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ABSTRACT 

X-ray diffraction analysis of oriented fibers of the gel-forming, neutral, doubly branched, galactose- 
rich capsular polysaccharide from Rhizobium trifolii has been used to determine and refine the 
molecular structure to a final R value of 0.28. The polysaccharide forms a 2-fold single helix of pitch 
20.2 A, is stabilized by a series of hydrogen bonds that involve the side chains, and has the appearance 
of a double helix. Packing calculations reveal that the short-range ordering of these “pseudo double 
helices” is brought about by intermolecular hydrogen bonds that involve the side chains. Complete or 
partial removal of side chains will weaken the molecular association and is detrimental to the gelation 
process. 

INTRODUCTION 

Water-soluble polysaccharides are used commonly as functional ingredients in 
the food industry in order to control the rheological properties which range from 
thickening (e.g., guaran and xanthan) to gelation (e.g., kappa-carrageenan and 
alginate) of the aqueous phase. When some functional requirements are not met 
by any of the established polysaccharides, new microbial polysaccharides are often 
sought. Before a new polysaccharide is approved for use in foods, it is necessary to 
determine its physical, chemical, and molecular properties in order to understand 
the structure-function relationships. As a part of a series of investigations of the 
structure of such gel-forming bacterial polysaccharides as gellan’, kappa-carra- 
geenan2, and the gellan-related polysaccharides such as native gellan3, welan, 
S-657, and rhamsan4, we now report the three-dimensional structure of a galac- 
tose-rich polysaccharide from Rhizobium. 
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The doubly branched, hexasaccharide repeating unit 1 has been established’,h 
for the neutral, capsular polysaccharide (CPS) produced by Rhizobium trifolii, 
strain TA-1. Although double branching is a rare feature among bacterial polysac- 
charides, it is also present in some capsular polysaccharides from KlebsieZlu’. 
Because of the (1 + 6) linkage, the disaccharide side chain will have large confor- 
mational flexibility about its bond to the backbone. The polysaccharide is hot-water 
soluble and forms strong thermo-reversible gels that have melting/setting hystere- 
sis at temperatures in the range 42-49” and in a wide range of concentrations 
(down to 0.2 mg/mL) ‘J Due to the non-ionic character of the polysaccharide . 
chain, gels are formed in the absence of ionic co-solutes. The optical rotation and 
NMR spectra of the debranched polymer showed6 that the elimination of side 
chains leads to loss of conformational ordering. In order to examine the role of the 
side chains on the gelling properties at the molecular level, the X-ray diffraction 
patterns were obtained from oriented fibers of the CPS, and stereochemically 
possible molecular models” were generated consistent with the observed helical 
parameters. The models include a 2-fold single helix, and a right- and left-handed, 
4-fold, half-staggered, parallel, double helix . “I The pitch of the double helix is 
twice that of the single helix. Without a detailed X-ray analysis, it was not possible 
then to adjudicate between the various helices. We now report the measurement of 
continuous X-ray intensities on layer lines and their use to refine each of the 
molecular models with the help of the linked-atom least-squares procedure”. The 
best model is a 2-fold single helix that has the appearance of an unconventional 
double helix. The details of the molecular structure are important for an under- 
standing of gel formation. 
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EXPERIMENTAL 

X-ray intensity data. -Diffraction patterns were obtained from well-stretched 
and oriented fibers as described’. One of the best patterns is shown in Fig. 1. The 
distribution of intensities and lack of Bragg reflections suggest that the polysaccha- 
ride chains in the diffracting specimen are aligned reasonably along the fiber axis, 
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Fig. 1. X-ray diffraction pattern from a well-oriented fiber of the CPS. The intensities are almost 
continuously distributed on the layer lines. The strong meridional intensity on the second layer line 
indicates 2-fold helix symmetry. 

and that their lateral organization is restricted to a short range. The film was 
calibrated internally by dusting the fiber with calcite powder and recording the ring 
of characteristic spacing 3.035 A. 

The diffraction pattern was digitized by using an Optronics P-1000 rotation 
drum microdensitometer with a 50-pm raster step. The digitized data were 
processed using a VAX 11/8558 computer and a Lexidata raster graphics system. 
The center and orientation of the diffraction pattern, fiber tilt to the X-ray beam, 
and c repeat were determined by standard methods12. A two-dimensional back- 
ground function, expanded as a Fourier-Bessel series, was calculated from optical 
densities at positions between the layer lines and then subtracted from the original 
diffraction pattern l3 The resulting continuous intensities were then sampled at . 
intervals of 0.01 A-* along every layer line, up to N 3.5 A resolution, then 
corrected for Lorentz and polarization effects14. 

