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Chapter 1 Introduction 1

1.0 Introduction

1.1 Structure of Chitooligosaccharides

Oligosaccharides, which are composed of B-1,4-linked N-acetylglucosamine and / or
glucosamine, are named chitooligosaccharides (ChO’s)." Homochitooligosaccharides are
oligomers of N-acetylglucosamine / GIcNAc (A) or glucosamine / GIcN (D). They are
obtained by hydrolysis of chitin (F5 = 1.00) or chitosan (F 5 = 0.00), respectively. >
Hydrolysis of chitin or chitosan of 0.00< F,<1.00 gives heterochitooligosaccharides which
are always obtained as complex mixtures containing compounds of different oligomers (i. e.
different DP), homologs (i. e. different F o, but same DP), and isomers (different sequence of
D and A units, but same DP and F ). ** The number of homologs comprising one oligomer is
DP + 1; the number of isomers comprising one homolog DxAyis(x +y) ! /(x!*y ).? Table
1 shows that the number of all compounds comprising one oligomer is increasing

exponentially with the DP.

Table 1. Number of isobars comprising heterochitooligosaccharides (F 4 0.50 to 0.67) of DP3,
6, 9 and 12.

DP Homolog (F4) Number of Isomers
3 DA, (0.67) 3

6 D;A; (0.50) 20

9 D4A5 (0.56) 126

12 DsAg (0.50) 924

The hydrolysis of chitin or chitosan is either performed enzymatically or chemically. The
hydrolysis of a-chitin proceeds slowly as it is insoluble in common solvents. Thus, chitin is
commonly solubilized by deacetylation to chitosan previous to the hydrolysis. In order to
deacetylate chitin under homogeneous conditions, a-chitin is transformed to colloidal chitin,
microcrystalline chitin or organic co-solvents are added to the deacetylation reaction mixture.
Deacetylation of chitin affords chitosan, which is soluble in diluted acids.

For the partial enzymatic hydrolysis of chitosan chitinases,”’ chitosanases, > or other glycosyl
hydrolases (e.g. lysozyme, ® hemicellulases, ¢ cellulases’), proteases (e.g. papain,® pronase®) or
esterases (e.g. lipases®) can be employed.

For the chemical partial hydrolysis of chitosan commonly concentrated hydrochloric acid is

employed.’ In less cases phosphoric acid is used. The degradation with HCI gas is performed
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as a solid phase reaction with HCI gas flushing through a tube filled with chitosan.'” The
degradation with the nitrosyl cation (prepared in situ from a mixture of sodium nitrite and
hydrochloric acid) gives anhydromannosyl derivatives of chitooligosaccharides. This reaction
is easy to control as specifically amino groups are attacked under mild conditions.'' The
oxidative hydrolysis employing hydrogen peroxide or the ozonolysis of chitosan give partially
oxidised reaction products (lactones, gluconic acids or glucuronic acids).'> The
hydrofluorolysis of chitosan (in dry hydrogen fluoride liquid) gives a-1-fluoro
chitooligosaccharides which are the base of further activated chitooligosaccharides.'® The
hydrolysis of chitosan under acetylation conditions (sulfuric acid / acetic anhydride) gives
per-N,O-acetylated chitooligosaccharides.'*

The chemical synthesis of heterochitooligosaccharides has not yet been described. Only the
synthesis of protected chitooligosaccharides up to DP 12 is reported.'” The effort in time and
chemicals is high, especially if libraries of heterochitooligosaccharides are demanded.
Combinatorial solid phase synthesis could be an efficient alternative for the preparation of
defined heterochitooligosaccharides, which, however has not yet been realized in the case of
heterochitooligosaccharides. For a general description of the method of combinatorial solid
phase synthesis of carbohydrates see [16], [17], [18].

Alternatively to a completely synthetic route, chitooligosaccharides are obtained by chemo-
enzymatic synthesis. The chemo-enzymatic synthesis aims on the reversion of the
enzymatically catalysed hydrolysis reaction. For this purpose either organic co-solvents are
added to the reaction mixture, which allow keeping monomers and small oligomers in
solution but precipitating oligosaccharides of higher DP. '*?° Alternatively catalytically
impaired glycosyl hydrolases are employed in combination with activated educts mimicking

the transition state of the hydrolysis reaction.’

1.2 Analysis of Chitooligosaccharides

The analysis of ChOs is important for e.g. quality control or the evaluation of the results of

biological tests.

1.2.1 Separation of chitooligosaccharides
Chromatographic methods were applied for the separation of oligomers and homologs.

Separations of mixtures composed of homooligomers of either glucosamine or
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N-acetylglucosamine by GPC affords rather pure oligomers.”° Mixtures of
heterochitooligosaccharides obtained from the hydrolysis of chitosan with chitinase B from S.
marcescens were separated by GPC.> Analysis by 'H and >C-NMR revealed mixtures of
oligosaccharides of different DP, F 4 and sequences indicating that the resolution is decreased
due to overlapping peaks of oligomers and homologs.** %

Cation exchange chromatography (CEC) separates molecules according to their overall
charge. In solutions of pH < 6.2, when the amine groups of the glucosamine residues are
protonated, chitosan is a positively charged polymer; so are GIcN containing
chitooligomers.**

Amino phases which are widely used for the separation of sugars were successfully employed
for the separation of N-acetylglucosamine homooligomers and moreover for the separation of
heterochitooligomers of DP < 5, although the performance of that material is not comparable
to CEC or GPC materials.” *°

Quaternary ammonium phases were used in alkaline solutions for anion exchange
chromatography of amino sugars. In alkaline solutions the free electron pairs of the hydroxyl
oxygen, the amino nitrogen and the amide nitrogen as well as deprotonated forms of these
functional groups interact with the quaternary ammonium groups of the stationary groups
resulting in a separation of heterochitooligomers and homologs.?’

ChOs of DP < 6 have been sequentially degraded by using exo-glucosaminidases and exo-N-
acetylglucosaminidases. The fragments were reacetylated and identified by

28.29 a5 well as mass spectrometry, > allowing to conclude the sequences of

chromatography
heterochitooligosaccharides.

The structure analysis of a partial hydrolysate of chitosan by NMR gave information
concerning the reducing and non-reducing end monomer units as well as their nearest to

neighbours allowing for the determination of diads and triads.***'

1.2.2 Mass Spectrometry

FAB- and MALDI-TOF MS were extensively employed for the analysis of mixtures of
N-acetylglucosamine homooligomers, glucosamine homooligomers and
lipochitooligosaccharides. But also mixtures of heterochitooligomers of DP < 17 were studied
and mapped by MALDI-TOF MS.****3* Besides for the analysis of oligomers and homologs,
MALDI-TOF PSD MS was successfully employed for the sequence analysis of
heterochitooligosaccharides of DP < 12 after tagging of the reducing end.”
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It should be mentioned that the mass spectrometric methods described so far give only
qualitative results for mixtures of oligomers, homologs and isomers. A quantitative method

was developed in the course of the present thesis (see Chapter 2).

Fragmentation from the reducing end

CH,OH CH,OH

i ®
O —0-R SN O —0-R
OH OH + OH
OH HO
NH, NH, NH,
B-ion
CH,OH CH,OH CHOH o CH,OH
on on NTOR on oM on TR
? H BN
OH Al OH
NH, H NH, NH, NH,
C-ion
C-ion
) Fragmentation from the nonreducing end
Y-ion
CH,OH CH,OH CH,OH
OH °yo-R OH © OH Oyo-R
- 77 H-0O
OH .
NH, NH, ,l|® NH,
Y-ion
CH,OH CH,OH CH,OH
o _ o o
0-R 0—R
OH -
OH H-O
NH, NH, ® NH,
H
l -H,0
CH,OH
on \TOR
Z-ion
NH

Figure 1. Fragmentation of chitosan homooligosaccharides in FAB or CID mass
spectrometry in analogy to B. Domon et al.” showing the formation of B-, C-, Y- and Z-type
ions. Less frequent ring fragmentations are not depicted.

In FAB- or CID- fragmentation, oligosaccharides fragment almost exclusively by cleavage of

the glycosidic bond yielding Y- and Z-type ions if the charge is retained on the reducing end

or B- and C-type ions if the charge is retained on the non-reducing end, respectively (Figure
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1). Due to overlapping m/z values for ions of identical monosaccharide composition, we
cannot distinguish between fragmentations of native chitooligosaccharides from the reducing
or non-reducing end. Thus for sequencing, the introduction of a tag at the reducing end of the

molecule is essential to distinguish B- from Z-type and C- from Y-type ions.> >

1.2.3 NMR Spectroscopy

NMR spectroscopy was employed for structure analysis of depolymerised chitosan.*® The
method yields information about the reducing and nonreducing end monosaccharide moieties
as well as the variations in the nearest neighbours.” Therefore, information on the frequency
of diads and triads is obtained.””***° The method is limitied to ChO’s of low DP (< 5) and

sample amounts of above 20 mg.*”*’

1.3 Properties and Biological Functions of Chitooligosaccharides
Chitooligomers of DP < 10 are water-soluble. The water-solubility of chitooligosaccharides of
DP > 10 depends on F and pH. Chitooligosaccharides are hygroscopic (especially DP 1 and
2 oligomers) and tend to be infested by fungi and to less extent bacteria. Moreover, ChO’s
like other sugars are sensitive to auto oxidation and should be stored at ambient temperature
under dry inert conditions. For long-term storage the temperature should be kept below
—20°C. The shelf life of ChO’s is significantly increased when they are stored in mixture with
antioxidants like vitamin C or salts like sodium chloride.

The water-solubility of ChO’s (“water-soluble chitosan”) offers an interesting range of
applications as these molecules show an increased bioavailability compared to the polymer
chitosan. Whereas chitosan is currently not registered as an agent in medicine due to
inconsistent product properties of different charges (e. g. with respect to the molecular mass),
the smallest chitosan oligomer, glucosamine, is used as an analgesic for the treatment of
rheumatic diseases like arthritis, osteoarthritis or osteoporosis. Glucosamine is the precursor
for the biosynthesis of glucosaminoglycans, and it stimulates chondrocytes to produce
GAG’s, which are a main component of cartilage.*’ Several biological functions of chitosan
could rather be attributed to ChO’s. Chitosan coated bone, joint prostheses or implants made
of chitosan containing ceramics promote the growth of human osteoblasts and extracellular
matrix proteins. Chitooligosaccharides released through enzymatic hydrolysis e.g. by

lysozyme are involved in this process accelerating the bone regeneration.
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Chitooligosaccharides are thought to be primers for hyaluronan biosynthesis. Hyaluronic acid
is thought to be the earliest evolutionary form of glucosaminoglycans. It is an important
polysaccharide in cartilage, synovial fluid, vitreous humor of the eye and in the skin of
vertebrates. *! It may also play an important role in tissue organisation, morphogenesis, cancer
metastasis, wound healing, and inflammation. ** Hyaluronic acid is secreted from cells by an
enzyme complex named hyaluronic acid synthases, ** that are evolved from chitin or cellulose
synthases. Supplying a mouse hyaluronan acid synthase with UDP-glucosamine and UDP-N-
acetylglucosamine gave hyaluronan acid in vitro. * When the mouse hyaluronan acid
synthases are incubated with UDP-N-acetylglucosamine alone, N-acetylglucosamine
homooligosaccharides are obtained. **

Chitooligosaccharides are active as immune stimulators through activation of
macrophages.** *> ¢ Chitooligosaccharides (especially As and Ag) inhibit the production of
nitric oxide (NO) by activated macrophages thus reducing cytotoxicity in cell proliferation
during the inflammation processes in wound healing.*” **

Other biological effects include antimetastatic and antiviral activities of
chitooligosaccharides.*”*° Glucosamine homooligomers of DP > 30 possess antimicrobial
activity against several bacteria. Pigs that were fed with the vitamin C salts of
chitooligosaccharides (0.1 — 0.4 % of the total mass of nutrition, 54 days) showed increased
levels of lactic acid bacteria and E. coli in the gastro-intestinal tract, resulting in an improved
food conversion ratio. Additionally, an increased antibody production and macrophage
activity was measured indicating a strengthening of the humoral immunity in pigs.”’
Chitooligosaccharides, in combination with a hypocaloric diet, were reported to reduce body
weight, serum triglycerides and the total as well as low density lipoprotein cholesterol, but to
increase the high density lipoprotein cholesterol. In addition, a lowering of the blood pressure
was observed.”> >

Chitooligosaccharides are produced in vivo during the development of vertebrates (e. g.
Xenopus, zebra fish and mouse). The chitinase-like DG42/ hyaluronan acid synthase
subfamily synthesizes both, chitooligosaccharides and hyaluronan acid during cell
differentiation.”®> ChOs have been shown to be vital for a normal anterior/ posterior axis
formation in the late gastrula *° (for a revue see [57]).

In plants, chitooligosaccharides elicit defence reactions like the induction of chitinases or of
metabolites of the shikimate pathway (e.g. lignin). Chitooligosaccharides stimulate the
production of secondary metabolites in plant cell cultures. Besides, chitooligosaccharides

induce cell division in the cortex of leguminosae by nodulation factors. In plants, oligomers of
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DPS5 - 7 are more active than DP1 - 4. The reason has been related to the ability of special

lectins (chitolectins, chitinase-like proteins, CLPs) to bind chitooligosaccharides.” > ¢ ¢!

1.4 Enzymes Degrading Chitinous Material

1.4.1 Occurrence, Properties and Biological Functions of Chitinases

Chitin has a structural function for fungi, insects, molluscs and crustaceans. In these
organisms the chitin fibrils have to be remodelled or degraded for normal development. The
controlled hydrolysis of chitin is performed by chitinases and N-acetylglucosaminidases.

Besides, organisms that do not contain chitin produce chitinases.

Bacteria

Bacteria use chitin for nutrition thus requiring a large supply of small fragments. For that
reason bacterial chitinases act processively and produce mainly A, as the end product of
hydrolysis.*

Many marine bacteria contain chitinases as their hosts, zooplankton, molluscs and crustaceans
produce large amounts of chitin. Also soil contains chitin-degrading bacteria like Serratia
marcescens. This bacterium produces extracellular chitinases, which are able to degrade chitin
within the fungal cell wall.

Rhizobia are symbiotic plant bacteria produce lipo-chitooligosaccharides consisting of A3 to
Ag, containing fatty acid and sugar substitutions at the N-acetylglucosamine residues. These
lipo-chitooligosaccharides are named Nod factors as they elicit the morphogenesis of
nitrogen-fixing nodules on the roots of specific host plants, where the substitution pattern of
the Nod factor determines host specificity. On the other hand, Nod factors elicit plant defence
responses including an increase in chitinase activity. The pathways of degradation by plant
root chitinases depend on the substitution pattern of the Nod factors and differ between root
chitinases of different legumes. It is proposed that host recognition takes place not only by the
specificity of Nod factor receptors, but also by hydrolysis of Nod factors by chitinases. In this
way, the induction of chitinases might regulate nodule formation and prevent secondary

infection.® ¢4
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Fungi

In most fungi, chitin is located in the inner cell wall. Fungal cell walls grow through hyphae,
which elongate by apical deposition of wall polysaccharides. To allow apical growth and
formation of hyphal branches, the cell wall needs to be softened, requiring chitinases.
Moreover, many soil fungi have an inducible chitinolytic system for nutrition purpose, which

- . 65, 66
is repressed in the presence of glucose.”

Plants
Plants use chitinases in their defence against chitinous pathogens. For that purpose plant
chitinases have to damage the cell wall of a pathogen within a short time, so that they attack

the chitin chains randomly and form larger chitooligosaccharides.

Invertebrates
Invertebrates need chitinases during the process of moulting. The exoskeleton of insects
consists mainly of chitin and protein. Prior to moulting, the old cuticle has to be broken down

employing a mixture of chitinases and trypsin-like proteases.’”®*

Fish

In vertebrates, chitinases serve for food processing and defence against parasites and
generally against pathogens. Fish have chitinolytic activities in their blood and the digestive
tract. It has been suggested that fish gastric chitinolytic enzymes are mainly used for food
processing as toothless fish show the highest gastric chitinase activity. In blood, chitinolytic
enzymes are mostly found in the white blood cells, suggesting that these enzymes contribute

to the defence against pathogens.®” "

Mammals, including Man

In mammals, including Homo sapiens, high chitinolytic activity was determined in the blood
serum, stomach and intestine, whereas lung, tongue and kidney showed lower, though
significant levels.

The chitinolytic activity is presently attributed to two distinct chitinases. One of them, human
chitotriosidase HCT (named by its ability to cleave Aj), is found at increased plasma levels in
patients suffering from Gaucher disease, a rare genetic disorder that is caused by a mutation in
the glucocerebrosidase gene. ' This chitinase is found at high levels in the human blood,

expressed in macrophages (and at decreased levels in the lung). " It putatively serves for the
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defence against pathogens, like fungi or nematodes, which synthesize chitin during several

73,74 . . . . . . ..
" However, a recessively inherited deficiency in chitotriosidase

stages of their life cycle.
activity is frequently encountered, suggesting that this enzyme no longer fulfils an important
defence function under normal circumstances or, alternatively, that other enzymes may
compensate the lack of functional human chitotriosidase. ™

This role could be taken by the other known mammalian chitinase, which was found at
increased levels in the stomach of mice. " The predominant pH optimum for the chitinolytic
activity of this enzyme is 2.3 (in contrast to human chitotriosidase, which is catalytically
impaired at this low pH), thus it is named acidic mammalian chitinase (AMCase). " Due to
the low pH optimum and its main occurrence in the stomach, AMCase is putatively involved
in the processing of food. > However, it could be additionally important for the defence
against pathogens, at least in cases where human chitotriosidase is catalytically impaired. °
The overproduction of AMCase was recently linked to asthma development.””>’® Asthma is a
chronic disease characterized by exaggerated Th2 airway inflammation. ’” " In a mouse

model of ovalbumin-induced bronchial asthma, the administration of anti-AMCase antibody

leads to a decrease of Th2 inflammation.®

1.4.2 Families of Enzymes Degrading Chitinous Material

Glycosyl hydrolases are grouped into families according to similarities in their amino acid
sequences. Presently, 111 families are listed in the CAZY database.® Chitinolytic enzymes
are found in family 5 (chitosanases), family 8 (chitosanases), family 18 (chitinases and endo-
B-N-acetylglucosaminidases), family 19 (chitinases), family 20 (B-hexosaminidases and
chitobiases), and family 46, 75, 80 (chitosanases).’ Besides, also proteases etc. can be

considered as chitinolytic, which are not regarded for the comments below.

1.4.3 Family 5 Chitosanases

Chitosanases, in contrast to chitinases, show a maximum of activity on high-deacetylated
chitosan. The catalytic mechanism of chitosanases requires two acidic amino acid residues.
Tanabe et al. * characterized two chitosanases, Chol and Choll, from Streptomyces griseus
HUT 6037. These enzymes hydrolyse not only chitosan but also carboxymethylcellulose with
retention of the anomeric form. Both enzymes require a D unit located at subsite —1 for

successful hydrolyses, with no preference for A or D at subsite +1.
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1.4.4 Family 8 Chitosanases

The best characterized chitosanase belong to this family was found in Bacillus sp. No.7M.*
This chitosanases requires D units located at both, subsite —1 and subsite +1, for successful

hydrolyses of the glycosidic bond. Other extensively studied chitosanases belonging to this

family are produced by Bacillus circulans WL-12** and Paenibacillus fukuinensis strain D2%.

