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ABSTRACT 

Proteoglycans and collagen molecules are interacting with each other thereby forming various connective tissues. The 
sulfation pattern of proteoglycans differs depending on the kind of tissue and/or the degree of maturation. Tissues from 
Cnidaria are suitable examples for exploration of the effects in relation to the presence and the absence of sulfate 
groups, when studying characteristic fragments of the long proteoglycan carbohydrate chains in silico. It has been 
described that a non-sulfated chondroitin appears as a scaffold in early morphogenesis of all nematocyst types in Hydra. 
On the other hand, sulfated glucosaminoglycans play an important role in various developmental processes of Cnidaria. 
In order to understand this biological phenomenon on a sub-molecular level we have analysed the structures of sulfated 
and non-sulfated proteoglycan carbohydrate chains as well as the structure of diverse collagen molecules with 
computational methods including quantum chemical calculations. The strong interactions between the sulfate groups of 
the carbohydrates moieties in proteoglycans and positively charged regions of collagen are essential in stabilizing 
various Cnidaria tissues but could hinder the nematocyst formation and its proper function. The results of our quantum 
chemical calculations show that the sulfation pattern has a significant effect on the conformation of chondroitin 
structures under study. 
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1. Introduction 

Proteoglycans represent a special class of glycoproteins, 
which are heavily glycosylated. These bio-macromole- 
cules consist of a core protein with one or more cova- 
lently attached glycosaminoglycan (GAG) chain(s). The 
glycosaminoglycan chains are long, linear carbohydrate 
polymers that are negatively charged under physiological 
conditions, due to the occurrence of sulfate and uronic acid 
groups. Chondroitin sulfate is the most prevalent GAG. 
Its linkage geometry between predominant disaccharide 
units is GlcAβ1-3GalNAcβ1. The monomeric residues 
are GlcA or GlcA(2S) and GalNAc or GalNAc(4S) or 
GalNAc(6S) or GalNAc(4S,6S) [1]. Beside chondroitin, 
hyaluronan is another GAG, which consists of the same 
disaccharide units as chondroitin sulfate but is the only  

GAG that is exclusively non-sulfated. Since the sulfation 
pattern in Cnidaria differs depending on its locus, tissue 
or organelle type [2] we used various tissue probes from 
these organisms and analysed them with AFM methods 
as well as with optic microscopy techniques. This strategy 
allows an optimal preparation of collagen-proteoglycan 
samples and enables to estimate the influence of sulfation 
on tissue differentiation. Cnidaria are Anthozoa (corals, 
sea anemones, sea fanes), Hydrozoa (hydra), Cubozoa (box 
jellyfishes) and Scyphozoa (jellyfishes). Like in tissues of 
other animals sulfated and non-sulfated proteoglycan 
carbohydrate chains have been found in Cnidaria [2,3]. 
The proteoglycan carbohydrate chains consist of numer- 
ous saccharide moieties. In order to design reliable mod- 
els of fragments of these large carbohydrate chains we 
have generated its diverse building blocks with the high- 
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est possible degree of accuracy in the calculation process. 
First, five different hexasaccharides have been constructed, 
which can be considered as the characteristic fragments 
of the carbohydrate proteoglycan chains. The impact of 
the presence and the absence of sulfate groups on the 
hydrogen bond network in these carbohydrate chains was 
studied with quantum chemical calculations. 

The intra-molecular interaction mechanisms could be 
described by molecular modelling calculations on various 
levels of theory when performing quantum chemical 
calculations. We have analysed five different hexasacchari- 
des with various sulfation profiles, which share the common 
carbohydrate structure L-4-en-4-deoxy-thr Hexp-A(αl-3) 
GalNAc(β1-4)GlcA(β1-3)Gal(β1-3)Gal(βl-4) Xylp-β (see 
Figure 1). Residue L-4-en-4-deoxy-thr-HexpA-unit A on 
Figure 1 an unsaturated derivative of D-glucuronic acid) 
is formed within the degradation of polysaccharide 
chains. Parent compound I does not contain any sulfate 
group. Three compounds are mono-sulfated, two of them 
have an O-sulfate group at either C6 (II) or C4 (III) of 
the GalNAc residue. The third mono-sulfated compound 
(IV) has an O-sulfate group at C4 of the Gal residue 
preceding the GlcA residue, whereas the GalNAc is not 
sulfated. The disulfated compound (V) has sulfate groups 
at C4 of both the Gal residue preceding GlcA and the 
GalNAc residue. The structural heterogeneity of these 
hexasaccharides reflects the polydiversity in the linkage 
region of the chondroitin sulfate chains: L-4-en-4-deoxy- 
thrHexpA(αl-3)GalNAc(4-O-or6-O-sulfate)(β1-4)GlcA and 
L-4-en-4-deoxy-thrHexpA (αl-3) GalNAc(4-O-or6-O-sul- 
fate) (β1-4)GlcA(β1-3)Gal-NAc (4-O-sulfate), respective- 
ly. We have used the quantum chemical approach for a 
precise determination of energies and conformational an- 
gles [4-8]. 