The broad spot at a spacing of 16.8 A and three other diffuse intensity maxima 
around 9.1, 6.0, and 3.6 A on the equator and on higher layer lines, suggest some 
modest lateral organization. Using this information, it is possible to assign a 
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primitive monoclinic unit cell of dimensions a = 16.8 A, b = 9.7 A, c = 20.2 A, and 
y = 90”, or a trigonal cell with a’ = b’ = 19.4 & c = 20.2 A, and y = 120”. The 
relationship between the two cells is a = ~l’cos 30” and b = a’/2, SO that the 
trigonal cell is twice as big as the monoclinic unit cell. The experimentally 
determined density of the fiber (1.47 g/mL) indicates that the small monoclinic 
cell can accommodate two (hexasaccharide) repeating units, each associated with 
- 28 water molecules. The large trigonal cell may contain twice this amount and 
therefore be relevant and useful, for example, for examining the packing arrange- 
ment of more than one chain in the unit cell’“. 

Molecular-model building and analysis of the structure. -Polysaccharide helices 
of desired helical parameters were generated using standard geometries for the 
4C, chair pyranose rings I6 for all six residues in the repeating unit. The bond angle 
at each glycosidic bridge oxygen atom was set initially at 116.5”. Hydrogen atoms 
were attached to the pyranose rings with appropriate stereochemistry. The 18 
principal variables of the polysaccharide chain include the 6 sets of torsion angles 
(4, $) at each disaccharide linkage, and the 6 rotations (x) that define the 
orientations of the hydroxymethyl groups. In order to determine the range of 
sterically allowed torsion angles at each glycosidic linkage, hard-sphere maps were 
computed for each disaccharide moiety in 1, including three maps for the (1 + 6) 
linkage, in disaccharide EA, corresponding to the three staggered domains with 
,Y, = - 60”, - 180”, and - -60”. Information on the allowed region served as 
important input for generating any helix model. 

The first strong meridional-diffracted intensity (Fig. l), present on the 2nd layer 
line (spacing 10.1 A), implies that the polysaccharide forms a 2n-fold helix. 
Consistent with the observed layer-line spacings, the main chain is either a 2-fold 
single helix of pitch 20.2 A or a 4-fold, parallel, half-staggered, double helix of 
pitch 40.4 A. The former helix is notionally achiral, but both right- and left-handed 
chiralities are to be considered for the latter. For each of these alternatives, the 
influence of all three staggered conformations about the (1 + 6) linkage on the 
overall helix geometry and on the X-ray fit was investigated, which accounts for a 
total of 9 different molecular models. 

Each model was refined against the continuous X-ray data, so as to achieve a 
good fit with the experimental observations. Simultaneously, the steric compres- 
sion within the molecule was optimized by minimizing the function R in a 
least-squares fashion” using the relationship 

fl= &(o& - &J2 + &,,,(J, - T,,)’ + &(,,d, -d,)’ + &$,, 

=E+X+C-+L 

The first summation allows any refined conformation (or bond) angle 13, to remain 
in its preferred domain uBI. The center of a disaccharide hard-sphere map, for 
example, corresponds to the preferred values for (4, cl/). The second summation 
reduces the discrepancy between the observed (,T,,) and calculated (T,,) X-ray 
structure amplitudes. Hydrogen bonds, if any, are achieved and non-bonded short 



E.J. Lee, R. Chandrasekaran /Carbohydr. Res. 231 (1992) 171-183 175 

contacts dj are relieved towards higher values Odj via the third summation. The 
quantities ej, wm, and kj are the appropriate weights. The helix-connectivity 
constraints G, become zero at the end of the analysis through the use of Lagrange 
multipliers Ah. In the final stages of the refinement, the sugar rings were flexed by 
varying the 6 endocyclic conformation and 6 bond angles in each ring, subject to 
ring-closure constraints. The X-ray scale factor (K) was a variable during this joint 
X-ray contact refinement. One of the measures used to assess the correctness of a 
model was the conventional reliability index R = C I OTm - T, I /COT,. The statis- 
tics at the end of this analysis enabled a comparison of the relative merits of the 
different possibilities. 

