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ABSTRACT 

A fraction of low molecular weight from a partially acid-hydrolyzed S. salivarizts 

levan was examined in aqueous solution at 25” by the method of small-angle X-ray 
scattering (SAXS). The weight-average molecular weight of 26,570 and radius of 
=vration of 47.6 A are in good agreement with the values obtained previously from 

sedimentation equilibrium and light scattering, respectively_ Although this fraction 
behaves hydrodynamically as a linear random coil, the higher mass per unit length 
[(m,)J of 45.82 daltons/k (obtained from SAXS), compared with the calculated 
value of (nz,), = 28.94 for linear levan, confirms its branched structure_ The g-factor, 
a measure of branching, was computed as 0.63 from the derived expression, g = 

(m,),/(m,), = L/LI, where L and L1 are the hydrodynamic length (stretched length) 
of the backbone of the branched Ievan and Iinear Ievan, respectiveIy. The values for 
persistence length (a* = 17.7 A), radius of gyration of the cross-section (R4 = 8.2 A), 
and L = 534 A were also obtained for the levan hydrolysate. The lower values of 
(m,), = 35.1 A and R, = 2.3 A, and the higher value of g = 0.90 for the L. mesec 

teroides dextran hydrolysate of comparable molecular weight, show that the levan 
hydrolysate is more branched. The higher value of a* = 26.2 A for the dextran 
suggests that its moIecuIes are stiffer than those of the Ievan. 

INTRODUCTION 

Levan, a polysaccharide composed of D-fructofuranosyl residues joined by 
/3-D-(2-4 bonds’, is found in plants ‘. The levan obtained from the extracellular 
substances of some bacteria3 is generally branched through #?-D-(241) bonds. The 
Ievan produced from the bacteria of dental plaque4 has been implicated in dental 
caries and periodontal diseases. 

*Present address; Department of Chemistry, Long Island University, Brooklyn, New York 11201, 
U.S.A. 
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The elution fractionation, chemical analysis, and intrinsic viscosities of Strepto- 
coccz~s salivarizrs levan in water and in dimethyl sulfoxide have been reported5. 

Various solution parameters obtained from light scattering and sedimentation analysis 

showed that the molecular weights (M) of the fractions varied6*’ from - 18 x IO6 

to 60 x 106_ The S. salivarizu levans used in these studies were highly branched, 

compact structures of near spherical symmetry in water. The molecular weight of the 

levan produced by S. salivarizzs may be related to the pH of the medium’. Light 

scattering and intrinsic viscosities showed that S. salisarizrs levan is not aggregated 

in water’. Kinetic studies”.” of the acid hydrolysis of levan demonstrated that the 

degradation may be non-random. 

Garg and Stivala’” recently reported on the longitudinal and cross-sectional 

properties of dextran in water from small angle X-ray scattering (SAXS). The radius 

of gyration (R,), the radius of ,gration of the cross-section (I?,), persistence length 

(a*), and mass per unit length (nz,) were reported for various samples of hydrolyzed, 
fractionated L.. nzesenteroides dextran varjrin, a in M from 11,200 to 253,000. We now 

compare the aqueous solution parameters from SAXS of a fraction of low molecular 

weight obtained from partialIy hydrolyzed S. salivarizzs levan with those of the 

previously reported’ 3T unhydrolyzed levan of high molecular weight. Fractionated 

polymers from acid-hydrolyzed S. salivarius levans of M > 10’ behave” as spheres 
in water, whereas tho5.e of M < 10s behave as linear random coils. Therefore, in 
view of this observation, the NZ, and the branching parameter of the high 1’s. low Ievans 

were assessed_ 

ESPERIICIENTAL 

Material. - The partially acid-hydrolyzed levan used in this study was fraction 

E-7, prepared and characterized previously’l. The weight-average molecular weight 

(M,) and the partial specific volume (ii) were reported as 2.73 x 10’ and 0.65 

mL.g- I, respectively. 
Met/rod_ - The procedure used in this work has been described previously”. 

Detailed procedures, theory, and treatment of data may be found elsewhere’5*‘6. 

An entrance slit of 150 ,um and counter-slit of 375 /cm were used in the Kratky 

camera. The collimation error of the raw data was eliminated on a PDP-10 computer, 

according to the method of Glatter ” The corresponding, corrected data are the . 
desmeared scattering data. 

