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Abstract Molecular models of disaccharides, and single and double helices up to eight monomers in
length have been constructed of the two types of glycosidic linkage in the carrageanarihese

links are a galactose to anhydrogalactose link (GA link), and an anhydrogalactose to galactose link (AG
link). These models are also basedkecarrageenan, which contains a 4-sulphate galactose ring. The
effects of the sulphate groups on the conformation of the helices may be seen by the gngtefjof
explored during the simulations by the AG and GA linkages. It has been observed that the molecule can
explore a greater area of conformational space about the GA link than the AG link. This could be due to
steric hindrance caused by the bulky sulphateigmear the AG link. Theulphate group is further

away from the GA link than frorthe AG link, and this may provide a possible explanation for the
relatively unhindered movement about the GA link comparatidoAG link. The esults have also
shown that the conformational space tlie AG linkages, as well as the GA linkages vary between
different lengths of the polysaccharide chain. Single helix models show little stability in molecular
dynamics simulation, whereas the eight monomer double helix model is more stable than a six mono-
mer double helix model.
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consisting of 10’s, 100’s or even 1000's of monosaccharides
[2]. They havefound many uses in various industries. Cel-
lulose is the most abundant polysaccharide, and is used in
Carbohydrates are polyhydroxy aldehydes @tdrkes. They  the paper industry (in the form of wood pulp), and in the
are among the most abundant organic compounds in naturgyanufacture of flexible films, rayons and certain plastics
found in both plants and animals. Carbo_hydrates are sources). More complex polysaccharides are involved in the bac-
and stores of energy, and can be divided into two broageria cell wall, connective tissue and blood group substances,
groups: sugars and polysaccharides. The simplest sugars {g well as natural lubricants and gums [1]. Cereals and crops
monosaccharides and a disaccharide can be foumettie g ch as potatoes contain starch, the main polysaccharide for
combination of two monosaccharides with the eliminationsggg consumption. Other uses have been found in the phar-
of water [1,2]. Polysaccharides are polymeric substancegaceutical, food and cosmetic industries [3]. Polysaccha-
rides can be obtained from seaweeds, and examples of these
include agarose and carrageenan, which are used in the food
industry as emulsifiers, stabilisers and gelling agents.
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Figure 1 The AG linkage (left) and the GA linkage (right
showing thep and ¢ angles /7 i
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Carrageenans are from a class of polysaccharides called

