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Abstract: Calorimetric (from both isothermal micro-calorimetry and DSC), chiro-optical, viscometric
and rheological data on aqueous solutions of pectic acid and low-methoxyl pectin (LMP), published
over decades from different laboratories, have been comparatively revisited. The aim was to arrive
at a consistent and detailed description of the behavior of galacturonan as a function of pH, i.e., of
the degree of charging (as degree of dissociation, ) of the polyanion. The previously hypothesized
pH-induced transition from a 3; to a 2; helix was definitely confirmed, but it has been shown, for the
first time, that the transition is always coupled with loosening/tightening effects brought about by
an increase in charge. The latter property has a twofold effect: the former effect is a purely physical
one (polyelectrolytic), which is always a loosening one. However, in the very low range of pH and
before the beginning of the transition, an increase in charge tightens the 3; helix by strengthening an
intramolecular—but inter-residue—hydrogen bond. The value of the enthalpy change of 3; — 2
transition—+0.59 kcal-mol~!—is bracketed by those provided by theoretical modeling, namely +0.3
and +0.8 kcal-mol~!; the corresponding entropy value is also positive: +1.84 cal-mole r.u.~1-K~1. The
enthalpic and the entropic changes in chain loosening amount only to about 23% of the corresponding
31 — 21 changes, respectively. Much like poly(galacturonic acid), the 3; conformation of LMP also
stiffens on passing from pH = 2.5 to 3.0, to then start loosening and transforming into the 2; one
on passing to pH = 4.0. Lowering the pH of a salt-free aqueous solution of LMP down to 1.6 brings
about a substantial chain—chain association, which is at the root of the interchain junctions stabilizing
the acid pH gels, in full agreement with the rheological results. A comparison of the enthalpic
data reveals that, at 85 °C, LMP in acidic pH conditions has lost its initial order by about 2.3 times
more than pectic acid brought from low charging to full neutralization (at « = 1.0) at 25 °C. A
proper combination of experiments (enthalpic measurements) and theory (counterion condensation
polyelectrolyte theory) succeeded in demonstrating, for the first time ever, a lyotropic/Hofmeister
effect of the anion perchlorate in stabilizing the more disordered form of the 21 helix of galacturonan.
The viscometric results in water showed that the 3; helix is capable of forming longer rheologically
cooperative units compared with the 2; helix. Extrapolation to infinite ionic strength confirmed that,
once all electrostatic interactions are cancelled, the elongation of the two helical forms is practically
the same. At the same time, however, they indicated that the flexibility of the two-fold helix is more
than fifteen times larger than that of the three-fold one. The result is nicely corroborated by a critical
revisiting of 22Na relaxation experiments.

Keywords: galacturonan; low-methoxyl pectin; conformational transition; loose-helix; Hofmeister
effect; lyotropic effect; stiffness; polyelectrolyte; circular dichroism; calorimetry
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1. Introduction
1.1. Conformational Transitions: Helices and Coils

A conformational change in (linear) polysaccharides in solution has been often—more
or less explicitly—assumed as a transition between two limiting cases, namely from/to an
ordered to/from a disordered conformation.

The ordered conformations of carbohydrate polymers—in analogy with proteins and
nucleic acids—were successfully interpreted with the concept of helix [1-3]. For that,
evidence has long since been provided by solid state investigations (albeit not unfrequently
revisited). They were certainly favored by the terrific advancements brought about by
the study of proteins, polypeptides and nucleic acids at the end of the 1940s and the
beginning of the 1950s. In many cases, such helical conformations were found to be at
the root of interchain junctions in hydrated physical gels, besides, obviously, constituting
the solid-state fibers analyzed using crystallographic methods. Regular 31 and 2; helices
were proposed for poly(galacturonic acid) (and salts) on the basis of experimental [2,4-8],
theoretical modeling [9,10] or mixed [11,12] approaches. In spite of the difference in
geometry, the two helical conformations show very similar values of the projection of the
galacturonic repeating unit on the chain axis, by, namely 4.33 A for the former helix and
435 A for the latter one, with a difference of 0.46% [2,4,8,11].

On the other side, the prevailing disordered conformational model in solution was that
of the coil, conformationally disordered to different extents up to the limit of the random
coil. Perhaps, this was due to the influence of the initially accepted views on the final
state of the thermally induced transitions of both proteins [13,14] and nucleic acids [15,16]
and of the behavior of the much studied flexible synthetic polymers (e.g., polyolefins,
polyesters. . .). The behavior of flexible polysaccharides, like dextran, in solution could be
well interpreted as that of a coil, although the comment made by Myer for polypeptides
seems perfectly valid for polysaccharides as well: “A note of caution is further called for
when speaking of “random” or “disordered” or “uncoiled” forms of polypeptides, since
the conformation, and thus the optical parameters, can vary with size of polymer as well as
conditions” [17].

1.2. The Loose Helix

The theme of “partial order” has often been present in the discussion of the confor-
mation of (linear) polysaccharides in solution only as a featureless, intermediate step in
the two-state transition between those two limiting cases. Still, the conformation of some
polysaccharides of significant flexibility in solution, like amylose, were shown not to be
fully coiled at random. Between the end of the 1970s and the beginning of the 1980s
advancements in modeling approaches revealed a “randomly coiling [amylose] chain
possessing perceptible regions of left-handed pseudo-helical backbone trajectory” [18]
with a “persistent pseudo-helical character” [19]. The past fifty years have seen a lively
discussion on the fundamental ordered conformation of algal galactans. The alleged double
helical conformation proposed on the basis of X-ray fiber diffractograms [20] for agarose
was later questioned by more accurate crystallographic investigations [21]. Those studies
convincingly indicated the single helix as the most likely ordered conformation at the
root of chain ordering upon cooling, which is a prerequisite for subsequent chain—chain
associations, junction formation and gelation [3]. Guenet, with Rochas et al. [22], undertook
solution studies that produced results that “lead one to a reappraisal of the occurrence
of double helices in the gelation process, as they rather suggest a transition of the type
loose-single helix — tight single helix” [23]. Guenet had proposed the novel concept of
“loose helix”, applying it—at first—to the solution behavior of agarose; it envisaged “a
near-helical structure for which atomic position correlations vanish rapidly compared with
those for a tight helix” [24].
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1.3. The Case of Galacturonan

In a recent work on the modes of binding of calcium ions by sodium poly(galacturonate),
various experimental results, in particular the combined evidence of microcalorimetric
and chiro-optical data, led the authors to identify a “loose” 21 helix as the conformation
of sodium pectate in salt-containing aqueous solutions [25]. This is in full agreement
with the statements made by Cros et al. that ... homogalacturonan chains adopt ex-
tended conformations having a low probabilities of folding, a feature that may be largely
attributed to the axial-axial glycosidic linkage. .. Furthermore, all low energy conform-
ers in this single energy well generate extended conformation. The homogalacturonan
macromolecule therefore tends to adopt a pseudo helical conformation even in its disor-
dered state” [26], further supported by Pérez et al., reporting that: “The homogalacturonan
macromolecule therefore tends to adopt a pseudo-helical conformation even in its disor-
dered state” [27]. This proposed conformation would easily explain the “conformational
ordering propensity” of pectate upon interaction with monovalent (e.g., H") [7,28,29] or
divalent (e.g., Ca?*, Cu?*, Pb?*) ions [28,30]. All in all—and as a peculiar case among ionic
polysaccharides—a 0% — 100% change in electrical charging seems to make galacturonan
in aqueous solution oscillate between two limit conformations (a 3; and a 2; helix [7,29]),
both modulated—albeit to a different extent—by an over imposed “loosening” of the
respective conformational ordering.

Before proceeding further, it is useful to recall the nomenclature of (galacturonic
acid)-containing polymers, e.g., as set out by Guidugli et al.: “Pectins are operationally
grouped into low-methoxyl-pectins (LMP) and high-methoxyl-pectins (HMP), the degree
of methylation marking the difference ranging from 40% to 50% depending upon the
authors. Often, and depending upon the context, the pectin and pectate words refer to
the salt form of HMP and very low LMP, respectively, and pectinic acid and pectic acid
to the corresponding acid forms, respectively. Similarly, the term poly(galacturonic acid)
(galacturonan) refers not only to the “perfect” homopolymer, but also to linear GalA-
polymers, interspersed with neutral sugars and/or esterified GalA residues, altogether for
not more than about 10%” [31]. Hereafter, the terms galacturonan, poly(galacturonic acid)
and pectic acid (or sodium pectate or poly(galacturonate) at neutral pH) will be indifferently
used in relation to the results obtained with the samples of the works by Ravanat and
Rinaudo [7] and by Cesaro et al. [29], given their composition. LMP and pectinic acid terms
will be used for the partially methyl-esterified sample of Gilsenan et al. [32].

1.4. Experimental Approaches to the Conformational Transition of Galacturonan

The physical chemical properties of biopolyelectrolytes depend on several variables.
However, the main ones are certainly the degree of charging (linear charge density), the
ionic strength of the medium (I) and the temperature (T). For weak polyacids—like pectic
acid—the controlled variation of the former variable can be achieved by modifying the
degree of dissociation, &, of the uronic acid function. Increasing the concentration of the
supporting low Molecular Weight (MW) electrolyte (sometimes called the “simple salt”) is
the correct way of controlling the ionic strength of the medium, and, thereby, the extent of
the long-range electrostatic interactions (also represented as an interaction scale—measured
by the Debye length, k~1). Finally, the absolutely crucial role of temperature, which act as a
“lever” of any entropy variation, can never be dismissed.

This work is largely based on experimental data from three laboratories, which—for
more than forty years—have been the only ones that span over the whole range of pH,
from acidic to neutral, and over a range of values of ionic strengths [7,29,30], or, at different
pH values, in a temperature range as wide as between 10 °C and 85 °C [32].

A renewed interest in the conformations of galacturonan [33-35] and for its “loose”
helix [25] is at the root of the present revisiting of the data. Previously to Donati et al. [25],
the possibility that a “loose” helix was the solution conformation of sodium pectate had
been clearly set forth only in the quoted theoretical studies [26,27], and, at least partially, in
only one experimental work [36].
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This analysis will start from the dilute polymer concentration conditions not because it
was refrained a priori from investigating the physical chemical properties of galacturonan
in massively associating conditions (e.g., those of gel formation). Rather, it was desired
to tackle—as a conceptual preliminary step—the problem of unveiling the molecular
details of the conformations of the isolated polymer chain in the different conditions,
like pH, polymer concentration, ionic strength, temperature, and the presence of specific
counterions. Such conditions are considered as prerequisites that, only eventually and also
to a varying extent, lead to a reversible chain association. This strategy was followed in
the chiro-optical investigations [7,29], as well as in the microcalorimetric ones [29], on the
conformational transition of pectic acid as a function of pH; they all were carried out in a
range of low polymer concentrations (namely, in the order of g-L ™). In such conditions, the
intramolecular character of the pH-induced transition of a very pure sample of pectic acid in
dilute solution was clearly demonstrated through light scattering [37] and osmotic pressure
experiments [25,30]. In fact, only a tenfold increase in polymer concentration (in the order
of % w/w) was able to give rise, at low pH, to intermolecular association—as shown by
light scattering data [38]—and gelation, as extensively analyzed by the work of Gilsenan
etal. on LMP [32]. The parallel thermodynamic interpretation of the various results from
IsoThermal micro (1) Calorimetry (ITuC) [29,30] and those from Differential Scanning
Calorimetry (DSC) [32], together with the rheological results of the latter paper [32], enable
the encompassing of the microscale and the macroscale, providing a molecular basis for
the macroscopic behavior.

1.5. The Coupling of the Conformational Changes of Galacturonan

This work was undertaken with two goals: the first one is that of getting some better
insight into the helical conformations of pectic acid, namely the 3; helix at acidic pH
values and 21-helical conformation at full ionization, in the sodium salt form (neutral pH).
These correspond to the limits of the demonstrated polymorphic phase transition upon
passing from dried to hydrated calcium poly(galacturonate) gel [4,39]. The second one,
which is not less important, is to unravel the interplay of the inter-conformational (3; — 21)
transition with the “loosening” of the helical forms, particularly so the two-fold one. The
conformational scenario seems to differentiate poly(galacturonate) from the otherwise
similar case of poly(guluronate). For the latter polyuronate, no evidence of quasi-ordered
remnants have been reported so far for its sodium salt at neutral pH nor of the existence of
a conformational transition induced by pH between two helical conformations.

An important remark is mandatory in relation to the way each change in charge density
is achieved in pectin systems. Although the correct way is obviously to act on pH, given
the weak acid nature of constituent galacturonic acid, the possibility of reducing the charge-
per-chain by methoxyl esterification has been exploited in a number of cases [9,10,40].
Unfortunately—as clearly shown recently [31]—the two methods are not equivalent at
all, the latter one likely inducing incorrect conclusions on the correlation between, e.g.,
macroscopic properties and charge density.

Scheme 1 sketches the well-defined conformational 3; — 2; equilibrium with an
over imposed continuous shift from a tightened, toward a loosened, conformation of
galacturonan. It will be shown in the following that two processes can be achieved and
modulated by an increase in charge density (as «), in ionic strength (as [NaClOy]), or of
temperature, or by combinations thereof.



Polysaccharides 2023, 4 275

Y

Scheme 1. Schematic representation of the coupling of the “tightness”/“looseness” (or or-
der/disorder) effect—vertical axis—with the conformational equilibrium (between one element
of the set of the 3; conformations and one element of the set of the 2; conformations)—horizontal
axis. Top view along the helix axis of the two conformations taken from [41], with permission,
and adapted.

1.6. Specific Effects of Ions on the Conformation of Galacturonan

Several reports have shown that the addition of electrolytes increases the gel strength
of LMP. In particular, this beneficial effect—of equimolar solutions in the tenth-molar
range—followed the order K* > Na* > Li*, demonstrating the presence of the specific
effects of alkali cations, particularly so at low pH values [42-44]. The conditions of very low
polyanion charging make it difficult to invoke specific counterion binding effects; rather,
also considering the range of salt concentration, it seems more likely that lyotropic [45]
(or Hofmeister [46]) effects are involved, with the quoted order being that of decreasing
chaotropic character.

Among the whole of the revisited results, those obtained in salt conditions were in the
presence of NaClOy. At variance with the case of k-carrageenan, in which a clear specific
affinity by the sulfated galactan for the I~ ion was demonstrated [47] (and—to a lesser
extent—also for Br~ and CI™) [48], there is no evidence whatsoever reported so far of a
specific interaction between the perchlorate anion and the pectate polyanion. Therefore,
any detected anomaly of behavior with that salt would suggest, for the first time, the
presence of a lyotropic or Hofmeister effect.

1.7. Hydration of Galacturonan

A large positive volume change accompanies the binding of Ca®* ions by pectate,
stemming from the release of up to 16 molecules of water from the hydration spheres
of both counterion and polyelectrolyte [30]. They produce a very large increase in en-
tropy, which is the driving force for the strong calcium bonding [25]. Also, in the case
of protonation of Na* pectate, a positive volume change was measured [29], correspond-
ing to the release of 7.8 molecules of hydration from the interacting partners, in perfect
agreement with the predictions from the modeling [31]. However, very interestingly, no
x-dependence was observed of the intrinsic volume change in dissociation, in particular in
the range of the pH-induced conformational 3; — 2; transition. This means that the overall
hydration of the two ordered conformations is the same—within error—and also that
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any conformational loosening taking place upon increasing the charge density would not
affect the hydration sphere of galacturonan (interestingly, the reported nil value of volume
change upon transition, AV, is paralleled by the practically nil change in the helical pitch
of the two conformations). The finding that AV}, = 0 is at variance with the case of the
temperature-induced conformational transition of both poly(glutamic acid) (PGA) and
of DNA. In the former case, osmotic stress experiments indicated that the more compact
a-helical state was favored over the more hydrated coil state. The number of molecules
of hydration water (per residue) released in the coil — helix transition was 3.6 & 0.8 from
experiment and 4.9 from the theoretical calculation of the solvent-accessible surface (SAS)
area, in “close agreement” [49]. In the latter case “the favorable folding of each DNA
molecule results from the formation of base-pair stacks and uptake of both counterions
and water molecules [as shown by] the negative Any values [which] indicate an average
uptake of 4-5 water molecules per base-pair, similar magnitude (~4 water molecules) is
observed with the ST[Salmon Testes]-DNA polymer” [50]. It is very likely that the different
behavior is to be ascribed to the absence of hydrophobic residues in galacturonan.

It can therefore concluded that, in the case of galacturonan, all the measured changes
in internal energy (as AH) and in entropy upon transition must be attributed to variations
in the absolute values of both the accessible minima and in their extension in the conforma-
tional energy space of the galacturonan backbone, without affecting the overall hydration
of the chain.

2. The Charge-Induced Conformational Transition of Galacturonan
2.1. Viscometric and Potentiometric Data

The variations in the hydrodynamic and the thermodynamic (potentiometric) prop-
erties of galacturonan as a function of the degree of dissociation, «, both in “water” and
in “salt”, have been reported in Figure 1: (a) reduced specific viscosity (75»/C, = Hred);
(b) apparent pK,, (pKa)?.; all redrawn data have been taken from reference [29]. C;, is the
concentration of pectic acid in mole of repeating unit, r.u., per liter.

(a) (b)
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Figure 1. (a) Dependence of the reduced specific viscosity, 1.4, on the degree of dissociation, «, for
pectic acid in water (blue symbols) and in aqueous NaClO4 0.05 M (red symbols); (b) dependence
of the apparent pK,, (pKa)™”., on « for pectic acid in water (blue symbols) and in aqueous NaClO4
0.05 M (red symbols); the dotted line connecting the data points in the initial and in the final range
has been used for the calculation of the (pKa)*“** values reported in the following Figure 20a. o,
oy, and oz correspond to the values of « of (initial) self-dissociation of the polyacid and of the start
and end of the conformational transition, respectively. Roman numerals identify the three regions
defined in the text.
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For polyelectrolytes, the deviations from the monotonic behavior of all the quoted
properties has been interpreted as stemming from a pH-induced conformational tran-
sition [29]. The reduced viscosity sigmoid curves, similar to those in Figure 1a, have
been repeatedly used as indicators of a conformational transition [51,52], revealing its
effects at the whole-chain level. Likewise, the same type of deviation of the (pK,)". ()
curves ((pKa)#P(x) = pH + log[(1 — «)/ «]) has been found to accompany those conforma-
tional transitions [53,54], albeit sometimes with less marked variations because of partial
enthalpy/entropy compensations [55], as presently found in the case of pectate. The hydro-
dynamic and thermodynamic properties easily allow assigning the limits of the transition:
in the absence of low MW electrolytes (hereafter: in “water”), the lower one is «; = 0.22
(in blue); the one marking the transition end is &3 = 0.60 (in red) and «; is the value of
self-dissociation, namely the lowest value of « of the polyacid in an aqueous salt-free solu-
tion without the addition of titrant. The interval of « corresponding to the conformational
transition, a4, in “water”, is then as follows: § ax—= a3 — op. Three regions can then be
determined: Region I from « = 0 to &y, Region II from o to &3 (corresponding to & o) and
Region III from o3 to ax = 1.