1.4.5 Family 18 Chitinases

The family 18 of glycosyl hydrolases contains chitinases from insects, fungi, mammals,
bacteria, viruses and plants, and endo-p-N-acetylglucosaminidases, which cleave between two
N-acetylglucosamine units in glycans and glycoproteins. *® Several of the family 18 chitinases
possess a chitin binding besides the catalytic domain. ®” Examples are chitinases A and B
from the bacterium Serratia marcescens that possess a fibronectin type III domain. Deletion
of the binding domain does not affect the substrate affinity of the enzyme, but influences the

rate of hydrolysis. **

Asp'40

O—-H p—

\_<% H ,04&, OZ§G|UM

O Asp™2
Asp'40

Figure 2. The mechanism of catalysis of family 18 chitinases for the example of chitinase B
from Serratia marcescens. The core of the catalytic centre is formed by the ensemble of
deprotonated Asp'®’, Asp'” and Glu"™*. Glu"" protonates the glycosidic bond of the
saccharide. Asp'* supports the formation of the oxazolinium ion and thus the anchimeric
assistance of the acetamido group of the A unit in subsite —I via stabilization of the nitrogen
proton. The formation of the oxazolinium ring is additionally supported by Tyr"".
Deprotonated Glu™ stabilizes the proton of a water molecule, which attacks C-1, opens the
oxazolinium ring to form the final hydrolysis product. During catalysis the sugar moiety
bound to subsite —1 takes up different conformations: chair (solution) — skewed boat (binding
state) — half-chair (oxazolinium ion). The mechanism of catalysis is unique for all family 18
chitinases including the essential glutamate residue. Only the indices of amino acid residues
differ within family 18 chitinases. The figure was essentially taken from literature [89].

The catalytic domain of all family 18 chitinases consists of a (f/a)s-barrel with a deep
substrate-binding cleft formed by the loops following the C-termini of the eight parallel -

strands. A glutamic residue at the C-terminus of B-strand 4 has been identified as the essential
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proton donor for catalysis as was shown by site-directed mutagenesis. * The unique

mechanism of chitin / chitosan hydrolysis by family 18 chitinases is shown in Figure 2.

1.4.6 Chitinase A from Serratia marcescens

A

Figure 3. Three-dimensional structure and molecular surface of chitinase A mutant E315L.
Data based on crystal structure analysis with the A¢ substrate in the binding cleft. (4) The N-
terminal chitin-binding domain is shown in blue and the C-terminal catalytic domain in
green. Aromatic residues that line the substrate-binding cleft are shown in space-filling mode.
(B) Surface representation of the substrate binding cleft in ball-and-stick mode. The aromatic
residues that interact with the substrate are highlighted. Tyr"'® (red) interacts with the N-
acetyl group of the reducing-end A unit. Phe’®® and Trp*” (cyan) are on opposite sides of the
cleft and stack against the hydrophobic faces of GlcNAc sites +2 and +1 respectively. Trp”,
Trp'"” and Tyr'”" (green) are at the bottom of the cleft and are positioned to interact with the
hydrophobic faces of the A units at sites —1, —3 and —5 respectively.

Figures A — B were taken from literature [90)].
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Figure 4. (4) Positions of aromatic residues in chitinase A from Serratia marcescens. A-
carbon chain (green) of chitinase A with the side chains of aromatic residues (red). Four
linearly aligned aromatic residues outside of the catalytic are labelled with orange letters.
(B) Exposed aromatic residues of chitinase A. Exposed aromatic residues are shown on
ribbon-drawings of the 3D structure of chitinase A (PDB ID: 1EDQ). Green indicates the
bound chitin oligomer. (C) Model for crystalline p-chitin hydrolysis by chitinase A. Ribbon-
drawing of the catalytic domain and the N-terminal chitin-binding domain with the side
chains of aromatic residues (red) and a bound chitin chain (blue) which ranges from the
chitin-binding domain (non-reducing end) into the catalytic domain (reducing end). Dimers
(blue) are cut off from the reducing end. Figures A and C were taken from literature [91],
figure B was taken from literature [92].

Chitinase A from Serratia marcescens contains the consensus sequences SXGG and
DXXDXDXE of family 18 bacterial chitinases. The catalytic domain consists of a conserved
(B/a)s TIM barrel with a deep substrate-binding cleft. ' The glutamic residue 315 at the C-
terminus of B-strand 4 has been identified as the essential proton donor for catalysis. *°
Figures 3 — 4 display the structure of the family 18 chitinase A from Serratia marcescens and

its catalytically impaired mutant E315L, as deduced from crystallographic data. %0 Figure 3B
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shows a chitin hexamer modelled into the catalytic domain, *° and Figure 4C shows a chitin
chain which is bound with its non-reducing end to the N-terminal chitin binding domain and
reaches with its reducing end into the catalytic domain where between subsites —1 and +1
disaccharide units are cut off.”'

The catalytic domain of chitinase A forms a deep substrate-binding cleft °', which is on one
hand aligned with aromatic residues of the amino acids tryptophan, phenylalanin and
tyrosin.”® On the other hand, the binding cleft contains exposed residues of amino acids that
are able to form hydrogen bonds with the substrate (mainly carboxylic and hydroxyl
groups).”’ Glu®" takes a special role, as it is essential for hydrolysis by protonation of the
glycosidic bond. *° Positions of the binding cleft that are able to host segments of the

substrate, e.g. monosaccharide units, are called subsites.

non reducing end reducing end
Trpag Trp33 Trp245 Tyrﬂﬂ Trp157 Trp539 TrpQTS Phe3%E
e WELE
-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 +1 +2
N-terminal chitin-binding domain C-terminal catalytic domain

Figure 5. Schematic drawing of the N-terminal chitin-binding domain (red) and the C-
terminal catalytic domain (black) of chitinase A with subsites ranging from —I1 (non-
reducing end) to +2 (reducing end). The catalytic site (with Glu’") is positioned
asymmetrically in the binding cleft between subsites —1 and +1. The catalytic domain ends at
subsite +2. The drawing was made according to the discussions of the subsites of the C-
terminal catalytic domain in reference [90] and the N-terminal chitin-binding domain in
reference [91].

Figure 6. Schematic drawing of the arrangement of the monosaccharide units of a chitin
hexasaccharide bound to chitinase A. The sugar moiety bound to subsite —1 takes up different
conformations during catalysis: chair (unbound), twisted boat (bound), half-chair
(oxazolinium ion).”> ** The twisted boat conformation of the A unit bound to subsite —1 results
in an edgewise binding of the A units in subsites +1 and +2.°>**(Chem3D Pro 11.0 ®,
carbon atoms: black, oxidation atoms: red, nitrogen atoms: blue)

Figures 5 — 6 show schematically the subsites of chitinase A. Negative subsites host the non-

reducing end of the oligosaccharide chain, positive subsites the reducing end. The hydrolysis
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reaction takes place between subsites —1 and +1. Glu®" is placed asymmetrically in the

catalytic cleft which, according to crystallographic data of complexes with
N-acetylglucosamine hexa- and octamers can at least accommodate seven
N-acetylglucosamine units as crystal structures.”’ The disaccharide at +1 and +2 is the leaving
group, i.e. the aglycon. Thus, chitinase A degrades chitin from the reducing end. *’

Hydrolysis occurs with retention of the anomeric configuration. ** Double displacement at the
glycosyl C-1 is accomplished by a substrate-assisted mechanism in which the carbonyl
oxygen of the N-acetyl group at C-2 of the —1 N-acetylglucosamine, rather than a protein
residue or a water molecule, acts as the nucleophile. ”® The glycosyl oxygen (O-1) of the —1
N-acetylglucosamine becomes protonated by the active site glutamic residue, and an
oxazolinium intermediate is formed. This positively charged intermediate is stabilized
through interaction with a conserved aspartic residue (Asp”'® in chitinase A), located two
amino acids upstream from the glutamic residue. °> The substrate-assisted mechanism is
facilitated by an induced conformational change in which the N-acetylglucosamine at —1
adopts a skewed-boat conformation, which results in a 90° twist of the linkage with the
N-acetylglucosamine at +1.°% >

Substrate binding is controlled by a series of aromatic residues. The aglycon disaccharide is
inserted edgewise into the cleft and, in chitinase A, interacts with three aromatic residues,

273 at the +1 site. *® Although Tyr*"® appears to mark

Tyr*'® and Phe®® at the +2 site and Trp
the end of the cleft, it does not interfere with the extension of the reducing end beyond the +2
site. ”® Trp?” and Phe® form opposite sites of the cleft, stacking against the hydrophobic
faces of the N-acetylglucosamine units. *° The N-acetylglucosamine units of the aglycon part
of the substrate have its hydrophobic faces aligned with the aromatic amino acid residues in
the cleft floor, -1 (Trp™?), -3 (Trp'®"), -5 (Trp' ™). 90.91.96.97 Tpe sugars in the even-numbered
subsites, -2 and -4, have their hydrophobic surfaces exposed.”’*°

Besides the C-terminal catalytic cleft, chitinase A possesses an N-terminal domain, named

chitin-binding domain, which has a fibronectin type III fold. The chitin-binding domain

232 245

contains four tryptophan residues (Trp®, Trp®, Trp** and Trp**®), which are positioned
correctly to correspond to binding sites for additional odd-numbered N-acetylglucosamine
units. °! The N-terminal chitin-binding domain extends the C-terminal catalytic domain
beyond subsite —5 (Figure 5). The mutagenesis of Trp™ and Trp® of the chitin-binding
domain of chitinase A revealed that these amino acids are important for the degradation of
chitin (crystalline B-chitin), but not for the degradation of chitooligosaccharides (Figure

4C).”"*® In contrast to the aromatic amino acid residues in the deep catalytic cleft, the
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aromatic amino acid residues of the chitin-binding domain are exposed to the surrounding
solution. Secondly, the number and intensity of hydrophobic and hydrogen bond interactions
increases continuously from negative towards positive subsites with a maximum at the core of
the catalytic cleft (subsites —1 and +1). Consequently, chitinase A contacts the chitin chain
first with the chitin binding domain at the reducing end, which is moving along the gradient
of increasing hydrophobic and hydrogen bond interactions to subsites +1 and +2. Hydrolysis
takes place between subsites —1 and +1, and the reducing end disaccharide in subsites +1 and
+2 is cleaved off. Afterwards, the enzyme moves by two N-acetylglucosamine units towards
the non-reducing end and hydrolysis is repeated.”’*®

In case that the chitin (or chitosan) chain contains D units, hydrolysis is only processed
successfully by family 18 chitinases like ChiA if an A unit is positioned in subsite —1. The
cleaving rate for D-X bonds is 0, in contrast to A-X bonds (X = aglycon disaccharide unit).
Thus, occasionally the enzyme moves four or more units towards the non-reducing end before
the next successful hydrolytic event. Chitinase A is a processively acting enzyme with mainly
exo-activity (cut-off of A,). " However, also endo-activity was observed to some extent,
meaning that the enzyme attacks the chitin chain randomly. Upon binding, the chitin chain
extends beyond subsite +2. Chitinase A binds longer oligosaccharides with the reducing end
preferentially located at subsite +2. But also in this case the analysis of hydrolysis products
indicated that A units extend beyond subsite +2 to some extend (e.g. A, binding mode -3 to
+2).” Binding a D residue at subsite —1 is non-productive and actually results in the case of

chitooligosaccharides in competitive inhibition of the enzyme.

1.4.7 Chitinase B from Serratia marcescens

Chitinase B from Serratia marcescens contains the conserved motif DXXDXDXE of family
18 bacterial chitinases. The catalytic domain consists of a conserved (5/a)s TIM barrel with a
deep substrate-binding cleft. * The catalytic Glu'** is located at the end of p-strand 4 of the
TIM barrel. This amino acid residue is the essential proton donor for catalysis. '*°

Figures 7 and 8 display the structure of the family 18 chitinase B from Serratia marcescens

(PDB ID: 1E16) and its catalytically impaired mutant E144Q.
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Figure 7. Three-dimensional structure and molecular surface of chitinase B, as deduced from
crystallographic data.”” '’ (4) The structure of chitinase B, colour-coded to identify various
domains. The TIM barrel (grey), the o/f-domain (vellow), the support loop (red), the linker
(blue), and the chitin-binding domain (green). (B) and (C) Details of the catalytic domain of
chitinase B. "’ (B) Active site with the modelled chitotetraose shown in a stick representation
with the carbon coloured green. The chitinase B backbone is shown as a yellow ribbon. Side
chains within 5 A of the chitotetraose are depicted by grey sticks. Possible hydrogen bonds
are drawn as black dashed lines. The four water molecules that are predicted to be replaced
by the substrate are shown as blue transparent spheres.'”’ The A residues are labelled from -
3 to +1, corresponding to their location with respect to the active site residue. The loop
around residue 316, partially covering the active site, is shown in magenta.'” (C) Structure
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of the interior of the chitinase B TIM barrel. The strands forming the TIM barrel are shown
as yellow ribbon. Side chains of residues lining the inside of the barrel are shown as sticks.
Side chains conserved in chitinase A and B are coloured magenta. Water molecules in the
structure are shown as red spheres.'” Hydrogen bonds are shown as black dashed lines.
Conserved residues are labelled according to the chitinase B sequence. Part of the
chitotetraose model is shown as sticks, with carbon atoms coloured orange.'” (D) and (E)
Details of the chitin-binding domain of chitinase B. (D) Superposition of the chitinase-binding
domain of chitinase B (blue ribbon) and the cellulose-binding domain of endoglucanase Cel5
(grey ribbon). "™ The conserved B-strands show an almost exact overlap. Most of the support
loop of the catalytic domain of chitinase B is shown as a dark-blue ribbon. Trp™* also is
shown in magenta.'”’ The substrate- binding residues for the cellulose-binding domain are
shown in yellow, and the equivalent residues in the chitinase-binding domain are shown in
magenta. The disulfide bond between the termini of the cellulose-binding domain is shown in
green. Polar residues lining the path of aromatic residues in chitinase B are shown in
magenta. Labels correspond to the chitinase B sequence. (D) Chitinase B consists of a
catalytic domain with a TIM barrel fold and a small C-terminal domain. Five aromatic
residues are linearly aligned on the surface of chitinase B, Tyr*®" and Trp*” are in the C-
terminal domain, and Trp”>>, Tyr**" and Phe" in the catalytic domain.

Figures A — D were taken from literature [100]. Figure E was taken from literature [92].

The catalytic domain of chitinase B forms a deep substrate-binding cleft which is closing to a
tunnel-like structure upon substrate binding due to Asp”'® and Trp”’. Figure 8 (C) and (D)

"% The binding cleft of chitinase B

illustrates the closing of the “roof” upon substrate binding.
is aligned with aromatic residues of amino acids and secondly contains exposed residues of
amino acids that are able to form hydrogen bonds with the substrate. Glu'** is essential for
hydrolysis by protonation of the glycosidic bond. The catalytic domain of chitinase B has six
clearly identifiable subsites, running from —3 to +3. '"!

Additionally, chitinase B contains a chitin — binding domain, which is connected, to the
catalytic domain via a linker beyond subsite +3. The spatial arrangement of the catalytic and
chitin-binding domain indicates that chitinase B degrades chitin chains from their non-
reducing end.’

The catalytic domain is locked beyond subsite —3.'% Figures 9 and 10 show schematically the
subsites of chitinase B. Negative subsites host the non-reducing end of the oligosaccharide
chain, positive subsites the reducing end. The hydrolysis reaction takes place between subsites
-1 and +1. The catalytic cleft is able to host nine A units with core subsites -3 to +3.”* In the
case of chitin hydrolysis, preferentially a disaccharide unit bound to subsites -1 and -2 is the
leaving group, subordinately a trisaccharide unit bound to subsites -1, -2 and -3 is cut off, i.e.

22,102

the glycon part of the substrate. In conclusion, chitinase B cleaves chitin from the non-

reducing end.



Chapter 1 Introduction 18

Figure 8. Three-dimensional structure and molecular surface of chitinase B mutant E144Q.
Data based on crystallographic data. (4) and (B) Structure of chitinase B / complexes. The
structures of EQ (E144Q) and EQ NAGS5 (NAGS5 = As) are shown as they would occur along
the reaction coordinate. Side chains interacting with the sugars are shown as sticks (carbons
in black) together with relevant stretches of the backbone (grey). As is drawn in a stick model
with green carbons. Important water molecules are shown as blue spheres. The unbiased
electron density map of As is contoured in magenta. Important hydrogen bonds are drawn as
dotted lines. Amino acid side chains in EQ, and the sugars bound to subsites -2 to +3 in
EQ As are labelled. (C) and (D) Molecular surface representation of the EQ and EQ As
structures. The monosaccharide moieties are shown in a stick representation. (D) Arrows
highlight the flip of Phe"”, the tunnel formed by residues Asp®'® and Trp’” (note the difference
to unbound EQ in (C)), the As binding subsites +3 and -2, and the chitin-binding domain.
Figures A — D were taken from literature [101].
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non reducing end reducing end
Phe!'2 Phe'0
Tyroe Trpt®? Trp  Trp? Type Trp252 Trp*™ Tyr+d!
Glut#
-3 -2 -1 +1 +2 +3 + +5 +6 +7 +8 +9
catalytic domain C-terminal chitin-binding domain

Figure 9. Schematic drawing of the C-terminal chitin-binding domain (red) and the
N-terminal catalytic domain (black) of chitinase B with subsites ranging from -3 (non-
reducing end) to +9 (reducing end). The catalytic site (with Glu'") is positioned
asymmetrically in the binding cleft between subsites —1 and +1. The catalytic domain is
locked beyond subsite -3. The drawing was made according to the discussions of the
N-terminal chitin-binding domain with the core subsites —3 to +3 in reference [101] and the
discussion of additional subsites including of the C-terminal catalytic domain in reference

[92].

-3 -2 -1 +1 +2 +3

Figure 10. Schematic drawing of the arrangement of the monosaccharide units of a chitin
hexasaccharide bound to chitinase B. The sugar moiety bound to subsite —1 takes up different
conformations during catalysis: chair (unbound), twisted boat (bound), half-chair
(oxazolinium ion).”> ** The twisted boat conformation of the A unit bound to subsite —1 results
in an edgewise binding of the A units in subsites +1 to +3.°> **(Chem3D Pro 11.0 ®, carbon
atoms: black, oxidation atoms: red, nitrogen atoms: blue)

The substrate is hydrolysed with anomeric retention, the released -1 sugar remains in the
B-configuration. Details of the catalytic mechanism of family 18 chitinases, which is also
valid for chitinase B, are described in chapter 1.4.5 and Figure 2.”