galactan polysaccharides, which occur in numerous speéiggire 2 Diagram (a) shows the random chains, (b) shows
of red seaweed. Carrageenans are mainly used in industrihaselices, (c) shows the aggregation of the helices. The pres-
food additives, and indeed, it has been said that they are neree of potassium ions; Kpromotes the gelation process
versatile for this purpose than agars. Carrageenans have been
used as emulsifying and thickening agents and also as stabi-
lisers in foods such as milk products, flans, chocolate, igsually ordered, or aggregated in the presence of cations.
creams, low fat spreads and dessert gels (for gelation). @a¢ions such as potassium ions are said to favour the gela-
important characteristic of carrageenan which allows its usEn process [9]. Figure 2 illustrates the transition from ran-
in foods is the fact that it forms gels at moderate tempedam coil to helix to domain structure [10].
tures [4]. Carrageenans are polysaccharides made up of alt has been said by Rees [11] that sulphated compounds
ternating-1,3 anda-1,4 linked galactose residues. The 1.dnter solution more easily than unsulphated compounds, due
linked residue is usually present as anhydrogalactose. Therthe fact that the negative sulphate groups can interact with
are various forms of carrageenan, includiagi- andA-car- the partially positive hydrogen atom in the water molecules.
rageenan. Theositions and numbers of sulphate groups ithis implies that as carrageenan has sulphate groups, aggre-
the structures vary between the various forms. Figure 1 sh@ation of carrageenan helices is less favourable than that of
K-carrageenan, which contains a 4-sulphate galactose aggrose, since aggregation of the double helix network is the
[5]. opposite of entering the solution phase [11]. Previous work
There are two types of glycosidic linkage in the carréy us on Gellan [12] and Agarose [13] has demonstrated the
geenan chain, a galactose to anhydrogalactose link (GA lirddficacy of using molecular modelling to investigate the con-
and an anhydrogalactose to galactose link (AG link), bothfofmational flexibility of model carbohydrate systems. Oth-
which are shown in Figure 1. Each link has two torsion agrs workers have used carbohydrate modelling to show that
gles,¢ andy. These are also defined in Figure 1.The carbeomputer simulation is the best means of confirming a struc-
atoms are represented as green, the hydrogen atoms are fgneyl, model of a glycosphingolipid derived from NMR
the oxygen atoms are red and the sulphur atoms are yellgawakami et. al. [14] ). Also the conformational behaviour
For the AG linkagethe ¢ angle was measured using the atf two hexasaccharides has been probed by molecular dy-
oms O, C1, O1, and C3, as labelled in Figung for the AG namics simulation by Kozar et. al. [15] and recently a carbo-
linkage was measured using C1, O1, C3 and C2. For the BAlrate modelling tool (SWEET) has appeared on the Inter-
linkage ¢ was measured using O, C1, @id C4.y was net (Bohne et. al. [16]). This work extends our previous ex-
measured using C1, O1, C4 and C5. Carrageenans differ fpmrience to the more complicated sulphated carrageenan sys-
agarose in that they contain sulphate groups, and that téma.
galactose sugar ring is in the D form, whereas it is in the L
form in agarose. Carrageenans can be induced to crystallise
and Rees et al. [6lave determined the unit cell paramete
of 1-carrageenan as follows: a = b =1.373 nm, c = 1.328 nﬁne,thodology
o=[=90°y=120°. Carrageenans form helices when cooled ] ) o
to a sufficient temperature (like agarose, gellan and certafie simulations and calculations performed were similar to
other polysacchates). These helices can then combine tf10se performed by Haggett et al. [13] on agarose, except
form double helices, and it is accepted that aggregationtit only the implicit solvent case was considered. The mod-
these double helices causes the formation of the gel netwdWere built using MSI's INSIGHTII [17] software running
[4]. According to Morris et al. [7-8], the double helices forR @ Silicon Graphics Indigo XZ4000 computer. Discover
junction zones between the chains of monomers. This resU#95 [17] was used to perform the minimisation and the
in the formation of soluble clusters (domains), which corfitolecular dynamics calculans. TheAMBER forcefield
bine to form a network through the interaction of the helicéth Homans’[18] modification for use with polysaccharides
from different domains. It is believed that these interactioh@s the forcefield used in all the caldidas. The AMBER
participate in the gel formation mechanism. The domains fpEcefield is widely used for carbohydrate simulation, e. g.
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Table 1 ¢ and  values Positive ¢ Region Negativep Region

showing the positions of o 0 o 0
minima for the AG link ¢ () b () ¢ () Y ()
1 monomer 71.8 -144.0 -71.8 -144.0
3 monomers 71.5 -108.0 71.9 -72.2
6 monomers 71.7 -144.1 -72.1 -144.0
8 monomers 144.0 -71.6 -180.0 35.7

Gruza et al. [19] have used it to produce reliable furanasfeless than the cell dimensions, in this version of the soft-
models, Martin Pastor et. al. [20] have used a variety of metiare used. The explicit image model was used, and the large
ods to fit to NMR solution data in lactose modelling and coout-offs meant that more interactions than usual were con-
cluded thathe AMBER/Homans method was in reasonablsidered. However, the interactions of molecules a large dis-
agreement. Theelices were built up from the disaccharideance from each other would be very small, and were consid-
units, usingp andy angles used by Haggett et al. [13] for thered not to have any significant effect on the actual calcula-
AG and GA linkage. These were: AG Ling:= -52.2°, = tion (except that it would increase the time the simulation
156.8°, GA Link:¢ =-123.9°, = -113.2°. took to complete).