2. Materials and Methods 

Methods for theoretical calculation and modeling 
At first, we have generated a conformation analysis of 

the trisaccharide building blocks using the force field 
CHARMM27 and refined the conformations with the 
semi-empirical method AM1 with the Hyperchem 8.0 prof. 
packet [9]. The results are a prerequisite for our density 
functional theory (DFT) calculations. The models were 
used as starting structures for DFT calculations at a 
deeper level of theory with the B3LYP/6-31G* approach 
implemented in Gaussian 03 [10]. We have also performed  
calculations with B3LYP/6-31+G* and could show that 
the extension of time by a factor of 5 to 10 was the only 
significant result. Considerable alterations in the calcu- 
lated structures did not occur. The constructed fragments 
were grouped together to five different hexasaccharides 
(I)-(V) and calculated again with DFT using B3LYP/ 
6-31G*. The docking calculations between the glycans 

and colla- gen were performed with the Molegro trial 
version [11]. The following geometric and energy 
optimizations were carried out again with the force field 
CHARMM27 in- cluded in the Hyperchem 8.0 prof. 
packet [9]. 
Preparation of exumbrella tissue samples 

Exumbrella of salted eatable jellyfish Rhopilema escu- 
lentum was washed several times in distilled water and 
then equilibrated for at least one hour in PBS. Small pieces 
were prepared for cryo-cutting by embedding in Tissue 
Tek® (Sakura) and freezed at –20˚C. Cryo-cutting was 
carried out with a Leica CM 3050S machine. For DAPI- 
staining (Roche diagnostics) a 1 µg/ml solution in PBS 
was dropped on the slices, incubated at room temperature 
for half an hour in darkness and then rinsed with PBS. 
The optic microscopy study was performed using fluo- 
rescence dyes. The AFM measurements have been per- 
formed as described in literature [12]. For the AFM analy- 
sis of the exumbrella tissue of salted eatable jellyfish.  
Rhopilema esculentum  

We have dissolved 2.8 mg in 1 ml PBS buffer and 
diluted with pure water to a concentration corresponding 
to 10 ng/ml. From this probe we laid 50 µl on the mica 
plates and dried it about 20 min under nitrogen. 

3. Results and Discussion 

Calculations 

The quantum-chemical calculations were started with core 
glycan structures and consisting of trisaccharide building 
blocks. These building blocks were used for the construc- 
tion of five different Glycan structures Figure 1 I-V, 
which differ by their sulfation pattern as described above. 
It was our aim to calculate precisely defined fragments of 
the huge proteoglycan carbohydrate chains in order to 
generate the building blocks for an extensive in silico 
interaction study with diverse collagen molecules occur- 
ring in different tissues of Cnidaria. The calculated en- 
ergy minimum structures are shown in Figures 2 (I)-(V). 

In a first step, the energies and conformations of trisac- 
charides with and without sulfate groups were calculated 
with Gaussian 03/Hyperchem 8.0, (Preliminary calcula- 
tions: AM1, Gnorm = 0.00001). The quantum chemical 

 

 

Figure 1. Schematic presentation of the hexasaccharides 
I-V. 
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(I) 

 
(II) 

 
(III) 

 
(IV) 

 
(V)  

Figure 2. Minimal energy conformations of hexasaccharides 
(I); (II); (III); (IV) and (V). 