Measurements of the levan in water were made at 2.5 IO.2 o for six concentra- 

tions ranging from 20.8 to 42.3 mg.mL-‘_ Concentration dependence of the data 
was eliminated by extrapolation to infinite dilution_ 

The molecular weight (M) was obtained according to Eq. 1. 

M = (1,/P,) 21_0a’/(z, - ClpZ)’ de, (1) 
where I0 is the scattered intensity extrapolated to zero-scattering angle, a is the 

distance in cm between the sample and plane of registration, d is the sample thickness 
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(-0.1 cm), c is the concentration in g.mL-‘, ti is the partial specific volume of the 
solute, pZ is the number of mol of electrons per mL of the solvent (0.555 for water), 
Z, is the number of mol of electrons per g of the solute (0.5304 for levan based on its 
structural formula), and P, is the energy of the primary beam per cm length in the 
plane of registration. The constant 21.0 is equal to l/I, NA, where I, is the scattering 
power of one electron (7.9 x lo-“, Thomson’s constant) and NA is Avogadro’s 
number. The concentration dependency of M was eliminatedi by extrapolating the 
I/c curves to c = 0. 

The radius of ,vration of the levan was obtained from the Guinier equation, 

In I = In I0 - K R,Z(20)2, 

where K = (2r~/i.)~/3, or 

(2) 

I = I0 exp(--R,t 02/3), (?a) 

where Q = (4n/i.)sin 6 [but at very low angle Q cz (4x/A) 0 z (2x/J.) (20)] (for L = 
1.54 A, K = 5.5488) and 20 is the scattering angle in radians. Since decay of the 
intensity at very small angles (inner portion of the scattering curve) is a Gaussian 
function of 20, a straight line is obtained for the several innermost points according 
to Eq. 2 or 2a. The slope of this linear portion yields the radius of gyration, and the 
intercept yields the intensity at zero angle. Since R, is concentration dependent, the 
apparent values of Rg for each concentration, obtained from the Guinier plots, are 
plotted against c to obtain the value of R, at infinite dilution. This value would be 
the root-mean-square value, (Rz)‘, since the fractionated levan is polydisperse, 
however low. 

or 

The radius of _gration of the cross-section was obtained from the equations 

In (120) = In (I28), - K’ R,2(20)‘, (3) 

IQ = (rQ),ex~(-R~ Q2/2), (34 

where K’ = (27~/1)~/2 (for L = 1.54 A, K’ = 8.3232). The slope of Eq. 3a yields R,. 
The values of R, obtained from the slopes at various concentrations were plotted 
against c, from which R, at inf?nite dilution was obtained. 

The mass per unit length is calculated from the absolute value of the intensity 
at zero angle of the cross-section factor, (126),, using an equation similar to Eq. I, 
namely, 

m, = [(I2&/P,] [27.3 az/(zl - iFi p2)‘dc], (4) 

where 27.3 is a constant equal to 2/(&N,). The intercepts of the linear slots of 
Eq. 3 or Eq. 3a are the values of (28I), for the various concentrations_ The plot of 
In (I20)/c, or In (IQ),/c, vs. c yields the value of (128/c),,,. This value and Eq. 4 
yield the mass per unit length. 

The persistence length was calculated from the equations: 
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Fig. 2, plot of In (IQJ versus Qg for levau in \Hater at 25” at three cofi~t%itions: C%42.3 mg.a-% 
a, 35.6 mg.mL-% and a, 25.0 mgmL-2. 

i.9 = (2) (2.3) (~14~~/2e~* (55) 

a* = 2.3/Q*, (5a) 

where (Ze)* is the transition between the l/(2@j2 and l/(28) portions of tie scattering 
carve, The plot of (IQ21 VS. Q for the sample yields the value of Q*. The value of a* 
is obtained from Eq. 5a and Q* (the transition is indicated by the vertical line in 
Fig. 6). 
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Fig. 3. Radius of gyration (&) of levan as a function of concentration in water at 25”. 

01 1 I t t 

0 10 20 30 40 
c x 10’ (g_ mL_‘) 

Fig. 4. Plot of IO/C vetx~~ c for levan in water at 25”. 