Analysis of dihedral angles

Two torsion anglesp andy, were defined (see Figure 1) an®esults and discussion

kept fixed in space while the rest of the molecule was al-

lowed to minimise. A dielectric constant of 80 was used, so

as to simulate the minimisation in water. The data was @&falysis of dihedral angles

tracted and plotted as &/\y map using INSIGHTII, and

Microsoft Excel. The minimisation was run for both the GAG linkage Figure 3 shows the contour pldi ¢s @ with

and AGlinkages separately, for chain lengths of one, threshergy plotted along the z-axis) for the AG linkage in one
six and eight monomers. Two minimisation algorithms wergonomer i.e. a disaccharide. As can be seen from Figure 3,
used: steepest descents for 1000 iterations, and then cahjgre is a minimum valley at around thevalue of -72°, and
gate gradients for 100 iterations, to meet a convergence cri-

teria of less that 0.01 kcal mig\-L.

T
Conditions for dynamics -

The system was warmed to 300K for 100 iterations in ste
of 1 iteration, where 1 iteration = 1 femtosecond. Dependi
on whether a double helix or single helix was being sim
lated, the molecular dynamics simulation was run for 1000
iterations (single helices) or 50000 iterations (double he
ces) using the Verlet integration method [21] The reason

this is the time it takes to run molecular dynamics on a lai
molecule under periodic boundary conditions (PBC) is qu
large. The simulations were run for chain lengths of thre
six and eight monomers with PBC applied to simulate t
bulk situation. The cell size for the six monomer double h
lix was 40 by 20 A. For the eight monomer double helix, tt
cell size was 60 by 25 A. Only six and eight monomer cha
were simulated as double helices. For the double helices,

helical chain was kept fixed in space, while the other w
allowed to relax around it, and dynamics calculations we
performed on this helical chain. Further simulations were r
with three, four, five, six and eight monomer chains as sinyie

helices, but not with PBC applied. The cut-off distances wetgyyre 3 A ¢/¢ map for the AQink in the one monomer

larger than the 15 A used by Haggett et al. [13] and Larwogglt. The geen areas show areas of high energy, the blue
et al. [12] because a possible bug would not allow a cut-gftas show low energy
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also a low energy area apavalue of 72°. There is also a hill
in between them, as shown by the contours and the gr
areas. Thenaximum height of this hill (maximum energy)
occurs at around thgevalue of 0°. The hill could quite easily
be traversed around the region wheris between about -50
and -180°, as the contour is not very steep in this region. -
difference in energy between the lowest point in the vall
and the highest point of the hill between thealues of -50
and -180° is only about 4 or 5 kcal mMoTable 1 shows thi

and g values for the different chains at which there a Pgy

minima. The contour plots fdhe AG links in the otherhains

all have the same features as the one for the one monc
chain, i.e. two valleys and a hill in beten. "his grouping

into two distinct minima is common in carbohydrate syster
e.g. a study of the conformational flexibility of plant lectil
glycosides by Gilleron et al. [22] also shows two distin
minima. Asthe data in Table 1 show, the minima seem

occur at values of = 71 or -71°. However, the hill is much
bigger in the three, six and eight monomer contour plot, &
traversing them would not be possible, as the contours
too steep. One reason for this could be that there are
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interactions possible given the greater number of atoms and

conformations of an eight monomer helix compared with theiyjure 4 The GA contour plot for a one monomer unit. Red
of a one monomer helix. The maxima all occur in the sam@as show maxima

area too, i.e. ap values of around zero degrees, or more or

less in the middle of the plot, bisecting thexis (Table 2).