Under physiological pH conditions the COO– and SO4
– 

groups are de-protonated. However, in our DFT calcula- 
tions using B3LYP/6-31G* we have chosen the non-ion- 
ized state. It turned out that the protonated state corre- 
sponds to the conditions in the water environment much 
better than the de-protonated state in the vacuum. Certain 
energy minima are overestimated others are underesti- 
mated when quantum chemical calculations are carried 
out under vacuum conditions. Independent of the proto- 
nation state certain energy-minima are adopted under 
classical conditions when running MD simulations in a 
water environment. For the in silico molecular docking 
studies the de-protonated Glycan forms have been used 
since the electrostatic interactions between the Glycans 
and the proteins are of major importance. 

The calculated glycosidic linkages are shown in Table 1. 
Corresponding trisaccharides have been constructed and 
energetically minimized with semi-empirical methods 
(AM1). The models were used as starting structures for 
DFT (Density Functional Theory) calculations in a dee- 
per level of theory with the RB3LYP/6-31G* approach. 

The trimeric saccharides with the lowest energies were 
combined to the larger hexameric saccharide chains of 
Glycans I-V. The energies and conformational angles Φ 
and Ψ were again calculated with the DFT approach at 
the RB3LYP/6-31G* level of theory. 

The conformation of Glycan I (Figure 2) listed in Table 
2 is mainly stabilized by hydrogen bonds, which are 
displayed for all five glycan stuctures in Table 3. In the case 
of Glycan II (Figure 2), the sulfate group on Gal-NAc in 
position 6 has no significant effect on the Φ and Ψ angles 
due to the high mobility of the sulfate group. Therefore, Φ 
and Ψ angles similar to those calculated for Glycan (I) occur 
in Table 2. The sulfate group in 4 position of GalNAc, 
which is present in Glycan III (Figure 2) suppresses 
hydrogen bond formation. Therefore, the Φ1- and Ψ1-angle 
values differ significantly from those of Glycan I. The 
sulfate group also influences the CH2OH group of the 
GalNAc, which has an impact on the Φ2 and Ψ2 angle 
values. When calculating the glycosidic angles of Glycan 
IV (Figure 2) it is obvious that the presence of a sulfate 
group of the Gal-residue influences the glycosidic angles Φ3 
and Ψ3 between GlcA and Gal. In the case of the disulfated 
Glycan V (Figure 2) the glycosidic angles Φ3 und Ψ3 are 
similar to those of Glycan IV, as expected. However, the 
second sulfate group of the second galactose (unit E) causes 
an alteration in the Φ4 and Ψ4 glycosidic angles due to the 
hydrogen bonding between this sulfate group and the 
CH2OH group of the other galactose (unit D). As has 
already been shown for fucobiosides and fucoidans [13], it 
is possible to determine conformational differences in de- 
pendence of the sulfation profile. In contrast to the 
polysaccharides from Cnidaria, which are discussed here, 
fucoidans are a group of highly sulfated polysaccharides  
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Table 1. Energies and conformational characteristics (angles in degrees) of trisaccharides corresponding to the fragments of 
hexasaccharides I-V. 

Conformation Energy (kcal/mol) Φ1 Ψ1 Φ2 Ψ2 

L-4-en-4-deoxy-thrHexpA(α1-3)GalNAc(β1-4)GlcAβ 　　　(units A, B, C of Glycan I) 
1 –1,325,674.17 37.73 4.10 51.78 5.33 
2 –1,325,677.04 34.42 –9.16 46.63 –3.38 
3 –1,325,678.05 29.70 –53.27 46.90 –3.20 
4 –1,325,678.07 29.50 –51.34 44.27 –9.67 
5 –1,325,674.35 163.34 1.33 39.59 –8.76 
6 –1,325,673.47 30.04 –53.37 30.00 176.72 
7 –1,325,677.76 –1.49 155.07 43.33 –9.47 
8 –1,325,671.99 148.30 14.94 43.73 –8.65 

GalNAc(β1-4)GlcA(β1-3)Galβ  　 　(units B, C, D of Glycan I) 
1 –1,327,155.39 64.68 –9.04 5.43 35.74 
2 –1,327,149.67 64.13 –8.23 165.63 –39.00 
3 –1,327,155.04 55.48 –8.53 5.77 36.01 
4 –1,327,156.34 8.00 –50.19 8.18 31.94 
5 –1,327,160.99 35.72 –35.97 9.99 –12.69 