It is well known that an increase in I causes a decrease in the reduced viscosity of a
polyelectrolyte [52]; this is clearly shown for pectate by the 1,4 data of Figure 1a in aqueous
NaClO4 0.05 M (hereafter: “salt”). Likewise, increasing the ionic strength, I, produces a
general effect of increase in the acidity of the polyacid in solution, manifesting as a decrease
in both pH and (pK,)F and an increase in the (initial) self-dissociation, «;. This effect
materializes when comparing the results of Figure 1b. In particular, the ionic strength-
induced increment of acidity shifts the initial value of (pK,)*? from 3.89 (“water”) to 3.40
(“salt”), having recorded the corresponding changes of pH from 3.12 to 2.91 and those of
the value of self-dissociation of the polyacid (1) from 0.145 to 0.24;. In full analogy with
the case of Figure 1a, those properties can be used for the determination of the limits of
the conformational transition in “salt”; the lower one is «y = 0.34 and the one marking the
transition end is a3 = 0.70, with a difference (transition width, 6 ) of 0.36. Interestingly,
the increase in ionic strength shifts both o, and o3 to higher values, but the width of the
transition seemingly remains essentially unaffected (in “water”: & ot = 0.38). The 1yeq (o)
curve seems to be the most largely affected by changing the ionic strength, in particular
with a marked flattening of the curve over the whole range of ; the relative increase in
Nred from the lowest value of « to the largest one is +127% in “water” vs. +21% in NaClO4
0.05 M. In fact, the increase in 1.4 with « in “salt” is much smaller than in “water”, over
the whole investigated range of o.

2.2. Isothermal Micro-Calorimetric Data in Aqueous NaClOy4

As for the other thermodynamic parameters of the transition, it was decided to numer-
ically revisit in the present paper only the enthalpic parameters related to the dissociation
of pectate and revealing the transition, given the peculiar experimental results of the
ITuC micro-calorimetric data. For the case of pectate in 0.05 M NaClOy, the values of
the enthalpy change upon dissociation, AHgjs (), (normalized—as usual—per mole of
dissociating group, i.e., per equivalent) are reported in Figure 2a. The corresponding
entropy of dissociation, ASg;s(«), are reported in Figure 2b. For a detailed analysis of the
AGgjss () data—from (pK,)™P (o) in Figure 1b as: AGgjss (@) = 2.303-R-T-(pKa)™P (a)—and
of the derived curves of ASg;s(a)—trivially as ASgis(a) = w—the reader
is referred to the original paper [29]. As has already been highlighted, the two “bumps”
in the AHgjss () and ASgies () curves perfectly encompass the transition range. However,
inspection of Figure 2 reveals that the excess areas of the AHgjss and ASg;ss curves, conven-
tionally attributed to the transition, actually extend beyond both the blue and the red limits
of the conformational change (8 ). The range of o between the values of start («;) and
end (o) of the calorimetric “bump”, § &conf, is larger than that of the previously defined
conformational transition: & a.ons > & oy The values of «; and o have been indicated (as
purple vertical segments) in Figure 2: «; = 0.17 and o = 0.87, with do = 0.70.
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Figure 2. (a) Dependence on « of the molar enthalpy change in dissociation, AHgje, of pectic acid in
aqueous NaClO4 0.05 M (black symbols), and of the (integral) curve of Aﬁff cess (red symbols, scale
on the right); (b) Dependence on « of the molar entropy change in dissociation, ASg;s,, of pectic acid
in aqueous NaClOy4 0.05 M (black symbols), and of the (integral) curve of Agf: cess (red symbols, scale

on the right).

For the calculation of the enthalpy changes in the transition, we resorted to well-known
procedures. Both synthetic poly(carboxylic acids) (e.g., poly(acrylic acid), PAA [56]) and nat-
ural ones (e.g., alginate [57]) show a “well-behaving” (a “no-bump”) dependence of AH ;s
on «. In the case of pH-induced conformational transitions, the area of the bump-shaped
deviations (very often endothermic) from such a “smoothly-behaving” baseline allows for
the determination of the thermodynamic parameters of transition [56,58]. Accordingly, the
values of the areas between “bump” and baseline (Figure 2) were taken as corresponding
to that of the overall variations of enthalpy, AH;, ", and entropy, AS;, *, upon transition,

calculated over the whole deviation range & o, [29]. Their integral values (i.e., normal-

ized per mole of repeating unit, r.u.), calculated as AHj, (&) = / ;1:1 AHgss (a)-da) and

=excess

as AS,  (x) = [ :‘1:1 ASgies () -da), have been reported in Figure 2a,b, respectively. The

re-calculated values of AHj, " and AS;, ™ over the § Xconf range from the numerically

reproduced curves (Figure 2) were found to be in exceptional agreement with the original
values (see Table 1). The intermediate values of AHj,  («) and AS;, " («) at the interme-

diate values of & from o4 to « = 1.0 have been reported in Supplementary paragraph 1.

Table 1. Variation of the experimental thermodynamic functions of pectic acid in aqueous solution.
Data obtained as a function of the degree of dissociation.

Fyéxcess

=excess

—=excess

AHj, AS;, AG;,

Transition
kcal-mol—1 cal-mol—-1.K-1 kcal-mol—1
o — o 82 +0.70 +£0.10® +22403P +0.04 +£0.13P
Reference [29]
o — o, WA +0.50 £ 0.10° +1.6 £ 03P +0.02 £0.13P
o — o, 52 +0.727 +0.05 ¢ +2.2;+0.01°¢ +0.05 + 0.05 d
This work

o — op, w2 +0.565 £ 0.05 © +1.6, £0.01°¢ +0.08 £ 0.05 d

2 's, experiments in “salt”; w, experiments in “water”; b error estimated by the authors; © error from integration;
d probable error from ©.

2.3. Decoupling of the Conformational Changes

To decouple the observed enthalpic and entropic changes over the whole range of
dcont, the following procedure was used:
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ii.

ii.

iv.

The experimental transition (tr) thermodynamic changes (AXj, , with X = H, S,

G) are supposed to result from the additive contribution of the inter-conformational
transition term (3; — 2;) and the loosening term (loosen.): AXj, () = AX;TC_iSZS (o)

xexcess

+ ADXigosen. (0);
In the ranges o — op and a3 — o (being o = 1), the measured effect stems from

_ s, R _ ay,R _ ar,R
the loosening. terms only: (AX? Cess) = (AX?jg:;;) and (AXff Cess) =

aq,R aq,R a3,R

<excess \ 4fR . .
(AXZOOSM) K Moreover, no other excess term being detected beyond «, the final

a2,
condition («f, R) can be substituted by (& = 1, R). For the case in “salt”, R = 10;

To evaluate the loosening contribution in the transition interval o«; — «3, two
methods have been devised, which are described in Supplementary paragraph 2.
fexcess> a3,R

Briefly, they both assume that (AXt, reflects the trends before o and be-

IXQ,R
yond «3. The results are encouragingly similar, allowing for the trivial estimation

_ a=1,R
of (AX?;COCSE:Z) . 3 the sum of the three contributions in the three sequential
ay,

intervals of .. The results have been reported in block a. of Table 2;
Sexcess ( fexcess) a3, R

The AX3, 5, terms have then been evaluated as the difference between ( AXi; <
X2,

Fexcess Fexcess

a3,R
and (AXloosm> : < (see block b. of Table 2). The AX3,_,>, terms are assumed to be in-

dependent of «, gs usual in calculating the (non-electrostatic) thermodynamic prop-
erties of the conformational transition when there is no—or a negligible—variation
in charge density values between the initial and final states. This holds in the
present case, where the difference in charge density between the 3; and the 2; fully-
charged conformations is as low as 0.46% at full dissociation (as already mentioned
in Section 1.1), which reduces to 0.16% at ; and to 0.32% at 3. Operationally, the
electrostatic terms are fully taken care of by tglg g%sﬁdiss ( gcczgesasnd ASgiss (o) baselines;

The total excess changes from «; to x =1 (AX;, = AXyy, ) are then the bare sum
of the two previous sets (see block c. of Table 2).

Table 2. Variation in the (excess) thermodynamic functions of pectic acid in aqueous solution. Data

obtained as a function of the degree of dissociation.

a.
condition — a=1,R _ a=1,R _ a=1,R
G oo (aEE) (a5 (a5 T,
o equiv.~L*1 M M R R a1,R K
T=25°C,a=1 kcal-mole r.u. ™} cal-mole ru." 1. K~! kcal-mole ru.~!
salt (R = 10) 0.005 0.05 0.0515, 0.13 +0.00 0.44 +0.01 0.001 £ 0.001 300 4+ 27
water (R = 0) 0.0064 0 0.00194 0.10 £ 0.01 0.19 £ 0.04 0.04 +0.00 511 £+ 123
b.
141 TTEXCESS =excess —=excess
T =C205ngll(t:log =1 CP -1 (1\:2 1\1/[ AI_I3l—>21 AS31 —21 AG31 —2 Tlgl
! equiv..L kcal-mole r.u.~? cal- mole ru.~t.K~! kcal-mole r.u.~?
salt (R = 10) 0.005 0.05 0.0515, 0.59 + 0.00 1.84 £ 0.01 0.05 =+ 0.00 324 +2
water (R = 0) 0.0064 0 0.00194 0.46 + 0.01 1.43 £ 0.04 0.04 + 0.02 324 +12
c.
condition G o N S AGLE T,
T=257Ca=1 equiv.‘L_l M M kcal-mole r.u. ! cal-mole ru.~1-.K1 kcal-mole r.u.~! K
salt (R = 10) 0.005 0.05 0.0515, 0.73 =+ 0.00 2.28 £+ 0.01 0.05 + 0.00 319 +2
water (R = 0) 0.0064 0 0.00194 0.56 £+ 0.02 1.63 £ 0.06 0.08 £+ 0.02 346 + 16

The adopted procedure seems to have provided reasonable values of the thermody-
namic properties, while allowing for the decoupling of the two conformational processes.
Both processes are characterized by positive variations of both enthalpy and entropy. The
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values of T, (i.e., 300 K vs. 324 K) are not very different, therefore inducing a consideration
of them as closely related in their molecular origin. Moreover, their values, being very close
to 298.15 K—but higher—explain well the very small and only slightly positive values of
AG at 25 °C.

The first comment concerns the thermodynamic values of the 3; — 2; transition. There
is no experimental value to compare with the present results. The AX;, value by Gilsenan
et al. [32] actually pertain to the transition (31)ordered — (21)disordered; although their results
correspond to the present Aifjf;ls * values, they will be discussed together with the present
ones in Section 4.1. There are no other known cases of intramolecular inter-conformational
transition of polysaccharides in solution of the type (helix); — (helix),.

A reversible helix—helix transition of poly(f-aryl L-aspartate)s, involving a screw-
sense inversion, was reported both in solution and in the solid state [59,60]. Very interest-
ingly, “The enthalpy change in the transition was 0.5 kcal/mol of 3PLA [poly(B-phenyl
propyl L-aspartate)] repeat unit which is attributable to the energy difference between right-
handed helix and left-handed helix” [61], namely very close to the presently determined
value for the inter-helical transformation of galacturonan: 0.59 kcal-mole r.u.~*.

The situation is better at the theoretical level. Probably the most thorough modeling
investigations of poly(uronates)—and of poly(galacturonate) in particular—are those of
Braccini and Pérez [41,62]. In the course of their investigation of the conformational aspects
of those polysaccharides, with particular attention to their capacity of interacting with
Ca?* ions to give rise to gel junctions, they also tackled the problem of the stability of the
polyuronides without calcium. In Reference [41], they demonstrated that the conforma-
tional energy map of the disaccharide components and of poly(galacturonic acid) show
“only one low-energy region [. ..] containing two energy wells”. The latter wells correspond,
at the regular polymeric structural level, to the 3; and to the 2; helix, respectively. The cal-
culated internal energy difference, in favor of the 3; helix, between the two conformations
is +0.30 kcal-mole r.u. ! for the isolated structural repeating unit and +0.80 kcal-mole r.u.~!
when re-calculated for the galacturonic unit in the polymer chain [41] (as for the latter case,
it is to be recalled that the calculations of the conformational energy of the polymeric struc-
tures were subjected to “a constraint applied on the glycosidic linkage in order to preserve
the regular helicity” [41]). It should also be recalled that, in all the quoted calculations, the
fundamental role of water has been taken into account only by using the value of 80 for the
(relative) dielectric permittivity, without an explicit involvement of water molecules in the
minimization procedures.

In view of all these considerations, the fact that the experimentally determined value
of the difference in internal energy (formally, enthalpy: Aﬁgfiszs , = +0.59 kcal-mole ru.~t)
between the 3; and the 2; conformations falls so nicely within the two quoted theoretical
limits can be considered a success for both theory and experiment.

However, internal energy (i.e., enthalpy, for condensed phases) is not the whole story.
Recalling the following: “The description of chain conformation in solution as two-fold
or three-fold should not, of course, be interpreted as implying rigid, fixed geometry of
the type found in the solid state and in the junction zones of polysaccharide gels, but
rather as the state of minimum free energy around which the local conformation fluctu-
ates” [32] also helps to interpret the calculated “inter-conformational” entropic difference
(Aggfﬁszsl = +1.84 + 0.01 cal-mole r.u."1.K™1). At 25 °C, certainly neither conformation
occupies a single, uniquely defined, minimum of the adiabatic energy map, but, rather,
they both fluctuate on the “sides” of the minimum of the respective “well”. However, the
determined value of AS tell us that the average shape of the conformational energy surface
around the 2; well is certainly wider and less steep than that around the 31 one, thereby
allowing the system (at T = 25 °C) to visit a much larger number of states and produce a
favorable entropic bias for the former conformation; the counterpart at the macroscopic
(hydrodynamic) level of this more dynamic situation is an increased chain flexibility on
passing from the 3 to the 2; helical symmetry. This point will be discussed in Section 6.
Scheme 2a is aimed at providing a visual—albeit simplified—representation of the 3; — 2;
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Scheme 2. (a). Schematic representation of the enthalpy (internal energy) profile of the two wells
of the conformational energy minimum of galacturonan. Narrow horizontal segments represent
the range of states visited in each helical conformation, with the corresponding entropy difference;
(b) schematic representation of the enthalpy (internal energy) profile of the “tightened” (red) and the
“loosened” (purple) forms of the 2; helix, with the wider range of accessible states (for both cases
indicated by the arrows) and the ensuing variations of both enthalpy and entropy.

Too often, discussions on biopolymer conformations (in particular on conformations
involved in transitions) are uniquely focused on the minima of the conformational energy
maps. This produces a rigid scenario, in which only well-ordered shapes are permitted.
A quotation from [63] is revealing: “Although regular helical structures, as inferred from
fibre diffraction measurements in the solid state [...] or built using molecular modelling
procedures [...] are useful conceptual models, they may represent a rather misleading
picture of the complex conformational ensembles populated by single polyuronate chains
in aqueous solution”. A correct approach should then also consider the energy profile of
the map around the minima and its dynamic evolution, providing a population statistics
dependent on the width and steepness of the well. The “loose” helix is likely to be just
the result of a conformation averaging over a larger number of states around the helical
minimum on well-defined timescales. Gouvion et al. clearly showed that “In spite of the
dominance of two conformers in an equilibrium mixture based on the relative energies of
four conformers, digalacturonic acid exhibits quite a large libration motion. This might be
expected from the shape of the two lowest energy regions where several conformers are
encompassed by the 1 kcal/mol contour” [64]. This is confirmed by the thermodynamic

— a=1,R
values of Table 2. The values of the ratio of the loosening terms ((AX?;;:BSZ) < ) over
&1,

excess ) a=1,R

the corresponding (3; — 2;) transition ones ((AX31 Y ) are 0.22 and 0.24 for the

aq,R
enthalpic and the entropic terms, respectively (recalling thatlthis is true for 25 °C and 0.05 M
aqueous NaClO4—R = 10). Both entities are of the same sign (positive) as the 3; — 2; ones,
but their absolute value (less than % of the latter ones) demonstrates that the increase in
both the enthalpy and entropy of the 21 helix in the “tight” to “loose” transition with respect
to the 31 — 2 one is marginal. In turn, this clearly shows that the pH-induced transition
of galacturonan is certainly not a helix — coil one, fully confirming the quoted theoretical
arguments. Scheme 2b represents the loosening transition, with the corresponding enthalpy
and enthalpy changes.
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2.4. Isothermal Micro-Calorimetric Data in Salt-Free Aqueous Solution

An analysis of the experimental evidence accompanying the pH-induced transition
of galacturonan in water, rather than simply confirming the conclusions drawn from
the parallel results in “salt”, adds new insights into the polymer behavior, revealing
unexpected features.

The AHgjss(0) and ASgies () curves for pectic acid in water, replotted from the origi-
nal data in figures 1 and 3 of reference [29], have been reported in Figure 3a,b, respectively.
The corresponding AH; () and AS;, () integral curves have been also reported in
the same figure, using the same scale (on the r.h.s.) used in Figure 2. Also in this case, the
intermediate values of AHj, () and AS;, () at the intermediate values of « from o

to « = 1.0 have been reported in Supplementary paragraph 1.
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Figure 3. (a) Dependence on « of the molar enthalpy change in dissociation, AHgjs,, of pectic acid
in salt-free aqueous solution (black symbols), and of the (integral) curve of Aﬁff cess (red symbols,
scale on the right); (b) Dependence on o of the molar entropy change in dissociation, ASg;es, of pectic
acid in salt-free aqueous solution (black symbols), and of the (integral) curve of Agff cess (red symbols,

scale on the right).

The bump-shaped curves in both panels are very similar to those of Figure 2 in “salt”.
Much like the case of the limits of d&.on¢, those marking o, in “water” (b = 0.67, vs.
0.70 in “salt”) also fall at lower values of « compared with those of the system in “salt”:
o; =0.13 (vs. 0.17) and oy = 0.80 (vs. 0.87). Also in this case, the recalculated values of both

AH;, “ and AS;,“ over the Sotons range (reported in Table 1) are very close to those in

the paper written by Cesaro et al. [29].

Using the same method as previously used in the case of the system in “salt”, the
decoupling of the Aig}fiszsl and AX%COCSEESZ values was performed. The results have been
reported in Table 2. Both the enthalpic and the entropic values show the same sign as the
corresponding ones in “salt”; however, in all cases, the values in “water” are a little smaller
than those in “salt”. In the case of the AX@TTZ functions, the ratio of the enthalpy change in
“water” over that in “salt” is identical to that of the corresponding entropy change (namely,
0.78), whereas, in the case of the AX], ., functions, the ratio of the e%gssvalues is (g;czssand

that of the AS values is only 0.43. The smaller values of both AH,,,,, and AHgz ~y5 in
“water” with respect to “salt” will be addressed in Section 2.8.

