanose
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f/ Tetra-
peptide

Figure 17. Structures of non-chitin polysaccharides that are deacetylated by CE4s. (a) Structure
of xylan, comprising a backbone of -1,4-linked xylose, with acetyl, 4-O-methyl-a-d-glucuronic acid
(0-4-Me-GIcUA), a-L-arabinose, and ferulic acid substitutions. (b) Structure of peptidoglycan
containing alternating units of B-1,4-linked GIcNAc and MurNAc (N-acetylmuramic acid).

Natural occurring xylan can have many substitutions, and among them are O-acetylations
mainly on the C2 and/or C3 positions (Adesioye et al., 2016). For CE4 deacetylases to access
the C2 acetyl groups in xylan, there is need to overcome the structural bulkiness caused by
the other substitutions (Fig. 17a). This could explain why the active site of xylan-active CE4s
is open and makes few interactions with the substrate beyond subsites 0 and +1. Structurally,

the substitutions in xylan are larger than an N-acetyl group, and it is thus possible that an
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enzyme such as ArCE4A interacts with the substrate in subsites beyond 0 and +1, if the
substrate is a substituted xylan. So far, there is no information on such interactions and

additional crystallographic experiments with xylan fragments would thus be of interest.

Peptidoglycan consists of alternating GIcNAc and MurNAc (N-acetylmuramic acid). In
addition to being N-acetylated on C2, MurNAc is substituted with a polypeptide on C3 (Fig.
17b). As the sugars are rotated 180° relative to each other, the C3 substitution is not likely to
create problems for CE4 deacetylases with ArCE4A-like active sites that act on the GICNACc
residue in peptidoglycan. Indeed, the active site of SpPgdA, a well-known peptidoglycan
deacetylase acting on GIcNAc, resembles the active site of ArCE4A. Conversely, for CE4
enzymes deacetylating the MurNAc residue, the C3 substitution add some challenges when it
comes to adapting the polypeptide in the active site. A peptidoglycan deacetylase from B.
subtillus (BsPdaA) is active against MurNAc, but has no activity towards CHOS (Fukushima
et al., 2005). The sequence and the structure show that this enzyme has three additional basic
amino acids lining the catalytic groove, not seen in GIcNAc-active CE4s, which could be
important in the recognition and/or binding of the C3 substitution in MurNAc (Blair and van
Aalten, 2004). In addition, the structure shows that the active site cleft is not as narrow as
seen in GIcNAc-active CE4s, and, moreover BsPdaA has a deep pocket next to the active site,
possibly for fitting the tetrapeptide substitution on MurNAc residues. Another CE4
deacetylase from B. subtilus (BsPdaC) can deacetylate both MurNAc residues in
peptidoglycan and (GIcNAC):1-4 (Kobayashi et al., 2012). The amino acid sequence of BsPdaC
is more similar to that ArCE4A, compared to BsPdaA. These observations on Pdas show that,
while CE4 deacetylases of the ArCE4A-type generally seem to have broad substrate
specificities and primarily seem to interact with the acetylgroup of the substrate, subtle
changes in substrate specificity do occur, which may provide leads for engineering of the

substrate specificity of these enzymes.

The broad substrate specificity seen in ArCE4A and similar CE4s could be due to these
enzymes having a dual biological role, at least in fungi and Gram-positive bacteria. In these
organisms CE4s can function as a defense mechanism against exposure to external chitinases
and lysozyme by deacetylating the chitin and peptidoglycan layer in the cell wall. In addition,
the CE4s could be important in virulence and/or for nutrient utilization by being part of a
plant cell wall or chitin degradation system. In Gram-negative bacteria, the peptidoglycan

layer is protected by the outer cell membrane, making deacetylation of the peptidoglycan layer
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as a defense mechanism redundant. It is worth noting that genome sequencing of S.
marcescens BJL200 (Paper 1V) showed that this efficient chitin-degrading Gram-negative
bacterium does not encode any CE4s. S. marcescens does neither contain a plant cell wall
degrading machinery, adding to the notion that this bacterium does not need CE4s. On the
other hand, Gram-negative C. japonicus, having an extensive plan cell wall-degrading
enzyme machinery next to its chtinolytic system has four putative CE4 proteins (Paper I1).

In conclusion, the data presented in Paper | give new insight into the active site cleft and
substrate specificity of CE4 deacetylases with an open active site. However, as the discussion
above implies, a protein structure in complex with a longer substrate is needed to get an even
better understanding of these enzymes. While scientifically interesting, the data presented in
Paper | do not provide sufficient leads for achieving one of the long term biotechnological
goals of this study, namely to engineer CE4s that generate specific deacetylation patterns on
their substrates. To achieve this goal, enzyme-substrate interactions beyond subsites 0 and +1

need to be mapped.
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3.2 Paper Il — Proteomic investigation of the secretome of Cellvibrio japonicus
during growth on chitin
The ability of the Gram-negative bacterium C. japonicus to degrade plant cell wall

polysaccharides is documented well (Ueda et al., 1952, DeBoy et al., 2008, Gardner and
Keating, 2010, Gardner et al., 2014), and the genome encodes a large number of CAZymes.
These CAZymes include several putatively chitinolytic enzymes: two AA10s, four GH18s,
four CE4s, two GH20s, one GH19, and one GH46. The two AA10s have been characterized
and it is known that CJLPMO10A is chitin-active (Forsberg et al., 2016), while CjLPMO10B
is cellulose-active (Gardner et al., 2014). The aim of the work described in Paper Il was to
do a quantitative proteomics study using LFQ to investigate the secretome from C. japonicus
during growth with chitin as the sole carbon source. By doing so, one could identify which of
the recognized CAZymes are important in chitin conversion and one could identify proteins
of unknown function that could play additional roles in this process. Experiments were done

using a-chitin and B-chitin as the relevant substrates and glucose as a control substrate.

The first approach in this study was to grow C. japonicus in shaking flask cultures. Samples
were taken at different time points, and after removing cells and chitin particles, proteins
present in the extracellular milieu were analyzed. After MS analysis and LFQ quantification
using the MaxLFQ algorithm incorporated into the MaxQuant software (Cox and Mann, 2008,
Cox et al., 2014), we found a high content of proteins predicted to be cytosolic (around 50 %,
Fig. 1, Paper I1). It is not unusual to have cytosolic proteins in secretome samples, for
example, around 80 % of the proteins found in the secretome of Staphylococcus epidermidis
were predicted to be cytosolic (Siljamdki et al., 2014). In a secretome analysis of
Thermobifida fusca after growth on cellulose, 62 % of the identified proteins were predicted
to not have a signal peptide (Adav et al., 2012). Although the presence of cytosolic proteins
is common and usually not considered as a major problem, it is desirable to reduce the
cytosolic fraction as much as possible for several reasons: 1) In silico prediction of cellular
localization is not 100 % accurate and it is thus desirable to be as certain as possible that the
detected “secreted” protein indeed is secreted. 2) During MS analysis, the presence of

cytosolic proteins in high amounts may mask other (secreted) proteins present in low amounts.

One reason for the high content of cytosolic proteins in the shaking flask culture could be cell
lysis caused by shearing forces created during the shaking with large chitin particles.

Bengtsson et al. (2016) developed a plate method to look at secretomes from fungi growing
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on insoluble substrates. They showed that the secretomes prepared contain a high fraction of
proteins predicted to be secreted and we therefore adapted this method to bacteria. The results
showed a reduction in the cytosolic fraction from around 50% using the shaking flask method,

to around 30% using the plate method (Fig. 1, Paper II).

An additional advantage of the plate method concerns the sample preparation. During growth
on chitin, it is expected that CAZymes are secreted, and many of them will bind to the
insoluble substrate, especially those containing CBMs, which promote enzyme-substrate
interactions. Enzymes acting on chitin may still be attached to chitin particles during sampling
for proteomics analysis. In the shaking flask method, the chitin particles are removed before
sample preparation, hence proteins bound to the chitin will not be identified. On the other
hand, when using the plate method, the chitin particles are present during the sample
preparation, which includes a boiling step, meaning that there is a bigger chance that proteins
bound to the chitin will be solubilized and subsequently identified. Another advantage of the
plate method is that it possibly resembles the natural growth conditions of C. japonicus better
than the shaking flask cultures, as C. japonicus has rather stationary (i.e. non-liquid) growth

conditions in its natural habitat in soil.

After establishment of the plate method and quantification of identified proteins using the
MaxLFQ algorithm in MaxQuant, a thorough investigation of the identified proteins was
performed, with initial focus on CAZymes, including enzymes containing a CBM but without
any further CAZy annotation. A wide array of CAZymes was identified (Fig. 2, Paper 11)
and there were clear differences in abundance levels, between the enzymes and between the
carbon sources. The 30 proteins belonging to Cluster 1 and 2 (Fig. 2A, Paper 11) contain
CAZymes that are clearly more abundant in the chitin samples, compared to the glucose
sample, suggesting their potential importance in chitin degradation. Among these proteins,
cluster 1 contains CjLPMO10A, CjChil8C, and CjChil8D, while cluster 2 contains
CjChil8A, CjChil8B, and CjChil9A. So, of the 30 proteins in these two clusters, six have
clear bioinformatics-based predicted functions that link them to chitin degradation. The heat
map in Fig. 2A of paper 11 is based on the second time point taken during sampling. In total,
three time points were analyzed in order to get an impression of the protein profile at an early,
middle and late stage of the growth. At the early time point, chitin-modifying enzymes were
only detected in the chitin samples, indicating that C. japonicus indeed utilizes its predicted

putative chitinolytic machinery to degrade chitin. Additionally, of the putative chitinases only
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CjChil8A, CjChil8C, and CjChil8D, where identified at the early time point in the a-chitin
sample, suggesting that these are the most important chitinases in the beginning of the chitin
degradation process (see Section 3.3 and Paper 111 for further discussion of the roles of the

individual chitinases).

The presence of CjChil8A in the secretome is somewhat unexpected since it is predicted to
be a lipoprotein (having a Spll signal peptide), that is attached to one of the cell membranes.
Cleavage of the Spll signal peptide leaves a cysteine as the first amino acid in the mature
protein, and it has been proposed that the amino acid following this cysteine determines if the
protein should be attached to the inner or the outer membrane. A serine following the cysteine
indicates anchoring to the periplasmic side of the inner membrane, while any other amino
acid indicates anchoring to the outer membrane (Yamaguchi et al., 1988, Seydel et al., 1999).
CjChil8A has a glutamine following this cysteine, suggesting anchoring to the outer
membrane. Whether CjChil8A faces the periplasm or the extracellular space cannot be
predicted and its functional characteristics (Paper 111) do not suggest a particular location.
Cell lysis is one explanation for finding CjChil8A in the secretome. However since CjChil8A
Is present in relatively high amounts one might speculate that it faces the extracellular space,
and that it somehow has loosened from the cell surface. The orientation of CjChil8A is
discussed further in Section 3.3 and Paper Ill. It should be noted that lipoproteins are
commonly observed in secretomics studies [e.g. (Tjalsma et al., 2004, Fazzini et al., 2011,
Tschumi et al., 2012)].

The genome of C. japonicus encodes two putative chitobiases belonging to GH family 20;
CjHex20A and CjHex20B. CjHex20A has a predicted Spl signal peptide, while LipoP
(Juncker et al., 2003) predicts CjHex20B to have a transmembrane helix. Only CjHex20B
was observed in the secretome in low amounts and only in the B-chitin sample for the second
time point, which is somewhat unexpected as CjHex20B is predicted to have a TMH.
However, in some cases it is difficult to differentiate between signal peptides and TMHs. The
TMHMM 2.0 server (Krogh et al., 2001) predicts CjHex20B to have one TMH, but the details
of the prediction show that this (N-terminal) TMH could actually be a signal peptide. As
described in the Introduction, the main task of chitobiases in a chitinolytic machinery is to
degrade products formed by the chitinases, and chitobiases are often located in the periplasm
(Toratani et al., 2008), which may be the reason to why only small amounts of CjHex20B and

no CjHex20A are observed in the secretome samples. It is not certain whether C. japonicus
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need or use both as part of the chitin utilization machinery. However, the transcriptomic
analysis presented in Paper 111 showed that both CjHex20A and CjHex20B are up-regulated
during growth on chitin, indicating a potential role of these proteins in chitin utilization. This

is discussed further in Section 3.3 concerning Paper I11.

Two of the four putative CE4 proteins encoded by C. japonicus were detected in low amounts.
One of these is part of a multimodular protein (CjXyn11A), which has a GH11, a CE4, a
CBM60, and a CBM10 domain and which was only found in the B-chitin samples. This
protein is known to hydrolyze B-1,4 linkages and remove acetyl groups in xylan (Emami et
al., 2002). Thus, while the CE4 domain of CjXyn11A may be active against chitin and CHOS,
a purposeful role of this CE4 domain in chitin metabolism in C. japonicus is not very likely.
The other CE4 protein was found in low amounts in all samples (cluster 6, Fig. 2A, Paper
I1), and a specific role in chitin utilization cannot be assigned for this protein. In addition, this
putative CE4 protein lacks three of the five conserved motifs commonly found in chitin-active
CE4 deacetylases (see Section 1.3.1.4.1). Notably, the other two putative CE4 proteins, not
identified in the secretome and not predicted to be secreted, also lacks some of the conserved

motifs characteristic for GICNAc-active deacetylases.

Several other CAZymes without an obvious role in chitin degradation were enriched in the
chitin samples, often occurring in high amounts (cluster 1 and 2, Fig. 2a, Paper I1). Some of
these proteins have putative roles in cellulose degradation, while some have putative activity
against other plant cell wall polysaccharides. Additionally, some of these proteins have GH
and CBM domains belonging to families for which chitin related activity has been described,
in particular GH5, GH9, GH16, and CBM2 (Lombard et al., 2014). CjCel5A and CjCel6A
(both having a CBM2 and CBM10 domain) were, together with CjLPMO10B, among the
most abundant proteins in the chitin samples, and it is possible that these enzymes can have a
role in the chitin degradation. Another possibility is that the presence of chitin leads to
production of cellulose degrading enzymes as well, since the structure of chitin and cellulose

is quite similar. This is discussed further in Paper I11 (Section 3.3).

Two other proteins found in high amounts in the chitin samples, without any obvious role in
chitin degradation, are CjCbp2D and CjCbp2E (Fig. 2A, Paper I1). Interestingly, these
proteins are known to be important for C. japonicus when growing on cellulose (Gardner et

al., 2014), and the proteomics data in Paper I, indicate that they also are important when the
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bacterium grows on chitin. CjCpb2E only occurred in the chitin samples, while CjCbp2D
occurred in 1000-fold higher amounts in the chitin samples compared to the glucose samples.
In addition to a CBM2 domain, known to bind chitin and cellulose, these two proteins have a
so-called Ycel-like domain. Studies of a CjCbp2E homologue from Saccharophagus
degradans have shown that its Ycel-like domain binds polyisoprenoids, which are electron
rich molecules (Vincent et al., 2010). CjCbp2D contains in addition two cytochrome C-like
domains with potential roles in electron transfer (Vincent et al., 2010). Based on these
observations, it is conceivable that CjCbp2E and CjCbp2D play a role in redox processes that

relate to chitin degradation.

Gardner et al. (2014) showed that CjCbp2D and CjCbp2E are upregulated during growth on
cellulose and that knocking out CjCbp2D and CjCbp2E led to impaired growth of C.
japonicus on cellulose. The authors speculate that these proteins could be important in the
oxidative cleavage of recalcitrant substrates, possibly by donating electrons to the LPMOs,
similar to the activation of LPMOs by cellobiose dehydrogenase in fungi (Phillips et al., 2011,
Loose et al., 2016). If electron donation to the LPMOs is the role of these proteins, one can
envisage that CjCbp2D and CjCbp2E, with help of the CBM2 domains, bind close to the
binding site of the LPMO on the substrate. This might cause a favorable proximity effect,
ensuring reduction of the LPMO close to the substrate. Reduced LPMOs free in solution are
unstable, and may produce reactive-oxygen species that can be harmful for the LPMO itself
(Bissaro et al., 2017) and the cells. Although the role of CjCbhp2D and CjCbp2E in
degradation of cellulose and chitin remains unclear, the proteomics data presented in Paper
11, together with the study by Gardner et al. (2014) and the transcriptomics data described in
Paper 111, strongly indicate an important function of these proteins in the degradation of

crystalline substrates.

The secretomes did not only contain CAZymes and investigation of other proteins found in
high abundance in the chitin samples compared to the glucose sample was of interest,
especially from an enzyme discovery point of view. In Nature, chitin usually occurs in a
network with proteins and minerals (see Section 1.1 for details), meaning that proteases that
are tailored for dealing with chitin-rich biomass are of particular interest. Of the proteins
identified in the secretomes, 31 proteins were given a protease annotation when searching the
MEROPS peptidase database (Rawlings et al., 2016). Six of these proteins could be of interest

as they occur in higher amounts in chitin samples (4 proteins), compared to glucose samples,
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or because they contain a CBM that may bind chitin (2 proteins). One of the predicted
proteases has a CBM6, and although chitin binding has not been reported for this CBM family,
the finding of a CBM6 containing protein exclusively in the chitin samples is an indication
that the CBM®6s possibly can bind chitin (cluster 2, Fig. 2A, Paper I1). The other protease
contain a CBM50 domain commonly found associated with chitin and peptidoglycan active
glycosyl hydrolases, in addition to proteases targeting peptidoglycan (Lombard et al., 2014).
However, the CBM50 containing protease was found in relative equal amounts in all samples

(cluster 6, Fig. 3A, Paper 1), and does not seem to be chitin specific.

Another interesting prospect that opens up when investigating non-CAZymes is the
possibility to discover proteins with unknown functions. Many of the detected non-CAZymes
were found in similar amounts in all three secretomes, however, some were found exclusively
or in higher amounts in the chitin samples (Table 1, Paper II). Of these, several have
unknown or putative functions, hence they are interesting targets for future investigation of

their biochemical properties.

Paper Il demonstrates that several putative chitin-degrading proteins indeed are expressed in
high levels when C. japonicus grows on chitin. Since the novel plate method used to generate
the secretome samples showed a significant reduction in contamination of cytosolic proteins,
compared to a shaking flask method, it is likely that several of the other detected proteins also
play a role in chitin conversion and are not just “contaminants”. The proteases and the proteins
with yet unknown functions found in higher amounts in the chitin samples make up an
interesting target list for enzyme discovery and further investigation of their potential role in

biomass conversion is warranted.
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3.3 Paper Il — Chitin degradation by Cellvibrio japonicus is dependent on the
non-redundant CjChil18D chitinase
The four GH18 chitinases encoded by the C. japonicus genome were all detected in the

secretome studies described in Paper Il and their abundance in the various secretomes
described in Paper Il are summarized in Table 2. To further investigate the importance of
these four GH18s in chitin degradation, transcriptomics, knock-out studies, and biochemical
experiments were conducted as a follow-up to Paper Il. The chitin-active LPMO,
CjLPMO10A was also included in this study. This discussion focuses on the biochemical
characterization of the chitinases, since the other parts of Paper 111 were mainly produced by

collaborators.

Table 2: Key features of the GH18 chitinases and CjLPMO10A. The four GH18 chitinases encoded
by C. japonicus and CjLPMOZ10A are listed with their LipoP prediction, logio of LFQ values (average
of three biological parallels) from the proteomics study presented in Paper Il, and their domain

organization (see also Fig. 2, Paper I11). ND = not detected.

LFQ intensities proteomics (log1o)

Chitinase LipoP a-chitin B-chitin Glucose  Domain organization
CjChil8A Spll 9.1 8.9 ND GH18
CjChi18B Spl 8.4 10.4 7.4 CBM73-GH18-CBM5
CjChi18C Spl 9.1 10.8 8.2 CBM5-CBM73-CH18
CjChil8D Spl 9.5 11.0 8.7 CBM73-CBM5-GH18
CjLPMO10A Spl 9.4 10.9 8.4 AA10-CBM5-CBM73

By making and testing several deletion mutants of the GH18 chitinases, it became clear that
CjChi18D is essential for the ability of C. japonicus to utilize a-chitin as a sole carbon source.
The Achil8D single mutant was unable to grow on a-chitin and crab shells, while the other
single chitinase mutants had similar growth characteristics as the wild type (Figs. 3A and 3C,
Paper I11). In a previous study it was shown that a Alpmo10A mutant led to growth defects
when C. japonicus grew on B-chitin and crab shells (Forsberg et al., 2016). However, the
growth defect was not as severe as observed for the Achil8D mutant. The double mutant
Achil18B Achil8C showed a 37 % reduction in growth rate on a-chitin compared to the wild
type. The double mutants Achil8A Achil8B and Achil8A Achil8C showed similar growth as
the wild type. The triple mutant Achil8A Achil8B Achil8C showed the same growth defect
as the double mutant Achil8B Achil8C (Figs. 3B and 3D, Paper 111). These results suggest
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that CjChil18A is not critical for growth on chitin and that CjChi18B and CjChil8C play partly
overlapping roles (since single knock-outs had no effect, whereas the double knock-out had
an effect). It is worth noting that, when using crab shells as carbon source, all double mutants
not including Achil8D, had wild type-like phenotypes. Apparently, with this substrate, the
contribution of CjChi18B and CjChil8C is not rate-limiting for growth of C. japonicus.

The knock-out results indicated different roles of the four chitinases, and biochemical
characterization of the chitinases was done to explore this further. Unfortunately, full-length
proteins were difficult to obtain, and all other versions, except CjChil8Aca, formed inclusion
bodies during production. A denaturing and refolding method enabled production of soluble
catalytic domains of CjChil18B, CjChil8C, and CjChi18D. In addition, CjChil18Bcat+cems and
CjChil8Dcat+cams were produced in soluble form. Testing the ability to degrade a-chitin
revealed differences in enzyme properties (Fig. 5, Paper 111), with CjChil8Dcat+cams having
highest activity. CjChil8Acat and CjChil8Bcat are the poorest a-chitin degraders, while
CjChil8Bcat+cems and CjChil8Ccat perform equally well, but still less well than
CjChil8Dcat+cems and CjChil8Dcat. The activity data for a-chitin, showing that CjChil8D is
particularly powerful, align well with the studies of the knock-out mutants which showed that
only CjChil8D is essential for chitin degradation.

The characterization of the chitinases revealed additional functional differences that are
interesting. After degradation of a-chitin, the product profile for CjChil8Aca revealed
GIcNAC as the main product, while for the other enzymes (GICNACc). was the main product
(Fig. S3, Paper 111). Synergy experiments (Fig. 6, Paper I11) done by mixing the catalytic
domains of the four chitinases and CjJLPMOZ10A in various combinations, showed that the
presence of CjChil8Aca increased the amount of monomeric products, indicating that
CjChil8Aca degrades the dimers produced by the other chitinases into monomers. Synergistic
effects were observed for various combinations of enzymes indicating that the enzymes have
different roles during chitin conversion. Addition of CjLPMOZ10A (catalytic domain) to the
reactions had a positive effect on the activity of CjChil8Aca, CjChil8Bca:, and CjChil8Cecat,
but had limited effect on the activity of CjChil8Dcs. Generally, the effects of the LPMO were
rather limited, which is probably due to the nature of the substrate, as discussed in Paper I11.
The synergy experiments showed that CjChil8Bcat + CjChil8Dcat resulted in higher product
formation than CjChil8Cca + CjChil8Dcat, which may seem surprising, as CjChil8Cca is a
more efficient chitin degrader than CjChil8Bcat (Fig. 5, Paper I11). On the other hand, it may
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seem that both CjChil8C and CjChil8D have a considerable endo-character, whereas
CjChil8B likely is exo-processive (discussed further below) and is thus more likely to act
synergistically with CjChi18D than CjChil8C. The highest product yields were obtained with
enzyme mixtures containing CjChil8Bca, CjChil8Cca, and CjChil8Dcat and the product
levels could not be improved further by adding CjChil8Aca. Thus, all chitinases, with the
possible exception of CjChil8A, seem needed for optimal chitin degradation in vitro.
Degradation reactions with an enzyme cocktail composed of the four chitinases and
CjLPMO10A according to the quantitative proteomics data presented in Paper Il and
summarized in Table 2 did not give higher product yields (Fig. 5, Paper I11).

To further investigate substrate specificity and product formation by the chitinases,
degradation of (GIcNACc)s was tested, using the catalytic domains. The results showed that
CjChil8Ccat was the most efficient degrader of this substrate (Fig. 7A, Paper 111) with an
initial rate of 300.2+7.7 min™. CjChi18Acat, CjChi18Bca, and CjChil8Dcat had initial rates of
118.1+.12, 27.0+0.8, and 44.5+2.6 min, respectively. It is interesting to note that the four
enzymes rank differently when it comes to activity on (soluble) chitohexaose, compared to a-

chitin. Again, clear functional differences between the chitinases are observed.

The product profiles emerging during degradation of (GIcNACc)e can give hints concerning
the mode of action of the chitinases. After two minutes reaction time, when only a minor
fraction of the substrate had been converted, there were clear differences in the product
profiles of different chitinases: CjChil8Aca produced all product types [i.e. (GICNAC)1-s],
CjChil8Bca produced mainly dimers and trimers, CjChil8Cca produced (GICNAC)2-4, while
CjChil8Dcat produce mainly dimers and tetramers (Fig. 7B, paper I11). For the CjChil8Dcat
reaction, a peak eluting prior to the hexamer peak evolved over time (Figs. 7B and S4, Paper
I11), suggesting production of CHOS longer than (GIcNAC)e, which again indicates that
CjChil8Dcat has transglycosylating abilities.

The ratio between different degradation products during degradation of a-chitin and
(GIcNAC)s can give information about a potential processive mode of action. Processive
enzymes acting on chitin are expected to give a high (GIcNAc)./GIcNAc ratio since for
processive enzymes only initial binding can lead to production of an odd-numbered product
(which will usually lead to eventual production of a monomer), whereas all further catalytic

events resulting from the same initial productive enzyme-substrate association will yield
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dimers. Enzymes acting processively on (GIcCNACc)e are expected to show a high (i.e. non-
stoichiometric) (GIcNAC)2/(GIcNAC)4 ratio, as processive activity on a hexamer would result
in production of three (GIcNAC).. A non-processive mode of action towards (GIcNAc)s would
result in (GIctNAc)s + (GIcNAC)2 or (GIcNAC)s + (GIcNACc)s. Using these criteria, only
CjChil8Bcat showed clear signs of processivity (Table S4, Paper I1lI). Interestingly,
CjChil8Bca is slowest of the chitinases towards (GICNAc)s, which coincides well with
previous observations that processive activity comes at the cost of a reduced rate against
soluble substrates (Horn et al., 2006a). On the other hand, one might expect a processive
enzyme like CjChil8B to show high activity towards chitin, which was not observed for
CjChil18Bcat. While CjChil8Bcat+cams shows higher activity than the catalytic domain alone,
this enzyme is still not as good as CjChil8Dcst and CjChil8Dcat+cams in degrading a-chitin.
Notably, both proteomics (Paper I1) and transcriptomics data (discussed below, Paper I11)

suggest that CjChi18B is not the most highly expressed chitinase.

It is difficult to address processivity experimentally (Horn et al., 2012a) and the results
discussed above give indications but are not conclusive. There is a need for more experimental
data to confirm whether the chitinases are processive or not, preferable with the full-length
enzymes. As described in Section 1.3.1.1, the amino acid sequences and three-dimensional
structures of known processive chitinases show some characteristic features. The most
important features are the presence of aromatic residues in certain subsites (Horn et al., 20064,
Zakariassen et al., 2009) and a “deep” substrate-binding cleft where depth is provided in by
the presence of the so-called a+f3 domain as well as loops protruding from this domain or
from other parts of the catalytic domain (Perrakis et al., 1994, VVan Aalten et al., 2000, Vaaje-
Kolstad et al., 2013). The crystal structures of the GH18 chitinases of C. japonicus are not
available; however, structural modelling of the proteins and investigation of the amino acid

sequence was feasible (Figs. S6 and S7, Paper I11).

The structural models of the catalytic domains of the chitinases show that CjChil8B has a
deep, tunnel-shaped substrate-binding cleft formed by loops, including the a+f domain which
is characteristic for processive chitinases. In addition, CjChil8B has aromatic residues that
seem to be conserved in processive chitinases, affecting substrate binding in subsites -3 to +2.
Notably, the structural model of CjChi18B indicates that it may have a more closed active site
compared to the well-studied processive enzymes SmChiA and SmChiB. Thus, both the

predicted structural features and the biochemical data indicate that CjChil8B is a processive
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enzyme. CjChil8A has a relatively deep binding pocket due to the presence of the at+f
domain, but there is no tunnel and several of the aromatic residues found in processive
chitinases are absent. Together with the biochemical data, these structural features suggest
that CjChil8A is a non-processive enzyme. Its deep active site cleft may allow relatively
strong binding to shorter substrates, and this coincides with the enzyme’s high rate towards
chitohexaose and its putative function in processing of soluble substrates. The structural
model of CjChil8C shows an open active site typical for non-processive endo-acting
enzymes, whereas aromatic residues typical for processive enzymes are lacking. So, the
predicted structural features indicate that CjChil8C is non-processive. The substrate-binding
cleft of CjChi18D is more open compared to CjChil8A as it lacks loops on the opposite side
of the substrate-binding cleft relative to the a+p domain. In contrast to CjChil8A, CjChil8D
does have the aromatic residues that are characteristic for processive chitinases (in subsites -
310 +2). It may seem as if CjChil8D is a “hybrid” enzyme, with an open active site, enabling
endo-type binding to the substrate (see below), and having aromatic residues to allow strong
binding to crystalline material and perhaps giving some degree of processivity (that has

remained undetected in the biochemical assays).

Experimental determination of endo- versus exo-activity is not easy neither, but also here the
structural models give hints. It seems rather certain that CjChil8B is exo-processive, whereas
CjChil18C is endo-non-processive. Whether CjChil8A and CjChil8D are endo- or exo-
enzymes is difficult to predict, but by analogy to studies on S. marcescens chitinases (Sikorski
etal., 2006) their relative open active sites indicate that both enzymes have considerable endo-
activity. Judged by the structural model, CjChil8D seems endo-processive and it is somewhat
surprising that this is not supported by observed product ratios. The combination of high
activity on crystalline substrates and lower activity on soluble substrates, as is the case for
CjChil18D has been observed previously for processive enzymes (Horn et al., 2006a). The
product profile for CjChil8D upon degradation of (GIcNACc)s, showing a peak of CHOS with
DP longer than 6 (Figs. 7B and S4, Paper IIl), indicates that this chitinase has
transglycosylating properties. If CjChil8D uses e.g. (GIcNAc). as substrate during
transglycosylation, this will of course affect the product profile, potentially leading to a wrong

impression when it comes to whether this enzyme is processive or not.