Table 2 ¢ and ¢ values of the maxima in the AG link

tures of the GA link in a one monomer unit. Described above
are the GA and AG linkages and where the energy minima
and maxima fall in conformational space. The contour plots
for the eight and six monomer chains are different. The same
features are present, i.e. two valley regions where the minima

o () 1) occur ath values of about -72 and 72°, and a hill in the mid-
dle, around the region whepehas a value of 0°. Thigandy
1 monomer -1.0 -0.3 angles for both types of linkages (GA and AG) were extracted
3 monomers 36.2 34.8 for each double helix. These were plotted gsiaplot (i.e. a
6 monomers -0.5 35.6 Ramachandran [23] map) and the plots for each helix were
8 monomers 36.1 -0.2 compared to the contour maps for the respective links.
-éa:lsq?nﬁqgnd ¢ values for Positive ¢ Region Negativep Region
¢ () Q) ¢ () v ()
1 monomer 71.4 -178.9 -71.9 -179.5
3 monomers 180.8 144.4 -72.1 73.5
6 monomers 179.9 71.6 -144.2 71.9
8 monomers 180.0 71.8 -71.8 178.1

GA Linkage The GA linkage’s contour map has similar feafable4 ¢ and ¢ values for GA maxima
tures to that of the AG linkage. This means two valleys and a

hill region. Thepositions of the minima and maxima are simi-

lar too, i.e. aroung = 72 and -72° for the minima, apd= 0 ¢ W
for the maxima (Tables 3 and 4). 1 monomer 0.1 475
Although there are some minima at around- 180°, it 3 monomers 0.2 -108.3
should be noted that there are also minim@ at72° which g monomers -1.89 -37.6
are very similar in energy to the quoted minima, and so th@sg,onomers 0.2 4.8

are still favourable conformations. Figure 4 shows the fea-
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Figure 5 The Ramachandran plot for the AG link in the eigtifigure 6 The Ramachandran plot for the GA link in the eight
monomer double helix monomer double helix

Comparison of the Ramachandran plot of the AG link monomer doubldelix (See Appendices). Mudihe same
the eight monomer double helix (Figure 5) with the contofgatures occur in the plots for the six monomer AG and GA
map (See Appendices) shows that the values takgnamd links. The AG link was more restricted in the conformational
Y fall within the valley at whichthe ¢ values are negative.space that was allowed to be explored, and consequently in
The conformations taken by the helices during the simuthe angles ofp and § that the AGIlink in the chain was al-
tion had¢ values between -160 and -175°. There are a céawed to take, whereas the data for the GA link was scattered
ple of values ofp that are positive and this conformationabver a wider area. The contour plot for the GA link also indi-
space is likely to have been explored near the end of the sioaied that a wider area of conformational space could be ex-
lation for the following reason. It can be seen from the thrpkored, as the gradients for most of the areas were not very
dimensional surface plot and the contour plot (See Appenstieep, indicating little difference in energy in the space im-
ces) for the AG link in the eight monomer double helix chaimediately nearby. The contour plots for the three monomer
that there is a big drop in energy between the valley aresisgle helix also indicated that the helices could rotate about
and that there is a hill feature in between the two valleyise GA link more freely than around the AG link. Tjhets
Therefore it would be very difficult to traverse from the ardar the three and six monomer chains can be found in the
of the map where thé values are positive to the area wher&ppendices. However, there are marked differences between
¢ values are negative, due to the steepness and the heigtiteoplots for the different helices. The contour plots for the
the hill. AG link for the one monomer disaccharide is not the same as
The Ramachandran plot for the GA link is more scatterdte plot for the six monomer chain, or the eight monomer
as shown in Figure 6. The preferred valuegiafeem to lie chain, although there are some common features present (such
around -175° or 175°. Thie values have a bigger range, beas the valleys and hills). The same is also true for the GA link
tween -50° and -80°. The contour plot (See Appendices) for the different chain lengths. Previous calculations on
this link in the eight monomer chain shows that the energglysaccharides have assumed that the contour plots for the
difference between the various areas of the conformatioA& links for different chain lengths would be the same, and
space is small, and so for this reason, the molecule is allowesl plots for the GA links for different chain lengths would
to explore a wider area of this space. There is a maximunbéthe same. However, in the case of carrageenan, this is not
the middle of the plot, whedeandy are approximately zero the case, as shown by the respective plots and the angles of
degrees. There are also maxima around the areas Wwheamdy visited by each chain during the dynamics run.
takes the values of 170 to 180° and -170 to -180°. This could
be due to steric effects within the molecule, caused by inter-
actions with the sulphate groups, for example. The plot fanalysis of the minimised structures
the GA link in the eight monomer double helix shows that
the molecule can rotate about that link more freely thanTite structures were energy minimised before the molecular
can rotate around the AG link. This could be because the A¢hamics simulations wereum. Thedihedral angles were
link is close to the bulky sulphate groups, and so could é&gracted. The eight monomer double helrain AG and
hindered by interactions with this group upon rotation abaBA angles are plotted in Figures 5 and @ag) plots. The
the AGlink. The Ramachandran plots for the six monomengles were measured from the energy minimised structures.
double helix shows the same features as the plots for the e@hparison with the relevant contour map for the disaccha-
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Figure 7 Theg—y plot for the GA angles in the eight monoFigure 8 Theg—y plot for the AG link in the eight monomer
mer double helix minimised structure double helix minimised structure