2.5. Enthalpy Changes of Dilution: Galacturonan in Water

The experimental data of the enthalpy of AHg;ss of Figure 3 implies—among others—the
separate determination of the enthalpy of dilution of the polymer vs. solvent (water).
Besides this necessary aspect, the measurements of the heat of the dilution of polymers
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are interesting per se [65]. Figure 4a shows the remarkable similarity of the two curves
represented: the red dash-dotted curve through the red crossed-circles is the curve of the
enthalpy of dilution of galacturonan in water upon halving the initial polymer concentra-
tion; the black dash-dotted curve is the AHg;ss () curve from Figure 3a. The red dashed
curve at the bottom represents the calculated polyelectrolyte contribution to dissociation as
a function of « [29]. A comparison with the exothermic values foreseen by theory leads
to a very clear interpretation. Not only is the excess enthalpy change in dilution always
endothermic, but its almost perfect overlap with the dissociation enthalpy curve demon-
strates that the two trends reflect the same underlying process, namely the charge-induced
changes of conformation. Moreover, one should underline that—even besides the “bump”
corresponding to the 3; — 2; transition—the experimental curve keeps showing an en-
dothermic excess with respect to the theoretical one up to o« = 1.0, which must be traced
back to the persistence of the loosening process.
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Figure 4. (a) Dependence on « of the enthalpy of dilution of pectic acid (concentration halving; initial
value of Cp: 1.94-10~2 mole r.u.-L~1) (black symbols, Lh.s.) and of the enthalpy of dissociation, (red
symbols, data from Figure 3a, at 25 °C in water; inset, dependence on «, in the interval from « = &3 to
« = 1.0, of the enthalpy of dilution (red symbols; data from main panel) and of molar ellipticity (blue
symbols; data from the following Figure 6b) of pectic acid at 25 °C in water; (b) dependence on the
negative logarithm of the polymer concentration of the enthalpy of dilution from the initial concen-
tration, (Cp);, of pectic acid in water at 25 °C: blue symbols: o = 0.34, (Cp); = 2.04-10~2 mole r.u.-L~%;
red symbols: o = 0.96, (Cp); = 3.42-10~2 mole r.u.-L~!. The broken lines represent the corresponding
theoretical curves calculated according to the CC theory of polyelectrolytes.

All polyelectrolyte theories predict a linear dependence of the enthalpy of dilution on
the logarithm of the polymer concentration, with a slope proportional to the charge density
parameter, & (& = Ig /b, with Iy =7.135 A for water at 298.15 K and b = distance between
projection of charges on chain axis). In the case of weak polyacids, & = x-&y, with &y being
the charge density parameter of the fully dissociated form of the polyacid (& = Ig/by,
with by = 4.35 A) [66]. Figure 4b shows that, at two different values of «, galacturonan
does not follow theoretical predictions. At an o value in the middle of the transition,
the experimental data show a large endothermic deviation from theory, which is also
indicated in Figure 4a. On the low concentration side, the curve flattens down and starts
showing a very small exothermic behavior. The second curve in Figure 4b describes the
dilution behavior of pectate at & = 0.96; the trend is linear with log Cp,, but it keeps a steady
endothermic deviation from the theoretical behavior over the whole investigated range.

That the double-helix of DNA can be denatured by dilution has been known since
the 1960s, e.g., [67,68]. However, to the best of our knowledge, this is the first reporting
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of experimental results demonstrating the “denaturation upon dilution” of an ordered
polysaccharide conformation. It is the very process of dilution to drive the destabilization;
the gain in free energy deriving from the increase in the configurational entropy of the chain
and/or the reduction in excluded volume effects overwhelms the endothermic variation of
enthalpy due to forcing the system to populate higher energy states. This process can be
regarded as the conceptual opposite of the demonstrated osmotically induced coil — helix
transition in poly(glutamic acid). In the latter case, an osmotic stress raises the helix—
coil transition temperature by favoring the more compact c-helical state over the more
hydrated and expanded coil state [49]. As already pointed out in Section 1.7, the profound
compositional difference between PGA and galacturonan as to the change in hydration
upon conformational transition is at the root of the different behavior.

Exploiting the above reasoning induced an attempt to use the results of Figure 4b
to try to estimate the maximum value of AHj e of Na* pectate in water under the
following assumptions.

The ideal condition of polymer in water at C, — oo can be taken as the condition of a
maximum tightening of the polyelectrolyte, due to both the obvious restriction in volume
(minimum configurational entropy) and the attainment of the condition I — oo (stemming
from the fraction of uncondensed counterions).

On the opposite side, the condition of polymer in water at C,, — 0 can be taken as the
condition of maximum loosening (maximum configurational entropy).

The experimental data have been fitted as a function of Cp, with a hyperbolic equation,
and as a function of 1/C, with a Hill equation. The results are shown in Figure 5a,b,

—=excess ) o=1,Cp—0

respectively. The fittings enabled calculating (AHloosen_ , namely the value of

a=1,Cp—00

AHj, e in the transition from (x = 1.0, Cp — o) to (x=1.0,Cp — 0). In spite of the large
errors from the numerical fitting, the two values—reported in Table 3—are in excellent
agreement, lending confidence to the followed procedure. The result will be further
discussed in Section 4.2.
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Figure 5. Excess enthalpy of dilution of Na* pectate in water at 25 °C. Data from Figure 4b. (a) Data
fit with the general hyperbola equation: y = a — —LX; (b) data fit with the Hill equation:

(14cx)""”

y = A+ (B—A)x"/(k" +am), with x = 1/c,. The numerical values of the parameters are given

in the footnote to Table 3. In both cases, Aﬁ(zﬂcp%} 5@, = (Aﬁfgg:;;)

( Aﬁexcess) . ( AHexcess)
dil, Cpso dil, Cpseo
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Table 3. Maximum value of AHj o, of Na* pectate at « = 0.96 from extrapolation to C,, — oo and to

Cp — 0 of the heat of dilution data of Figure 4b.

—excess \ «=1,C,—0
<AHloosen.)

Source Condition State o=1,Cp—00

kcal-mole r.u.~1
initial final b c d
a=1,C=0,Cp =00 a=1,Cs=0,Cp=0 0.13 + 0.06 0.12 £ 0.06 0.13 +0.09
aT=25°C, R =0; hyperbolic fit, as a function of Cp. Fitting parameters: a = —13.83 4 58.94, b = —128.84 + 61.27

this work water @

(R2 = 0.9892); (AH“"‘“S> . =a—b=115+85calmoleru."!; (Aﬁ"’““s) _ —a=—14+59cal-ruL;
dil., -0 dil., Cp—co0
—excess | ¥=1Cp—0 1 ocp . . . .
(AHZOOSM) o —a— (a—b)=—129 £ 61 cal- mole r.u.”". © fit using the Hill equation, as a function of 1/C,,.
a=1,Cp—rc0
Fitting parameters: A = —17.03 & 51.47, B = 105.07 = 31.80, n = 1.5 & 1.5 (R% = 0.9821); (AH"“E”)d_I =4
1., P—)oo

TEXCess

—exces: =1,Cp—0
= —17 + 51 cal'‘mole ru.”}; (AH scess >(x P

=B =105 = 32 cal-mole r.u.”}; (Alesm -B-A=

)diL, Cp—0
—122 + 60 cal-mole r.u.~!. 4 average of ® and .

a=1,Cp—r00

2.6. On the Peculiar Behavior of the Dependence of the Chiro-Optical Properties of Galacturonan
in Water

Chiro-optical properties are among the best tools able to reveal subtle conformational
details in biopolymers; to this end, the molar optical rotation [m]y-3¢5 and the molar
ellipticity [#]a=215 of galacturonan in water as a function of o from figure 8 of reference [29]
have been replotted in Figure 6a,b, respectively.
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Figure 6. Dependence on « of the chiro-optical properties of pectic acid in water at 25 °C: (a) molar
optical activity at A = 365 nm; (b) molar ellipticity at A = 215 nm.

They clearly depict the whole of the changes of conformation; interestingly, the values
of « marking the beginning (x;) and the end (x3) of the 37 — 2; transition perfectly
match those from viscosity and (pK,)?. in Figure 1. However, a peculiar behavior is
immediately apparent. In most of the plots showing the dependence of chiro-optical
parameters, accompanying a pseudo-first order transition, on the independent variable
(e.g., temperature, specific ion concentration, charge density ...), a sigmoid curve joins
two roughly horizontal traits, corresponding to the specific property of the initial and final
states, respectively, but not in this case. The traits of both properties before o; and beyond
oz clearly show slopes markedly different from zero. Even more strikingly, the sign of their
slopes is opposite: in the low « range both curves increase with o, whereas in the range of
high o they decrease.
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The data of (Ae)(x) at A = 208 nm from Table 2 and figure 7 of the paper by Ravanat
and Rinaudo [7] have been replotted, together with the data of Figure 6a,b, in Figure 7a. In
spite of a limited scattering of the data points, the three sets of data converge in identifying
three different areas of trend, exactly matching the three regions defined in the discussion
of Figure 1. In particular, a maximum of all chiro-optical properties is noticed at about
X = X.
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Figure 7. (a) Dependence of the chiro-optical properties of poly(galacturonic acid) in water at 25 °C on
o (purple symbols): molar ellipticity at A = 215 nm (open circles, blue inner scale on r.h.s.) [29]; molar
optical activity at A = 365 nm (crossed-lozenges, purple outer scale on r.h.s.) [29]; ellipticity(arbitrary
units) at A = 208 nm (half-filled circles, red scale on Lh.s. and « as abscissa); ellipticity (arbitrary
units) at A = 208 nm (half-filled circles with magenta small full circle in the core, red scale on Lh.s.
and «’ as abscissa) [7]; I, II, III are the three regions defined in Section 2.1; (b) dependence on pH
of the optical activity in salt-free aqueous solution: full symbols and connecting curves of different
colors at the indicated temperatures for LMP at polymer concentration 0.4 wt% and A = 436 nm [32];
red open lozenges and dash-dotted connecting curve for poly(galacturonic acid) at 25 °C, polymer
concentration 0.47% and A = 365 nm [29].

The results of Figure 7b are—at least—equally surprising. The optical activity data of
LMP in water from figure 11 of the paper by Gilsenan et al. [32] have been replotted as a
function of pH, for various temperature (T) values. Remarkably, they all show a maximum
at pH = 3.0 at all values of T, and—even more interestingly—their maximum falls very
close to that of the plot of the optical activity data of Figure 6a (replotted as function of
pH). The slight difference on the pH scale between the two series may easily be explained
invoking the different values of both methoxyl esterification and polymer concentration
and the limited number of data points of the LMP experiments.

All'in all, given the accepted role of chiro-optical data as a monitor of conformational
order [32], the convergent results from the data of Figure 7 suggest an increase in confor-
mational order in region I, with a maximum order reached at « ~ 0.2. This is followed by a
neat decrease in ordering accompanying the 3; — 2; transition. Eventually, in region III,
the less steep decrease in optical activity indicates that the loss of order of the loosening 2;
helix is less than that of the inter-conformation change.

2.7. The Unique Interplay of Stiffening and Loosening of the 31 Conformation Induced by
Charging: The Progress of the Conformational Transition

The molar ellipticity data of Figure 6b have been replotted in Figure 8a, where two
separate non-linear fitting have been performed for regions I and III, in each of which
only one type of helical conformation is supposed to exist. In region I (between « = 0.0
and «y), the best fit is a parabolic one and in region III (between a3 and « = 1.0) the fit
is a hyperbolic one; they are indicated as a blue and a red dash-dotted line, respectively.
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Surprisingly, the values of extrapolation to « = 0.0 of both regions I and III almost coincide:
they are 3198 and 3240 deg-cm?-decimol ~! for the 3; and the 2; conformations, respectively
(average 3219, st.d. 0.9%). The common feature of the two fitting curves (and of the curve
connecting the experimental points in the range of the conformational transition as well) is
that their derivatives are always decreasing with «, irrespective of the absolute sign. This
observation induced us to consider the tangent lines to the fitting curves at « = 0.0 as the
limit reference curves for the experimental behavior in regions I and III, respectively. They
have been drawn as short-dotted lines in Figures 8a and 9a.
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Figure 8. (a) Dependence on « of the molar ellipticity at A = 215 nm of pectic acid in water at 25 °C.
The blue dash-dotted curve and the red one are the parabolic and the hyperbolic best-fit curves
calculated for the data in region I and in region III, respectively; the purple dash-dotted curves
has been drawn to guide the eye. The short-dotted lines represent the tangents to the dash-dotted
curves at the beginning of their respective range; the black short-dashed rectangle is the blow-up
area reported in Figure 9b; (b) dependence on o of the difference, 5[%],15, between the best-fit curves
of the molar ellipticity data at A = 215 nm (dash-dotted) and the corresponding tangent curves in
panel (a): red curve, 21 helix, blue curve 31 helix. Inset: “A typical snapshot taken from the MD
simulation of a galacturonic acid dimer in explicit water solvent showing the relevant direct [r.h.s.]
and water-mediated [L.h.s.] intramolecular H-bonds” [31]; it is figure 1 of reference [31], reproduced
with permission.

The reference line of region shows a large positive slope: —(d[¥lxs/dx) = +5736
deg-cm?-decimol !, —whereas the slope of that of region III is extremely small and
negative: —(d[0)y5/dx) = —176 deg-cm?-decimol 1. The latter behavior is certainly not
unexpected for a polyacid: an increase in charge density of a linear polyelectrolyte brings
stress to any ordered structure, with a corresponding decrease in the correlated chiro-optical
property. It is the former linear behavior, however, which is surprising. The ratio of the
absolute values of the two slopes tells that the conformational behavior—according to the
initial trend—of region I undergoes a (relative) transformation 33 times larger than that
in region III. The short-dotted line in Figure 8a represents the increasing ordering of the
31 helix, linearly proportional to the increase in «. This effect is a conformational one, in
the sense that it ascribed to the progressive build-up of local (short-range) interactions
stabilizing the (cooperative) 3; helix. The intra-molecular H-bond H, — O’¢—from the
non-reducing end to the reducing end of two nearest-neighbor galacturonic acid units—is
present in both X-ray crystallography [2] and in all molecular modeling results published
so far [31,63,69-71]. Its relevance derives from being an inter-residue hydrogen bond across
the glycosidic linkage, therefore stabilizing the 3; helix. Oxygen atom O’¢—from the car-
boxylic group—is always an H-bond acceptor; therefore, it is straightforward to conclude
that any increase in charge on the COOH group is expected to strengthen the H-bond. As to
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the latter point, Guidugli et al. [31] analyzed previous work on the polyelectrolyte proper-
ties on the dissociation of weak polyacids (namely, polycarboxylates). They suggested that
in the case of pectic acid, the best representation of the charge distribution at intermediate
values of « is also that of a fractional charge on all uronate groups, due to the tremendous
mobility of H*. Figure 1 of reference [31] has been reproduced in the inset of Figure 8b;
the inter-residue H-bond H, — O’ has been indicated, together with the water-mediated
H-bond linking O’3 with O’ (the latter is an intra-residue bond, which brings only an
indirect contribution to the stabilization of the disaccharide conformation). The linear
increase in order with « then likely reflects the linear increase in fractional charge.
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Figure 9. (a) Blow-up of the black short-dashed rectangle of Figure 8a (see for details). The two
opposite effects of the increase in charge density on the conformation of the 3; helix have been
indicated with A and B; (b) dependence on « of the mole fractions of 3; (blue full circles) and 2; (red
full circles) helical conformations calculated from the experimental data of panel (a); magenta open
circles; fiposen., fraction of repeating units of galacturonan in the “loose” conformation, calculated
from calorimetric data (see the discussion in Section 5.1).

From the thermodynamic standpoint, it should be recalled that the process of H-
bond strengthening of the 31 helix up to «; is followed by the opposite change of H-bond
breaking between «; and a3, following the transition to the 21 helix. It means that the two
sequential effects—both as to enthalpic and entropic changes—exactly cancel in the process

of increasing o from, say, &1 to & = 1.0. Therefore, the values of Aigfiszsl (), AX ooy ()

and AXj,., ()—with X = H, S, G—in Table 2 will not be affected. An estimate of the
enthalpy and entropy changes associated with the H-bond strengthening of the 3; helix is
given hereafter in Section 3.2.

However, in parallel with the described effect, a long-range repulsive interaction
between partially charged groups builds up; it is the polyelectrolyte effect correlated with
the increase in o.. The fact that the difference between all three fitting curves and the tangent
to those curves at the beginning of the respective range is negative demonstrates that the
increase in charge density produces a generalized loosening of all ordered conformations.
The effect is proportional to o with a power larger than 1. As shown in Figure 8b, in
region I, the destabilizing effect of loosening produces a much more dramatic decrease
in conformational ordering on the 3; than on the 2; helical form. The reason for this
is to be traced back to the intrinsic larger stiffness of the former conformation which
withstands the electrostatic stress much worse than the intrinsically flexible helix of binary
symmetry. At around 20% of group charging, the system starts relaxing the electrostatic
stress by undergoing the 3; — 2; conformational transition and the parallel breakdown of
the strongly H-bonded 3; conformation. A more comprehensive discussion of the above
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arguments is referred to in Section 5.2, in view of the viscometric results as a function of
supporting salt concentration and ionic strength.

The red dash-dotted curve represents the progressive loosening of the 2; helix that
accompanies an increase in «, with an acceleration of the trend between o3 and o = 1.0.
The inset of Figure 4a shows a perfectly parallel trend between the chiro-optical data and
the results of the heat of dilution in that range. The former ones point to a decreasing
chiro-optical order, the latter one to increasingly lower—but always endothermic—heat
effects due to a progressively looser 2; conformation.

Figure 9a is the blow-up of the area in the dotted rectangle of Figure 8a, to highlight
the initial and the transition ranges. The two blue curves describe two opposite effects
brought about by the same physical process, namely an increase in charge density; they
have been indicated by an upward arrow (A) and a downward one (B). The origin of this
seemingly contradictory behavior has been already addressed; a discussion on its possible
effect on the curve of the enthalpy of dissociation is postponed to the following Section.

Using the experimental chiro-optical data of Figure 9a and the two dash-dotted curves
as the limiting curves for the pure 31 (blue) and 2; (red) conformations, it is possible
to calculate the fractions of 3; and 2; conformation, respectively, in the course of the
conformational transition. The results have been reported in Figure 9b together with the
calculated values of the fraction of “loosening” from calorimetry. The numerical values of
the latter ones are reported and discussed in Section 5.1 about capillary viscosity, in which
there is also a discussion of the finding that the value of «, at which the two fractions are
equal, &1 /5 (f3, = f2, = 0.5), is a = 0.4, which will be given in relation to the whole-chain
behavior of galacturonan.

2.8. Opposing Enthalpic Effects upon Charging the 3; Helix

The comparison of the values of both the loosening and of the 3; — 2; transition
enthalpy change in “water” and in “salt” shows that those in the latter condition are always
larger than in a salt-free solution.

The simultaneous presence of an “H-bonding tightening” effect and an “electrostatic
loosening” one—as evidenced by the chiro-optical data of Figures 8 and 9—necessarily
implies an enthalpic counterpart. Hydrogen bond formation is accompanied by a negative
internal energy (enthalpy) change [72]; however, in the process under scrutiny, only a partial
formation (strengthening) can be envisaged, with a reasonable contribution probably one
or two orders of magnitude lower than that of full formation in vacuum. (An estimated
value of the enthalpic effect is given hereafter in Section 3.2). Helical loosening, on the
other side, is an endothermic process (see Table 2). It is than quite likely that a partial
compensation of effects is at the root of the lower value of AHj, 5o, in water (namely, 0.10
vs. 0.13 kcal-mol ). Scheme 3 gives a pictorial representation of the above argument, with
a part of the endothermic signal being masked by the exothermic H-bond formation.

