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ABSTRACT

The comb-like, branched microbial polysaccharides S-130 (welan gum)
from Alcaligenes ATCC 31555 and §-657 from Xanthomonas ATCC
53159, produced by the Kelco Diwvision of Merck, have potential com-
mercial applications as non-gelling water-soluble thickening and
suspending agents Each 1s structurally related to the Kelco linear copoly-
sacchande S-60 (gellan gum) from Auromonas ATCC 31461 which
forms gels in aqueous salt solutions and has the repeaning unit structure
[~ 3)-B-b-Glcp-(1— 4)-B-p-GlcpA-(1— 4)-B-p-Glcp-(1— 4)-a-L-Rhap
(1-] In S-130 this backbone 1s regularly glycosylated at C(3) of the
second B-p-Glcp with a-L-Rhap (67%) or a-L-Manp (33%), while in
S-657 regular glycosylation occurs at the same backbone site with a-L-
Rhap-(1— 4)-a-L-Rhap Both $-130 and $-657 were purified, degraded
to various extents by sonicaton and, for most samples, fractionally
precipitated 1nto moderately dispersed fractions differing in mean
molecular weight

Potentiometric proton titration and investigations of the dependence of
tnrinsic viscosity on tonic strength suggest only very weak polyelectrolyte
behavior For newther polymer does the temperature or ionic strength
dependence of optical activity or reduced specific viscosity present
evidence of a conformational change 1n the temperature range
20=T<62°C Light scattering as a function of 1onic strength discloses a
modest tendency of both polymers to aggregate with increasing aqueous
NaCl concentration in the range 0001-0 100 M, intrinsic viscosities were
large relanve to the molecular weights and essentially constant over the
same range of salt concentration The mean chain extension per back-
bone sugar residue measured by hght scattering, as well as the molecular
weight dependence of the intrinsic viscosity, suggest a highly extended
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chan configuration, sumilar for the two polymers and comparable to that
of the most highly extended cellulose derwvatives This 1s found despite the
periodic occurrence in S-130 and S-657 of the a-(1— 3)-linkage, which 1s
expected on elementary grounds to disrupt the essentially rectilinear
propagation of the otherwise cellulose-like backbone and generate a less
extended chain configuration

INTRODUCTION

Polymers of the Kelco gellan family (Moorhouse, 1987) present an
attractive opportunity for studying the influence of comb-like branching
on the solution properties of bactenal polysaccharides. Gellan (S-60),
the regularly repeating polymer of the unbranched tetrasacchande
ABCD shown n Fig 1, forms sturdy and potentially useful aqueous gels
at modest polymer concentration in the presence of various low
molecular weight salts (Sanderson, in press, Grasdalen & Smudsred,
1987). This property may reflect a propensity of aqueous gellan chains
to dimerize, revealed in X-ray diffraction studies of partially crystalhine
cast and stretched gellan films (Chandrasekaran et al , 1988). A famuly of
polymers related to gellan through glycosylation of the repeating back-
bone tetramer does not gel but conveys to 1ts aqueous solutions instead
a significant viscosity increment per umt mass of dissolved poly-
saccharide with or without added low molecular weight salt. The com-
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Fig. 1. A schematic drawing of the gellan backbone repeating umit ABCD with the
S-130 side chain E (drawn here exclusively as a-L-Rhap but in fact occurring one-third
of the time as a-L-Manp)and the S-657 side chain EF attached
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parative aqueous solution behavior of these structurally related
polysaccharides has recently been reviewed by Moorhouse (1987), and
reports of efforts to correlate the dilute solution behavior of the gellan
family with differences 1n their chemical structures have begun to appear
(Brownsey et al, 1984, Crescenz1 et al, 1986, 1987, Grasdalen &
Smudsred, 1987, Talashek & Brant, 1987). The present study compares
the dilute solution properties of Kelco polymers S-130 (welan) produced
by a stran of Alcahigenes (ATCC 31555) and S-657 from a
Xanthomonas (ATCC 53159) The close structural relationship of S-130
and S-657 to one another and to the unbranched S-60 is shown in Fig. 1.
Previous studies of S-130 have been reported by Crescenzi et al (1986,
1987) and by Talashek & Brant (1987), the dilute solution behavior of
S-657 has not previously been described Weak dependence of the
intrinsic viscosity of S-130 on salt concentration and its calorimetric
behavior suggest (Crescenzi et al , 1987) that the carboxylic acid func-
tionality of the backbone glucuronic acid (resitdue B) i S-130 1s
screened, perhaps through interaction with side chain residue E, so as to
diminush the polyelectrolyte character of the polymer Comparative
conformational analysis of S-130 and S-60 did not disclose the ongin of
this putative effect in the van der Waals interactions of backbone and
side chain (Talashek & Brant, 1987)