The substrate-assisted mechanism is facilitated by an induced conformational change in
which the N-acetylglucosamine at subsite —1 adopts a skewed-boat conformation, which
results in a 90° twist of the linkage with the A unit at subsite +1. Substrate binding is
predominantly facilitated by a series of aromatic residues.'® The catalytic domain contains
the following amino acid residues contributing significantly to hydrophobic interactions:
Phe'? / Tyr”™® (-3), Trp*®” (-1), Trp”’ (+1), Trp™*° (+2), Phe'” / Tyr**° (+3), and

Trp™? (+5).%% 19 1% Binding of substrate induces several conformational changes that result
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in favourable protein-substrate interactions. Trp’’ and Trp*°

move toward each other, creating
a hydrophobic sandwich with the sugars at the +1 and +2 positions. Asp’'® rotates 152°,
which leads to the formation of a hydrogen bond with Trp®’ on the opposite side of the
substrate. These movements together lead to a partial closure of the roof of the catalytic
domain tunnel.'”" Additionally, Phe'*® rotates —91° around to form a hydrogen bond with the

3. !9 These data for chitinase B from S. marcescens were obtained from

sugar at subsite +
crystallographic measurements; principally conformational changes upon non-covalent
protein — oligosaccharide interactions can be also obtained by STD-NMR measurements as
was demonstrated for the interaction between the plant chitinase hevamin and the chitin
trimer.'*

Besides the catalytic domain with a TIM barrel fold, chitinase B possesses a small C-terminal
chitin-binding domain. Five aromatic residues are linearly aligned on the surface of the
chitinase B molecule. Phe'” / Tyr** (+3) and Trp>* (+5) belong to the catalytic domain'"’
whereas Trp*”’ (+7) and Tyr*®' (+9) are part of the chitin-binding domain.’ Replacement of

these aromatic residues by alanin employing site-directed mutagenesis shows that besides

240 479

Phe'” all four amino acid residues, Tyr 22

, Trp™?2, Trp*”, and Tyr*™' are essential for a
successful binding of p-crystalline chitin.”

Besides the contribution of aromatic amino acid residues to hydrophobic interactions, several
polar amino acid residues mediate hydrogen bonds, which synergistically contribute to the
binding of the saccharide. In contrast to the aromatic amino acid residues in the deep catalytic
cleft the amino acid residues of the chitin-binding domain are exposed to the solution.”” The
number of hydrophobic amino acid residues increases continuously from the subsites of the
chitin-binding domain to the subsites of the catalytic domain with a maximum for subsite -1.%*
Consequently, chitinase B contacts the chitin chain first with the chitin-binding domain at the
non-reducing end. The chitin chain is moving along the gradient of increasing hydrophobic
and hydrogen bond interactions towards subsites -1 and -2. Hydrolysis between subsites -1
and +1 cleaves of the glycon part, which was bound to subsites -1 and -2. As adjacent
monomer units are related by a 180° rotation, the enzyme moves two N-acetylglucosamine
units towards the reducing end and hydrolysis is repeated resulting in the production of
A,.*%'% But chitinase B produces also odd numbered chitooligosaccharides, which is in
agreement with its third subsite -3 at the glycon leaving side. In case that the chitin chain
contains D units, hydrolysis is only processed successfully if an A unit is positioned in subsite
—1.%%1% Glycosidic bonds are cleaved with relative rates AA-X : DA-X : YD-X ca.3:1:0,

and bonds of the type YYA-X are cleaved very slowly (X = aglycon part; Y = D or A unit). '*
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Thus, occasionally the enzyme moves 2n (n > 1) monomer units towards the reducing end
before the next successful hydrolytic event occurs. Chitinase B is a processive enzyme with
typical exo-activity with respect to water-soluble chitin due to its closed, tunnel-like catalytic

- 101
domain.'®

For chitosan being the substrate, a clear exo-activity is not observed as only A
units in subsite -1 lead to product formation resulting in movement of 2n monomer units so
that 2n-3 monomer units extend beyond subsite -3. Thus, the porch loop locks the non-
reducing end efficiently only in the case of water-soluble chitin.”> Nevertheless, chitinase B
acts strictly processive also in the case of chitosan. '** Chitinase B binds longer
chitooligosaccharides with the non-reducing end preferentially located at subsite -2. The
analysis of the hydrolysis products of Ag¢ by MALDI-TOF MS (performed by the author of
the present thesis) demonstrates that the non-reducing end may be equally bound to subsite -3
in the case of chitooligomers, revealing chitotriosidase activity of chitinase B. Binding a D
unit at subsite -1 is non-productive and actually results in the case of chitooligosaccharides to
competitive inhibition of the enzyme.'® Moreover, an A unit is highly favoured at subsite -2

for successful catalysis, as the order of hydrolysis rates of different types of glycosidic bonds

shows.

1.4.8 Comparison of Chitinase A and B

Chitinase A and B both convert chitin into chitin dimers and monomers. However, the two
enzymes play different roles in the degradation of chitin as the combination of both enzymes
results in a synergistic effect on the degradation rate.’ Differences between chitinase A and B
can be explained by a structural comparison of both enzymes. Whereas the support loop and
the chitin-binding domain extend the catalytic domain of chitinase B on the reducing side of
the active site, the fibronectin IlI-like chitin-binding domain of chitinase A extends the
catalytic domain at the non-reducing side. Thus, chitinase B degrades chitin from the non-
reducing end, exhibiting chitobiosidase and chitotriosidase activity, whereas any
chitobiosidase activity displayed by chitinase A results in degradation of the chitin chain from
the reducing end.'"

Figure 11 shows a superposition of the structures of chitinase A and B revealing that the
chitin-binding domains of chitinase A and B extend the catalytic cleft in opposite directions
resulting in a degradation of the chitin chain from opposite directions, too.

The non-reducing side of the catalytic domain of chitinase B is locked by the porch loop.
Additionally, chitinase B contains an insertion of 17 amino acids, which is part of a mobile

loop that extends of the catalytic cleft. Upon substrate binding a tunnel-like structure is
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formed which is typical for exo-chitinases.'”" A porch loop analogue is absent in chitinase A,
meaning that the catalytic domain is open on both sides. Thus, the cleft of chitinase A has a
more groove-like character, typical for endo-enzymes.”’ However, strict exo-activity for
chitinase B is only observed for water-soluble chitin as the D units in the substrate result
occasionally in an extension of the non-reducing end beyond subsite -3 and thus beyond the

porch loop.'®

Figure 11. Superposition of the structures of chitinase A and B both in ribbon representation.
Chitinase A is coloured grey, chitinase B yellow. Residues that correspond to insertions in
chitinase A with respect to chitinase B are coloured green; residues that correspond to
insertions in chitinase B with respect to chitinase A are coloured red. AA, active site covering
loop in chitinase A; AB active site covering loop in chitinase B; CD, chitin-binding domain in
chitinase B, DL support loop in chitinase B; FD, fibronectin chitin-binding domain in
chitinase A; LI, linker in chitinase B; PO, porch loop in chitinase B. The figure was taken
from literature [100].

1.4.9 Human Chitotriosidase

Human chitotriosidase (HCT) or human macrophage chitinase is an active family 18 chitinase
that is found in human blood. It shows a broad pH optimum around seven. " The enzyme is
able to hydrolyse A3, which lead to the name chitotriosidase. '*° It occurs in two major forms
of 39 kDa and 50 kDa, where the 50 kDa form can be transformed into the 39 kDa form by
proteolysis. '° The chitinase putatively plays a role in defence against chitinous human
pathogens, which is supported by the fact that humans deficient in chitotriosidase activity are

. . . 4
more susceptible to nematodal infections.”*”
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C Chitotriosidase ' I

Figure 12. Structure of human chitotriosidase. (4) The backbone of chitotriosidase as shown
as a grey ribbon. The o/ domain is coloured blue. Residues 344 — 372, which are deleted in
the inherited mutated form of the enzyme are coloured green. Asp™®, Asp"® and Glu" are
shown as a sticks model with carbons coloured yellow. Solvent-exposed aromatic side chains
lining the active site cleaved are shown as purple sticks. A, as shown in a sticks
representation with orange carbon atoms. (B) Details of the active site. The HCT backbone is
shown as a grey ribbon. Solvent-exposed aromatics and residues interacting with A, are
shown as sticks with carbons coloured green for the apo-structure and carbons coloured
purple for the chitotriosidase-A, complex. A simulated-annealing Fo— F., ¢.ac map for A, as
observed in the chitotriosidase- A, complex is shown in blue, contoured at 30. A; is shown in
a sticks representation with orange carbon atoms. (C) Comparison of active site details. The
substrate-binding pocket of HCT is displayed. Protein backbones are represented by a grey
ribbon. A model of Ay is shown as a sticks drawing with orange carbons. Side chains in the
active site cleft are shown as sticks with green carbons, except for the catalytic glutamic acid,
which is shown with yellow carbons. Figures A — C were taken from literature [76].

Like all other family 18 chitinases, HCT has the DXXDXDXE motif at the end of strand 4
with Glu'*” being the essential catalytic acid.’® Figure 12 displays the structure of HCT with

emphasis on the catalytic domain. Up to now only crystal structures of complexes between
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HCT and A, are available. Through superposition of the chitinase B mutant — As and the
chitinase A mutant — Ag 107 complexes onto the HCT-A; structure, a model of a HCT
complex with Ao can be produced. "® Whereas A, occupies subsites -2 and -1, Ao occupies
continuously subsites -6 to +3 without any steric hindrance. The non-reducing end is placed at
subsite -6, the reducing end at subsite +3 with the catalytic centre between subsites -1 and +1.
76 It should be pointed out that it is not yet proven by crystallographic data that the reducing
end (subsites +1, +2, +3) of chitooligosaccharide substrates is bound edgewise to HCT like
for chitinase A and B, and that the sugar moiety bound to subsite —1 takes a skew boat
conformation. However, the computer model based on these assumptions shows no steric

clashes so that this model is very likely.”

non reducing end reducing end
TyrM Trp¥' Trp¥0  Trp% Trp210  Tyrl%0 ?
G|u14ﬁ
-6 -5 -4 -3 -2 -1 +1 +2 +3 +4 +5 +6
catalytic domain C-terminal chitin-binding domain

Figure 13. Schematic drawing of the catalytic domain (black) of human chitotriosidase with
subsites ranging from -6 (non-reducing end) to +3 (reducing end). The catalytic site (with
Glu'*) is positioned asymmetrically in the binding cleft between subsites -1 and +1. The
drawing was made according to the discussions of the catalytic domain with core subsites -3
to +3 in reference [76] and the discussion of additional subsites including of a C-terminal
chitin-binding domain in reference [76], which extends the catalytic domain of the 50 kDa-
form of human chitotriosidase beyond subsite +3.

The number of subsites of the chitin-binding domain is unknown and set fictively to three in
the figure. As well the aromatic amino acid residues of the subsites of the chitin-binding
domain are unknown.

The active site of human chitotriosidase is aligned with several solvent-exposed aromatic side
chains that stack against the hydrophobic face of the sugars, Tyr** (-5), Trp>' (-3), Trp>® (-1),
and Trp”, Trp*'® and Tyr'® (+1, +2 and +3), see Figure 13.'® The pattern and conservation
of these exposed aromatic residues is most reminiscent of that observed in chitinase A.
However, in contrast to chitinase A, the 39 kDa form of human chitotriosidase possesses no
chitin-binding domain whereas the chitin-binding domain, thus present in the 50 kDa form, is
located toward the C-terminus, similar to what is observed for chitinase B and AMCase. "> 7
But the structure of this domain is not similar to that of chitinase B. It shows rather
similarities with the sequences of similar domains in nematodal and insect chitinases. ' In

contrast to both bacterial enzymes chitinase A and B, which show ego-activity towards water-

soluble chitin, human chitotriosidase possesses not a deep active site cleft, which is partially
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closed by overhanging loops. The cleft is even more open compared to chitinase A.
Moreover, the active sites of chitinase A and B are blocked at opposite ends, whereas the
human chitotriosidase active site cleft is fully extended over one face of the enzyme, ’®

indicating that human chitotriosidase acts as an endo-chitinase with respect to water-soluble

chitin, which would be consistent with its proposed role as a defence protein against chitin-
71, 106, 109

containing pathogens (Figure 14).

Chitinase A Chitinase B Human Chitotriosidase

Figure 14. Comparison of the structures of HCT with chitinase A and B from Serratia
marcescens. Molecular surfaces are shown for currently known complexes of chitinases with
chitooligosaccharides: chitinase A with As, chitinase B with As, and HCT with a model of Ay.
The catalytic glutamic acid is coloured red, and exposed aromatic side chains lining the
active site cleft are coloured blue. The chitooligosaccharides are shown as sticks with green
carbons. The figure was taken from literature [76].

The putative role that HCT plays in the defence against chitinous human pathogens implies
that although chitinases in the pathogenic organisms themselves may be targets for the design
of inhibitors, it would be desirable to exclude inhibitors that show strong activity against HCT
as they might have negative side effects. The human enzyme appears to have significant
differences in the active site as compared with chitinases of pathogens, which could be used
for the design of inhibitors that show different specificity toward human and pathogen

.. 11
chitinases.”® !°

1.4.10 Acidic Mammalian Chitinase
A second mammalian chitinase, acidic mammalian chitinase (AMCase) was recently found.
The mRNA of this chitinase is expressed in the gastrointestinal tract and lung of human.'®®

AMCase, a member of the family 18 of glycosyl hydrolases, shows an 8-stranded o/p (TIM)
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barrel catalytic core structure. ''' Like HCT, AMCase contains an N-terminal catalytic domain
of 39 kDa and a C-terminal chitin-binding domain separated by a hinge region. '**'!!
AMCase is able to hydrolyse glycosidic bonds not only at physiological pH but also around
pH 2. The profound acid stability of AMCase is in agreement with the fact that this chitinase

is found in the stomach of mammalian.”

1.4.11 Family 19 Chitinases

The family 19 of glycosyl hydrolases covers mainly chitinases from plants and only to a
minor extend chitinases from bacteria. Family 19 chitinases differ not only in the amino acid
sequence of the catalytic domain from family 18 chitinases but also in the catalytic
mechanism of the hydrolysis of chitin.''* 3!

For family 18 chitinases is characteristic that they produce chitooligomers with a B-configured
A unit at the reducing end and either D or A at the non-reducing end.'"” In contrast, family 19
chitinases produce chitooligosaccharides with either D or A at the reducing end in the
a-configuration and A at the non-reducing end. '

The X-ray crystal structure of a family 19 chitinase isolated from barley shows structural
similarities with hen egg-white lysozyme, suggesting an analogous catalytic

mechanism, ''% 17 118

Two acidic residues Glu®’ and Glu® are essential for catalysis. The catalytic mechanism

of family 19 chitinases is called single displacement mechanism (in contrary to the double
displacement mechanism of family 18 chitinases) due to the inversion of the anomeric
configuration and the need for two largely separated acidic residues within the active site. ''®
The single displacement mechanism requires one acidic residue to act as a general acid and
the other as a general base (Glu™ in the case of barley chitinase ''°), activating water for a
concerted nucleophilic attack at C-1. The chitooligosaccharide substrate binds with all sugars
in a chair conformation favouring protonation of the B-1,4-glycosidic oxygen atom by Glu®’.
Asn'” forms a hydrogen bond with the N-acetyl group, preventing the formation of an
oxazolinium ion intermediate.

A conformational change of a flexible loop region of the active site brings the deprotonated
GIlu® close to the oxocarbenium cation. Glu® and Ser'*® coordinate with a water molecule,

which is activated for nucleophilic attack resulting in an inversion of the configuration

116,117, 119
at C-1.116 117
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1.4.12 Family 20 Glycosyl Hydrolases — Chitobiases and p-Hexosaminidases

The family 20 of glycosyl hydrolases consists of chitobiases (-N-acetylglucosaminidases)
and B-hexosaminidases. Both enzymes cleave monosaccharides from the non-reducing end of
a poly- or oligosaccharide. Whereas chitobiases cleave exclusively A,, B-hexosaminidases
remove either N-acetylglucosamine or N-acetylgalactosamine from glycoproteins, glycolipids
and proteoglycans.'?’ Both enzymes hydrolyse glycosidic bonds with retention of the

- 121,122
configuration at C1. 7>

1.4.13 Family 46 Chitosanases
Family 46 chitosanases were isolated from:

Streptomyces sp. strain N174 1%

Nocardioides sp. strain N106 '**

Amycolatopsis sp. strain CsO-2 '*
Streptomyces coelicolor A3 (2), SCO0677 or SCF91.37 12

Streptomyces coelicolor A3 (2), SCO2024 or SC3A3.02 %’

Bacillus subtilis ‘25 '%

Bacillus amyloliquefaciens "*°

131

Bacillus KFB-C04, thermostable chitosanase, ~ alias Bacillus sp. strain CK4 132

Chlorella virus PBCV-1 133134
Chlorella virus CVK2 %

. . . 136,137
Bacillus ehimensis

Bacillus coagulans '

Burkholderia gladioli **'*°

Bacillus circulans MH-K1 !

For successful hydrolysis family 46 chitosanases require stringently a D unit positioned at
subsite +1 whereas the specificity for subsite -1 is less pronounced (either A or D).
Hydrolysis is performed under inversion of the configuration at C1, indicating that the

catalytic mechanism is analogous to that proposed for family 19 chitinases (single

displacement mechanism).

1.4.14 Family 75 Chitosanases

. . . : . 142
Family 75 chitosanases were isolated from Nectria haematococca var. brevicona ™,

4

Aspergillus oryzae ', Aspergillus fumigatus '**, and Metarhizium anisopliae '*. These four
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enzymes are significantly homologous to each other. Details about the cleaving specificity of

these enzymes are not known today.

1.4.15 Family 80 Chitosanases
Family 80 chitosanases were isolated from Matsuebacter chitosanotabidus "*® and

147

Sphingobacterium multivorum '. Details about the cleaving specificity of these enzymes are

not known today.

1.5 Lectins

Lectins are complex proteins or glycoproteins that have specific recognition and binding
functions for complex carbohydrate structures of glycoconjugates which enables them to bind
specifically to cells or cell membranes and to initiate or mediate biochemical reactions.
Lectins are ubiquitary, they are found in plants, microorganisms and animals, also mammals
including humans.'*®

Due to the fact that many plant lectins are highly toxic for insects by clotting their blood cell
they may be considered as defence substances against insects.'*’

Lectins function as mediators of biological signalling, similar to hormones."’ E.g. wheat
germ agglutinin is known to bind to the insulin receptor giving the fat cell the same message
that insulin gives, namely to produce fat."”! %

Besides this hormone-like function, wheat germ agglutinin initiates allergic reactions in the
gut causing the release of interleukin-4, interleukin-13 and histamine from human basophiles
producing allergic symptoms.'>®

Microorganisms contain lectins for interactions with their hosts. E.g. Rhizobium trifolii gets
stuck to the roots of clover via lectin — polysaccharide interactions in order to establish a
symbiosis. Microbes use lectins for attachment to their host cells.'**

In animals, lectins take several functions, mainly in the recognition of cells or glycoproteins.
Selectins and galectins are involved in cell routing and cell-cell interactions; heparin- and
hyaluronic acid — binding lectins are involved in cell — matrix interactions. In humans, lectins
take in general the same functions as in animals although less experimental data are
available.'” The human galectin-1 has an anti-inflammatory function, and it acts protectively

as part of the immune system.' In the same direction goes the effect, that specialized lectins

(e.g. opsolins) coat foreign antigens to make them susceptible to phagocytosis by white blood
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cells. Liver lectins capture microorganisms, which are filtered off from the blood stream.
Human lectins bind to the glycan chains of membrane-bound glycoproteins mediating
biological activity. The biological activity either results from a blocking of the glycan chains
that are not able to interfere with cells or receptors. Alternatively, the lectin-glycoprotein

complex binds to a receptor.