It should be noted that the conclusions drawn from the biochemical data presented in Paper

11 must be considered critically, since we were not able to produce the full-length proteins.
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The lack of one or more CBMs could affect the enzyme characteristics that were studied,
especially when it comes to chitin degradation, as CBMs are known to aid in enzyme-substrate
interactions (Boraston et al., 2004). CjChi18B, CjChil8C, and CjChil18D all contain a CBM5
and a CBM73 organized differently relative to the catalytic domains (Table 2 and Fig. 2,
Paper 111). The organization of the CBMs might be intentional and affect the enzyme
specificities. For example, the lack of CBMs could explain the somewhat poor activity of
CjChil18B towards chitin, compared to CjChil8D. If CjChil8B is a processive chitinase, it
might be more dependent on the CBMs in order to stay attached to the substrate. Regardless
of the presence of the CBMs or not, the biochemical data for the catalytic domains show clear
functional differences between the enzymes, which are accompanied by clear differences in

their predicted structures.

The genome of C. japonicus and the proteomics data described in Paper Il suggest that other
proteins could be involved in chitin utilization. To investigate this further and to complement
the proteomics study (Paper I1), RNAseq was used to investigate the change in gene
expression during growth on a-chitin. In the exponential growth phase, 73 CAZymes were
significantly up-regulated when comparing the transcriptome of a-chitin- versus glucose-
grown cells (Table S3A, Paper I11). Thirteen of these genes encode proteins with a predicted
chitin-related activity and the four chitinases and CjLPMOZ10A were among the proteins with
highest log> fold change (Fig. 8 and Table S3A, Paper I11). A similar comparison was also
done in the early stationary growth phase, revealing that 47 CAZyme-encoding genes were
up-regulated during growth on chitin (Fig. S5A and Table S3B, Paper Il1), and seven of
these have a putative role in chitin utilization. In both growth phases, the Ipmo10A and chi1l8D
genes showed the highest fold change, supporting their crucial role in chitin degradation, as

shown by Forsberg et al. (2016) and in Paper 111, respectively.

Other chitin utilization related genes that were up-regulated during growth on chitin were
hex20B, nag9A, hex20A, csn46F, and chil9A. The hex20 genes encode GH20 chitobiases
likely to cleave GIcNAc dimers into monomers, a process likely to take place in the periplasm
(Toratani et al., 2008). The nag9A gene encodes a cytoplasmic N-acetylglucosamine-6-
phosphate deacetylase (CE family 9) with a putative role in GIcNAc utilization. Neither
CjHex20A nor CjNag9A were identified in the proteomics study presented in Paper 11, and
CjHex20B was found in very low amounts only in the B-chitin samples, supporting the notion

that the main location of these proteins is inside the cell. If cell lysis was a problem in Paper
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11, the transcriptomics data suggest that CjHex20A, CjNag9A and CjHex20B would have
been found in relatively high amounts in the proteomics data as well. The fact that this is not
the case may be taken to indicate that cell lysis was not really a problem, adding confidence
to the results presented in Paper 1. One consequence of this is that we may assume that the
detection of lipo-anchored CjChil8A in the proteomic data in Paper Il indeed indicates an
extracellular orientation of this lipoprotein. In addition, an N-acetylhexosaminidase-like role
of CjChil8A in the periplasm seems redundant as CjHex20A and/or CjHex20B are expected
to convert (GIcNACc). into GIcNAc in the periplasm. If CjChil8A is anchored to the outer
membrane facing the extracellular space the production of GIcNAc monomers could for
instance be important in some cell signaling processes or control of the (GICNAC)2

concentrations can be important to avoid product inhibition of the other chitinases.

In accordance with the findings described in Paper 11, many genes encoding CAZymes
related to degradation of other polysaccharides were up-regulated suggesting a general
response to chitin, although chitin-degrading enzymes in general showed higher log, fold
changes (Table S3, Paper I11). The same general response was found when C. japonicus
grows on cellulose (Gardner et al., 2014), while the response when growing on xylan is more
specific (J.G. Gardner et al., unpublished observations). It is perhaps not surprising that chitin
and cellulose elicit similar general responses, considering the similarities of these

polysaccharides, including their recalcitrance.

Paper 11 lists 24 non-CAZyme proteins (Table 1, Paper 11) that occur in higher abundance
in the chitin samples compared to glucose. The RNAseq data produced for Paper 111 show
that the expression of nine of these proteins is significantly up-regulated during growth on
chitin in the exponential growth phase. Four of these proteins were exclusively in the
secretomes of chitin-grown cells (Table 3), making these proteins of special interest for future
investigation of their potential role in chitin utilization by C. japonicus. Another gene of
particular interest, listed among the CAZymes (Table S3A, Paper 11l), encodes a CBM6
attached to a predicted protease domain, and also this protein was exclusively found in the
chitin samples in the proteomics study (Paper I1). This gene is also significantly up-regulated
during growth on chitin (Table 3), suggesting a potential role of this protease in utilization of

chitin-rich biomasses.
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Table 3. Proteins potentially involved in degradation of chitin-rich biomasses. The table lists five
proteins that seem of particular interest for future investigations of natural chitin converting enzyme
systems, as explained in the text. The LFQ- and fold change-values listed are averages of three
biological replicates (except the LFQ-value for B3PL02, which is an average of two biological
replicates). For comparison, the logio LFQ- and log, fold change-values for CjChil8D, the most
expressed GH18 chitinase, and CjChil8B, the least expressed GH18 chitinase upon growth on a-
chitin, were 9.5 and 6.66, and 8.4 and 2.45, respectively.

LFQ Fold change
intensities  transcriptomics
proteomics  (logz), a-chitin

(logao) vs glucose
Uniprot Locus ID Predicted function a-chitin Exponential
ID growth
B3PL02 CJA 2515 Uncharacterized protein 7.9 1.67
B3PB26 CJA 0998 Putative lipoprotein 8.5 1.21
Pectin metylesterase,
B3PFC4 CJA_0040 ) 8.2 1.4
putative
B3PKZ2 CJA_2505 Uncharacterized protein 8.2 1.2
B3PH79 CJA 0276 CBMG6 + protease 8.3 2.67

Collectively the data presented in Paper Il show that CjChil8D is the most important
chitinase for the ability of C. japonicus to utilize a-chitin. The biochemical characterization
of the chitinases confirmed that CjChi18D is the most efficient chitin degrader and a structural
model suggests that this enzyme indeed is well suited to interact with crystalline material,
possibly acting endo-processively. The data also suggest that CjChil8B is a processive exo-
enzyme, whose contribution to chitin degradation possibly overlaps with the role of the
putatively non-processive endo-acting CjChil8C. The transcriptomics data, together with the
proteomics data in Paper 11, suggest that C. japonicus responds to chitin in a general way,
leading to transcription and secretion of a variety of CAZymes.
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3.4 Paper IV — Genomic, proteomic and biochemical analysis of the
chitinolytic machinery of Serratia marcescens BJL200
The chitinolytic machinery of S. marcescens has been studied in detail [reviewed by Vaaje-

Kolstad et al. (2013)], and includes three GH18 chitinases, one AA10 LPMO, and a GH20
chitobiase (see Section 1.4.1). However, a thorough proteomic study on this bacterium upon
growth on chitin had not been conducted at the start of this work. In addition, the genome of
one of the most studied strains (BJL200) was not available. Paper IV describes the genome
sequence of S. marcescens BJL200 as well as a proteomics study performed using the plate
method developed for C. japonicus and described in Paper Il. The genome sequencing
resulted in more than 5000 predicted coding sequences, of which 160 were predicted to
encode CAZymes. Interestingly, these CAZymes includes a fourth putative GH18 protein,
designated SmChiD. The genome does not contain any genes encoding CE4 proteins,
indicating that chitin deacetylases are not important for chitin utilization by this organism.
Detailed investigation of the genome revealed that the genes encoding the chitinase SmChiB
and the LPMO SmCBP21 are organized in a similar manner as in S. marcescens Db10/11 (see
Section 1.4.1), together with a LysR family regulator, a holin, an endolysin and two spanins
(Hamilton et al., 2014). Comparable to S. marcescens Db10/11, S. marcescens BJL200 lacks
a T2SS, which in e.g. C. japonicus is shown to be essential for secretion of CAZymes
(Gardner and Keating, 2010).

Unexpectedly, having Paper Il in mind, the proteomics data showed a rather high content of
cytosolic proteins in the secretome samples (45 — 60 %; Fig. 1, Paper 1V). Next to unintended
cell lysis, there are several explanations for this observation: 1) These proteins could be so-
called “moonlighting proteins”, without a classical signal peptide, that have both a cytosolic
and an extracellular function (Bendtsen et al., 2005a). 2) Outer membrane vesicles are
produced by Gram-negative bacteria including S. marcescens (McMahon et al., 2012); these
vesicles often contain cytosolic proteins which could end up in the secretome. 3) Intentional
cell lysis that is initiated in some cells to benefit the rest of the community (Allocati et al.,
2015).

Another possible explanation for the high cytosolic content relates to the not yet fully
understood system S. marcescens uses to secrete the chitinolytic machinery. This machinery,
which was briefly introduced in Section 1.4.1 and 1.5, may also be used to secrete other

proteins, which likely would be annotated as cytosolic. Studies of S. marcescens Db10/11
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have shown that secretion of the chitinolytic machinery depends on a holin-endolysin system
(Hamilton et al., 2014). While SmChiB and SmChiC lack a classical signal peptide Hamilton
et al. (2014) showed that secretion of SmChiA and SmCBP21, both having a signal peptide,
also is dependent on this system. Holins are thought to translocate folded proteins without a
signal peptide across the inner membrane (Desvaux and Hébraud, 2006), but the holin of S.
marcescens Db10/11 is not essential for translocation of SmChiC to the periplasm (Hamilton
et al., 2014). Hence, the translocation process of SmChiC and SmChiB to the periplasm
remains unclear, whereas, according to Hamilton et al. (2014), SmChiA and SmCBP21 are
translocated to the periplasm through the Sec-system. Holin-endopeptidase systems are
known to be involved in phage-induced cell lysis in Gram-negative bacteria. In this process
the holin translocates the endopeptidase from the cytoplasm to the periplasm. In the
periplasm, the endopeptidase makes pores in the peptidoglycan layer, and the spanin proteins
are thought to then bring the inner and outer membranes together, which leads to cell lysis
and release of proteins to the extracellular space (Rajaure et al., 2015). However, Hamilton
et al. (2014) show evidence against cell lysis being the process for releasing the chitinolytic
machinery into the extracellular space. Our proteomics data support the hypothesis that the
detected extracellular proteins were not released into the extracellular space due to cell lysis.
If cell lysis had occurred, we would expect to find the periplasmic GH20 chitobiase in the
secretome samples, and this is not the case (Fig. 2, Paper 1V). A control experiment with
lysed cells confirmed that chitobiase is indeed produced in large amounts when S. marcescens
grows on chitin. Since unintended lysis is an unlikely explanation for our observations, other,
yet unknown, mechanisms must be involved in the secretion of the chitinolytic machinery and

other proteins from the periplasm to the extracellular space.

Genome analysis shows that S. marcescens BJL200 possesses the T5SS, which could be an
alternative route to translocate proteins from the periplasm to the extracellular space. As
mentioned in Section 1.5, T5SS mainly secretes virulence factors and proteins involved in
cell-cell adhesion and biofilm formation. Interestingly, both chitinases and LPMOs are
proposed to be have a role in virulence in pathogenic bacteria. In addition, Kawada et al.
(2008) showed that knocking out SmMCBP21 leads to decreased ability of S. marcescens to
adhere to colonic epithelial cells. Taken together, translocation of the chitinolytic machinery
over the outer membrane through the T5SS is perhaps a reasonable hypothesis. However, this
hypothesis does not explain the role of the holin-endopeptidase system nor explains the

relatively high content of cytosolic proteins in the secretome samples.
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The secretome samples showed that SmChiA, SmChiB, SmChiC and SmCBP21 all were more
abundant in the samples from cells grown on chitin samples compared to the glucose-grown
cells (Fig. 2, Paper 1V), confirming their important role in chitin degradation by S.
marcescens. SmChiA and SmCBP21 were more abundant than SmChiB and SmChiC,
suggesting that the two former proteins are more important in chitin degradation.
Interestingly, functional data indicate that SmChiA has higher activity towards a-chitin,
compared to SmChiB and SmChiC (Horn et al., 2006b), and it is now well known that
SmCBP21, a chitin-active LPMO, boosts the hydrolytic activity of the chitinases (Vaaje-
Kolstad et al., 2010).

Interestingly, few additional CAZymes were found in the secretome, indicating that there is
a specific response to chitin when S. marcescens utilizes chitin as a carbon source. One of the
few CAZymes found in the secretomes is the putative fourth chitinase, SmChiD, which is not
present in the glucose samples, and only in low amounts in the chitin samples, suggesting that

this enzyme is chitin-specific, however, not important for chitin degradation.

In an attempt to elucidate the possible biological role of SmChiD, we carried out a biochemical
characterization of the enzyme. SmChiD was able to degrade chitin, although with very low
efficiency compared to the other chitinases (Fig. 5, Paper 1V). An interesting observation
was that (GIcNAc). products decreased over time, while GIcNAc continued to increase
(Figure 4, Paper 1V), suggesting that SmChiD was able to hydrolyze (GIcNACc)2 into
monomers. The main degradation product produced by the other chitinases was (GICNAC)2,
therefore the effect of SmChiD on the product profile when combined with the other chitinases
were tested. Indeed, addition of SmChiD led to increased levels of GIcNAc (Fig. 5, Paper
V), but the enzyme had no positive effect on the overall efficiency of chitin degradation.
These results suggest that the role of SmChiD could be to convert (GIcNAc)2 into GIcNAc,
which would mean that SmChiD has a similar role as the GH20 chitobiase. Comparing the
Michaelis-Menten kinetics of chitobiase and SmChiD clearly shows that the chitobiase is
much more powerful when it comes to hydrolyzing (GIcNAc)., making 1000-fold more cuts
per second (Fig. 6, paper 1V). Hence, it seems unlikely that conversion of (GICNAC): into
monomers is the biological role of SmChiD.

Noteworthy, (GIcNAc). type of structures are found in other biological systems, e.g. in

glycoproteins, and chitinases have been proposed to target glycoproteins during pathogenesis
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(Frederiksen et al., 2013). The activity of SmChiD against the glycoprotein RNaseB,
containing a (GIcNAc): at the core of its glycosyl moieties, was tested, however no activity
could be detected against this glycoprotein (Fig. 7, Paper 1V). Nevertheless, the possibility
that SmChiD targets (other) glycoproteins cannot be ruled out.

A homologue of SmChiD found in S. proteamaculans (SpChiD) is well-characterized
although its role in chitin conversion has not been addressed (Madhuprakash et al., 2012,
Purushotham and Podile, 2012, Madhuprakash et al., 2014, Vaikuntapu et al., 2016). The two
proteins share 85.7 % sequence identity, and, interestingly, the structure of SpChiD shows a
loop that occludes part of the substrate binding cleft (Madhuprakash et al., 2013). This loop
is also present in SmChiD but absent in the other S. marcescens chitinases, and is likely
affecting the catalytic properties of SpChiD. In addition to being capable of hydrolyzing
different CHOS, SpChiD shows considerable transglycosylating activity. The high sequence
identity between SmChiD and SpChiD suggests that the two enzymes have similar properties.
Although not important in chitin degradation, SmChiD could be useful for biotechnological

production of CHOS due to its probable transglycosylating properties.

As discussed in connection to Paper 11, proteomics studies open up the possibility to discover
new proteins possibly involved in chitin degradation. Proteases are of special interest as chitin
in Nature tends to exist in complex co-polymeric networks that are rich in proteins (Nikolov
et al., 2011). Cluster 1 in Fig. 2, Paper IV, comprising proteins that were found in all
samples, also including the glucose samples, contains three proteins annotated as secreted

alkaline metalloproteases and a Blast against the MEROPS database [www.ebi.ac.uk/merops/

(Rawlings et al., 2016)] showed that they belong to metallo-peptidase family M10B. This
protease family contains serralysins, which are considered as virulence factors in some
pathogenic Serratia strains. Interestingly members of the M10B family are synthesized
without a signal peptide and secreted by an unknown mechanism. Additionally, it has been
shown that a serralysin in Serratia sp. KCK enhances chitinolytic activity towards crude chitin
(Kim et al., 2007). Together, these observations and considerations are suggestive of a role in
chitin degradation, but the proteomics data indicate that their expression is not regulated by
the presence of chitin. Clusters 4, 5 and 6 (Fig. 2, Paper 1V) comprise proteins that were
found in higher amounts during growth on chitin compared to glucose, and include five
hypothetical proteins that occur in higher amounts in the chitin samples, and that thus could

be of interest for future studies.
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The data presented in Paper IV confirmed that the well-characterized chitinolytic machinery
indeed is secreted in high amounts when S. marcescens grows on chitin. The genome
sequencing revealed a fourth putative chitinase encoded by the bacterium, and although this
chitinase (SmChiD), is able to degrade chitin, the data indicate that its biological role is not
related to chitin degradation. The proteomics data reveal a few interesting targets for further
investigation of their possible role in conversion of natural chitin, which is of interest in order
to make the chitin extraction process more environmentally friendly, as discussed in Section
1. As for SmChiD, further functional studies, e.g. involving the studies of the physiology of
knock-out mutants of S. marcescens, could be of interest, for example to assess a potential

role in virulence, a process that could also involve some of the proteases detected in this study.
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4 CONCLUDING REMARKS AND PERSPECTIVES
Exploration of enzymes that may be used in the valorization of chitin-rich biomass is

important to facilitate the shift towards a green economy. The water-soluble chitin derivatives
chitosan and CHOS, commonly produced using harsh chemicals, have several applications in
e.g. biomedicine, agriculture, and the food industry. The bioactivity of chitosans and CHOS
is dependent on several physicochemical properties like Fa, DP, and Pa. Increased use of
enzymes will not only lead to more environmentally friendly production processes but may
also allow production of well-defined chitosans and CHOS. In light of this, investigation of
enzymes used by microorganisms growing on chitin is of interest. Chitinases and LPMOs
from various chitinolytic microorganism have been characterized. However, as chitin in
chitin-rich biomasses exist in complexes with proteins and minerals, other enzymes used by
the microorganisms could also be of industrial interest e.g. by making the chitin extraction
process greener and more efficient. Recent data (Mekasha et al., 2017) indicate that chitin-
rich biomass is remarkably recalcitrant, suggesting that there also is a need for more powerful

chitinases.

CE4 deacetylases acting on GIcNAc can in principle be used to produce chitosan and CHOS
with well-defined Fa and Pa. For optimal utilization of these enzymes, understanding their
substrate specificities is important. Only a few CE4 deacetylases with very specific
deacetylation pattern have been described (Andrés et al., 2014, Hamer et al., 2015, Cord-
Landwehr et al., 2016, Naqvi et al., 2016). Paper | describes the structural and functional
characterization of a CE4 deacetylase and include the first crystal structure of an enzyme-
substrate complex of a CE4 deacetylase with an open active site. The enzyme showed broad
substrate specificity, and the enzyme-substrate complex provided valuable insight into how
the enzyme may interact with CHOS. Considering the broad substrate specificity of CE4
deacetylases with an open active site, a structural complex with another substrate, e.g. an
acetyl xylan, would be of great interest (and necessary) to get an even better understanding of
how these enzymes interact with their substrates. Available data on CE4 deacetylases with an
open active site (Blair et al., 2005, Blair et al., 2006, Liu et al., 2017), including the one
described in Paper I, suggest that utilization of these enzymes for tailoring the Fa and Pa of
chitosans and CHOS can be challenging, since they have broad specificities and since little is
known about enzyme-substrate interactions, if any, beyond subsites 0 and +1. Randomization

of (putative) substrate binding sites by mutagenesis followed by screening for mutants that
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generate changed acetylation patterns in model substrates could be one way to go, both to
obtain more insight and to develop better biocatalysts.

Papers Il and IV describe proteomic investigations of C. japonicus and S. marcescens,
respectively, upon growth on chitin. By adapting a novel plate-based method originally
developed for fungi, we were able to quantify proteins secreted by the bacteria and compare
the abundance levels during growth on different substrates. In addition to confirming that
assumed chitinolytic proteins indeed are produced in high amounts during growth on chitin,
the proteomics studies revealed other (non-CAZy) proteins whose expression seemed to be
chitin specific. These proteins are interesting targets for future investigation, since they may

play a role in degradation of chitin-rich biomass.

A chitin extraction process and production of chitosan and CHOS from chitin-rich biomass
exclusively using enzymes is theoretically possible. However, such a process must be
optimized to be as efficient as the chemical processes used today, meaning that one needs
more than only chitinases, e.g. to degrade the protein fraction. The experiments of Paper Il
and Paper IV were carried out with model substrates (extracted chitin) and the bacteria
probably produce other proteins than the ones targeted in Paper Il and Paper IV when
growing on true natural substrates. Thus, proteomics studies with non-processed chitin-rich
biomasses, would be of interest. Lab-scale enzymatic chitin extraction from chitin-rich
biomasses has been tested, however, so far, enzymatic processes are not able to compete with
the chemical processes when it comes to the purity of the chitin (Younes and Rinaudo, 2015,
Younes et al., 2016).

Paper Il describes studies of the chitinolytic machinery of C. japonicus, which showed that
the four putative GH18 chitinases encoded by the bacterium were produced in high amounts.
The study presented in Paper 111 was conducted to investigate the importance of the
individual GH18 chitinases. This latter study showed that CjChil8D is crucial for the
bacterium’s ability to utilize chitin as a carbon source. The biochemical characterization of
the chitinases revealed different properties when hydrolyzing chitin and CHOS, suggesting
that the enzymes have varying and complementary roles in the chitin utilization. The finding
that CjChil8D is essential for C. japonicus to survive with chitin as the sole carbon source
suggests that this is a powerful chitinase, and further exploration of this enzyme in industrial

valorization of chitin is thus of interest. Notably, Mekasha et al. (2017) recently showed that
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the well-known and supposedly powerful chitinase cocktail produced by S. marcescens is
capable of degrading industrially extracted chitin, but only at rather high enzyme dosages. It
would be interesting to see if the C. japonicus cocktail or perhaps CjChil8D only could

improve the degradation efficiency.

In addition to describing a proteomics investigation of S. marcescens growing on chitin,
Paper 1V reports the genome sequence of S. marcescens BJL200. The genome sequence
showed that a fourth chitinase is encoded by this Gram-negative bacterium and the proteomics
data suggested that this chitinase is not important in chitin utilization. Biochemical
characterization of this chitinase, SmChiD showed that this GH18 chitinase is a poor chitin
degrader compared to the three other chitinases encoded by S. marcescens. Thus, another,
hereto unknown, biological role is proposed for this chitinase. However, what this potential
biological role could be, remains unclear. Considering the seemingly minimal role of SmChiD
in chitin degradation it seems that the lack of this enzyme in earlier work on the potential of
the other S.marcescens chitinases, SmChiA, SmChiB and SmChiC, in the degradation of chitin
(Horn et al., 2006b, Horn et al., 2006c, Sikorski et al., 2006, Synstad et al., 2008, Vaaje-
Kolstad et al., 2013, Mekasha et al., 2017) does not reduce the validity of that work.

Collectively, the data presented in this thesis provide new knowledge about enzymes involved
in chitin utilization and modification. Natural chitinolytic machineries have been mapped and
novel enzymes have been characterized. More work is needed to understand chitin
degradation in Nature and to identify more natural tools with industrial potential. For
example, the novel target proteins coming out of the omics work described in Papers I1-1V
still need to be assessed for functionality and potential industrial applicability. Further
proteomics studies using natural chitin-rich biomasses like crab- or shrimp-shells may yield
additional targets for further work. While the results presented in this thesis have been
discussed primarily in an applied perspective, it is important to note that answering unresolved
questions considering the chitinolytic machinery of microorganisms eventually may yield
insights into important biological processes where chitinolytic enzymes perhaps play a role
(Kawada et al., 2008, Chaudhuri et al., 2013, Frederiksen et al., 2013), including e.g. virulence

and biofilm formation.
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Abstract

Chitin, a polymer of B(1-4)-linked N-acetylglucosamine found in e.g. arthropods, is a valuable
resource that may be used to produce chitosan and chitooligosaccharides, two compounds with
considerable industrial and biomedical potential. Deacetylating enzymes may be used to tailor the
properties of chitin and its derived products. Here, we describe a novel CE4 enzyme originating from
a marine Arthrobacter species (ArCE4A). Crystal structures of this novel deacetylase were
determined, with and without bound chitobiose [(GIcNAc),], and refined to 2.1 A and 1.6 A,
respectively. In-depth biochemical characterization showed that ArCE4A has broad substrate
specificity, with higher activity against longer oligosaccharides. Mass spectrometry-based
sequencing of reaction products generated from a fully acetylated pentamer showed that internal
sugars are more prone to deacetylation than the ends. These enzyme properties are discussed in the
light of the structure of the enzyme-ligand complex, which adds valuable information to our still

rather limited knowledge on enzyme-substrate interactions in the CE4 family.
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1. Introduction

Today there is a focus on the shift from a fossil-based economy to a greener economy based on
renewable resources such as biomass. Chitin, an insoluble polymer of B-1,4 linked N-
acetylglucosamine (GIcNAc), is considered as the second most abundant biomass on earth, and
occurs in large amounts in different ecosystems, for example in the exoskeleton of crustaceans and
insects. Many microorganisms can utilize chitin as an energy source and exploration of
metagenomics information from chitin-rich ecosystems is thus likely to reveal enzymes with activity
against chitin.

The production of chitosan [partially deacetylated chitin consisting of GIcNAc and
glucosamine (GIcN)] and chitooligosaccharides (CHOS, i.e. homo- or hetero-oligosaccharides of GIcN
and GIcNAc) from chitin is of considerable industrial interest. However, the extraction of chitin from
e.g. shrimp shells and the subsequent production of chitosan and CHOS involves the use of harsh
chemicals that are not environmentally friendly [1, 2]. Therefore, it is desirable to replace one or
more of the chemical processing steps used today with enzymatic processes. The degree of
polymerization (DP) and the fraction of acetylation (Fa) are well known determinants of the
physicochemical and biological properties of chitosan and CHOS. In addition, the pattern of
acetylation (Pa) is believed to have impact on the properties of chitosan and CHOS [3]. The potential
applications of chitosan and CHOS are numerous (reviewed in e.g. [4] and [5]), which is in part due
to their biocompatibility.

Deacetylases acting on chitin (CDAs) occur in carbohydrate esterase family 4 (CE4) of the
CAZy database (www.cazy.org) [6]. CE4 enzymes are capable of removing acetyl groups in chitin,
chitosan, and CHOS, thus converting GIcNAc (or A) units to GIcN (or D) units. Enzymes in the CE4
family may also act on peptidoglycan [7, 8] and acetyl xylan [9]. The use of CDAs could in principle
allow tailoring of both the fraction and pattern of acetylation in chitosan and CHOS [10-12]. For
example, Hamer et al. used two different deacetylases (NodB from Rhizobium sp. GRH2 and VcCDA

from Vibrio cholerae) to produce CHOS containing two deacetylated sugars in their non-reducing
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ends [12]. They could do so because NodB specifically deacetylates the non-reducing end, while
VcCDA specifically deacetylates the sugar next to the non-reducing end [12]. Notably, most
characterized CE4 deacetylases show a broader substrate specificity [13-15], deacetylating several
positions in CHOS, chitin, chitosan, and acetyl xylan.

Despite their abundance in Nature and a plethora of (potential) roles in biology and industry,
available structural information for CE4 enzymes remains limited, and information on enzyme-
substrate interactions is scarce. In 2014, Andrés et al. described structures of VcCDA in complex with
chitobiose and chitotriose. Based on this landmark study, these authors proposed that the pattern
of acetylation in the products of different CE4 enzymes is determined by variable loops near the
catalytic center that affect the accessibility of subsites in the binding cleft [16].

In an attempt to discover novel CDAs, we have searched a collection of bacterial genomes
and metagenomes for members of the CE4 family starting from existing annotations based on the
Enzyme Commission classification system [17]. Bioinformatic tools were utilized to select the most
promising candidates, resulting in one candidate for cloning, expression and in-depth
characterization. X-ray crystallography yielded two structures, one for the substrate free protein and
one for a complex with (GIcNAc), bound in the active site. This novel CDA has an open active site (in
contrast to VcCDA) and the structure with substrate is the first structure of a complex for this type
of deacetylase. We also elucidated the substrate specificities of this deacetylase to gain insight into

its potential use for tailoring patterns of acetylation in CHOS.

2. Materials and methods

2.1 Selection of candidates

An internal collection of annotated bacterial genomes and metagenomes (~300 Mb of sequence
data), supplemented with metagenomics data from an Intestinal Microbiota Project [18] and from
the HOTS vertical ocean depth project, was searched for potential chitin deacetylases, i.e. enzymes

annotated with E.C. number 3.5.1.41. The resulting candidate proteins (64 in total) were subjected
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to further bioinformatic investigations to select the most promising candidates, as described in the
Results and Discussion section.

2.2 Cloning and protein production

Synthetic gene encoding the selected protein (without signal peptide) with an N-terminal His6-Ala-
Gly-tag and sequence optimized for expression in E.coli, were ordered from GenScript (NJ, USA),
amplified by PCR and cloned into the pNIC-CH [19] vector utilizing Ligation Independent Cloning [20].
The synthetic gene encoded an N-terminal His-tag and contained its normal stop codon (meaning
the C-terminal His-tag encoded by this vector was not exploited). The plasmid containing the gene
of interest was transformed into chemically competent BL21 Star cells by heat shock. Transformants
were cultured in 2 ml LB medium supplemented with kanamycin (50 pg/ml) and a colony PCR type
of method was performed to check for correct plasmid size. Cultures for strains containing plasmids
with correct sizes were further cultivated by adding more LB medium and kanamycin, after which
plasmids were isolated using the plasmid purification kit from Macherey-Nagel GmbH & Co (Diiren,
Germany), followed by sequencing of the inserted gene at GATC Biotech (Constance, Germany) using
Sanger sequencing.