EXPERIMENTAL
Sample preparation

The partially purified polymers were supplhied by R Moorhouse of the
Kelco Division of Merck and Company, San Diego, and were treated
identically The powdered polymer (¢ 17 g) was dissolved i 1 hiter of
distilled water contamning 0 1 M NaCl and 0 02% NaN; (antimicrobal
agent) with vigorous stirring for 2 h. The resulting turbid solutions were
sonicated at full power with cooling 1n an ice bath using a Heat Systems
Somcator (375 W, 20 kHz) with a 12 7 mm diameter titantum horn tip
Four samples of each polymer, designated 130-05, 130-1, 130-2,
130-4,657-05, 657-1, 657-2 and 657-4, were prepared by sonicating
for 05, 1, 2 and 4 h, respectively. The somcated solutions were
centrifuged for 2 h at 12 000 rpm (Sorvall RC2-B, GS-3 rotor), filtered
through 1-5 um or 3:0 xm Millipore filters, and the polymer precipitated
with 2-propanol, recovered by centrifugation and redissolved 1n distilled
water. Each of the resulting solutions was separated nto three fractions
by fractional precipitation with 2-propanol as follows
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The precipitant was added gradually to the polymer solution at 23°C
with magnetic stirring Once permanent turbidity had been achieved, the
solution was heated to 35°C. After 3 h at 35°C the solution was allowed
to cool overnight to 23°C, and the precipitated fraction was collected by
centrifugation The muddle fractions, consisting typically of one-third of
the onginal matenal, were retained for the viscometric and hight-scatter-
ing experiments reported here These were redissolved 1n distilled water,
dialyzed for three days against 001 M EDTA (Na™ salt) containing a
small amount of NaCl, and finally dialyzed exhaustively against Milli-
pore Milh-Q water until the dialyzate showed no trace of Cl1~ as judged
by addiion of AgNO,; These salt-free solutions of the polymer,
presumed to be in the Na™ salt form, were concentrated if necessary by
rotary evaporation to ¢ 1 liter, and the polymer concentration was deter-
mined by evaporation to constant weight (at 60°C, 1 mm Hg) of 10 ml
aliquots

These salt-free stock solutions, containing 0 04-006% polymer by
weight, were stored at 2°C and used to prepare solutions for viscometric
and light-scattering experiments, reported below, by the addition of
measured amounts of crystaline NaCl (or other cosolutes) to measured
aliquots of the stock solution and dilution with Milh-Q water to achieve
the desired concentrations of polymer and cosolute. Potentiometric,
chiroptical and some of the viscometric experiments reported below
were carried out using polymer samples sonicated for 05 h and
processed identically but without fractional precipitation The concentr-
ations of the salt-free polymer stock solutions were generally low enough
so that even when used undiluted 1n light-scattering or mtrmsic viscosity
([n]) measurements they had polymer concentrations below the critical
overlap concentration ¢ given approximately by (7]~

Potentiometric proton titrations

The polymer was converted to the fully protonated form by dialyzing an
aliquot of the salt-free stock solution for five days agamnst 0 01 M acetic
acid, or by passing a portion of the stock solution through a strong cation
exchange resin 1n the protonated form (Fisher Rexyn 101 (H)). Resulting
solutions were dialyzed exhaustively against Milh-Q water, and
concentrations were determuned as above by dry-weight analysis The
two procedures yielded essentially identical titration curves. Titrations
were performed on 10 or 20 ml of ¢ 0 075% polymer solution, freed of
CO, by bubbling N, and mamtained under an N, atmosphere, using a
Hamulton precision 10 ul syringe to dehver the titrant (0 1000 m NaOH,
Fisher) Measurement of pH was carried out 1n a thermostated vessel
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(25°C) with a Kruger and Eckels Model 113 pH meter and a Broadley
and James combination calomel-glass electrode calibrated with standard
buffers at pH 4 and 10 Data were converted to plots of logarithmic
apparent acid dissociation constant, pK,, versus degree of dissociation,
a, using methods described previously (Dubin & Brant, 1975), required
blank titrations were performed on Milh-Q water

Optical activity measurements

Specific optical activity at wavelength A, defined as
lal,=a/dc,

where « 1s the observed rotation n degrees, d 1s the cell pathlength 1n
dm, and ¢, 1s the polymer concentration in g/ml, was measured on
solutions of S-130 and S-657 containing NaCl and other cosolutes using
a Perkin-Elmer 241 MC spectropolarimeter Measurements of [a], as a
function of temperature and cosolute concentration were made using a
jacketed polanmeter cell attached to a circulating thermostat bath

Viscosity measurements

Intrinsic viscosities were measured using Cannon-Ubhelohde Size 50
suspended level capillary viscometers thermostated to £005°C as
reported earlier (Buhiga & Brant, 1987) Flow times were long enough to
obwviate kinetic energy corrections, no attempt was made to deduce the
possible dependence of the results on shear rate Flow times were
measured 1mtially on polymer solutions prepared from the salt-free
stock solutions as described above under Sample preparatton These
were subsequently diluted 1n the viscometer with Milli-Q water contain-
ing concentrations of NaCl identical to those in the imtial polymer
solutions

Light scattering

Total intensity (integrated) hght-scattering measurements were
conducted using a Brookhaven Instruments BI-200SM gomometer with
a Lexel Model 85 argon 10n laser as incident source Scattered photons
were detected over the angular range 30-150° with an EMI-9865A
photo-multiplier, and total counts per counting period were recorded at
each angle and polymer concentration 1n Channel A of a Brookhaven
BI-2030 correlator The mean number of counts per counting period,
averaged over 5 to 10 successive counting periods, was always used at
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each angle and polymer concentration The laser was tuned to the 488
nm blue-violet hne and a power of ¢. 70 mW was typically employed.
Data were processed with the microcomputer associated with the
Brookhaven instrument using equations given previously (Hacche er al.,
1987), altered only to account for the vertically polarized character of
the incident radiation, 1e K given 1n eqn (2) of Hacche er al (1987) was
multiphed by a factor of 2 and the cos*@ term 1n the denominator of a
n eqn (3) was omtted