GlcA(β1-3)Gal(β1-3)　 Gal　 β  　 　(units C, D, E of Glycan I) 
1 –1,243,852.36 66.88 76.94 16.30 –11.38 
2 –1,243,834.10 34.07 –49.54 132.12 –55.56 
3 –1,243,850.13 6.66 31.60 19.66 156.20 

Gal(β1-3) Gal　 β(1-4) Xylp　 β  　 　(units D, E, F of Glycan I) 
1 –1,125,529.81 33.67 –42.24 44.24 0.50 
2 –1,125,534.58 8.08 32.38 46.17 –19.12 
3 –1,125,530.20 14.72 18.41 176.06 –0.18 
4 –1,125,530.33 –168.52 54.77 46.47 –20.40 
5 –1,125,526.82 34.82 –51.59 11.92 179.52 
6 –1,125,534.29 6.44 –13.92 49.49 –21.52 

L-4-en-4-deoxy-thrHexpA(α1-3)GalNAc(6-sulfate)(β1-4)GlcAβ 　　(units A, B, C of Glycan II) 
1 –1,717,116.15 30.93 –53.65 48.59 –2.95 
2 –1,717,101.57 39.96 –0.60 38.53 14.57 
3 –1,717,099.50 40.80 –20.39 27.84 –16.45 
4 –1,717,105.26 28.60 –51.08 44.73 15.60 
5 –1,717,105.88 38.48 1.03 21.30 –47.82 
6 –1,717,104.44 40.00 3.89 43.36 14.87 
7 –1,717,104.45 172.81 –1.35 35.24 10.29 
8 –1,717,104.73 29.40 –41.92 53.41 –151.40 
9 –1,717,110.20 35.29 –53.65 133.92 14.62 

10 –1,717,107.64 3.24 164.65 16.72 –56.74 

GalNAc(6-sulfate)(β1-4)GlcA(β1-3)Galβ  　 　(units B, C, D of Glycan II) 
1 –1,718,589.49 52.84 3.35 6.88 –11.88 
2 –1,718,584.90 21.76 –48.54 3.41 40.02 
3 –1,718,588.12 29.97 –37.19 48.28 44.32 
4 –1,718,581.39 155.35 –0.87 10.61 32.35 
5 –1,718,584.19 115.39 19.50 45.16 44.61 
6 –1,718,586.30 148.49 –5.48 52.28 39.44 
7 –1,718,596.38 35.18 –27.02 21.29 153.27 
8 –1,718,586.77 30.34 –36.82 14.87 160.41 
9 –1,718,585.38 12.66 11.85 34.68 –53.65 

10 –1,718,581.34 157.41 53.79 –2.33 52.07 
11 –1,718,597.12 37.26 –22.60 176.98 6.15 
12 –1,718,585.70 31.15 –35.63 56.50 80.85 
13 –1,718,586.92 20.48 –45.85 8.84 –12.35 
14 –1,718,587.44 29.82 –36.92 10.77 30.83 
15 –1,718,597.12 37.26 –22.60 176.98 6.15 
16 –1,718,583.79 26.99 –164.09 178.90 5.63 
17 –1,718,585.35 137.61 0.54 15.69 160.68 
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GlcA(β1-3)Gal(β1-3)Galβ  　 　(units C, D, E of Glycan II) 
1 –1,243,852.36 66.88 76.94 16.30 –11.38 
2 –1,243,834.10 34.07 –49.54 132.12 –55.56 
3 –1,243,850.13 6.66 31.60 19.66 156.20 

Gal(β1-3)Gal(β1-4)Xylpβ  　 　(units D, E, F of Glycan II) 
1 –1,125,529.81 33.67 –42.24 44.24 0.50 
2 –1,125,534.58 8.08 32.38 46.17 –19.12 
3 –1,125,530.20 14.72 18.41 176.06 –0.18 
4 –1,125,530.33 –168.52 54.77 46.47 –20.40 
5 –1,125,526.82 34.82 –51.59 11.92 179.52 
6 –1,125,534.29 6.44 –13.92 49.49 –21.52 

L-4-en-deoxy-thrHexpA(α1-3)GalNAc(4-sulfate)(β1-4)GlcAβ  　 　(units A, B, C of Glycan III) 
1 –1,717,104.54 39.84 0.78 30.07 –23.65 
2 –1,717,109.00 45.82 –11.80 33.87 –19.89 
3 –1,717,104.09 –15.48 –28.56 37.21 –11.59 
4 –1,717,108.57 12.33 34.24 –3.30 173.06 
5 –1,717,104.93 168.99 –0.92 35.73 –15.71 
6 –1,717,097.74 42.38 –3.74 34.32 171.61 
7 –1,717,105.52 47.15 –17.11 162.52 –3.91 