The former process is expected to grow according to a power law dependence on «
larger than 1, whereas the dependence of the latter one should be essentially linear. This
would entail an increasing “distortion” of the calorimetric data upon decreasing «. In turn,
this would affect the critical set of data points at the beginning of the integration range for
the determination of the “excess” heat effect of transition, explaining the underestimate of

AH3 ', in “water” with respect to that in “salt”.
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Scheme 3. Schematic representation of the hypothetical exothermic contribution to the AF™ curve
of pectic acid in water from the tightening of the 31 helical conformation; it masks an endothermic
fraction of equal value. This enthalpic process is paralleled by an increase in order, as shown by
the parallel increase in [9]15 (red symbols; from Figure 6b). The “missing” endothermic fraction
of Aﬁdiss is sketched as a skewed parabolic segment (light blue); the range of development of the
two experimental properties accompanying chain tightening is indicated by the two dotted light
blue rectangles. The inset on the r.h.s. sketches the effect of an increase in « on the conformational
energy map of galacturonan; the increase in H-boding (AE < 0, A) would progressively narrow the
accessible area of the map (horizontal blue dotted segments) whereas the electrostatic loosening
(AE > 0, B) would counteract by widening it. The overall result is a net decrease in accessible states
which, however, increasingly loses momentum.

3. The Temperature-Induced Conformational Transition of Galacturonan
3.1. Enthalpy Changes and Melting Temperatures from DSC Data

In a typical DSC experiment [32], a 3% LMP solution at an acidic pH value (<4.0) and
at 10 °C was made to pass from a strong gel (for very low pH), or from a viscoelastic system
(for the higher pH values investigated), to a viscous fluid at 85 °C, with the breakdown of
the interchain junctions that are at the root of the chain association. In the initial condition,
the polymer conformation is that of a fully (or at least largely) attained 3; helical form, in
turn “loosened” to a variable extent with respect to the “perfect” helical conformation, as
discussed in the preceding Section. The final state is always a condition of considerable
conformational disorder (“looseness”). In the by far larger number of cases, the symmetry
of the imperfect helix is the 2; one, albeit some remnants of the loosened 3; one may be
present under some circumstances.

. . =D .
The observed heat effect in a DSC experiment, AHexSpCer., can be tentatively supposed
to be made up of three contributions:

1.  The enthalpy change accompanying the “melting” of the associated structures. The
presence of contacts between chains (association), which is a prerequisite of gel for-
mation in LMP, was demonstrated by light-scattering experiments [38]. It is quite
reasonable to suppose that the junctions are held together thanks to hydrophobic
(van der Waals) interactions between the COOCHj; groups of facing chain stretches
(with a correlated enthalpy change in association, AHY, ). Their melting brings
about a negative (exothermic) value of AH, AHSB%%J with the opposite process being
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endothermic: “The formation of the hydrophobic bond is endothermic at low tem-
peratures” [13] (AHE;%E,A = —AHDSS, ; separ. stands for “(chain) separation”, having
restricted the word “dissociation” to the ionization process of galacturonic acid). From
the experimental standpoint, negative (exothermic) values of AH have been observed
in several associated systems held together by hydrophobic interactions [56,58,73]. In
experiments of melting, like in the DSC heating experiments, one should then expect
that the experimental enthalpy of melting—albeit being endothermic due to confor-
mational transition, see points 2. and 3.—becomes increasingly less endothermic upon
increasing polymer concentration, Cp,. This increasing exothermic contribution stems
from the obvious assumption that association if favored by an increase in Cp,. Of
course, in principle, other interchain interactions might also be present, like interchain
hydrogen bonds. In this case, however, breaking such bonds would bring about an
endothermic enthalpy change, indistinguishable from those described hereafter in
2. and 3. and, more important, it would add to those, thereby increasing the net
endothermic effect;

2. The enthalpy change accompanying the conformational transition from the 31 to the 2;

DSC, . This effect is endothermic and, for the 100% change in con-

31—21
formation, it coincides with the value of AHSTC_ES . (AHgTC_eff , = +0.59 kcal-mole ru.h),

reported in Table 2 for the “salt” case from ITuC experiments. Should the final 24
conformation be only partially present in the initial state, then the extent of this effect
would be equal to f3, -AH:?lsszl, where f3, is the fraction of the polymer in the 3,
conformation, trivially being f>, + f3, = 1;

3. The enthalpy change accompanying the loss of order (“loosening”) of either regular

. . . . =DSC
conformation that accompanies the progressive increase in temperature, AH; s, -

This effect is endothermic (as very well known for the full order — disorder transitions
of proteins and nucleic acids) and it coincides with the entity called Aﬁfg;;:; in Table 2;

its value can vary depending on the given set of initial and final states;

4. The sum of AHYS, and of AHE)SC Dse

352, osen.- €an be operationally identified with AH,, ,
i.e., the enthalpy changes of the two processes pertaining to the transition of the
isolated chain, corresponding the processes whose thermodynamic quantities have
been reported in Table 2. On the other side, all terms contributing to chain—chain

dissociation are collectively expressed by AHISDEE,%.

helical symmetry, AH

Altogether, it is then possible to write for the enthalpy change in “melting”:

AR (Cp)= AHESS, (Cp) +AHRSS, +AFS, v

exper. separ. 312

The experimentally determined values of the melting temperature, Tr,, and enthalpy

change, Aﬁg;cer‘, from figure 8a,b of [32] have been replotted in Figure 10a,b, respectively.
They have been obtained at different values of pH in the interval from 1.6 to 4.0 for an
LMP concentration, Cp, Cp = 3 wt%. For the lowest pH values (namely 1.6 and 2.0),
the bimodal grouping of the values of T, would indicate that some additional type of
process becomes progressively apparent in that range of pH. It is paralleled by a very

marked decrease in the experimentally determined endothermic heat effects (recalculated

on the kcal-mole r.u. ! scale). As to entropy, the Aégi,f;?‘“ (pH) values have been cal-

culated from the experimental Aﬁgi,cer' and Ty, values, trivially calculated as follows:
Aggi,(éfm (pH) = aBY%, (pH)/Tm(pH); furthermore, those results have been reported in

exper.

Figure 10b. Scrutiny of Figure 10b, however, seems to largely reconcile the anomaly of
Figure 10a.
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Figure 10. Dependence on pH of the thermal properties of LMP solutions (3 wt%) as determined
by DSC experiments from 10 °C to 85 °C. Data replotted from [32]. (a) melting temperatures,
Tm; (b) experimental Aﬁgspfr_ (blue open circles) and Aégpefm values; the latter calculated as

cDSC T,
AS,y per. "

(PH) = aris

exper. (

pH)/Tm(pH) (red full circles). The dashed rectangles identify two ranges

of pH which in the Ty, vs. pH data trends are separated by an abrupt upraise: magenta, pH < 2.0,

black, pH > 2.5.

To test the latest hypothesis, we analyzed the enthalpy/entropy correlation by plotting
the enthalpic data as a function of the entropic data, both from Figures 10b and 11a.

A linear correlation between the enthalpy changes of a series of experiments and
the corresponding entropy changes is generally accepted as a proof that the underlying
process is the same (“enthalpy-entropy correlation”, or Barclay-Butler-type relation) [55].
The data of the group in the pH range from 2.5 to 4.0 show a very good linear correlation
(R? = 0.99986), with a slope of 312.0 4- 2.6 K. The slope of those in the pH range from 1.65 to
2.0 is 339.6 (trivially being R? = 1.0). However, the latter couple of data points lay very close
to the former group; in fact, a linear correlation of all the data of the two sets provides an
equally good correlation (R? = 0.99902), with a slope of 307.4 + 6.8 K. This finding allows
for the conclusion that the fundamental processes underlying all the different experimental

conditions are largely the same.

The bare experimental enthalpy data points from a DSC scan of methoxylated galac-
turonan (“pectin”) at pH = 3.0, for three values of the polymer concentration, were reported
in figure 10a of reference [32]; they are given in ] per g of solution investigated. They have
been replotted here in Figure 11b (black full circles and lines). Although not far from a
linear behavior, a polynomial of the second order gives a better fit of the data (R? = 1!),
pointing to a slight, but clear, departure from linearity upon increasing concentration. Upon
taking the derivative of the curve with respect to the concentration, taking into account the
equivalent weight of the polymer (319 g-equiv.~!) and passing from the joule to the calorie
scale, one obtains the data plotted (as red open circles) in Figure 11b, which—in accordance
with premise—show a perfect linear behavior. Formally:

(Cp)

+—=DSC
dAHexper. .C

ac, F

()



Polysaccharides 2023, 4

293

DSC (cal - mole r.u.™)

(AHEXVEY.)

900

800

700+

600

500

400

300+

200 +

100

(a) (b)
. 900 05
=
S
,c!/ Ko 0.4 —
// =t 'S
” = g
/'6 = 03 5
s S 850 2
o g 2
s :
7 = .
,/s‘{ @ 02
2 = I
7 Iz 4
v < 01 !
s
& 800 -
T T T T T 1 T T T T 0.0
0.0 0.5 1.0 15 2.0 25 3.0 0 1 2 3 4 5
T DSC -1 -1 .
(ASexper.) (Cal : mOIG ru” - K ) [Pectln] (Wt %)

Figure 11. (a) Dependence of AHBCSPSV. on Aggcspce;_T"‘ for LMP at different pH values (data from

Figure 11b). Blue open circles and dash-dotted line: data in the pH range from 2.5 to 4.0; magenta
open circles and dash-dotted line: data at pH 1.65 and 2.0; the black dash-dotted line is the linear best-
fit through all data points; (b) dependence on polymer concentration of the DSC calorimetric results
replotted from figure 10a of reference [32], black symbols and r.h.s scale: full circles, experimental data
points; dash-dotted curve, polynomial best fit of experimental data; dotted line, first derivative of
the polynomial curve at [Pectin] = 0.0 (wt%) to highlight the polynomial trend. Red open circles and
dash-dotted line: Aﬁgfpcer, values as a function of LMP concentration from the polynomial fitting of
the black full circles data and transformation to the cal-mole r.u.~! scale. Horizontal red dashed line:
average value of AHB;CW_ from figure 8b of [32]. Inset: reproduction of figure 10b of reference [32]:
pectin concentration dependence of the temperature of maximum heat flow (Tmax) or the mid-point
temperature (T, ), with permission.

The result lends itself to only one conclusion: upon increasing concentration, a small
but clear exothermic effect becomes increasingly evident. Given its concentration depen-
dence, it is to be associated with the mentioned enthalpy change in chain separation:

+—=DSC
dAH e _ AAHZSL  dAHDS, 3)
ac, ~—  dC,  dGp

The value of the intercept of the plot of Aﬁgsp(;r. (Cp), (Aﬁgsp(ér)C ;s
=

+0.87; kcal-mole r.u.~! and that of the slope —16.314 cal-mole r.u.~!-(wt%)~!. The (linearly

DSC )

averaged) value reported by Gilsenan et al., (Aﬁexpe,_ o o is +0.84 kcal-mole r.u.~! for

pH = 3.0, after transformation to the same scale (see horizontal dashed line in Figure 10b).

Interestingly, the values of the temperature of both the maximum of the calorimetric
peak (Tmax) and of the transitional midpoint (Trn) depend linearly upon the polymer
concentration. In particular, they increase upon increasing C,,. The inset of Figure 11b is
the reproduction of the original Figure 10b with the Tmax and T, (Cp) data [32]. Also, in
this case (replotting not shown), it formally holds as follows:

dT
Tm (Cp) = (Tm)c,—0 + ﬁ'cp 4)
The intercept of the linear plot (R* = 0.9985) of Trm (Cp) is (Tm)Cp:0 =304.03 K and

slope 2.05 K-(wt%)~1. For the two cases, the intercept at Cp, = 0 wt% can be taken as the
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values of the enthalpy change < <Aﬁgcspcer.) como AHBSC> and of the melting temperature
o=

((Tm)Cp 0= (Tm>tr) for the transition of the isolated chain, respectively, i.e., free from

any association effect. The ratio of those values is the entropy change in the transition of

the isolated chain, (Aégicefm) VL pH =3.0:
=

&DSC,Trm o . aDSCTm
(Asexper. )CP:O = (AHZS;SV.)CP:O/<TU\)CP:O = AS, ®)
with AéﬁSC'Tm =+2.87 cal-‘mole r.u.~! K~1. The (linearly averaged) value reported by Gilse-

nan et al., (Aéﬁsﬁfm)c o is +2.7¢ cal-mole r.u.~! K~! for pH = 3.0, after transformation

to the same scale (see Figure 10b).
More on the thermodynamics of association is reported in Supplementary paragraph 3.
For the particular case of C, = 3 wt%, which is the concentration of all reported
DSC calorimetric data, the increase in Tr, with respect to Cp = 0 wt% is 6 °C, whereas

the enthalpy difference, (AHDSC )C 2! is—49 cal-mole r.u.~ 1. Unfortunately, no data
P: o

separ.
as a function of concentration are available for the curves obtained at pH values other

than 3.0. The knowledge of both AHB(SPS,. and T, would have enabled evaluating the
thermodynamic parameters of association in those conditions directly from experimental
data. In the absence, any attempt at producing a solid quantitative evaluation of the

different contributions to AHBCSPCE,, must rely on some assumptions. It was decided to arrive
at some rough estimates, based on questionable but verifiable hypotheses. The available
results encompass a wide range of experimental conditions. The only purpose of this
procedure was to provide a qualitative picture to comparatively rationalize such valuable
results in terms of simple underlying physical chemical processes.

The first hypothesis is that the same qualitative behavior observed for pH = 3.0—as

to the dependence of both Aﬁgigr' and Ty, on Cp,—holds for the other pH values: it is

supported by the results of Figure 11a, namely by the good enthalpy/entropy correlation.

Recalling the purely comparative purposes of the desired estimates, the second hy-
pothesis assumes the case at pH = 3.0 as the reference for such a comparison. In particular,
(i) the limit condition of (T )° = (Tm) chain = 304.15 K is assumed to be equally valid for

the other pH values at the same temperature, and (ii) the same correlation between the

. +—DSC . . .
decrease in AH,, ., and the increase in T, is assumed to hold for the other pH values.

Consequently, the (excess) enthalpy change in dissociation (separ.) at the conventional C,
value of 3 wt% at any pH value can be obtained from the following:

+7DSC

dAHexper.
pH ac H 0 pH=3.0
AHESC) = — i ((Tm)B s, — ((Tm)°) 6
( sep: Cp=3wt% dTym ( m)CP:3Z"t o (Tm) Cp=3wt% ©)
ac,
AN i
where # = —16.316 cal-mole r.u. - (wt%) ! and ﬁ =2.05 K-(wt%) !, respectively.

According to the above hypothesis, one can correct the experimental enthalpy changes
at different pH values for the concentration effect, using the corresponding values of Tr,
(and bringing the results back to the common reference case of pH = 3.0). The results of
AHSB%% (magenta) have been reported as in Figure 12a. Not surprisingly, the two cases of
condition at—or below—pH = 2.0 show a massive presence of interchain association (the

. . . —=DSC .
relative values of association, calculated as the ratio of AH, ;. (PH) over the maximum

observed value of Aﬁs.qu,., i.e., at pH = 2.0, have been reported in Figure 12b). However,
given the significant polymer concentration conditions used, association is present at least
up to pH = 3.5. This point will be discussed later in relation to the rheological behavior.
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Figure 12. Dependence on pH of (a) experimental enthalpy change in transition by DSC
from [32], AHBCSPCH_ (black squares); calculated values—as described in Supplementary paragraph 3.4
. +7DSC . i
—of the enthalpy changes of separation, AH,,;, (magenta open circles), of 31 — 2; transition,
. . —DSC . o .
AHEI?ES21 (red open circles) and of loosening, AHj,s.,,. (purple open circles). The superscript “DSC

has been omitted in the figure for simplicity; (b) fraction of repeating units in the 3; conformation
(open circles, Lh.s. scale) or in the 2; conformation (full lozenges, r.h.s. scale) at T = 10 °C (blue color)
and at T = 85 °C (red color); fraction of repeating units (relative to the corresponding maximum
value of enthalpy change) in the “associated” form (magenta open circles, Lh.s. scale) and in the
“ordered” (tightened) conformation (purple open circles, r.h.s. scale); purple stars represent the
fractions (relative to maximum) in the ordered conformation as calculated from the optical activity
data of [32]. All curves have been drawn to help the eye only.

Figure 12a also reports the values of the enthalpy changes of conformational transition,

AH3D15£21, and of chain “loosening” (disordering), AHBESM, in the thermal transition, calcu-
lated as described in Supplementary paragraph 3.4. Also, in the case of the latter processes,
the corresponding relative fractions (with respect to maximum) have been reported in
Figure 12b. The resemblance of the behavior—with a maximum—shown by the optical
activity data is striking. It is noteworthy that they have been obtained in the same range
of conditions: see Figures 7b and 12b. Before displaying those results, a discussion on the

dependence of the various contributions on pH will be given in the next Section.

3.2. Insights into Conformational Changes from Data as a Function of Temperature

The pH range 2.5 to 4.0 investigated in the paper by Gilsenan et al. is the one which
better lends itself to a comparison with the data at 25 °C by Ravanat and Rinaudo and by
Cesaro et al. Figure 12b indicated that the fraction of associated material (at the starting tem-
perature of 10 °C) decreases from about 20% (of maximum) at pH = 2.5 to zero at pH = 4.0.
This therefore narrows the focus on the main involved effects to the inter-conformation
31 — 21 change and to the loosening effect. The chiro-optical results published by Ravanat
and Rinaudo [7] have been reproduced here in Figure 13a. The blue data points clearly
show that the wavelength of the maximum of the n — 7* CD transition of pectic acid, Amax,
is a peculiar function of the degree of dissociation () (or, in a correlated way, of the degree
of charge neutralization o, being ot = &’ + (10~PH/ Cp) with C;, defined in Section 2.1). The
value of Amax is inversely proportional to the energy change associated with the transition;
it is therefore a valuable source of information for the identification of the conformation
in the initial state. In fact, the constancy of Amax in the particular range of pH (and hence
of «’) demonstrates that up to a charge fraction of just about slightly more than 0.2, the
only existing conformation is the 3; one: “when the equilibrium is displaced to favor the
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associated form (COOH), the absorbance Ae decreases without changing the absorption
wavelength (A = 208 nm)” [7]. For a further increase in pH (i.e., of ), the conformational
equilibrium progressively shifts to the 2; form, associated with a higher transition energy
(shorter wavelength). In parallel, the red data points (Aeg, ellipticity) recall that there is
a modulation of the transition probability corresponding to an increase in ellipticity (i.e.,
ordering) in the 0.0 < « < 0.2 range. It is followed by a steep decrease due to the 3; — 24
conformational transition up to « = 0.6, and finally by a less steep decrease up to full
neutralization with progressive loosening of the chain order (see discussion in Section 2.7).
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Figure 13. (a) Dependence on the degree of dissociation, o (full circles), or on the degree of neu-
tralization, &’ (open circles), of the wavelength of maximum ellipticity, Amax, (blue symbols, Lh.s.
scale) and of the ellipticity, Aeygg, (red symbols, r.h.s. scale) of poly(galacturonic acid) in water at
A =208 nm; data replotted from [7]; (b) dependence on pH (full circles, lower x scale) and on o (open
circles, upper x scale) of the enthalpy changes of transition by DSC, Aﬁgfpcg,., (purple symbols, Lh.s.
scale), data replotted from [32]; and dependence on the degree of dissociation, « (full circles), or on
the degree of neutralization, &’ (open circles), of the ellipticity at A = 208 nm of LMP in water (red
symbols, r.h.s.); data replotted from [7].