ride linkages shows that the angles lie in the minimum vallegl conform#éon. Thesingle helix chain of this length, also
regions. In the case of the eight monomer chain (double hetained a helical structure after minimisation. This suggests
lix), the minima are in the valley where thalnes of¢p are that a six monomer helix is a stable structure. Figure 10 shows
negative (Figures @nd 8). Theplots for a single helix of that the minimised six monomer double helix keeps a helical
eight monomers long, whether energy minimised after tbenformation.
dynamics simulation using PBC or not, are very similar. This Looking at a single helix of only three monomers in length
may suggest that a helix of this length is stable. A visu&ligure 11), it can be seen that a helix of this length is not at
comparison of the minimised molecule with the originalll stable, as the minimised structure has completely lost its
model shows that there is little difference between them, faelical conformation. Howevethe ¢ and y values for this
ther suggesting that the helices are stable. This is true ofrtiirimised structure do lie in the valley regions. It should be
eight monomer helix, for both double and single helices. Figeted, however, that the structure was minimised in implicit
ure 9 shows that by looking down the helical axis, it can belvent conditions, a dielectric constant of 80 was defined.
seen that the eight monomer chain has kept it's double hdlhis means that there were no water molecules present in the
structure, and is not too different when compared to the origiedel to interact with the chain. If there were water mol-
nal model. ecules present, they may have interacted with the chain, and
Comparison of the minimised six monomer double helbelped it to keep its helical conformation. Conversely, the
chain with the original model also shows that the helices avater molecules may also have disrupted the helical struc-
quite stable. The minimised double helix did not lose its hetire.

Figure 9 The minimised
eight monomer double helix
(right) compared with the
unminimised one (left). This
is a view looking down the
helical axis
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Figure 10 The six monomer
double helix, not minimised
(left), and minimised (right).
This is a view looking down
the helical axis

Figure 11 The three mono-
mer single helix, unmini-
mised (left), and minimised
(right). This is a view look-
ing down the helical axis

Analysis of the molecular dynamics simulations

Analysis of the three monomer single helix chain, run unc 600 -
PBC shows that the chain loses its helical conformation af

only one picosecond. This means that the helical conforr _ 500 §
tion was lost at a temperature of 289 K (below room telg
perature). Fiis rapid transition to other minima occurs in othe £ 400 -
simulations of carbohydrates, e.g. Gilleron et al. [22], whe§
transitions occur within a few picoseconds of the simulatic® 300
The time-energy plot for this chain shows two plateau r g3
gions (Figure 12).These plateaux could show regions of ¢ 200
formation stability, although there does not seem to be mi~
change in the conformation between the plateaux. The ch 100
seem to interact with other chains from neighbouring cells

the point where the plateau starts. During the dynamics 0 ‘ ‘ ‘ ‘ ‘
there may have been intramolecular bonding e.g. hydrc 0 20 40 60 80 100
groups interacting on the same ring. This was observed

Haggett et al. [13] for the agarose system, (three monom Time (ps)

but as double helices with explicit water molecules). Th..