Protein expression was started by growing a 5 ml pre-culture (LB with 50 pug/ml kanamycin,
overnight, 37 °C) which was used to inoculate 0.5 L TB-medium supplemented with kanamycin (50
pg/ml) and containing 0.011% Antifoam 204 (Sigma, Steinheim, Germany), followed by incubation
at 37 °C in a Harbinger system (LEX-48 Bioreactor, Harbinger biotech, Markham, Canada). At
ODg00=0.6, the culture was induced with IPTG (final concentration 0.2 mM) and incubation was
continued over night at 30 °C before harvesting the cells by centrifugation. The cell pellet was
resuspended in 20 ml 20 mM Tris-HCI, 150 mM NacCl, 10 mM imidazole, pH 8.0. Before sonication
(28% amplitude with a pulse of 5 seconds on, 10 seconds off for 10 minutes), DNAsel (final
concentration 1.4 pg/ml) and PMSF (final concentration 0.1 mM) were added. The sonicated sample
was centrifuged and the supernatant was filtered (0.45 um), before protein purification by nickel

affinity chromatography using a HisTrap HP 5 ml column (GE Healthcare Life Sciences, Uppsala,
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Sweden) connected to an Akta pure system (GE Healthcare Life Sciences, Uppsala, Sweden). A
stepwise imidazole gradient ending at 500 mM imidazole was used to elute bound protein. After
checking the presence and purity of the protein by SDS-PAGE, relevant fractions were pooled and
the protein solution was concentrated, with concomitant buffer exchange to 20 mM Tris-HCI, 100
mM NacCl, pH 8.0, using Amicon Ultra-15 centrifugal filters with 10 000 NMWL (Merck Millipore, Cork,

Ireland). The protein concentration was measured with the Bradford micro assay (Bio-Rad, CA, USA).

2.3 Structure determination

The protein solution (10 mg/ml) was mixed (1:1) with the crystallization solution (100 mM MES pH6.5
15-18% PEG 3350) for a final drop size of 4 pl. Crystallization was done in 24 well hanging drop plates.
Rod shaped crystals appeared within 1-2 days at room temperature. For the cocrystallization
experiments the protein solution (10 mg/ml) was treated with 1 mM EDTA (to prevent the
catalysis) prior to the addition of (GIcNAc)s. Crystals were cryo-protected in the crystallization
solution modified to include 30% ethylene glycol and flash cooled in liquid nitrogen.

X-ray diffraction data were collected at the European Synchrotron Radiation Facility ESRF
Grenoble, France (collection statistics are summarized in Table 1). The images were integrated using
the XDS [21] and XDSapp [22] software . The structures were solved by molecular replacement with
Phaser [23] using the structure of SpPgdA, a peptidoglycan deacetylase from Streptococcus
pneumoniae (PDB id: 2C1G; [24]) as search model for 5LFZ and, subsequently, using 5LFZ as search
model for 5LGC. The structures were refined by iterative cycles of PHENIX [25] and the CCP4 program
REFMACS [26, 27] followed by the manual refitting of residues and ligands into the electron-density
between the refinement cycles and placement of water molecules using Coot v.0.7.2 [28]. PRODRG

[29] was used to generate the cif file for chitobiose.
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Table 1. Crystallographic data and model statistics for the two structures.

Dataset ArCE4A-Ni? ArCE4A-(GIcNAc):
PDB code 5LFZ 5LCG

Data collection

Source ESRF ID29 ESRF ID29
Detector Dectris Pilatis 6M Dectris Pilatis 6M
Wavelength 0.97625 0.97625

No. of frames 1800 1350

Oscillation range per frame 0.1 0.1

Diffraction data

Space group P212:2; P21212;

Unit cell parameters

a=39.09 A b=56.77 A c=76.86 A

a=40.49 A b=56.41A c=82.42 A

No of measurements 155223 50017
Unique reflections 46454 11021
Resolution range 34.84 -1.56 36.3-2.09
Completeness 99.7 (95.7) 93.9 (71.3)
Observed R factor (%) 4.1(111) 5.2 (29.6)
Average I/sigma 12.82(0.95) 17.6 (3.7)
Refinement
Resolution limits 34.84 -1.56 36.3-2.09
Free reflections 8.03% 5.15%
No. of protein atoms 1602 1558
No. of heterogen atoms 1 29
No. of waters 107 40
R factor (overall/free) (%) 0.178, 0.205 0.185, 0.223
Wilson B factor 24.6 33.3
R.m.s.d
Bonds 0.005 0.006
Angles 0.957 0.930
Ramachandran
Favored (%) 98 98
Allowed (%) 2 2
Outliers 0 0
2.4 Activity assays

Reaction mixtures for determination of enzyme activity contained 2 mM or 5 mg/ml substrate, 10
UM CoCl; and 300 nM enzyme in 50 mM Tris-HCI, pH 8.0. Reaction mixtures were incubated at 37 °C,
using a thermomixer with shaking at 600 rpm. Reactions were quenched by adding acetonitrile to a
final concentration of 50% (v/v). N-acetylglucosamine (GIcNAc) was purchased from Sigma- Aldrich
(Steinheim, Germany), while acetylated oligomers [(GIcNAc),s] were purchased from MegaZyme
(Bray, Ireland). Alpha-chitin extracted from Pandalus borealis was from Seagarden (Avaldsnes,

Norway) and B-chitin extracted from squid pen was purchased from France Chitin (Batch 20140101,
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Orange, France). Aspen acetyl xylan and chitosan (Fa=0.64) were a kind gifts from Bjgrge Westereng
and BioCHOS AS (As, Norway), respectively. Quantification of released acetate was done by ion
chromatography using a Dionex ICS3000 system with suppressed conductivity detection and
equipped with a Dionex lonPac AS11 organic acid column, using the following gradient: 0 - 8 min, 1
mM KOH; 8 - 9 min, from 1 to 60 mM KOH; 9 — 16 min, 60 mM KOH; 16 — 16.1 min, from 60 to 1 mM
KOH; 16.1 — 22 min, 1 mM KOH. The flow rate was 0.375 ml/min. The amount of released acetate
was quantified using acetic acid [glacial, anhydrous (Merck, Damstadt, Germany)] as standard.
Operation of the Dionex ICS3000 system and processing of chromatograms were performed using

the Chromeleon 7 software (Dionex Corp.).

2.5 AMAC labeling and sequencing of chito-oligomers

Products generated by the deacetylase from (GIcNAc)s were labeled with 2-aminoacridone (AMAC)
(Sigma- Aldrich, Steinheim, Germany) as previously described by Bahrke et al. [30] and labeled
products were purified using a C18 column (Starata C18E, , Phenomenex, CA, US) as described by
Morelle et al. [31], with one deviation: instead of lyophilizing the labeled samples, the reaction
products were dried by vacuum centrifugation. The labeled products were re-dissolved in 50 pul 50 %
MeOH and analyzed using a LTQ-Velos Pro ion trap mass spectrometer (Thermo Scientific, Bremen,
Germany) connected to an Ultimate 3000 RS HPLC (Dionex, CA, USA). This setup was used for direct
injection without a column. The pump delivered 200 pl/min of 0.03 uM formic acid in 70%
acetonitrile and data was acquired for 24 seconds after injection. For the MS, the capillary voltage
was set to 3.5 kV and the scan range was m/z 150-2000 using two micro scans. The automatic gain
control was set to 10,000 charges and a maximum injection time of 20 milliseconds. For
fragmentation of desired precursor masses by MS2, the normalized collision energy was set to 37

and three micro scans were used. The data were recorded with Xcalibur version 2.2.

3. Results and Discussion
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3.1 Selection of candidate CDAs from metagenome data

Deacetylases in CAZy family CE4 contain five conserved motifs containing residues that are important
for the catalytic activity [24, 32]: motif 1, T(F/Y)DD; motif 2, H(S/T)xxH; motif 3, R(P/x)PY; motif 4,
DxxD(W/Y); motif 5, LxH. The second aspartate in motif 1 coordinates a metal ion, preferably Co?*
[24, 33], together with two histidines in motif 2. The first aspartate in motif 1 is believed to act as a
base during catalysis, activating a water molecule to carry out a nucleophilic attack on the carbon in
the scissile C-N bond. The histidine in motif 5, thought to be protonated, could promote C-N breaking
by acting as an acid protonating the leaving amino-sugar. The backbone of motif 3, in particular of
the tyrosine, is involved in stabilizing the oxyanion intermediate that is formed during catalysis [16,
24, 34]. Motif 3 and 4 each form one side of a shallow active site groove (Blair et al., 2005). Notably,
proteins may receive a CE4 annotation without possessing all these five motifs and such CE4 enzymes
are not likely to be active [35].

The initial search of the annotated bacterial genomes and metagenomes yielded 64 protein
sequences (annotated as EC 3.5.1.41), 48 of which belonged to CAZy family CE4. Each sequence was
manually inspected to check for the presence of all five sequence motifs, leaving 24 proteins. The
genes for 8 of these 24 proteins did not seem complete, leaving 16 candidates. Considering that
chitin would occur extracellularly, the next filter applied was the presence of a clear signal peptide,
as predicted by SignalP 4.1 [36]. This filtering step left 5 candidates. At this point, probable multi-
domain proteins (4 candidates) were excluded to increase the chances of successful expression. This
left one candidate protein, for which a structural model was built using Swiss-Model [37-39] to verify
for potential anomalies in or near the catalytic center. This novel CDA is the subject of the remaining
part of this report. It is interesting to note that, after using this rather straightforward approach, 48
CE4 sequences only yielded one candidate CDA. Obviously, the discarded CE4s, without signal
peptide and/or containing multi-domain proteins, could include active CDAs.

The selected CDA is 246 amino acids long, with a predicted signal peptide running from

amino acid number 1 to 31. The protein originates from the Gram-positive bacterium Arthrobacter
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sp. AW19M34-1, which was isolated from a Tunicate located at 77 meters depth in Vestfjorden,
Norway. Tunicates secrete a chitinous perithrophic membrane [40, 41] and Arthrobacter species are
known for their ability to grow on chitin and for secretion of chitinases [42]. In line with commonly
used nomenclature for CAZymes the CDA was named ArCE4A. The gene sequence has been
deposited in the European Nucleotide Archive under Accession number LT630322

(http://www.ebi.ac.uk/ena/data/view/LT630322).

3.2 Structure determination

Two structures of ArCE4A were obtained by x-ray crystallography, one with (PDB id: 5LGC) and one
without (PDB id: 5LFZ) a (GIcNAc); ligand, at 2.1 A and 1.6 A resolution, respectively (Table 1). The
protein has a somewhat deformed (B/a)s barrel topology (Fig. 1a) that is characteristic for CE4
proteins [15, 16, 24, 33, 34]. The structure of ArCE4A without (GIcNAc), comprises residues 42-241,
meaning that no structural information was obtained for ten N-terminal residues (32-41) and five C-
terminal residues (242-246). Note that both the N- and the C-terminus are located on the opposite
side of the protein, relative to the catalytic center (Fig. 1a). The structure contains a Ni** ion
coordinated by Asp56, His105 and His109 (Fig. 1b), which comprise the metal binding triad that is
conserved in CE4 proteins. The Ni** most likely originates from the protein purification by nickel
affinity chromatography. The Ni?* ion is in an octahedral arrangement, involving three water ligands
and the metal binding Asp-His-His triad. It has been proposed that one of these water molecules,

coordinated by Asp55, is the catalytic water acting as a nucleophile during catalysis [24].
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216

217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

MT1
T(F/Y)DD
n¥

ArCE4A 43 DCAT---TKCVALRTFDDEPG-EYTNRLLDEESEQHTPARFFVLGK---NVK---—---—- K--YPKTLKRMVDEGHQIG
SpPgdA 263 DKKH---QKVVA PNPATTPQVLETEAKYDIKATFFVLGK---NVS—-———-——- G--NEDLVKRIKSEGHVVG
CICDA 39 --TQ---PGLVA PEF-TFTPOLLDIBKONDVRARFEFVNGNNWANIE-—-—-——-——— AGSNPDTIRRMRADGHLVG
AnCDA 37 —--TT---PNTIA PS-EYTPQLLDLESRYSARARFEFVLGD---AAA-———————— Q--NPGLLORMRDEGHQVG
SICE4 42 ----AACNGYVG PS-GSTQSLLNABRONGLRAEBMFNQGQ---YAA-——————— Q--NPSLVRAQVDAGMWVA

BsPdaA 62 -NTK---EKTIY YENGYTPKVLDVHKKHRVTGEFFVTGH-—-FVK--—————— D--QPQLIKRMSDEGHIIG
VeCDA 29 --TP---KGTIY PV-NASVEVIKVENQGGVK FYFNAW———HLE§§§PENEDR——ALEALKLALDS HIVG
MT2 MT3
H(?/T));XH R(P/x)PY
ArCE4A 104 SHTFDHK------—-——=————————o DITKLTAEGIEHEVQWTIDEAIEQAA--GV——=—— KP-QILRP ;G———
SpPgdA 325 NHSWSHP-—--—-——-—-——-mmmm e ILSQLSLDEAKKQITDTEDVLTKVL--GS————- SS-KLMRPRPYG-—-
cI1cpa 103 SHTYAHP--——————— e DLNTLSSADRISQOMRQLEEATRRID--GF-———— AP-KYMRARYL---
AnCDA 96 AHTYDHV-—————=————————————————— SLEPSLGYDGIASQMTRLEEVIRPAL--GV--——— AP-AYMRPEYL---
SICE4 102 NHSYTHP--————————————————————— HMTQLGQAQMDSEISRTQQAIAGAG--GG————— TP-KLFRPRYG-—-
BsPdahA 123 NHSFHHP--—--—————————— DLTTKTADQIQDELDSVNEEVYKITG-KQ--—-— DN-LYLRPPRG---
VeCDA 96 NHSYD IHNCVEEFGP%EE%?CNATGNHQIHSYQDPVRDAASFEQNLITLEKYLPTIRSYPNYKGYEL LEBYTNGW
MT4
DxxD(W/Y)
ArCE4R 148 ——————m oo AHGAVYDRLI---PYPLVLWDVDTLDWK--H--——- H---D
SpPgdR 369 ———mmmm e AITDDIRNSL---DLSFIMWDVDSLDWK--S--——~- K---N
CICDA 147 == mm e e e e e SCDAGCQGDLGGLGYHI IDTNLDTKDYE--N--——— NKPET
ANCDE 140 == —m e e e e ETNELVLQVMRDLDYRVISASVDTKDYE--N---—— QDADA
SICE4 146 ——————mm e e ETNATLRSVEAKYGLTEVIWDVDSQDWN-—N-—-—— A---8
BsPdaR 168 ———————mmm e VFSEYVLKETKRLGYQTVFWSVAFVDWKINN-———- Q0-—--K
VeCDA 174 RVTKHFQADGLCATSDNLKPWEPGYVCDPANPSNSVK-ASIQVONILANQGYQTHGWDVDWAPEN--WGIPMPA-—-N
LOOP3 LOOP4
MT5
LxH
ArCE4A 176 P-Q-KTVRIALEEA-——————— oo K-—--- PGSIIEMHDIH--—------- ESSV-K-A
SpPgdhA 397 E-A-SILTEIQHQV-—————————————————— o Amm——— NGSIVLMHDIH-——=—=====— SPTV-N-A
CICDA 180 T-H-LSABKFNNEL-———————————————m o SADVGANSY IVHSHDVH---—-—-——-- EQTVVS-L
AnCDE 174 I-INTSFQLFLDQL-——————————————— - ————— DA----GGNIVHAHDIH--———————- YWTV-ASL
SICE4 177 T-D-AIVQAVS-RL-——=—=———=——=————————— e G-————— NGQVILMHDWP-————————— ANTL-A-A
BsPdaA 201 GKK-YAYDHMIKQA====m=== === = e e e e He=m—= PGAIYHLHTVS-—====———- RDNA-E-A
VeCDA 246 S-L-TEAVPFLAYVDKALNSCSPTTIEPINSKTQEFPCGTPLHA--——-— DKVIVLTHDFLFEDGKRGMGATQNL-P-K
LOOPS LOOPG

Fig. 1. Structure of ArCE4A determined by X-ray crystallography. (a) Cartoon representation of the
protein showing the disrupted (B/a)s barrel topology. The N- and C-terminus of the protein are
marked and the metal ion in the active site is shown as a brown sphere, with the metal coordinating
triad in sticks. (b) The His-His-Asp metal binding triad and the catalytic base (in sticks, PDB id: 5LFZ)
with the Ni?* ion as brown sphere. The Ni?* ion shows octahedral coordination involving three amino
acids and three water molecules (red spheres); interactions are shown as black dashed lines with
distances in A. The water molecule interacting with Asp55 is proposed to act as a nucleophile
attacking the carbonyl carbon in the acetyl group. (c) Electron density map of the (GIcNAc); ligand.
This illustrates the lack of electron density for the remainder of the tetramer used in the co-
crystallization. (d) ArCE4A in complex with (GIcNAc), (PDB id: 5LCG) showing active site with the
ligand bound in subsites 0 and +1 (grey carbons). Residues involved in substrate binding and catalysis
are shown as sticks (purple carbons). Interactions between the protein and the substrate are shown
as dashed lines in pink with distances in A. (e) Superposition of the two structures (5LFZ in green,
5LCG in blue) showing the active site cleft, and how the Ni**ion (brown sphere) and the three water

molecules (red spheres) in 5LFZ are located relative to (GIcNAc), in 5LCG. Interactions between the
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Ni%* ion and the substrate and ligand are shown as dashed black lines. Interactions between the
proposed nucleophilic water and Asp55 and the carbonyl carbon in the acetyl group are shown as
pink dashed lines. (f) Superposition of AnCE4A (purple carbons) and CICDA (green carbons; PDB id:
2IWO0 [34]), showing the extra loop containing Trp79 and nearby Phe53 (in sticks) in CICDA in what

could be subsite -2. Subsites occupied by the ligand are labeled 0 and +1.

The structure with a bound ligand covers amino acids 41 to 239 and the ligand density (Fig.
1c) was refined as a GIcNAc dimer, occupying subsite 0 and +1 (Fig. 1d). From the four sugars of the
(GIcNAc)4 that was used in the co-crystallization experiments, only two could be modeled into the
electron density. Apparently, the other two sugars are not stabilized by any protein-substrate
interactions and adopt multiple orientations/conformations that cannot be resolved in the electron
density map at this resolution. Fig. 1d shows that Trp171 in motif 4 stacks with the sugar bound in
subsite +1 forming one side of a shallow substrate-binding groove. Binding of the sugar in the +1
subsite seems to be dominated by this stacking interaction, whereas the acetyl group of this sugar is
not involved in interactions with the enzyme (Fig. 1d). The sugar bound in subsite 0 has multiple
interactions with the enzyme. The hydroxyl-group at C3 interacts with the metal ion and makes a
hydrogen bond with Asp56 (Fig. 1d and e), while the hydroxyl-group at C4 of the sugar bound in
subsite 0 seems to have an indirect interaction with the backbone carboxyl of Trp171 through a water
molecule (Fig. 1d). The backbone amide of Tyr146, thought to stabilize the oxyanion intermediate
by interacting with the oxygen atom of the acetyl group is located at 3.3 A of this oxygen (Fig. 1d).
The Ne nitrogen of His196 in motif 5, thought to facilitate departure of the sugar, is located at 3.5 A
from the nitrogen atom in the acetamido group (Fig. 1d), a distance not unlike the distances
proposed in previous docking studies (3.7 A; [24, 34]). Asp55 in motif 1, expected to activate the
nucleophilic water is not making any direct interactions with the sugar in subsite 0. No water
molecules could be refined in the active site cleft in the structure with the (GIcNAc); ligand, probably
due to the lack of a metal ion. Superposition of the two ArCE4A structures (Fig. 1e) reveals that the

water molecule coordinated by Asp55 in the substrate-free structure (Fig. 1b) indeed has a position
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that could allow it acting as a nucleophile during catalysis. The other two water molecules, which
coordinate the metal ion in the substrate-free enzyme (Fig. 1b), occupy the same position as the
oxygens of the acetyl group and the hydroxyl on carbon 3 in of the sugar bound in subsite 0. It is
worth noting that the superposition (Fig. 1e) shows little difference in the conformation of the above-
mentioned amino acids.

A structure based sequence alignment with other known deacetylases (Fig. 2) shows that
there is high sequence similarity in the conserved motifs that are characteristic for deacetylases in
family CE4. However, there is some variation, which could correlate with differences in substrate
specificity, which are not all mapped yet, but are known to exist and be considerable. For example,
BsPdaA is an N-acetylmuramic acid deacetylase with no activity against CHOS [7], whereas VcCDA
only deacetylates CHOS on the sugar next to the non-reducing end. The structure of VcCDA so far
was the only available structure of a CE4 CDA in complex with its true substrate [16]. As shown in
Fig. 2, VcCDA is special in that it contains several long insertions, which are loops that cover the active
site and tailor this enzyme’s ability to interact with its substrate [16]. ArCE4A and other CE4s proteins
acting on CHOS have active sites that are more open. Based on biochemical data, Hekmat et al. (2003)
proposed that CICDA, having an open active site similar to ArCE4A, has four subsites, -2, -1, 0, and +1
[13]. The structure of CICDA was solved by Blair et al. [34] and based on in silico docking of (GIcNAc)s
they concluded that the sugar in subsite -1 has no interactions with the protein. Blair et al. further
pointed out that a tryptophan (Trp79) located in an insertion in loop 1 that is absent in ArCE4A (Fig.
1f and 2) could create a -2 subsite [34]. A phenylalanine (Phe53, Fig. 1f) located near the flexible loop
with Trp79 could possibly also be involved in substrate binding in subsite -2 of CICDA. ArCE4A is more
open in the potential subsite -2 region (Fig. 1f) without any obvious residues to make interactions
with a bound sugar. Interestingly, while the protein was co-crystallized with (GIcNAc)s only two
GIcNAc units were observed. This suggests high flexibility of the rest of the ligand, which is in line
with the notion that ArCE4A has only two clear subsites, 0 and +1. Another noteworthy difference is

the tyrosine in CICDA (Tyrl73) in stead of a tryptophan in ArCE4A (Trp171) in motif 4 [DxxD(W/Y),
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285 Fig. 1f]. Of the 54 CE4 proteins listed in CAZy as characterized only CICDA [34] and AnCDA [15] have
286  atyrosine in motif 4.

287

288

289 Fig. 2. Structure-based sequence alignment of CE4 deacetylases. The structure-based sequence

290 alignment was obtained using PyMod 1.0 [43]. Fully conserved residues are shown on a green
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background. The asterisks indicate residues involved in metal binding (blue) and in catalysis (pink).
MT1-5 indicate the five conserved motifs in CE4 deacetylases. Colored horizontal bars indicate the
different loops described by Andrés et al. [16]. The deacetylases included in the alignment are:
SpPgdA, PDB id(2C1G [24]; CICDA, PDB id 2I1WO0 [34]; AnCDA, PDB id 2Y8U [15]; SICE4, PDB id 2CCO
[33]; BsPdaA, PDB id 1W17 [44]; VcCDA, PDB id 4NY2 [16]. For clarity, the alignment only shows the

sequence area of the five motifs and the loops.

3.3 Enzymatic activity and substrate specificity

Functional features of ArCE4A were investigated by testing the enzyme’s activity against different

substrates and by sequence analysis of generated products. Table 2 shows the deacetylating activity

of ArCE4A for different substrates. For CHOS substrates, the apparent rate constant increased with

increasing DP up to (GIcNAc)s, for which ArCE4A has a higher apparent rate against (0.18 s?)

compared to (GlcNAc)s (0.07 s%). A similar pattern of activity against CHOS was observed for AnCDA

[15]. ArCE4A did not deacetylate GIcNAc, and the activity against (GIcNAc), was very low. Next to

CHOS, ArCE4A deacetylates chitosan, chitin and acetyl xylan (Table 2).
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315 Table 2. Activity of ArCE4A against different substrates. The substrate was incubated with 300 nM

316  ArCE4A for 30 min at 37 °C, and released acetic acid was measured by ion exchange HPLC.

Average Acetic acid Apparent
Substrate ASAR®  acetic acid Deacetylation rate
Substrate . CV% released
concentration  (uM) release degree (%) [ constant
(M) (s?)
GIcNAC 2mM 2000 0.0 0.0 0.000 0.00 0.00
(GIcNAC) 2 mM 4000 0.1 14.5 0.003 0.00 0.00
(GIcNACc)3 2mM 6000 11.9 2.6 0.20 0.04 0.02
(GIcNACc), 2mM 8000 39.8 2.8 0.50 0.13 0.07
(GIcNACc)s 2 mM 10000 95.8 7.7 0.96 0.32 0.18
(GIcNAC)s 2mM 12000 39.4 0.2 0.33 0.13 0.07
Chitosan® 5 mg/ml 16000 85.4 14 0.53 0.28 0.16
a-chitin 5 mg/ml 24600¢ 0.8 6.4 0.003 0.00 0.00
B-chitin 5 mg/ml 24600¢ 1.4 1.9 0.006 0.001 0.00
Acetyl xylan® 5 mg/ml 9000 1696.7 3.1 18.9 5.66 3.14

317 3ASAR: amount of substrate expressed as the concentration of acetyl groups. "The degree of acetylation was
318 64%. “MW.yg = 2800, degree of acetylation roughly estimated to be around 50% by MALDI-TOF. “Assuming
319 one acetylation per sugar unit.

320

321 It is well known that CE4 enzymes tend to have broad substrate specificities. For example,
322  enzymes classified as peptidoglycan deacetylases can deacetylate chito-oligomers [24, 32]. Likewise,
323  CE4 enzymes known as acetylxylan esterases can deacetylate chitosan and CHOS [32, 45]. However,
324  comparative information on rates is scarce. A recently described putative fungal CDA (AnCDA)
325 showed in general higher rates for various substrates [15], compared to ArCE4A. Both AnCDA and
326  ArCE4A are clearly most active towards acetylxylan and should thus perhaps, based on the available
327  data, be classified as acetylxylan esterases [33, 45]. A further quantitative comparison of the activity
328 of known CDAs towards chitinous substrates and acetylated plant polysaccharides such as
329 acetylxylan would be of interest and could perhaps yield more insight into the true biological function

330  of these enzymes.

331 Of the CHOS tested, ArCE4A showed highest activity against (GIcNAc)s, and, therefore, this
332 substrate was used for investigation of the position of deacetylation. The reducing ends of reaction

333 products were labeled with AMAC and the resulting samples were analyzed using mass spectroscopy.
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MS1 spectra of AMAC-labeled products obtained at different reaction times (Fig. 3a) show the initial
appearance of mono-deacetylated products (m/z 1186.6) and the subsequent appearance of
products with two deacetylations (m/z 1144.6) after 24 hours. The peaks for mono- and di-
deacetylated products were isolated and subjected to fractionation in MS2 experiments (Fig. 3b and
c). Although a signal corresponding to GIcN-AMAC (m/z 374) is visible, a signal at m/z 416,
corresponding to GIcNAc-AMAC, dominates in the MS2 spectra, indicating that the reducing end was
hardly deacetylated. The MS2 spectrum for the mono-deacetylated product (Fig. 3b) shows no signal
that would indicate deacetylation of the non-reducing end (i.e. no A4-AMAC signal), indicating that
the non-reducing end is not preferred for deacetylation. This may seem contradictory to the binding
mode of the (GIcNAc); ligand seen in the structure where the non-reducing end is bound in subsite
0. It should be noted, however that the structure only shows part of the used substrate, (GICNAC),,
and that it is thus not certain whether the chain “end” seen in the structure really is a chain end. The
fact that no non-reducing end deacetylation is observed in Fig. 3b may be taken to indicate that there
must be some substrate affinity beyond subsites 0 and +1, in particular in what would be -1 and -2
subsites. Notably, the presence of a weak signal for A3D1 in Fig. 3¢, showing MS2 data for the double
deacetylated product, shows that deacetylation of the non-reducing end did occur. The relative
intensity of this signal is low, indicating that the non-reducing end is less preferred for deacetylation

compared to the middle sugars of the pentamer.
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Fig. 3. Mass spectrometric analysis of products generated from (GIcNAc)s. Reaction products
generated upon treating (GIcNAc)s with ArCE4A were labeled with AMAC and analyzed by MS. (a)
MS1 spectra of AMAC labeled reaction products at different reaction time points, showing
appearance of mono- and di-deacetylated products. (b) Representative MS2 spectrum for the A4D1
peak at m/z 1186 from MS1 spectra (1h reaction time). (c) Representative MS2 spectrum for the
A3D2 peak at m/z 1144 from MS1 spectra (24h reaction time). Bold signals in (b) and (c) correspond
to the mass of the indicated CHOS plus AMAC and hydrogen. Reaction mixtures contained 2 mM A5
and 300 nM ArCE4A and were incubated at 37 °C.

The signals in Fig. 3b show that the first deacetylation happens at all three internal positions.
Although quantitative interpretation of the MS spectra is not very reliable, the data do seem to
suggest that deacetylation near the reducing end is most frequent (suggested by the strong A1D1
signal). The products with two deacetylations seem to be dominated by deacetylation of the sugar
next to the reducing end and of either of the two other internal sugars. The active site of CICDA bears
resemblance to that of ArCE4A (see Fig. 1f) and the kinetics of this enzyme have been studied in
detail. For CICDA acting on (GIcNAc),, the first deacetylation is fast, while the subsequent
deacetylations are slower [13]. It was also shown that CICDA deacetylates the reducing much more
slowly than all other positions [13]. Our results indicate that, like in the case of CICDA, the reducing

end is less preferred by ArCE4A. This conclusion coincides with the structural data for the enzyme-
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substrate complex, showing a strong binding interaction in the +1 subsite. This suggests that ArCE4A
prefers a sugar bound in the +1 subsite for optimal activity, and thus will not be very active on
reducing ends.

It should be noted that ArCE4A showed very low activity against (GIcNAc), (Table 1), which
suggests that occupation of more than two subsites, i.e. beyond subsite 0 and +1, is beneficial for
activity. Currently available data do not allow a prediction of what additional interactions could
benefit catalysis. Studies with VcCDA, which, notably, has a very differently shaped catalytic center
(see above), suggested that substrate-binding could lead to conformational changes, which in the

case of ArCE4A could lead to interactions that we cannot detect in the current data.