The Ae data have been replotted together with the DSC ones in Figure 13b. The
values of the degree of dissociation of the latter solutions—indicated by the open pur-
ple circles—was calculated from proper extrapolation to the concentration of 3 wt% of
the potentiometric data (pK; vs. «) in water by Cesaro et al. [29] The slight difference
on the abscissa is clearly due to the much lower C;, value of the solution in the CD
experiments—0.16 wt%, vs. 3 wt% in the DSC ones—and to the difference of
temperature—25 °C vs. 10 °C. The parallel is striking: (i) at pH = 3.0, both the mea-

sured enthalpy change and Ae show their maximum value; (ii) Aﬁgspcer. at pH =2.5is lower
than at pH = 3.0 due to a lower degree of order (as also revealed by the Ae data); (iii) the

decreasingly lower Aﬁgspcer. data points—at pH = 3.5 and pH = 4.0—pertain to systems
that contain mixtures of 31 and 2; conformations with a significantly decreasing fraction of
the former one.

These premises allowed separating the inter-conformational (3; — 2;) from the “loos-
ening” enthalpy change values as a function of pH (see Supplementary paragraph 3.4 and
data of Figure 12a). The representation of the fractions of the different parameters as a
function of pH in Figure 12b leads to the following remarks: (i) at 10 °C some association
is present in all the investigated pH conditions, but it is highest at pH = 2.0 and below;
(if) maximum ordering (“tightening”) is achieved at pH = 3.0 (the origin of the found behav-
ior, which perfectly parallels the dependence of [¢]15 of Cesaro et al., was amply discussed
in Section 2.7); (iii) beyond pH = 3.0, even at T = 10 °C, the increase in polymer charging
increasingly destabilizes the three-fold helix in favor of the two-fold one; (iv) surprisingly,
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the opposite behavior is found in the condition of lowest charging (pH = 1.6) at T = 85 °C,
where high temperature is shown to be unable to fully destabilize the 3; helix in favor of
the 21 one (f3, = 0.48).

As to above point (ii), it is possible to arrive at an estimate of the enthalpy and en-
tropy changes associated with the proposed strengthening of the inter-residue H-bond,

AHY _pona and ASy_pona, respectively. The variation of Aﬁgﬁfm—m Figure 12a—between
pH = 1.6 and 3.0 corresponding to the opposite process of H-bond breaking suggests
a value of about —0.28 kcal mole r.u.”! for AHy_pppg. In full analogy with the proce-
dure described in Supplementary paragraph 3.4 for the enthalpy values, considering the

nil value of the loosening terms at pH = 1.6, and using the quoted values—in cal mole

ru. ! K- l—of AEBSC’T"‘ =+2.87 and Aégfisf , = +1.84, one can estimate the value of the

entropy change accompanying the H-bond breaking as ASy_pnq = —(AEBSC’T‘“ — A§§’1‘Cj5§1)

= —1.03 cal mole ru. " K~1.

The fact that the same analytical approach succeeded in interpreting data on LMP
over a comparatively large range of pH (including the presence of important association
phenomena) according to a behavior perfectly parallel to that of poly(galacturonic acid)
corroborates the statement of Cros et. that “Of a certain interest is the conclusion that there
is no significant influence of the methoxyl group on the conformational behaviour of both
the disaccharide and the polysaccharide. Therefore, it may be concluded that the well
known influence of methoxylation on functional properties of pectin may be arising from
intermolecular origins” [11].

Scheme 4 visually summarizes the complex interplay of association, conformational
transition and ordering/disordering in the critical low pH range from 2.5 to 3.5.

B % max. association B % max.ord. %3, % 2,

Scheme 4. Dependence on pH of association, conformations and ordering of 3 wt% LMP in water at
10 °C. Vertical bars pertain to % of maximum association (grey) to % transformation to the 3; (blue)
and to the 2; (yellow) conformations, respectively. Orange vertical bars pertain to % of maximum
ordering resulting from the calorimetric evaluation (see Scheme 4 and the related discussion); the
brown stars pertain to % of maximum ordering resulting from the analysis of the optical activity data
of figure 11 of [32] (the value at pH = 2.5 has been obtained by linear interpolation of those data at
pH =2.0 and 3.0).

3.3. On the Difference between the Disordered Conformations of Pectin Brought about by Charging
or Temperature

The comparison of the final states of the isothermal denaturation by increasing « to
o =1.0 (at T = 25 °C) and the thermal denaturation by increasing T to 85 °C (at pH = 3.0) is
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worth commenting. The statement by Gilsenan et al. who “.. .conclude that, as suggested
in previous studies (e.g., Ravanat & Rinaudo, 1980), the preferred conformation of pectin in
the solution state at high temperature and high pH (i.e., well above pKj) is highly extended,
with local geometry close to that in the two-fold ordered structure” [32] applies equally
well to the final state of the former transition. However, it is interesting to try to quantify
such a similarity.

Table 4 reports the comparison between the parameters proportional to the extent of
conformational loosening in the isothermal transition upon full charge neutralization at
25 °C with the parameters that measure conformational loosening in the thermal transition
at pH = 3.0. This approach has considered the ratio of a given physical chemical property
pertaining to the loosening process over the corresponding value of inter-conformation
change, taken as the reference. The physical chemical properties considered were chiro-
optical (molar ellipticity for isothermal and optical activity for iso-pH), enthalpic and
entropic variations. Details of the values used are given in the legend of Table 4.

Table 4. Comparison between the ratio of the extent of conformational loosening in the isothermal
transition upon full charge neutralization over that in the thermal transition at pH = 3.0, according to
the chiro-optical, calorimetric and entropic results.

Isothermal (25 °C), pH-Induced Transition. Iso—pH (3.0), T-Induced Transition. RATIO
Final State: & = 1.0 Final State: T =85 °C

A[0]215 (deg-cm?-decimole ™) 1. Alodze (100 deg-dm—1-(% wt)~1) 2. 2./1.
A.31 =2 1080 @ A3 —2 15.63 €
B. loosening 1449 ° B. loosening 50.0

Chiro-optical ratio, B./A. 1.34 Chiro-optical ratio, B./A. 3.20 2.4

AH (kcal-mole r.u.~1) 1. AH (kcal-mole r.u.~1) 2. 2./1.
C.31—2 0.59 € C.3—-2 0.59 €
D. loosening 0.13f D. loosening 0.288

Calorimetric ratio, D./C. 0.22 Calorimetric ratio, D./C. 0.46 2.1

AS (kcal-mole r.u.”1-K™1) 1. AS (kcal-mole r.u.” 1. K1) 2. 2./1.
E.31 =2 1.840 E.31 =2 1.84h
F. loosening 0.441 F. loosening 1.03

Entropic ratio, F./E. 0.24 Entropic ratio, F./E. 0.56 2.3

2 Difference at oo =022 between blue (3;) and red (2;) dash-dotted curves in Figure 9a; b Differ-
ence at a=1.0 between dotted (baseline) and dash-dotted (experimental) curves in Figure 8a; ¢ Dif-
ference at 10°C between experimental (triangles) and baseline curves for pH = 3.0 in figure 11b
of [32]; 4 Difference between A[axlys values at 85°C and 10 °C on the extrapolated baseline for the

TTEXCess

=1,R
curve for pH = 3.0 in figure 11b of [32]; © Value of (AH3lﬁ21>LK R in 0.05 M NaClO4 (Table 2);
aq,

—excess \ ¥=1Cp—0

—excess \ ¥=LR
f Value of (AH,MW) in 0.05 M NaClO, (Table?2) and (AH,DOSM> @ in Table 3); & Value
) ag,R "/ a=1Cp—re0
DSC

calculated as AHjppeen. = (Aﬁexpe,' - Aﬁg’l‘fﬁl, with (AHDSC >C , =+0.87 kcal-mole ru”l,
o=

) o exper.
Cp=0% o

FFexcess 1. h _excess \*=LR ;
AHz 5 = +0.59 kcal'mole ru.”"; " Value of (AS314)21>A’1R in 0.05M NaClOy4 (Table 2); ' Value of

— «=1,R . _ ]
(AS?;;;;Z) R in 0.05 M NaClOy (Table 2); ) Value calculated as ASjyse,. = <AS,§SF,(;;T m
oy,

=eXcess .
)CP:O% — AS5 , with
=DSC,T,
(AS ,Tm

exper. >Cp:3"° = +2.87 kcal-mole r.u.~1.K~1, Aiziszsl = +1.84 cal-mole r.u.~ 1. K1,

The results of the comparison of the ratio (thermal transition/charge transition) by
the three methods produce a very similar picture: the average value is 2.3 £ 0.1. The
surprising result is the absolute value of the ratio that indicates that high temperature is
more efficient by more than 200% to disrupt the helical order with respect to electrostatic
charging. On more specific grounds, the “loose” 2; conformation at high temperature can
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be reasonably considered as largely disordered (coil). On the other side, the form at oc = 1.0
at 25 °C retains a significant part of the two-fold order, which renders the loose-helix ready
to attain full ordering upon interacting with suitable di- or multivalent counterions, like in
the well-known case of the formation of the calcium—-pectate gel [25].

3.4. Molecular Aspects of the Acid—Gel Formation of LMP

Figure 14 clearly demonstrates the strong correlation between the elastic modulus, G,
of a 3.0 wt% LM pectin after 100 min at 5 °C (data replotted from figure 3a of [32]) and the
fraction of maximum association (% ass.) as determined from the calorimetric experiments
(see Section 3.1 and Figure 12b). The parallel up rise of G’ and % ass. (operationally depicted
by the purple dash-dotted curve) increases steeply below pH = 2.5, finding a similarity with
the hyperbolic dependence of My, on pH (see inset to Figure 14). The latter are the results
(as weight-average MW, M) of light-scattering experiments on different LMP samples and
poly(galacturonic acid) reported by Sawayama et al. [38] in their figure 3. They clearly show
that decreasing pH brings about an increase in My, due to substantial chain association;
the qualitative similarity with the fraction of maximum association curve (full squares) is
striking. It gives a solid support to the interpretation of the concentration dependence of
the calorimetric data as deriving from the enthalpic contribution of associative van der
Waals (hydrophobic) interactions. The two areas identified in the T, vs. pH curve of both
panels of Figure 10 find a neat counterpart in two ranges of the % ass. curve: the former
from pH = 4.0 to pH = 2.5, the latter at and below pH = 2.0. They have very different slopes,
closely resembling the high pH and the low pH hyperbolic trend of Sawayama'’s data, in
particular of those of poly(galacturonic acid).

A comparison of the % ass. curve with the data on the dependence of tan %
(tan § = G”"/G') on pH—also from figure 3a of Gilsenan et al. [32]—helps to shed light onto
the macroscopic behavior of the LMP system paralleling the pH-induced chain association;
also, they have been replotted (as red symbols) in Figure 14. The log tan  data show a
sigmoid behavior (the transition being roughly identified by the light grey rectangle), with
two steeper slopes, namely one for pH < 3.0 and another one in the interval 1.5 < pH < 2.5.
Recalling the definitions of gel formation (G’ = G”, i.e., log tan § = 0.0) and of strong gel
formation (G’ = 10-G”, i.e., log tan § = —1.0), three regions have been identified in Figure 14,
corresponding to strong gels (for pH < 1.66), to weak gels (for 1.66 < pH < 3.29) and to
viscoelastic solutions (for pH > 3.29).

Figure 15 revisits the data of the pH dependence of the (negative) average slope of the
logarithm of the complex dynamic viscosity, n* (n* = (G/2 n G,,z)‘/z /@), versus the logarithm

d lognx*
d log@

range studied, taken from figure 3b of Gilsenan et al. [32]; they have been replotted together
with the tan 6 data. The authors noticed that “the slope at pH 1.6 is close to the theoretical
maximum value of—1.0 for a perfectly elastic (Hookean) network, but as the pH is raised
there is a steep and essentially linear decrease in slope towards the minimum value of 0.0
anticipated for a perfect (Newtonian) liquid”. In Figure 15, the value of pH corresponding
to the maximum tightening (and expansion) of the 3; helical conformation has also been
reported (as a purple downward pointing arrow). This value—pH = 3.0—is very close to
the value marking onset of gel formation (G’ = G'’; pH = 3.29). The red dotted circle marks
the close matching of the conditions of the lower « limit of the conformational transition
region, of the maximum tightness of the 31 helix and of gel formation: log tan 6 = 0. It can
be concluded that an increase in conformational loosening accompany—on opposite pH
directions—the opposite processes of gel formation of increasing rigidity and of increasing
liquid-like behavior of the viscoelastic solution.

of the frequency, w,—the function “—slope” (fslope =— )—across the frequency
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Figure 14. Dependence on pH of the modulus of rigidity, G/, of 3.0 wt% LMP after 100 min at 5 °C
(black full circles, data replotted from figure 3a of [32], Lh.s. scale), of the fraction of maximum
association (purple open circles, data replotted from Scheme 4, r.h.s. scale) and of the logarithm of tan
8 (tan & = G”’/G’; red open circles and dash-dotted curve, outer Lh.s. scale). The magenta and black
dotted rectangles correspond to the dotted rectangles in Figure 10. The transition range of the sigmoid
is indicated with a light grey rectangle; the three regimes corresponding to the viscoelastic solution,
to the weak gel and to the strong gel have been indicated with dashed rectangles: light blue, magenta
and purple, respectively. Inset: reproduction of the data on the dependence of the logarithm of <M>,
on pH of different LMPs and poly(galacturonic acid) from figure 3 of reference [38], with permission.

A deeper insight into the correlation between the processes described in
Sections 3.1 and 3.2 (association, conformation change, loosening) and the rheological
properties of LMP can derive from an inspection of Figure 15. The data of the function
“—slope” between pH = 2.0 and pH = 4.0 very nicely conform to a parabolic behavior
(R? = 0.9985); the parabola crosses the horizontal line at (—slope) = 1.0 at pH = 1.69. On the
opposite side, the value at the minimum of the parabola is reached at pH = 5.39, at which
(—slope) = 0.17. The point at pH = 1.6 clearly does not fit to the parabola. Nevertheless,
drawing a dull straight line between the points at the two lowest values of pH returns the
value of pH = 1.42 at (—slope) = 1.0 and pH = 6.05 at (—slope) = 0.0. Finally, the values
of pH marking the onset (at pH =3.02) and the end (at pH = 4.31) of the pH-induced
conformational transition have also been reported in Figure 15.
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Figure 15. Dependence on pH of the negative value of the average slope of log n* vs. log w (—slope)
across the frequency range studied of 3.0 wt% LMP after 100 min at 5 °C (black open circles, data
replotted from figure 3a of [32], Lh.s. scale), and of log tan & (full grey circles: same data as in
Figure 13, rh.s. scale). The red dashed curve is the parabolic fitting (R = 0.9985) of all data points
except that at pH = 1.6; the red open circle is the calculated intercept of the fitting parabola with the
line at (—slope) = 1.0; the magenta dotted curve is the parabolic extrapolation to minimum of the
(—slope) function and the magenta full circle is the calculated point at minimum. The blue dashed
line is the linear best fit of the (—slope) data at pH = 1.6 and 2.0; the blue open circle is the calculated
intercept of the fitting line with the line at (—slope) = 1.0. A purple arrow indicates the value of pH
corresponding to the maximum tightening and expansion of the 31 helical conformation; a red dotted
circle represents the close matching of the conditions of the lower pH limit of the conformational
transition region, of maximum tightness of the 3; helix and of incipient (weak) gel formation: log tan
5=0.

One can draw the following remarks:

i.  The 3; conformation is required to produce strong gels in very acidic conditions;

ii. “Even in the absence of Ca?* and above pH 3.5 LMP associates spontaneously and
forms weak gels at sufficiently high concentration that can, however, be easily broken
by shear” [74]. This is documented by the values of the (—slope) function, which at
pH = 3.5 (within the conformational transition range) show a value as large as 0.4.
Even at the last point of the parabolic trend (i.e., at pH 5.39) the value of the (—slope)
function is 0.17, pointing to a clearly viscoelastic solution (see Figures 14 and 15).
Interestingly, “This association is favored by increasing the temperature” [74], i.e., this

is accompanied by an endothermic enthalpy change, exactly corresponding to the

presently determined Aﬁlﬂ)sioccl > 0 (see Section 3.1);

iii. The parabolic rise of the function (—slope) upon decreasing pH is even steeper below
about pH = 3.0 (at «;), at which the 3; conformation is at its maximum tightness and in
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iv.

its most extended conformation (see the above discussion in Sections 2.6 and 2.7 and
in the following Section 6 on viscosity). For « < o, (i.e., pH < 3.0), the chain gets pro-
gressively more disordered. This indicates that the increasing gel-like character—as
shown by the increase in the function (—slope)—is not due to an increase in contacts be-
tween stretches in the (31) ordered conformation. Rather, the major players,—effective
in producing the rheologically effective interchain links,—are as follows: (1) the poly-
electrolyte charge density, which must be reduced to a negligible amount by reduction
in pH; (2) the presence of attractive van der Waals (hydrophobic) interactions between
COOCH;3; groups on facing—almost uncharged—chains;

For pH values lower than 3.0, the 3; conformation gets progressively looser upon
decreasing pH; still, the nice parabolic trend must be viewed upon as intimately linked
to a persisting fraction of tightness. Should the system proceed along that trend, the
value of (—slope) = 1.0 would have been reached already at the (higher) pH value of
-
trend of the two lowest values pH data points is 1.42. It is possible to hypothesize two
opposing mechanisms of gel-junction formation. The former one could be due to the
formation of H-bonds between locally regular sequences of facing repeating units; the
latter one could be due to interactions between the non-regularly distributed methyl-
ester groups on different chains. The regularity required by the first mechanism
implies the ordering and stiffening of the 3; conformation, which, moreover, would
be favored by a limited increase in fractional charge on the COOH groups, contrary to
the observed effect. Moreover, as addressed in Section 3.1, breaking such interchain
H-bonds (if present in significant amount) would imply a major endothermic effect, at
variance with the opposite experimental findings (see Figure 12a). At variance, the
second mechanism benefits from an increased flexibility to favor the geometrically
undefined van der Waals contacts between opposing chains—the less charged the
better—with a substantial gain of configurational entropy. The observed break of the

parabolic trend of the (— ‘fi 11((’)%5 ’Z;‘

reduction in any H-bond based association mechanism (if ever present) in favor of
that based on associative hydrophobic (van der Waals) interactions at lower residual
fractional charging;

That the conformation of LMP at pH < 2.0 is largely disordered is supported by the
intercept of the blue dashed line with the line of —slope = 0.0 (Newtonian liquid) at
pH = 6.05. It means that such disordered LMP conformation, if it could be ideally
kept up to neutral conditions, would behave as a pure dissipative liquid, without
traces of elasticity that, on the contrary, characterize the “real” LMP solutions at
a neutrality whose viscoelastic behavior (—slope = 0.17) is rooted in the—albeit
“loose”—21 helical conformation.