GalNAc(4-sulfate)(β1-4)GlcA(β1-3)Galβ  　 　(units B, C, D of Glycan III) 
1 –1,7185,88.10 44.49 –13.74 13.43 28.55 
2 –1,718,585.83 45.40 –12.44 –177.26 1.80 
3 –1,718,587.51 32.99 –35.88 11.02 31.10 
4 –1,718,584.85 21.60 –48.98 3.47 –9.62 

GlcA(β1-3)Gal(β1-3)Galβ  　 　(units C, D, E of Glycan III) 
1 –1,243,852.36 66.88 76.94 16.30 –11.38 
2 –1,243,834.10 34.07 –49.54 132.12 –55.56 
3 –1,243,850.13 6.66 31.60 19.66 156.20 

Gal(β1-3)Gal(β1-4)Xylpβ  　 　(units D,E,F of glycan III) 
1 –1,125,529.81 33.67 –42.24 44.24 0.50 
2 –1,125,534.58 8.08 32.38 46.17 –19.12 
3 –1,125,530.20 14.72 18.41 176.06 –0.18 
4 –1,125,530.33 –168.52 54.77 46.47 –20.40 
5 –1,125,526.82 34.82 –51.59 11.92 179.52 
6 –1,125,534.29 6.44 –13.92 49.49 –21.52 

L-4-en-deoxy-thrHexpA(α1-3)GalNAc(β1-4)GlcAβ  　 　(units A, B, C of Glycan IV) 
1 –1,325,674.17 37.73 4.10 51.78 5.33 
2 –1,325,677.04 34.42 –9.16 46.63 –3.38 
3 –1,325,678.05 29.70 –53.27 46.90 –3.20 
4 –1,325,678.07 29.50 –51.34 44.27 –9.67 
5 –1,325,674.35 163.34 1.33 39.59 –8.76 
6 –1,325,673.47 30.04 –53.37 30.00 176.72 
7 –1,325,677.76 –1.49 155.07 43.33 –9.47 
8 –1,325,671.99 148.30 14.94 43.73 –8.65 

GalNAc(β1-4)GlcA(β1-3)Gal(4-sulfate)β  　 　(units B,C,D of Glycan IV) 
1 –1,718,582.52 29.07 –47.06 56.34 48.57 
2 –1,718,592.73 39.27 –13.78 46.36 –21.85 
3 –1,718,576.04 30.36 –32.25 –172.26 –12.42 
4 –1,718,590.74 36.66 –14.39 165.01 5.37 
5 –1,718,591.20 135.47 19.91 57.97 55.41 
6 –1,718,586.04 37.75 –13.98 36.05 –4.63 

GlcA(β1-3)Gal(4-sulfate)(β1-3)Galβ  　 　(units C, D, E of Glycan IV) 
1 –1,635,282.35 42.76 –25.88 14.63 –7.15 
2 –1,635,285.69 27.59 –27.19 4.64 –5.96 
3 –1,635,281.14 –13.74 –46.86 47.75 37.06 
4 –1,635,286.47 24.20 –24.86 12.07 29.60 
5 –1,635,285.70 27.68 –27.20 4.61 –5.99 
6 –1,635,284.44 29.05 –31.40 177.58 6.48 
7 –1,635,276.23 5.93 –6.16 7.40 –9.21 
8 –1,635,284.60 –10.95 –13.13 7.27 –8.74 
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Gal(4-sulfate)(β1-3)Gal(β1-4)Xylpβ  　 　(units D, E, F of Glycan IV) 

1 –1,516,955.89 12.30 –28.74 80.32 –8.80 

2 –1,516,950.45 51.44 31.15 28.80 –47.75 

3 –1,516,955.61 11.43 29.19 28.83 –44.02 

4 –1,516,959.46 6.64 –11.57 49.09 –22.07 

L-4-en-deoxy-thrHexpA(α1-3)GalNAc(β1-4)GlcAβ  　 　(units A, B, C of Glycan V) 