4. Concluding remarks
In this study, we present structural and functional data for ArCE4A, including the first structural data
for a complex between a low-specificity CE4 enzyme with an open active site and a substrate. While
our motivation for this work was to develop enzymes for chitin processing, it is not certain that
deacetylation of GIcNAc is the true biological function of ArCE4A. If chitin were the natural substrate
one would perhaps expect a higher activity against chitin, chitosan and CHOS compared to acetyl
xylan (Table 3). A similar trend in substrate specificity was observed for AnCDA, which is thought to
be a fungal chitin deacetylase [15]. Interestingly, xylan is found in the cell wall of some marine algae
[46], and it is therefore conceivable that certain marine bacteria may benefit from the ability to
deacetylate this substrate. The broad substrate specificity observed for ArCE4A and other CE4s [15,
45] is intriguing, and more comparable studies are needed to fully understand the substrate
specificity.

The crystal structure of ArCE4A in complex with (GIcNAc), provides a deeper understanding
of how CE4 enzymes interact with their substrates, especially CE4s with an open active site, which
are common in Nature. The structural data suggest that there are relatively few interactions between

the substrate and the enzyme beyond subsites 0 and +1. The interaction in subsite +1 involves a
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tryptophane and is thus not very sugar specific, whereas more specific interactions in the form of
hydrogen bonds occur in subsite 0. This interaction pattern is compatible with the observed broad
specificity of the enzyme. It should be noted, however, that the activity of ArCE4A against (GIcNAc)
is low compared to other (longer) substrates, suggesting that unknown interactions, perhaps
involving conformational changes, take place upon substrate binding (e.g. loop rearrangements
[16]). Still, it is conceivable that a seemingly short and open substrate binding groove is an intentional
feature of these enzymes in order to fit different substrates in the active site. Structural data for
ArCE4A in complex with longer substrate and different substrates would be of great interest and will
be useful for better understanding the functionality of the CE4s. Such additional information may
eventually also create possibilities for using these enzymes, or engineered variants thereof, to

produce chitosans and CHOS with defined patterns of acetylation.
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Studies of the secretomes of microbes grown on insoluble substrates are important for the
discovery of novel proteins involved in biomass conversion. However, data in literature and
this study indicate that secretome samples tend to be contaminated with cytoplasmic pro-
teins. We have examined the secretome of the Gram-negative soil bacterium Cellvibrio japon-
icus using a simple plate-based culturing technique that yields samples with high fractions
(60-75%) of proteins that are predicted to be secreted. By combining this approach with
label-free quantification using the MaxLFQ algorithm, we have mapped and quantified pro-
teins secreted by C. japonicus during growth on a- and B-chitin. Hierarchical clustering of
the detected protein quantities revealed groups of up-regulated proteins that include all five
putative C. japonicus chitinases as well as a chitin-specific lytic polysaccharide monooxyge-
nase (CJLPMO10A). A small set of secreted proteins were co-regulated with known chitin-
specific enzymes, including several with unknown catalytic functions. These proteins provide
interesting targets for further studies aimed at unraveling the enzymatic machineries used
by C. japonicus for recalcitrant polysaccharide degradation. Studies of chitin degradation in-
dicated that C. japonicus indeed produces an efficient chitinolytic enzyme cocktail. All MS
data have been deposited in the ProteomeXchange with the dataset identifier PXD002843
(http://proteomecentral. proteomexchange.org/dataset/PXD002843).

Keywords:
Cellvibrio japonicus / Chitin / Chitinase / Label-free quantification / Microbiology /
Secretome

Additional supporting information may be found in the online version of this article at
the publisher’s web-site

1 Introduction

Received: October 28, 2015
Revised: April 5, 2016
Accepted: May 9, 2016

Early proteomic studies were used primarily for qualitative
measures, such as assessing the presence or absence of a
specific protein [1]. Now, however, MS-based proteomic ap-
proaches have evolved into a powerful tool for investigating
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complex protein samples. It is now possible to concurrently
identify and quantify thousands of proteins from standard
tryptic digests using a variety of different analytical tech-
niques. Label-free quantification (LFQ) has gained popularity
in recent years due to its simplicity, high dynamic range and
robustness. These properties are all due to the availability of
sophisticated computational algorithms [2, 3]. For example,
label-free proteomics has already been successfully applied
to study bacterial proteomes and secretomes, addressing sev-
eral biological questions (e.g. [4,5]). Here, we have combined
the power of LFQ with a recently developed method [6] that

Colour Online: See the article online to view Figs. 2 and 3 in colour.
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Significance of the study

Studies of the secretomes of bacteria growing on insoluble
substrates are of biotechnological and industrial interest, but
are challenging because the secretome samples tend to be
contaminated by cytoplasmic proteins and, until recently,
protein quantification demanded complicated culturing or
post-culture labeling techniques. We have employed a novel

yields high quality secretome samples for microorganisms
growing on insoluble substrates.

Chitin is an insoluble linear polysaccharide comprised of
B(1—4) linked N-acetyl glucosamine residues and is often
considered as the second most abundant biopolymer in na-
ture. Chitin is primarily found in the environment as a part of
the cell wall of fungi and the exoskeletons of crustaceans and
insects. There has been increasing interest in the processing
of chitin for the production of chitosan and chitooligosaccha-
rides (CHOS), as these metabolites have a variety of applica-
tions in medicine and as antimicrobial agents [7-9]. Current
industrial processes for the isolation of chitin and the produc-
tion of chitosan and CHOS are harsh and not environmentally
friendly [10,11]. Therefore, it is desirable to find other ways to
process chitin, such as by utilizing enzymatic methods. One
of the best studied chitinolytic bacteria is the Gram-negative
Serratia marcescens, which is an efficient chitin degrader [12]
and known to produce several chitinases [13]. However, so far,
little is known about the secretomes of chitinolytic bacteria
growing on chitin.

Cellvibrio japonicus is a Gram-negative soil bacterium
known for its ability to degrade plant cell wall polysaccha-
rides, and notable for a large number of carbohydrate active
enzymes (CAZymes) encoded in its genome [14-17]. The
CAZyme repertoire of C. japonicus includes several putative
chitinolytic enzymes, including two auxiliary activity (AA)
family 10 proteins, four carbohydrate esterase (CE) family 4
proteins, one glycosyl hydrolase (GH) family 46 chitosanase,
two GH20 hexosaminidases, four GH18 chitinases and one
GH19 chitinase. While the plant cell wall polysaccharide-
degrading machinery of C. japonicus has been studied for
decades, not much is known about the bacterium’s ability to
degrade chitin or about the enzymes involved. The capacity to
process chitin seems useful for a bacterium whose primary
habitat is chitin-rich soil, which contains fungi and insect
remains. Notably, the majority of the biomass degrading en-
zymes in C. japonicus are secreted by a type 11 secretion system
(T2SS) and the bacterium shows limited growth on cellulose
and chitin in the absence of this secretory system [16, 18].
Studies on bacterial chitin turnover often focus on the chiti-
nases belonging to families GH18 and GH19, as well as the
GH20 beta-glucosidase that is needed to convert the primary
product of chitinases, chitobiose, into N-acetylglucosamine
[13]. Other scenarios for chitin conversion have been ob-

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1905

and simple plate-based culturing technique yielding sam-
ples that are strongly enriched for truly secreted proteins.
Our data indicate that combining this culturing approach
with recently developed label-free quantification techniques
yields high quality secretome data for a Gram-negative bac-
terium, C. japonicus, growing on different forms of chitin.

served that involve partial deacetylation and the subsequent
action of chitosanases and other types of beta-glucosidases
[19,20]. In its native form, chitin normally occurs in complex
co-polymeric structures that contain proteins, other glycans
and minerals (calcium carbonate). Enzymes involved in con-
version of these other compounds are potentially of interest
for processing of chitin-rich biomass, but are rarely targeted
in research on enzymatic chitin conversion and largely un-
known.

Here, we have used LFQ proteomics to identify proteins se-
creted by C. japonicus when grown on different chitin forms as
the sole carbon source. We compare secretomes from shake
flask cultures and from cells grown by a novel agar plate
method [6] and use the latter method to obtain cell free secre-
tomes that are highly enriched in truly secreted proteins. In
this way, we identified which of the putative chitin-active C.
Jjaponicus enzymes that are involved in chitin degradation.
Furthermore, correlations in expression patterns revealed
proteins with unknown functions that putatively contribute
to the conversion of chitin-rich biomass.

2 Materials and methods
2.1 Strain and media

C. japonicus Uedal07 was grown in shaking cultures and on
plates with 2% wt/vol a-chitin (extracted from Pandalus bo-
realis, Seagarden, Husgyvegen 278, Karmsund Fiskerihavn,
4262 Avaldsnes, Norway), 2% wt/vol B-chitin (extracted from
squid pen, Batch 20140101, France Chitin, Chemin de Porte
Claire, F- 84100 Orange, France), or 0.2% wt/vol glucose
(VWR International) as sole carbon source in M9 minimal
medium. The M9 minimal medium was supplemented
with 1 mM MgSO, and 0.1 mM CaCl, and for the plates
1% agarose was used. The plates were essentially prepared
according to Bengtsson et al. [6], using a sterile Supor 200
0.2 pm membrane (Pall Life Sciences, Port Washington, NY)
to separate cells from the site of protein harvesting, with the
exception that we used glass petri dishes with a diameter of
80 mm, hence reducing the volume of medium from 20 to
16 mL. Plates were incubated in a heating cabinet, whereas
liquid cultures were incubated with shaking at 200 rpm, both
at 30°C.

www.proteomics-journal.com
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2.2 Sample preparation

During growth in shake flasks, we collected samples (4 mL)
from 90 mL cultures, throughout the growth cycle, with three
biological replicates for each time point. Growth was mon-
itored by measuring ODgqo; to avoid interference from the
insoluble a- and B-chitin, all samples were allowed to stand
for 10 min in the cuvette before the OD was measured. Sterile
culture supernatants were obtained by centrifugation and fil-
tration (0.22 pm). Proteins were then precipitated by adding
50% (v/v) ice cold trichloroacetic acid to a final concentration
of 10% (v/v), followed by thorough mixing and storage over
night at 4°C. After centrifugation for 15 min at 4000 rpm
in a fixed angle rotor, the protein pellets were washed three
times with 0.01 M HCl/90% acetone, air dried and dissolved
in 100 nL 20 mM Tris HCI pH 8. The protein concentration
was measured (Bradford microassay, Bio-Rad, USA) before
reduction with DTT (added to a final concentration of 10 mM)
and subsequent alkylation (in the dark) with iodo-acetamide
(added to a final concentration of 15 mM). Reduction and
alkylation were carried out at room temperature, the incuba-
tion time being 30 min for each step. Trypsin (Sequencing
grade, Promega, USA) was added to reach a 1:40 (w/w) ratio
relative to the protein concentration. After incubation at 37°C
overnight, peptides were purified using ZipTip C18 pipette
tips (Merck Millipore, Cork, Ireland), dried under vacuum
(Concentrator plus, Eppendorf, Denmark) and dissolved in
10 L 2% (v/v) ACN, 0.1% (v/v) TFA.

Secretomes from cells grown on plates were collected at dif-
ferent time points, with three biological parallels, as described
by Bengtsson et al. [6]. [t was not possible to follow the growth
on plates in the same way as for the shaking flask cultures.
Since C. japonicus cells have a strong yellow color, we used
color development as an indicator for growth, and performed
pre-experiments to select suitable sampling points. The sam-
ple preparation was done as described by Bengtsson et al.[6],
with the exception that trypsinated samples were lyophilized,
in order to concentrate the samples, and dissolved in 0.1%
TFA, before purification of peptides using ZipTip C18 pipette
tips (Merck Millipore, Cork, Ireland). The purified peptides
were dried and dissolved as described above.

2.3 Mass spectrometry

The peptides were analyzed with two technical replicates
using a nanoHPLC-MS/MS system consisting of a Dionex
Ultimate 3000 RSLCnano (Thermo Scientific, Bremen, Ger-
many) connected to a Q-Exactive hybrid quadrupole-orbitrap
mass spectrometer (Thermo Scientific, Bremen, Germany)
equipped with a nano-electrospray ion source. Details about
the MS analysis are given in Supporting Information.

2.4 Data analysis

The raw files from MS were imported into MaxQuant [21,22]
version 1.4.1.2 and proteins were identified and quantified
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using the MaxLFQ algorithm [2]. The samples were searched
against a database containing the proteome of C. japonicus
Ueda 107, downloaded from Uniprot (3711 sequences) [23],
supplemented with common contaminants such as keratins,
trypsin and BSA. In addition, reversed sequences of all pro-
tein entries were concatenated to the database for estimation
of false discovery rates. The results from MaxQuant were
further processed using Perseus (version 1.5.1.6) and subcel-
lular location of proteins was predicted using several bioinfor-
matics servers. The Supporting Information provides further
details of the data analysis.

2.5 Collection of chitinolytic cocktails and chitin
degradation studies

C. japonicus Uedal07 and S. marcescens BJL200 were grown
in M9 medium supplemented with 1 mM MgSO,, 0.1 mM
CaCl, and 0.5% wt/vol B-chitin as the carbon source, at 30°C.
Right after all the chitin had been utilized by the bacteria
(after approximately 5 days), the culture supernatant was col-
lected by centrifugation and sterilized by filtration (0.45 wm).
Both chitinolytic cocktails were then tested for the ability
to degrade B-chitin. Standard reactions consisted of 1.5 pg
protein/mg substrate (protein concentration determined as
above), 7.5 mg/mL B-chitin and 20 mM BisTris pH 6.0. Reac-
tions were incubated in a thermomixer at 37°C and 800 rpm.
All reactions were performed in triplicates. Released chito-
biose and N-acetylglucosamine products were analyzed on a
Dionex Ultimate 3000 as previously described by Hamre et al.
[24], with the exception that the absorbance was measured at
194 nm instead of 210 nm.

To confirm that the assumed chitin-active proteins were
present in the culture supernatant from C. japonicus, we
performed a standard in-gel digestion proteomics analysis,
essentially as described by Shevchenko et al. [25] and ana-
lyzed the peptides on a nanoHPLC-MS/MS system as de-
scribed above. The data were analyzed using MASCOT [26].
Regarding chitin active proteins secreted by S. marcescens,
we know from recent unpublished work, in our group and
published work by Watanabe and co-workers [27, 28] that
S. marcescens secretes all enzymes known to be involved in
chitin-degradation during growth on chitin.

3 Results and discussion

C. japonicus was grown in shaking flasks (Supporting
Information Fig. 1 shows growth curves) and on agar plates
containing a-chitin, B-chitin, or glucose as the sole carbon
source. Secretomes were collected at different time points,
analyzed by high resolution LC-MS/MS, and quantified with
the MaxLFQ algorithm [2]. In addition, the ability of the C.
Japonicus chitinolytic cocktail to degrade B-chitin was investi-
gated. Key samples and their analysis are discussed in detail
below.
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3.1 Comparison of secretomes from shaking flask
cultures and agar plates

According to the LipoP 1.0 software [29], 18% of the proteins
encoded by the genome of C. japonicus are secreted due to
the presence of SpI or Spll leader peptides. If one includes
proteins predicted as secreted by the twin-arginine pathway
[30] and proteins predicted as secreted by non-classical mech-
anisms [31], the fraction of secreted proteins increases to
29%. In all shaking flask cultures the content of cytosolic
proteins was high, while the content of proteins predicted as
secreted was so low (20-30% and approx. 40%, excluding or
including non-classical secretion, respectively) that the pro-
tein samples can hardly be considered as secretome specific
(Fig. 1). The high total number of detected proteins (Sup-
porting Information Table 1) and the low fraction of secreted
proteins (Fig. 1) in the cultures with chitin indicate that cell
lysis occurs. Lower protein numbers in the faster growing
cultures with glucose suggest less cell lysis but the fractions
of secreted proteins were still too low to consider the pro-
tein samples derived from these cultures as secretome spe-
cific. Notably, large fractions of proteins without classical
signal peptides is common in the study of bacterial secre-
tomes [32-34]. For example, in a study of the secretome of
Staphylococcus epidermidis grown in tryptic soy broth 80% of
the proteins were predicted to be cytosolic [34]. The reason for
finding apparently cytosolic proteins in secretomes is debated
in the literature; cell lysis is an obvious reason, but it is also
possible that some of these “cytosolic” proteins are secreted
via known or unknown non-classical mechanisms [35-39].
Some proteins are known to have both a cytoplasmic function
and a function outside the cell, referred to as moonlighting
proteins [40].

With the aim to enrich for truly secreted proteins, we
adapted the agar plate method originally developed by Bengts-
son et al. [6] for analyzing fungal secretomes. As shown in
Fig. 1 and Supporting Information Table 1, this approach led
to a reduction in the fraction of cytosolic proteins and, con-
sequently, to protein fractions that were highly enriched for
secreted proteins, with levels reaching approximately 60 and
75%, excluding or including non-classical secretion, respec-
tively. Based on these findings, one may speculate that the use
of large solid substrates in shaking flasks causes a shearing
force on the bacteria, leading to non-natural cell damage and
leakage of cytosolic proteins. Another important advantage of
the plate approach is that the chitin particles are present in the
sample during processing prior to the LC-MS/MS analysis,
hence, proteins bound to the chitin particles will be present
in the final sample. In contrast, before sample preparation
from shaking flask cultures, the chitin particles are separated
from the secretome by centrifugation, meaning that proteins
attached to the chitin particles will not be present in the fi-
nal sample. Interestingly, one would expect the plate method
to be better in any case, because stationary growth on plates
is somewhat closer to natural growth in soil than growth in
shaking flask cultures. Therefore, based on the above results

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Numbers of detected proteins. The figure shows the
relative quantities of detected proteins in shaking flask cultures
(light grey) and on plates (dark grey) for the three carbon sources
a-chitin (A), B-chitin (B) and glucose (C). The data are average
values of three biological replicates, with error bars representing
the standard deviation for the percentages. The average abso-
lute numbers of proteins are indicated above each vertical bar.
Detected proteins were classified using LipoP, PRED-TAT and Se-
cretomeP. First LipoP and PRED-TAT were used to predict pro-
teins as cytosolic (CYT), containing N-terminal transmembrane
helices (TMH), secreted (Spl and Spll), or secreted through the
twin-arginine arginine (TAT) pathway. Proteins predicted to be
cytosolic by LipoP, but with a score above 0.5 in SecretomeP are
classified as non-classically secreted proteins (NC). Proteins con-
sidered as secreted are highlighted by a grey box. “Total secreted
(TS)” indicates the sum of all detected proteins that are predicted
to be secreted; for the predicted complete C. japonicus proteome,
this value is 29%. Three time points were analyzed for each of the
six conditions (three substrates, two culturing conditions; Sup-
porting Information Table 1). The figure only shows one time
point for each condition. The time points shown, for flasks and
plates, respectively, are, 96 and 144 h for a-chitin, 32 and 96 h for
B-chitin, and 12 and 24 h for glucose.
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Figure 2. Heat map and intensity profiles for CAZymes. Panel A shows a heat map with identified CAZymes in the different samples
(three samples for each substrate) divided into six clusters. The colors in the heat map indicate protein intensity, ranging from high (red
color, MaxLFQ 5x10'°) to low intensity (green color, MaxLFQ 7x108). The Uniprot ID, protein name, CAZy family (auxiliary activity (AA),
carbohydrate esterase (CE), glycosyl hydrolase (GH), polysaccharide lyase (PL)), and predicted cellular localization (abbreviated as in Fig.
1) are shown to the left of the heat map. Note that the heat map includes proteins only containing a carbohydrate-binding module (CBM)
defined in CAZy; a * indicates that there are additional functional predictions for such a protein; see text. Panel B, Abundance profiles for
proteins in the six clusters indicated in panel A.
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Figure 2. Continued.

and considerations, we only present data from the plate se-
cretomes in the following sections.

Three time points were sampled for each carbon source af-
ter growth on plates and the raw data for each time point was
quantified using MaxLFQ. Since we had no proper method
for measuring growth on plates, we used development of the
yellow color associated with the growth of C. japonicus as a
rough indicator. Thus, the time points for harvesting var-
ied between the carbon sources (Supporting Information
Table 1), due to different growth rates, but the extend of
growth (i.e. yellow color) at the first, second and third har-
vesting point were similar for the three substrates. For
comparison of the three carbon sources, we focus on the
samples from the second time point, which coincidently,
yielded similar amounts of proteins (approx. 400). A list of
all proteins detected by this approach, 504 in total, including
quantification data, is provided in Supporting Information
Table 2.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1909

3.2 Carbohydrate active enzymes (CAZymes)

The matrix from the comparative MaxLFQ analysis was
sorted to select proteins annotated as CAZymes. Of the pu-
tative chitin-active enzymes, all the predicted chitinases (four
GH18sand one GH19), the two AA10s, one of the two GH20s,
and one of the four CE4 enzymes were identified, however,
the GH46 chitosanase was not observed. Figure 2A shows a
heat map of the CAZymes and after hierarchical clustering of
the proteins and division into larger groups with similar reg-
ulation patterns, two clusters labeled 1 (seven proteins) and 2
(24 proteins) stand out. These clusters contain proteins with
higher intensity in the secretomes from the a- and B-chitin
samples, compared to the glucose samples (Fig. 2B). The five
chitinases and the two AA10s occur in these two clusters,
indicating that these clusters indeed harbor proteins related
to the degradation of chitinous biomass.

At this time point (time point 2) all but one of the chiti-
nases were detected in the glucose samples, albeit at low lev-
els. However, at the earlier time point, time point 1, known
putative chitin modifying proteins were only detected in the
chitin samples (Supporting Information Table S3), strongly
suggesting that C. japonicus indeed utilizes its putative chiti-
nolytic machinery to degrade chitin. At this early time point,
all chitinases were detected in the B-chitin samples, whereas
only three, Chil8A, Chil8C and Chil8D, were detected in the
a-chitin sample. The latter three enzymes may be the most
important enzymes in the beginning of the chitin degrada-
tion process. Supporting Information Table 3 also shows that
Hex20B (GH20) was only detected in the B-chitin sample, and
at the second time point only. This enzyme cleaves dimers
into monomers and it is therefore reasonable to believe that
Hex20B appears later, compared to the chitinases, during the
degradation of chitin. In the a-chitin secretome, Hex20B was
not detected using the set criteria for identification. How-
ever, manual inspection of the data showed that this protein
is present in low amounts (in one of the three biological repli-
cates) at the second time point. Alpha-chitin is known to be
more recalcitrant than B-chitin [41, 42], which could be one
reason for the observed differences in the protein profiles
from the different chitin samples.

The two AA10s were among the most abundant pro-
teins and were clearly more abundant in the chitin sam-
ples compared to the glucose samples. One of these AA10s,
CjLPMO10B, has previously been described by Gardner et al.
[17]; it contains a CBM10 domain likely to bind to cellu-
lose [43] and its activity against cellulose has been demon-
strated [17]. The other AA10 protein (CJLPMO10A) contains
a carbohydrate-binding module belonging to the CBMS5 fam-
ily that is known for chitin-binding [44]. In a recent study,
Forsberg et al. confirmed that CGLPMO10B is strictly active
on cellulose, whereas CJLPMO10A is only active on chitin.
In the same study, a knockout of CGLPMO10A was shown to
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cause a larger growth defect during growth on chitin com-
pared to a CJLPMO10B knock out [18]. Based on these obser-
vations, the finding that CG;LPMO10B is upregulated during
growth on chitin is somewhat surprising. Perhaps upregu-
lation of CJLPMO10B is part of a general response that is
elicited when C. japonicus senses recalcitrant substrates (see
below). Another explanation may be that CGGLPMO10B, and
perhaps LPMOs in general, have additional functions that yet
are to be discovered.

Interestingly, many of the other CAZymes upregulated
during growth on chitin (clusters 1 and 2 in Fig. 2) have pu-
tative roles in the conversion of cellulose (GH5, GH6, GH9,
GH45), whereas enzymes putatively acting on other plant
polysaccharides were also detected (e.g. GH10, xylan; PL1 &
PL3, pectin; GH13, starch; GH16). CBM2 and CBM10 do-
mains, known for their interactions with cellulose, are rela-
tively abundant among the additional CAZymes. Cel5A [45]
and Cel6A [17], each containing a CBM2 and a CBM10, are
among the most abundant enzymes (Cluster 1 in Fig. 2). It
is possible that some of the detected putative plant-cell-wall-

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Intensity profiles for secreted
non-CAZymes. The figure shows intensity
profiles for proteins without CAZy anno-
tation, but predicted as secreted by LipoP,
PRED-TAT, or SecretomeP. Clustering is de-
rived from the heat map in Supporting In-
formation Fig. 2. The gradient colors indi-
cate protein intensity, ranging from high
(red color, MaxLFQ 5x10'°) to low inten-
sity (green color, MaxLFQ 1x108).

active enzymes in fact act on chitin, since chitin-modifying
activities have been described for members of families GHS5,
GH9 and GH16 (www.cazy.org; [46]). Still, our data suggest
that the response of C. japonicus to growth on chitin has a
somewhat general nature in that enzymes capable of degrad-
ing a variety of recalcitrant biomasses are upregulated.

An observation of particular interest is the presence of
Cbp2D in Cluster 1 and Cbp2E in Cluster 2. Cbp2D and
Cbp2E contain carbohydrate-binding modules belonging to
the CBM2 family whose members are known to bind both
chitin and cellulose. Importantly, these proteins also con-
tain predicted cytochrome domains for electron transfer. The
observation that chp2D and cbp2F knock-outs in C. japonicus
showed impaired growth on cellulosic substrates led Gardner
etal. [17] to speculate that these enzymes are important in ox-
idative cleavage of recalcitrant polysaccharides, possibly in
concert with the LPMOs. Our data show co-regulation of
Cbp2D with both LPMOs (Cluster 1), whereas Cbp2E is found
in cluster 2 (Fig. 2) showing co-regulation with putatively
chitin-specific proteins.
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Table 1. List of non-CAZy secreted proteins upregulated in chitin samples. The table includes proteins found in clusters 11 and 12 in Fig.
4 and Supporting Information Fig. 2. The values given for the carbon sources are log10 of MaxLFQ intensities, average of three
biological replicates if not stated otherwise. Note that the SecretomeP scores suggest that all proteins predicted as CYT by LipoP in
fact are secreted by non-classical pathways (i.e. SecP score >0.5). Using PRED-TAT, only two of the listed proteins were predicted

to be secreted by the TAT-pathway (B3P169 and B3PLJ7)

Cluster  UniprotID  Protein name

Mol. weight (kDa)  a-chitin B-chitin Glucose LipoP  SecP score

11 B3PLF1 von Willebrand factor 220.6

type A domain protein

B3PDZ8 Uncharacterized protein 56.6

B3PDZ9 Uncharacterized protein 29.1

B3PI69P High-potential iron-sulfur 10.0
protein (HiPIP)

B3PJI3 Putative I|g domain family 373.4

B3PL02 Uncharacterized protein 36.8

B3PB26 Putative lipoprotein 86.8

B3PFC4 Pectin methylesterase, 97.5
putative, ce8

B3PC38 Uncharacterized protein 68.2

B3PI127 Uncharacterized protein 30.3

B3PKZ2 Uncharacterized protein 74.0

B3PGR9 Flagellar hook-associated 97.3
protein 1 FIgK

B3PFW9 Putative lipoprotein 25.8

B3PD31 Putative hemolysin 241.6

B3PGR8 Flagellar hook-associated 55.7
protein type 3 FigL

12 B3PFF5 Putative lipoprotein 21.7
B3PEHO Uncharacterized protein 106.0
B3PGR4 Flagellin 69.2
B3PCJ3 Putative lipoprotein 80.5
B3PGR3 Flagellar hook-associated 72.2

protein 2
B3PEH2 Uncharacterized protein 46.5
B3PEH3 Putative lipoprotein 89.9
B3PLJ7P) Conserved domain 42.6
protein
B3PGR6 Flagellin 70.5

7.2 9.4 8.2 Spl 0.81
6.7 9.3 6.32) Spl 0.43

9.1 6.02) Spl 0.43
8.7¢) 8.7 Spl 0.87
8.1 8.4 Spl 0.94
7.92) 8.1 CYT 0.93
8.5 8.6 Spll 0.94
8.2 8.4 Spll 0.94
8.1 8.7 Spl 0.87
8.3 8.6 7.02) Spl 0.18
8.2 8.7 CYT 0.94
7.9 9.8 7.02) CYT 0.95
8.2 9.2 Spl 0.07
8.1 9.2 Spl 0.91
7.9 9.2 CYT 0.96
9.1 9.2 Spll 0.92
9.2 9.2 7.69) CYT 0.56
8.6 9.8 7.7 CYT 0.88
10.1 10.2 8.0 Spll 0.95
9.5 10.2 7.9 CYT 0.92
9.7 9.6 6.8 Spl 0.89
9.9 10.0 7.5 Spll 0.89
9.6 10.2 7.3 CYT 0.93
9.3 10.2 7.2 CYT 0.96

a) Average of two biological replicates.
b) Predicted to be secreted by the TAT-pathway using PRED-TAT

Cbp2D and Cbp2E are examples of the 16 proteins in Fig. 2
whose only CAZyme domains are one or more CBMs. Next to
Cbp2D and Cbp2E, four such proteins occur in clusters 1 and
2. Next to the CBMs, B3PC55 and B3PK98 contain unknown
domains amounting to approx. 95 and 71 kDa, respectively.
B3PEMS contains putative PKD/chitinase domains between
its two CBM2 domains, according to Interpro [47]. MEROPS
annotation [48] showed that B3PH79 contains a 21 kDa unas-
signed protease domain next to its CBM6 (see below).

Figure 2 shows that the great majority of the CAZymes,
including all enzymes in Cluster 1, contain an Spl signal
peptide for secretion. The second next abundant proteins are
putative lipoproteins containing an SplI signal peptide. The
occurrence of putative lipoproteins in secretome samples is
commonly observed [38,49, 50]. Four of the proteins in Fig.
2, including two members of Cluster 2 and Hex20B (in clus-
ter5), are predicted to contain an N-terminal trans-membrane
helix (TMH) by LipoP. However, the TMHMM 2.0 server

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[51, 52] predicts that only two of these proteins contain an
N-terminal TMH. Since such a TMH sequence has prop-
erties similar to N-terminal signal sequences, it is actually
possible that these proteins are secreted.