The 1ncident laser intensity was monitored periodically by measuring
the scattering from pure benzene at ® = 90°, 1,(90) The latter quantity
enters K along with the Rayleigh ratio of benzene, R;=354Xx10"°
cm~! (Bender er al, 1986) to express the incident hight intensity needed
to formulate the Rayleigh ratio of the polymer (Goebel & Brant, 1970)
The differential refractive index increment was approxtmated as 0 144
ml/g (Hacche et al., 1987). Linear least squares fits to both the angular
and concentration dependences 1n the Zimm plot of the scattering data
were employed. Instrument alignment was confirmed and, if necessary,
adjusted at least daly by measuring the angular dependence of the
scattering from pure benzene, the function

100[(15(© ) sin ©/(1,(O ) sin @) — 1]

where the angle brackets imply the average over all angles, was required
to be <1 5 to satisfy the alignment criterton Solutions were prepared for
scattering as described under Sample preparation These were delivered
by syringe through the Parafilm cover of a carefully cleaned scattering
cell. Milhipore filters with pore sizes 0-45 and 0-22 um, mounted 1n series
on the syringe, were used to clarify the solutions Minimal sample con-
tamination due to dust was encountered. Extraneous scattering due to
any residual dust 1in the sample was minimized by eliminating the data
from any counting period that differed by more than 1 5% from the
mean over several successive counting periods at a given angle and
polymer concentration. Scattering cells were 12X75 mm Fisher
cylindrical borosilicate disposable glass culture tubes selected for proper
diameter to match the cell holder and for freedom from obvious optical
flaws Filled cells were suspended 1n the goniometer with toluene as the
thermostating and index matching flmd and rotated to select entrance
and exit ‘windows’ for the incident beam, which mimimized the visually
detectable stray hight ansing from the glass or from the poorly index-
matched glass-water interfaces. The most concentrated polymer
solutions were usually ¢ 005%, the least concentrated solutions typi-
cally displayed scattering intensities 3—5 times that of the solvent
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RESULTS AND DISCUSSION
Unfractionated polymers

Unfractionated samples of S-130 and S-657 were used to investigate the
possibility of a conformational change induced by changes 1n degree of
ion1zation, temperature and low molecular weight salt concentration.
The respective samples of S-130 and S-657 were found by hght scatter-
ing to have weight-average molecular weights M, of 6 807 x 10° and
9+1x10°g/mol

Potentiometnc ntrations

Potentiometric titration data for both polymers dissolved in salt-free
aqueous solution appeared reproducibly as straight, hornizontal lhnes
when plotted 1n the conventional format (pK, versus «), ndicating that
the ease of carboxyl proton removal from the polymeric glucuronic acid
residues 1s independent of the degree of iomization Throughout the
entire titration range 035<a<1 (34<pH<105) pK, for S-130 was
constantat 3701 Simularly, for S-657,pK,=39+01for035<a<1
(36=<pH=<105) This behavior 1s unusual for a polycarboxylic acid,
especially mn the absence of screening of the polymeric charge by low
molecular weight electrolyte It suggests that the carboxyl groups are
spaced far enough apart so that there 1s no electrostatic interaction
between them or that the expansion of the polymer in response to
increasing mean linear charge density (proportional to «) 1s just suf-
ficient at all o to render constant the mean volume density of charge
which governs pK, (Dubin & Brant, 1975) The alternative possibility
that some of the carboxyl groups are buried, and consequently are not
utratable at pH 10 5, seems quite remote, especially in the absence of
any evidence adduced here for ordered structure 1n erther polymer. The
latter finding would also appear to rule out an explanation of the pK,
versus a behavior on the basis of a cooperative charge-induced con-
formation change (Dubin & Brant, 1975)

Unusual titration behavior 1s sometimes associated with aggregation
and incipient precipitation of the weakly charged polyion at low «
(Cesaro et al, 1987), although some evidence of minor salt-induced
aggregation 1s reported below, none of the turbidity at low a usually
associated with this behavior was observed It 1s noteworthy that the
equivalent weights determined for S-130 and S-657 from the titration
expermments were 1186+ 173 and 1726 + 14 g/equivalent, respectively
These suggest considerably greater spacing of carboxyl groups along the
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chain backbone than the ¢ 20 A associated with the nominal equivalent
weights 797 and 938 g/equivalent which are dictated by the pubhished
structures 1n Fig 1 (Jansson et al. 1985, O'Neill et al., 1986, Chowd-
hury er al, 1987)f the naturally occurring acyl content of the polymers
1s ignored (not shown m Fig. 1).

Oprtical activity measurements

Crescenz1 et al (1986, 1987) report that for S-130, 1n contrast to S-60,
[a)02 1s essentially independent of 7 over the range 10-70°C and
mdependent of 1onic strength 1 the presence of the salts Me,NCI and
Ca(ClO,), This behavior of S-130 1s confirmed with the present unfrac-
tionated sample 1n a wider range of salts, and similar results are found for
S-657, as shown n Fig. 2, where only m aqueous 60% DMSO does [a], 34
deviate sigmficantly from —170%5 over the temperature range
20-62°C