LO- 

< 

G ------------_-_____ 0 
cu 0 ” ” “- 

z 0.5 

0 I 
1’0 20 

I , 
0 30 40 

c x 103 (g. ml-‘) 

Fig. 5. Plot of (uB)ojc versus c for Ievan in water at 25”. 
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I 

Fig_ 6. Plot of (IQ’) rerr~ Q for Ievan in water at 35’ at two concentrations: C, 42.3 mg.mL-I; 
and 1. X-3 mg.mL-1. 

RESULTS 

Fig. I shows the Guinier pIot, accordin g to Eq. 2a, of the Ievan E-7 for one 
given concentration, from which the radius of _qration (R,) is obtained. Fig. 2 shows 
the plot of the cross-section according to Eq. 3a, from which were obtained values 
for the radii of ,vration of the cross-section (R,). The concentration dependencies of 
R,, 1,/c, and R, were eliminated by extrapolation of the data to infinite dilution. 
Figs. 3 and 4 show plots of R, and 1,/c VS. c, respectively. Table I contains the values 
of ii,, 1,/c, and R, at infinite dilution. 

Fig. 5 is the pIot of 1n(261)o/c’, from which the value for (201/c),,,, of 0.6288 
was obtained. The mass per unit length (nz,) of the levan E-7 was calculated from this 
value using Eq. 0 (see Table I). 

Fig. 6 is the plot of (IQ’) 1’s. Q for the levan hydrolysate, from which the value 
of 0.13 per k for Q* was obtained. The value of the persistence length (a*) was 
calculated from this value and Eq. 5a (see Table I). 

Table I summarizes the weight-average molecular weight (&i,) and SAXS data 
for the levan hydrolysate E-7. Included in Table I are the SAXS data for a frac- 
tionated sample of native S. salivarizrs 1evan13 (F-14) and two L. mesenteroides 

dextran hydrolysates’ ’ from the previous studies, for comparison. 
The values of a,,, = 26,570 and R, = 47.6 fi for the levan fraction E-7 (cf. 
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TABLE I 

SAW DAT.A FOR LEVAN AhZ DEXTRAN IS He0 AT 25” 

Parameter 

:6h, 
& (A) 
mu (daitonsl& 
a* (A) 
L (A) 
g 

Levan Dextratz h 

Hydro[vsate Xative” T-40 T-IO T-average 
E-7 F-14 

_~ - 

26,750 47.6 395 16.9 x 106 42,000 65 17,oGo 3s 27,000 53 
S-2 22 2.65 2.00 2.3 

45.81 71.9 35.7 34.5 35.1 
17.7 42.8 24.8 27.5 26.2 

534 3.30 :I 105 1,110 355 733 
0.63 0.39 o.ss 0.91 0.90 

aRef_ 13. bRef_ 12. 

Table I), obtained from SAXS in this work, were in good agreement with the previ- 

ously reportedI values of m, = 27,300 from sedimentation equilibrium, and R, = 

42.S A calculated from intrinsic viscosity and m,_ The values of Rg and R,, IN,, and 
a* for E-7 are lower than those for the native levan (F-14) of much higher molecular 
weight (&i, = 16.9 x 106) (cf: Table I). The smaller difference between the corre- 
sponding parameters for the two dextran hydrolysates, T-40 and T-10, reflect the 
smaller differences in their molecular weights. The M of these dextrans are of the 
same order of magnitude as that for the E-7 levan (for purposes of comparison, the 
last column in Table I lists the average values of the parameters for T-40 and T-10 

- 
that a dextran of M,, = 27,000 may be expected to have). In light of this, it is noted 
from Table I that the radius of gyration of the cross-section (R,) is about four times 
higher for the E-7 levan than for the dextran having approximately the same b”_, 
whereas the persistence length (8) for the dextran is higher than for the E-7 levan. 
The latter suggests that the levan is less stiff than the dextran of comparable M. 

