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The best-known theory accounting for metal-alginate complexation is the so-called “Egg Box” model. In
order to gain greater insight into the metal-saccharide interactions that underpin this model, the coordi-
nation chemistry of the corresponding monomeric units of alginate, L-guluronate (GulA) and
p-mannuronate (ManA) have been studied herein. GulA and ManA were exposed to solutions of different
s-block cations and then analysed by *H and **C NMR spectroscopy. It was found that the a/g ratio of the
pyranose anomeric equilibria of GulA showed large pertubations from the starting value (a/f = 0.21 +
0.01) upon contact with 1.0 M Ca®*, Sr*, and Ba®* (a/f = 1.50 + 0.03, 1.20 + 0.02, and 0.58 + 0.02,
respectively) at pD 7.9, but remained almost constant in the presence of Na*, K*, and Mg?* (a/f = 0.24 +
0.01, 0.19 + 0.01, and 0.26 + 0.01, respectively). By comparison, no significant changes were observed in
the a/p ratios of ManA and related mono-uronates p-glucuronate (GlcA) and p-galacturonate (GalA) in
the presence of all of the metal ions surveyed. Analysis of the *H and **C coordination chemical shift pat-
terns indicate that the affinity of a-GulA for larger divalent cations is a consequence of the unique ax—
eg-ax arrangement of hydroxyl groups found for this uronate anomer.
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Introduction

Kelps are large brown seaweeds that are found commonly
across the shores of Northern Europe and contain the bio-
polymer alginate at high levels (up to 40% of the dry weight)."
Alginates are a class of anionic polysaccharide comprised of
linear chains of (1 — 4)-linked (*C,)-a-L-gulopyranuronate and
(*Cy)-p-p-mannopyranuronate units,>* and are well-known for
their metal-binding properties.”® Notably, in the presence of
divalent metal cations alginates form gels,® which are used
extensively in food preparation,” cosmetics,® and biomedical
applications.”*® Of particular importance are the high
affinities of alginates for specific metal ions (such as Pb*",
Cu*", and Cd*"),">™ which enables use of kelp biomass for the
bioremediation of contaminated water.* This technological
importance of metal-alginate coordination interactions has
driven considerable research interest.">™"”
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The most well-known theory for the nature of metal-alginate
binding is the so-called Egg Box model, originally formulated
by Morris, Rees, and co-workers,'® and independently by
Angyal™ and Smidsred et al.>° This model remains the subject
of much research interest even after almost 50 years of its orig-
inal proposal. The premise of the model is that the buckled
structure of poly-a-i-guluronate chains give rise to anionic cav-
ities, in which divalent metal ions can nestle like eggs in an
egg box. Key to the Egg Box binding motif is the axial-equator-
ial-axial (ax-eq-ax) arrangement of oxygen atoms on the o-L-
gulopyranuronate units, which enables a di-pentadentate
coordination of a metal ion (Fig. 1). The model successfully
explains why some metals (such as Ca®") readily form gels,
whilst others (such as Mg®*) do not, as a result of the size
match/mis-match of the pseudo 3D metal ion cavity.”"** This
Egg Box model also offers an explanation for why the
flatter, ribbon-like poly-B-p-mannuronate chains do not show
the same gelation behaviour as their guluronate
counterparts,''%232

Nevertheless, since its initial suggestion, many authors
have questioned the validity of the Egg Box binding model, par-
ticularly the high-coordination numbers of the central metal
ion that have been proposed.”®> Consequently, a number of
alternative models have been put forward supported by com-
putational studies.’*>® However, experimental validation of
these models remains a challenge, as techniques such as NMR
spectroscopy and X-ray diffraction are not easily applied and

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Ca®* coordinated within an Egg Box site formed by two buckled,
parallel poly-a-L-guluronate chains of an alginate. The ax—eg-ax
arrangements of hydroxyl groups are highlighted (bold).