1.6 Chitolectins

Family 18 of glycosyl hydrolases contains homologous proteins without hydrolytic activity
due to the lack of one or more of the highly conserved carboxylic groups of catalytically
active family 18 chitinases. Chitolectins function as receptors of chitin, chitosan or

chitooligomers. Of special interest are mammalian, in particular human chitolectins.

1.6.1 Human Cartilage Glycoprotein-39

The human cartilage protein, molecular mass 39 kDa (HC gp-39) possesses a variety of other
names: YKL-40 on base of its three N-terminal amino acids tyrosine Y, lysine K, leucine L;
breast regressing protein 39 kDa (brp-39); 38-kDa heparin-binding glycoprotein (gp38k);
chitinase-3-like-1 (CHI3L1); and Chondrex. In this thesis the protein is named HC gp-39. It is
abundant in liver and found at lower levels in kidney, brain and placenta. Although its mRNA
is not observed in healthy cartilage, HC gp-39 is over expressed in osteoarthritis, '’
rheumatoid arthritis, '*® cancer (some kinds of breast and colon cancer), 1°% 160 161 162163 jiyep
fibrosis,'** inflamed tissues, '® spinal fluids following neural damage, '°° arteriosclerosis '’
and more generally, pathologies with increased tissue remodelling. '®®

Epitopes of HC gp-39 are recognised by the immune system of patients suffering from

169

rheumatoid arthritis; ~ the serum concentration of HC gp-39 is positively correlated with the

disease progression. '’* Thus, it could be used as a biomarker for these pathogenic conditions.
HC gp-39 is a possible auto antigen in rheumatoid arthritis with the capability to induce

T-cell-mediated autoimmune response. '’ Peptides derived from HC gp-39 can induce

immunologic tolerance in patients suffering from persistent rheumatoid arthritis. '’

HC gp-39 is secreted by articular chondrocytes, '’ synovial fibroblasts, '’* smooth muscle

175

cells'” and neutrophile granulocytes '® as well as macrophages. '’® 7" '"® It promotes the

proliferation of connective tissue cells acting synergistically with the insulin-like growth

178

factor, possibly resulting in scar tissue formation. '~ The protein appears to be induced in
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osteoarthritis patients and generally in aging humans. '”’ It has been reported that HC gp-39
plays a role as an auto antigen in rheumatoid arthritis and that it is expressed in diseased
human osteoarthritic cartilage and osteocytes, but not in non-diseased tissue. '*°

It was reported that ChO treatment of persons suffering from rheumatoid arthritis has a
positive effect on the course of the diseases. '*! Putatively ChO’s reduce the expression of HC
gp-39, which plays a key role in rheumatoid arthritis.

Recently it was shown that HC gp-39 is a potent growth factor, inducing cell proliferation
through activation of protein kinase B and kinase ' mitogen-activated protein kinase
signalling pathways. HC gp-39 initiates MAP kinase and PI-3K signalling cascades in human
connective-tissue cells (chondrocytes, fibroblasts), leading to a phosphorylation of ERK1 /
ERK2 and AKT. Both pathways are required for the cells to complete progression through the

mitotic cycle. "

HC gp-39 may function to maintain or promote the integrity of the
connective-tissue elements in a pro-apoptotic environment. '’® Similar activity has been
shown for an orthologous protein from guinea pig and a homolog in Drosophila.'®* It is
supposed that chitooligosaccharides could influence the growth of chondrocytes'™?,
osteoblasts'® and macrophages via its ligand nature for HC gp-39.

Chondrocytes are cartilage cells that produced collagen and proteoglycans, which are the
basic components of cartilage. (Figure S10, Appendix) The growth stimulating effect of
ChO’s on chondrocytes results in a regeneration of cartilage through normalisation of
proteoglycans and collagen.

Besides 53% sequence identity to human chitotriosidase (HCT),'®* %

the binding site of

HC gp-39 is similar to the binding site of chitinase A from Serratia marcescens.”® In family
18 chitinases, the glutamate is the catalytic acid, which protonates the glycosidic bond. The
neighbouring aspartate plays a key role in orienting the N-acetyl group of the -1 sugar for
nucleophilic attack on the anomeric carbon. In HC gp-39, these residues correspond to Leu'*
and Ala'*®; consequently HC gp-39 possesses no chitinase activity.'®

HC gp-39 is capable of binding chitooligosaccharides, '* as its binding cleft is lined with
solvent-exposed aromatic residues, which are important for interacting with the hydrophobic
faces of the pyranose rings in chitooligosaccharides according to catalytically active family 18
chitinases (Figures 15 —21). 18- 188

The X-ray structure analysis of co-crystals of HC gp-39 with A reveals six binding sites, - 4
to +2.'%7 Further, two additional subsites, -5 and -6, were identified.'®® The X-ray structure
analysis of co-crystals of HC gp-39 with As revealed an additional subsite +3. '** In HC gp-

39, A5 binds with equal frequencies to subsites -2 to +3 and subsites -3 to +2. '* The X-ray
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structure analysis of co-crystals of HC gp-39 with A, gave evidence for the occupation of
subsites -5 and -6. Similar results were produced for As. '™ Chitooligosaccharides are bound
to HC gp-39 in similar conformation and location as observed previously for complexes of
chitooligosaccharides with chitinases. That means, the -1 sugar is in the boat conformation.
The distorted conformation is stabilised by multiple interactions involving Trp”’, Trp>>2,
Arg®®, and Tyr'*'. "™ Intriguingly, although six subsites, from -1 to -6, are available for
chitooligosaccharides to bind in a linear fashion the distorted conformation is preferred. All
together nine subsites, -6 to +3, were identified. '*"'®® The majority of the favourable
interaction between the protein and sugar is due to the interaction between sugar rings and the
aromatic residues at -6 (Trp’"), -5 (Trp>*), -3 (Trp’), -1 (Trp™?), +1 (Trp’?), and +3
(Trp*'%)."* Figure 19 summarizes the facts. Additionally, hydrogen bonds are found with the
+2 N-acetyl group (water mediated interactions with Thr'® and Thr'”), the -1 sugar (Trpgg,
Asn'®, Asp™, Arg®®), the -2 sugar (Trp>>?, Asn'®, and water mediated interactions with
Arg®®, Glu® and Glu”’), the -3 N-acetyl group (Asn'") and the -4 O-6 hydroxyl group
(Glu”™). "*” '*8 Based on a definite binding site for A4 (-2 to +2) and the lack of definite
binding sites for As (-3 to +2 vs. -2 to +3) and Ag (-4 to +2 vs. -3 to +3), it would appear that

the energetic surface distal to the -3 and +2 subsites is shallow and not well defined. '*-'*®

Figure 15. The structure of HC gp-39 is shown as a coloured ribbon (helices, red; strands,
blue). Ile’"" and the A, N-linked glycan on Asn® are shown as stick models with black
carbons, together with the final 2 Fy — F., ¢.qc map (orange) contoured at 1.0 o. The side
chains of Leu'"" and Ala"*® are shown as black sticks. The two disulfide bonds are shown in
green. Solvent-exposed aromatic residues lining the putative binding cleft and conserved with
HCT are shown as sticks with magenta carbons. The figure was taken from the literature
[187].
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Figure 16. Surface representation of the structures of HC gp-39 (a) and of HC gp-39 in
complex with chitooligosaccharides (b). The protein surface is coloured as follows: aromatic
amino acid residues are shown in cyan, Trp® is depicted in violet, the putative heparin-
binding site GRRDKQH (residues 143 — 149) is coloured blue and the epitope 259 — 271 is
coloured in red (residues 259 — 269) and orange (residues 266 — 271). The bound As and A
are shown in white and pink sticks, respectively. The figure was taken from the literature
[188].

. : f
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Figure 17. Model of HC gp-39 with a long chitin oligosaccharide and the lining of aromatic
amino acid residues. The boat confirmation of the A unit is visible in the —1 subsite. The
oligosaccharide is shown in black in a ball-and-stick representation; the structure of the
protein is shown as a ribbon representation in grey colour. The aromatic residues lining the
carbohydrate binding site are shown in ball-and-stick representation. The figure was taken
from the literature [188].
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Figure 18. Schematic representation of the chitin-binding site showing protein carbohydrate
interactions at subsides —3 to +3, — 6, and —5. The bound chitin oligosaccharide and the
amino acid side chains are shown in thick and thin black lines. The hydrogen-bonding
interactions are shown as red dashed lines with atomic distances in A. Amino acid residues
contributing to hydrophobic interactions with the bound chitin oligomer are schematically
drawn as brown half-circles. Water molecules are shown as blue spheres. The figure was
taken from the literature [188].
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Figure 19. Schematic drawing of the chitin-binding domain of the catalytically inactive
chitolectin HC gp-39 with subsites ranging from -6 (non-reducing end) to +3 (reducing end).
The former catalytic site is positioned asymmetrically in the binding cleft between subsites -1
and +1. The chitin-binding domain is not locked at any subsite. The drawing was made

according to the discussion of the subsites of the chitin-binding domain of HC gp-39 in
reference [188].
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-3 -2 -1 +1 +2 +3
Figure 20. Schematic drawing of the arrangement of the monosaccharide units of a chitin
hexasaccharide bound to HC gp-39. The sugar moiety bound to subsite -1 takes up a twisted
boat conformation which results in an edgewise binding of the A units in subsites +1 to
+3. 19 % Chitooligosaccharides with DP > 3 preferably bind to HC gp-39 involving subsites
-1, +1 and +2 resulting in an edgewise arrangement even though enough subsites exist which
allow for a non-edgewise binding. Only A, and A3 prefer to bind to the distal subsites -6, -5

and -4. (Chem3D Pro 11.0 ®, carbon atoms: black, oxidation atoms: red, nitrogen atoms:
blue)

Figure 21. Structural comparison of HC gp-39 with human chitotriosidase. The top panel
shows the electrostatic surface potential (red, < —7.5 kT; blue, > +7.5 kT). The bottom panel
highlights the sequence conservation (magenta conserved, grey, non-conserved). For HCT a
model of Ay is additionally shown as a stick model. The figure was taken from the literature

[187].

It was reported that chitooligosaccharides induce a conformational change of HC gp-39. '’

209 212

Two regions of the protein are in the focus. On one hand the region involving His™", Trp

and Arg®"? (subsites +2 / +3), on the other hand Trp” and Asn'® (subsite +1). Whereas for the

209 — 213 region a significant conformational change is under discussion, it is undoubtedly
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found for the 99 — 100 region. '* It is speculated that the 99 — 100 region (subsite +1)
functions as a “gate”; Trp’° including its side chain in the +1 position has a “pinched”
conformation when the chitooligosaccharide is not bound and a “stacked” conformation while
interacting with the oligosaccharide. '** Due to the difference in the orientation of Trp”, the
chitin-binding groove is wider in HC gp-39 than in human chitotriosidase. '*® In the plant
chitinase hevamine, which acts as a defence endo-chitinase, the residue corresponding to
Trp” is a glycin, a substitution that ensures a completely open chitin-binding groove and full
accessibility of the central subsites located near the catalytic residues. '**

The physiological function of a ligand-binding induced conformational change of HC gp-39 is
still not clearly investigated as well as the function of a putative gate at subsite +1 or the
preferred binding of A, and Aj to the distal subsites -6 and -5.

The observation that N-acetylglucosamine oligomers bind to HC gp-39 suggests that

HC gp-39 could participate in specific signalling processes perceiving the presence of newly

190, 191

synthesized hyaluronic acid chains; short N-acetylglucosamine oligomers are putative

primers for the biosynthesis of hyaluronic acid. The N-acetylglucosamine oligomers are kept
at the reducing end of nascent glycans.'** 2

Additionally to the X-ray analysis of co-crystals of N-acetylglucosamine oligomers and

HC gp-39, the interactions between both species were studied by affinity assays. The
equilibrium binding was analysed fluorometrically, using the intrinsic tryptophan
fluorescence in aqueous solution, which is increasing upon oligosaccharide binding due to a
rearrangement of the solvent environment. The fluorescence data showed a binary interaction
with dissociation constants of 331 uM for A4 and 6.7 uM for Ag, indicating a tighter
interaction with increasing DP.'*’

HC gp-39 possesses a second binding site, which is located in a surface loop and putatively
binds heparan sulfate. "> Heparan sulfate contains both, N-acetylglucosamine and
glucosamine units. '** Proteoglycans containing heparan sulfate are present at the cell surface
and in the extracellular matrix where they are involved in cell adhesion, organ genesis and
wound healing. Furthermore, they play a role as growth factors (cytokines). '** '

Recently was found that three isoforms of HC gp-39, which differ in their glycosylation
patterns, are able to bind collagen form I with relatively low affinity (K4 =1 uM). The
chondrocyte derived species was found to stimulate the rate of type I collagen fibrillo-genesis,
whereas the cartilage major form had an inhibitory effect. The ability of HC gp-39 to regulate
fibrillo-genesis suggests a physiological role in the laying down of new collagen fibrils during

development and connective tissue remodelling.'*®
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1.6.2 Other Human Chitolectins

Besides HC gp-39, further chitolectins were detected in humans. Closely related to HC gp-39
(chitinase-3-like protein 1) is YKL-39 (chitinase-3-like protein 2). In contrast to the broad
range of HC gp-39 expression, YKL-39 production is predominantly demonstrated for
chondrocytes and synoviocytes. '’ This protein is expressed in healthy articular chondrocytes
(like HC gp-39), but whereas HC gp-39 is significantly down regulated in late stage
osteoarthritic chondrocytes, YKL-39 is significantly up regulated. ' '*® Two biological
activities of YKL-39 might contribute to the progression of arthritis. One is the induction of
autoimmune response, and second is the participation in tissue remodelling. '*® Immunisation
with purified YKL-39 induced arthritis in different strains of mice.'””

Stabilin-interacting chitinase-like protein (SI-CLP) is the most recently identified human
chitolectin. This protein is an interacting partner and sorting ligand for stabilin-1, which is
expressed in macrophages and endothelial cells in liver, spleen, lymph node and bone
marrow. "% ''!-2% Tt was found, that macrophages treated with interleucin-4 (IL-4) secrete SI-
CLP; treatment with a combination of IL-4 and dexamethasone blocked secretion and resulted
in intracellular accumulation of SI-CLP. '® SI-CLP is found in patients with chronic
inflammatory disorders of the respiratory tract. '°® As SI-CLP is up regulated by
glucocorticoids it is a promising marker for the individual response to glucocorticoids and
prediction of side effects of corticoid treatment. '

Human oviductin MUC9 shows a striking level of sequence identity with HC gp-39 (46%)
and family 18 chitinases (up to 35%).'® It is exclusively secreted by oviductal epithelium
with highest expression levels in time of ovulation, which indicates a regulatory role during
fertilization. *°' Oviductins are heavily glycosylated (up to 45% of the molecular mass). The
protein interacts with the zona pellucida of the oocyte during its passage through the oviduct
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until implantation of the embryo. Putatively, human oviductin binds with its chitinase-

like domain to specific oligosaccharides of the oocyte, shielding it from proteases by their

bulky oligosaccharide side chains.**

1.6.3 Non-Human Chitolectins

Besides in humans, catalytically inactive chitinase-like proteins are expressed in other
mammals, but also insects and plants. E.g. YM1 is secreted by murine activated peritoneal
macrophages elicited by oral infection of mice with nematodes. '® **® The induced expression
of YM1 by activated macrophages and the profound cellular changes paralleling its
appearance suggest that YM1 may bear functional significance to the development of either

203

host defence against or tolerance to nematode. "~ The structure of YM1 showed a good
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agreement with chitinase A from S. marcescens in the catalytic TIM barrel ((p/a)g barrel) and

193

the small a+f folding domain. " In addition to chitinase A, concanavalin B and narbonin also

share structure similarity with YM1. '%3-2%

With respect to human chitotriosidase YMI1 is
poorly conserved and does not show a well-defined cleft, additionally it is more negatively
charged. *® YMI has been identified as an animal lectin with a binding specificity toward
carbohydrates containing D units. Additionally, YM1 possesses an ability to bind heparin /
heparan sulfate. **

MGP-40 (mammary gland protein 40 kDa) is another mammalian chitolectin. It was isolated
from goat dry secretions. '™ This protein is implicated as a protective signalling factor that
determines which cells are to survive the drastic tissue remodelling that occurs during

. . 189
involution.

It has been indicated that certain cancers could surreptitiously utilize the
proposed normal protective signalling by proteins of this family to extend their own survival
and thereby allow them to invade the organ and metastasis. '** In view of this, MGP-40 could
form an important target for drug design against breast cancer. '** The structure of MGP-40 is
consistent with the (/a)s barrel topology of the family 18 chitinases. *** Detailed analysis of
the crystal structure of MGP-40 suggests that it is able to bind chitooligosaccharides.'** %%
Plants also produce proteins that contain the family 18 conserved regions without showing
any hydrolytic activity; examples are narbonin from Vicia narbonensis L. seeds®”® and
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concavalin B. The functions of these proteins are yet unknown.

1.7 Aims of this Thesis

In nature, chitinous materials often co-occur with proteins which either hydrolyse chitin or
chitosan like chitinases, or proteins that are evolved from chitinases but which are
catalytically impaired and function as biological signalling mediators — the chitolectins. One
aim of this thesis is to measure quantitatively the binding of chitooligosaccharides to
chitinases and chitolectins. In detail, the family 18 chitinases A and B from Serratia
marcescens were selected to determine the affinities of heterochitooligosaccharides with
respect to DP, F4 and sequence. N-acetylglucosamine oligomers of DP > 2 are substrates of
chitinases as well as chitin or chitosan. Glucosamine oligomers, composed solely of D units,
are not hydrolysed by chitinases. However, these compounds are supposed to bind poorly to
chitinases. Heterooligosaccharides, composed of A and D units, have the potential to bind to

chitinases with sufficient affinities due to their content of A units. On the other hand, they
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offer the advantage of being resistant against hydrolysis due to the presence of several D
units. A combination of both properties is the predisposition for substances to act as chitinase
inhibitors. Chitinase inhibitors play important roles e.g. as insecticides (some insects need
chitinases to destroy the cuticle during metamorphosis) or as agents against malaria (filariae

need chitinases to escape from the peritrophic membrane of hosting insects).

The second scope of the present thesis is to determine quantitatively the affinities of
heterochitooligosaccharides to the human chitolectin HC gp-39 with respect to DP, F and
sequence.