DISCUSSION 

The hydrodynamic or total length of the molecule (stretched length) may be 
obtained from the division of Eq. I by Eq. 4, thus, 

L = M/nz, = 0.769 [(I,/c)/(I20),c],,, (6) 

or 

L = Iii: 0.769 1,/(128),. (60) 

The value of L obtained for ievan E-7 is shown in Table I, and is taken as the longest 
length, or backbone, of the molecule”~22. 
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The hydrodynamic or total length, LI, of the linear polymer may be obtained 
from 

L, = (M,!M,Yr, (7) 

where M0 and :I are the molecular weight and length of the monomer unit, respectively 
(the subscript i refers to linear). The mass per unit length [(nz,JJ for the linear polymer 
may be obtained from 

(nzJ1 = Ml/L1 = Ma/h. (8) 

The length (71) of 2,6-anhydro-fl-D-fructofuranose from X-ray diffraction was re- 
ported’ ’ as 5.874 A. Neutron scattering’g and X-ray diffraction” yielded the 
values of h for sucrose of 10.8633 A and 10.5648 A, respectively. We calculated, 
from bond angles and bond lengths, a value of Iz of 5.344 A for the B-D-fructofurano- 
syl residue of sucrose. Using the averaged values of I2 of 5.874 A and 5.344 A (I2 = 

5.609 a) and MO = 162 for the fructofuranosyl residue in Eq. 8, ()7r,J1 = 28.94 
daltons/A. The hiSher value for nt, (45.82 daltonsjA, cf- Table I) for the levan E-7 
in this study indicates that E-7 is branched. 

Branched molecules are more compact than linear molecules of the same mole- 
cular weight and chemical composition. Therefore, the density of the polymer seg- 
ments near the center of mass of the branched polymer is higher than for its linear 
counterpart_ Accordingly, the radius of gyration of the branched polymer [(R&J 
is less than the radius of .ggration of the linear polymer [(R,),] in the same solvent. 
The g-factor, defined by Zimm and Stockmayerz3 as Eq. 9, is taken as a measure 
of branching_ 

(9) 

The value of g decreases rapidly as the number of branches increases. 0rofinoz4 
(Eq. IO) and Casassa and Berry” (Eq. II) expressed the g-factor in terms of the weight 
fraction of the backbone (2) and number of branches cf) for comb-branched polymers. 

g = j. -t (1 - i-)f-” t 3 (1 - 3.)‘f-l - 3 (1 - i-)2f-z (JO) 

g = L + (1 - .?.)‘(3 (3f - 2)f -2 (10 

The g-factor expressed by Eqs. 10 or II approaches the value of L for very large 
values off. Hence, 

g z I. = M,,/M, (1-Q 

where Mbb is the molecular weight of the backbone, equal to (I./II) MO (and thus 

Mbb = 15,539), and M is the molecular weight of the branched polymer. Seymourz6 
reported from . 13C-n m-r. data that, in levan, the ratio of branched monomer to non- 
branched monomer is 1 to 7, i.e., a branch point occurs at every eighth monomer. 
Based on this estimate, the number of branch points on the Ievan backbone is ob- 
tained from its hydrodynamic Iength (L) and h,, = 5.609 A for the j?-D-fructofiJra.no- 
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syl residue, i.e., f = (L/12)/8. Based on this calculation, the number of branch points 
on the Ievan backbone cf) was estimated as 5.165 x lo3 for the native levanr3 F-14 

(M,, = 6.64 x I06); for the levan E-7, in this study,f = 12. Therefore, g = 0.39 for 
Ievan F-14 estimated from Eq. 12; for E-7, g = 0.63 calculated from Eq. 20 (or g = 
0.59 estimated from Eq. 12). It shouid be mentioned, however, that levan is dendritic 
(branched branch), and, therefore, the estimated values off are the number of 
dendritic branches attached to the linear backbone of length L.. It is impiicit in the g- 
factor expressed by Eq. 10 or Eq. II that, in comb-like polymers, the branches 
attached to the backbone are not branched. Hence, it is reasonabIe to assert that, for 
dendritic structures or highly branched structures, the weight-fraction of the back- 
bone (,?), as expressed by Eq. 12, is a good estimate of branching In this case, SAXS 
can readily provide the (~?z,)~ from rvhich L is calculated from Eq. 6. The M,, value 
can be estimated from L, and from M, and h of the monomer unit. The latter may be 
available from X-ray diffraction or neutron scattering, or may be calculated from 
bond lengths and bond angles. 