1 –1,325,674.17 37.73 4.10 51.78 5.33 

2 –1,325,677.04 34.42 –9.16 46.63 –3.38 

3 –1,325,678.05 29.70 –53.27 46.90 –3.20 

4 –1,325,678.07 29.50 –51.34 44.27 –9.67 

5 –1,325,674.35 163.34 1.33 39.59 –8.76 

6 –1,325,673.47 30.04 –53.37 30.00 176.72 

7 –1,325,677.76 –1.49 155.07 43.33 –9.47 

8 –1,325,671.99 148.30 14.94 43.73 –8.65 

GalNAc(β1-4)GlcA(β1-3)Gal(4-sulfate)β  　 　(units B, C, D of Glycan V) 

1 –1,718,582.52 29.07 –47.06 56.34 48.57 

2 –1,718,592.73 39.27 –13.78 46.36 –21.85 

3 –1,718,576.04 30.36 –32.25 –172.26 –12.42 

4 –1,718,590.74 36.66 –14.39 165.01 5.37 

5 –1,718,591.20 135.47 19.91 57.97 55.41 

6 –1,718,586.04 37.75 –13.98 36.05 –4.63 

GlcA(β1-3)Gal(4-sulfate)(β1-3)Gal(4-sulfate)β  　 　(units C, D, E of Glycan V) 

1 –2,026,722.96 43.15 –30.52 43.36 –31.17 

2 –2,026,723.02 13.17 27.27 41.71 –30.23 

3 –2,026,711.65 9.11 29.55 55.98 37.49 

4 –2,026,720.45 –168.38 12.31 41.43 –31.07 

5 –2,026,720.03 44.08 –28.74 25.44 –45.21 

6 –2,026,722.95 43.15 –30.51 43.39 –31.22 

7 –2,026,719.90 48.84 29.31 175.46 –0.47 

8 –2,026,720.60 –157.78 39.25 26.77 –40.07 

9 –2,026,719.34 11.23 32.53 176.52 2.70 

10 –2,026,715.53 171.39 3.09 177.87 6.53 

11 –2,026,714.42 49.39 23.29 44.50 100.00 

12 –2,026,716.69 48.68 25.46 43.83 75.77 

13 –2,026,712.26 –26.94 –16.68 27.89 –45.95 

Gal(4-sulfate)(β1-3)Gal(4-sulfate)(β1-4)Xylpβ  　 　(units D, E, F of Glycan V) 

1 –1,908,378.29 8.37 28.49 27.66 –46.69 

2 –1,908,381.53 8.33 29.82 31.43 –29.16 

3 –1,908,391.38 –29.89 30.79 29.11 10.42 

4 –1,908,387.17 –33.03 28.34 –4.11 175.65 

5 –1,908,389.08 29.54 37.09 28.50 –32.32 

6 –1,908,391.01 13.08 7.50 177.11 –2.12 

7 –1,908,386.78 10.43 25.95 15.07 –178.49 

8 –1,908,388.69 170.04 5.79 176.06 –2.58 

9 –1,908,396.97 49.58 62.71 38.08 –28.43 

 
Table 2. Calculated conformational angles Φ and Ψ for inter-unit linkages of Glycans I-V (in degrees). 

Glycan Φ1 Ψ1 Φ2 Ψ2 Φ3 Ψ3 Φ4 Ψ4 Φ5 Ψ5 

I 29.86 –52.21 44.27 –9.80 1.81 –13.79 6.82 –13.47 49.83 –22.01 

II 30.58 –52.99 47.13 –2.60 1.41 –9.96 6.71 –10.68 49.22 –21.58 

III 46.25 –12.17 32.59 –22.67 0.62 –12.12 8.07 –11.78 50.46 –22.02 

IV 29.63 –50.78 45.71 –8.28 –29.49 –16.70 9.15 –10.76 50.78 –21.91 

V 30.35 –52.64 47.38 –8.55 –30.22 –14.58 30.62 –40.40 49.96 –23.85 
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Table 3. Hydrogen-bonds (in nm) in the structures of the Glycan I - V. 