Intrinsic viscostty measurements

For neither S-130 nor S-657 does 7,/c, show any unusual temperature
dependence at ¢,=003 g/dl in aqueous 0 1 M NaCl (Fig 3) Note that
the observed magnitude of 7,,/c, betokens a rather large chain extension
for polymers with the molecular weights 1n question, and a dependence
of n,,/c, on shear rate may be anticipated. As a function of added NaCl
concentration, ¢, the intrinsic viscosity, [#], varies linearly with ¢, !/ as
1s typical for 10nic polysaccharides and other polyelectrolytes (Smidsrad
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& Haug, 1971). This behavior 1s shown in Fig 4, where the point
obtained at the lowest ¢(5x107° M) n fitting the data for S-657 1s
arbitrarily 1gnored, despite the absence of any significant deviation from
lineanty at low ¢, n the plot of 7,/c, versus ¢, Indeed, only when
pure H,O was used as solvent, did the authors observe for either
polymer the upturn 1n this plot usually observed at low ¢, for aqueous
polyelectrolytes

Crescenzi et al (1987) reported no change in [#] with ¢_for S-130 1n
aqueous Me,NCl n the range 0 008<¢, <0150 m (11 18=¢["?=258),
and this conclusion 1s not mnconsistent with the present data in aqueous
NaCl 1n this range of ¢, given the experimental uncertainty of +0 1 dl/g
of the [n] values When still smaller values of ¢, are investigated n
aqueous NaCl, a weak dependence of (] on ¢, 1s disclosed for both
polymers (Fig 4) The slope $=0-075 of the plots of [#] versus ¢ /2 n
Fig 4 1s, however, very much smaller than that observed for many other
polyelectrolytes, 1ncluding several 1onic polysaccharides usually
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Fig. 4. Plots of [n] versus ¢ '/ for unfractionated S-130 (0) and S-657 (O) with hnear
least squares regression hines, the line through the S-657 data 1gnores the point at the
smallest ¢,
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described as ‘stiff’, having comparable ‘high salt’,1e ¢ =0-1 M, intrinsic
viscosities [#],, (Smudsred & Haug, 1971) For example, S=2 for
sodwum alginate samples with [7}],, = 18 dl/g (Smidsred & Haug, 1971),
while for S-194, another member of the Kelco gellan family of 1onic
polysacchandes, $= 09 with a value of [#},, = 11 dl/g (Crescenz1 et a/ ,
1987). Even if the previously ignored value of [#] for S-657 at
¢,=5x 107> M 1s taken into account, S for this polymer increases to only
016

Using intrinsic viscosity data for the polymer fractions reported
below, 1t 1s deduced that the Smidsred & Haug (1971) characteristic
parameter B=0-03 for S-130 and S-657 Interpreted strictly as a
stiffness parameter, this value of B imples that S-130 and S-657 are stif-
fer than any of the 1onic polysaccharides investigated by Smidsred &
Haug (1971), including carboxymethyl cellulose, sodium alginate and
sodium pectinate Given the results of the potentiometric titrations of
$-130 and S-657, however, the small value of B 1s probably best inter-
preted in terms of a very weak polyelectrolyte character for S-130 and
S-657. Smudsred & Haug (1971) demonstrated for highly esterified
samples of sodium pectinate, with equivalent weights comparable to
those measured here for S-130 and S-657, that B can take values of 0 03
and less, presumably because of the dimimshed polyelectrolyte character
of these chains Further reason to mistrust B as a stiffness parameter 1n
the present case are the values 0:02-0 03 observed for the exponent v 1n
the equation S =B([n},,)” In all cases investigated by Smudsred & Haug
(1971), for which a correlation of B and other measures of chain stiffness
was demonstrated, v=1 2

Fractionated samples

The characteristics of four fractions each of S-130 and S-657 as deter-
mined by hght scattering and viscosity 1n the range of NaCl concentration
0001=<¢, <0100 M are given 1n Tables 1 and 2, respectively Weight-
average molecular weights, root mean square z-average radu of gyration
((s2)1/2), hght-scattering osmotic second vinal coefficients (A%), intrinsic
viscosities and Huggins' constants (k') are reported Quantities 1n
parentheses 1n Tables 1 and 2 are the standard deviations of the reported
quantities for cases where multiple determinations have been carried
out. The number of multiple determinations 1s displayed in square
brackets next to the reported M,, values, these bracketed numbers are
omitted from the corresponding (s?)!/> and A’ values reported later 1n
the tables. Absence of parenthetic or bracketed quantities adjacent to
any entry in Table 1 and 2 implies that only a single measurement was
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TABLE 1
Measured Charactenstics of S-130 Fractions

NaCl concentration (m)

0001 0005 001 01
107} M, g/mol 283(19)[2]  322(48)[2]  322(22)[2)  359(51)[2]
263(49)(2]  279[1] 226(9)[2] 256(18)[2]
203(7)[2) 236(6)[2] 211(6)[2] 202(7)[2)
158(6)[2] 179(4)[2] 143(6)[2] 140(2)[2]
(s)V2 nm 69 4(13) 805(55) 859(87)  1077(135)
735(81) 831 78 4(1 4) 884(33)
58 1(34) 77 1(8 6) 728(47) 80 7(0 5)
44 3(16) 56 4(0 6) 54 8(32) 576(18)
10*A",, ml mol/g? 16 1(1 1) 73(20) 51(05) 19(0 3)
210(30) 90 51(16) 16(03)
6 8(07) 58(16) 44(13) 15(04)
48(21) 40(06) 14(08) 12(01)
10%(s%_/M,, nm? mol/g 17 20 23 32
21 25 27 31
17 25 25 32
12 18 21 24
(7], dl/g 2471 2384 2370 2370
1537 1510 — 1510
1078 981 — 984
738 643 — 641
k' 0863 0632 0621 0621
0999 0638 — 0513
0987 0733 — 0551
0944 0651 — 0460