The mass per unit length of the branched polymer [(nz&J may be expressed as 

@u)b = M/G (13) 

where L is the hydrodynamic or total iength of the backbone and M is the molecular 
weight of the branched polymer. The M,, of the linear backbone may be expressed 
in terms of its nz, and its L as 

M,, = (&r L. 

It folIows, from Eqs. 13 and 14, that Eq. 12 may be written as 

(14) 

g M 1. - = (m,h/(lnu)b- (124 

Further, for a branched polymer and its linear counterpart having the same M, it 
fohows (see ref. 13) from Eqs. 8 and 13 that 

hh/trndb = &IL = /1- (13 

To obtain the g-factor, as expressed by Eq. 9, requires the availability of the 
linear polymer having the same M and chemical composition as the branched polymer. 
Further, the R, for both the branched and linear polymers should be obtained in the 
same solvent at the same temperature, in this case, the theta temperature (To). It is 
often not possible to obtain both linear and branched polymers having the same M, 
nor a linear polymer of any molecular weight. In any event, determination of T0 
is not only tedious but its value is often different” for branched and linear structures 
having the same M and chemical composition. The g-factor computed from Rg 
values reflects the spatial size, in a given solveat at a given temperature, of the 
branched structure to its linear counterpart. Had the Rg for the linear levans been 
available, the values of g would probably have been higher than theg values computed 
from 1. 
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In the absence of branching, Le., for the linear structure, the (m,), for dextran 

and Ievan are 3 1.46 and 25.94 daItons/A, respectively, catculated from Eq. 8. It would 

then follow for branched dextran and Ievan having the same M, and where the num- 
ber and nature of branches are identical in both, that (m,), would be higher for the 
destran. However, n2, for Ievan E-7 is higher than for dextran of comparable M 
(cf- Table I, T-Average). This suggests that levan E-7 has less but heavier branches 

on the backbone_ This difference is also indicated from the lower g-value for Ievan 

E-7, and explains the higher radius of gyration of the cross-section (R,) for levan E-7, 

as may be noted from Table I. 

From viscosity, sedimentation, and light-scattering data, Stivala and Zweig’& 

found that S. salirarirrs levan fraciions of M > 10” behave as spheres and those of 
M < IO’ behave as random coils in water at 25”. The ‘3C-n.m.r. spectra for some of 

the fractions of the latter were identical with those of the branched structures of the 

former_ That the levan fraction E-7 (one of the fractions of the latter) is indeed 

branched was confirmed from its 112, (cf- Table I), thus confirming the inference 
based on ‘3C-n.m.r. data. The viscoelastic and/or solution properties of polymers 

are profoundIy affected by a few long branches (even by one or two), but not by many 

short branches. Hence, the linear random-coil behavior of levan fractions of M 
< IO’ may be explained on the basis that their branches, though many, are relatively 
short. The R, vahre o-r’428 A for fraction E-7, reported by Stivala and Zweigra, was 

calculated from its intrinsic viscosity and molecular weight, using the Flory-FOX 

theory for linear random coiIs. This value is in very good agreement with the value 

of 47.6 A for E-7 obtained experimentally from SAXS (cJ Table I). 
Finally, it should be mentioned that the parameters obtained for the branched 

Ievan are based on pIots of experimentaliy determined SAXS data customarily used 

for linear polymers. However, observations made on dextran fractions and model 

brarched-polystyrenes, previously thoroughly characterized from solution by other 

various methodsi’-“.“‘, demonstrate that the method is also applicable to branched 

polymers. Further, Garg and Stivala” constructed a linear model for dextran from 
the SAXS data for the branched dextran. They found absohrte compatibility, and the 

g-factors calculated from various theories and from Eq. I.2 were all in excellent 

agreement_ That the total 1eugt.h (L) from Eq. 6 is the longest length, and hence the 

backbone, was demonstrated from model comb-branch and star polystyrenes’l***, 

of known values of L. 
The recent work of Marshah and Weigel”’ on the enzymic degradation of the 

levan elaborated by S. salivarius strain 5 1 is noteworthy. These workers demonstrated 

by linkage analysis that the levan is composed of multiply branched chains. The 

work of Marshall and Weigel demonstrates the detection of branching in S. salivarim 

levan by chemical methods, compared with the physical detection of branching by 
SAXS described in this paper. 
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