may explain the structure obtained during some of the dy-

namics runs whereby bonds have simply formed with thégure 12 The time-energy plot for a dynamics run for a
sulphated galactoséngs. This could mean hydrogen bondthree monomer single helix
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Figure 13 The ‘bent’ confor-
mation of the eight monomer
single helix, interacting with
neighbouring cells
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1600 exhibited intramolecular interactions, again around the
1400 sulphated galactoséngs. This run was abruptly cut short
=} *e after thirty-two picoseconds due to an error in the program.
g 1200 7—eteotetertersesses KN The eight monomer double helix showed some stability
s 1000 $E00006000000004404¢ 1t the end of the dynamics run. However, the helical chain
2 800 that was allowed to relax unravels into a non-helical chain at
4 600 one end, and during the course of the dynamics run, this end
g was seen to interact with neighbouring cells. This could show
5 400 the first stages of the aggregation imagism. Thetime-en-
200 ergy plot for this double helix (Figure 14) again features pla-
0 ‘ ‘ ‘ ‘ teau areas. It is while on this plateau region that the non-

rigid chain of the double helix is seen to interact with chains
0 10 20 30 40 30 in other cells. One sulphate group was seen to be about 7.2 A
Time (ps) away from the hydroxy group of a chain in a neighbouring
cell after five picoseconds of the simulation (a temperature
Figure 14 The time-energy plot for a dynamics run for agf 304 K), so there could be possible electrostatic interac-
eight monomer double helix tion, given how close that the molecules are getting to each
other attimes. At theend of the plateau, there is possible
interaction near the middle of the chains (the distance be-
ing between the negatively charged sulphate groups andtifgen the chains is about 4.5 A after twenty-six picoseconds),
hydrogen atoms in the hydroxyagps. Tis could also be (Figure 15).
attributed to a bug in the dynamics prmgr This was not  The six monomer double helix results indicate that this
observed for all simulations, only the ones for single helicgain is slightly less stable than the eight monomer double
with no PBC applied. The results of the dynamics run for thejix. Analysis of the simulation shows that the chain is still
eight monomer single helix chain shows that this chain cogidouble helix after two picoseconds of simulation, but at
pletely unravels from a helical structure to form a straigfHree picoseconds (a temperature of 308K), the chain starts
chain after about three picoseconds, at a temperature of ag®yinwind to form a random chain. By fifteen picoseconds,
312 K.The chain is more stable than the thmeaomer chain, aimost half of the chain has unwound, while the other half is
and the time energy p|0t for this chain shows similar featurfﬁm in a helical conformt@on. Thetime-energy p|0t (Figure
to the three monomer chain’s plot, i.e. a plateaioregrhe 16) for this chain shows that the plateau regions present in
eight monomer chain also adopts the same sort of conforiifgr eight monomer double helix are again present for the six
tion in that it loses its helical structure to form a single chaifonomer double helix. At the beginning of this plateau, af-
with a bend approximately one third of the length in from ther eighteen picoseconds of simulation, a little over half of
end of the chain, as shown in Figure 13. The chain is seefh® chain had unralled to a coil. The temperature at this
interact with other molecules in other cells. This chain alggage is 309 K. Theoil begins to form a helix again after
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Figure 15 Possible interac-

tions (circled) between dou-
ble helices for the eight
monomer double helix, after
twenty-four picoseconds of
simulation

0§ SIS o AR,

twenty-two picoseconds, at a temperature of 306 K, and hoydroxy group. This could potentially be a much stronger
twenty eight picoseconds, the temperature of the systenntsraction than the interaction between two hydroxy groups,
300 K, and about half of the coil had formed a helix agaims the sulphate group is more negatively charged than the
For the rest of the simulation, no more than half of the charygen atom in the hydroxy groups. Figure 18 shows one
was in the form of a helix, and little change in conformatisuch possible interaction, which occurred after twenty-five
was observed. At the end of the simulation, about half of thigoseconds of simulation. The temperature at this point was
structure was in the form of a helix, and the other half was286 K. the distance between the oxygen closest to the hy-
the form of a random coil. droxy group (from the sulphate group) to the hydrogen in the