34737 To circumvent

interpreted for disordered metal-alginate gels.
these problems Plazinski and Drach have sought recently to
refine computational investigations of metal alginate systems by
first modelling the interactions of the mono- and oligo-saccharide
units involved.*®*® Again, however, supporting experimental data
for such endeavours is scarce owing to the, often prohibitively,
expensive nature of the requisite isolated sugars.*™**

In this present manuscript, we provide detailed experi-
mental data on metal-uronate interactions. This has been
achieved by contacting aqueous solutions of various s-block
metal cations with the monomeric units of which alginate is
comprised, namely t-guluronate (GulA) and p-mannuronate
(ManA) (Fig. 2), which we have recently prepared and character-
ised.*” By studying the resulting solutions by NMR spectroscopy,
changes to the anomeric equilibria and chemical shifts of the
sugars upon metal coordination can be determined, which are
indicative of the different metal-saccharide binding interactions
established.”> In addition, parallel experiments were also
carried out with commercially available p-galacturonate (GalA)
and p-glucuronate (GlcA) (Fig. 2). Both GalA and GlcA are found
abundantly in nature (in pectins and hemicelluloses, respect-
ively), and their metal-binding properties have been much more
widely investigated than that of the algal uronates, hence provid-
ing a useful comparison.**> **6-%3

To our knowledge, the work presented herein represents
the most extensive investigation of the complexation of metal
ions to mono-uronates to-date, and will help to inform future
studies of the behaviour and applications of their parent
polysaccharides.

Results

Changes in mono-pyranuronate anomeric equilibria in the
presence of s-block metal ions

Initially, the interactions of the four mono-uronates (GulA,
ManA, GlcA, and GalA) with different s-block cations were
probed. In each case, the changes to the pyranose anomeric

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

L-guluronate (GulA)

Fig. 2 The pyranose forms of the four mono-uronates studied in this
work.

equilibria (expressed as the ratio of a-anomer to p-anomer, a/f)
on addition of the metal ions was determined. Perturbations
of the a/p ratio are indicative of preferential complexation of
the metal by one of the two anomers. To this end, the 'H NMR
spectra (295 K, 400 MHz) of the sodium salts of GulA, ManA,
GlcA, and GalA were recorded in D,O solutions (42 mM, pD
7.9) containing the desired metal chloride salt (1.0 M). A
control experiment in which no additional metal salt was
added was run in parallel, (referred to as the “no metal” case).
Following the acquisition of the NMR spectra at pD 7.9, the pD
was lowered to 1.4 (well below the pK, values of the uro-
nates),” and the spectra re-recorded. In addition to the influ-
ence of pD, the impact of other variables (ionic strength and
metal counter-anion) were also evaluated (ESI sections 3.1 and
3.2F). The measured «/f ratios are summarised in Fig. 3.
Changes to the pyranose/furanose equilibria were generally
small and are disregarded for this analysis, but are reported in
full in ESI section 3.4.F

Dalton Trans., 2021, 50,13246-13255 | 13247
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Fig. 3 The a/p ratios of (a) L-guluronate, (b) p-mannuronate, (c)
p-glucuronate, and (d) p-galacturonate in 1.0 M aqueous solutions of
different metal chloride salts at 295 K and pD 7.9 or 1.4.

GulA was found to exhibit the lowest a/f ratio of all of the
four uronates studied (a/f = 0.21 + 0.01 when measured at pD
7.9 in the metal-free case). It was found that addition of Na',
K', or Mg>" had virtually no effect, with a/f ratios all staying
within + 0.05 of the metal-free value (Fig. 3(a)). However,
addition of the ions Ca®*, Sr** and (to a lesser extent) Ba>" all
perturbed the anomeric equilibrium strongly in favour of the
a-pyranose configuration, yielding «/f values of 1.50 + 0.03,
1.20 + 0.02, and 0.58 + 0.02, respectively.

In contrast to the effects determined for GulA, changes to
the a/p ratios for the other mono-uronates on addition of
metal ions were much smaller. For ManA, the only mono-
uronate to have an inherent energetic preference for the
a-anomer over the p-configuration under the metal-free con-
ditions (a/f = 2.36 + 0.04), addition of Na*, Ca>', Sr**, or Mg”"
had little impact on the a/f ratio (Fig. 3(b)). However, ions
with larger radii than that of Sr** did promote a slight increase
in the proportion of the p-ManA (with Ba®" and K", giving rise
to a/p values of 1.36 + 0.02 and 1.77 + 0.02, respectively). The
observation of a small increase in the proportion of mannofur-
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anuronate upon the addition of Ca®" is also noteworthy (ESI
Table S.13%) as the formation of Ca*>"-mannofuranose adducts
has been identified previously.®*

Irrespective of the metal ions added GlcA showed no signifi-
cant deviation from the a/f value of the free uronate (metal-
free a/f ratio of 0.75 + 0.01 at pD 7.9) (Fig. 3(c)). Similarly, GalA
(metal-free a/p ratio of 0.70 + 0.01 at pD 7.9) was not affected
significantly by the presence of excess Na*, K*, Mg”>* or, Ba**
ions (Fig. 3(d)). However, a stabilisation of a-GalA was detected
upon addition of Ca*>" (a/f = 1.24 + 0.01) and Sr** (a/f = 1.02 +
0.01), albeit much smaller effects than those for a-GulA dis-
cussed above.