RESULTS 

Single versus double helices. -The statistics of the 9 models generated with rigid 
sugars and refined against the X-ray data are listed in Table I. The single helix 
models (l-31, corresponding to x1 in the g-, g+, and t region, respectively, are 
stereochemically viable and model 1 has the lowest R value of 0.35 and also the 
lowest value for 0. Among the double helices, x1 = g- is rejected due to severe 
short contacts within the chain whether it is right- (model 4) or left-handed (model 
7). In the other g+ and t domains, models 5, 6, 8, and 9 are acceptable 
stereochemically. Application of Hamilton’s significance test17, based on X, C, 0, 
or R, leads to the conclusion that the double helices are inferior to the single 
helices, and that, among the single helices, model 1 is superior to the rest at a 
99.5% confidence level. 

In further refining model 1, due to the absence of Bragg data, it was not 
possible to locate the water molecules associated with the polysaccharide chain. 
However, their contributions to the X-ray scattering were approximated by choos- 

TABLE I 

Statistics a for the single (l-3) and double helix (4-6 right-handed, 7-9 left-handed) models of the CPS 

Model Xl X c R R 

1 g- 148 15 170 0.35 
2 g+ 162 25 206 0.37 
3 t 166 16 192 0.39 

4 g- 226 
5 g+ 236 20 266 0.44 
6 t 167 18 196 0.37 

7 g- 162 
8 g+ 245 22 272 0.44 
9 t 174 17 195 0.37 

a X, C and R are, respectively, the X-ray, contact, and global terms in the function minimized by the 
least-squares procedure; R is the crystallographic reliability index. These values were not calculated for 
the stereochemically unacceptable models 4 and 7. 
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ing an appropriate solvent-electron density for the solvent-smeared atomic scatter- 
ing factors. This approximation was done empirically by investigating the influence 
of varying the effective electron density of the solvent on the X-ray fit. By refining 
the X-ray-scale factor (K), R was surveyed at discrete values of u, ranging from 
0.8 to 1.8, where u = 1.0 corresponds to the interstitial space filled with a 
continuum of water (electron density 0.2984 e/A’). The X-ray fit was far better 
(R = 0.29) at u = 1.4 than at the other values examined. This finding suggests that 
the effective electron density of the solvent in the CPS fiber is - 1.4 times that of 
water alone. Final rounds of refinement with flexible sugar rings were conducted 
subsequently with u = 1.4, which led to a small decrease in R to a value of 0.28. 
The atomic coordinates of the final 2-fold single helix (model 1) are given in Table 
II. The measured and calculated X-ray amplitudes are compared in Fig. 2. The 
agreement is very good, especially on the equator and 5th layer line, and accept- 
able for the remaining layer lines. The overall match is of the same kind as that 
reported for kappa-carrageenan, the molecular structure of which has been refined 
on the basis of continuous intensities2. 

Anatomy of the CPS helix. -The major conformational angles of model 1 are 
listed in Table III and they are all within the allowed regions. A side view of the 
molecule (Fig. 3) shows that the main chain follows a right-handed contour around 
the helix axis. The side chains are on the periphery across every glucose residue. 
The dispositions of the primary and secondary hydroxyl groups suggest that the 
stability of the molecule is derived from main chain-main chain, main chain-side 
chain, and side chain-side chain, interactions. The hydrogen bonds, some of them 
bifurcated, pertaining to one repeating unit are listed in Table IV. Within the main 
chain, the hydrogen bonds, O-3A. . . 0-5C (cellulosic) and O-6B . . 0-2C, are 
noteworthy. Because of the sinuous nature of the helix, and since the conformation 
at the (1 + 6) linkage is g-, the two terminal galactose residues, D and F (see 11, 