3.3 Other secreted proteins

In order to discover new proteins putatively involved in chitin
degradation, it is important to investigate non-CAZy proteins
found in the secretome. The matrix from the MaxLFQ com-
parative analysis of the three carbon sources was sorted to
contain non-CAZy proteins, predicted to be secreted by LipoP
1.0 (SpI or SpII) [29], PRED-TAT (Tat) [30] or SecretomeP 2.0
(non-classically) [31]. The intensity profiles for different clus-
ters (Fig. 3) derived from hierarchical clustering (Supporting
Information Fig. 2) show that three clusters stand out: 2 (five
proteins), 11 (15 proteins) and 12 (nine proteins). Cluster 11
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Figure 4. Product profiles and solubilization yields during chitin degradation. Panel A and B show the production of N-acetyl glucosamine
and chitobiose over time during degradation of B-chitin with culture supernatants from C. japonicus and S. marcescens. Panel C shows
the total solubilization yields. All data points are the average of three independent experiments, with error bars representing standard

deviation.

and 12 show profiles with elevated protein intensities for the
a- and/or B-chitin samples, while cluster 2 shows clearly el-
evated intensities for the glucose sample. Clusters 11 and 12
show similar expression profiles as clusters 1 and 2 of the
CAZymes (Fig. 2), suggesting that these proteins may be im-
portant for growth on chitin biomass. In cluster 11 and 12,
there are 24 proteins (Table 1), many of which with unknown
or putative function. Notably, this is a rather low number of
proteins, which could be targeted for further studies.
Considering the fact that chitin often occurs in protein-
containing co-polymeric structures, we were particularly in-
terested in detected proteases. Thirty-one of the in total 504
detected proteins received an annotation in MEROPS (Sup-
porting Information Table 2). Twelve of these are not se-
creted and/or are predicted as non-peptidase homologues.
Of the remaining 19, 12 are unassigned, whereas seven
are assigned to a known MEROPS family (Supporting
Information Table 4). Six of the putative proteases are per-
haps of interest, either because they are upregulated on chitin
(B3PIU45, B3P100, B3PD75, B3PJ05) albeit often to low ex-
tent (Supporting Information Table 4) or because they con-
taina CBM (B3PH79, B3PL78), which may suggest activity on
carbohydrate-associated substrates. Interestingly, the CBM6
containing protein combines both; it is part of cluster 2 in
Fig. 2, meaning that this protein is clearly upregulated dur-

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ing growth on chitin. The CBM50 (B3PL78) containing puta-
tive protease in cluster 6 of Fig. 2, is not upregulated during
growth on chitin.

3.4 Chitin-degrading capacity of C. japonicus

C. japonicus and S. marcescens were grown in a medium con-
taining B-chitin and the culture supernatant was collected for
investigation of its chitin degrading ability. The culture super-
natants were collected when almost all of the chitin had been
utilized by the bacteria, to avoid enzyme loss by adsorption
to the substrate. Proteomic analysis of the C. japonicus cul-
ture supernatant confirmed the presence of the four GH18s,
the two AA10s, the GH19 and a GH20 (Hex20B) (data not
shown), implying that the supernatant should be able to de-
grade chitin. Indeed, the chitinolytic cocktail of C. japonicus
was able to degrade B-chitin (Fig. 4). The C. japonicus and
S. marcescens supernatants performed similarly, converting
the B-chitin to N-acetyl glucosamine and a minor fraction of
chitobiose produced. After 24 h of incubation the total sol-
ubilization yield obtained with the C. japonicus cocktail was
43%, compared to 39% for the S. marcescens cocktail (Fig. 4C).
This shows that the two bacterial enzyme cocktails degrade
the B-chitin in a similar way.

www.proteomics-journal.com
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4 Concluding remarks

In this quantitative proteomics study, we have analyzed the
secretome of C. japonicus and demonstrated that this bac-
terium is able to grow on a- and B-chitin utilizing the pu-
tative chitin-degrading proteins encoded in its genome. The
data showed clear up-regulation of the four GH18 chitinases,
the only GH19 chitinase and CJLPMO10A, a chitin-specific
LPMO. The use of a novel agar plate-based method for bac-
terial growth and sample preparation yielded improved sam-
pling of secretome-specific proteins. Thus, the limited num-
ber of secreted proteins found to be co-regulated with known
chitin-specific enzymes, in particular those with not-yet anno-
tated catalytic functions, provide an interesting target list for
further studies aimed at discovering new elements of the en-
zyme machinery used by C. japonicus for converting biomass.

This research was supported by the Research Council of
Norway through the MarPol Project 221576. The proteomics
data has been deposited to the ProteomeXchange consortium
(hitp://proteomecentral.proteomexchange.org) via the PRIDE
partner repository [53] with the data set identifier PXD002843.
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Figure S1. Growth curves. The figure shows growth curves for C. japonicus on different carbon
sources in shaking flask cultures. The points represent the average of three biological replicates with
error bars representing the standard deviation. A) a-chitin, B) B-chitin, and C) glucose.



a—chitin B—chitin Glucose

Figure S2. Heat map of secreted proteins. These proteins are predicted as secreted, including non-
classical secretion, and divided into 12 clusters. CAZymes are not included (see main text). The colors
in the heat map indicate protein intensity, ranging from high (red color, MaxLFQ 5x10%°) to low
intensity (green color, MaxLFQ 1x10°). Cluster-wise intensity profiles for each protein is shown in
Figure 3, and details of the proteins found in clusters 11 and 12 are provided in Table 1.



Table S1. Numbers of detected proteins in various samples. The numbers (#) of proteins and fraction (%) of the total number of proteins (average
of three biological replicates) predicted to be secreted by the Type Il secretion system (Spl, Spll, and TAT), predicted to be secreted in a non-
classical (NC) manner, predicted to contain a TMH, or predicted as cytosolic (Cyt) are shown. “Total secreted” equals the sum of Spl, Spll, TAT and
NC. For the three different substrates, three time points are shown for both shake flask cultures and plates. The predicted numbers and fractions
for the complete proteome of C. japonicus, are also shown.

Carbon Flasks Plates Total predicted
source proteome
Time 9 144 192 9% 144
(hours)
# % # % # % # % # % # % # %
Total 269 1050 1274 216 351 452 3711
Cyt 130 48 570 54 703 55 51 24 75 21 118 26 2200 59
TMH 7 3 47 4 84 7 6 3 9 3 17 4 431 12
a-chitin
Spl 63 24 202 19 240 19 105 48 180 51 204 46 505 14
Spll 19 7 73 7 84 7 17 8 31 9 37 8 143 4
NC 48 18 149 14 152 12 32 15 48 14 65 14 405 11
TAT 2 1 9 1 12 1 5 2 8 2 11 2 27 1
TS 132 49 433 41 488 38 159 73 267 76 316 70 1080 29
Time 32 48 72 48 96
(hours)
# % # % # % # % # % # % # %
Total 461 1418 1366 309 396 542 3711
B-chitin Cyt 252 55 836 59 798 58 62 20 103 26 232 43 2200 59
TMH 10 2 63 4 79 6 8 3 9 2 10 2 431 12
Spl 83 18 266 19 257 19 156 51 189 48 189 35 505 14
Spll 26 6 80 6 81 6 24 8 34 9 34 6 143 4




NC 86 19 163 11 140 10 51 17 52 13 67 12 405 11
TAT 3 1 10 1 11 1 8 2 9 2 9 2 27 1
TS 198 43 519 37 490 36 239 77 284 72 300 55 1080 29
Time 12 24 10 24 30
(hours)
# % # % # % # % # % # % # %
Total 128 259 262 161 412 580 3711
Cyt 52 41 106 41 122 47 36 22 89 22 196 34 2200 59
TMH 3 3 24 9 23 9 9 6 19 5 22 4 431 12
Glucose
Spl 42 33 73 28 66 25 72 45 198 48 229 40 505 14
Spll 7 5 2 1 3 1 15 10 40 10 46 8 143 4
NC 23 18 54 21 47 18 25 15 57 14 76 13 405 11
TAT 1 1 1 0 2 1 4 2 9 2 10 2 27 1
TS 73 57 129 50 117 45 116 72 304 74 361 62 1080 29




Table S2 is available from the publisher’s website through the following link:

http://onlinelibrary.wiley.com/doi/10.1002/pmic.201500419/full



http://onlinelibrary.wiley.com/doi/10.1002/pmic.201500419/full

Table S3. Presence of putative chitin-active enzymes at two time points. The table shows the presence
of assumed chitin active enzymes (indicated by a X) at the first and the second time point of sampling
(Table S1) for the three carbon sources, a-chitin (a), B-chitin (B) and glucose (g).

LPMO LPMO

Chil8A Chil8B Chi1l8C Chil8D Chil9 Pda4D 10A 108 Hex20B
;Iorinni Substrate B3PBWS8 B3PB16 B3PCT3 B3PLJ1 B3PB24 B3PDS4 B3PJ79 B3PDT6 B3PH90
a X X X X X
1 B X X X X X X X X
g
a X X X X X X X X
2 B X X X X X X X X X
g X X X X X X



Table S4. MEROPS annotation of secreted proteins. List of assumed secreted proteins with possible peptidase activity for all carbon sources.
The values given under the various carbon sources are logl0 of LFQ intensities; they are the average of three biological replicates if not stated

otherwise.

Uniprot ID

B3PLG6
B3PKN6
B3PIUS
B3PI85
B3PIOO
B3PH79
B3PGW9
B3PGD9
B3PCZ3
B3PCW9
B3PC44
B3PBC3
B3PD75
B3PFMO
B3PJO5
B3PGV7
B3PL78
B3PDWS3
B3PI83

Protein name

MucD
D-alanyl-D-alanine carboxypeptidase family
Endo-1,4-beta-xylanase B
Trypsin domain protein
Lipase
Carbohydrate binding protein, putative, cbp6B
Beta-lactamase
Peptidase family M48 family (EC 3.4.-.-)
Peptidase, M23/M37 family
Peptidase family M48 family (EC 3.4.-.-)
Beta-lactamase
Uncharacterized protein
Peptidase family S41B family
Phospholipase/carboxylesterase (EC 3.1.-.-)
Uncharacterized protein
Peptidase, M23/M37 family
Peptidase, M23/M37 family
Peptidase, M16 (Pitrilysin) family (EC 3.4.24.-)
YbclL

@ Average of 2 biological replicates

Mol.

weight

[kDa]

49.6
44.3
33.9
50.5
36.5
48.3
59.9
45.8
30.9
55.1
43.4
22.8
54.9
73.8
37.5
46.2
52.0
107.6
20.1

a-chitin

8.5

8.6
7.7
8.6
8.3

8.2
7.8°

8.0
8.5

7.7
8.7
7.6%
8.5

B-chitin

8.1
7.8
7.6°
8.4
8.8
8.2

7.7
7.9

8.5
8.4
7.6

7.1
7.6
8.1

Glucose

8.2
8.2

8.4
7.9

8.9
8.3
8.7
8.2
7.9
7.7°
7.8
8.6

8.1
9.5
9.1
8.2

LipoP

Spl
Spl
Spl
Spl
Spl
Spl
CYT
Spll
Spl
Spl
Spl
Spl
CYT
Spl
Spl
Spl
Spl
Spll
Spl

Cazy

CBM6

CBMS50

SecP
score

0.65
0.18
0.91
0.92
0.77
0.90
0.94
0.80
0.22
0.12
0.36
0.10
0.95
0.56
0.77
0.25
0.78
0.58
0.92

MEROPS

unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
unassigned
S41.012
S09.A77
S01.472
M23.950
M23.009
M16.001
151.003
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Materials and methods

S$1.1 Mass spectrometry details

Samples were loaded onto a trap column (Acclaim PepMap100, Cis, 5 pm, 100 A, 300 um i.d. x 5 mm,
Thermo Scientific) and backflushed onto a 50 cm analytical column (Acclaim PepMap RSLC Cig, 2 um,
100 A, 75 pm i.d., Thermo Scientific). At the start, the columns were in 96 % solution A [0.1 % (v/v)
formic acid], 4% solution B [80 % (v/v) ACN, 0.1 % (v/v) formic acid]. Peptides were eluted using a
120 min gradient developing from 4 to 12 % (v/v) solution B in 2 minutes, 12 to 43 % (v/v) in 93
minutes and finally to 60% B in 6 minutes before the wash phase at 90 % B, all at a flow rate of 300
nL/min. In order to isolate and fragment the 10 most intense peptide precursor ions at any given
time throughout the chromatographic elution, the Q-Exactive mass spectrometer was operated in
data-dependent mode to switch automatically between orbitrap-MS and higher-energy collisional
dissociation (HCD) orbitrap-MS/MS acquisition. The selected precursor ions were then excluded for
repeated fragmentation for 20 seconds. The resolution was set to R=70,000 and R=35,000 for MS
and MS/MS, respectively. For optimal acquisition of MS/MS spectra, automatic-gain-control target
values were set to 1,000,000 charges and a maximum injection time of 128 ms.

$1.2 Data analysis

During analysis in MaxQuant protein N-terminal acetylation, oxidation of methionine, conversion of
glutamine to pyro glutamic acid, and deamination of asparagine and glutamine were used as variable

modifications, while carbamidomethylation of cysteine residues was used as a fixed modification.



Trypsin was used as digestion enzyme and two missed cleavages were allowed. To increase the
number of identified peptides the ‘match between runs’ feature of MaxQuant was enabled with
default parameters, in order to transfer identifications between samples based on accurate mass
and retention time [1]. The settings were such that transfer of peptides was only allowed between
samples from the same carbon source. All identifications were filtered in order to achieve a protein
false discovery rate (FDR) of 1%.

The protein group file from MaxQuant was loaded in Perseus (version 1.5.1.6), with LFQ
intensities columns as expressions and protein names, and ID (Uniprot code) columns as text. We
reduced the matrix by removing proteins categorized as only identified by site, reverse, or as a
contaminant. We used both unique and razor peptides for quantification and at least two ratio
counts were required for a quantification to be considered valid. Furthemore, we required the
protein to be quantified in at least two of the three replicates on at least one substrate. LFQ
intensities were log10 transformed and missing values were replaced by imputation from a normal
distribution (width of 0.2 and downshifted 1.9 standard deviations from the original distribution) in
total matrix mode. We performed manual inspection of histograms to ensure that the imputed
values did not affect the normality of the distributions and that the values were located in the lower
end of the original histograms, i.e. close to the detection limit of the mass spectrometer. Hierarchical
clustering and heat map generation were done with Euclidean distance measure and average
linkage. We then manually selected protein clusters based on similarity of expression patterns.

To predict sub-cellular localization, we used the LipoP 1.0 server

(http://www.cbs.dtu.dk/services/LipoP/) [21, and the PRED-TAT software

(http://www.compgen.org/tools/PRED-TAT/) [3]. Proteins were considered as secreted if predicted

to be cleaved by signal peptidase | (Spl) or signal peptidase Il (Spll) by the LipoP server, or if predicted
to have a twin-arginine signal peptide by the PRED-TAT software. Proteins annotated as cytosolic
(CYT) by the LipoP server were analyzed using the SecretomeP 2.0 server

(http://www.cbs.dtu.dk/services/SecretomeP/) [4] to predict non-classically secreted proteins. To
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be considered as non-classically secreted the score from SecretomeP must be 0.5 or higher. Proteins
predicted to contain N-terminal trans membrane helices (TMH) by LipoP were also analyzed in the

TMHMM 2.0 server (http://www.cbs.dtu.dk/services/TMHMMY/) [5, 6]. Annotation of predicted

activity on carbohydrates for the C. japonicus genome was downloaded from the CAZy database

(http://www.cazy.org/) [7]. Prediction of peptidases was done using the MEROPS database

(http://merops.sanger.ac.uk/index.shtml) [8].
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Figure 2A corrected. See original manuscript for figure legend.
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ABSTRACT
Understanding the strategies used by bacteria to degrade polysaccharides constitutes an

invaluable tool for biotechnological applications. Bacteria are major mediators of
polysaccharide degradation in nature, however the complex mechanisms used to detect,
degrade, and consume these substrates are not well understood, especially for recalcitrant
polysaccharides such as chitin. It has been previously shown that the model bacterial
saprophyte Cellvibrio japonicus is able to catabolize chitin, but little is known about the
enzymatic machinery underlying this capability. Previous analysis of the C. japonicus
genome and proteome indicated the presence of four family 18 Glycoside Hydrolase (GH18)
enzymes, and studies of the proteome indicated that all are involved in chitin utilization. Using
a combination of in vitro and in vivo approaches, we have studied the roles of these four
chitinases in chitin conversion. Genetic analyses showed that only the CjChil8D enzyme is
essential for the degradation of chitin substrates. Biochemical characterization of the four
enzymes showed functional differences and synergistic effects during chitin degradation,
indicating non-redundant functionalities. In accordance with the genetic data, CjChi18D was
the most efficient chitin degrader. Transcriptomic studies revealed complex regulation of the
chitin degradation machinery of C. japonicus and confirmed the importance of CjChi18D and
a previously characterized chitin-active LPMO, CjLPMOZ10A. This combination of in vitro
and in vivo approaches provides enhanced understanding of the initial stages of chitin

degradation by bacteria.
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INTRODUCTION
Chitin, a linear polymer of (1-4)-linked N-acetylglucosamine, is the second most abundant

polysaccharide on earth after cellulose and a major source of fixed carbon and nitrogen,
especially in the oceans (1). The rate of chitin degradation has been calculated to match the
rate of synthesis resulting in little net accumulation of chitin in the environment, suggesting
that the microorganisms that derive nutrition from this polysaccharide are able to degrade it
with high efficiency (2). Moreover, chitin is increasingly being recognized as an important
feedstock for the production of renewable chemicals, and chitooligosaccharides are being
investigated for several biomedical applications (3-6). As a consequence, the strategies used
by microbes for efficient chitin bioconversion are gaining interest, as current chemical
methods used for industrial processing of chitin are inefficient and wasteful (7, 8). The
combination of environmental importance and industrial/medical relevance has renewed
interest in the bioconversion of chitin (9, 10).

Depolymerization of chitin-rich biomasses has been studied predominately from
biochemical and structural perspectives, and as a consequence there is considerable
understanding on certain mechanistic aspects of enzymatic degradation (11). Chitin
deconstruction shares many features with cellulose degradation, which is not surprising given
that chitin has a crystalline structure similar to that of cellulose and differs chemically by an
N-acetyl substitution at the C2 carbon (12). Specifically, chitin depolymerization is achieved
through a concerted effort of endo- and exo-acting enzymes to reduce polymer length to short
oligosaccharides that are then converted to N-acetylglucosamine monomers by N-
acetylhexosaminidases for entry into cellular metabolism [Fig 1, (6)]. The action of lytic
polysaccharide monooxygenases in aerobic microbes promotes chitin degradation by acting
on crystalline regions of the substrate (13-15). It is worth noting that chitin and fragments
thereof may be enzymatically deacetylated by carbohydrate esterases and that some
microorganisms use chitin conversion strategies that include deacetylation of chitin-derived
chitobiose (16, 17). Partially deacetylated polymeric chitin is called chitosan, which may be
broken down by most chitinases [e.g. (18)], by chitosanases and specialized N-

acetylhexosaminidases.
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Fig. 1. Proposed model for chitin utilization in Cellvibrio japonicus. CjChil8D (green semicircle)
and CjLPMO10A (yellow triangle) work together to disrupt the crystalline structure of chitin, while
CjChi18B (magenta semicircle) and CjChil8C (brown semicircle) are acting on the more accessible
chitin fibers to produce chitooligosaccharides which are taken up into the periplasm. CjChil8A helps
generating GIcNAc and this lipoprotein may be acting in the periplasmic space (as shown here) or
may be located on the outer side of the outer membrane and act outside the cell (see text for more

discussion).

Physiological and genetic aspects of chitin degradation, especially for terrestrial
bacteria, are not well characterized. One reason for this lack of knowledge is the multiplicity
of chitinolytic enzymes in many, but not all, chitin-degrading bacteria, which makes
functional analysis of the individual enzymes challenging. While several model organisms
have been used to study chitin degradation (19-21), one that is emerging as a powerful model,
due the available systems biology tools, is the saprophytic Gram-negative bacterium
Cellvibrio japonicus (22, 23). This bacterium is a potent chitin degrader (13), and has a
predicted suite of nine genes encoding proteins possibly involved in chitin degradation (24).
Specifically, the C. japonicus genome is predicted to encode four GH18 chitinases, one GH19
chitinase, two N-acetylhexosaminidases (GH20), one chitosanase (GH46), and one chitin-
specific LPMO [AAL0 (24)]. Secretome analysis (25) has shown that the four GH18s and, to
a lesser extent, the GH19, are upregulated during growth on chitin. Generally, the GH18s and
LPMOs are considered key enzymes for conversion of crystalline chitin. The role of GH19s
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is not clear, however, we cannot rule out a role in chitin metabolism (26, 27).

The possession of large numbers of Carbohydrate Active Enzymes (CAZymes) (28)
is a hallmark feature of C. japonicus. There is increasing evidence that the CAZymes of C.
japonicus that belong to the same GH family are not functionally redundant, but have unique
physiological functions (14, 29). In the current study, the physiological role of the four C.
japonicus GH18 chitinases was determined focusing on the initial stages of chitin
degradation. Sequence analysis indicates that CjChil8B, CjChil8C, and CjChil8D are
secreted enzymes containing two carbohydrate-binding modules (CBMs), whereas CjChil8A
is a single domain protein that likely is membrane anchored (Fig. 2; see below). Through
RNAseq analysis we determined that these four chitinases were highly up-regulated while
chitin was being used as a carbon source. Combinatorial mutational analyses determined that
only CjChil8D is essential for chitin degradation. Further, biochemical characterization of
the catalytic domains of these four GH18 chitinases showed that CjChil8D is substantially
more active towards insoluble chitin than the other GH18 chitinases, underpinning its
importance in chitin degradation. The functional insight into the initial stages of chitin
degradation by saprophytic bacteria that is provided in this study has the potential to

accelerate the development of industrial bioconversion processes for chitins.

94 432

chitsA  SPIl [ GH18

26 73 186 629 845 887
Chi18B  SP| GH18

28 74 118 167 226 518
chitsc  SPI [ : GH18 | “cemrs

20 76 120 166 222 572 DCBM5
chitsp  spif GH18 |

Fig. 2. Diverse Architecture of the Family GH18 chitinases of C. japonicus. CAZy domain
representation of the family GH18 chitinases of C. japonicus. The indicated domains are as follows:
GH18, family GH18 catalytic domain; CBM73, carbohydrate-binding module family 73 domain;
CBMD5, carbohydrate-binding module family 5 domain; SPI, signal peptide, type I; SPII, signal
peptide, type II.
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RESULTS

CjChil8D is essential for the degradation of a-chitin. According to previous sequence
analysis (24), C. japonicus possess four GH18 chitinases (CjChil8A, CjChil8B, CjChil8C
and CjChil8D). A recent proteomic study (25) detected the four enzymes in the secretome of
C. japonicus growing on a- and B-chitin, which suggested the importance of these enzymes
for efficient chitin degradation. To elucidate the physiological relevance of these enzymes,
we generated a suite of GH18 deletion mutants and assessed their fitness on insoluble chitin
substrates, including an environmentally relevant substrate, crab shell.

Wild type and GH18 deletions mutant strains all grew well in defined media with
either glucose (Glc) or N-acetylglucosamine (GIcNAc) as the sole source of carbon (Fig S1).
A Agsp strain deficient in the Type Il Secretion System that is thought to drive secretion of
the chitinolytic machinery (see below) was also able to grow on these sugars, as was
previously shown (13, 30). When the single deletion mutants were grown using insoluble a-
chitin or crab shell as the sole carbon source distinct phenotypes emerged (Fig 3A & 3C).
When a-chitin was the sole source of carbon, the Achil8D mutant was unable to grow. The
other three single deletion strains (Achil8A, Achil8B and Achil8C) had similar growth rates
and maximum optical densities (OD) as the wild type (Table S1A). Interestingly, the Achi18B
and Achil8C single mutant strains had substantially more protracted lag phases than the wild
type strain when using a-chitin as carbon source (Fig 3A). When using crab shells as the only
source of carbon, the Achil8D mutant was also unable to grow while the single mutants of
Achil8A, Achil8B and Achil8C displayed growth similar to wild type (Fig 3C & Table S1B).
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Fig. 3. Growth of C. japonicus mutants on chitin. Family GH18 deletion mutants were grown on
MOPS minimal medium supplemented with 0.25 % a-chitin (A-B) or 4 % crab shell (C-D). Panels A
and C show single mutants; panels B and D show multiple mutants. All experiments were performed
in biological triplicates; error bars represent standard deviations. These growth experiments were
performed simultaneously, but are separated into multiple panels for clarity. As a consequence, the

control strains (wild type and Agsp) are repeated in each panel.

To test for synergy between GH18 chitinases, we generated all combinations of double
deletion mutants, and then assessed growth using a-chitin or crab shells as the sole carbon
source. The double deletion Achil8B Achil8C resulted in a slower growth rate and a longer
lag phase when grown on a-chitin in comparison to either of the single deletion mutants or
the wild type (Fig 3B). The growth rate of the Achi18B Achil8C double mutant was reduced
37 % compared to wild type (Table S1A). The Achil8A Achil8B double mutant grew like the
single deletion mutant of chil8B while the Achil8A Achil8C double mutant grew like the
single deletion mutant of chil8C. The triple mutant of Achil8A Achil8B Achil8C
recapitulated the growth defect observed in the double mutant of Achil8B Achil8C in terms
of the growth rate, lag phase and the maximum OD (Fig 3B & Table S1A).

Interestingly, the double mutants exhibited wild type-like phenotypes when grown
using crab shells as the sole carbon source (Fig 3D). The growth rates of the Achil8B and
Achil8C single mutants and the Achil8B Achil8C double mutant were similar to the wild

type on crab shells. It is worth noting that for all tested strains, the growth rate on the crab
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shell substrate was reduced compared to a-chitin. The results of experiments with B-chitin
(Fig. S2) were very similar to the results obtained with a-chitin.

CjChil8D is a potent secreted chitinase. Sequence alignment of the catalytic domains of the
four chitinases, generally showed large sequence variation. CjChil8A and CjChil8D share
higher sequence identity (32 %), while CjChi18C and CjChi18D show the lowest identity (19
%). As predicted by LipoP (31) and SignalP (32) software tools, all four of the C. japonicus
GH18 chitinases have a signal sequence, however CjChil8A has a SPasell-cleaveable
sequence and is predicted to be an outer membrane associated lipoprotein. The CjChil8B,
CjChil18C and CjChil8D enzymes have a SPasel-cleaved sequence (31) and are predicted to
be secreted. The domain structure of the four GH18 chitinases of C. japonicus is summarized
in Fig 2. The LipoP/SignalP software predictions are in alignment with a proteomics study
that showed the occurrence of all four GH18 chitinases in the secretome (25). To further
assess the contribution of individual GH18 enzymes as effectors of chitin degradation, we
used our suite of GH18 mutants to assess secreted activity using colloidal chitin plate assays

(Fig 4).

Wild Type

Achi18A

Achi18B

Achi18C

Achi18D

Achi18A Achi18B

Achi18A Achi18C
Achi18B Achi18C

: Achi18A Achi18B Achi18C
0. Agsp

VGNP ERNS

—

Fig. 4. Growth of C. japonicus mutants on chitin-containing plates. The strains were grown on a
plate that contained MOPS with 1.5 % agar, 2 % colloidal chitin and 0.2 % glucose. After incubation
at 30°C for 5 days, the plates were stained with Congo Red. This experiment was conducted in

triplicate
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The wild type strain generated a robust zone of clearing while a Agsp secretion-

deficient mutant generated no zone of clearing (Table S2). We observed a similarly striking
phenotype with the Achil8D single mutant strain, which also generated no zone of clearing.
The remaining GH18 single mutants displayed approximately wild type zones of clearing.
Interestingly, the Achil8B Achil8C double mutant had a zone of clearing that was ~50 %
smaller than the wild type. The Achil8A Achil8B Achil8C triple mutant displayed a zone of
clearing similar to the Achil8B Achil8C double mutant. The reduced chitin-degrading
capacities of the Achil8B Achil8C double mutant and the Achil8A Achil8B Achil8C triple
mutant are in agreement with the observed growth defects of these strains when grown on a-
chitin (vide supra).
The GH18 chitinases have different activities towards chitin and (GIcNAc)s. To further
investigate the features of the four GH18 chitinases, they were cloned, expressed and purified
for biochemical characterization. Despite massive efforts, soluble full length multi-domain
chitinases CjChil8B, CjChil8C, and CjChil8D could not be obtained and comparative
biochemical analysis was therefore primarily conducted with overexpressed catalytic
domains. All four chitinases were able to degrade a-chitin, although with greatly varying
efficiency that was clearly highest for CjChil8D (Fig 5). As expected (33), versions of
CjChi18B and CjChil8D containing their CBM5 gave higher yields compared to their
respective catalytic domains. The catalytic domain of CjChi18C gave higher yields than the
catalytic domains of CjChil8A and CjChil8B, but all were poor in chitin degradation
compared to CjChil8D.
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Figure 5. Degradation of a-chitin. Degradation of a-chitin (15 g/L) at 30 °C was tested in 20 mM
BisTris pH 6.5, 0.1 mg/ml BSA. The enzyme concentration was 0.5 uM and samples were taken at
different time points. The yield refers to the degree of chitin solubilization. The a-chitin used contained
6.43 % ash and 5.42 % moist and this was taken into account when calculating yields. Each reaction
was performed in triplicates; standard deviations are shown as error bars, but are difficult to see since

they were low and are partly covered by the symbols.

Analysis of products generated during degradation of a-chitin (Figure S3) showed that
CjChil8Acx initially produces both GIcNAc and (GIcNAc)2. The product profiles for the
other variants (CjChil8Bca, CjChil8Bcat+cems, CjChil8Ccat, CjChil8Dcat, and
CjChil8Dcat+cams) showed mainly (GIcNAc). and smaller amounts of GIcNAc (Fig S3) as is
usual for GH18 chitinases. Surprisingly, the product profile of CjChi18Bca was different from
CjChil8Bca+cems after 48h, where GIcNAc was the dominating product for CjChil8Bcat,
while (GIcNACc)2 was the dominating product for CjChil8Bcat+cams (Fig S3). For CjChil8Acat,
only GIcNAc was detected after 48 hours, indicating an N-acetylhexosaminidase-like activity
for this enzyme.