The trends in a/f ratios of the four mono-uronates
remained the same upon changing the pD from 7.9 to 1.4.
However, one point of difference was seen for GulA and GalA
in the presence of Ca®". At the lower pD, the stabilisation of
a-GalA is virtually lost (with the pD 1.4 metal-free solution
exhibiting an «/f ratio of 0.89 + 0.01 compared to 0.91 + 0.01
with Ca®"), in contrast to a-GulA (pD 1.4 metal-free a/f = 0.21 +
0.01, compared to 1.11 + 0.02 with Ca®"). These results indi-
cated a notable degree of complexation between a-GulA and
Ca®", which persisted even upon protonation of the carboxylate
moiety, something that is explored further in the following
sections.

Notably, the lower pD conditions employed herein also
allowed for analysis of the behaviour of the uronates in the
presence of Zn>". To keep it in solution to prevent Zn hydrox-
ide. Here, the results were found to be almost exactly analo-
gous to those of Mg”*, with only very minor changes detected
in the a/f anomeric equilibria upon addition of Zn>" relative to
the no metal case (see ESI section 3.47).

Changes to mono-uronate "H NMR chemical shift values in
the presence of s-block metal ions

Having established the metals for which the a- and p-mono-
pyranuronates show affinities (summarised in Fig. 3), the
nature of the corresponding coordination modes were ana-
lysed by studying changes to 'H chemical shifts (§ 'H) of the
respective 'H NMR signals of the uronates. In order to inter-
pret the chemical shift data, changes in § 'H of the uronate
protons in the metal-containing solutions relative to the metal-
free and (i.e. coordination chemical shifts, Ad,ys) were first
recorded. As large values for Ad,,s were found for all uronate
signals in the metal chloride solutions, it was convenient to
define a second parameter, Ad,., determined by subtracting
the value of Ad,ps of H4 of the particular anomer under inves-
tigation. The H4 signal was chosen arbitrarily as it was often
the resonance most shifted following addition of the metal
salts; see Fig. 2 for numbering schemes.

The metric Ad, is helpful because it is close to zero in
most cases, enabling rapid analysis of the large data sets
(tables of all Ad,ps and Ad values are provided for each
experiment in the ESI section 3.3T). Where Ad, is non-zero, it
implies that the protons around the saccharide ring are
affected differently by the presence of the metal ion, indicative
of binding with different hydroxyl groups. Notably in this

This journal is © The Royal Society of Chemistry 2021
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Table 1 Changes in the *H chemical shift of protons of o- and B-pyranose anomers of Na-L-guluronate in the presence of different metal chloride
salts (1.0 M), measured relative to H4 in each case (Ad,e). Values were recorded in D,O at either pD 7.9 (upper) or pD 1.4 (lower) at 295 K and
400 MHz. Full sets of data for all of the mono-uronates studied, including uncorrected Ad.ps values, are provided in the ESI (section S.37})

Alpha pyranose

Beta pyranose

Solution pD
Change in chemical shift (ppm) compared to metal-free solution relative to H4 (Adye)
aH1 aH2 aH3 aH4 aH5 BH1 BH2 pH3 BH4 BHS5
No metal 7.9 0.00 0.00 0.00 — 0.00 0.00 0.00 0.00 — 0.00
NaCl 7.9 0.04 0.03 0.04 — 0.04 0.01 0.01 0.02 — 0.02
KCl 7.9 0.03 0.02 0.03 — 0.01 0.01 0.01 0.01 — 0.01
CaCl, 7.9 0.27 0.19 0.13 — 0.2 0.05 0.04 0.01 — 0.07
SrCl, 7.9 0.28 0.20 0.14 — 0.22 0.07 0.06 0.03 — 0.08
BaCl, 7.9 0.28 0.20 0.14 — 0.22 0.12 0.07 0.03 — 0.11
MgCl, 7.9 0.06 0.00 0.02 — 0.04 0.01 0.00 0.01 — 0.02
Ca(NO3), 7.9 0.24 0.15 0.09 — 0.19 0.05 0.04 0.02 — 0.06
Cal, 7.9 0.28 0.21 0.15 — 0.21 0.09 0.06 0.05 — 0.10
Alpha pyranose Beta pyranose
Solution pD
Change in chemical shift (ppm) compared to metal-free solution relative to H4 (Ad,e1)
aH1 aH2 aH3 aH4 aH5 BH1 BH2 BH3 pHA4 BH5
No metal 1.4 0.00 0.00 0.00 — 0.00 0.00 0.00 0.00 — 0.00
NaCl 1.4 0.02 0.02 0.02 — 0.02 0.00 -0.01 0.00 — 0.01
KCl 1.4 0.02 0.01 0.01 — 0.01 0.00 0.00 0.00 — 0.01
CaCl, 1.4 0.13 0.15 0.10 — 0.11 0.01 0.00 0.02 — 0.01
SrCl, 1.4 0.14 0.16 0.10 — 0.12 0.01 0.00 0.02 — 0.01
BaCl, 1.4 0.15 0.15 0.10 — 0.14 0.04 0.01 0.01 — 0.04
MgCl, 1.4 0.00 0.00 0.01 — —0.02 —0.01 —0.01 —0.01 — 0.00