HC gp-39 is of increased interest due to its well-investigated structure of the chitin-binding
domain on one hand, and its involvement in cellular signalling processes on the other hand.
The predominant amino sugar monomer units of the human body are N-acetylglucosamine
and N-acetylgalactosamine which both occur in glucosaminoglycans and proteoglycans. N-
acetylglucosamine forms together with its derivative N-acetylmuramine the backbone of the
bacterial cell wall, and it contributes to the glycosylation pattern of glycoproteins.
Glycoproteins cover together with glycolipids all cell surfaces. Free glucosamine rarely
occurs in the human body. It is a component of heparin and heparan besides
N-acetylglucosamine. Up to now, no human polysaccharide or oligosaccharide structure is
described containing sequences of D and A units as characteristic for chitinous material. The
finding of HC gp-39 and other human chitolectins promises that further chitinous structures
could be involved in cellular signalling processes in humans. The presence of lectins
containing chitooligosaccharide binding sites suggests that exogenous chitooligosaccharides
(taken up with nutrients) have the potential to influence biological processes in humans.
Chitosan is degraded in the human body to extent. It is resistant against hydrolysis at
physiological pH values (stomach: ca. 1, cells: ca. 5 — 6, cancer cells ca. 3 —4). The chitinases
present in the human body do not hydrolyse D-D bonds. Additionally, chitosan and especially
chitin are poorly soluble under physiological conditions and even in digestive fluids. They are
not resorbed but mostly excreted undigested.

Chitooligosaccharides are soluble in digestive fluids and in human blood. Their low
molecular mass compared to the corresponding polymers promises an increased resorption
rate. Thus, chitooligosaccharides appear to be the preferred form for the transportation of
chitinous activity into the human body. The highest biological activities are expected from N-
acetylglucosamine homooligomers as the binding pockets of chitolectins are optimised for A

units. A units occur in the human body significantly more often than D units. D units occur in
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heparan sulphate, a glucosaminoglycan. A units, GIcNAc, are part of N-glycans and therefore
frequently occur in the human body — on cell surfaces as well as glycosylated proteins.*”’
Additionally, GIcNAc is a compound of glucosaminoglycans. >'° Putatively, chitin
homooligomers of DP < 6 are primers of the hyaluronan biosynthesis in vertebrates. 2'! 2

On one hand the highest bioactivity is expected for N-acetylglucosamine homooligomers, on
the other hand these oligomers show the lowest biostability. N-acetylglucosamine
homooligomers are less stable under acidic conditions than glucosamine homooligomers due
to the anchimeric assistance by the acetamido group at C-2 with respect to hydrolysis of the
glycosidic bond. Additionally, N-acetylglucosamine homooligomers of DP > 2 are preferred
substrates for the human family 18 chitinases HCT and AMCase but also for lysozyme.
Heterochitooligosaccharides, composed of A and D units, promise on one hand a sufficient
biostability in human due to its D units and on the other hand a sufficient affinity to HC gp-39
(and other chitolectins) to influence biological signalling due to its A units.

For affinity studies either pure oligomers, homologs, isobars or well-characterized mixtures of
heterooligosaccharides have to be applied to obtain sound results. Thus, the third and fourth
scopes of this thesis were to establish rapid and less substance consuming methods for the
quantitative analysis of complex mixtures of heterochitooligosaccharides (containing
oligomers, homologues and isobars), and moreover to establish methods for the preparation of
pure oligomers, homologues and isobars based on chromatographic separation techniques.
Moreover, it was the aim to conclude from the oligomer, homologue and sequence

composition of partial depolymerisates of chitosan or chitosan copolymers to the monomer

arrangement in the polymer.
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Abstract Heterochitooligosaccharides possess intriguing biological activities. The activity is

hereby coupled to the structure (DP, F5 and sequence of D and A units). The present work
provides a series of chromatographic and mass spectrometric methods which enable the
researcher to analyse rapidly mixtures of heterochitooligomers, homologs and isomers. The
combinations of GPC (Biogel P4™, RI detection) and IEC (Resource S™, UV detection) as
well as GPC and MALDI-TOF MS after derivatisation of the free amino groups with
hexadeutero acetic anhydride were successfully used for this purpose. The sequence IEC (SP

Sepharose™) followed by GPC (Biogel P4™) proved to be optimal for the preparation of
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pure homologs of DP2 — 10 in the scale of milligrams. Alternatively, a multistep
chromatographic separation by GPC (Biogel P4™) afforded salt-free homologs. For the
quantitative analysis and preparation of isomers in microgram scale IEC on Mono S™

stationary phases (UV detection) was employed.

Keywords

Chromatography, mass spectrometry, heterochitooligosaccharides, homologs, isomers.

Introduction

Chitin is the name for the sugar copolymer composed of N-acetylglucosamine (A) and
glucosamine (D), which is insoluble in diluted acids. The deacetylation of chitin gives
chitosan, which is soluble in diluted acetic acid. In nature we usually find chitin
(exceptionally for some fungi). The monomer units of both polymers, chitin and chitosan, are
connected via f-(1,4)-linkages.'

Chitin and chitosan are enzymatically degradable by either chitinases or chitosanases
usually giving complex mixtures of heterochitooligomers — homologs and — isomers which
are composed of N-acetylglucosamine (A) and glucosamine (D). They are prepared by either
chemical or enzymatic degradation of chitosan or chitin. The degree of polymerisation (DP)
varies from 2 to 20 units in a segment, and each segment differs in the mole fraction of A
residues (F,, i.e. homologs) and in the sequences of D and A residues (i.e. isomers). A
heterochitooligomer of DP3 for example includes 4 homologs (D3, DA, D1A3, As) each of
which represents either a pure isomer (D3 = DDD; A3 = AAA) or a mixture of isomers (DA
= DDA, DAD, ADD; DA, = DAA, ADA, AAD).”

Chitooligosaccharides possess a number of intriguing biological activities such as
promotion of chondrocyte growth', immune stimulation through activation of macrophages’,
chemotactic migration of polymorphonuclear cells’, morphogenetic activity in vertebrates™°
and growth regulator or elicitor action in plants.”®’ Hereby, the biological activity alters with
DP, F4 and the sequence of D and A units as was demonstrated for the affinities of ChOs to
chitinase B (Serratia marcescens)'’. Also the differences in the interactions of N-
acetylglucosamine homooligomers (DP > 4) with the chi-lectin HC gp-39 were studied.'"""?

Therefore it is necessary to know in detail the quantitative composition of mixtures of
oligomers, homologs and isomers. Moreover, in many cases it is desirable to apply pure
homologs or even isomers for biological studies to obtain clear results.

Chromatographic methods were applied for the separation of mixtures of oligomers,
homologs and isomers.

Gel permeation chromatography (GPC) separates molecules of different dimensions and
herewith molecular masses. Gel chromatographic separations of mixtures of chitosan or chitin
homooligomers give pure oligomers.”'*'* Mixtures of heterochitooligomers obtained by
enzymatic depolymerization with chitinase B (Serratia marcescens) were separated
employing GPC followed by NMR analysis of the fractions.'>'°

Cation exchange chromatography separates ChOs according to their charge numbers."
Separations of complex mixtures of ChOs give fractions of identical charge numbers but
different DP.'"!®

Further chromatographic methods were employed for the analysis and preparation of
heterochitooligosaccharides. Amino stationary phases were employed for the separation of

2



chitin oligomers.'*'**° But also mixtures of heterochitooligomers of DP < 5 elute from this
material. However, the peak resolution for the separation of heterochitooligomers is not
comparable to that obtained employing GPC or IEC materials, respectively.' As well amide
stationary phases were used for the separation of chitin oligomers.”’ Anion exchange materials
in alkaline eluents were successfully employed for the separation of homologs.”!

MALDI-TOF and FAB MS have been extensively employed for the analysis of mixtures of
(hetero)chitooligosaccharides.>******?7 Hereby, these mass spectrometric methods have
proved to be rapid tools for the qualitative analysis of even complex mixtures of oligomers
(DP 1 —20) and homologs.

The objectives of the present research are to develop a method combining GPC and IEC for
the analysis and preparation of heterochitooligomers and homologs. Secondly, a method
based on IEC is developed for the analysis and preparation of isomers. And finally a mass
spectrometric method is developed allowing for the rapid quantitative analysis of mixtures of
heterochitohomologs. This method demands a derivatisation of the free amino groups with
Ac,0-dg. The acetylation of heterochitooligomers (partial re-N-acetylation employing Ac,O
in MeOH/H,0, per-N-acetylation for subsequent HPLC analysis'* **, per-acetylation in
combination with hydrolysis®>%) and especially the acetylation of chitosan (partial re-
acetylation of chitosan®', formation of chitin hydrogel’?) is described in many variants in the
literature. Applying deuterated reagents for the acetylation (deutero per-N-acetylation), a
change in the rate of the reaction or a consecutive change in the degrees of substitutions of the
reaction products does not appear as the isotopic effect is neglectible. The N-acetylation is
usually accompanied to some degree by O-acetylation. The standard method for the selective
O-deacetylation of chito-oligomers (in the presence of N-acetyl groups) is the treatment with
diluted KOH. However, different reagents are described (ammonia®*****, cyanide®, sodium
methanolate® hydrazine acetate®®).

Materials and Methods

Materials

Sample 1 (mixture of chitosan homooligomers): hydrolysate of deacetylated chitosan (Fa
0.02, Euphausia superba) with HCl aq. fum.; filtration 0.8 and 0.2 um pore size, ultra-
filtration 3 and 0.5 kDa.

Sample 2 (mixture of ChOs): hydrolysate of deacetylated chitosan (Fo 0.48, Pandalus
borealis) with a family 18 chitinase from Penicillium sp.; filtration 0.8 and 0.2 um pore size,
ultra-filtration 3 and 1 kDa.

Sample 3 (mixture of ChOs): see sample 1; ultra-filtration only 3 kDa.

Sample 1 was prepared in our laboratory. Samples 2 and 3 are a generous gift of Genis ehf,
Reykjavik, Iceland

Chitin oligomers (A,) Seikagaku, Tokyo, Japan

HCI (37%, fuming, p.a.), NaOH (p.a.), ethanol (99.9+%), ammonium acetate p.a Merck KG,
Darmstadt, Germany

NaCl (p.a.) Riedel-de-Haén, Seelze, Germany

3,5-Dinitro salicylic acid (98+%), 2,5-dihydroxy benzoic acid (Gentisic acid, 99+%) Fluka
Chemie, Buchs, Switzerland

Glacial acetic acid (99+%) Sigma-Aldrich, Taufkirchen, Germany

Methanol (99.9%), glucose (anhydrous, p.a.) Acros, Geel, Belgium

Hexadeutero acetic anhydride and tetradeutero acetic acid Chemotrade, Leipzig, Germany

All other chemicals were purchased from Sigma/Aldrich (Munich, Germany) in p.a. quality.
Methods

Gel Permeation Chromatography of Heterochitooligosaccharides. The separations for
analytical purpose are performed on a system consisting of two columns in series (each @ =
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2.5 cm, length = 100 cm, GE Healthcare XK25, Uppsala, Sweden) filled with Biogel P4, fine
grade (BioRad, Munich, Germany) which are coupled to a refractive index detector
(Shimadzu RID 6A, Duisburg, Germany) and a fraction collector (Pharmacia, Uppsala,
Sweden). The mobile phase (0.05 M ammonium acetate buffer pH 4.2) was run through the
columns with a flow rate of 25 mL*h™" using a peristaltic pump (Pharmacia P1, Uppsala,
Sweden). The sample amount is 50 mg.

The run of a standard mixture of chitosan homooligomers (sample 1) on the column gives a
separation up to DP 14. The resolution of the peaks for the DP6 and 7 oligomers is Rg = 1.10.

(The chromatogram of sample 1 including the determination of peak parameters is shown in
Supporting Information Figure S-1).

In order to prove how the RI signal is depending on the DP and F of ChOs, equal masses
of D4, Dy and A were analysed by RI detection. For all three oligomers the peak areas were
identical within the error margin, indicating that the RI signal is proportional to the mass of
the ChOs, independently from the DP and F.

The experimental results are confirmed by theoretical calculations: The refractive index (n;)
is a function of the molar mass (My,), the density (p) and the molar refraction (Ry,): n? =
M/ p+2Rpn) M/ p - Rm) < Ri* p/ M = (0,2 - 1)/ (0,2 + 2).*” Assuming that p is nearly
constant for oligomers and homologs, the quotient R,/ M, determinates n,. Ry, is the sum of
the molar bond refractions 1y, ,,. Table 1 shows the calculated molar refractions for D4, Dy and
A3.37 The quotient R,/ My, [mL*g'l] is constant for the oligomers D4 and Dy as well as the
acetylated species Aj. Thus, n, is independent of the DP and F 4 but linearly depending on the
mass of the ChO.

Table 1. Calculated molar refractions Ry, for D4, D9 and Aj. The quotient R,/ My, (molar
refraction / molar mass) is constant for oligomers and homologs (D4, D9y, A3). The last

column shows the deviations A(R,/Mp,) of Dg and A3 with respect to Dy.

ChO R Rn/Mp |ARp/Mp
[mL*mol'] | [mL*g'] | [mL*g"]
D, 142.82 0.2157
D, 316.72 0.2158 0.0001
A; 135.88 0.2166 0.0019

Separations for preparative purposes are either conducted under the conditions above, or —
if the sample amount increases 250 mg - the conditions are changed: The column dimensions
are increased to @ = 5.0 cm, total length = 200 cm, the flow rate is increased to 50 mL*h™".
Under these conditions GPC fractionations of ChOs were successfully performed up to a
sample amount of 0.75 g. Preparative fractionations include separations of crude mixtures of
ChOs obtained by enzymatic degradation of chitosan, re-chromatography of GPC fractions or
separations of IEC fractions of compounds with identical charge numbers but different DP.

Cation Exchange Chromatography of Heterochitooligosaccharides. For analytical
purpose, fractions from the GPC separation of sample 2 are objected to cation exchange
chromatography. The separations are performed on a system consisting of an HPLC
instrument (Jasco, Gross-Umstadt, Germany) with a UV detector (detection wavelength 210
nm) and a Resource S™ stationary phase (Pharmacia, Uppsala, Sweden) with a bed volume
of 1 mL. Under a flow rate of 1 mL*min' the following gradient was run: eluent A, HCI pH
3.5; eluent B, HCI pH 3.5 + 1 M NaCl. Gradient: 0-5 min 0% B, 5-45 min 0-50% B, 45-46



min 50-100% B, 46-55 min 100% B, 55-56 min 100-0% B, 56-70 min 0% B. The gradient
run from 46 - 70 min is for washing and equilibration of the column.

For the optimisation of the separations of compounds with charge numbers of 5 or higher
the gradient is adjusted as follows: 0-10 min 0% B, 10-75 min 0-50% B, followed by the
washing and conditioning procedure.

e y =3,0601x + 0,0289
S 2 -
Siad R? = 0,9982
S
RE] A,
2
=1,943x + 0,0327
z ! DA ’ R?=0,0968
AW ’ DA,
0.8
06 y =1,0292x + 0,0467
’ R? = 10,9939
A,
0,4 4
0,2 y =0,0656x - 0,0005
R*=1 D
0 1

T T T T
0 0,1 0,2 0,3 0,4 0,5
¢ (ChO) [umol * mL™"]

Figure 1. The figure shows the plots of the UV absorptions of D, A;, D1A,, A; and D,A;
versus the concentration in the range of 0.0 to 0.6 umol*mL". The plots are fitted to linear
functions. The equations and coefficients of determination are given in the Figure. The slopes
of the graphs are increasing with increasing number of A units. The slopes vary to a low

extend with the number of D units (D; and D,Aj3 vs. Aj).

The dependency of the UV signal from the DP, Fo and amount of the ChOs was
determined. Hence, concentration-dependent UV absorption data were taken for D;, A,
D1A,, Az and DyAj; (Figure 1). The UV absorptions are linearly increasing with the molar
concentration of ChOs. The slopes within the range of 0.0 to 0.6 pmol*mL™" are 0.0656
a.u""mL"‘umol'1 for Dy, 1.0292 a.u.”‘mL*umol'l for Ay, 1.9430 a.u.”‘mL"‘umol'1 for D 1A»,
3.0610 a.u.*mL*umol” for A3 and 3.0610 a.u.*mL*pmol” for D,A;. The slopes are nearly
identical for ChOs of the same number of A units (e.g. A3 and D,A3) indicating that the UV
absorption of D units is neglectable. This observation is supported by the slope of the plot for
D; (0.0650 a.u.*mL*umol'l) which is almost zero. The ratio of the slopes for A;, D;A, and
A3/ DyAz 1s 1.0292 : 1.9430 : 3.0610 which is within the error margin of the measurements
(weighing error) equal to 1 : 2 : 3, indicating that the UV absorption of ChOs linearly depends
on the number of A units. The linear range of the UV absorption for ChOs is 0.05 to 4.5
pumol*mL"*n,™!, where na is the number of A units of the ChO. (The plot of the UV
absorption vs. the concentration of A3 in the range of 0.05 to 5 pmol*mL™ is shown in
Supporting Information Figure S-2).

The UV signal is proportional to the number of A units in the oligosaccharide chain. The
chromophor — the amide bond — has an absorption maximum at ca. 220 nm.*® The UV
absorption of a linear combination of n identical but non-conjugated chromophors in the
molecule is comparable to the same number n of individual chromophors.

The heterochitooligosaccharide chain may occur in twisted conformations (tangle-like)
besides a linear arrangement of the monomer units (rod-like), depending on DP and F A of the
ChO as well as the pH and the ionic strength of the solution. A decrease of the linearity of the



oligosaccharide chain will decrease the UV absorption as the chromophors partially hide each
other. The UV signal is almost independent from the number of D units as the UV absorption
of the amino group is neglectable compared to the UV absorption of the amide bond due to
missing © — 7* and n — * electron transitions.*

For the quantitative determination of a ChO, the peak area of the UV absorption has to be
divided by the number of A units of the corresponding ChO. As the UV signal is proportional
to the molar amount of the ChO, the corrected peak area has to be multiplied with the molar
weight of the ChO, followed by multiplication with 100 and division by the total mass of the
sample to obtain the relative mass of a ChO in %. Figure 2 shows exemplarily the cation
exchange chromatogram of GPC fraction 5 of sample 2. The peak containing D>A3 has an
area of 683 a.u.*min, the peak containing D3;A; has an area of 371 a.u.*min, the peak
containing D4A; has an area of 76 a.u.*min and the peak containing DsA, has an area of 74
a.u.*min. The corrected peak areas (division by the number of A units) are: D,A; 228
a.u.*min, D3A3 124 a.u.*min, D4A; 38 a.u.*min and DsA, 37 a.u.*min. The peak areas are
proportional to the molar amounts of the homologs. The relative masses are obtained by
multiplication with the corresponding molar masses to give: D2A3 216459 a.u.*min*g*mol
D3;A; 137696 au*min*g*mol’, DA, 40601 a.u.*min*g*mol’ and DsA, 45492
a.u.*min*g*mol™. The total mass of GPC fraction 5 is 216459 + 137696 + 40601 + 45492 =
440248 a.u.*min*g*mol ™. The relative masses of the homologs are set in relation to the total
mass of the GPC fraction:

D,A5 216459 a.u.*min*g*mol'l*IOO / 440248 a.u.”‘min”‘g”‘mol'1 =49.2 %;

D3A; 137696 a.u*min*g*mol*100 / 440248 a.u.*min*g*mol” = 31.3 %; D4A, 40601
a.u.*min*g*mol ' *100 / 440248 a.u.*min*g*mol” = 9.2 %; DsA, 45492 a.u.*min*g*mol” *
100 / 440248 a.u.*min*g*mol” = 10.3 %. The gel permeation chromatogram of sample 2
gives the information that GPC fraction 5 is 16.3 % of 50 mg = 8.2 mg. Consequently, the
following masses are obtained for the compounds of GPC fraction 5: D;A3z 4.0 mg, D3A3 2.6
mg, D4A> 0.8 mg and DsA, 0.8 mg.
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Figure 2. The figure shows the cation exchange chromatogram of GPC fraction 5 (sample 2).
The NaCl gradient employed for elution of the ChOs is displayed as a dashed line. The peaks
are labelled with the substance found by MALDI-TOF MS in the corresponding fractions as
well as the retention time [min] and the peak area [a.u.*min]. The ChOs are separated by
charge number (according to the number of protonated free amino groups D units). The

separation was performed in HCI of pH 3.5.