Synergy experiments (Fig. 6) confirmed the dominating role of CjChil8D in chitin
conversion and revealed synergistic effects for various enzyme combinations, such as when
mixing CjChil8Aca with CjChil8Bca or when mixing CjChil8Bcat with CjChil8Dcat. These
synergistic effects indicate that the various chitinases must have different functionalities. As
expected on the basis of the data presented above, the presence of CjChil8Ac. shifted the
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product profile towards a higher GIcNAc/(GIcNACc): ratio. The effect of adding CJLPMO10A
was generally small, but seemed slightly larger when combined with the individual catalytic
domains of CjChil8A, CjChil8B, and CjChil8C, compared to CjChil8D. While CjChi18D
alone was clearly the most powerful individual enzyme, the highest product formations were

obtained upon combining CjChil8D with at least two of the other chitinases (Fig. 6).
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Figure 6. Synergy experiments. The catalytic domains of all chitinases and the CjLPMO10A (13)
were mixed in different ways to investigate possible synergistic effects in reactions with a-chitin (15
g/L). The total enzyme load was 0.5 uM with equal amount of each enzyme (concentrations given in
the figure), except in the reactions where the ratio was determined by protein quantification data from
a previous proteomics study [“Prot”; (25)]. In the “Prot” reaction without CjLPMO10A the ratio was;
21% CjChil8A, 4 % CjChil8B, 22 % CjChil8C, and 52 % CjChil8D. In the “Prot” reaction with
CjLPMO10A the ratio was: 14 % CjChil8A, 3 % CjChi18B, 15 % CjChil8C, 35 % CjChil18D, and
33 % CjLPMOI10A. The CjLPMO10A was Cu?*'-saturated before use. Reaction mixtures were
incubated at 30 °C in 20 mM BisTris pH 6.5, 0.1 mg/ml BSA, and samples were taken after 24 hours.
In reactions with CJLPMO10A, 0.5 mM ascorbate was added as external electron donor. Production
of GIcNAc and (GIcNAc), was quantified and (GIcNAc): is given in GIcNAc equivalents. Three
parallel reactions were done for each condition and standard deviations are shown as error bars.
Reaction mixtures that contained the LPMO showed minor amounts of oxidized (GIcNACc),, which

were not quantified.

We have previously performed a quantitative proteomics study of C. japonicus grown
on chitin (25) and hypothesized that the quantified levels of the four GH18 chitinases and
CjLPMO10A could represent an optimal ratio between the enzymes. The use of this ratio

indeed resulted in high product formation, but these were not higher than the product
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formations obtained with some of the other efficient enzyme combinations (Fig 6).
Interestingly, under the assay conditions used here, replacing chitinases with the LPMO led
to reduced solubilization.

To further look into the substrate specificity of the chitinases, their ability to degrade
(GIcNACc)s was investigated (Fig 7A). The results showed that CjChil8Cca had the highest
activity against (GIcNAc)s with an initial rate of disappearance of the substrate of 300 + 8
mint. CjChi18Aca had an initial rate of 118 +1 mint, while CjChi18Dca and CjChi18Bcs had
initial rates of 44.5 + 2.6 and 27.0 + 0.8 min™, respectively. It is worth noting that the ranking
of the apparent enzyme efficiencies is strongly substrate-dependent.

The product profile obtained for the enzymes shortly after initiation of the (GIcNAC)e
hydrolysis reactions (2 minutes reaction time) show striking differences between the
chitinases (Fig 7B). CjChil8Aca yielded all possible product types [(GICNAC)1s], where
GIcNACc was the dominating product (97.8+7.3 uM) followed by (GIcNACc). (62.3£2.5 uM),
(GIcNAC)3 (47.7+1.7 uM) and (GIcNACc)s (33.9£1.5 puM) (quantification of (GIcNAC)s was
not possible). CjChil8Bca produced mainly (GIcNAc). and (GIcNAC)s, with minor amounts
of (GIcNAC)s. CjChil8Ccat produced (GIcNAc)24, while CjChil8Dcat produced mainly
(GIcNACc)2 and (GIcNACc)a. Chitooligosaccharides longer than (GICNACc)s were observed in
the CjChil8Dc. reaction (Figs 7B and S4), indicating that this enzyme has transglyosylating
activity. Reactions using (GIcNACc). as substrate showed rapid conversion by CjChil8Acat,
whereas only trace amounts of monomer were detected for the other three chitinase (results

not shown).
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Figure 7. Hydrolysis of (GIcNAC)s. (A): Hydrolysis of (GICNAC)s over time. The slopes of the linear
parts of these curves were used to calculate the initial rates. Standard deviations are shown as error
bars. (B): Chromatograms showing the product profile obtained 2 minutes after mixing chitinases with
substrate. DP1-6 represent (GIcNAc)1.s. Chromatograms for various standards are shown as grey lines
at the bottom. These experiments were done with the catalytic domains of the chitinases. The reactions
contained 2 mM (GIcNAc)s, 10 mM BisTris pH 6.5, 0.1 mg/ml BSA and 50 nM enzyme, and were

done in triplicates..

C. japonicus GH18 chitinase genes are highly expressed during chitin utilization. To
obtain further insight into the regulation of chitinase expression and to complement the
previous secretome study (25), we used RNAseq to determine changes in gene expression
during growth on a-chitin consumption, relative to growth on glucose. Analysis of samples
from the exponential growth phase revealed significant up-regulation of 73 CAZymes (Table

S3A). The seven most strongly upregulated genes were all related to chitin conversion,
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including the LPMO (6.72 log: fold change), a hexosaminidase (4.14 log fold change), the
nag9A gene (3.47 log. fold change) belonging to a a predicted GIcNAc utilization operon
(gluP, CJA 1162, nag9A, nagB), and the four GH18 chitinases in the following order
chil8D> chil8C > chil8A > chil8B, the log. fold change being 6.66, 5.13, 3.95 and 3.60,
respectively (Fig 8; Table S3A). Several other genes putatively involved in chitin conversion
were up-regulated, albeit to a lesser extent, including the GH19 chitinase (2.20 log. fold
change), the other GH20 hexosaminidase (log: fold changes of 2.69 and 4.14 for Hex20A and
Hex20B, respectively), the GH46 chitosanase and two polysaccharide deacetylases (log fold

changes 2.57, 1.60 and 1.41, respectively).

a~chitin vrs Glc (Exp)

e ®GH18 Genes

o Putatively Chitin-
Relevant Genes

o * CAZyme Genes

-log10(p-value)
e

10 5 0 5 10
Log, (Fold change)

Fig. 8. Differential expression of family GH18 chitinases of C. japonicus during exponential
growth. This volcano plot shows the log.(fold change) plotted against the —logio(p-value) of all
expressed genes in C. japonicus during exponential growth on glucose compared to a-chitin in which
each gray circle represents the expression of a gene. The black dashed lines indicate the significance

cut-off values: -logio(p-value)>2 and logy(fold change)>1.

Comparison of samples taken at early stationary phase yielded similar results (Table
S3B; Figure S5A). This analysis revealed the up-regulation of 47 CAZymes, of which seven
are implicated in chitin degradation (Ipmo10A, chil8D, chil8C, chil8B, nag9A, hex20A, and
chil9A). While the expression data, in particular for the exponential comparison, showed a
strong upregulation of chitin-relevant genes, there was also up-regulation of a wide variety of
CAZyme genes associated with the degradation of other polysaccharides such as starch,

xylan, cellulose, pectin, arabinanan, mannan, B-glucan and xyloglucan. It thus seems that the
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regulation of the chitin response is not as specific as the recently mapped response to xylan
(J.G. Gardner et al., unpublished observations), but more closely resembles the general
response observed for cellulose (14). When comparing the transcriptomes of the exponential
and the stationary phase during growth on chitin, none of the significant changes in expression

concerned CAZymes (Figure S5B).
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DISCUSSION
A previous report demonstrated that C. japonicus can grow using both purified chitin

and unrefined crab shells as a sole nutrient source (13). Additionally, a recent proteomic study
found several secreted GH18 chitinases, suggesting a robust response to chitin (25). It has
remained unknown, however, how these GH18 chitinases contribute to the degradation of
chitin, and to what extend the four GH18 genes in the C. japonicus genome are equivalent. In
this study, through an implementation of transcriptomic, genetic, and biochemical
approaches, we assessed the physiological function of the four GH18 enzymes to degrade
chitin. The synthesis of in vitro, in vivo, and in silico data provides a comprehensive
understanding of the initial stages of chitin degradation by C. japonicus.

The architecture of the family GH18 chitinases indicates differential biological roles.
Analysis using LipoP (31) predicts that the CjChil8A enzyme is a lipoprotein with a signal
sequence cleaved by signal peptidase Il (SPII). The presence of a glutamine in position +2
after the cleavage site of SPII further suggests that CjChil8A resides attached to the outer
membrane (34-37). It is likely that CjChil8A functions in degrading short
chitooligosaccharides, as the absence of CBMs may limit the association of this enzyme with
polymeric chitin (33, 38). Such a function is supported by the biochemical data for CjChi1l8A
showing high activity on soluble substrates and an ability to produce monomers.

Analysis of the CjChil8B, CjChil8C and CjChil8D enzymes indicated a signal
peptide that is cleaved by signal peptidase I (31). The growth defect on chitin observed in the
Agsp mutant suggest that these three enzymes are transported to the extracellular space by the
type Il secretion system (39). The CjChil8B, CjChil8C and CjChil8D enzymes all possess
a single CBM5 and a CBM73 domain (40), however the orientations of these domains differ
between the enzymes (Fig 2) , which may have functional consequences. As found with many
CAZymes, the CjChil8B, CjChil8C and CjChil8D chitinases contain serine rich regions
separating the individual domains, which likely act as flexible linkers (41).

Functional characterization of family GH18 enzymes of Cellvibrio japonicus reveals
divergent functionalities and the importance of CjChil8D. The growth data and secretion
assay strongly pointed to the chil8D gene product as essential for the degradation of chitinous
substrates (Figs 3, 4, & Fig S2). These results reinforce two features previously described for
C. japonicus, that secreted enzymes are essential for recalcitrant polysaccharide degradation,
and that single CAZymes elicit major physiological effects (30, 42). Other individual enzymes
did not seem essential for growth but the double deletion mutant Achi18B Achil8C did show

reduced growth and reduced chitin conversion efficiency (Figs 3 & 4), indicating that these
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two chitinases have partly overlapping functionalities that contribute to, but are not essential
for, chitin conversion.

Biochemical characterization of the catalytic domains revealed clear functional
differences (Figs 5, 7, S4, & Table S4) and also showed that the enzymes act synergistically
during the degradation of chitin (Fig 6). This indicates that the enzymes have different roles
during chitin conversion. Enzyme synergy during the course of chitin degradation has been
described previous for Serratia marcescens, and is generally ascribed to collaboration
between endo- and exo-acting enzymes, where endo-acting enzymes generate chain ends that
are substrates for exo-acting enzymes that usually show processive action [(43); see below
for further discussion].

The absence of growth defects of the multiple mutants while growing using crab shells
is likely a consequence of the slow overall growth rate, combined with some ability to use
protein in the crab shells as a nutrient source [the protein content in crab shells is usually in
the range of 20-40 % (8, 44)]. Still, also in this case CjChil8D was essential for growth,
indicating that chitin degradation is essential, either because the bacterium needs the sugar or
because degradation of chitin fibers in the crab shells is important in order for the bacterium
to access the protein fraction. It is well known that the chitin fibers in crustaceans are covered
with proteins [and vice versa; (45)]. Thus, the activity of CjChil8D may be important for
disentangling the protein for degradation by secreted proteases. In this context, it is worth
noting that the proteomics study on C. japonicus published by Tuveng et al. (25) led to
identification of several potential proteases that were upregulated during growth on chitin.
Inspection of the RNAseq data shows that one of these predicted proteases (CJA_0276, Table
S3A) is significantly upregulated when C. japonicus grows on chitin. The CJA_0276 protein
is predicted with an unassigned protease domain by MEROPS (46) and a CBM6 that could
aid in biding to chitin-rich substrates.

The different roles of the GH18 chitinases in chitin hydrolysis. Chitinolytic systems
hitherto described in the literature, e.g. those of S. marcescens (21) and Vibrio species (19,
47), usually contain non-redundant enzyme activities that play different roles in the
depolymerization of the recalcitrant chitin substrate. Analysis of the domain organization of
the C. japoncius chitinases, functional data, and homology modelling of their 3D structures
(Fig. S6) all indicate that this chitinolytic system also represents a suite of complementary
activities. Available data from known processive chitinases show that there are some
hallmarks that are specific for processive enzymes, this involves a deep substrate binding cleft

created by an a+f domain and other loops protruding from this domain or other parts of the
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catalytic domain (48, 49), and conserved aromatic amino acids lining the catalytic cleft (50,
51). Structural modelling of the C. japonicus GH18 chitinases (Fig S6) and sequence
alignment with known processive chitinases (Fig S7), show that CjChi1l8B and CjChil8D
have these specifications. CjChil8B has a large o+ domain (~110 amino acids) and an
“tunnel-like” substrate-binding cleft, while CjChil8D has a much smaller a+ domain (~60
amino acids) and a more open active site cleft. CjChil8A has the o+ domain (~65 amino
acids), but lacks the aromatic residues, CjChil8C does not have any of the features
characteristic for processivity and is more similar to the non-processive exo-chitinase SmChiC
from S. marcescens, displaying an open substrate binding cleft that is characteristic for non-
processive glycoside hydrolases (38).

Although it is difficult to determine the degree of processivity from standard substrate
degradation experiments (see Horn et al. (52) for discussion), such experiments do provide
indications. During degradation of crystalline chitin, processive enzymes tend to have high
(GIcNAC)2/GIcNAC ratios (18, 51). Furthermore, during degradation of (GICNAC)e processive
enzymes will yield a high (GIcNAC)2/(GIcNAC)s, since the hexamer is expected to yield three
dimers (18). Of the GH18 chitinases of C. japonicus, only CjChi18B showed such high ratios
(Table S4), indicating that this enzyme is the most processive, as also suggested by the
structural model (Fig S6). The other three enzymes did not show clear signs of processivity.
CjChi18C displays all hallmarks of a non-processive enzyme, and CjChil8A is special in that
it primarily produces monomers, which is not really compatible with processivity considering
that the repeating unit in a chitin chain is a dimer. These latter two enzymes showed the
highest specific activities towards the hexamer, suggesting that they primarily act on soluble
substrates.

Like the processive CjChil8B, CjChil8D was not especially active towards soluble
substrates. The structural model of this enzyme shows some features indicative of
processivity, but the biochemical data do not support this mechanism. Notably, the
transglycosylating properties of CjChi18D may cause problems when interpreting the product
profiles obtained after chitin and (GIcNAc)s degradation. It remains uncertain why CjChil8D
is the superior when it comes to degrading crystalline chitin. It is worth noting that the
structural model of this enzyme suggest a “hybrid” character. The active site cleft is deep, but
not closed, as in other processive enzymes and there are aromatic residues that, while perhaps
not conferring a large degree of processivity, will contribute to interacting productively with
the crystalline material (53-55).
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CjChil8A deviates strongly from the other three GH18 chitinases. Firstly, the signal
peptide indicates that this enzyme is immobilized at the outer membrane, similar to FjChiB
of Flavobacterium johnsoniae (56) and SdChiB from Saccharophagus degradans (57, 58).
Secondly, CjChil8A has an N-acetylhexosaminidase-like activity similar to that of GH20
chitobiases. The biological role of CjChil8A is unclear. If the enzyme is facing the periplasm,
its role seems redundant as C. japonicus encodes two GH20 chitobiases, which are
upregulated during growth on chitin (Table S3). Degradation of (GIcNAc). into GIcNACc
monomers in the extracellular space could, on the other hand, be relevant as the presence of
GIcNAc might induce important cellular signaling processes and/or facilitate sugar uptake.
Another plausible role of having CjChil8A facing the outside of the cell could be in
controlling the (GIcNAC)2 concentration to avoid product inhibition of the other chitinases.

It should be noted that we were not able to produce the full-length proteins, which
implies that the biochemical data do not give the full picture when it comes to enzyme
functionality. The full-length enzymes could give different results, especially during chitin
degradation, since CBMs are known to aid in the (challenging) interaction between the
enzymes and crystalline substrates (33). It is thought that the positioning of the CBMs
indicates the directionality of a chitinase [an N-terminally positioned CBM indicates enzyme
movement from the reducing towards the non-reducing end (49, 51, 59)] and it may be that
crystalline substrates are more easily depolymerized in a specific direction. Indeed, SmChiA,
having an N-terminal Fnlll domain and acting from the reducing end towards the non-
reducing end, has been shown to move substantially faster than SmChiB when degrading
crystalline chitin (59). This could be due to a CBM-driven differences in directionality, but
may also be related to the topological features of the substrate binding cleft. CjChi18D and
CjChil8C have their CBMs on the N-terminal side of the catalytic domain, while CjChi18B
has one CBM on each side of the catalytic domain (Fig 2). While these differences in the
CBM organization likely affect enzyme functionality, it is reassuring that the biochemical
data derived for studying the catalytic domains align rather well with the mutant data and with
the functional inferences made from the structural models of the chitinases.

On the basis of the present data, it is difficult to judge whether the four enzymes are
endo- or exo-acting and it is worth noting that mixed endo-/exo-modes occur and possibly are
common (60). CjChil8B clearly looks exo-processive, while CjChil8C clearly looks endo-
non-processive. The situation for CjChil8A and CjChil8D is less clear; both enzymes show
relatively open active site clefts and are likely to have considerable endo-character.
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The expression data show that the most up-regulated chitin-relevant enzyme of them
all is the chitin-specific LPMO, CjLPMO10A. It has been shown that this enzyme will act
synergistically with chitinases (13) but in the present study, the effects of adding the LPMO
to the chitinases was limited (Fig 6). This is likely an effect of the substrate. The substrate
used in this study was balled milled into fine particles, and it has previously been shown that
such ball milling reduces the crystallinity of the substrate, hence reducing the activity of the
LPMO (61).

The chitinolytic machinery of C. japonicus is highly responsive to the presence of chitin
substrates. There was significant up-regulation of the predicted C. japonicus genes encoding
chitin-active proteins (GH18, GH19, GH20, GH46 and AA1Q0 families) both during
exponential and stationary phase (Table S3). The up-regulation of a number of other CAZyme
genes not involved in chitin degradation was striking, but not surprising. C. japonicus has
been shown to have both substrate sensing- and growth rate-dependent control of CAZyme
gene expression (14). In regards to the substrate-specific response, C. japonicus seems to have
two variations, one that is general (where diverse CAZyme genes are up-regulated), and one
that is specific (where only substrate-specific CAZymes genes are up-regulated). The
response observed for cellulose is an example of the former (14), and the response for xylan
is an example of the latter (J.G. Gardner et al., unpublished observations). The regulatory
network for the chitinolytic response appears to be similar to that for the cellulose response,
which is not surprising given the similarities of the substrates.

Final Remarks. The proposed model (Fig 1) for crystalline chitin degradation by C.
japonicus, based on in vitro, in vivo, and in silico analyses is that the four GH18 chitinases
synergistically degrade chitin. CjChil8D releases chitooligosaccharides from the crystalline
material, perhaps by the combined endo-, exo- and mildly processive actions. The other
enzymes likely act on the more accessible chitin fibers converting them into dimers
(CjChi18B and CjChil8C) and smaller chitooligosaccharides, while CjChil8A converts
chitooligosaccharides to N-acetylglucosamine. Next to these chitinases, CJLPMO10A plays
amajor role in chitin degradation, as indicated by previously published biochemical data (13)

and the transcriptomic data presented here.
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EXPERIMENTAL PROCEDURES
Growing conditions. Cellvibrio japonicus strains were grown on MOPS (3-(N-

morpholino)propanesulfonic acid)) minimal media (62) containing 0.2 % wt/vol glucose, 0.5
% wt/vol N-acetylglucosamine, 0.25 % wt/vol a-chitin from shrimp shells (Sigma, Aldrich),
0.2 % wit/vol B-chitin from squid pen or 4 % wt/vol milled crab shells from Callinectes
sapidus as the sole source of carbon. The following protocols were developed to prepare the
chitin containing substrates. The coarse flakes of a-chitin were sieved through the top piece
of a 130 mm Buchner polypropylene filter to homogenize the particle size. 3-chitin from squid
pen was manually ground in a ceramic mortar and pestle and then passed through a plastic
filter with 4 mm diameter holes. For the crab shells, any membranous material was discarded
and the shells were then thoroughly washed and rinsed. Clean and dry shells were manually
ground and then sieved through a 4 mm diameter filter. To remove any generated crab shell
dust, the filtrate was rinsed through a Buchner polypropylene filter. The shell pieces were
subjected to an extra round of autoclave sterilization. Escherichia coli strains were grown in
lysogenic broth (LB) (63). For growth analysis studies, strains were grown for 24 hours in 5
mL MOPS containing glucose. Then, an 18 mm test tube with 5 mL MOPS and a form of
chitin was inoculated with a 1:100 dilution of the prepared overnight cultures (23). The culture
time was dependent on the form of chitin used. All cultures were incubated at 30 °C with an
aeration of 225 RPM. For insoluble substrates, growth was measured as a function of the
optical density at 600 nm (ODsoo) in a Spec20D+ spectrophotometer (Thermo Scientific) with
biomass containment as needed (64). In growth experiments with glucose or N-
acetylglucosamine growth was monitored using a Tecan M200Pro microplate reader (Tecan
Trading AG, Switzerland). All growth experiments were performed in biological triplicates.
Plate media were solidified with 1.5% agar. When required, kanamycin was used at a
concentration of 50 pg/mL.

Generation of Deletion Mutants. Deletion mutants of the family GH18 chitinases of C.
japonicus were made and verified using previously published protocols (30, 42). A suicide
vector was generated by cloning +500 bp up and downstream from the gene to be deleted into
the pk18mobsacB vector (65) at the EcoRI and the Xbal sites. The pk18mobsacB plasmids to
make the deletions of genes chil8A, chil8B and chil8C were synthetized by GeneWiz (South
Plainfield, NJ) while the plasmid to make the deletion of chil8D was amplified by PCR and
assembled via Gibson assembly (66). All vectors were chemically electroporated into E.

coli S17 Xpr strains. Through a tri-parental mating the deletion carrying plasmid was
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conjugated into C. japonicus using an E. coli strain containing the plasmid pRK2013 (67).
Recombinant colonies were selected using MOPS/kanamycin plates. Then a counter selection
was carried out using MOPS/sucrose plates. The deletion mutants were confirmed by PCR.
Primers used for the construction and verification of the mutants are listed in Table S5.
Visualization of Colloidal Chitin Degradation. Colloidal chitin was prepared as described
in (68). Colloidal chitin plates were made using MOPS defined media supplemented with 2
% (w/v) colloidal chitin and 0.2 % (w/v) glucose. To assay for chitin degradation, 10 ul of
overnight cultures of the C. japonicus strains to be analyzed were spotted onto the chitin plate
and incubated for 4 days at 30 °C. Then, plates were stained with a 0.1 % (w/v) Congo red
solution for 10 minutes followed by 10 minutes destaining with a 1 M NaCl solution, as
described previously for detection of degradation of carboxyl methyl cellulose (64).
Transcriptomic Analysis. A transcriptomic analysis was conducted for C. japonicus grown
on glucose or a-chitin. To prepare the samples, the protocol described in Gardner et al. (14,
30, 42) was followed. Briefly, 35 ml of cell culture were aliquoted into 50 ml conical tubes
with 5 ml of a stopping solution made with ethanol and saturated phenol (19:1). The cells
were pelleted by centrifugation at 8000 g for 5 min at 4 °C. The supernatant was decanted and
the pellets flash frozen in a dry ice/ethanol bath for 5 min before being stored at — 80 °C. For
each carbon source, samples were taken in triplicate and at two time points: the beginning of
the exponential phase (0.1>0De00>0.2) and the beginning stationary phase. RNA extraction,
library preparation, and sequencing were performed by GeneWIZ (South Plainfield, NJ). For
this study, Illlumina HiSeq2500 was performed in 50bp single-reads with at least 10 million
reads generated per sample. The raw sequence data generated was converted into FASTQ
files using Illumina CASSAVA 1.8.2, which were then imported into CLC Genomics
Workbench 7.5.1. Low quality base pairs were trimmed from the ends and the sequence reads
were mapped to the C. japonicus reference genome with RPKM values calculated for genes.
The log> transformation and quantile normalization were performed for the RPKM values and
a Student’s t-test conducted to compare gene expression between the glucose and the a-chitin.
An adjusted p-value>0.01 and a log fold change>1 were selected as significance cut-off
parameters.

Bioinformatics Analysis. We determined the predicted CAZy domains presented using the
Database for Automated Carbohydrate-active enzyme ANnotation (DbCAN)(40). Using
LipoP (31) and SignalP (32), we determined the putative location of the chitinolytic enzymes.
Three dimensional models of the GH18 chitinases were generated using PyMod 2.0 (69).
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Cloning and expression of chitinases. Synthetic genes of the four full length chitinases,
optimized for expression in Escherichia coli, were purchased from GeneScript. These genes
encoded the catalytic domain for CjChil8A and the full length protein (without signal
peptide) for CjChil8B, CjChil8C and CjChil8D. Primers for amplification of the genes were
designed so that a 6xHis-tag followed by a TEV protease cleavage site was introduced at the
N-terminus of all proteins and a stop codon was introduced before the C-terminal His-tag
encoded in the vector. Using different primers for amplification, genes encoding different
versions (Table S6) of the modular proteins were generated, which were cloned into the pNIC-
CH vector (70) using ligation independent cloning (71). The DNA sequences of the genes
were confirmed by Sanger sequencing. Plasmids were transformed into E. coli BL21 cells
using heat shock. Protein expression was tested by inoculating 50 ml LB + 50 pg/ml
Kanamycin with 500 pl of an overnight culture. The cultures were grown at 37 °C and when
the OD reached 0.6, the cells were induced by adding IPTG to a final concentration of 0.2
mM. After growth overnight at 30 °C, the cells were harvested by centrifugation (6164 rpm,
12 min, 4 °C) and resuspended in 5 ml 20 mM Tris-HCI, 150 mM NaCl, 5 mM imidazole, pH
8.0. DNAsel and PMSF were added to final concentrations of 1.4 pg/ml and 0.1 mM,
respectively, before the cells were lyzed by sonication (pulse 3 sec on, 3 sec off for 3-5 min),
using a VC750 VibraCell soncator (Sonics & Materials, Inc, CT, USA). Following cell
disruption, the samples were centrifuged (11814 RCF, 12 min, 4 °C), after which the
supernatant was collected and filtrated (0.22 um). Analysis by SDS-PAGE showed that only
CjChil8A was soluble. Except for the full length enzymes, which were not produced in
detectable levels, all other enzyme variants were produced in large amounts, but were
insoluble.

Production of CjChi18A was scaled up to a 500 ml culture following the same protocol
as above for production and harvesting. The filtrated supernatant containing CjChil8A was
used for protein purification by nickel affinity chromatography using a HisTrap HP 5 ml
column (GE Healthcare Life Sciences, Uppsala, Sweden) connected to an Akta pure system
(GE Healthcare Life Sciences, Uppsala, Sweden). A continuous imidazole gradient ending at
300 mM imidazole was used to elute bound protein, using a flow rate of 1 ml/min.

CjChil8Bcat, CjChil8Bcat+cams, CjChil8Ccat, CjChil8Dcat, and CjChil8Dcat+cBms
were produced using a denaturing and refolding method, starting with 500 ml cultures as
described above. After harvesting the cells (7025 RCF, 12 min, 4 °C), the pellet was
resuspended in 20 ml 50 mM Tris, pH 8.0, 0.2M NaCl and 50 % of the cell suspension was
used in the further steps. After another centrifugation (18459 RCF, 10 min, 4 °C) the pellet
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was resuspended in 10 ml 50 mM Tris, pH 8.0, 0.2M NaCl and, after addition of lysozyme
(final concentration 200pug/ml) and DNAsel (final concentration 0.1 mM), the samples were
incubated on ice for 30 min. The samples were subsequently sonicated (pulse 3 sec on, 3 sec
off, 2-4 min) and inclusion bodies were harvested by centrifugation (18459 RCF, 10 min),
after which the protein pellet was resuspended in 25 ml washing buffer (20 mM Tris-HClI,
100 mM NaCl, 2% Triton X-100, pH 8.0). The centrifugation and subsequent resuspension
in washing buffer steps were repeated twice and after the final centrifugation, the pellet was
dissolved in 5 ml cold denaturing solution (50 mM Tris-HCI, pH 8.5, 100 mM NaCl, 5 M
Guanidine HCI, 1 mM EDTA, and 20 mM DTT), vortexed for 1 min, and incubated overnight
at 4 °C with slow rotation of the sample tubes. The samples were then centrifuged at 9000g,
for 10 min at 4 °C and the supernatant, containing the denatured protein, was collected for
refolding.

The sample containing the denatured protein (approximately 5 ml) was added to 250
ml cold refolding buffer (100 mM Tris-Cl, 0.4 M L-Arginine, 0.5 mM oxidized glutathione,
5 mM reduced Glutathione) at a rate of 1 ml/hour under intense stirring at 4 °C. After adding
all protein, the solution was stirred overnight at 4 °C, before centrifugation (9000 RCF, 10
min, 4 °C). The supernatant was collected and dialyzed (10 MWCO Snakeskin, Thermo
Fisher Scientific, MA, USA) against 2.5 L 50 mM Tris-HCI, 0.1M NacCl, pH 8.0 overnight.
The dialysis solution was changed once, after approximately 6 hours. After collecting the
dialyzed sample, the protein was purified with nickel affinity chromatography as described
above.