During the simulation, the coil was able to enter othbydroxy group was measured to be about 4.9 A.
neighbouring cells and was seen to get close enough to otheFhere are other instances during the simulation where in-
image molecules to possibly interact with them. Some drractions between helices from different cells were possible
amples of these interactions follow: After six picoseconds foir the six monomer double helix chain and the eight mono-
simulation a possible interaction is observed..The interawer double helix chain. Some of these are shown in the ap-
tion can be seen in Figure 17, the two hydroxy groups circleehdices. Lack of specific water molecules makes it difficult
are about 2.5 A apart, and show that hydrogen bonds tiecome to a definite conclusion as to whether there would be
tween the helices via the hydroxy groups may be possibifgeractions between the chains, as the solvent molecules
Snapshots of other parts of the simulation show that thereasild hinder interactions by hydrogen bonding to the chains,
also possible interaction between the sulphate groups andtheia steric effects.

1200 &
o 000000000
1000 —
09000000000000900000000%0 0000000
T 800
E
E
2 600
>
o0
2 400
s
200
0 T T T T
0 10 20 30 40 50

Time (ps)

Figure 16 The time-energy plot for the six monomer doubkigure 17 A possible interaction between two hydroxy
helix groups. Thecell boundary can also be seen The blue circle
indicates the hydroxy groups that may be interacting
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Figure 18 A possible inter- #
action between a sulphate 3
group and a hydroxy group L
(circled in due). This inter- ko
action is between six mono- _

mer double helices from »
neighbouring cells, and oc- A -
curred after twenty-five pico- ;

seconds of simulation . .‘Q A
L)

In summary, there is a difference in the behaviour betwdateractions were not seen, and so one must model the sys-
single helix models simulated with periodic boundary condem with explicit water molecules. A report by Astley et al.
tions and double helical models also simulated with period&4], indicates that the inclusion of explicit water molecules
boundary conditions. In the single helix models, the helidalsimulations of mannopyranose results in structuring of the
conformation is lost early in the simulation with a prefereneeater which is consistent with the observed sweetness and
shown for models with a bend in the centre. This bend maffers the promise of more consistent results when such simu-
be caused by the packing of other chains around the siigt®ns become feasible on large scale systems like the ones
helical chain owing to the periodic boundary conditions asrethis work. Furthermore, cations such as potassium ions are
‘free’ model without the periodic boundary conditions formisnown to promote gelation of carmgnan. his could be
a random coil. The fixed chain in the double helical simulbecause interactions with the negative sulphate groups would
tions causes a constraint to the conformation of the movaliestronger than the hydrogen bonds between water and the
helical chain, such that the double helical conformation salphate groups. It has been proposed that the binding site
held in the centre of the chain and the ‘ends’ uglralhis for the ions are the ether oxygen atoms and the hydroxy
behaviour is also shown in simulations of double helices witlroups, as these are known to be good ligands to cations 25]
out periodic boundary conditions. However, there is a dBae sulphate groups are not thought to be involved in the
pendence on the number of monomers in the double heltmialding of the ions, except in that they can create an electro-
chain with the time taken for the double helical conformatatic surface potential [25,26]. However, the IR spectra of
tion to be lost. This dependence scales in the order; eigltious ion forms of carrageenans have been taken to suggest
monomers takes longer to unravel than six monomers. Hertbat the sulphate groups are involved in the binding site [27]
there is an indication of a minimum length for stability of @he proposal that the cations bind with the ether oxygen at-
carrageenan double helix. oms and the hydroxy groups, but not with the sulphate groups
could suggest that the gels formed by carrageenans contain-
ing cations are weaker than those formed by agars. Sulphate
groups are said to enter solution easily, which would hinder
the aggregation of the helices and the gelation mechanism.