For the preparative separation of GPC fractions, principally the same method was used as
described for the analysis of GPC fractions. The lyophilised fractions of 10 mg in average
were separated in batches of up to 1 mg on Mono S™ cation exchange resin (I mL bed
volume). The HPLC fractions were collected manually and desalted by dialysis
(Floatalyzer™, SpektraPor, Germany). The purity of the homologs was verified by MALDI-
TOF MS. The salt content was analysed by the DNS assay.

Mixtures of ChOs were separated for preparative purpose by cation exchange
chromatography employing SP Sepharose. Stationary phase: SP Sepharose, 45-165 pm (wet)
exclusion limit approx. 4000000 Da, S1799, (Sigma). Column size: @ 5 cm, length 24 cm,
respective 470 mL bed volume (XK 50, Pharmacia Biotech, Uppsala, Sweden). Sample
amount: 7.5 g. Mobile phase: A hydrochloric acid of pH 3.5 B 1 M sodium chloride in
hydrochloric acid of pH 3.5. Gradient: 0 — 1.25h 0% B; 1.25-17.7h 0 - 30% B; 17.7 —35.3
h 100% B; 35.3 — 62 h 0% B. The eluent was run at 2 mL*min"'. Fractions of 20 mL were
collected and lyophilised. Each fraction was analysed by MALDI-TOF MS. Appropriate
fractions were combined. Equipment: peristaltic pump (Pharmacia P1, Uppsala, Sweden), UV
detector (detection at 235 nm, SpectroMonitor 3100, Milton Roy, Ivyland, USA), fraction
collector (SuperFrac, Pharmacia Biotech, Uppsala, Sweden). The fractions were lyophilised.

Cation Exchange Chromatography of Heterochitoisomers. For analytical purpose, a
MonoS™ PC 1.6/5 column, bed volume 0.1 mL (GE Healthcare, Uppsala, Sweden) is used on
a SMART System™ (GE Healthcare, Uppsala, Sweden). 20 pg of the pure
heterochitohomolog are dissolved in 20 mM formic acid of pH 3.8 (A), objected to the
column and eluted with 0.6 M NaCl in 20 mM formic acid of pH 3.8 (B). Gradient: 0-16%B,
0-46 min. Flow rate: 60 pL*min"'. The chromatogram is monitored at 214 nm (UV).

The peaks of the chromatograms for the separation of isomers are typically not baseline
separated. For the separation of two D3A3 isomers (peak 1 and 2, Figure 3) the resolution is
0.4. Thus, peak fitting (PeakFit™ program, Systat Inc., San Jose, USA) is applied for the
calculation of peak areas. The peaks of the chromatogram of the separation of three D;Aj
isomers are successfully fitted to a hybrid of two Gaussian functions (Figure 4) whereas the
peaks of the separation of two D3Aj isomers are optimally fitted to Peak Pulse functions
(Figure 3).
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Figure 3. The figure shows the cation exchange chromatogram of a mixture of the two D3 A3
isomers DADDAA and DDADAA. The three peaks of the chromatogram are not baseline
separated. Thus, the chromatogram is fitted to Pulse Peak functions for peak 1 and 2. The

upper part of the figure compares the overall of the Pulse Peak functions with the observed



graph indicating a perfect fit for peak 1 and 2. All three peaks are labelled with the isomer
detected by MALDI-TOF tandem MS (sequence analysis with quantitation after derivatisation
of the ChO with AMAC) and the retention time. For peak 1 and 2 additionally the peak areas
are given as calculated on base of the fit to Pulse Peak functions. The NaCl gradient employed

for the elution of the isomers is given as a dashed line.
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Figure 4. The figure shows the cation exchange chromatogram of a mixture of the three
D, A3 isomers ADDAA, DADAA and DDAAA. The four peaks of the chromatogram are not
baseline separated. Thus, the chromatogram is fitted to hybrids of two Gaussian functions for
peaks 1, 2 and 3. The overlay of the observed graph with the overall of the hybrid Gaussian
functions indicates a perfect fit for peaks 1 — 3. All four peaks are labelled with the isomer
detected by MALDI-TOF tandem MS (sequence analysis with quantitation after derivatisation
of the ChO with AMAC) and the retention time. For peaks 1 - 3 additionally the peak areas
are given as calculated on base of the fit to the hybrids of two Gaussian functions. The NaCl

gradient employed for the elution of the isomers is given as a dashed line.

As isomers possess identical numbers of A units the peak areas are directly proportional to
the relative molar amounts of the isomers. Moreover, the isomers possess identical molar
masses so that the peak areas are proportional to the relative masses of the isomers. A mixture
of D,Aj; isomers is obtained from GPC fractionation of sample 2 followed by cation
exchange chromatographic separation of GPC fraction 5 (see Methods, Gel Permeation
Chromatography of Heterochitooligosaccharides and Cation Exchange Chromatography of
Heterochitohomologs). 4.0 mg of D,As are calculated. The peaks of the cation exchange
chromatogram of D,Aj; possess the following areas: ADDAA 19%, DADAA 55% and

8



DDAAA 26%. Consequently, the relative masses of the isomers are ADDAA 19%, DADAA
55% and DDAAA 26% and the absolute masses of the D, A3 isomers of GPC fraction 5 of
sample 1 are ADDAA 0.8 mg, DADAA 2.2 mg and DDAAA 1.0 mg.

For preparative purpose 200 pg of the pure homolog are objected to a Tricorn Mono S™
5/50 GL column (GE Healthcare, Uppsala, Sweden) with 1 mL bed volume. The column is
run with 20 mM formic acid (pH 3.8) and a gradient of 0 — 0.12 M NaCl (0 — 50 min) on a
Jasco HPLC system (Jasco, Gross-Umstadt, Germany) with UV detector (detection
wavelength 210 nm). Flow rate: 1 mL*min"". Fractions are collected manually. For washing
the column is run with 20 mM formic acid / 0.6 M NaCl for 5 min. For desalting, the fractions
are run against 1L of bidest. water (Floatalyzer™, SpektraPor, Breda, The Netherlands). The
purity of the fractions is analysed by MALDI-TOF tandem MS after derivatisation with
AMAC. The salt content of the fractions is determined by the DNS assay.

Quantitative Analysis of Homologs by MALDI-TOF Mass Spectrometry. The mass
spectrometric signal intensities of native ChOs depend on the number of A units. E.g. the
signal intensity of Ds is reduced by 70 % compared to the signal intensity of As for equimolar
amounts of both components. The DP influences the mass spectrometric signal intensities
less. (Figure S-3 of the Supporting Information shows exemplarily the MALDI-TOF MS of
equimolar amounts of Ds and D¢.) Consequently, the ChOs are derivatised with Ac,O-ds to
form per-N-acetylated compounds. The amino groups of former D units are transformed to
trideutero-N-acetamido groups. These groups allow to distinguish between former D units and
A units but do not cause any differences in signal intensities between A units and former D
units so that the mass spectrometric signal intensity is proportional to the molar amount of the
ChO derivative.

For per-N-acetylation 1 mg of the sample is dissolved in 1 mL of water. 5 uL of the solution
(i.e. 5 pg of oligosaccharide) is transferred into an Eppendorf tube. 5 pL of a mixture of
HOACc-d4, Acy;0-dg and methanol (v/v 1:4:6) are added. The solution is agitated for 30 sec in
a vortexer and afterwards left for 1 h at 25 — 30 °C. Finally the reaction mixture is dried in a
vacuum centrifuge, 50 pL of water are added to re-dissolve the residue, followed by
lyophilisation of the solution using a freeze-drying machine.

As the per-N-acetylation is accompanied by an O-acetylation, the per-N-acetylated ChO
derivatives are selectively O-deacetylated. 10 pL of 10 mass-% NHj are added to the dry
ChO derivative. The solution is vortexed for 30 sec and afterwards left for 30 min at r.t. .
Finally the reaction mixture is dried in a vacuum centrifuge, 50 uL of water are added to re-
dissolve the residue, followed by lyophilisation of the solution using a freeze-drying machine.

After the derivatisation procedure the MALDI-TOF mass spectra are recorded. Ca. 15 nmol
of the ChO are dissolved in 200 pL of water / methanol (v/v 50:50). 0.5 pL of the solution are
mixed on the target with 2 puL of a solution of 15 mg*mL™ of DHB in 30 vol.-% aqueous
ethanol. The drop is dried under a gentle stream of air. The mass spectra are recorded on a
Bruker Reflex II (Bruker Daltonik, Bremen, Germany). All spectra are recorded in the
positive ion mode. For ionisation a nitrogen laser (337 nm, 3 ns pulse width, 3 Hz) is used.
The spectra are measured in the reflector mode with external calibration. Each spectrum is the
average of at least 60 acquisitions.

For the calculation of the amounts of ChOs in the mixture, generally the peak areas of the
mass spectrometric signals and all species of pseudomolecular ions (protonated, sodiated and
potassiated) have to be regarded. Preliminary experiments showed that calculations based on
peak areas or peak intensities give the same results (deviation 2%) as well as calculations
based on either protonated, sodiated or potassiated species. Thus, for all calculations of the
present work peak intensities and sodiated pseudomolecular ions were regarded exclusively.
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Figure S. The figure shows the MALDI-TOF MS of GPC fraction 5 (sample 2) after
derivatisation with Ac,0-d¢ followed by selective O-deacetylation with NH3. The following
compounds are detected: As-dg, Ag-dg, Ag-dj2 and A7-d;s. Minor compounds are As-dg +
Ac-ds, Ag-dg + Ac-ds, A7-d;s + Ac-d; (over-acetylation, O-acetylation) and D As-dg (sub-
acetylation). The main pseudomolecular ions are sodium adducts, minor species are potassium
adducts. Inset 1 shows that the pseudomolecular ion (M) of As-di» is overlapping with the
isotopic pattern of Ag-d9 (M+3). Thus, the calculated isotopic pattern of A¢-dy is overlayed
with the observed isotopic pattern and the signal intensity of M+3 As-dy (calculated) is

subtracted from the signal intensity of M As-d ;> (observed) as inset 2 shows.

Figure 5 shows that to a little extent O-trideuteroacetylation (M + 45 Da), sub-
deuteroacetylation (M — 45 Da) and incomplete deuteration (M — 1) are observed. In general,
the ratio of the signal intensities of these species with respect to the signal intensity of the
sodiated pseudomolecular peak is constant for each homolog. Thus, the error is below 2% if
the signal intensities of these species are not regarded. However, for an increase of precision
the signal intensities of these species are added to the signal intensity of the pseudomolecular
ion. The masses of homologs differ by 3 Da after the derivatisation procedure. E.g. D4A;
becomes Ag-di2 (1271 Da) and D3A3 becomes Ag-dg (1268 Da). Occasionally, the MALDI-
TOF mass spectra are complicated due to overlapping isotopic patterns of the homolog
derivatives, e.g. Ag-dg and Ag-d 2, inset Figure 5. In this case the isotopic pattern of the lower
mass component (here Ag-dy) is calculated (Bruker Xmass 5.0™ software, Bruker Daltonics,
Bremen, Germany) and the area of the M+3 peak of A¢-do is subtracted from the M peak of
Ag-d;, to obtain the exact amount of Ag-d;, (inset Figure 5).

The mass spectrometric signal intensity is proportional to the molar amount of the ChO.
Thus, the signal intensity has to be multiplied with the molar weight of the ChO, followed by
multiplication with 100 and division by the total mass of the sample to obtain the relative
mass of a ChO in %. Figure 5 shows exemplarily the MALDI-TOF MS of GPC fraction 5 of
sample 1 after the derivatisation procedure. The signal intensities (assigned with the Bruker
Xmass 5.0™ software) are: As-de (ex D2A3) 125 1u., Ag-dy (ex D3A3) 51 iu., Ag-d2 (ex
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D4A3) 17 iu. and A;7-d;s (ex DsAj) 13 i.u. The signal intensity for A¢-d;, is corrected by
subtraction of the signal intensity of the M+3 peak of As-dg (cf. Figure 5). The signal
intensities are proportional to the molar amounts. The relative masses are obtained by
multiplication of the molar amounts with the corresponding molar masses to give: DyAj
118671 iu*g*mol”, D3As 56632 iu.*g*mol”, D4sA, 18163 i.u*g*mol” and DsA, 15984
i.u.*g*mol™. The total mass of GPC fraction 5 is 118671 + 56632 + 18163 + 15984 = 209450
i.u*g*mol . The relative masses of the homologs are set in relation to the total mass of the
GPC fraction: D2A3 118671 i.u.*g*mol™ * 100 / 209450 i.u.*g*mol” = 56.7 %;

D3A; 56632 iu*g*mol” * 100 / 209450 i.u.*g*mol™ = 27.0 %; D4A, 18163 i.u.*g*mol”
* 100 / 209450 i.u.*g*mol™ = 0.7 %; DsA, 15984 i.u.*g*mol™ * 100 / 2094507 i.u.*g*mol’
= 7.6 %. The gel permeation chromatogram of sample 2 gives the information that GPC
fraction 5 is 16.3 % of 50 mg = 8.2 mg. Consequently, the following masses are obtained for
the compounds of GPC fraction 5: D,A3 4.7 mg, D3A3 2.2 mg, D4A, 0.7 mg and DsA, 0.6
mg. In order to determinate absolute masses of ChOs directly by mass spectrometry, the
homolog or mixture of homologs is per-N-acetylated with Ac,O-d¢. A standard solution of
the corresponding chitin oligomer is prepared. 1 pmol of the chitin oligomer is dissolved in 1
mL of water. 5 puLL of the standard solution are added to the lyophilisate obtained by the
deutero per-N-acetylation of ChOs. The resulting solution is analysed by MALDI-TOF MS.
The signals are quantified. The signal intensity of the reference reflects 5 nmol of substance,
the amount of the analyte is calculated from the signal intensity with respect to the signal
intensity of the standard.

Results and Discussion

Combination of GPC and IEC for the Quantitative Analysis of Oligomers, Homologs
and Isomers. 50 mg of a complex mixture of heterochitooligosaccharides containing
oligomers, homologs and isomers was separated on Biogel P4. (The MALDI-TOF mass
spectrum of sample 2 is shown in Supporting Information Figure S-4). Fractions were
collected automatically and analysed by MALDI-TOF MS.*’ The chromatogram (Figure 6)
shows unlike for the separation of the standard a mixture of chitosan oligomers (cf. Materials
and Methods) peak overlappings. The analysis of the GPC fractions by MALDI-TOF MS
(Figure 6) reveals that the fractions are still mixtures of oligomers and homologs. But the
compositions of the fractions are less complex than the starting sample. GPC fraction 5 for
example contains DPS5, 6 and 7 oligomers which are composed of DA 3, the homologs D3 A3
and D4A,, and DsA, (The results of the GPC of sample 2 including the results of the
MALDI-TOF mass spectra of the GPC fractions are summarized in Supporting Information
Table S1.) Each homolog represents a mixture of isomers. The fit of the chromatogram to
Gaussian functions reveals a decrease of resolution compared to the separation of the
standard. For the separation of the DP6 and 7 chitosan homooligomers a resolution of 1.10 is
calculated whereas for the separation of peak 5 (mainly containing D,A3, DP5 and D3As3,
DP6) and peak 6 (mainly containing D3Aj;, DP6 and D4Aj;, DP7) a resolution of 0.6 is
observed. The resolution of the separation of heterochitooligosaccharides is decreased as
unlike for homooligosaccharides the molecular masses of several homologs are overlapping
resulting in similar molecular sizes. (Figure S-5 in the Supporting Information shows the
situation for the example of DP5 to 7 homologs. The molecular masses of D;A4, As, D,
D5A1, and D4A2, D3A3, D2A4, D1A5, A6, D7, D6A1, D5A2 and D4A3 range between 984.4
and 1271.5 Da, the average difference is 24 Da which is too little for a baseline separation by
GPC.)
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Figure 6. Gel permeation chromatogram of sample 2. Fractions were collected according to
the baseline drops in the chromatogram. The peaks are labelled with the compounds detected
in the corresponding fractions by MALDI-TOF MS. The relative peak areas [%] were
calculated according to the RI signal intensities using baseline drops. Exemplarily peak 5 and
6 are fitted to Gaussian functions. The resolution is determined based on the peak widths at

half peak heights (wy) to 0.6.

For a quantification of the results the peak areas based on RI signals are calculated. As the
RI signals of ChOs are independent of the DP and F 4, the peak areas are directly proportional
to the mass of ChOs (cf. Materials and Methods). Peak edges were defined by baseline drop
according to the collection of the fractions (Figure 6). The relative amounts calculated on base
of peak areas are in good agreement with the relative amounts of the fractions obtained from
weighing. (The relative amounts of GPC fractions 1 — 9 are summarized in Supporting
Information Table S1.)

The fractions from GPC are applied to cation exchange chromatography on Resource S™
stationary phases. The components of the fractions are separated according to the charge
number. Figure 2 shows exemplarily the chromatogram of the cation exchange separation of
GPC fraction 5. This fraction contains D;Aj3, D3As, D4A,; and DsA,. (The MALDI-TOF
mass spectrum of GPC fraction 5 is shown in the Supporting Information Figure S-6.)

The cation exchange chromatogram shows 4 main peaks. The MALDI-TOF mass spectra of
the fractions show that fraction 1 contains D, A3 (charge number 2), fraction 2 contains D3 A3
(charge number 3), fraction 3 contains D4A, (charge number 4) and fraction 4 contains DsA;
(charge number 5). GPC fractions containing oligomers of identical charge numbers (e.g.
D4A| and D4A; (both GPC fraction 6) are not separated by IEC. In this case the relative
molar amounts and relative masses are estimated from the relative signal intensities of the
MALDI-TOF mass spectra.