The catalytic domain of CjJLPMO10A was expressed and purified as previously
described by Forsberg et al. (13).
Activity assays. Standard reactions contained 15 g/L a-chitin (extracted from Pandalus
borealis, Seagarden, Karmsund, Norway) or 2 mM chitooligosaccharides (MegaZyme, Bray,
Ireland), 0.1 mg/ml BSA and 20 mM BisTris, pH 6.5, unless stated otherwise. For chitin
degradation 0.5 uM enzyme was used, while for chitooligosaccharide degradation 50 nM
enzyme was used, unless stated otherwise. Reaction mixtures were incubated in a
thermomixer at 30 °C, 800 rpm and enzyme activity was quenched by adding sulphuric acid
to a final concentration of 25 mM. A Rezex RFQ-Fast Acid H+ (8 %) ion-exclusion column
(Phenomenex, CA, USA) installed on a Dionex Ultimate 3000 HPLC with UV-detection
(194nm) was used to analyze and quantify degradation products as described by Mekasha et
al. (72). Reactions with (GIcNAC)e as substrate were analyzed using a Rezex ROA-organic

Acid H+ (8 %) ion exclusion column (Phenomenex, CA, USA) installed on a Dionex Ultimate
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3000 HPLC, using a column temperature of 65 °C. An 8 ul sample was injected on the
column, and the mono/oligosaccharides were eluted isocratically at 0.6 ml/min with 5 mM
sulphuric acid as mobile phase. The chitooligosaccharides were monitored by measuring the
absorbance at 194 nm. Standards with known concentrations of GICNAc (Sigma, MO, USA)
and (GIcNACc)26 (MegaZyme, Bray, Ireland) were used to determine the concentrations of

(GIcNAC)s and the degradation products.
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Fig. S1. Growth of C. japonicus mutants on Glc and GIcNAc. Growth analysis was

conducted on MOPS minimal medium supplemented with glucose (0.2 %) (A-B) or GIcNAc
(0.5 %) (C-D) as the sole source of carbon source. Although they all belong to the same

experiment, the glucose experimental data is shown as two panels: single (A) and multiple

(B) deletion mutants. The same applies to the GICNAc experiments (panels C and D,

respectively. All experiments were performed in biological triplicates; error bars represent

standard deviations (note that in most cases they are not visible as they are smaller than

symbols). These growth experiments were performed simultaneously, but are separated into

multiple panels for clarity. As a consequence, the control strain (wild type) is repeated in each

panel.
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Fig. S2. Growth of C. japonicus mutants on B-chitin. Growth analysis of family GH18

deletion mutants of C. japonicus was performed in MOPS minimal medium supplemented

with 0.2 % of B-chitin as the sole source of carbon source. All experiments were performed

in biological triplicates; error bars represent standard deviations. The experimental data is

shown as two panels: (A) single and (B) double deletion mutants, although they all belong

the same experiment. As a consequence, the control strains (wild type and Agsp) are repeated

in each panel.
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Figure S3. Product profile after degradation of a-chitin. Chromatograms of samples taken
after 6h and 48h reaction time are shown, representing the product profile early and late in
the degradation process. GIcNAc and/or (GIcNAC), are the main products for all enzymes.
Reactions were done at 30 °C in 20 mM BisTris pH 6.5, 0.1 mg/ml BSA at 30 °C. The enzyme

concentration was 0.5 pM.
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(GIcNAC)1-6. Chromatogram for reaction without enzyme is also shown (grey line). These
experiments were done with the catalytic domains of the chitinases. The reactions contained
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Fig. S5. Differential gene expression in C. japonicus. (A) Comparison of early stationary
phase (Sta) transcriptomes during growth on glucose (Glc) or a-chitin (B) Comparison of
early stationary phase and exponential phase (Exp) transcriptomes during growth on o -chitin.
This volcano plot shows the logx(fold change) plotted against the -logio(p-value) of all
expressed genes in C. japonicus and each gray circle represents the expression of a gene. The

black dashed lines indicate the significance cut-

change)>1.
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Figure S6. Structural models of the catalytic domains of the four C. japonicus GH18
chitinases. (A); CjChil8A, (B); CjChil8B, (C); CjChil8C, (D); CjChil8D. Aromatic
residues known to be important for processivity in other chitinases are shown in orange. The
catalytic Glu is shown in blue, while the proposed a+f3 domain is colored pink. The models
of the catalytic domains of the C. japonicus chitinases were build using PyMod 2.0 (1). For
the CjChil8A model a chitinase from Paenibacillus sp. str. FPU-7 was used as template [35
% sequence identity, PDB 5GZU (2)]. A chitinase from Chromobacterium violaceum (42 %
sequence identity, PDB 4TXG) was used as template for CjChi18B. Modeling of CjChiC ws
based on another chitinase from Chromobacterium violaceum (60 % sequence identity, PDB
4TX8). For the CjChiD model, a Streptomyces thermoviolaceus chitinase (64 % sequence id,
PDB 4W5U) was used as template.
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Figure S7. Sequence alignment. The catalytic domains of four C. japonicus chitinases are

aligned with the catalytic domains of three well-characterized chitinases from S. marcescens.

Fully conserved residues are shown with green background, and a blue star indicates the

catalytic Glu acting as the catalytic acid/base. Trp residues in SmChiA and SmChiB known to

be important for processivity (3-5) are shown with a red background, and aligned Trp residues

in C. japonicus chitinases are shown on orange background.
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106  Table S1A. Growth of C. japonicus strains grown in MOPS defined media
107  supplemented with a-chitin?

108
Strain Growth Rate Lag time Max ODeoo
(gen hrt) (hrs)
Wild Type® 0.051+0.009 17.5 1.14+0.14
Agsp N/A N/A 0.02+0.001
Achi18A° 0.059+0.016 175 1.20+0.21
Achi18B’ 0.050+0.012 41 0.8440.09
Achi18C* 0.058+0.009 49 1.08+0.16
Achil8D N/A N/A 0.002+0.001
Achil8A Achi18B° 0.046+0.008 175 0.88+0.05
Achil18A Achil8C° 0.047+0.002 41 1.41+0.43
Achi18B Achi18C' 0.032+0.007 41 0.50+0.06
Achi18A Achi18B Achi18C? 0.022 +0.004 41 0.51+0.001
109

N/A = not available

& Experiments were performed in biological triplicates; the Table shows average values and
standard deviations

b Time points used to calculate growth rate were Ti=24 and T+=66

¢ Time points used to calculate growth rate were Ti=41 and T=66

d Time points used to calculate growth rate were Ti=41 and T¢=72

¢ Time points used to calculate growth rate were Ti=41 and T=96

" Time points used to calculate growth rate were Ti=41 and T=137

9 Time points used to calculate growth rate were Ti=96 and Tr=120
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Table S1B. Growth of C. japonicus strains grown in MOPS defined media

supplemented with crab shell?

Strain Growth Rate Lag time Max ODeoo
(gen hr?) (hrs)

Wild Type® 0.011+0.001 25 0.707+0.011
Agsp N/A N/A 0.011+0.004
Achi18A° 0.009+0.0009 25 0.480+0.104
Achi18B¢ 0.0134+0.004 25 0.514+0.051
Achi18C* 0.011+0.002 25 0.612+0.072
Achi18D N/A N/A 0.014+0.008
Achi18A Achi18B® 0.012+0.002 25 0.539+0.153
Achi18A Achi18CP 0.023+0.018 25 0.732+0.182
Achi18B Achi18C® 0.013+0.011 25 0.342+0.101
Achil8A Achil8B Achi18C¢ 0.025+0.008 25 0.485+0.236

N/A = not available

& Experiments were performed in biological triplicates; the Table shows average values and

standard deviations

b Time points used to calculate growth rate were Ti=53 and T+=125
¢ Time points used to calculate growth rate were Ti=53 and Tt=148
d Time points used to calculate growth rate were Ti=53 and T+=103
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114  Table S2. Quantification of the zone of clearance generated by various C. japonicus
115  strains grown on colloidal chitin plates?

116
Strain Zone of Clearance
(cm?)
Wild Type 1.77+0.08
Agsp N/A
Achil8A 1.93+0.14
Achil8B 1.61+0.13
Achi18C 1.5440.22
Achil8D N/A
Achil8A Achil8B 1.54+0.00
Achil8A Achil8C 1.47+0.12
Achil8B Achil8C 0.89+0.10
Achil8A Achil8B Achil8C 0.92+0.10
117

N/A = Not available
& Experiments were performed in biological triplicates; the Table shows average values and
standard deviations
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Table S3A. Up-regulated putative CAZyme-encoding genes during exponential growth on a-
chitin compared to glucose?

Substrate CAZy Fold p- Putative activity Locus ID®
nameP® change value?
C
Chitin Ipmol0A  6.72 5.59 Lytic polyssaccharide  CJA_2191
MOono-0xygenase

Chitin chil8D 6.66 6.26 Chitinase CJA 2611
Chitin chil8C 5.13 4.58 Chitinase CJA_2993
Chitin hex20B 4.14 4.56 Hexosaminidase CJA 0287
Chitin chil8A 3.95 3.38 Chitinase CJA_ 1182
Chitin chil8B 3.60 2.45 Chitinase CJA_0988
Chitin nag9A 3.47 3.36 Deacetylase CJA 1163
Arabinan abf43L 3.40 6.00 a-Arabinofuranidase CJA_0806
Starch amy13A 3.31 2.48 a-Amylase CJA 2618
Arabinan abf43M 3.02 3.23 a-Arabinofuranidase CJA 0819
Transglycosylase Imt23D 2.94 5.20 Transglycosylase CJA_2884
Pectin bgl2C 2.87 451 B-Galactosidase CJA 2610
Arabinan gly43D 2.77 2.05 a-Arabinofuranidase CJA_0818
Arabinan gly43C 2.73 3.61 a-Arabinofuranidase CJA 0816
Cellulose chp2E 2.73 2.79 Predicted redox CJA 2615
Chitin hex20A 2.69 4.08 Hexosaminidase CJA 0350
Carbohydrate cbp6B 2.67 2.80 Carbohydrate binding CJA 0276
binding protein protein

Xylan abf62A 2.61 3.22 a-Arabinofuranidase CJA_3281
Chitin csn46F 2.57 2.67 Chitosanase CJA 2611
Pectin pga28A 2.56 3.73 Polygalacturonase CJA 0172
Cellulose cbp2D 2.55 2.20 Predicted redox CJA 2616
B-Glucan ebg98 2.55 3.52 Endogalactosidase CJA 3286
Arabinan arb43A 2.47 2.47 a-Arabinofuranidase CJA_0805
Glycosyl gt5B 2.34 2.13 Glycosyl transferase CJA_3255
transferase

Starch pull3B 2.32 3.21 Pullanase CJA_3161
Xylan xynllB 2.29 2.62 Endoxylanase CJA_3762
Chitin chil9A 2.20 2.02 Chitinase CJA_0996
Starch agd31A 2.18 3.07 a-Glucosidase CJA_3248
Xyloglucan gly74A 2.14 4.07 Endoxyloglucanase CJA_2477
Carbohydrate cbp6A 2.04 2.32 Carbohydrate biding CJA 1191
biding protein protein

Starch glal5 2.01 4.23 a-Glucosidase CJA_0731

2 RNAseq sampling experiments were performed in biological triplicates
b Names as described in DeBoy et al. (6) following the recommendations of Henrissat (7)

¢ log, of the fold change of the gene expression when grown in a- chitin versus glucose

d The adjusted -logio(p-value) was calculated using ArrayStar software. An adjusted p-value
< 0.01 was selected as the significance cut-off value.

¢ Locus IDs from DeBoy et al. (6)
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Glycosyl transferase

Pectate lyase
a-Amylase

Pectate lyase
Pectate lyase
Glycosyl transferase

Deacetylase

Carbohydrate biding
protein
a-glucosidase
B-Galactosidase
Carbohydrate biding
protein
Transglycosylase
Cellulase
Cellobiohydrolase
a-Amylase
Transglycosylase

CJA_2869

CIA_2769
CJA_3066
CJA_2887
CJA_0799
CIA_2471
CIJA_2770
CJA_3279
CJA_0732
CJA_1882
CJA_0246
CJA_0398
CJA_3139

CJA_3763
CJA_1883
CJA_2480
CJA_ 3428

CJA_1497
CJA_3280
CJA_0496
CJA_1886

CJA_0491
CJA_2160
CJA_0772

CJIA_3411

CJA_3120
CJA_1522
CJA_2040
CJA_2413
CJA_3410

CJA_3408
CJA_0020

CJA 0257
CJA_2707
CJA_0007

CJA_1885
CJA_0374
CJA 2473
CJA_0398
CJA 2053
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Cellulose cel5D 1.02 3.08 Cellulase CJA_3010
Starch amy13D 1.01 3.28 a-Amylase CJA_0737

121



122  Table S3B. Up-regulated putative CAZyme-encoding genes during early stationary growth on
123 a-chitin compared to glucose?
124
Substrate CAZy Fold p- Putative activity Locus ID®
name® change® value®
Chitin Ipmol10A 10.59 4.29 Lytic CJA 2191
polyssaccharide
MOono-0xygenase
Chitin chil8D 5.77 3.01 Chitinase CJA 2611
Chitin chil8C 4.78 2.53 Chitinase CJA 2993
Arabinan abf43L 4.45 2.50 a-Arabinofuranidase CJA_0806
Chitin chil8B 3.68 3.81 Chitinase CJA 0988
Pectin pel3B 3.64 2.63 Pectate lyase CJA 2413
Starch amy13A 3.31 2.59 o-Amylase CJA 2618
Xylan axe2C 3.02 2.35 Acetylxylan esterase CJA_0450
Arabinan gly43C 2.84 3.05 o-Arabinofuranidase CJA 0816
B-Glucans ebg98 2.76 3.98 Endogalactosidase CJA 3286
Arabinan gly43D 2.73 2.45 o-Arabinofuranidase CJA_0818
Glycosyl gtoB 2.66 2.40 Glycosyl CJA 1369
Transferase Transferase
Chitin nag9A 2.58 3.06 Deacetylase CJA 1163
Pectin bgl2C 2.56 2.30 pB-Galactosidase CJA 2610
Glycosyl gt5B 2.53 2.22 Glycosyl CJA 3255
Transferase Transferase
Starch amy13H 2.50 3.17 a-Amylase CJA_3247
Starch cgtl3B 2.47 3.39 Glucanotransferase =~ CJA_3263
Transglycosylase Imt23D 2.47 2.95 Transglycosylase CJA 2884
Pectin pme8C 2.43 2.09 Pectinesterase CJA 0181
Starch agd31A 2.35 3.29 a-Glucosidase CJA_3248
Xylan cpb35A 2.34 2.15 Carbohydrate CJA_0020
binding protein
B-Glucan Cgs94A 2.32 2.37  Glucan synthetase CJA 0849
Pectin pme8A 2.31 2.59 Pectin CJA 0041
methylesterase
B-Glucan glul6A 2.25 2.21 B-Glucanase CJA _0225
Arabinan gly43G 2.23 2.19 o-Arabinofuranidase CJA_3070
Arabinan abf43M 2.23 2.42 o-Arabinofuranidase CJA_0819
Arabinan gly43J 2.21 2.03 o-Arabinofuranidase CJA_3067
Mannan man5C 2.14 3.54 Endomannanase CJA 3470
Chitin hex20A 2.12 2.80 Hexosaminidase CJA 0350
Chitin chil9A 2.04 2.65 Chitinase CJA 0996

Monge, Tuveng, Vaaje-Kolstad, Eijsink, & Gardner
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2 RNAseq sampling experiments were performed in biological triplicate
b Names as described in DeBoy et al. (6) following the recommendations of Henrissat (7)
¢ log, of the fold change of the gene expression when grown in a- chitin versus glucose

d The adjusted -logio(p-value) was calculated using ArrayStar software. An adjusted p-value
< 0.001 was selected as the significance cut-off value.
¢ Locus IDs from DeBoy et al. (6)


http://string-db.org/newstring_cgi/show_network_section.pl?identifier=498211.CJA_0450
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Arabinan afc95A 2.03 2.01 o-fucosidase CJA 2710
Arabinan abf51A 1.98 2.85 a-fucosidase CJA_2769
Pectin pel10B 1.98 2.18 Pectate lyase CJA 2040
Pectin pellD 1.97 2.31 Pectate lyase CJA 2040
Polysaccharide pda4C 1.91 4.06 Deacetylase CJA 3428
deacetylase

Cellulose cel5D 1.89 2.73 Cellulase CJA 3010
Xylan abf62A 1.86 2.46 o-Arabinofuranidase CJA 3281
Cellulose cbp2D 1.86 3.40 Predicted redox CJA 2616
Xylan gla67A 1.85 2.84 a-Glucuronidase CJA_2887
Xylan cbp35B 1.83 2.71 Carbohydrate CJA 0559

binding protein

Pectin bgl35A 1.74 2.20 B-Galactosidase CJA 2707
Cellulose cel6A 1.61 2.66 Cellulase CJA 2473
Starch amy13B 1.46 3.29 o-Amylase CJA 1522
Mannan man5D 1.36 2.15 Endomannanase CJA_0244
Mannan man5B 1.25 2.48 Endomannanase CJA 2475
Carbohydrate cbp35C 1.09 2.32 Carbohydrate CJA 0494
Biding Protein binding protein

Cellulose cel3B 1.04 2.71  B-Glucosidase CJA 1497

125
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126  Table S4. Product ratios after degradation of a-chitin and (GIcNAC)s .
127

Chitinase Chitin degr. (GIcNAC)s degr.
(GIcNAC)2/GIcNAc ratio, 12h  (GIcNAC)2/(GIcNAC)4 ratio, 2
min
CjChil8Aca 0.2+ 0.002 1.8 £0.048
CjChil8Bcat 7.0 £ 0.409 13.4 £ 0.692
CjChil8Ccat 7.3+0.148 1.5+ 0.067
CjChil8Dcat 2.8+0.031 1.1 £0.048
CjChil8Bcat+cams 19.1 £ 0.034 N/A
CjChil8Dcat+cBMm5 3.4+0.109 N/A

128  N/A=not available
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130
Strains, plasmid or Genotype Source or Reference
primer

Strains

E. coli DH5a A-®80dlacZAM15 A(lacZYA-argF)U169  Laboratory collection
recAl endAl hsdR17(rk-mK) supE44 thi-
lgyrArelAl

E. coli S17 Apir Tpr Smr recA thi pro hsdR hsdM+ RP4-2-  Laboratory collection

TC::Mu::Km Tn7 Apri

C. japonicus Ueda 107 Wild Type Laboratory collection
C. japonicus Agsp Ueda 107 Agsp (8
C. japonicus Achil8A Ueda 107 Achil8A? This study
C. japonicus Achil8B Ueda 107 Achi18B" This study
C. japonicus Achil8C Ueda 107 Achil8C* This study
C. japonicus Achil8D Ueda 107 Achi18D® This study
C. japonicus Ueda 107 Achil8AAchil8B This study
Achil8AAchil8B
C. japonicus Ueda 107 Achil8AAchil8C This study
Achil8AAchil8C
C. japonicus Ueda 107 Achil8BAchil8C This study
Achil8BAchil8C
C. japonicus Ueda 107 Achil8AAchil8BAchil8C This study
Achil8AAchi18BAchil8C
Plasmids
pK2013 ColE1 RK2-Mob* RK2-Tra*; Km' 9)
pK18mobsacB pMB1 ori mob* sacB*; Km' (10)
pK18/Achil8A Contains 500bp upstream and downstream  This study
of chil18A cloned into pK18mobsacB; Km'
pK18/Achil8B Contains 500bp upstream and downstream  This study
of chil18B cloned into pK18mobsacB; Km'
pK18/Achil8C Contains 500bp upstream and downstream  This study
of chil8C cloned into pK18mobsacB; Km'
pK18/Achil8D Contains 1000bp upstream and This study
downstream of chil8D cloned into
pK18mobsacB; Km'
Primer
(5") to amplify 750 bp ~ GCTATGACATGATTACGGGTGGTTA  This study
upstream of chil8D TACGCGTAATAACCTTC
(3") to amplify 750 bp GAATTAGCGTTTCATAGTGTTTTCCT  This study
upstream of chi1l8D CAACGTTTTTATATAAATACG
(5") to amplify 750 bp  CACTATGAAACGCTAATTCATGATT  This study

downstream of chil8D

ACCGGAAGC

2 BioCyc accession number CJA_1182
b BioCyc accession number CJA 0988
¢ BioCyc accession number CJA_2993
d BioCyc accession number CJA_2611
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(3") to amplify 750 bp

downstream of chil8D
Achil8A_CONF_ (5)

Achil8A _CONF_ (3"

Achil8B_CONF_ (5"

Achil8B_CONF_ (3"

Achil8C_CONF_ (5"

Achil8C CONF_(3°)
Achil8D_CONF_ (5"

Achil8D _CONF_ (3)

chil8A INT_(5)

chil8A INT_(3)
chi18B INT_(5')
chi18B INT_(3))
chi18C INT_(5")
chi18C INT_(3")
chi18D INT_(5)

chi18D INT_(3)

GCCTGCAGGTCGACTGGTGATATCG
ATATAGCTGGCGTTG
ATCATGGGCAGCTTTC
AGCAGGAGCCTGGTA
CAATTGGAAATTGGTAATC
ATATAGTCACGCCCTATTTTG
AAGGGCATCTGGTTATT
GTATTTCTATCTGCGTTCAC
CTGATTGTCCCCTATCTGC
ATTTCCCAGCGATTGTTAC
GGTGGTTCTAGAGCTTGTATCAGTG
CG
GGTGGTGAATTCCAAGCATCCTTCA
CATC
GGTGGTGAATTCGCTATGTGGCGTT
GA
GGTGGTTCTAGACTATGTCGTGCCA
AATA
GGTGGTAAGCTTAGTTTGGGACAAC
TG
GGTGGTTCTAGATGGAGTTATTCAG
CG
GGTGGTAAGCTTCGACATCCTCTGT
TG
GGTGGTTCTAGAATAGGCATCACCA
ATA

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
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Table S6. Name and description of expressed and characterized versions of the C.

japonicus GH18 chitinases.

Name

Description

CjChil8Aca
CjChil8Bcat+cBMms

CJ Ch | 18 Bcat
CjChil8Cca
CjChil8Dcat+cBMmSs

CJCh|18Dcat

Chil8A catalytic domain (residues 87-432 of totally 432)
Chi18B catalytic domain + CBM5 domain (residues 151-
890 of totally 890)

Chi18B catalytic domain (residues 151-808 of totally
890)

Chi18C catalytic domain (residues 218-537 of totally
537)

Chil8D CBMS5 + catalytic domain (residues 119-588 of
totally 588)

Chi18D catalytic domain (residues 222-588 of totally
588)
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142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

171
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The chitinolytic machinery of Serratia marcescens BJL200 has been studied in detail over the last couple of de-
cades, however, the proteome secreted by this Gram-negative bacterium during growth on chitin has not been
studied in depth. In addition, the genome of this most studied chitinolytic Serratia strain has until now, not
been sequenced. We report a draft genome sequence for S. marcescens BJL200. Using label-free quantification
(LFQ) proteomics and a recently developed plate-method for assessing secretomes during growth on solid sub-
strates, we find that, as expected, the chitin-active enzymes (ChiA, B, C,and CBP21) are produced in high amounts

gﬁggg;ﬁis when the bacterium grows on chitin. Other proteins produced in high amounts after bacterial growth on chitin
Chitinases provide interesting targets for further exploration of the proteins involved in degradation of chitin-rich bio-
Serratia marcescens masses. The genome encodes a fourth chitinase (ChiD), which is produced in low amounts during growth on chi-
Secretome tin. Studies of chitin degradation with mixtures of recombinantly produced chitin-degrading enzymes showed

Biomass degradation that ChiD does not contribute to the overall efficiency of the process. ChiD is capable of converting N,N’-diacetyl
chitobiose to N-acetyl glucosamine, but is less efficient than another enzyme produced for this purpose, the

Chitobiase. Thus, the role of ChiD in chitin degradation, if any, remains unclear.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Chitin, found in crustaceans, insects, and fungal cell walls, is often
considered as the second most abundant biopolymer in nature, after
cellulose. The shells of crustaceans consist, in addition to chitin, of calci-
um carbonate and protein. The extraction of chitin from these resources
is today done by use of harsh, environmentally unfriendly chemicals,
and further processing of the chitin, e.g. to make chitosan, also involves
such chemicals [1,2]. It is therefore desirable to make this process more
environmental friendly, for instance by use of enzymes. Many microor-
ganisms are known to degrade chitin and by studying the proteins se-
creted by an organism growing on chitin, a better understanding of
the enzymatic degradation of chitin-rich biomasses can be obtained.

The chitinolytic machinery of Serratia marcescens BJL200, a Gram-
negative soil bacterium, is well studied [3-5]. It is already known that,
during growth on chitin, this bacterium produces three chitinases
(ChiA, ChiB, ChiC), belonging to glycosyl hydrolase (GH) family 18, a
lytic polysaccharide monooxygenase (LPMO), belonging to auxiliary ac-
tivity (AA) family 10, named CBP21, and a P-hexosaminidase
(Chitobiase), belonging to the GH20 family [6-11]. The latter enzyme

Abbreviations: CAZymes, carbohydrate active enzymes; GH, glycosyl hydrolase; LPMO,
Iytic polysaccharide monooxygenase; LFQ, label free quantification.
* Corresponding author.
E-mail address: vincent.eijsink@nmbu.no (V.GH. Eijsink).

http://dx.doi.org/10.1016/j.bbapap.2017.01.007
1570-9639/© 2017 Elsevier B.V. All rights reserved.

is located in the periplasm and converts N,N’-diacetyl chitobiose, the
primary product of the chitinases, into N-acetyl glucosamine for further
utilization by the cell [12]. ChiA, ChiB and ChiC are known to be secreted
by S. marcescens, but ChiB and ChiC do not harbor a conventional sec-
signal peptide [6,10,13]. Both ChiB and ChiC are known to be located
in the periplasm before export to the extracellular space [6,13], possibly
through a Type 2 secretion system commonly found in Gram-negative
bacteria [14,15]. However, Hamilton et al. [13] showed that S.
marcescens Db10/Db11 lacks a typical Type 2 secretion system, and
demonstrated that a holin-like protein (ChiW) and an endopeptidase
(ChiX) are essential for secretion of chitinolytic enzymes. In addition,
a LysR-type transcription regulator (ChiR) is essential for production
of the chitinolytic machinery of S. marcescens 2170 [16]. The chiR,
chiW and chiX genes are located in the same region as the chiB and
cbp21 genes on the chromosome of S. marcescens Db10/Db11 [13].

The genome of S. marcescens BJL200 likely encodes at least one more
GH18 chitinase (ChiD), since this enzyme is encoded in the genomes of
other members of the Serratia genus [17,18]. Chitinase D from Serratia
proteamaculans (SpChiD) has been characterized in detail and displays
both hydrolytic and transglycolytic activities [17,19-21], whereas, sim-
ilar properties have recently been described for a chitinase from S.
marcescens GPS5 [18]. However, a quantitative characterization of
ChiD activity has not been described and little is known about how
the activity of ChiD relates to the activity of the other chitinolytic en-
zymes. To obtain more insight into chitin degradation by S. marcescens,
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and potentially discover additional proteins involved in chitin conver-
sion, we have carried out a quantitative proteomics study of the
secretome of S. marcescens BJL200 during growth on chitin. Identified
proteins were mapped on the draft genome sequence of the bacterium
which was determined as part of this work. The genome indeed
contained a chiD gene, and the proteomic data showed that the ChiD
protein is much less abundant during growth on chitin compared to
the other chitinases and CBP21. We have therefore performed an in-
depth characterization of ChiD to investigate its possible role in chitin
degradation by S. marcescens.

2. Materials and methods
2.1. DNA extraction

DNA extraction was done essentially as described by Rosewarne et
al. [22], with minor modifications. Quantification of DNA was done
using the Qubit™ fluorometer and the Quant-iT™ dsDNA BR Assay Kit
(Invitrogen, CA, USA), before sequencing.

2.2. Genome sequencing and annotations

[llumina MiSeq sequencing was performed at the Norwegian Se-
quencing Centre (Oslo, Norway), using TruSeq sample preparation
and a 2 x 300 paired-end sequencing kit (Illumina, CA, USA). Low
quality base calls (Phred quality score < 20) and short sequences
(length < 20 bp) were trimmed using Sickle PE [23], and the se-
quences were de novo assembled using IDBA UD [24]. Paired-end
reads files were merged prior to assembly using the fq2fa program
implemented the IDBA package. Annotation of the contigs was
done using Rapid Annotation Subsystem Technology version 2.0
(RAST, http://rast.nmpdr.org/) [25-27]. The raw sequencing data
has been uploaded to the NCBI Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/SRA/) under accession number SRP076778.
This Whole Genome Shotgun project has been deposited at DDBJ/
ENA/GenBank under the accession MSEC00000000. The version de-
scribed in this paper is version MSEC01000000.

The subcellular location of proteins was predicted using the LipoP 1.0
server (http://www.cbs.dtu.dk/services/LipoP/) [28], and the PRED-TAT
software (http://www.compgen.org/tools/PRED-TAT/) [29]. Proteins
annotated as cytosolic (CYT) by the LipoP server were further analyzed
using the SecretomeP 2.0 server (http://www.cbs.dtu.dk/services/
SecretomeP/) [31] to detect possible non-classical secretion. We consid-
ered proteins with a SecretomeP score of 0.5 or higher as secreted in a
non-classical (NC) fashion. Annotation of carbohydrate active enzymes
(CAZymes) according to the CAZy database (http://www.cazy.org/
Citing-CAZy.html) [11] was done using dbCAN (http://csbl.bmb.uga.
edu/dbCAN/index.php) [30] with hidden Markov models version 3.0.

2.3. Proteomics

S. marcescens BJL200 was grown on agarose (1%) plates with 1% wt/
vol a-chitin (extracted from Pandalus borealis, Seagarden, Husgyvegen
278, Karmsund Fiskerihavn, 4262 Avaldsnes, Norway), 1% wt/vol 3-chi-
tin (extracted form squid pen, Batch 20140101, France Chitin, Chemin
de Porte Claire, F-84100 Orange, France), or 0.2% wt/vol glucose (VWR
International) as sole carbon source in M9 minimal medium. The M9
minimal medium was supplemented with 1 mM MgS0,4 and 0.1 mM
CaCl,. The plates were prepared essentially as described by Tuveng et
al. [31], using a sterile Grade QM-A Quartz Filter, circle, 47 mm (GE
Healthcare Life Sciences, Oslo, Norway). The plates comprise two layers
of identically composed solid medium; the filter is located between the
two layers and separates cells (growing on the top of the plate) from the
bottom of the plate, where protein samples were collected [32]. Glass
petri dishes with a diameter of 80 mm were used and the incubation
temperature for bacterial growth was 30 °C.

Secretomes from cells grown on plates were collected at different
time points using biological triplicates for each time point. Samples
were prepared as described by Bengtsson et al. [32] with the exception
that trypsinated samples were dried under vacuum (Concentrator plus,
Eppendorf, Denmark) to concentrate the samples, and dissolved in 0.1%
(vol/vol) trifluoro acetic acid (TFA), before purification of peptides using
ZipTip C18 pipette tips (Merck Millipore, Cork, Ireland). To produce
samples for analysis of intracellular proteins, we collected cells by scrap-
ing them off the plates and suspending them in lysis buffer (50 mM Tris,
0.1% triton X-100, 200 mM NaCl, 1 mM DTT, pH 7.1). Glass beads (acid
washed, <106 um, Sigma, Oslo, Norway) were then added and the
cells were disrupted using a FastPrep-24 (MP Biomedicals, CA, USA)
for 3 x 1 min, followed by centrifugation. Proteins in the supernatant
were precipitated by adding trichloro acetic acid (TCA) to a final con-
centration of 16% (vol/vol). After collecting the precipitated proteins
by centrifugation at 15,000 x g, the proteins were dissolved in SDS-buff-
er and loaded onto a SDS-PAGE gel for standard electrophoretic separa-
tion. In-gel digestion was performed essentially as described by
Shevchenko et al. [33] and peptides were purified using ZipTips. All pep-
tide samples were dried under vacuum, dissolved in 10 pl 2% (vol/vol)
acetonitrile (ACN), 0.1% (vol/vol) TFA, and analyzed by LC-MS/MS.