are nearly equidistant from the helix axis and located in diametrically opposite 
positions. This arrangement facilitates the formation of side chain-side chain 
hydrogen bonds and the linking between adjacent repeating units. As a donor, 
O-4F forms bifurcated hydrogen bonds with O-2D and O-3D. Simultaneously, 
O-2D forms hydrogen bonds with O-3F. Thus, a series of side chain-side chain 
hydrogen bonds, involving the main-chain glucose residues, form a second discon- 
tinuous helix (DAEF) wrapped around the primary, inner main-chain helix (BAC). 
As a result, the CPS chain has the appearance of a double helix, and the figurative 
term “pseudo double helix” is suggested to denote this novel molecular architec- 
ture. The helix is further stabilized by hydrogen bonds within the disaccharide side 
chains (O-6E . . . O-SF and O-2F. . O-3E) and between the main and side chains 
(O-3A . . . O-5D). The atom O-3A, as a donor, is located crucially (Fig. 3) to form 
bifurcated hydrogen bonds with the ring oxygen atoms 0-K and O-5D, which not 
only bind the monosaccharide side chain to the main chain but also facilitate 
interactions of the side chains. The 8 intrachain hydrogen bonds per hexasaccha- 
ride repeating unit described above stiffen the polysaccharide chain. The 3 
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TABLE II 

Cartesian and cylindrical polar coordinates of the hexasaccharide repeating unit a of the 2-fold helix of 
CPS (See 1 for identities of A-F) 

’ Successive repeating units can be generated by applying 2-fold screw symmetry about the t axis. 

intrachain hydrogen bonds between the mono- and disaccharide side chains 
anchor and organize the side chains which, otherwise, will be conformationally 
flexible. These interactions are the main driving forces towards the adoption of an 
ordered conformation of the CPS molecule and the subsequent formation of 
ordered domains in the junction zones18 involved in gel formation. 

Molecular packing. -Although the X-ray data allowed the determination experi- 
mentally of only the molecular, but not the crystal, structure, the most probable 
packing arrangement of the CPS molecules in the monoclinic unit cell was 
modeled. This cell can accommodate only one 2-fold helix located at the origin, 
with its molecular axis coinciding with the c axis. Using the molecule as a rigid 
body, the only packing parameter is the orientation I_L (rotation about the c axis) of 
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Fig. 2. Calculated amplitudes (-- ) of the cylindrically averaged Fourier transform of the best 2-fold 
helix (model 1) of CPS superimposed on the measured amplitudes (+) for layer lines O-S. An isotropic 
temperature factor B = 6 2 was applied to the calculated values. 

TABLE III 

Values of the major conformation angles (and estimated standard deviations) in the final model of CPS 
_ 

Conformation angle Values (“) 

4,(O-SC-C-lC-0-4A-C-4A) - X5(2) 
(lr,(C-lC-0-4A-C-4A-C5A) - 135(2) 
x,(C-4A-C-SA-C-6A-0-6A) - 85(3) 

&(O-SA-C-lA-0-3B-C-3B) 67(2) 
$,(C-IA-0-3B-C-3B-C-4B) lOl(4) 
xr(C-4B-C-5B-C-6B-O-6B) - 172(3) 

@atO-SB-C-1 B-0-3C-C-30 65(3) 
9~(C-lB-0-3C-C-3C-C4C) lOO(2) 
x&C-4C-C-SC-C-hC-O-60 70(7) 

&JC-2A-O-2A-C- iD-O-5D) lOl(4) 
(LJC-IA-C-2A-0-2A-C-ID) 144(5) 
X&C-4D-C-SD-C-hD-0-6D) -65(S) 

&CC-6A-0-6A-C-1%0-5E) - 9N4) 
~,(C-5A-C-6A-0-6A-C-lE) - I OO(4) 
xJC-4E-C-SE-C-6E-O-6E) 79(7) 

&(C-4E-0-4E-C-lF-0-5F) - 132W 
&(C-3E-C-4E-0-4E-C-1F) - 127(4) 
x&C-4F-C-5F-C-6F-O-6F) 83(S) 
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Fig. 3. A stereo view of two turns of the CPS 2-fold helix (model 1) normal to its helix axis (vertical 
line). With its side chains t-1 on the outside wrapping around the main chain (- ), the 
molecule is stabilized by a network of hydrogen bonds (--- ---) involving the side and main chains, and 
thus has the appearance of a “pseudo double helix”. 