i i The sulphate groups entering solution may counteract the
The results of the simulations have shown that the longgfects of the cations (such as potassium ions) binding to the

carrageenan chains are more stable than the shorter onesgfitks causing the aggregation and gelation, thus leading to
that the double helices are quite stable, and can interact Witfjeaker gel. The system may then reach an equilibrium be-
each other. The sulphate groups are said to be a hindrangg,én the kinetic and thermodynamic factors. The potassium
aggregation of the double helices, as they can interact W§Rs are thought to sit in between helices and bring them
the water molecules and enter into solution easily. Lackighether, in the manner proposed by Anderson, Rees et al.
these water molecules in the simulations meant that thm, and found by Larwood et al. [12] during modelling stud-

Conclusion
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ies on @llan. Thereforemodelling these interactions could. Plashchina, I. G.; Muratalieva, |. R.; Braudo, E. E.;

be useful, as would a study of the kinetic and thermodynamic Tolstoguzov, V. B Carbohydrate Polym1986 6, 15.

factors of the gelation mechanism. 10. Anderson, N. S.; Campbell, J. W.; Harding, M. M.; Rees,
The effects of the sulphate groups on the conformation of D. A.; Samuel, J. W. B.J. Mol. Biol 1969 45, 85.

the helices may be seen by the angle$ @ind  explored 11.Rees, D. AChemistry and Industni972 630.

during the simulations bthe AG and GA linkages. It has 12.Larwood, V. L.; Howlin, B. J.; Webb, G. A.Mol. Model,

been observed that the molecule can explore a greater area @996 2, 175.

conformational space about the GA link than the AG link3. Haggett, N. M. W.; Hoffmann, R. A.; Howlin, B. J.; Webb,

This could be due to steric hindrance caused by the bulkyG. A. J. Mol. Model, 1997, 3, 301.

sulphate group near the ABk. The sulphate group is fur- 14. Kawakami, J.; Kawakami, Y.; Nakamura, K.; Kojima, H.;

ther away from the GA link than it is from the AG link, and Ito, S.; Tamai, YGlycoconjugate J1998 15, 107.

this fact may provide a possible explanation for the relativel$.Kozar, T.; Tvaroska, I.; Carver, J@tycoconjugate Jour-

unhindered movement about the GA link compared to the nal 1998 15, 187.

AG link. The results have also shown that the conformatiori&l. Bohne, A.; Lang, E.; von der Lieth, C.WV.Mol. Model.

space fothe AGlinkages, as well as the GA linkages vary 1998 4, 33.
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Appendix 1 Appendix 2

AG link contour plots

1268

The plots forthe AGlink in the three monomer helix. The
bottom diagram shows the contour plot, and the top diagram
o . ] shows a 3D surface representation of the contour plot. The
The plots forthe AG link in the eight monomer helix. Theyertical axis represents the total energy of the chalote

top diagram shows the contour plot, and the bottom diagrgfj and psi are oriented the same way as in the contour plot
shows a 3D surface representation of the contour plot. ke the horizontal axis in the 3D plot refers to phi etc.
vertical axis represents the total energy of the chélote

phi and psi are oriented the same way as in the contour plot.

T—iew 1=

The 3D surface representation for the AG link in the six mono-
mer chain.
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Appendix 3

1793

The GA link

P

-1309

-179 Pl 186

-8k Phi 180

—-—mT

The contour plot for the GA link for the three monomer helix
along with the 3D surface representation

The contour plot for the GA link for the six monomer helix
along with the 3D surface representation.
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Appendix 4 Appendix 5

Ramachandran plots (Phi and Psi values are in degrees)
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Possible interactions in the six monomer chains under PBC
A possible interaction after six picoseconds of dynamics,
indicated by the blue line. This is between the hydroxy hy-
. . 01— drogen atom and the ether oxygen atom. Also there is a pos-
-1 50 100 50 20-4 sible interaction between the sulphate group and the hydroxy
40— group, as shown above. This is for the double helix.
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Two possible interactions are shown here. The picture is of
the single six monomer helix simulated under PBC, after thir-
teen picoseconds of simulation.
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