Quantities in parentheses are the standard deviations for cases where multiple determin-
ations have been carried out

Quantities 1n square brackets are the number of multiple determinations

Absence of parenthetic or bracketed quantities implies that only a single measurement
was made

made. Within each group of reported quantities, the entries for the
samples sonicated least (0 5 h) are presented first, and subsequent entries
correspond to progressively longer sonication times

Dependence on added salt concentration
Plots of M,, versus log c, are given in Figs 5 and 6 for S-130 and S-657,
respectively. The molecular weights of all fractions are independent of c
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within the experimental uncertainty of the measurements, except for
those of the least degraded fractions, 130-0-5 and 657-0-5, which
increase with ¢, This apparent aggregation 1s particularly evident for
657-0 5, for which M,, nises by a factor of two as c, increases from 0 001
M to 0100 m The simlanty in M,, for 657-2 and 657-4 1s probably a
consequence of the fact that 657-4 turned out to be a considerably
broader fraction than 657-2, due to difficulties in controlling exactly the
proportion of the total matenal that precipitates 1n a given fraction

Plots of (s2)!/2 versus log ¢, in Figs 7 and 8 corroborate the occurrence
of aggregation 1n 130-05 and 657-0 5 with increasing c,, and there 1s
some tendency for (s?)!/? to increase with ¢, for more highly degraded
fractions as well The intrinsic viscosities of the fractions (Tables 1 and 2)
do not, however, mimic the increases 1n molecular dimensions with ¢,
suggested by the (s%)!/? data As with the unfractionated samples, (7] 1s
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Fig. 5  Plots of M, versus log ¢, for 130-0 5 (0), 130-1 (m), 130-2 () and 130-4 (®)
in aqueous NaCl
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mn aqueous NaCl
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sensibly independent of ¢, for ¢,20-005 M At sull lower c,, [#] 1s
somewhat larger than the corresponding high-salt values, 1n contrast to
what might mtially be expected from the (s?)}/? data. Aggregation
leading to increases 1n (s%)}/? but producing little or no change n 7] can
be rationalized readily (Tanner & Berry, 1974, Berry & Leach, 1981)
Since 7] measures the hydrodynamic volume per unit mass of polymer,
aggregation of polymer coils in a way that retains within the polymer
domain both the segment density and the extent of hydrodynamic inter-
action, 1e. ‘draining’, 1s expected to produce only minor changes 1n [7]
under conditions where (s?)!/2 increases perceptibly. Because mn the
present case the M,, data disclose only a small extent of aggregation, even
for 657-0-5, no nconsistency between the observed dependences of
(s2)}/2 and [n] on ¢, 1s found

Osmotic second vinal coefficients determined by light scattering, A3,
decline with increasing salt concentration (Tables 1 and 2) as 1s expected
for aqueous polyelectrolytes (Tanford, 1961) In surprising contrast to
the salt dependence of [7], however, A) retains 1ts salt sensitivity in the
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Fig. 7. Plots of (s?)!/? versus log ¢, for 130-0 5 (0), 130-1 (m), 130-2 (a)and 130-4
(®)1n aqueous NaCl
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Fig. 8. Plots of (s%)/? versus log c, for 657-0 5 (0), 657~1 (m), 657-2 (A) and 657-4
(@) 1n aqueous NaCl
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concentration range ¢,> 0 005 m. It 1s interesting to note that there 1s no
systematic correlation between M, and the magmtude of A, for either
polymer The explanation for this observation may reside mn the com-
plicated mix of factors contributing to A’ m polyelectrolyte systems
(Hacche et al, 1987) Thus, the relatively small A’ values displayed by
657-0'5 may reflect significant negative contributions from labile
aggregation that responds by dissociation to dilution of the polymer m
the light-scattering experiment. At ¢,=0-1 M, where the Donnan con-
tributions to A} are largely suppressed by the low molecular weight salt
(Tanford, 1961), A’ 1s identical to within the experimental uncertainty
for the four fractions of each polymer Its magnitude at ¢,=01 ™M
(Ay=1-2x10"3 ml mol/g?) 1s, however, some three times larger than
that of xanthan, a bactenal polysacchande of similar composition and
structure but with a greater hnear charge density, at the same 1onic
strength (Paradoss1 & Brant, 1982, Hacche et al , 1987).

Dependence on molecular weight

Correlations between various polymer observables and the molecular
weight can often reveal useful information about the polymer chain con-
figuration, a knowledge of the relationship of [5] to M, can be of
particular practical importance as well Figure 9 displays the latter corre-
lation for S-130 1n the traditional logarithmic format, where the data for
all four fractions at all four values of c, are plotted together The pomts
fall into four different groups, each arranged approximately on a hori-
zontal line corresponding to one of the S-130 fractions There 1s httle
variation 1n vertical position within in a group, because of the mimimal
dependence of [n] on ¢, 1n the ¢, range 1n question. If M,, were also inde-
pendent of ¢, each honizontal group would collapse to a single pomnt As
seen 1 Fig 5, most of the horizontal spread within each group can be
attnibuted to the random error of the measurement of M,, and 1t 1s thus
tempting to seek a numerical correlation of the data in Fig. 9, despite the
fact that the range of M,, values displayed covers less than half a decade
The linear least squares line shown i Fig 9 was computed to fit only the
data at ¢,=01 M It 1s described by the Mark-Houwink equation
[7ly;=(337x10"7)m! #* This line provides a reasonably good correla-
tion of all of the data Because M,, increases most rapidly with decreasing
sonication time at ¢,=0-1 M or, alternatively, because M,, 1s most salt-
dependent for the least degraded fractions (Fig. 5), the Mark-Houwink
exponent for any other ¢, than 0 1 m 1s even larger than that computed at
¢,=0-1 M. Thus, noting again the proviso already given about the narrow
range of M,,, S-130 appears to display the hydrodynamic behavior of a
very stff coll. Mark-Houwink exponents are typically in the range
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0-8-1-0 for cellulosics (Tanner & Berry, 1974), and approach 1-4 for the
very stiff and presumably multistranded microbial polysaccharides xan-
than and schizophyllan (scleroglucan) only in the range of M,, below
about 5 X 10° g/mol, where their behavior becomes nearly rodlike (Holz-
warth, 1978; Yanaki et al , 1980; Sato et al , 1984).