TABLE IV 

Intrachain hydrogen bonds that stabilize the CPS helix 

Donor 

X 

O-3A 
O-3A 
o-6B 
o-6E 
O-2F 
O-2D 
O-4F 
O-4F 

Acceptor 

Y 

O-5D 
o-5c 
o-2c 
O-5F 
O-3E 
O-3F 
O-2D 
O-3D 

Precursor 

P 

X...Y 

CA) 
P-X Y 
(“) 

C-3A 2.79 103 
C-3A 2.72 104 
C-6B 3.00 93 
C-6E 2.80 105 
C-2F 2.52 116 
C-2D 3.03 147 
C-4F 3.03 122 
C-4F 3.08 132 

Remarks 

bifurcated 
bifurcated 

bifurcated 
bifurcated 
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Fig. 4. A c-axis projection of the putative monoclinic unit cell. showing the parallel packing of the CPS 
molecules. Side chains (B) are involved in the inter-chain hydrogen bonds (------) and are 
therefore necessary for the association of the molecules. 

neighbors related by a and b translations as a function of /_L, and later refining y 
against these contacts as observations, the best value of F was determined to be 
53”. The resulting packing diagram viewed down the c axis (Fig. 4) illustrates how 
the molecules might interact in the crystalline state. Each molecule appears like an 
elongated rectangle, - 19.6 X - 9.0 A, the diagonal of which is approximately 
along a diagonal of the unit cell. Therefore, the crystalline arrangement may be 
thought of as parallel arrays of sheets of molecules with each sheet passing through 
this diagonal and the c axis, Molecules within a sheet display only van der Waals 
interactions. Between the sheets, however, the molecules form hydrogen bonds via 
the side chains. For example, along the h axis, the association is through O- 
6B . . . O-2F; along the u axis, it is through O-6D . . . O-6F. The former association 

is bifurcated, as O-6B is a donor in the previously mentioned intrachain hydrogen 
bond with 0-2C (Table IV). In essence, each molecule is connected by interchain 
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differently and have non-zero relative translation along the c direction. The best 
packing arrangement’” is shown in Fig. 5, which also illustrates the relationship 
behveen the monoclinic and trigonal unit cells. The molecule at the center is 
linked by hydrogen bonds (O-6D . . . O-5B and O-6D . . . O-2B, which are bifur- 
cated, and O-3E . . O-2B) to those of opposite polarity and this is accomplished 
by the side chains in the same way as in the parallel packing in the monoclinic unit 
cell. Thus, the results of the packing analysis stress the importance of the side 
chains for the association of the CPS molecules. 

The trigonal cell is large enough to contain one half-staggered, parallel, double 
helix. However, for the models 6 and 9, which have reasonable X-ray fit. it is not 
possible to achieve any satisfactory packing because of severe steric compression 
between neighboring double helices. Therefore, these double-helical models were 
rejected from further consideration. 

DISCUSSION 

Normally, the presence of side chains on a polysaccharide backbone is consid- 
ered to impede gelation. Examples are the three-branched polysaccharides welan, 
S-657, and rhamsan of the gellan family4, and curdIan’“-related schizophyllan2”. 
The side chains of CPS, rather than inhibiting intermolecular association, appear 
to be essential both for the adoption of an ordered conformation of the molecule 
and for gel formation. The effect of chemical modification of the side chains on 
the solution properties of CPS has been investigated. Thus, after cleavage of the 
side chains by Smith degradation, the debranched polysaccharidc remained as a 
disordered random coil at all temperatures and could not form gels in aqueous 
solution”. An ionic carboxylate derivative of the polysaccharide, prepared by 
partial oxidation with periodate and further oxidation with chlorite, failed” to 
form gels either by the addition of calcium ions or lowering the pH. Investigations 
of ionic and non-ionic derivatives of CPS also concluded” that gel stability was 
greatly diminished by chemical modifications of any kind. Enzymic removal of the 
monosaccharide side chains abolished hysteresis and gelation”. All these observa- 
tions can be explained at the molecular level by the results now reported. The 
communication between the di- and mono-saccharide side chains of adjacent 
repeating units is the crucial step towards the formation of a robust “pseudo 
double helix” that has an ordered conformation. Furthermore. packing analysis has 
demonstrated that the interchain hydrogen bonds, which are responsible for 
intermolecular association, can be formed in CPS “pseudo double helices”, mainly 
because of the side chains. Therefore, these side chains are important promoters 
of gel formation and it is suggested that, if the side chains are partly or fully 
removed, the remaining polysaccharide can neither retain any molecular order in 
solution nor promote gelation as efficiently as the native polysaccharide. The 
relevance of the “pseudo double helix” structure to conformational ordering and 
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intermolecular association under hydrated conditions is discussed further in an 
?&%7qxmylrk” paper 

21 
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