For a quantitation of results the peak areas based on UV signals are calculated. The UV
signal intensity of ChOs is proportional to the number of A units and the molar amount of
ChOs. The absorption of D units is neglectable (cf. Materials and Methods). Consequently,
for the calculation of the mass of a homolog the peak area of an UV signal is divided by the
number of acetyl groups followed by multiplication with the molar weight of the
corresponding homolog. Table 2 summarizes the relative masses of DP4 — 8 homologs as
calculated from the cation exchange chromatograms of GPC fractions 3, 4, 5 and 7.
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Table 2. Results of the quantitative analysis of sample 2 employing GPC followed by IEC.
The relative masses are calculated from the peak areas as described under Methods. Column 3
(7) gives the relative masses with respect to the total mass of the corresponding GPC fraction,

column 4 (8) gives the relative masses with respect to the total mass of sample 2.

GPC Homolog Mass [%] resp. | Mass [%] resp. GPC Homolog Mass [%] resp. | Mass [%] resp.
Fraction GPC Sample 2 Fraction GPC Sample 2
Fl A, 15 0.7 F5 D,A; 49 8.0

DA, 35 1.6 D3A; 31 5.1

D;A, 50 2.3 D4A, 9 1.5

F2 DA, 53 4.0 DsA, 10 1.8
D4A, 5 0.4 F6 DA, 0 0.0

DA, 35 2.6 D;A; 27 33

D;3A, 7 0.5 DyA, 15 1.8

F3 DA, 69 7.5 D4A; 40 4.8
D;A, 15 1.6 DsA, 18 2.2

D4A, 10 1.1 DsA> 0 0.0

DsA, 7 0.8 F7 DA, 20 2.0

F4 D A; 31 6.3 D4A; 40 4.0
D;A, 52 10.5 D;A, 15 1.5

D4A, 10 2.0 DsA; 21 2.1

DsA, 8 1.6 DsA, 4 0.4

F8 D;A, 22 14

D4A, 52 4.4

DsA; 10 0.7

DeAs 16 1.0

The information taken from the cation exchange chromatograms together with the
information taken from the gel permeation chromatograms allows for the calculation of the
absolute masses of oligomers and homologs present in a complex mixture of ChOs. For the
present example the masses of oligomers up to DP 8 were determined (Tables 2 and 4). Table
4 summarizes the relative masses of the compounds of GPC fractions 1 to 8 of the separation
of sample 2 as calculated on base of IEC. The following oligomers (and main homologs) were
found in fractions 1-8: DP2: 1% (A, 0.7%), DP3: 6% (DA, 5.6%), DP4: 19% (D,A; 10.1%,
D1A3 6.3%), DP5: 22% (D3A2 12.1%, D2A3 8.0%), DP6: 18% (D3A3 8.4%), DP7: 16%
(D4A; 8.8%). Fraction 9 contains oligomers of DP > 8 (relative mass: 12%).

For the quantitative analysis of mixtures of isomers, cation exchange chromatography on a
ono S™ PC 1.6/5 column is employed. Figure 4 shows the chromatogram of the separation of
20 pg of a mixture of DyAjs isomers. 4 peaks are monitored by UV detection. The MALDI-
TOF mass spectra of the native compounds indicate pure D, A3 for all 4 peaks. The sequence
analysis of the corresponding AMAC derivatives reveals that fraction 1 contains mainly
ADDAA, fraction 2 DADAA and fraction 3 DDAAA whereas fraction 4 contains again
DADAA. For a quantitative determination of the isomers the peaks of the chromatogram are
fitted each to a hybrid of two Gaussian functions simulating a peak asymmetry. The peak
areas equal the relative molar amounts of the isomers or relative masses, respectively, giving
19% ADDAA, 55% DADAA and 26% DDAAA. Peak 4 is not regarded for this calculation.

In the same way a mixture of two D3Aj; isomers is separated and quantified. The
chromatogram (Figure 3) shows three peaks the first of which mainly contains DADDAA, the
second mainly contains DDADAA whereas the third contains again DADDAA. The peaks
are fitted to Pulse Peak functions giving the following relative masses: DADDAA 52%,
DDADAA 48%. Peak 3 is not regarded for this calculation.

The results obtained by the chromatographic analysis of D2A3 and D3A3 are compared to
the results obtained from the sequence analysis with simultaneous quantification performed
by VMALDI-LTQ multistage tandem MS. The relative masses of the D, A3 isomers are 15%
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ADDAA, 57% DADAA and 26% DDAAA. For D3Aj; the relative masses are found to 49%
DADDAA and 51% DDADAA. These results are in good accordance with the
chromatographic results.

The separation of heterochitohomologs by cation exchange chromatography is based on the
interaction of the positively charged ammonium groups of the ChOs with the sulfonic acid
groups of the cation exchange resin in acidic media. The ammonium groups (weak acid)
replace the protons of the sulfonic acid groups (strong acid) of the cation exchange resin.

The retention time of a ChO is proportional to the number of its ammonium groups or D
units, respectively. Heterochitoisomers possess identical numbers of D units but differ in the
sequence of D and A units. Thus, an additional mechanism effects the separation of these
compounds. Regarding the sequence of elution of the three D;A; isomers — ADDAA 16.0
min, DADAA 17.3 min and DDAAA 19.0 min — one may conclude that the retention time of
isomers is proportional to the number of D units which are exposed at the nonreducing end (as
in this case) or the reducing end. The isomer ADDAA is eluting first as the A units at both
ends sterically hinder the interaction between the ammonium groups of the D units and the
sulfonic acid groups of the cation exchange resin (Figure 7). The isomer of the sequence
DADAA is eluting at second as one D unit is placed at the nonreducing end of the
oligosaccharide chain (Figure 7). The isomer of the sequence DDAAA is eluting at last as two
neighbouring D units are placed at the nonreducing end. Some of the sulfonic acid groups of
the resin have the right distance to fit both ammonium groups and consequently form a strong
double ionic interaction (Figure 7). The separation of the two D3Aj; isomers confirms the
theory: DADDAA (one exposed D unit) elutes first, DDADAA (two exposed D units) elutes
secondly. For the separations of isomers some compounds are observed to elute in two peaks:
one of a large peak area eluting first and a second of a small peak area eluting second. The
most plausible explanation for this observation is an additional separation of the a- / f-
anomers. The cation exchange material is based on a reverse stationary phase. Derivatised
(middle polar) reverse stationary phases like amide phases are known to separate anomeric
mixtures of chito-oligomers due to differences in polarities.”’ The f-anomer shows a higher
polarity and is thus eluted first from the reversed phase column.

double ion no ion singular ion
exchange @ exchange exchange
interaction interaction interaction

&
N
\‘

Figure 7. Explanation for the differences in retention times of the three D,Aj3 isomers

ADDAA, DADAA and DDAAA on a Mono S™ cation exchange stationary phase.
Protonated D units are displayed as white circles, A units as grey circles and the sulfonic acid
groups of the strong cation exchanger as white ovals. ADDAA possesses no D unit exposed at

the end of the sequence and is thus sterically hindered to exchange the protons of the sulfonic
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acid groups. DADAA has one exposed D unit at the non-reducing end supporting a singular
cation exchange interaction with the cation exchange resin. DDAAA possesses two exposed
D units. As some of the distances of the sulfinic acid groups match the distance of the

exposed D units, DDAAA is to some degree able to form double cation exchange interactions.

The resulting sequence of elution is ADDAA, DADAA, DDAAA.

The method of the separation of heterochitoisomers by cation exchange chromatography
was extended from mixtures of two or three isomers to multi-component samples containing 6
isomers. Figure 8 shows the chromatogram of the separation of 200 pg of D3A4 on a Tricorn
Mono S™ 5/50 GL column. As determined by vMALDI-LTQ multistage tandem MS, D3A4
is a mixture of 45% DADADAA, 31% ADDADAA, 17% ADADDAA 17 %, 3%
ADDDAAA, 2% DADDAAA and 2% ADADDAA. The chromatogram shows three main
peaks (RT = 78.5 min, 80.6 min and 82.6 min) which are putatively attributed to the three
main components. Additionally, two minor peaks and a shoulder (RT = 76.4 min, 83.6 min
and 85.9 min) are observed.

Peak 3 Peak 4 DADADAA 45%

" RT = 82.6 min
RT = 80.6 min ADDADAA 31%

\ ADADDAA 17%

ADDDAAA 3%
Peak 2
RT = 78.5 min DADDAAA 2%

\ ADADDAA 2%

Peak 1
RT = 76.4 min

-
.

UV absorption [a.

RT =85.9 min

0.0 '
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Figure 8. Cation exchange chromatogram of a complex mixture of D3A4 isomers. The
relative amounts of the compounds as determined by vMALDI-LTQ™ multistage MS (after
derivatisation of the ChOs with AMCR) are given in the right part of the figure. Five peaks
and one shoulder are observed which are labelled with retention times. The concentrations of
NaCl necessary for elution are: peak 1, 0.191 M; peak 2, 0.196 M; peak 3, 0.202 M; peak 4,
0.207 M; peak 5, 0.209 M; peak 6, 0.215 M. The three main peaks may be attributed to the

successful separation of the three main isomers DADADAA, ADDADAA and ADADDAA.

Quantitative Analysis of Homologs by MALDI-TOF Mass Spectrometry. Alternatively
to the quantitative analysis of the GPC fractions by means of IEC a method based on MALDI-
TOF MS can be applied. For native ChOs the signal intensities depend on the number of D
units mainly as the hydrophilic interactions (hydrogen bonds) between the free amino groups
of the D units and the matrix (DHB) are stronger compared to the acetamido groups of A
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units. The dependency of the mass spectrometric signal intensities from the DP (with constant
Fa) of ChOs is less marked. Thus, mixtures of chitin oligomers with constant F5 and ADP <5
are successfully quantified by MALDI-TOF MS. ChOs containing D units have to be per-/N-
acetylated previously. For the derivatisation Ac,0-d¢ is used. Former glucosamine (D) units
are transformed to trideutero-N-acetylglucosamine units which is the base for an unequivocal
mass spectrometric distinction of D and A units after the derivatisation procedure due to a
mass difference of 3 Da. The deuterium atoms have no effect on the mass spectrometric signal
intensity. The per-N-acetylation is occasionally accompanied by O-acetylation. The
trideuteroacetoxy groups are selectively removed by ammonia. Figure 9 shows exemplarily
the steps of the derivatisation procedure for one of the D, A, isomers, ADAD.

N-Deutero Acetylation of D,A, D,A,+Na*
m/z 769.4 a.m.u.

DA, l Ac,0-d, / AcOH-d,
A,-d +Na*

m/z 859.4 a.m.u.
fihe NHAC A,-d, + Ac-d +Na*
4 6 3
@Aﬁo“% % |_> m/z 904.5 am.u.
A,-d; + 2 Ac-d,+Na*

A,d, +2 Ac-d, a m/z 949.5 a.m.u.
l l
HAc NHAc o
m% OH A,-d +Na*

m/z 859.3 a.m.u.

AW V'd
-NHT  —N__cp, -OT —©

: o I

Figure 9. N-deuterioacetylation of D,A,. The figure shows the MALDI-TOF mass spectra of

= T

co,

the native D,A,, the A4-dg after per-N-deuterioacetylation of DyA, with Ac,O-dg and the
A4-dg after O-deacetylation with NHj. Besides the labelled sodiated species potassium
adducts are observed which are labelled with [M+K']. Additionally, the structure of one
D,A; isomer (ADAD) is exemplarily given before and after the per-N-deuterioacetylation
showing N-trideuterioacetyl groups (NHT) and O-trideuterioacetyl groups (OT). The O-acetyl

groups are selectively removed by NH3 to form A4-dg exclusively.

Figure 5 shows the MALDI-TOF mass spectrum of GPC fraction 5 after the derivatisation
procedure. (The MALDI-TOF mass spectrum of the native GPC fraction 5 is shown in
Supporting Information Figure S-6.) The homologs are identified by the number of
trideuterio-N-acetylglucosamine units, the relative molar amounts are determined according to
the relative intensities of the mass spectrometric signals. In case of overlapping isotopic
patterns of homolog derivatives (e.g. As-d9 and Ae-di2, GPC fraction 5, Figure 5) the signal
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intensity of the calculated intensity of the M+3 peak of A¢-dy is subtracted from the signal
intensity of the M peak of A¢-di» (cf. Materials and Methods, Quantitative Analysis of
Homologs by MALDI-TOF Mass Spectrometry). The signal intensities of chitin oligomers are
independent from the DP (for ADP < 4.) The mass spectrometric signal intensities are
proportional to the molar amounts of ChOs. The relative masses [%] are calculated according
to the procedure described under Materials and Methods, Quantitative Analysis of Homologs
by MALDI-TOF Mass Spectrometry.

Table 3. Results of the quantitative analysis of sample 2 employing GPC followed by
MALDI-TOF MS. The relative masses are calculated from the peak areas as described under
Methods. Column 3 (7) gives the relative masses with respect to the total mass of the
corresponding GPC fraction, column 4 (8) gives the relative masses with respect to the total

mass of sample 2.

GPC Homolog Mass [%] resp. | Mass [%] resp. GPC Homolog Mass [%] resp. | Mass [%] resp.
Fraction GPC Sample 2 Fraction GPC Sample 2
Fl1 A, 19 0.9 F5 D,A; 57 9.3

DA, 31 1.4 D;A; 27 44

D;A, 51 2.3 DA, 8 1.3

F2 DA, 48 3.6 DsA, 8 1.3
DA, 18 1.4 F6 DA, 3 0.4

D,A, 30 2.3 D;A; 32 3.9

D3A, 4 0.3 D,A, 9 1.1

F3 D,A, 66 7.1 D4A; 35 4.1
D3 A, 20 2.2 DsA, 16 1.9

DA, 10 1.1 DeA, 6 0.7

DsA, 4 0.4 F7 D,A, 34 3.5

F4 DA, 35 7.1 D,4A; 34 4.5
D;A, 54 10.9 D;A, 11 1.1

DA, 6 1.2 DsAs; 9 0.9

D;sA, 5 1.0 DA, 3 0.3

F8 D;A, 19 1.2

D,A, 55 3.6

DsAs 14 0.9

DsAs 12 0.8

Table 3 summarizes the relative masses of the compounds of GPC fractions 1 to 8 of the
separation of sample 2 as calculated on base of MALDI-TOF MS. The following oligomers
(and main homologs) were found in fractions 1-8: DP2: 1% (A, 0.9%), DP3: 5% (D;A»
5.0%), DP4: 19% (D2A; 9.4%, D1A3 7.1%), DP5: 25% (D3A, 13.1%, D2As 9.3%), DP6:
17% (D3A3; 8.3%), DP7: 14% (D4A; 8.6%). Fraction 9 contains oligomers of DP > 8§
(relative mass: 12%). The sum of the relative masses of oligomers of DP 4 — 7 is 75%. The
sum of the relative masses of the main homologs of DP 4 — 7 is 55.8%.

The comparison of the results obtained by IEC with those obtained by MALDI-TOF MS
(Table 4) shows that the masses are in the same range indicating that no systematic errors are
occurring. The deviations are in average 0.4 mg for an average mass of the homologs of
5.0 mg. The results obtained by MALDI-TOF MS are more reliable especially for minor
compounds as the IEC occasionally shows fluctuations in the baseline which complicate the
peak area analysis.
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Table 4. Comparison of the results of the quantitative analysis of sample 2 employing GPC
followed by either IEC (columns 3 and 4) or MALDI-TOF MS (columns 5 and 6). The
masses are calculated with respect to the total mass of sample 2 (50 mg). Column 7 shows the

differences of the masses calculated on base of IEC or MS.

Oligomer Homolog Mass [%] IEC | Mass [mg] IEC | Mass [%] MS | Mass [mg] MS | A Mass [mg]
DP2 A, 0.7 0.4 0.9 0.5 0.1
DP3 DA, 5.6 2.8 5.0 2.5 0.3
DP4 D3 A, 2.8 1.4 2.6 1.3 0.1

DA, 10.1 5.1 9.4 4.7 0.4

DA, 6.3 32 7.1 3.6 0.4

DP5 D4A, 1.5 0.8 2.5 1.3 0.5
D;A, 12.1 6.1 13.1 6.6 0.5

D,A; 8.0 4.0 9.3 4.7 0.7

DA, 0.0 0.0 0.4 0.2

DP6 DsA, 24 1.2 1.4 0.7 0.5
D4A, 3.5 1.8 2.5 1.3 0.5

D;A; 8.4 4.2 8.3 4.2 0.0

DyA, 3.8 1.9 4.6 2.3 0.4

DP7 DsA, 4.0 2 3.2 1.6 0.4
D4A; 8.8 4.4 8.6 4.3 0.1

D;A, 29 1.5 2.3 1.2 0.3

DP8 DA, 0.4 0.2 1.0 0.5 0.3
DsA; 2.8 14 1.8 0.9 0.5

DA, 4.4 2.2 3.6 1.8 0.4

DP9 DeAs 1.0 0.5 0.8 0.4 0.1
DP >8 12.0 6.0 12.0 6.0 0.0

Limitations of the Methods for the Analysis of Homologs and Isomers. GPC has proved
to be a useful tool for the quantitative analysis of chitohomooligomers. Biogel P4 resolves
homooligomers up to DP12, for oligomers of higher molecular masses equivalent materials
(like Biogel P30) are commercially available. The peaks are easily fitted to Gaussian
functions. The separation of heterochitooligomers containing oligomers and homologs is
much more complicated as the separation of oligomers is overlapping with the separation of
homologs resulting in peak overlappings and hidden peaks of minor components which make
peak fitting procedures useless. In this case the peak areas of fractions are determined by
baseline drop and the components of the fractions have to be quantified by other methods.

The cation exchange chromatography was used for ChOs with charge numbers up to +6.
For higher charge numbers the peaks become broader due to increased retention times even
though the gradient is set appropriately. Broad peaks decrease the sensitivity of the method.

The main shortcoming of the cation exchange chromatography is the fact that oligomers of
identical charge numbers are not separated.

The accuracy of the quantification of mixtures of homologs by MALDI-TOF MS after per-
N-acetylation is limited by additional signals caused by O-deuteroacetylation (M+45), sub-
deuteroacetylation (M-45) and sub-deuteration (M-1). These shortcomings are circumvented
by addition of the corresponding signal intensities to the signal intensity of the
pseudomolecular ion M of the homolog derivative. In case of overlapping isotopic patterns of
homolog derivatives the calculated intensity of the M+3 peak is subtracted from the observed
intensity of the M+3 peak. The quantitative analysis of oligomers is limited in the range of A
DP <5.

Combination of GPC and IEC for the Preparation of Homologs and Isomers in
Milligram Scale. Three different ways for the preparation of homologs were tested:

1. Step 1, GPC; Step 2, GPC (re-chromatography)
2. Step 1, GPC; Step 2, IEC (cation exchange chromatography)

18



3. Step 1, IEC (cation exchange chromatography); Step 2: GPC

The GPC of complex mixtures of ChOs gives a separation according to molecular sizes
which are related to the molecular masses. As homologs differ in the molecular masses by 42
Da, a separation of these components is theoretically possible thus difficult due to the little
molecular mass difference. Mixtures of ChOs which are prepared by enzymatic hydrolysis of
chitosan employing chitinases (as for the sample used for this work) typically contain mainly
one or two homologs of an oligomer. This circumstance has a positive effect on the quality of
the separation.