The case for computing a numerical correlation of the S-657 5]
versus M,, data shown i Fig. 10 is less appeahng, firstly, because the
stronger dependence of M,, on ¢, for the least degraded fraction 657-0-5
obwiates use of most of the M, data for this fraction and secondly,
because fractions 657-2 and 657-4 are so similar 1n properties. The
sohd straight line 1n Fig. 10 1s therefore obtained by the following
alternative procedure. If, as may be postulated, the second side-chain
sugar residue on S-657 has minimal additional influence on the back-
bone configuration of the polymer over and above the mfluence of the
side-chain residue on S-130, then the principal difference in the
Mark-Houwnk plots for S-130 and S-657 should be a simple additive

log [m]

Fig. 9. Loganthmic plot of (5] versus M,, for S-130

fractions 1n aqueous NaCl at ¢,=0001 M (0), 0005 M

(w),001 M(2)and 0 1M (®)with a hnear least squares
regression line through the dataat ¢ =0 1 m

log [7]

I 1
54 58 56 57 58 59
iog My,

Fig. 10. Logarithmuc plot of [5)] versus M,, for S-657 fractions 1 aqueous NaCl at
¢,=0001M(0),0005m(m), 001 M{a)and 01 m(®) Lines drawn as described 1n the
text
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shift along the log M,, axis to account for the difference i molar mass of
the repeating umit. If the hinear correlation of the S-130 data in Fig. 9 1s
subjected to a positive shift of log(6/5), where 6/5 represents the ratio of
sugar residues 1 the nominal repeating units of S-657 and S-130, the
solid hne 1n Fig. 10 results. The additional shuft of log(1:175) required to
produce the dashed hne 1n Fig. 10, which provides a plausible fit to all
except the three suspect data points at highest M,,, could well arise from
the currently unknown differences m the extent of acylation of S-130
and S-657

If S-130 and S-657 are as stiff as suggested by the dependence of {7]
on M,, then (s?)}/2 should be approximately proportional to (M,. M, , )/
(Paradoss1 & Brant, 1982). Since no mformation on the molecular
weight distributions of the fractions 1s available, one must be content to
consider the dependence of {(s?)!/? on M,, shown mn Figs 11 and 12 for
S-130 and S-657, respectively, in logarithmic plots. The straight lines
through the data are linear least squares fits to all of the points, given for
S-130 by (sH)}?=(2-30x1072)M%% and for S-657 by (sHL?=
(338 x 1072) M52 Rodlike chain behavior imphes an exponent of unity,

ek o | Fig.11. Loganthmic plot of (s?)!/? versus M, for
] . . . S-130 fractions mn aqueous NaCl at ¢,=0001 M (0),
52 53 54 55 0005mM(m),001 M(A)and 01 m(e)with a hnear least

log My, squares regression line through all of the data

54 55 56 57 58 59 60
log My

Fig. 12. Loganthmic plot of (s%)!/2 versus M, for S-657 fractions m aqueous NaCl at

¢,=0001M(0),0002M(+),0005m(m),001M(A),003M({x)and 01 M(®)witha

linear least squares regression line through all of the data except the point at the largest
M,

w
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if the abscissa i Figs 11 and 12 1s log(M,. M, . ,)'7?, replacement of this
quantity by log M, does not sigmficantly change this expectation Fits to
the pomnts corresponding to a given ¢, yield in some cases somewhat
larger exponents, although still less than one, and these are clearly no
more reliable than the quoted values for the full data sets. Thus, one does
not find i the apparent dependences of (s%)!/> on M,, support for very
stiff chain behavior of S-130 and S-657, but these data are affected 1n an
indeterminant way by the tendency of the samples to aggregate at higher
salt concentrations and by uncertamnties in the larger (s®!/? values
occasioned by the hmitation to scattering angles ® > 30° (Paradoss1 &
Brant, 1982) It 1s interesting to observe that the logarithmic plots of
(s)12 versus M,, for S-130 and S-657 nearly superimpose i the M,
range 1n question, whereas one might expect, as with the [#] versus M,
data, to find the curve for $-657 shifted toward higher M,, relative to that
for S-130.