1.69. On the contrary, the pH value of the intercept at ( ) = 1.0 for the linear

) function upon decreasing pH suggests a progressive

Scheme 5 has been drawn to summarize the interplay of conformation and gel junction

formation.
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CONFORMATIONS AS A FUNCTION OF pH
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Scheme 5. Images of helices (modified after reproduction from [41], with permission) as
viewed along the helical axis represent from left to right: two chains—in the (partially loose)
31 conformation—associated through hydrophobic interactions involving facing COOCHj; groups
(as grey circles—pH 1.6 and 2.0); isolated (partially loose) helix in the 3; conformation (pH 2.5);
isolated—tightened—helix in the 3; conformation (pH 3.0); conformational equilibrium 3; = 2;
(pH > 3.0); isolated (partially loose) helix in the 2; conformation (pH > 4.0). For a detailed explanation,
see text.

4. Lyotropic Effect of Perchlorate on the Conformations of Galacturonan
4.1. Enthalpy Changes of Mixing with Salt

Enthalpy changes when mixing polyelectrolytes with simple salts are among the most
sensitive experiments that are able to reveal conformational changes in biopolymers, as
addressed in Section 1.1.

The data of enthalpy change when mixing sodium pectate (at o« = 1.0) with increasing
concentration of Na* ions, AH,,;;,, have been reported in Figure 16 for the two cases of
salt-free aqueous solution—(a) (data taken from figure 7 of [75]) and of aqueous NaClOy
0.05 M—(b) (data taken from figure 3 of [30]). The source of the Na* counterions was
NaClOy; the variable was expressed as the molar ratio of added salt—Cs—to polymer
ru—Cyp, Rj, with R; = Cs/Cp,. In the latter case, the value of R; in excess of the (constant)
ratio of supporting salt to polymer, 5R;, was used as the abscissa; this was used to allow
for a better comparison with the case of addition of Ca?* counterions over a constant
concentration of NaClO4 0.05 M [30]. Very often, index “i” pertains to the 1:1 salt, whereas
index “j” pertains to the 1:2 one [76]; in practice, 5R; is made to correspond to R;. In both
cases, the trend of the data points is that of a system undergoing binding of a ligand to a
substrate, indicating a tendency to reach a saturation of the effect. The simplest formalism
to treat such a case is that provided by the Langmuir absorption isotherm, which assumes
a ligand /substrate interaction without cooperativity; the fit was very good (R? > 0.99) in
both cases (to test the latter assumption, a fit using the Hill equation was also performed;
it provided an equally good fit, with the value of the cooperativity parameter n = 1.0 in

both cases, confirming the absence of cooperativity in the interaction). The limit values

of (Aﬁ;ﬁ) S and (AHZ?;) gy L0 (actually, R; — oo for the “water” case and
water sa

§R; — oo for the “salt” case) are + 195 + 10 cal-mole r.u.~! and + 103 4 14 cal-mole r.u.” !,

respectively, indicating that the analyzed process does not grow indefinitely; the values
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have been reported in Table 5. The theoretical curves of mixing, calculated according to
the Counterion Condensation (CC) theory [75] for the two cases, have also been reported
in both panels of Figure 16 as magenta dashed curves (obviously, in the “salt” case the
total concentration of Na* counterions was used for the calculation of I). The limit values
at I — oo for the theoretical curve and for the difference between the experimental and
the theoretical ones (“excess”) have also been reported in Table 5. The figure reveals an
unpredictable behavior of the polymer: both the case of “water” and that of “salt” show an
endothermic deviation from theoretical expectations at low values of R; or of 8R;. However,
in the former case, the deviation is small (if any, considering the experimental accuracy)
and limited to the low Cs range, but it is large and negative at infinite dilution. In the latter
case, the situation seems to be the different, with a small, negative discrepancy at infinite
Cs, but a significant positive one (as discussed above) in the low range of oR;.

(a) (b)
350 120 = . - g
(AH,,;,) " R~ ==+326 + 5cal -molerul___ 5 (AH, ;)" R’ 7 == +116 cal - mole r.u.”! ——
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Figure 16. Enthalpy changes upon mixing Na* pectate with NaClO, in aqueous solution at 25 °C.
(a) Blue full circles: salt-free condition (“water”), the abscissa is R;, the molar ratio of added NaClOy4
over the polymer concentration (moles r.u.); (b) red full circles; concentration of supporting 1:1
electrolyte: [NaClOy4] = 0.05 M, the abscissa is 8R;, the molar ratio of added NaClO4 over the polymer
concentration (moles r.u.). Magenta dashed curves in both panels: theoretical values of AH,,;, for
a polyelectrolyte with a linear charge density, &, equal to that of Na™ pectate at « = 1.0 (§ = Iz /by =
7.135/4.35 = 1.64, where [p is the Bjerrum length and by was defined in Section 1.1). Inset in panel
(b): enthalpy change upon mixing Na* mannuronate with NaClO; in aqueous [NaClO4] = 0.05 M at
25 °C; purple lozenges, experimental data points, purple dashed curve, theoretical values of AH,,;;,
for a polyelectrolyte with a linear charge density, &, equal to that of Na* mannuronate at « = 1.0
(& =1Ip/by =7.135/5.17 = 1.38) [76].

Table 5. Experimental (third column) and theoretical (fourth column) values of AH,;, of Na* pectate
in aqueous solution at 25 °C, and difference of the above values. Data from Figure 15.

— exp — theor — excess
Source Transition (Bide, oo (BHix I, o (BHmix oo
kcal -mole r.u.—1
[75] Cs=0— Cg=00, W +0.20 £+ 0.01 +0.33 + 0.01 —0.13 £ 0.01
[30] Cs=0.05M — Cg =00, s° +0.10 £+ 0.01 +0.12 + 0.01 —0.01 £+ 0.01

The interpretation of the behavior of sodium pectate as anomalous is further corroborated
by the observation that the values of AH,,;, with NaClOy of sodium poly(mannuronate) (here-
after: polyM) perfectly conform to the theoretical predictions (see inset in Figure 16b), with
the data taken from figure 1 of [76]. polyM is usually taken as the “reference” polyuronate
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in the large group of pectate and alginates. It does not give rise to gels with calcium ions in
conditions in which pectate and alginates do and, at variance with the latter polyuronates, it
shows no selectivity for Ca®* with respect to Mg?* [76]. A further detailed discussion using
both theoretical and experimental arguments—reported in Supplementary paragraph 4
and sketched in Figure S1—consistently assessed that the origin of this deviation has to be
traced to a whole-solution specificity of sodium (perchlorate) in water (a chemical effect)
and not to an ion-specific modulation, an otherwise dominating polyelectrolyte behavior
(physical effect). It is then mandatory to conclude that, at variance with the “ideally behav-
ing” polyuronate polyM, it is the Na* pectate/NaClOy system that presents an unexpected
deviation from the theoretical behavior.

Figure 17a,b report the difference between the experimental and the theoretical values
of AH,; as a function of the incremental value of R; (8R;, Figure 17a) or a as a function of
the (absolute) value of the molar concentration of NaClOy (the added salt, C), (Figure 17b),
over the whole respective ranges. (In Figure 17b, the plot of AH,,;, as a function of the ionic
strength, I, for both cases is completely superimposable with that as a function of C, apart
from a negligible difference at very low Cs for the case in “water”; the former plot was not
reported here to avoid overcrowding).
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L 509 (D) ?2) =  50-max: 30.9 cal - mole LAIEN
= a o < atC,=0.004M ! N
S @ g TN ' v salt"
=) Lkl - .- \ ' .
Z 0 < F T ok PN ‘%
< T-- Q A i <
S "water" N Y it SE T o-- = M e mmmeeaea
= K 3) L 5 \\‘ min: -12.4 cal - mole r.u.™!
= 5 N EN ', 1631 cal - mole r.u.’!
% -50 : § 50 N
J=) \ v
3 \ ' X
hl k \l/ ‘\
g =l n " s
£ 100 Z 100 water .
= _® £ .. ) .
g R ;_. I <. __min:-1314 cal - mole r.u.
> T T P
-150 T T T T T 7/ ~ T T T T T T
107! 100 10 102 108 104 —oco 0.001 0.01 0.1 1 10 100
3R, (=R)), 3R, C, M) =[NaClO,]

Figure 17. Dependence of the difference, A H 73°°%%, between the experimental and the theoretical

values of AH,,;,, 5R; and Aﬁ;?fxor, respectively, as a function of: (a) SR, i.e., the incremental value
of the NaClO,/pectate molar ratio R;, for the “salt” case (red curve) and the “water” case (blue
curve; in this case 8R; coincides with R;). The limit values of Aﬁs;(,-;ess at 0R; — oo from Figure 15
have been indicated as a red full circle (“salt” case) and a blue full square (“water” case) with the
corresponding probable errors. Numbers from (1) to (3) identify the corresponding regions of the
two cases as defined in the text (red: “salt”, blue: “water”); (b) the (absolute) value of the molar
concentration of NaClOy (the added salt, Cy), for the cases in “salt” (red dashed curve) and in “water”
(blue dashed curve). The values of AH,;, -~ and Cs at maximum have been indicated in the figure
(red: “salt”, blue: “water”). The two asterisks mark the transition from positive to negative values of
the corresponding AH,, "™ functions: their Cs values are 0.67 M and to 0.015 M for the “salt” and the

“water” case, respectively.

It is possible to identify three parts of both curves, indicated as rectangles in panel
(a): an initial one (1), with increasing endothermic deviations, reaching a maximum, then
followed by a neat exothermic sigmoid decrease (2), to finally asymptotically reaching
the limit value at R; (or 0R;) — oo (3). Those profiles reveal the interplay of different
contributions, in turn providing different enthalpic consequences depending upon the
different initial conditions of the salt concentration (i.e., of ionic strength). The most obvious
hypothesis to explain such behavior is to assume that the physical, un-specific effect of
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the increase in I is accompanied—and contrasted—by a specific effect due to the chemical
nature of the 1:1 added electrolyte.

Before proceeding further, the results of Figure 17 need a clarification, in particular
those of Figure 17b. The initial value of the (AH) ;ﬁfss function of both curves is obviously 0,
being the starting point of the difference function (see Figure 16b). In principle, the system
in “water” after the addition of NaClO, corresponding to the concentration of 0.05 M
should be fully equivalent to the initial condition of the system in “salt” (R; = 0). However,
at [NaClO4] = 0.05 M, the value of (AH) ZC;ESS for the “water” case is —63 cal-mole r.u.” 1,
which is very different and much lower than initial starting value in “salt”, which is zero by
definition. Moreover, beyond Cs = 0.05 M, the difference curve in “water” keeps showing
negative values, whereas that of the “salt” case is positive up to the value marked by a red
asterisk in Figure 17b.

This contradiction is purely apparent, because the difference stems from the very way
of calculating the (AH) ZCZ.ZW values at large R;’s (up to R; — o0). In fact, the extrapolated
points of those curves have been calculated using the Langmuir equation, which fitted the
experimental data very well. The points of the calculated curve in “water” at large values of
[NaClO4]—at 0.05 M NaClOy and up to infinite—are the projection of the behavior at very
low values of [NaClO4] with the consequence of keeping—and possibly enhancing—all the
specific contributions and the deviations from the purely electrostatic interactions present
in the initial part. Likewise, the extrapolated behavior at large values of Cs (up to infinite) of
the points of the curve in “salt” reflect the behavior of the polymer in the limited range (0.050
to 0.055 M) of [NaClOy4] only. The extrapolated curves of Figure 16 and the difference curves
of Figure 17 should then be looked upon as both describing an extrapolated trend. A real
contradiction would have arisen only if the experimentally determined data points would
not match. The fitting with the Langmuir equation was analytically very good; however, it
amounts to the projection of the initial trend of each of the cases to the infinite limit. As
long as a solid reference frame is provided by the theoretical electrostatic enthalpy change,
such openly recognized bias will turn out beneficial to unravelling the specific lyotropic
contributions to the conformational stability of galacturonan and to derive information on
the solute/co-solute/solvent interactions.

4.2. On the Difference between Infinite lonic Strength and Infinite (Specific) Salt Concentration:
Hofmeister and Lyotropic Effects

The results of Figures 16 and 17 show a dependence on the ionic strength of the “excess’
parameters, namely in excess of the purely “ionic”—polyelectrolytic—ones. One should recall
that achieving an “ideal ionic strength” is impossible in real systems, where—instead—ionic
strength is produced by “real” supporting low MW electrolytes. The effect of the latter ions
on the structure of water cannot be separated from those of pure electrostatic (in this case:
polyelectrolytic) nature. Therefore, more correctly, instead of using just the term “ionic
strength”, one should write “ionic strength made by aqueous NaClO,”.

Perchlorate is the salt of a strong acid; as such, it does not give rise to hydrolysis effects
affecting the charge of the weak poly(galacturonic acid). It has also been chosen because
of the peculiar transparency of its aqueous solutions in the low wavelength side of the
experimentally accessible UV range; the oxo anion carries only one negative charge and is
considered to a be a “structure breaker” [77] (or even a “strong structure breaker” [78]) or a
“chaotropic ion” [79,80].

The interaction of the ClO4~ anion with peptides and proteins has been a matter of sev-
eral investigations, with apparently different conclusions. For instance, “NaClOy solution
strongly stabilizes the helical state ... of an alanine peptide in water. A direct mechanism
was found in which ClO4~ ions are strongly attracted to the folded backbone” [81]. On
the contrary, in a study using “circular dichroism (CD), single-molecule Forster resonance
energy transfer, and atomistic computer simulations to elucidate salt-specific effects on
the structure of three peptides with large o-helical propensity, . .. [it was found that] The
compacted states observed in the presence of NaClO; originate from a tight ion-backbone

7
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network that leads to a highly heterogeneous secondary structure distribution and an
overall lower «-helical content that would be estimated from CD. Thus, NaClO,4 denatures
by inducing a molten globule-like structure that seems completely off-pathway between a
fully folded helix and a coil state” [82]. Very reasonably, a “loose-helix” of a polysaccharide
is conceptually not very different from a “molten globule-like structure” of a polypeptide.

Very little, if any, work has been so far devoted to highlight the fundamental interaction
of the perchlorate anion with (ionic) polysaccharides, and with pectic acid in particular.
Some references are given in the Supporting Information. To the best of our knowledge, the
only paper which might—at large—be considered as related to pectate deals with the anion
(in particular: ClO4 ™) adsorption by chemically modified orange peels, to produce effective
sorbents to remove perchlorate contamination from drinking water. “The experimental
results showed that the values of pH and coexisting anions have an important influence
on the adsorption of ClO;~ ions by the modified orange peels. The Freundlich adsorption
isotherm model was suitable for the ClO4~ ions in solution. The adsorption process of
ClO4~ ions in solution by the modified orange peels is not uniform”, thus suggesting the
onset of specific interactions between the inorganic anion and some component of the raw
material (very likely pectin/pectate) [83].

Probably the only significant investigations of the effect of lyotropic ions on carboxy-
lated polysaccharides undergoing conformational changes are those of Clarke-Sturman
et al. on xanthan and succinoglycan and of Mracek et al. on hyaluronan (HA). In the former
cases .. .high concentrations of [chaotropic] anions such as bromide or thiocyanate lower
the transition temperature, thus decreasing the stability [of the ordered conformation]
of the polymer” [84]. In the case of hyaluronic acid, the chaotropic salt KI was the most
effective at increasing the flexibility of the macromolecular coil [85]. In addition, Tatini et al.
reported that the decrease in the melting temperature of the freezable bound water of both
alginate and hyaluronate was proportional to the chaotropic character of the supporting
electrolyte (at a concentration 0.5 M), the maximum effect being shown by NaClO4 [86].

Considering the very close position in the Hofmeister series of ClO4~ and of the anions
quoted in the two former papers (in all cases considered as chaotropic ions), it was decided
to hypothesize that a similar effect is also produced on the conformation(s) of galacturonan.

Two opposing driving forces confront each other upon increasing the concentration of
NaClOy. The former one is an increasing destabilizing effect of the chaotropic perchlorate
anion toward the ordered conformation according to the working hypothesis, on one
side. The latter is a progressive reduction in the effective charging brought about by the
increasing electrostatic shielding by the increasing ionic strength.

In the ideal process of mixing sodium pectate (at « = 1.0) with salt up to Cs — co. the
quoted chaotropic effect of the perchlorate anion will continue destabilizing the ordered
conformation, with the same effect as that produced by an increase in charging from «; to
o = 1.0. However, from the electrostatic standpoint, the charges on galacturonan will be
progressively shielded: at I — co the numerical values of both the (excess) polyelectrolytic
thermodynamic functions—with their typical log I dependence—and the Debye—Hiickel
ones—with their /T dependence—completely vanish. Sodium pectate (cc = 1.0) at I — oo
is then a polyuronate formally bearing full negative charges; however, its electric field, as
perceived by a reference cation in solution, is zero. In practice, from the polyelectrolyte
point of view, it is not distinguishable from the polymer at « = 0.0, apart from the existence
of possible (very) short-range effects involving the COO™ group. It is then to be expected
that the loose 21 conformation progressively reverts to the more ordered 2; conformation.
It amounts to completely reverting the disordering effect previously brought about by
increasing the fraction of charging from «; to o« = 1.0. From the enthalpic point of view, this
would imply expecting an exothermic heat effect, equal in value and opposite in sign to
that accompanying the “loosening” one observed by charging the polymer up to « = 1.0.

Figure 17 shows that the system, both in “water” and in “salt”, shows a complex
thermal behavior as a function of the concentration of added sodium perchlorate (i.e., of I).
Figure 17b tells that galacturonan in “water” shows an (excess) endothermic heat change of
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up to about +0.03 kcal-mole r.u.”! (for Cs = 0.004 M), which adds to what was calculated
over the whole range from «; to o = 1.0 (namely +0.10 kcal-mole r.u."!; see Table 2).
The sum, i.e., +0.13 kcal-mole r.u.~! seems to be the enthalpy change accompanying the
maximum possible “loosening” effect brought about by the combined action of an increase
in charging (to 100% at & = 1.0) and of the concentration of the chaotropic salt, at 25 °C (see
Table 6, panel a., last column, and panel b., B, left column). Interestingly, the same value
has been obtained from the analysis of the enthalpy of dilution in water (see Section 3.2;
result reported in the last column of Table 3 and in Table 6, panel b., B, right column). The
following thermal history (on the C axis) of sodium pectate shows a progressive, very neat
exothermic enthalpy change, to reach—at the asymptote—a total enthalpy change from
maximum of —0.16 kcal-mole r.u.~! at [NaClO4] — oo (Table 6, panel b., A). The parallel
changes in entropy have been calculated using the proper values of the Tr, form, as seen in
Table 2; they have also been reported in the lower part of panel (b) of Table 6. The result
is really interesting: within error, the system in “water” at I — oo regains all the internal
energy and entropy changes which have been released in the “forward” (or “loosening”)
process, and even a little more than those. As to this latter result, the net negative values
of both enthalpy and entropy balance (see last column of Table 6, panel b., A + B), just
slightly beyond error, are what would be expected for a final state (in the I — oo limit)
corresponding to zero charge (“as if” « = 0.0), i.e., lower than the initial value of the
calorimetric process (x; = 0.13), due to the reversal of the endothermic and endergonic
values of the forward process.