0.75 g of sample 3 are separated by GPC on Biogel P4 (column diameter 5 cm, length 200
cm). (The chromatogram of sample 3 is shown in Supporting Information Figure S-7.)

Exemplarily, fraction 6 (yield 7.3 %) was further used with the aim to prepare pure D,Aj3.
The MALDI-TOF MS (Figure 10) shows that fraction 6 is still a complex mixture of DP3 to
DP 7 oligomers and homologs. Two additional re-chromatographic steps on Biogel P4
(column diameter 2.5 cm, length 200 cm) are necessary (Figure 11) to obtain D,Aj3 in a purity
of 94% yield 6.8 mg (equals 0.9% of the mass of sample 3). The purity of the products was
analysed by MALDI-TOF MS, the salt content was determined by the DNS assay. As for the
whole preparation process only the volatile ammonium acetate buffer is used, the work-up is
done by lyophilisation. The disadvantages of the method are time-consuming multiple re-
chromatographic steps and the relatively low purity of the product. The advantage is the fact
that the components are not contaminated with NaCl during the preparation process.
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Figure 10. MALDI-TOF mass spectrum of fraction 6 of the GPC of sample 3. Fraction 6 is a
complex mixture of oligomers and homologs of DP3 to 7. It was used for the preparation of

D,Aj; employing two re-chromatographic steps on Biogel P4.

The second way for the preparation of ChOs — GPC followed by cation exchange
chromatography — was extensively described above under the analytical aspect. For
preparative purpose 250 mg of a mixture of ChOs was separated by GPC (Biogel P4, column
diameter 2.5 cm, total column length 200 cm) yielding fractions of 10 mg in average. The
lyophilised fractions were separated in charges of up to 1 mg on Mono S™ cation exchange
resin (1 mL bed volume). Repeated GPC-IEC steps allowed for the preparation of 4.8 mg of
D>Aj3 (98% purity), 3.7 mg of D3A3 (98% purity), 4.5 mg of D2A4 (96% purity), and 1.6 mg
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of D3A4 (97% purity) after desalting. For desalting dialysis (Floatalizers™) was used. The
purity of the products was analysed by MALDI-TOF MS, the salt content was determined by
the DNS assay. A disadvantage of the method is the contamination of the product with NaCl
during the preparation process. Furthermore, oligomers of identical charge numbers (numbers
of D units) are not separated by IEC so that in some cases components of GPC fractions
cannot be isolated.

GPC of Fraction 6 (Re-Chromatograph
( graphy) F6 11.7%

4 3T3%A, DA DAL DA, DA, F5 17.7% DA, DA, DA,

812“ 83A3 F7 6.5%
z Al P DyA, DoA;, DA, DA,

l F8 1.2%

F3 16.6% D,A,, DA, D,A,

F2 5.9% A,, DA, DA,

F13.1% D,A,

DoAs, DA,
D A, DoA;
v
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Figure 11. Re-chromatography on Biogel P4. Fraction 6 of the GPC of sample 3 is applied to
re-chromatography on Biogel P4 (upper part of Figure 11). The fractions of the chromatogram
are labelled with the components detected by MALDI-TOF MS and the relative peak areas
calculated by baseline drop according to the collection of the corresponding fractions.
Fraction 4 (containing A4, D,A3, D1A4, DsA, and D3Aj; yield 37.3%) was applied to a
second re-chromatography on Biogel P4 (lower part of Figure 11) yielding three fractions.
Fraction 2 (yield 33.8 %) contains D, A3 in a purity of 94% as the signal quantification of the
inset MALDI-TOF MS of fraction 2 indicates. D,A3 was obtained in an overall yield of 0.9
% (fraction 6, GPC of sample 3 = 7.3 %; fraction 4, GPC of fraction 6 (first re-
chromatography) 37.3 % = 2.7 % overall yield; fraction 2 GPC of fraction 4 (second re-

chromatography)
33.8 % = 0.9 % overall yield).

The third approach for the preparation of pure homologs starts with the separation of the
mixture of ChOs by cation exchange chromatography. Figure 12 shows the chromatogram of
the separation of 7.5 g of sample 2 on SP Sepharose (column diameter 5 cm, length 24 cm).
Each IEC fraction was analysed by MALDI-TOF MS, indicating that every fraction contains
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molecules of identical charge numbers but different DPs (Figure 12). (The results of the

MALDI-TOF mass spectra are summarized in Supporting Information Table S2.)
¥+ 42 43 44 +5 46
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Figure 12. Cation exchange chromatogram of sample 2, an enzymatic hydrolysate of chitosan

(Fa 0.48) which was ultrafiltrated to cut out a range of molecular masses between 1000 and
3000 Da. The oligomers and homologs are separated according to the charge number.
Fractions of identical charge numbers are marked by dashed lines. The fractions are labelled
with the oligomers found by MALDI-TOF MS. The fractions contain molecules of identical
charge numbers but different DP. The NaCl gradient employed for the elution of ChOs is

displayed as a dotted line.

In the second step the fractions from cation exchange chromatography are separated by
GPC according to the molecular sizes to give pure homologs which are desalted in the same
step. Figure 13 shows exemplarily the GPC separation of the combined IEC fractions 95 —
100. The predominant compound D3 A is obtained in a yield of 17 mg (0.23% with respect to
the starting material) in a purity of 93%. (Additionally, the purities and yields of all homologs
that were prepared according to this method are summarized in Supporting Information Table
S3.) The ammonium acetate buffer was removed by lyophilisation. The purity of the products
was analysed by MALDI-TOF MS, the salt content was determined by the DNS assay. The
disadvantage of this method is the inconsistent purity of the products depending on the charge
number of the oligomer. The advantages of the method are salt-free products and the fact that
less time-consuming steps give high amounts of homologs with an acceptable purity.

The preparation of isomers is performed essentially according to the method described for
the separation of isomers for analytical purpose. For the upscaling, a Tricorn MonoS™ 5/50
GL column (1 mL bed volume) was used. The pure homologs (D,A3; and D3 A3, sample 2)
each representing a mixture of homologs were separated in batches of 200 ng. As the
chromatograms of the separations of D,A; and D3;Aj; show, the peaks are not baseline
separated. Thus, material was collected only around the tips of the peaks to guarantee a high
purity of the products. The fractions were desalted by dialysis. Repeated separations afforded
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0.4 mg of ADDAA and 0.5 mg of DADAA in the case of D,As; and 0.4 mg of each
DADDAA and DDADAA in the case of D3Aj3. The purity of the products was analysed by
MALDI-TOF tandem MS after derivatisation with AMAC. For the D, A3 were no impurities
detected, for DADDAA a purity of 99% was found and for DDADAA a purity of 91% was
determined. The salt content of the products was analysed by the DNS assay.
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Peak area 60.5%
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Figure 13. Gel permeation chromatogram of fractions 95-100 of the IEC of sample 2. Besides
a high signal intensity for the salt (resulting from the gradient of the previous IEC) four peaks
are observed. Fraction 1 corresponding to peak 1 contains D3A, in a purity of 93% as the
signal quantification of the inset MALDI-TOF MS indicates. Fraction 1 is obtained in a yield

of 60.5 %. The overall yield of D3A; is 0.23 % (yield of IEC fractions 95 — 100 equals

0.38 %).

Conclusions

It could be demonstrated that the combination of two chromatographic techniques — gel
permeation chromatography and cation exchange chromatography — is a useful tool for the
quantitative analysis of complex mixtures of ChOs containing oligomers, homologs and
isomers. Particularly a sample of ChOs obtained by enzymatic degradation of chitosan with a
chitinase containing oligomers, homologs and isomers of DP 2 to 11 (determined by MALDI-
TOF MS) was analysed. Starting from 50 mg of sample the oligomers and homologs of DP 2
to 8 could be successfully quantitated by the combination of gel permeation chromatography
and cation exchange chromatography.

Exemplarily the isomeric composition of two homologs — D;A; and D3Aj; — containing
maximally three components was successfully quantitated employing cation exchange
chromatography in combination with computer aided peak fitting. The results obtained from
the quantitative analysis employing a combination of gel permeation chromatography and
cation exchange chromatography are compared to methods using a combination of gel
permeation chromatography and mass spectrometry. A method was successfully developed
for the quantitative analysis of mixtures of homologs by MALDI-TOF MS. The problem of
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the dependency of the signal intensities from the Fo of the ChOs was circumvented by the
per-N-acetylation with Ac,O-ds which transmutes the homologs into components of
equivalent mass spectrometric properties and allows at the same time to distinguish former D
units from A units due to a mass difference of 3 Da caused by the trideuterioacetamido group.
As the mass spectrometric signal intensity of the per-N-acetylated ChOs is not depending on
the DP of the oligomer (within a range of A DP < 5), the method was successfully employed
for the quantitative analysis of the mixture of ChOs (sample 2) which was analysed before by
the combination of GPC and IEC. The composition of oligomers and homologs up to DP 8
was quantitated. The comparison of the results obtained from both methods reveals a good
agreement. The mass spectrometric method offers some advantages with respect to the
amount of sample and time consumed for the analysis. Especially for oligomers and homologs
of DP > 7 the precision of the mass spectrometric method is superior. Finally, oligomers of
identical charge numbers (GPC fractions) are quantitated without any restriction.

The results of the quantitative analysis of the mixtures of isomers are compared to the
results obtained from the earlier established method employing a sequencing by vMALDI-
LTQ multistage MS and previous sequencing with AMCR. The results of both methods are in
good agreement. The comparison helps to prevent systematic errors. The mass spectrometric
method is advantageous since more complex mixtures of isomers can be quantitated.

The combination of gel permeation chromatography and cation exchange chromatography
proved to be a useful tool for the preparation of homologs with purities up to 98%. Three
combinations of methods were compared: GPC-GPC-GPC; GPC-IEC; IEC-GPC. The
combination IEC-GPC proved to be superior for most applications with respect to the quality
of the products (purity and salt content), the time effort and the potential for an up-scaling.
From 7.5 g of the starting material could be prepared 20 mg D3A,, that means in a yield of
0.23 %. The chromatographic preparation of ChOs has to compete with the synthesis of
oligosaccharides starting from glucosamine and N-acetylglycosamine. Even though the
amounts of homologs prepared by chromatography are still far away from an industrial scale
the method offers the advantage to prepare a series of homologs from the same batch of
starting material. The method has the potential to prepare libraries of ChOs for various
research applications and is in this field superior compared to synthetic methods under
economic aspects (cost and time).

Moreover, it was demonstrated that the cation exchange chromatography on monodisperse
porous polystyrene / divinyl benzene particles of 10 pum (Mono S™) is useful for the
preparation of isomers of high purity (> 98%). Sub-milligram amounts of D,A3; and D3Aj;
isomers were prepared. Repeated chromatographic steps would increase the amount of the
products into the milligram scale. The chromatogram of the separation of D3A4 homologs
showed the potential of the material to separate isomers of DP > 6. The amounts of pure
isomers isolated so far are precious substances to determine the different biological roles that
heterochitoisomers might play in biological processes.

Nomenclature

A, N-acetylglucosamine or N-acetylglucosaminyl unit in polymers; AMCR, 3-acetylamino-6-
aminoacridine; ABSg, absorption of the glucose standard; ABSg, absorption of the sample at
540 nm; Ac,0-d¢, hexadeutero acetic acid anhydride; AMAC, 2-aminoacridone; c,
concentration; ¢, sugar content; ChOs, heterochitooligosaccharides; D, glucosamine or
glucosaminyl unit in polymers; DHB, 2,5-dihydroxy benzoic acid, DNS, 3,5-Dinitro salicylic
acid; DP, degree of polymerization; F 4, molar fraction of A units; FAB MS, fast atom
bombardment mass spectrometry; fum., fuming; GPC, gel permeation chromatography; HC
gp-39, human cartilage glycoprotein of 39 kDa; HCI aq., hydrochloric acid; HOAc-d4,
tetradeutero acetic acid; HPLC, high performance liquid chromatography; IEC, ion exchange
chromatography; M, pseudomolecular ion; M,,, molecular mass; MALDI-TOF MS, matrix-
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assisted laser desorption ionisation time-of-flight mass spectrometry; ry, m, molar bond
refraction; n,, refractive index; NaCl, sodium chloride; NaOH, sodium hydroxyde; NH3,
ammonia; NMR, nuclear magnetic resonance; p, density; R,,, molar refraction; R, resolution
(of two peaks); RI, refractive index detection; rpm, rotations per minute; r.t. or RT, retention
time; tr, gross retention time; UV, ultraviolet light; wy,, peak width at half of the peak height.
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Figure S-1. Gel permeation chromatogram of sample 1 (mixture of chitosan homooligomers).
The performance of the Biogel P4 columns (2.5 cmi.d. * 2 * 100 cm length) was tested with a
standard mixture containing chitosan homooligomers. The chromatogram shows the

separation of oligomers of DP 3 to 15. The peaks are well fitted to singular Gaussian
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functions. The figure shows the overlay of the observed graph with the overall of the
Gaussian functions indicating a perfect fit for oligomers of DP 3 — 10. Based on the fit the
resolution of the peaks for D6 and D7 is calculated using tg and wy, (inset). The equation for
the calculation of Ry is: Ry = (tr(Ds) — tr(D7)) / (Wn(Ds) + win(D7)); tr, gross retention time;

wh, peak width at half of the peak height.
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Figure S-2. Plot of the UV absorption of Aj versus the concentration in the range of 0.048 to
4.784 pmol*mL™". The fit of the plot to a linear function indicates that the UV absorption is
linear in the range of 0.04 to 1.50 pmol*ml”'. As A; contains three A units the linear range for
equimolar amounts of A; is three-fold. Generally, the linear range of UV absorption for a

ChO 1s 0.05 to 4.50 pmol*mL'l*nA'l, where np is the number of A units of the ChO.
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Figure S-3. MALDI-TOF MS of an equimolar mixture of Ds and Ds. The relative signal
intensities differ by 3% (Ds 100%; D¢ 97%). The ratio of intensities is equal for sodium and

potassium adducts.

<L <<l {I<ILL<E
oo opﬂo“’o"o“

nnnnnnnnnnnn
nnnnnnnnnnnn
nnnnnnnnnnnn

Ii BRI ii '|I

Mass spectrometric signal intensity

T = v T i
1000 1200 1400 1500 1800 2000 m/z [Da]

Figure S-4. MALDI-TOF MS of sample 2. Sample 2 is an enzymatic hydrolysate of chitosan
which was purified by ultra-filtration to cut out the range of 1000 — 3000 Da. The mass

spectrum shows oligomers and homologs from DP2 to DP11.

D; DA,  D;A; DA; | DA, A;
8234 8654 9074 9494 | 9914 10334
Dg D;A; DA, DiA; DA, DA A
9844 10264 10684 11104 11525 11945 12365
D; DAy DsA, DA; | DA, DA DA A
DP 7
11455 11875 12295 12715 | 13135 13555 13975 14396

Figure S-5. Overlappings of the molecular masses of all Ds, D¢ and DP7 homologs.
Exemplarily for all heterooligosaccharides the overlappings of the DP5 — 7 homologs are

displayed. Overlappings are observed for D1A4, A5 (DPS), D6, D5A1, D4A2, D3A3, D2A4,
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D;As, Ag (DP6) and D7, DA, DsA,, D4A3 (DP7). The average distance of the molar

masses in the range of 984.4 — 1271.5 Da is 24 Da which is too little for a baseline separation
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Figure S-6. MALDI-TOF mass spectrum of GPC fraction 5 of sample 2.
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Figure S-7. Gel permeation chromatogram of sample 3. The enzymatic hydrolysate of

chitosan was purified by ultrafiltration using a 3 kDa cut-off membrane. Fractions were
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collected according to the baseline drops in the chromatogram. The peaks are labeled with the

compounds detected in the corresponding fractions by MALDI-TOF MS. The relative peak

areas [%] were calculated according to the RI signal intensities basing on baseline drops.

Tables

Table S-1. Results of the GPC of sample 2. The relative masses of fractions 1 — 9 were

determined by peak area analysis (RI detection, baseline drop). The compositions of the

fractions (oligomers, homologs) were determined by MALDI-TOF MS.

GPC Mass [%] Oligomer Homolog GPC Mass [%] Oligomer Homolog
Fraction Fraction
F1 4.5 DP2 A, F6 12.1 DP5 D4A,
DP3 DA, DP6 D3A;
DP4 D3A1 D2A4
DP5 Ds DP7 DsA,
F2 7.5 DP3 DA, D4A;
DP4 D3A1 DP8 D6A2
DA, F7 10.1 DP6 DyA,
DP5 D4A, DP7 D4A;
F3 10.8 DP4 DA, DA,
DP5 D4Al DP8 DsA,
D3Az D5A3
DP6 DsA, F8 6.5 DP7 D3A4
F4 20.2 DP4 D,A; DyAs
DP5 D;A, DP8 DsAs
DyA; DA,
DP6 DsA, DP9 DsAs
D4A, F9 12.0 DP>38
F5 16.3 DP5 DyA;
DP6 D4A,
D3A3
DP7 DsA,

Table S-2. Results of the IEC of sample 2. The compositions of the fractions were determined

by MALDI-TOF MS. The table shows the fractions in which each homolog was found.

Oligomer Homolog Charge Fractions Oligomer Homolog Charge Fractions
Number Number
DP2 A, 0 10-17 DP7 DyAs 2 42-43
DA, 1 3841 D;3A, 3 73-79
DP3 As 0 14-18 D4A; 4 111121
DA, 1 19 —41 DP8 D4A, 4 103 — 108
DA, 2 71-179 DsA; 5 139 - 149
DP4 D A; 1 19-29 DP9 D4As 4 91-98
DA, 2 61-70 DsA, 5 124 - 134
DP5 DyA; 3 52-59 DP10 D4As 4 79 - 80
DA, 3 95 -98 DsAs 5 111-123
DP6 DyA4 2 46 — 50 DsAy4 6 145 - 150
D;3A; 3 81-92 DP11 DsAq 5 109 - 110
D4A, 4 123 — 140 DsAs 6 135-150
DP12 DsAs 6 128 — 129
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Table S-3. Results of the preparation of homologs by the sequence IEC — GPC (starting
material: sample 2). The masses of the homologs were calculated from the peak areas of the
cation exchange and gel permeation chromatograms with respect to the total mass of sample 2

(7.5 g). The purity of the homologs was determined by MALDI-TOF MS with signal

quantification.
Oligomer Homolog Mass [%] resp. Sample 2 (7.5 g) Mass [mg] Purity [%]
DP4 D;A, 0.007 0.5 95
DA, 0.220 16.5 66
DP5 D;A, 0.229 17.2 93
DyA; 0.651 48.8 99
DP6 D3A; 0.308 23.1 100
DyA, 0.016 1.2 97
DP7 D4A; 0.129 13.5 98
D;A, 0.180 9.7 96
DP8 DsA; 0.045 34 96
D4A, 0.127 16.3 100
D;3As 0.004 0.3 87
DP9 D4As 0.004 0.3 91
DP10 DA, 0.023 1.7 94
DsAs 0.021 1.6 90
DP11 DsAs 0.009 0.7 74
DsAq 0.015 1.1 94
DP12 D;A 0.008 0.6 91
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