Polymer chain extension

For unperturbed random couls (signified by the subscript zero) the ratio
(s%)o../M. assumes an asymptotic value for large M, reflective of the
mean polymer cham extension (Flory, 1953), practical concerns dictate
that the ratio of measurable properties (s?), /M,, 1s often considered when
6-solvent data and information on sample polydispersity are not avail-
able This quantity 1s reported for each fraction and salt concentration in
Tables 1 and 2 Salt concentrations are confined to the range ¢,= 0 001
M, for which there 1s hittle indication from [#] and (s%)}/? of declining
polymer chamn dimensions with increasing ¢, Contributions to a varia-
tion of (s?)./M, with ¢_from polyelectrolyte effects thus appear to be
minimal Because both S-130 and S-657 are apparently quite extended
chains (see below), 1t 1s also noted that for both polymers (s2), 1s
probably a good approximation to (s2),, (Tanner & Berry, 1974).
Tanner & Berry (1974) argue that (s%,/M, should be relatively
mnsensitive to small extents of aggregation In the present case, however,
the ratio shows a modest rise with increasing c,, especially for S-130,
where an increase of about a factor of 1 8 occurs over the range of c,
investigated Thus, as might have been anticipated from Figs 5-8, the
mean square radius of gyration displays a somewhat larger proportionate
increase with ¢, than does the molecular weight. Although one mught
anticipate non-asymptotic behavior of (s2),/M,, for stff polysaccharides
n the lower range of molecular weights investigated here, the noise 1n the
present measurements obscures any possible evidence of vanation of
(s?),/M, with M,, Thus factor serves also to mask possible differences in
(s?),/M,, anising from the differences in repeating umt weights for S-130
and S-657.
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Of greatest interest 1s to compare the chain extension of S-130 and
S-657 with other appropriate polymers, given the simlarty of the
backbone of the gellan famuly to cellulose and 1ts derivatives, the com-
parison wiil be confined to the cellulosics, including xanthan (Paradossi
& Brant, 1982), and the soluble B-(1 3, 1 —4)-barley glucan (Buliga et
al , 1986) To eliminate the effect of differences in the molar masses of
the repeating umnits, 1t 1s preferable to compare values of (s?)./x.,, where
X, 1s the weight average number of backbone sugars 1n the chain For
polymers of the gellan famuly, x|, 1s four times the weight average degree
of polymenzation X,, and for xanthan x, 1s twice X, Comparisons are
made in Table 3, where all of the entnies except those for S-130, S-657,
xanthan and the barley glucan are taken from the tabulation of Tanner &
Berry (1974) with x,=x, Entries for S-130 and S-657 employ the
average values of (s?),/M, from Tables 1 and 2, respectively, with
conversion of M, to X, using the nominal repeating umt (equivalent)
weights from the published structures omitting acyl substituents (Jansson
et al ,1985, O’Neill et al , 1986, Chowdbury et al , 1987) For xanthan, a
repeating unit weight of 1000 g/mol was employed, and (s2),/M,, was
taken from the high molecular weight data of Paradossi1 & Brant (1982)
The barley glucan 1s hinear, so that X,=x,, chain dimensions are
estimated from Buliga er a/ (1986) Numbers in parenthesis in the
cellulose denvative designations are the degrees of substitution (DS) of
cellulose acetate (C(245)Ac), hexanoate (C(30)Hex), nitrate
(C(2-90)N), and phenylcarbamate (C(3 0)PC) The quantity (s2),/x,, 1s
reported in nm?/backbone sugar

It appears from Table 3 that (s%)_ /x, for both S-130 and S-657 1s large
relative to those for the barley glucan and many of the cellulose
denivatives and, in fact, approaches that of the stiff, double-stranded
microbial polysaccharide xanthan Because of the considerable spread of
(s2)./M, values in Tables 1 and 2, the mean values of (s?)./x/, for S-130
and S-657 1n Table 3 cannot be considered different from one another
Moreover, they may also be larger than the true values because of
aggregation, which affects (s?), especially at high ¢_ and contributes to
the reported means On the other hand, inclusion of the acyl content of
S$-130 and S-657 in determining x|, would increase (s2)./M,, (Mismatch
of averages 1n the numerator (z-average) and denommator (w-average)
may be quite significant for these relatively broadly dispersed fractions
Previous experience with xanthan, degraded and fractionated by similar
procedures (Hacche er al, 1987), suggests that M, /M, =15 for the
present fractions Assumung for simphcity of illustration a log-normal
distribution for which M_/M,, = M, /M, (Elas et al , 1973),1t 1s estimated
that the values of (s?),/M,, for S-130 and S-657 in Table 3 should be
reduced by a factor of about 1 5 to account for polydispersity and yield
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TABLE 3
Polymer Chain Extension

Polvimer (s9, /%, Solvent
S-130 46 Aqueous NaCl(1073-10"" m)
$-657 55 Aqueous NaCl(10-*-10"" m)
Xanthan 75 Aqueous NaCl (10~ m)
Barley glucan 09 Water
C(245)Ac 235 Trifluoroethanol

C(245)Ac 235 Methylene chloride — methanol

C(3 0)Hex 1 80-250 I-Chloronaphthalene
C(3 0)Hex 210 Dumethylformamide
C(30)PC 260 Acetone
C(30)PC 470 Dioxane
C(30)PC 200 Dtoxane — methanol
C(2 90)N 350 Acetone
C(290)N 540 Ethyl acetate

for S-130 and S-657 a compostte value of (s2)_/x,, of close to 33 Other
data in Table 3 could be corrected similarly (Tanner & Berry, 1974), but
the relanive extensions of the several polymers would remain unchanged,
and the authors will be content here to compare the uncorrected values
of (s%)./x,)