Table 6. Variation of the (excess) order — disorder thermodynamic functions of galacturonan in
aqueous solution; data obtained as a function of the degree of dissociation.

— a=1,Rprax
B B AT
state (Aﬁlexcgfs )lX—l,R (AH;,XCL,SS )“*LRMAX ( IUUSEIL) g R
condition oosen. /R oosen. ) 1 g (émn =0; “asif” o = 0)
initial final kecal-mol~!
water @ o1, Cs =0 (R = 0) a =1, Ryax (=0.8) 0.10 £ 0.01 0.03 0.13 £ 0.01
salt?P a1, Cs =0.05 M (R =10) o =1, Ryax (=64) 0.13 £0.00 0.06 0.19 £ 0.00
b.
excess \ ¥=LRpyax Fyexcess a=1,R=00 ¢ —excess \ *=LRmax . —excess \ *=1Cp—0 AH a=1,R=c0 .
(AEOO;”)a:l R (Athht )azl Ryiax (AH[UOSM‘)M,R (AHIOOSM‘>04:1,C,,~>00 ( l}/OtVOpA),X],R
a=1 ’ B A+B
kcal-mol~!
water 2 0.03 —0.16 0.13 £0.01* 0.13 £0.09 + —0.03 £0.02°¢
saltb 0.06 —0.07 0.19 +0.00 * +0.12 £0.01 ¢
—excess \ *=LRpax gexcess #=1,R=c0 od Sexcess "‘:LRMAXd AS a=1,R=c0 4
(AS;;lfSL:;)H:l R d (Ashght' )azl Rprax (Aslnnsen.)M,R ( I}/utropA),Xl/R
x=1 ’ A+B
cal-mol~1.K~!
water ? 0.06 —-0.32 0.25 —0.06 £0.05¢
salt 0.20 —0.24 0.64 +0.40 £ 0.01 ¢

*and t identify the two methods used to evaluate the enthalpy changes accompanying the maximum possible
“loosening” effect; * “water”: salt-free aqueous solution, T = 25 °C, C, = 0.0064 mole ru-L™1, R=0; P “salt”:
—ion

aqueous NaClO4 0.05 M, T = 25 °C, C;, = 0.005 mole ru.-L™!, R=10; ¢ (G

<ay; 4 the entropy changes have been calculated form the corresponding enthalpy changes values (preceding

two rows) from AS = %}:, using the proper values of T;, for the “loosening” process, namely 300 + 27 K and

511 £ 123 K for the “salt” and the “water” cases, respectively (data from the second block of Table 2); € in “salt”

G = cal-mole r.u., in “water” AG, o F = — cal-mole r.u.
AGP"P 1 4 15 cal-moll AGYOP- _ 14 + 16 cal-mol

loosen.

)R =0; “as if” « =0, i.e.,
=00

The situation in “salt” is very different. The endothermic variation of (AH)!

develops over a wider range of C;, namely from 0.05 M to 0.67 M, with a higher value
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excess

of (AH) .~ at maximum (i.e., about +0.06 kcal-mole r.u.”! at Cs = 0.07 M. Note that in
Figure 17b the sharper form of the peak in “salt” with respect to “water” is simply due to the
logarithmic scale). Like in the previous case, the resulting value of + 0.19 kcal-mole r.u.~! is
the enthalpy change accompanying the maximum possible “loosening” effect in “salt”, at
25 °C starting from o (Table 6, panel a., last column, and panel b., B). Beyond Cs = 0.07 M,
an exothermic heat change is observed, whose asymptote, however, does not go beyond
—0.01 kcal-mole r.u.~!, for a total drop (from maximum) of —0.07 kcal-mole r.u.~!. Much in
the same way as in the “water” case, the correlated changes in entropy have been calculated;
all thermodynamic parameters have been reported in Table 6. In the “water” case, the bal-
ance between the “forward” and the “backward” charging paths is very small and negative;
at variance, in the “salt” case, it is positive and significant. The destabilizing effect of the
larger concentration of the perchlorate anion is only partially overcome by the decrease in
the electrostatic interactions. Whereas, in the previous case, the net result of the thermo-
=0

Cg=00
a=1

just slightly negative, in the latter case the clear endothermic (and endergonic) final balance
demonstrates, for the first time, the existence of a clear chaotropic effect of ClO;~ on
galacturonan. Much like the cases of xanthan and succinoglycan [84], hyaluronan [85] and
peptides with large «-helical propensity [82], the chaotropic anion clearly stabilizes the
more disordered conformation.

From the quantitative standpoint, however, it should be recalled that the values of
_ a=1,R=00 _ a=1,R=00
(AHlyotmp) R and of (ASIyotmp.) AR are specific to the particular initial concen-

tration of perchlorate (namely, 0.05 M). For a complete description of the lyotropic effect, a
series of experiments of both the enthalpy of dissociation and of the enthalpy of mixing
with NaClOy as a function of the salt concentration would be necessary. In its absence, it
is possible to observe that the ratio of the “lyotropic” values of enthalpy and entropy in
aqueous NaClOy4 0.05 M at 25 °C (A + B) over the corresponding “loosening” terms (B)
is about 0.62. This means that increasing the ionic strength to co would bring the loose
helical conformation of sodium galacturonate (at & = 1.0) back to complete conformational
ordering only by about 38%.

A short discussion on the coupling of the polyelectrolyte aspects with the lyotropic
ones is reported in Supplementary paragraph 6, in which Figure S2 highlights the depen-
dence of the thermodynamic properties on the inverse of the square-root of the supporting
1:1 electrolyte. Hereafter, the two panels of Figure 18 summarize the evolution of the
changes in the internal energy of “loosening” and “tightening” upon increasing the net
charge on the polymer (as monitored by the degree of dissociation, «) or decreasing it by
charge screening (as measured by the operationally defined parameter 3). 3, called the
“fraction of un-screening”, measures the fraction of unscreened charge on the polymer by
the action of the ionic strength. It is the un-screening counterpart of the degree of charging
(namely, dissociation of the COOH groups, ). It has been calculated as the ratio of the
polyelectrolyte enthalpy of the system at Cs over the initial value of Cs (which is 0.0 M and
0.05 M for the “water” and the “salt” cases, respectively).

The corresponding enthalpy changes have been indicated. In the case of “water”,
the difference between “loosening” (purple upward arrow) and “tightening” (magenta
downward arrow) is close to experimental error; nevertheless, the small negative value is
fully compatible with (or even expected for) a tightening of the helical conformation upon
decreasing o at very low values of (unscreened) charge as demonstrated by the whole of
the preceding discussion.

A useful discussion of the difference between the two—often identified—Hofmeister [46]
and lyotropic [45] effects is provided by the work of [79]. The literature evidence on the pres-
ence of determining the solution behavior of pectins—and of pectate in particular—is not
abundant; in particular, it was impossible to find any explicit reference to the ClIO4~ anion.
The only evidence concerns the effect of cations. The effect of the sequence K* > Na* > Li*
on the rheological properties (and on gel strength in particular) of LMP pectin gels [42,43]

dynamic “quasi-cycle” ((polymer)% — (polymer)%:l(CS)MAX — (polymer) ) is
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has found a counterpart in the same sequence favoring chain association and aggrega-
tion [87]; altogether, those findings point to a beneficial effect of chaotropic cations versus
the formation of pectin—pectin junctions at the root of both phenomena, apparently irrespec-
tive of the underlying molecular mechanism (i.e., intermolecular H-bonding, hydrophobic
interactions). A more recent paper by Chen et al. [88], besides confirming the K* > Na*
sequence, uniquely reported that the anions followed the series C1~ > I in increasing G’ at
the equimolar concentration of 0.07 M (for both the K* and the Na* salts); this is paralleled
by the sequence C1~ > NOj3 ™ in the range from 0.035 M to 0.105 M (Na™ salts), confirming
an inversion of the lyotropic series between cations and anions.

(a) (b)
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Figure 18. Dependence on « (« is the degree of dissociation) of the enthalpy change in loosening,
AHjposen., as blue symbols, and dependence on f ( is the fraction of unscreened charge; for definition,
see text) of the excess enthalpy change in mixing, AH,;; -, red symbols, of pectic acid at 25 °C. The
maximum variation of AHjsen., Of AHjigpten. and of AHjy gy, have been indicated in purple, magenta
and deep blue colors, respectively. (a) the “water” case, (b) the “salt” case. B¢ is the value of 3 at
which the electrostatic and the lyotropic terms are equal; the subscript “0” has been used to highlight

the condition of equality of the opposing interactions, a (kind of) 8-condition of the polyelectrolyte.

It would be risky to draw too far-reaching conclusions from a comparison between the
limited reported literature evidence and the present, clear findings that the CIO4~ anion
favors the “loose” 21 conformation. The pH range of the quoted rheological results on
LMP—from 5.0 to 3.0 [88]—corresponds to the progressive shifting of the conformational
equilibrium from the 2; to the 3; conformation, but no evidence whatsoever was provided
in those papers between the actual conformation of LMPs and their rheological properties.
More work, in particular more experimental data obtained with varying concentrations
of both chaotropic and kosmotropic ions, as well as results from conformational-sensitive
techniques (like the chiro-optical ones), are needed to assess a clear picture of the effect
of ionic co-solutes belonging to the Hofmeister series on the solution and gel properties
of galacturonan.

Still, the present evidence is the first one to clearly identify such an effect as modulating
the conformation of sodium pectate, adding to the few already established cases of both
non-ionic and ionic polysaccharides.

Finally, it is somehow mandatory to underline that the present results, based on the
fundamental role that the CC polyelectrolyte theory has brought to the unraveling of the
different enthalpic contributions, further strengthen the statement that “The theory has
already been shown to provide for an effective “contrast effect”, enabling one to evaluate
the non-polyelectrolytic contribution to the experimental enthalpy change of ion-induced
conformational transitions of ionic polysaccharides” [89].



Polysaccharides 2023, 4

311

5. Whole-Chain Properties of Galacturonan
5.1. Capillary Viscosity Data

The previous discussion has extensively focused on the fundamental contributions
to the conformation of galacturonan at the level of constituent monomeric species (at the
microscopic scale) and on their role in determining the macroscopic rheological behavior
of the polymer in the low-pH gel formation. However, to get a complete picture of
polysaccharide behavior as a function of the investigated variables (namely, charge density
and low MW salt presence), capillary viscometry can provide valuable information on the
whole-chain properties of pectic acid, reflecting the size and shape of the macromolecular
solute and somehow covering an intermediate mesoscale. The microscopic thermodynamic
parameters fail to provide any information on how many repeating units undergo a given
transition, whereas whole-chain properties (like viscosity or light scattering) do. The
presence of cooperative effects typically manifests as the agent modulating the size of the
polymeric stretch at the root of a given macroscopic property (see, e.g., [90-92]).

As already pointed out in Section 2.1, in the transition region, the n,4() curve presents
a marked deviation from the expected monotonous increase, typical of weak polyacids [52],
as a function of the increase in the linear charge density, «. The latter behavior has been
indicated by a dash-dotted curve in both panels of Figure 19. However, at variance with
the quoted cases of polyelectrolytes NOT undergoing abrupt pH-induced conformational
changes, galacturonan has been shown to face a real conformational transition, passing
from a “tightened” 3; helix, at low values of «, to a “loosened” 2; helical conformation, at
high « values. The difference between the curve fitting the experimental data points and
such a “polyelectrolyte” reference curve has been reported (with comments) as Figure S3
in Supplementary paragraph 7 for the system both in “water” and in “salt”. However, a
visual inspection of the n,q4(x) plot of pectic acid in water reveals that the first part stands
for its clear linearity (see dashed lines in Figure 19). It represents the viscometric behavior
of pectic acid in the range of « in which the 3; helix is the only conformation, which is
progressively tightened by a small increase in charge density up to about o = 0.2. This
value—albeit approximate—has been indicated as «, the letter “c” standing for “critical”.
It is the value of « corresponding to a maximum tightening of the 3; conformation, as
suggested by the convergent indications of microcalorimetry, DSC and chiro-optical data
discussed previously. It was found expedient to take the line through the first part of each
of the curves as a reference, with no loss of information, simply to operationally use it as a
“viscometric contrast”. The blue color pertains to the “water” (“w”) case, the red color to
the “salt” case (“s”). The “excess” value of 1,4, with respect to the hypothetical behavior
of the “tight” 31 helix, 4 neq(x), extrapolated from the initial part of the n,.4(x) curve, can
then provide hints on the relative viscometric behavior of the pectate chain at higher values
of « with respect to that in the initial range. The difference from the line, i.e., the function &
Nred(00), has been reported in Figure 19b, both for the experiment in water and for that in
aqueous NaClOy.

A common behavior can be noticed: two decreasing traits are connected by a shorter
central one, with an opposite slope. In the salt-free case, the initial decreasing segment and
the central one have larger (absolute) slopes than in the case of “salt”. In the latter case,
the central trait is quite short (about 0.15 o units), it starts at a much higher value of o and
it is practically horizontal. The main, striking feature of the curves in panel (b) is that all
d Nred () values beyond « = 0.2 never regain the 1,4 trend extrapolated from very low «
values. This is at strong variance with the case of the pH-induced transition of both PGA
(as indicated by both viscosity [51] and light scattering [93]), and PMA (from viscosity [52]),
in which a notable increase in dimensions was shown to accompany the conformational
transition upon increasing « to eventually recovering the initial trend.
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Figure 19. (a) Dependence on « of the reduced specific viscosity, n,eq, of pectic acid solutions at
25 °C: blue open lozenges and dash-dotted curve, system in “water” (“w”), red open circles and
dash-dotted curve, system in “salt” (“s”). The dashed segments are the best linear fit of the data
points in the initial range of « (data replotted from Figure 1a); (b) dependence on « of the difference
between the experimental values of 1,4 and the corresponding values of the linear baseline indicated
in panel (a), 0 Nyeq: blue open lozenges and dash-dotted curve, system in “water” (“w”), red open
circles and dash-dotted curve, system in “salt” (“s”). The values of &1, y, a3 for the two cases have

also been indicated, together with «., the critical value of o.

Figure 20a reproduces the 6 1,.q(cx) data and those of (pK,)*“** for the “water” case.
The values of (pK,)***** have been obtained as the difference between the experimental
(pKa)?PP data and the corresponding values of the reference best-fit line drawn through the
first group and the last group of experimental data points of Figure 1b. The widely differing
parts of the trend of 8 1,.q Versus o have been sketched with four segments, indicated with
capital letters from A (corresponding to region I of Figures 1 and 3) to D (the latter letter
corresponding to region III of those figures). The overall shape is that of an asymmetrical
V, with two arms exactly corresponding to the extension of region II, the one on the
larger o side (B) being shorter than the one before the minimum (C). Moreover, beyond
o = 0.6 (namely the end of the conformational transition), the curve starts decreasing again
(D), due to the lower slope of the reduced viscosity increase from « = 0.6 toward « = 1.
Quite interestingly, the (pK,)?****(o) function shows two peaks: the former one (“peak 1”)
essentially covers the sharply decreasing trait B of 0 n,4(x), whereas the second one (“peak
2”) encompasses traits C and D. To make matters more surprising, Figure 20b also reveals
that the dependence of the derivative of AH; ™ () with respect to o« shows a very close
asymmetric V-shaped behavior in the same range of . Last but not least, Figure 20b also
points to the similarity of the 6 1,4() curve with that of the derivative of [¢#],15 with respect
to «, namely the chiro-optical parameter fundamental for the assessment of the polymer
conformational changes. (A slight shift—indicated in the figure—of the relevant points (e.g.,
maxima and minima) to higher « values in the case of the latter curve is easily explained,
taking into account the different polymer concentration of the two sets of experiments:
9.7-1073 mole r.u.-L ™! for neq and 21.3-1073 mole r.u.-L ! for [#]y5. This was expected,
e.g., from inspection of the (pK,)*? plots of Figure 1b, which show an increase to higher
o of the transition “bump” proportional to the polymer concentration [29]). Finally, it is
important to stress that the peculiar behavior (minimum) at & = 0.4 is correlated with the
condition f3, = fp, = 0.5 (x = 0.4 = oy »); the further confirmatory results of Figure 9b have
not been added to Figure 20b to avoid overcrowding.
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Figure 20. (a) Dependence on « of § 14 of pectic acid in “water” (blue open circles and dash-dotted
curve, data from Figure 18b; Lh.s. scale), and of (pKa)**“**® (magenta (peak 1) and purple (peak 2) dot-
centered lozenges and dashed-dotted curves calculated with the Origin® Multiple Peak Fit routine,
data calculated as the difference between the experimental (pK,)*? (x) data points of Figure 1b and
the dotted line—baseline—there indicated; magenta and purple r.h.s. scale); segments A-D described
in the text. I, II, III are the three regions defined in Section 2.1; (b) dependence on « of the & 1eq
values (blue open circles and dash-dotted curve, Lh.s. scale), of the derivative with respect to « of

TyeéXcess

the integral enthalpy change in transition, dAH;, ~ /d«, from Figure 3a (magenta open circles and
dash-dotted curve, inner r.h.s. scale), of the derivative with respect to « of the molar ellipticity at
A =215 nm, d[#],15/d«, from Figure 6b (purple open circles and dash-dotted curve, outer r.h.s. scale;
the abscissa has been translated to account for the difference in o stemming from the difference in

polymer concentration).

The similarity of the three plots of Figure 20b cannot be purely incidental. Allin all, this
set of data clearly establishes an intrinsic correlation of the processes of (i) the breakdown of
the initial hydrodynamic structure of poly(galacturonic acid) and the successive build-up of
sequences of 21 units (8 Nyeq(x): blue curve), (ii) the disruption of the helical 3; conformation
(d[®]215/dec: purple curve) and (iii) its correlated change in internal energy (dAH;, /do:
magenta curve). Moreover, the reported difference in apparent excess acidity (as (pK,)*“**
in Figure 20a) clearly adds to this picture the evidence that subtle non-monotonic changes
in the polyelectrolyte electrostatic free-energy parallel the quoted processes.