2.4. Mass spectrometry

Mass spectrometry analysis of peptides was done essentially as de-
scribed by Tuveng et al. [31]. In brief, peptides were analyzed using
two technical replicates for each biological replicate or one technical
replicate for the cell lysis samples. The system used was a nanoHPLC-
MS/MS system consisting of a Dionex Ultimate 3000 RSLCnano (Thermo
Scientific, Bremen, Germany) connected to a Q-Exactive hybrid quadru-
pole-orbitrap mass spectrometer (Thermo Scientific, Bremen, Germa-
ny), equipped with a nano-electrospray ion source. Samples were
loaded onto a trap column (Acclaim PepMap100, Cyg, 5 um, 100 A,
300 pm i.d. x 5 mm, Thermo Scientific, Bremen, Germany) and back-
flushed onto an analytical column (Acclaim PepMap RSLC Cyg, 2 pm,
100 A, 75 pm i.d., Thermo Scientific, Bremen, Germany). In order to iso-
late and fragment the 10 most intense peptide precursor ions at any
given time throughout the chromatographic elution, the mass spec-
trometer was operated in data-dependent mode to switch automatical-
ly between orbitrap-MS and higher-energy collisional dissociation
(HCD) orbitrap-MS/MS acquisition. The selected precursor ions were
then excluded for repeated fragmentation for 20 s. The resolution was
set to R = 70,000 and R = 35,000 for MS and MS/MS, respectively. For
optimal acquisition of MS/MS spectra, automatic gain control (AGC) tar-
get values were set to 50,000 charges and a maximum time of 128
milliseconds.

2.5. Data analysis

MS raw files were analyzed using MaxQuant version 1.4.1.2 [34,35],
and proteins were identified and quantified using the MaxLFQ algo-
rithm [36]. Technical replicates, i.e. HPLC re-injections, were combined
during MaxQuant analysis. The data were searched against a custom da-
tabase of the predicted proteome of S. marcescens BJL200 (5202 protein
sequences), supplemented with common contaminants such as kera-
tins, trypsin and BSA. In addition, reversed sequences of all protein en-
tries were concatenated in order to estimate the false discovery rate
(FDR). The tolerance levels for matching to the database were 6 ppm
for MS, 20 ppm for MS/MS. Trypsin was used as digestion enzyme,
and two missed cleavages were allowed. N-terminal acetylation, oxida-
tion of methionine, conversion of glutamine to pyro glutamic acid, and
deamidation of asparagine and glutamine were set as variable modifica-
tions (carbamidomethylation of cysteine residues was set as fixed mod-
ification in analysis of cell lysis samples). The ‘match between runs’
feature of MaxQuant was enabled with default parameters, in order to
transfer identifications between samples based on accurate mass and
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retention time [36]. The settings allowed only transfer of peptides be-
tween samples from the same carbon source. All identifications were fil-
tered to achieve a 1% FDR. The results were further processed using
Perseus version 1.5.5.3 as described previously by Tuveng et al. [31]. In
brief, after log10 transformation of LFQ values, missing values were im-
puted from a normal distribution (width of 0.2 and downshifted 1.9
standard deviations from the original distribution) in total matrix
mode. A protein was considered present if it was identified in at least
two of three biological replicates in at least one time point on at least
one substrate.

2.6. Cloning and expression of ChiD

Genomic DNA from S. marcescens BJL200 was extracted from an
overnight culture by boiling and centrifugation. Amplification of the
chiD gene was done by PCR, using the following primers; forward 5’-
TTAAGAAGGAGATATACTATGATGAAAATAACCCGAAAACTG-3’ and re-
verse 5-AATGGTGGTGATGATGGTGCGCCCGTTTCTCGCCTTTTATTCCC-
3’. The amplified gene, encoding full-length ChiD including its signal
peptide, was subsequently cloned into a pNIC-CH vector [37] using liga-
tion-independent cloning. The pNIC-CH vector containing a gene
encoding ChiD with a C-terminal 6x-His tag was then transformed
into Escherichia coli BL21 and positive transformants were selected on
LB-plates containing kanamycin and 5% (wt/vol) sucrose. For expres-
sion, a pre-culture was made by inoculating 5 ml LB medium supple-
mented with kanamycin. The pre-culture was then used to inoculate
0.5 L TB-medium supplemented with kanamycin and Antifoam 204
(Sigma-Aldrich, Oslo, Norway), followed by incubation at 37 °Cin a Har-
binger system (LEX-48 Bioreactor, Harbinger biotech, Markham, Cana-
da). At ODggp =~ 0.6, the culture was induced with IPTG (final
concentration 0.2 mM) and grown over night at 30 °C before harvesting
cells by centrifugation. Exported ChiD was isolated from the periplasm.
To prepare periplasmic extracts, the cells were resuspended in 50 ml
ice-cold spheroplast buffer (0.5 mM EDTA, 0.1 M Tris HCL pH 8, 17.1%
(wt/vol) sucrose, 0.125 mM PMSF). Cells were pelleted by centrifuga-
tion (8000 rpm, 10 min at 4 °C), before warming the pellet to room tem-
perature. After resuspending the pellet in 42 ml ice-cold dH,0 and
addition of 2.1 ml 20 mM MgCl,, the cells were incubated on ice for
45 s and then the cells were pelleted by centrifugation as above. The su-
pernatant, i.e. the periplasmic extract, was filtered (0.45 um) and the
buffer was exchanged to 20 mM Tris-HCl, 150 mM NaCl and 10 mM im-
idazole, pH 8.0, using Amicon Ultra-15 centrifugal filters with 10,000
NMWL (Merck Millipore, Cork, Ireland). The protein was purified by
nickel affinity chromatography on a HisTrap HP 5 ml column (GE
Healthcare Life Sciences, Oslo, Norway) connected to an Akta pure sys-
tem (GE Healthcare Life Sciences, Oslo, Norway). A stepwise imidazole
gradient ending at 300 mM imidazole was used to elute bound protein.
After checking protein purity by SDS-PAGE the buffer was exchanged to
20 mM Tris-HCl, 100 mM NaCl, pH 8.0, and the protein was concentrat-
ed using Amicon Ultra-15 centrifugal filters. The protein concentration
was measured using the Bradford micro assay supplied by Bio-Rad
(CA, USA).

2.7. Enzymatic assays

Standard reactions contained 15 g/l a-chitin, 15 g/1 3-chitin, or dif-
ferent concentrations of N,N’-diacetyl chitobiose as substrate, in
20 mM BisTris pH 6.0. Purified ChiD was obtained as described above,
whereas all other enzymes were recombinantly produced and purified
in-house, using previously published methods [6,7,10,38]. For activity
assays with multiple enzymes, the total enzyme concentration was
1 pM. In the experiments for Michaelis-Menten kinetics the enzyme
concentrations were 1 uM and 0.2 nM for ChiD and Chitobiase, respec-
tively and in this case, the reaction mixtures contained 0.1 mg/ml BSA.
Reactions were incubated in a thermomixer at 40 °C, 800 rpm and deg-
radation products were analyzed using a Rezex RFQ-Fast Acid H+ (8%)

Table 1

Genome sequencing. The table shows the genomic size (base pairs), the GC content, the
number of contigs, the number of predicted coding sequences (CDSs), and predicted
CAZymes in the genome of S. marcescens BJL200. The predicted subcellular location of pro-
teins is also provided, in absolute numbers and percentage of the total (in parenthesis).
Abbreviations of subcellular locations; Spl, signal peptidase I cleavage site; Spll, signal pep-
tidase Il cleavage site; NC, non-classically secreted; TAT, twin arginine signal peptide; CYT,
cytosolic; TMH, trans membrane helix; TS, total secreted (sum of Spl, Spll, TAT and NC).

Genome Subcellular location

Genome size (bp) 5,850,214 Spl 499 (9.6%)

GC content (%) 59.02 Spll 113 (2.2%)

Contigs 1632 TAT 46 (0.9%)

CDSs 5198 NC 446 (8.6%)

CAZymes 160 CYT 3364 (64.7%)
TMH 734 (14.1%)
TS 1104 (21%)

ion-exclusion column (Phenomenex, CA, USA) installed on a Dionex Ul-
timate 3000 HPLC with UV-detection, as previously described by Hamre
etal [39].

2.8. Deglycosylation of RNaseB

20 pg RNaseB [New England Biolab (NEB), MA, USA| was denatured
by a 10 min incubation at 100 °C in 1 pl 10x Glycoprotein denaturing
buffer (NEB, MA, USA) and 9 pl dH,0. Subsequently, 2 pl 10x
Glycobuffer 3 (NEB, MA, USA), dH,0 and the desired enzyme [PNGaseF
(NEB, MA, USA), Endo H (NEB, MA, USA) or ChiD] were added to reach a
total reaction volume of 20 pl. Incubation of the reaction mixture at
37 °C for 1 h was followed by SDS-PAGE analysis. The gel was stained
with Coomassie Brilliant Blue R250 (BioRad, CA, USA) to visualize pro-
tein bands.

3. Results and discussion
3.1. Draft genome of S. marcescens BJL200

The draft genome of S. marcescens BJL200 was obtained by Illumina
MiSeq sequencing, resulting in 9,761,690 paired end sequences, and an-
notated using RAST 2.0 [25] (Table 1). The genomic size (5.85 Mb), and
hence the number of CDSs, are slightly higher than for other S.
marcescens genomes, whose usual size is in the range of 4.9 to 5.2 Mb
[40].

The identified CDSs were translated into protein sequences, before
further annotation in terms of the putative location of the gene
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Fig. 1. Prediction of subcellular locations. Proteins identified in the secretomes during
growth on different carbon sources are categorized by predicted subcellular location:
CYT, cytosolic; TMH, trans membrane helix; Spl, signal peptidase I cleavage site; Spll,
signal peptidase II cleavage site; NC, non-classically secreted; TAT, twin arginine signal
peptide; TS, total secreted (summing up the categories in the grey box). The bars
represent the average of three biological replicates for time points indicated in the main
text, with standard deviation. Average of total numbers of proteins per category is
indicated in the figure. The average total numbers of identified proteins were 138 &4 5,
152 + 7, and 100 =+ 3 for a-chitin, B-chitin and glucose, respectively.
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Fig. 2. Heat map for secreted proteins. The figure shows a heat map for the abundance of the 103 proteins in the secretome samples predicted to be secreted, for the selected time points
(see text for details). Three biological replicates are shown for each substrate. Missing values were replaced by imputation as described in the Materials and methods section. The putative
names of the proteins, together with their CAZy and LipoP annotations are shown. The colors in the heat map indicate protein abundance, ranging from high [pink color, 10.0 (log10 of

MaxLFQ)) to low abundance (yellow color, 5.3 (log10 of MaxLFQ)].

products, as described in materials and methods. A detailed inspection
of the genome did not reveal any genes coding for typical elements of
a Type 2 secretion system, indicating that S. marcescens BJL200 does
not harbor this system, similar to S. marcescens Db10/Db11. The chiB
and cpb21 genes are organized in a similar manner as in S. marcescens
Db10/Db11 [13] together with genes encoding a LysR family regulator
(chiR), a holin (chiW) and an endolysin (chiX), suggesting that S.
marcescens BJL200 secretes several of its chitinolytic enzymes in a sim-
ilar manner to S. marcescens Db10/Db11 [13]. The genome contains a
gene (chiD) encoding a protein with 85.7% sequence identity to the
well-characterized SpChiD (Uniprot ID: ASGFD6) [19-21] and carrying
a sec-signal peptide. A pairwise sequence alignment of SmChiD and
SpChiD is shown in Fig. S1. Apart from ChiD and the previously studied
chitinolytic enzymes (ChiA, ChiB, ChiC, CBP21, Chitobiase), genome
analysis did not reveal any other enzymes obviously involved in the

conversion of chitin to N-acetylglucosamine, except, perhaps, an addi-
tional protein annotated as a GH20 (3-hexosaminidase (see below).

3.2. Proteomics

S. marcescens was grown on plates containing o-chitin, B-chitin or
glucose as sole carbon source and samples for investigation of the
secretome were taken at three different time points for each carbon
source (three biological replicates per time point and carbon source).
Samples were analyzed by LC-MS/MS and quantified using MaxQuant;
Table S1 lists all identified proteins. The data showed a high level of re-
producibility between the triplicates (Fig. S2). During growth, S.
marcescens produces the red pigment prodigiosin and by monitoring
color development, secretome samples were collected at approximately
the same level of color development. For in-depth comparison of the
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substrates, we selected the 20-h time point for glucose and B-chitin,
while we used the 48-h time point for a-chitin. These time points rep-
resent roughly similar amount of growth, based on color development.

3.3. Subcellular location of proteins

Of the 232 proteins identified at the selected time points (for all sub-
strates taken together), 103 were predicted as extracellular proteins.
Fig. 1 shows an overview of the number of proteins belonging to the dif-
ferent subcellular locations found in the secretomes for the three carbon
sources at the selected time points. It is evident that the fractions of cy-
tosolic proteins are high, ranging from around 45% for glucose to around
60% for - and p-chitin. This is somewhat surprising, as a previous study
on Cellvibrio japonicus showed that the plate method allows harvesting
of secretomes that are more strongly enriched for secreted proteins,
with cytosolic fractions down to about 30% [31].

The relatively high fraction of cytosolic proteins in the secretomes
may reflect how S. marcescens secretes proteins. As already mentioned,
ChiB and ChiC do not have a conventional sec-signal peptide, yet they
are known to be secreted, by a mechanism that is not fully understood
[6,13]. Both secretion of proteins by unknown mechanisms and appear-
ance of cytoplasmic proteins are well known from studies on
secretomes [41,42]. There are several plausible explanations for the
presence of cytosolic proteins in the secretome: (1) Some “cytoplasmic”
proteins may in fact be secreted and could be so-called moon-lightning
proteins, i.e. proteins with two functions, one relevant in the extracellu-
lar space and one relevant in the cytoplasm [41]. (2) Gram-negative
bacteria are known to produce outer membrane vesicles, and these
are often found to contain cytoplasmic proteins [43]; indeed, the pro-
duction of outer membrane vesicles has been observed in S. marcescens
[44]. (3) Some cells may actually lyse on purpose and by that release cy-
tosolic content into the surrounding to benefit the remaining cells [45].

Interestingly, the periplasmic Chitobiase [12,46] is absent from all
secretomes, suggesting that cell lysis or damage was limited. To investi-
gate this further, we also analyzed the intracellular proteomes and ob-
served that the fraction of cytosolic proteins was higher than in the
secretomes (above 70% in all cases, the predicted theoretical maximum
being 65%; Fig. S3). In these samples, the Chitobiase was readily detect-
ed in the a- and -chitin samples but not in glucose samples (Fig. S4),
which shows that the Chitobiase indeed was induced and which adds
confidence to the notion that the lack of Chitobiase in the secretomes re-
flects that cell lysis was limited. Overall, these observations indicate that
the secretome samples to a large extend represent the true secretome of
S. marcescens.

Notably, the other GH20 protein encoded in the genome, which is
predicted to have a signal peptide, was also detected in the samples of
intracellular proteins, including in the glucose samples. This enzyme
does not seem to be related to chitin conversion and was not considered
further.

3.4. Secreted, chitin-active proteins

Fig. 2 shows a heat map for all the 103 putatively secreted proteins,
which are clustered into 7 clusters according to the substrate-depen-
dency of their abundance. The four well-known chitin-degrading
CAZymes (ChiA, ChiB, ChiC and CBP21) are all clearly more abundant
in the chitin samples, compared to the glucose sample (Fig. 2, 3). Inter-
estingly, the secretome is almost devoid of additional CAZymes [11], in-
dicating that the response to the chitin polysaccharide is very specific.
The known chitin-degrading enzymes occur in two clusters, 1 and 4.
These two clusters contain 14 additional proteins, including three pro-
teins with putative function, which are interesting targets for future in-
vestigations on chitin metabolism in S. marcescens. Clusters 5 and 6 also
contain proteins showing higher abundance in chitin samples, and in
these two clusters we find five hypothetical proteins, which also are in-
teresting targets for further investigations of their role. ChiD is part of

a~chitin | B-chitin | Glucose

—— ChiD (GH18)

ChiA (GH18)

CBP21 (AA10)

ChiC (GH18, CBM12)

ChiB (GH18, CBM5)

Fig. 3. Comparative analysis of the expression of chitinases and CBP21. Heat map
comparing the abundance of ChiA, B, C, D, and CBP21 after growth on the different
carbon sources (three biological replicates for each), for the selected time points (see
text for details). The colors in the heat map indicate protein abundance, ranging from
high (pink color, log10 MaxLFQ = 9.0) to low abundance (yellow color, log10
MaxLFQ = 5.5). Missing values were replaced by imputation as described in the
Materials and methods section.

the large cluster 3 containing low abundance proteins; low amounts
of ChiD were only detected in the chitin samples.

Three proteins in cluster 1 (containing ChiA and CBP21; Fig. 2) are
annotated as secreted alkaline metalloproteinases, and a BLAST against
the MEROPS database (http://merops.sanger.ac.uk/index.shtml) [47]
showed that they belong to metallo-peptidase family M10B containing
the serralysins. A priori, we expected to see upregulated proteases in
the chitin samples, since chitin-rich biomasses comprise a co-polymeric
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Fig. 4. Degradation of - and 3-chitin by ChiD. The graphs show product formation during
incubation of 15 g/l a- or B-chitin with 1 uM ChiD in 20 mM BisTris pH 6.0, at 40 °C. Panel A
shows N-acetyl glucosamine (A1), whereas panel B shows N,N’-diacetylchitobiose (A2).In
the a-chitin samples, small amounts of trimer and tetramer were also observed (less than
10% of total product formation). All data points are the average of three replicates with
error bars representing standard deviations.
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network of chitin and protein. Serralysins are sometimes considered as
virulence factors in pathogenic Serratia species [48], but one study has
shown that a serralysin increased the chitinolytic activity of ChiA from
Serratia sp. KCK toward crude chitin [49]. One of the serralysins found
in cluster 1 (contig-100_30_3497_36484) shows 93% sequence
identity with the serralysin from Serratia sp. KCK, while the other two
have 50-60% sequence identity to this protein. These three proteases
appear in the same cluster as ChiA and CBP21, both of which, notably,
were also detected at low levels in the glucose cultures. It is not certain
that these proteases are regulated by the presence of chitin, since they
were also detected at high levels in the glucose samples, whereas two
other detected proteases (Cluster 2 and 7) were clearly most abundant
in the glucose samples.

Fig. 3 shows a close-up view of the expression of ChiA, B, C, D, and
CBP21, underpinning that all are more abundant in the chitin samples
compared to the glucose samples. ChiD is much less abundant relative
to the other chitinases in the chitin samples. In the chitin samples, the
abundance of most chitinolytic enzymes, including ChiD, increased
over time (Fig. S5). At all time-points ChiD LFQ values were 10-100
times lower compared to the other chitinases. ChiD was not observed
in the glucose samples at any time point (Fig. S5; Table S1).

3.5. Characterization of SmChiD

The proteomics data suggest that ChiD is not crucial for the degrada-
tion of chitin, but the fact that the enzyme was detected in the chitin
samples only, indicates that it might play a role at a later stage of the chi-
tin degradation. In order to explore the role of ChiD we expressed and
purified the enzyme and performed a deeper characterization of this
chitinase, with the aim of complementing previous work on similar en-
zymes and assessing its biological role.

Fig. 4 shows that ChiD is able to degrade a- and B-chitin, albeit with
low efficiency compared to other Serratia chitinases (comparative stud-
ies appear further below). Unexpectedly for a true chitinase, N-acetyl
glucosamine is the main product of ChiD, whereas smaller amounts of
N,N’-diacetylchitobiose are also produced. The amount of N,N’-
diacetylchitobiose decreases over time, implying that ChiD converts
N,N’-diacetylchitobiose to N-acetyl glucosamine. The latter observation
is consistent with previous findings for homologous proteins [18,21].

To investigate the effect of ChiD on the product profiles of ChiA, ChiB
and ChiC, and to see if ChiD would add degradative power to a cocktail
of these better known chitinases, a-chitin was incubated with various
chitinase combinations. The main product of the three other chitinases

22.5

is N,N’-diacetylchitobiose [50] and the results obtained upon combining
each of these enzymes with ChiD show that ChiD increased the forma-
tion of N-acetyl glucosamine (Fig. 5). Notably, Fig. 5 shows that the
amount of product generated by ChiD alone is much lower than for
the other chitinases. These findings support the proteomics data,
which suggest that ChiD does not have an essential function in chitin
degradation. The data in Fig. 5 suggest that ChiD may have a role in
converting N,N’-diacetylchitobiose to N-acetyl glucosamine, but Fig. 5
also shows that the enzyme thought to be responsible for this task,
the GH20 Chitobiase, a periplasmic enzyme which is induced by chitin
(Fig. S4) is much more efficient. Adding ChiD to a cocktail of the three
other chitinases did not yield synergistic effects, whereas addition of
the Chitobiase did yield such effects (Fig. 5).

To further compare ChiD and the Chitobiase, we performed
Michaelis-Menten kinetics to determine Ky, and k., for degradation of
N,N'-diacetylchitobiose (Fig. 6). The kinetic data confirm that Chitobiase
is a much more effective degrader of N,N’-diacetylchitobiose than ChiD,
performing around 1000-fold more cuts per second, making it unlikely
that N,N'-diacetylchitobiose conversion by ChiD is biologically relevant.
Notably, in contrast to Chitobiase, ChiD operates outside the cell; possi-
bly, the ability to slowly convert N,N’-diacetylchitobiose to N-acetyl glu-
cosamine in the extracellular space is important for the bacterium,
perhaps for regulatory purposes.

In a final attempt to allocate a putative biological function to ChiD,
we considered the fact that N,N’-diacetylchitobiose type of structures
are found in glycoproteins, and that chitinases have been proposed to
have a role in virulence of pathogenic bacteria, possibly targeting host
glycoproteins containing N,N’-diacetylchitobiose [3]. Indeed, some
GH18 enzymes are known to cleave the bond between the two N-acetyl
glucosamine units in N-linked glycans, e.g. in the model substrate RNase
B [51]. We therefore tested if ChiD was able to deglycosylate RNaseB and
the results showed that this was not the case for ChiD (Fig. 7), nor for
the other Serratia chitinases (results not shown).

4. Concluding remarks

The genome sequence of Serratia marcescens BJL200 shows that the
extensively studied chitinolytic machinery of this bacterium comprises
one more GH18 enzyme, ChiD, next to the already well-known three
chitinases, A, B and C, the Chitobiase and a single LPMO, CBP21. The pro-
teomic data show that in terms of secreted CAZymes, the response to
chitin is very specific in the sense that all the well-known secreted chi-
tin-active enzymes are found in much higher amounts after growth on
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chitin compared to growth on glucose. In addition, the other CAZymes
predicted to be secreted (Fig. 2), except the CBM50, are only present
in the chitin samples. The rather limited response of CAZymes in gener-
al, only 12 at the selected time points (10 of which are considered as se-
creted), may reflect the nature of the substrates on which the bacterium
was grown. Chitin, although recalcitrant, is a simple substrate compared
to e.g. hemicellulose.

The secretome studies revealed several proteins that are co-regulat-
ed with the chitinases, which could indicate that they play a role in chi-
tin conversion. However, other explanations are thinkable; for example,
growth on a substrate difficult to degrade, such as a-chitin, may induce
a general stress response, e.g. due to poor access to nutrition. Most of the
14 proteins found in the same clusters as the well-known chitin-
degrading enzymes (Fig. 2), except for the serralysins that may have a
role in degradation of crude chitin, have no obvious role in chitin-con-
version. The three putative proteins among these 14, together with
the hypothetical proteins in cluster 5 and 6, may be worth further inves-
tigations. Overall, the data indicate that the response to chitin is very
limited in the sense that this response is dominated by expression of
the known chitinolytic machinery.

A.R. Podile and his team have previously studied enzymes homolo-
gous to SmChiD found in the S. marcescens BJL200 genome [17-21].
Both hydrolytic and transglycosylating activities against different
chitooligosaccharides have been described, but so far the biological
role of this chitinase has not been addressed, and there are no studies
on the interplay between ChiD and other Serratia chitinases. The only
previously described kinetic parameter for a ChiD homologue is a kcat
0f 0.36 s~ for SpChiD acting on N,N’-diacetylchitobiose. This value is
very similar to the ke, of 0.27 s~ ! described here for SmChiD and
three orders of magnitude lower than the k¢, for Chitobiase acting on
the same substrate. Fig. 5 shows that ChiD is much less active on a-chi-
tin, compared to the other Serratia chitinases. Compared to these other
chitinases, SpChiD has an extra loop that occludes part of the substrate
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0 5 10 15
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0.0 0.2 0.4 0.6
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Fig. 6. Michaelis-Menten kinetics for degradation of N,N’-diacetylchitobiose by for ChiD
(A) and Chitobiase (B). Initial enzyme velocities are plotted against substrate
concentration (mM) and the curves were generated by nonlinear fitting using GraphPad
Prism 7. Ky values were determined to be 6.94 + 0.28 mM and 0.044 + 0.006 mM for
ChiD and Chitobiase, respectively, while k¢, values were determined to be 0.265 +
0.005 s~ and 259 4 10 s~ for ChiD and Chitobiase, respectively. All reactions were
done in triplicates and the error bars represent standard deviations. Some of the error
bars are not visible because they are smaller than the data point. The enzyme
concentrations were 1 pM and 0.0002 uM for ChiD and Chitobiase, respectively.

PNGaseF
EndoH

) cleNAc
. Mannose

B

Glycosylated RNaseB
Deglycosylated RNaseB

Fig. 7. Deglycosylation of RNaseB. A) Schematic representation of the glycosylation in
RNaseB (GIcNAc is N-acetyl glucosamine). B) SDS-PAGE gel stained with Coomassie
brilliant blue after incubation of different enzymes with RNaseB. From left; lane 1:
BenchMark protein ladder, lane 2: RNaseB incubated without other enzyme, lane 3:
RNaseB incubated with PNGaseF, lane4: RNaseB incubated with EndoH, lane 5: RNaseB
incubated with ChiD.

binding cleft [19], likely affecting the catalytic properties [20]. While
ChiD may be a useful enzyme for production of chito-oligosaccharides,
due to its well-studied transglycosylating activity [17,18,20,21] the pre-
vious and present biochemical data, as well as the current proteomic
study indicate that this enzyme is not involved in chitin conversion by
S. marcescens. The enzyme could perhaps play a role in virulence, for ex-
ample by cleaving other glycans than the one tested in this study, or its
transglycosylating abilities may be biologically relevant.
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Figure S1. Sequence alignment. Pairwise sequence alignment of SmChiD and SpChiD showing 85.7 % sequence
identity. The alighment was prepared using the Tcoffee server [1]. In the consensus line, a star indicates
identical residues, while a dot indicates residues with similar chemical properties. The green box indicates the
signal peptide, while the yellow boxes indicate catalytic residues in the diagnostic DXDXE motif.



A 0961 0.915 B 0.954 .0.963, C 0.903 0.71

e , . ) e T
s Ear § ra & S
© © 0.893 ©10.954 . 0.95 . o]0.903 0.844
N - N o : : N 2 -
_|:| ,J's'“ = B 4 . ~ < b
=] i 51 7 P © o] " '
@ © o €093 095 . * o 071 0.844
| © _::I o ﬂi{, L _cl o R
S S S Fa o
®® 0.972..0.971. NYoyF o 0.967 .0.975 - _“ 0.955 0963
| | ! -
§ ® § j‘r 6!/ § © ,i?’" i
N 0972 ° 0.978 &8 0.967 . 1984 NI“’ 0.955. 7 9.981.
| - | o i e o . B
s o S = {/ - 5 <
# b ~ ‘ Fs ra
: © 0:971.0.978 .- :‘D 975 ,,0A984-u/ 2|® 0.963. 0.981
| | d i <o e
< o ; = #
g Py 5 P g ;

: © s 0.973..0.824 .: 2|‘° = "f 0.991.0.983 - © 7 0.963 .0.976 .
| © T n oo - - cl © o L
iy © 0.991,_./ d€;1 e 0.963 f ﬂ§84,
| © - : (P o »

~ . o a3 5
~ ésv 0.981, / @ o 67(9(76.0.984 i
ml 0 ) ) ml © .
= y =l & -
o a4 R o & F
6 86 86 86 86 86 86 8618 68 6 86 86 86 8 6 8 6 8 6 8 6 8 6 8
30h_1 30h_2 30h_3 48h_1 48h_2 48h_3 72h_1 72h_2 72h_3 20h_1 20h_2 20h_3 30h_1 30h_2 30h_3 48h_1 48h_2 48h_3 8h_1 8h_2 8h_3 20h_120h_2 20h_3 30h_1 30h_2 30h_3

Figure S2. Pearson correlation between replicates for each substrate. A) a-chitin, B) B-chitin, C) Glucose. Graphs were generated in Perseus, and blue
numbers indicate the correlation coefficients. The axes show log10 of LFQ values. The graphs show correlations for three sets of triplicates, each set applying
to a different time point, as indicated.
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Figure S3. Prediction of subcellular location for proteins detected in cell lysates. The graph shows data for three
different carbon sources, a-chitin, B-chitin and glucose. Cyt, cytosolic; TMH, trans-membrane helix; Spl, signal
peptidase | cleavage site; Spll, signal peptidase Il cleavage site; NC, non-classically secreted; Tat: twin arginine signal
peptide; TS, Total secreted (summing up the categories in the grey box). The bars represent the average of three
biological replicates, with standard deviation.



a-chitin  B-chitin  Glucose

——Chitinase D (GH18)
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Figure S4. Heat map for chitin-active proteins found in cell lysis samples. The color gradient represents protein
abundance expressed as the average of three biological replicates, ranging from log10 LFQ= 6.6 (yellow) to log10
LFQ= 9.1 (pink). Grey fields indicate that the protein was not identified in the sample.
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Figure S5. LC-MS LFQ intensities (log10) for chitin-active proteins at the various time points. A) a-chitin, B) B-chitin, C) Glucose. The figure shows how the
LFQ intensities vary over time for the different chitin-active proteins found in the secretome, i.e. chitinase A, B, C, D, and CBP21.
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