Among the entries 1n Table 3, (s?),/x,, 1s least (0 9) for the f-(1-3,
1 = 4)-barley glucan This polymer resembles cellulose with one-third to
one-quarter of the pB-(1-4)-linkages replaced by solated S-(1-3)-
linkages. The latter introduce pomnts of departure from the highly
extended and nearly rectilinear chain trajectories characteristic of the
cellulosic backbone possessing unremutting S-(1 —4)-hnkages (Buliga ez
al., 1986) At the other end of the spectrum 1s xanthan for which (s?),/
x.,=17 51s some three tumes larger than that for C(2-45) Ac and several of
the other synthetic cellulose esters The large value for xanthan 1s almost
certainly a consequence of the unusual stiffness afforded the chain by
virtue of 1ts double-stranded character 1n solution (Holzwarth, 1978,
Paradoss1 & Brant, 1982; Sato et al, 1984; Stokke et al, 1988). Both
$-130 and S-657 would appear structurally to mimc the barley glucan
with an a-(1 - 3)-linkage occurring at every fourth glycosidic junction 1n
the backbone, whereas from the pomnt of view of the magmtude of (s?),/
Xy, they more closely resemble xanthan.

The entries in Table 3 for C(3:0)PC in dioxane and C(2 90)N
acetone and ethyl acetate are also larger than those for the other
synthetic derivatives of cellulose; they come, respectively, from the work
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of Burchard (1965) and Huque er a/ (1958) Relatively large values of
(s2)./%,, for hugh DS cellulose mtrate in acetone can also be deduced
(Kammde et al., 1979a, b) from the data of Schulz & Penzel (1968) and
Penzel & Schulz (1968), while Holt et al (1976) report values of (s%), /%,
for high DS cellulose nitrate mn ethyl acetate in the range 5-6 nm?/
residue. The latter authors argue, in fact, that (s?)_/¥,, hies 1n this range
for all cellulose dertvatives and that smaller reported values, e g those
for C(2 45)Ac 1n Table 3, have resulted from madequate attention to the
effect on the measured ratio from denser, aggregated components of the
polymer sample This gel-ike material presumably ongnates from the
heterogeneous character of the reactions required to substitute the crys-
talline and generally msoluble cellulose Indeed, while the generalization
of Holt et al (1976) may be too sweeping, many reports of (s*)./x,, for
cellulose denvatives (Kammde & Miyazaki, 1978; Kamude et al,
1979a,b, 1981) give values considerably smaller than the smallest of
those compiled by Tanner & Berry (1974), for whom the experimental
effects of aggregated matenal were of paramount concern The system
C(3 0)PC/dioxane 1s perhaps the least problematic of all for rehable
measurement of the solution properties of cellulosics (Sutter &
Burchard, 1979), and 1t has been implemented 1n procedures for routine
determination of the molecular weight distnibution of commercial
cellulose samples (Cael et al, 1981) The large value of (s?),/X, for
C(3-0) PC 1n dioxane must therefore be accorded considerable reliability
This may, however, be a peculianity of the particular system, arising from
the bulkiness of the phenyl carbamate substituent groups and possible
intramolecular hydrogen bond nteractions among them (Sutter &
Burchard, 1979), rather than a characteristic of all cellulosics.

In view of the plentiful uncertainties remamning with regard to the
chain extension of the cellulosics, the authors are able to conclude only
that the Kelco microbial polysaccharides S-130 and S-657 display a
mean chain extension relative to the number of mainchamn backbone
residues that rivals the most extended of the synthetic cellulose
denvatives, 1e C(30)N 1n acetone or ethyl acetate and C(3 0)PC 1n
dioxane, but probably does not quite mimic the extension of the double-
stranded microbial cellulose derivative xanthan in 0 1 M aqueous NaCl
Ths conclusion on the basis of the measured (s2)./x., appears consistent
with the large Mark-Houwink exponent reported above and obviates a
reliable estimate of chain extension from the Flory-Fox equation
(Jordan & Brant, 1980) Estimates of a persistence length for S-130 or
S-657 using the molecular weight dependence of [#] (Yamakawa &
Yoshizaki, 1980) or {s2). (Benoit & Doty, 1953) are clearly premature,
given the narrow molecular weight range studied
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The large chain extension of S-130 and S-657 1s perhaps surprising in
view of the absence of any evidence to date for multistranded character
of §-130 and S-657 1n solution and the periodic interruptions of the
extended f-(1—4)-glucan linkage pattern that results from the a-(1 - 3)-
linkage between residues D and A (Fig 1) The structurally similar
barley B-(1—3, 1—4)-glucans appear to support much less extended
coils 1n dilute aqueous solution (Buliga et al, 1986), and prehmnary
modeling of the extension to be expected from single-stranded chains of
the gellan family suggests values of (s?)/M for homogeneous samples of
around umty (Talashek & Brant, 1987) in close agreement with the
observed behavior of the barley glucan

CONCLUSIONS

Kelco microbial polysaccharides S-130 and S-657 have very similar
dilute aqueous solutton properties as mught be anticipated from their
common backbone repeating umit and the small differences 1n side chain
structure Both display surprisingly weak polyelectrolyte character and
have a stmilar, relatively large mean chain extension per backbone sugar
restdue which 1s comparable to that of the most highly extended
synthetic cellulose derivatives but not so large as the double stranded
microbial cellulose derivative, xanthan The large chain extension 1s
interesting 1n view of the occurrence at every fourth backbone position
of an a-(1 - 3)-linkage, which might be expected to introduce directional
vanability into the otherwise essentially rectilinear and extended chain
trajectories generated by the monotonous cellulosic backbone
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