Scheme 6 represents the molecular events at the root of the dependence of & Myeq
on «. In the initial range of o (up to «y), the 31 helical repeating units get progressively
tightened and expanded. At « = ot = 0.2, the hydrodynamic-active element is likely a rather
extended stretch of 3; helical repeating units, loosened to only about 9% (fjgsen., calculated

_ s, R _
as the ratio (AHZf,fﬁjZ) ’ R/ AHj,psen : 0.024/0.275; for numerical values, see Table 4 and
a1,

Supplementary paragraph 2), and very stiff (as indicated by both the very low value of the
Smidsred’s B parameter: B = 0.005 [94] and the discussion after the following Figure 21).
The significant expansion of the initial stretch can be described as a wormlike chain with
high persistence length; it is also indirectly demonstrated by the very large loss of viscosity
(marked as B in Figure 20a and in Scheme 6) that takes place (probably cooperatively) in
the interval from o = 0.2 (otc) to o = 0.4 (017 /7).
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Scheme 6. Schematic representation of the proposed variation of the hydrodynamic behavior of
pectic acid as a function of «. (1)—(5): significant steps in the considered range; A to D intervals of
prevailing behavior; blue color: 3 conformation; red color: 2; conformation; the size of the rectangles
is proportional to the cooperativity, the number of connected rectangles is inversely proportional to it;
the style of the border of rectangles reflects loosening: full line—tightened (at «.); dashed—slightly
loosened (at o¢; and «; /5); short dashed—moderately loosened (at «3); dotted—very loosened (for
a3 < o < o¢ =1.0). Purple color: tightening; violet color, loosening. Fractions of repeating units in the
31 conformation, in the 2; conformation and in the loosened form are given in the corresponding
colors. Side views of the 37 helical conformation and of the 2; conformation taken from [41], with
permission, and adapted.

Beyond « = 0.4, the large prevalence of 2; traits likely allows for the formation of
21 helical sequences, partially regaining expansion (and increase in persistence length).
However, those sequences are able to only partially recover the previous viscosity loss pro-
duced by the breakdown of the long 31 cooperative segments. In the absence of additional
evidence, it impossible to ascertain whether such smaller recovery of viscosity (C)—as
compared with the preceding larger drop (B)—stems from an “intrinsic” lower stiffness
of the 21 helix with respect to the 3; one or by the shorter size of its average cooperative
units, or from both reasons. Beyond « = 0.6, namely after the end of the conformational
transition, the partial recovery comes to a sharp end. It is possible to estimate that the
(cooperative) 21 helical structure can tolerate a maximum level of “loosening” of about

excess

25% (at o« = a3, calculated as the ratio (AHloosen ) ok /AH)ppsen.: 0.069/0.27g; for numerical
]

values, see Table 6 and Supplementary paragraph 2). Beyond that, a new breakdown of
the hydrodynamic active structure takes place and the viscometric behavior of pectate
in the high « region well conforms to the (non-cooperative) expansion of a semi-flexible
polyelectrolyte, as also indicated by the tenfold larger value of the Smidsred’s B parameter
with respect to that of the 3; conformation (B = 0.039 & 0.007 [94]) and by the results
reported in the following Figure 21. Over and above the described abrupt changes in 6 1eq,
flo0sen. increases steadily up to a = 1.0, reaching fjopsen. = 0.36.
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Figure 21. (a) Dependence on « of the calculated values of the reduced viscosity, 1,4, in the limit of
infinite ionic strength (I — oo) of pectic acid at 25 °C. Data replotted from figure 2 of reference [31].
Blue and red full circles represent the limit values of the 3; and of the 2; conformations at « = 0.0 and
1.0, respectively. Indications of the two conformations and of the conformational transition are given
on the plots; (b) dependence on « of the data of panel (a) (magenta open circles and dash-dotted
curve, r.h.s. scale), of the experimental values of the reduced viscosity, Nyeq, in “water” for comparison
(blue dash-dotted curve, r.h.s scale, together with the indication of the two conformational transition
ranges) and the relative values (to the value at o« = 1.0) of the derivative of 1,4 with respect to I —05
(red full circles and dash-dotted curve, L.h.s. scale). Comments are given on the plots.

The dependence of the 6 1,.q function on « for the case in aqueous 0.05 M NaClO4
points to a smoother process. The likely explanation for this is that the higher value of
I (and of perchlorate) is deleterious for the hydrodynamic cooperativity of the partially
ordered conformations, but certainly much more so for the 2; one. By performing the same
calculations as above in the case of “water”, one finds that the values of fjy,s.p,. at 2, a3 and
o = 1.0 are 13%, 34% and 47% for the “salt” case, as compared with 9%, 25% and 36% for
the “water” case, respectively (for the numerical values of the enthalpy changes, see Table 6
and Supplementary paragraph 2). This means that the fj,,s.,. values are always larger in
“salt” than in “water”, pointing to the important role of “loosening” (brought about by the
perchlorate anion) in determining the observed lower cooperativity in 0.05 M NaClOy.

From the polyelectrolyte standpoint, one should recall the important role, for the
“water” case, of the electrostatic persistence length [95], which in the salt-free conditions is
producing its largest effect due to the lack of shielding which, on the contrary, characterizes
the “salt” case.

The above value of fjypsen. = 50% in “salt” (and much more so that in “water”) should
not induce looking at sodium galacturonate (x = 1.0) as a “randomly coiled” chain. It should
be recalled that “loosening” is but a larger oscillation around the energy minimum of the
2; helix with respect to the simple thermal motion. The reported values of the persistence
length, L, for LMP or galacturonate at a neutral pH in the 0.1 M NaCl range from 7.5 nm
(from SANS) to 12.6 nm (from viscosity) for a sample with DE = 0.28 [26], or 9 nm (from
viscosity) for a sample with DE = 0.05 at Cs — oo [96]. Given those values, the most suitable
definition is that of a wormlike chain [96] with a pseudo-helical conformation [27].

5.2. “Intrinsic” Chain Expansion and Stiffness of Pectic Acid

The nyeq data at infinite ionic strength (as NaClO4) from figure 2 of reference [31]
have been replotted in Figure 21. They have been obtained by the extrapolation of the
viscometric data by [29], here reproduced in Figure 1a.
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The most significant aspects of the curve are as follows: (i) the typical sigmoid
shape—related to the pH-induced conformational transition—is very clear and retained
from finite salt concentrations; (ii) the limits of the conformational transition are shifted
to higher « values (the values of «; and «3 are 0.36 and 0.74, respectively), but the width
of the transition is essentially constant (6 & = 0.38); (iii) the value of a.—corresponding
to the maximum extension of the 3; helix—coincides with &, and is then higher than
that in water (i.e., ap = 0.2); (iv) at variance with the “water” case (reproduced in panel
(b) for comparison), in which the sigmoid modulates an underlying increasing trend, at
I — oo such underlying trend is essentially horizontal. This led the authors of the paper
by Guidugli et al. to stress that the cube root of the ratio of 1,4 at « = 1.0 over that at
o = 0.0 is 1.02, whereas the ratio of the experimentally determined values of helix pitch,
h, for the charged (21 helix) [70,97] over the uncharged (3; helix) form [2,8] is 1.01. (The
cube root allows passing from the volume scale of viscosity to the linear scale of the helical
pitch for consistent comparison). Besides the excellent agreement between the two results,
the remarkable finding is that the two limiting conformations also share practically the
same elongation in solution, as long as the electrostatic interactions have been completely
shielded, in full agreement with the finding of Cros et al.: “The most striking features are
the facts that these changes in conformation can occur without any noticeable variation of
the fibre repeat” [11]. In this respect, it seems very interesting to also recall that the ratio of
the values of molar ellipticity extrapolated to & = 0.0 for the 2; conformation over that of
the 31 one is 1.01, as already pointed out in Section 2.7.

The process of extrapolation, however, has provided an additional piece of very useful
information, namely the response of chain dimensions to a change in the ionic strength.
Among the several works on this aspect of polyelectrolyte solutions, the already quoted
one by Smidsred and Haug has probably been one of the most successful: “The response
to salt was quantitatively expressed as the slope [S] of straight lines relating the intrinsic
viscosity to the reciprocal of the square-root of the ionic strength [S = d n]/d17%°]. This slope
increased considerably with increasing molecular weight of the polyelectrolyte, and could
serve to characterize the response to salt of different substances only when comparison
was made at a constant molecular weight.” [94]. Their latter remark is very relevant for
the present case, since light-scattering [37] and osmotic data [25,30] have shown that the
pH-induced transition of pectic acid in dilute solution takes place with no change in the
relative molar mass [25]. Aiming at comparative purposes only, it was decided to use the
Tred results instead of [n], thereby defining S” as S’ = dnwea/d 1795 by analogy with S, and
taking the ratio of S’ at any value of « over S” at o« = 1.0. The results have been reported in
Figure 21b as well (before proceeding, attention should be drawn to the different nature of
the values of n,eq at I — oo and the S’ values. They both derive form the I dependence of
TNred: however, the former ones pertain to the polymer condition at I — co whereas the latter
ones to the process toward I — oo, thus enabling us to also draw conclusions on stiffness at
finite values of I).

The result is impressive, in particular when compared with the very small range of
variation of the 1,4 curve in the same range of o. The curve is continuously increasing, but
more markedly so in the range of conformational transition. The values of the S parameter
reported by Smidsred and Haug for “sodium pectinates of varying degree of esterification”
(D.E.) were 0.028 and 0.030 for D.E. =0 (i.e., « = 1.0) and 0.02 for D.E. 89% (i.e., « = 0.11),
corresponding to a ratio of about 15. The present ratio of S'(x)/S’(«x = 1) between the
extreme values is 15.6 (namely, 1.0/0.064), in very good agreement with theirs. It is possible
then to conclude that the galacturonan backbone, once liberated from (both long- and
short-range) electrostatic interactions, shows essentially the same elongation at « = 0.0 and
at oc = 1.0, whereas its flexibility is enormously increased in the same range.

It is useful to consider together the relative values of both 1;eq (as Myed (X)/Mred (x = 1))
and S’(«)/S’(x = 1) at the values of « corresponding to the extremes of the degree of
charging and to the extremes of the conformational transition. The results have been
reported in Table 7, together with the stepwise percent variations and the (percent) share
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of the total percent variation. The latter values tell us that the 3; conformation undergoes
a significant expansion up to the maximum tightening at o, which is almost exactly
recovered by the end of the transition at «s. However, the initial expansion is not only
accompanied by an increase in stiffness, but it is even paralleled by a slight, but clear,
increase in flexibility; it is the rheological counterpart of the complex behavior discussed in
Sections 2.6 and 2.7. On the contrary, expansion and stiffness become positively correlated
across the conformational transition, with a behavior which, in relative terms, could be
described as a major breakdown of both properties due to the intrinsic features of the
conformational energy profile of the two-fold helix. Finally, from o = a3 to « = 1.0, a
residual increase in the elongation of the 2; conformation is accompanied by a small
increase in chain flexibility, the maximum variation having already been achieved in the
transition range.

Table 7. Values of the ratio of the relative viscosity extrapolated at I — oo for given values of & on the
corresponding value at « = 1.0 (column A.) and of the ratio of the derivative of 1.4 with respect to
1795, 5, at « on the corresponding value at o = 1.0 (column B.). Percent values (italics) of variations
are relative to the initial value in the range of comparison.

A. B.
conformation | (Nred)i—ae(00) / variation S™(0) / variation
(Mred) 1—0(0=1.0) S’(0=1.0)

0.0 0.95 0.064

31 @:{> +38% @:{> +170%
(05] 1.31 0.17;5

conformational i?:} -28% 6% i?:} +394% 1463%
transition

o3 0.95 0.854

@;{> +5% @:{> +17%
2 1.0 1.00 1.00,

Nevertheless, the above findings deserve some comments. The first one is a reminder
that expansion and stiffness can well be positively correlated, but they also may not be.
The second one is that a certain—albeit small—fraction of charge is beneficial for the
adoption of an elongated conformation (probably also highly cooperative) of the 3; helix.
In fact, the condition of I — co, while annihilating both long- and short-range electrostatic
interactions, does NOT annihilate the electrical charge (or a fraction of) present on the
uronate carboxylate, which is likely involved in H-bonding. The latter comment nicely
supports the arguments described in Section 2.7. In relation to Figures 8a and 9a, in the
lowest « range the trend of the molar ellipticity seems to reveal that the 3; conformation
undergoes two parallel processes. A progressive stabilization of an elongated 3; helical
conformation, probably related to the quoted beneficial effect of partly charging the COO™
groups, and, at the same time, a progressive loosening of that structure due to electrostatic
repulsion. In comparison, the parallel changes of the 2; conformation are extremely small,
indicating that the elongation of that conformation is moderately affected by variations in
charging, and that only a minor increase in flexibility is added to an already very flexible
conformation, after the transition, on passing from a3 to & = 1.0.
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In 1986, Grasdalen and Kvam published a 2>Na NMR relaxation comparative study on
alginates and pectate: “Besides providing a direct probe of the ion-binding phenomenon
at the molecular level, the NMR of ionic nuclei may also serve as an indirect probe of the
conformational and dynamic behavior of macromolecules” [98]. In the case of pectate,
they also investigated the relaxation features of the probe counterion as a function of
the degree of neutralization, o', concluding that “No evidence in support of a recently
reported pH-induced intramolecular conformational transition in polygalacturonate was
obtained” [98]. Actually, they seem to have overlooked the anomalous trend that is evident
in the neutralization range corresponding to the conformational transition from their data
replotted in Figure 22a. Figure 22b reports the difference between the linear behavior
extrapolated in the 0 < o’ < 0.2 range and the experimental data, 6 Avy/, in full analogy
with the procedure used to obtain the difference viscosity data of Figure 19b. One should
start recalling the following: “Around « =0.61 ... for polygalacturonate . . ., where the linear
charge density exceeds the critical value predicted by Manning’s limiting law [ = 1.0], a
rapid increase in the line width occurs, indicating an appreciable binding of counterions.
This result is typical for polyelectrolyte solutions in which the secondary structure of the
polymer is retained upon neutralization” [98]. However, the range of o, which is relevant
to the present discussion, corresponds to & < 1.0, namely up to the end of the transition.
For & < 1.0, the observed effects on the 2Na relaxation of the uncondensed counterions
in solution mostly reflect the conformational and the ensuing micro-viscosity features
of the polyion. The & Avy,, curve starts getting negative at about «;, with a sudden
further drop at about « = 0.4, namely at f3, = f»,= 0.5; the analogy with the results of
Figure 20D is striking. A rough estimate of the slopes before and after « = 0.4 returns —9.5
and —107 s~ 1, respectively, with a full order of magnitude difference. At a3, which also
coincides with «;_1, the transition is over and the strong effect of counterion condensation
starts dominating.
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Figure 22. (a) Transversal 22Na NMR relaxation rates, 77-v1 5, for sodium poly(galacturonate) solutions
at the concentration of 0.08 wt% as a function of the degree of neutralization, «’, at 24 °C and 26.4 MHz.
The blue dashed line has been drawn through the two initial points; the red dashed curve is the
best fit polynomial in the range of counterion condensation (for o« > 0.61); (b) difference between
the line through the two initial points and the experimental data of panel (a), & Avy 7, as a function
of the degree of neutralization, . Magenta symbols and area represent the range of counterion
condensation; the two orange dashed segments have been drawn to guide the eye in the two ranges
of the conformational transition.

Borrowing the clear interpretation of those authors of the results on alginates, it is
straightforward to correlate a larger value of Avy,, with a faster counterion relaxation due
to the higher intrinsic rigidity of the polyanion. The significant stiffness of the 3; helical
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conformation starts being only slightly weakened by the transition at o, but when the
more flexible 2; units start prevailing (namely beyond o /5) the drop in the relaxation rate
becomes dramatic.

No better corroboration of the viscometric results on the behavior of the flexibility
parameter S” of Figure 21b and Table 7 could have been expected from a completely
independent methodology and investigation.

6. Conclusions

The results of the comparative revisiting of the published research on the conforma-
tional aspects of pectic acid and LMP can be summarized as follows:

e An exhaustive thermodynamic description of the pH-induced conformational
changes [7,29,32] of galacturonan has been achieved, demonstrating the coexistence of
an intramolecular 3; — 21 helical conformational transition with an order — (partial)
disorder transition;

e Increasing the fraction of charging (as degree of dissociation, &) from 0.0 to 1.0—at
25 °C—brings about the following;:

i.  Anexpansion of the 31 helical conformation—tightened by the formation of intra-
molecular H-bond in Hy — O’s—with the formation of rheologically significant
cooperative stretches up to a critical value of charge density, &¢ (&c = o &p);

ii. A conformational transition from the stiffer 31 to the more flexible 21 helical con-
formation; the « width of the transition is constant (5 = 0.38), i.e., independent
of the ionic strength of the medium;

iii. An ever increasing—with a—loosening of either helical conformation;

e  The 3; — 2; transition can also be achieved by heating LMP in water (namely, from
10 °C to 85 °C). The pH profile of the heat effects (by DSC) indicated that the condition
pH = 3.0 produces the maximum value, paralleling the pH profile of the optical activity.
It corresponds to the maximum tightening by the formation of intra-molecular H-bond;

e Both negative charging (by COOH dissociation) and temperature are effective in
disordering (“loosening”) galacturonan helical conformations. However, the latter
variable is by far more effective in doing so. Moreover, NaClOy, in due concentration,
can stabilize the loosened conformation. This has been shown as the failure of an
increase in the ionic strength to completely revert the loosening provoked by the
increase in charge density through electrostatic shielding. Such effect is the first
reported evidence of the impact of the chaotropic anion perchlorate on galacturonan
(Hofmeister effect);

e  For pH values < 2.0, a massive association of LMP builds up, which is mostly driven
by hydrophobic (van der Waals) interactions. A concerted action of highly reduced
charge density, increased conformational loosening and interchain association produce
interchain junctions at the root of acid—gel formation [32];

e  The extrapolation of the reduced viscosity data to infinite ionic strength confirmed that
the expansion of the 31 and the 2; helical conformations at o« = 0.0 and 1.0, respectively,
was the same (to within 1%) [31]; on the contrary, the response to ionic strength change
showed a 15-fold increase in the 3; — 2; transformation, pointing to a very large
accompanying increase in flexibility;

e  The viscosity data confirmed that the three-fold helical conformation undergoes pro-
gressive tightening and expansion thanks to inter-residue H-bond formation up to a
critical value of «, &, beyond which a breakdown of the cooperative helix starts to
produce the much more flexible two-fold helical conformation.

Although a-helix — p-sheet transitions have been reported in protein and polypep-
tides (see, e.g., [99,100]), an inter-helical transition in polysaccharides in solution is much
more rare, with the case of galacturonan and LMP being the only clear-cut case studied so
far. Quite surprisingly, very little work—if any—has been devoted in the past forty years to
deepen this aspect, after the pioneering investigations [7,29,32].
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By an in-depth comparative revisiting of those data (and others’), it has been possible
to compose a picture in which the different roles of conformational stability, electrostatic
interactions, temperature, and the chaotropic effects of low MW salt have been unraveled
in their complex interplay to modulate the conformational transition of galacturonan from
a three-fold to a two-fold helix coupled with a transition from a “tightened” to a “loose”
helix, sharing this feature with other important galactans, like agarose.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polysaccharides4030018 /s1. References [7,8,25,26,94,101-113]

are cited in supplementary material. File “Supplementary Materials” with the paragraphs:

Intermediate values of AHy, () at the intermediate values of , from aq to & = 1.0

Calculation of the “loosen” contribution in the conformational transition interval

More on the Thermodynamics of Association

On the possible sources of deviation from theory of the enthalpy of mixing data (including Figure S1)
More on Hofmeister and Lyotropic Effects in Polysaccharide Systems

On the Coupling of the Polyelectrolyte Aspects with the Lyotropic Ones (including Figure S2)

On the Viscometric behavior of Galacturonan as Compared to that of a “Normal” Weak Polyacid
(including Figure S3)
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