Hydrogen-bonds Glycan I Glycan II Glycan III Glycan IV Glycan V 

Ring-O unit A with OH-4 unit B 0.220 0.219 - 0.223 0.219 

O-1 unit A with OH-4 unit B 0.258 0.261 - 0.256 0.259 

Sulfate-H unit B with O-1 unit A - - 0.186 - - 

OH-6 unit B with O-5 unit B - - 2.43 - - 

OH-6 unit B with O-3 unit C 0.242 - - 0.245 0.244 

Ring-O unit B with OH-3 unit C 0.196 0.208 0.193 0.195 0.194 

O-1 unit B with OH-3 unit C 0.252 0.244 0.266 0.252 0.253 

Sulfate-H unit B with O-3 unit C - 0.164 - - - 

NH unit B with carboxy-O unit C - - 0.205 - - 

OH-2 unit C with O-2 unit D 0.199 0.194 0.197 0.191 0.193 

O-1 unit C with OH-4 unit D 0.219 0.219 0.219 - - 

Sulfate-H unit D with ring-O unit C - - - 0.182 0.180 

OH-6 unit D with O-4 unit D 0.196 0.196 0.196 0.217 0.209 

OH-2 unit D with O-2 unit E 0.199 0.195 0.198 0.197 0.277 

O-1 unit D with OH-4 unit E 0.222 0.221 0.223 0.224 - 

Sulfate-H ring E with O-6 ring D - - - - 0.165 

OH-6 unit E with sulfate-O unit E - - - - 0.200 

OH-6 unit E with O-4 unit E 0.199 0.200 0.200 0.200 0.267 

Ring-O unit E with OH-3 unit F 0.196 0.196 0.196 0.196 0.200 

OH-2 unit F with O-3 unit F 0.223 0.222 0.223 0.223 0.221 

 
of brown seaweeds, which have received increasing 
interest as readily available biopolymers having many 
promising biological activities. Another source of sulfated 
carbohydrates are marine fishes. The structural charac- 
terization, the anti-inflammatory and anticoagulant activity 
of chondroitin sulfates from cartilage of Atlantic salmon 
(Salmo salar), Greenland shark (Somniosus microcepha- 
lus), Blackmouth catshark (Galeus melastomus), Bird- 
beak dogfish (Deania calcea) and Arctic skate (Amb- 
lyraja hyperborea) have recently been described [14]. 

The absence or the presence of a sulfate group is not 
only important for the energetic minima of the Glycans, 
the interactions of the Glycans with collagen molecules 
also depend on the position of the sulfate groups. There- 
fore, we have highlighted these functional parts of the 
proteoglycan molecules in their homo-orbital presenta- 
tions (Figure 3). 

In relation to our docking studies it is remarkable that 
the sulfate groups with their significant HOMO orbitals 
are essential contact groups for various collagen mole- 
cules (Figures 4 and 5). 

Molecular interaction partners of proteoglycans in 
Cnidaria tissues are mini-collagens with charged ends 
(Figure 4) [15] as well as triple-helical collagen frag- 
ments [12,16]. The positively charged contact points con- 
sist of Arg and Lys residues [12,15,16]. Also in the case 
of triple-helical collagen structures Arg residues are the 
most suited contact points (Figure 5). 

We have performed in silico interaction studies of the 
five designed Glycan structures (Glycan I-V) and 
mini-collagen (Figure 4). In the same way we have stu- 
died the interactions between Glycans I-V with triple- 
helical collagen structures (Figure 5). It turned out that 
the glycosidic angles  and , which correspond to the 
low-energy conformation of the ligand-free state differ 
slightly from those of the components interacting with 
the collagen molecules. 

Complexes between mini-collagen fragments and char- 
acteristic Glycans (Figure 4) have been performed by a 
feasible molecular docking program (the Molegro trial 
version [11]). The same software was used for the dock- 
ing studies, in which triple helical collagen fragments are 
interacting with the Glycan hexamers under study (Fig- 
ure 5). The triple helical structure was taken from an X- 
ray model of an integrin-collagen complex (1dzi. pdb) 
[16]. The Glycans and the Arg residues, which are pref- 
erentially interacting with the proteoglycan sulfate groups 
are highlighted in their van-der-Waals representation. 

Mini-collagen molecules and small collagen fragments 
[12,15,17-19] as well as longer collagen fragments [12,17] 
are interacting in multiple manners with the Glycan struc- 
tures under study. These results differ significantly from 
our observations concerning collagen integrin interactions 
[12]. Sophisticated microscopic techniques are needed to 
clarify how the absence and presence of sulfate groups in 
proteoglycans from Cnidaria trigger its morphogenesis. 
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Figure 3. Homo-orbital presentation of GalNAc, non-sul- 
fated (top) and sulfated at position 6 (middle) as well as at 
position 4 (bottom). The sulfate groups are charged. Orbi- 
tals have been calculated for the whole molecules. When a 
sulfate group is present the orbitals are located at the cor- 
responding position. 

 

 

 

 

Figure 4. Mini-collagen fragment (1sop.pdb) [15, 17] in 
complex with non-sulfated Glycan I (top) and sulfated 
Glycan II (below the top) in their backbone presentations 
with highlighted Arg23 and Lys24 residues. The surface 
presentations are given in the same orientation: Gycan I 
(above bottom) and sulfated Glycan II (bottom). 
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Figure 5. Triple-helical collagen structure in complex with 
Glycan I (top) and Glycan II (bottom). 
 
Furthermore, the nematocyst discharge processes can be 
explained in a better way when the interaction mecha- 
nisms between non-sulfated proteoglycans and mini- 
collagen molecules can be described on a sub-molecular 
level. In a nematocyst poly-gamma-glutamate rich mini- 
collagens are synthesized during the formation of nema- 
tocyst capsules in Hydra [20]. Together with the avail- 
able information about the differentiation process [21-25] 
a first step is made to simulate nematocyst discharge 
processes (coulomb explosions) as well as proteoglycan 
collagen interactions in cartilage tissues with computa- 
tional methods. As outlined in two recent publications a 
solid knowledge about the structural properties of Glycan 
sulfate groups is a prerequisite for a detailed understand- 
ing in respect to their biological function [26,27]. 

4. Results and Discussion 

Experimental Part 

For the AFM analysis probes of the exumbrella tissue of 
salted eatable Rhopilema jellyfish were put on mica 
plates Figure 6 (top). We compared the AFM probes 
with probes from the same exumbrella tissue, which were 
prepared for light microscopic analysis by Dapi staining - 
Figure 6 (bottom). After treatment with an aprotic sol- 
vent we recognized that the addition of DMSO can dis- 
turb and destroy the collagen-proteoglycan network so 
that only small tissue pieces remain (Figure 7). 

In our present study the quantum chemical calculations 
and the computational docking analysis of the five Gly- 
cans are flanked by an AFM analysis of various jellyfish 
tissues. It is described in the literature that hydrolyzed 
collagen can induce chondrogenic differentiation of equine 
adipose tissue-derived stromal cells [28]. Although the 
impact of proteoglycan fragments in such differentiation 

 

 

Figure 6. AFM and fluorescent pictures of the exumbrella 
tissue of salted eatable Rhopilema jellyfish. 
 

 

Figure 7. Impact of DMSO on the exumbrella tissue of the 
jellyfish Rhopilema esculentum. Only small pieces of the 
jellyfish tissue remain in the aprotic solvent. The sample 
was dried under nitrogen. 
 
processes is unknown it is now possible to combine the 
theoretically derived data about the collagen-proteogly- 
can interactions with results obtained by AFM and light 
microscopic techniques (Figure 8). After this study the 
theoretical background, which allows us a better defined 
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Figure 8. AFM pictures of an equine mesenchymal stem cell (cultured on a collagen surface). The middle and right picture 
shows a detailed presentation of their cilia. 
 
discussion of the influence of collagen fragments and 
proteoglycans from various species on a sub-molecular 
level. Equine mesenchymal stem cells can be cultured on 
various media consisting of collagen (Figure 8) or of 
collagen-proteoglycan mixtures. Thereby, considering stu- 
dies of stem cells in hydra [29,30]. We recognized that 
the differentiation processes are strongly depending on 
the proteoglycan-collagen ratio of the growth media. 

Beside the unspecific proteoglycan collagen interact- 
tion our theoretical and experimental results argue in 
favor that for the stabilization of the nematocyst tissue 
also a specific carbohydrate binding protein, i.e. nemato- 
galectin [31] must be present. However, this kind of 
galectin is only specific for non-sulfated carbohydrates as 
it is the case for galectins in general [32]. To summarize 
our studies we have opened new routes to investigate 
proteoglycan-collagen interactions at an atomic size-level, 
as described for collagen hydrolysates and collagen frag- 
ments from various species [33]. 
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