regard, the values of Ad, at pD 7.9 for the protons of a-GulA,
which were very small in the presence of Na*, K*, and Mg”",
were up to 10-fold larger when Ca®", Sr**, and Ba®* ions were
present (Table 1). These results therefore provide further evi-
dence of a mode of complexation between a-GulA and larger
divalent cations that is not accessible for other smaller metals.
In contrast, the A, values for p-Gul (Table 1), a- and - ManA
(ESI Tables S.6-7t), GlcA (ESI Tables S.8-9t) and GalA (ESI
Tables S.8-91), are all much smaller for all of the metals
studied. The closest comparison to a-GulA is a-GalA, but even
then, the differences are significant. For example, whilst
a-GulA showed large A, values in the presence of Ca®" at pD
7.9 for H1 (0.27 ppm), H2 (0.19 ppm), H3 (0.13 ppm), and H5
(0.20 ppm), a-GalA only displayed significant A, values for
H1 (0.18 ppm) and H5 (0.13 ppm). Taken as a whole, these
results indicate binding mode(s) for Ca**, Sr**, and Ba®" in
a-GulA, that are not operative for other metals or uronates.
Upon lowering the pD from 7.9 to 1.4, a decrease in the
magnitude of the Ad,. values for a-GulA was observed in all
cases, though not uniformly for all protons. Notably, in the
presence of Ca®", Ad.j(a-GulA-H1) and Ad(a-GulA-H5) were
lowered by 0.14 and 0.09 ppm, respectively, on decreasing the
pD from 7.9 to 1.4, whilst Ad.(a-GulA-H2) and Ad,ei(a-GulA-
H3) were only reduced by 0.04 and 0.03 ppm, respectively.
Again, this is evidence for a coordination mode of a-GulA that
persists even after protonation. In contrast, the Ad,. values for
B-GulA, o- and p-ManA, GlcA, and, GalA were all reduced to
near zero at pD 1.4, demonstrating the importance of the car-

This journal is © The Royal Society of Chemistry 2021

boxylate anion in the main binding modes of all of these
saccharides.

'H and "*C NMR spectroscopic titrations of mono-uronates
with Ca**

From the initial screening of the behaviour of mono-uronates
in the presence of different metal ions, the interaction
between o-GulA and Ca** was found to be unique.
Consequently, a more in-depth series of experiments was
carried out, whereby solutions of sodium mono-uronates (0.26
M, pD 7.9) were titrated with increasing amounts of calcium
chloride (0.0-1.3 M) and studied by both 'H and *C NMR
spectroscopy (295 K). As previously, the analysis was restricted
to the a- and p-pyranose forms of the GulA and ManA uro-
nates, as the furanose isomers are not present in sufficiently
high concentrations. Although GlcA was again studied for com-
parison, GalA was excluded since precipitation occurs during
the titration sequence (the reader is instead referred to the
work of Jacques et al. for a similar study of GlcA and GalA
together).””

The values of Ad,ps(*>C) and Ad,ps(*H) of the >C/*H signals
from the a- and p-anomers of GulA, ManA, and GlcA were
plotted against the number of equivalents of Ca** added
(Fig. 4 and Fig. 5, respectively). Representative spectra for GulA
are provided in ESI section 3.5,7 and show no line broadening
across the range of the titration. Full data-sets for the titrations
(including the corrected anomer concentrations at each value
of [Ca®"]) are also provided in ESI section 3.6.1

Dalton Trans., 2021, 50, 13246-13255 | 13249
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Fig. 4 Uncorrected changes in chemical shifts, Adops (ppm), of carbon signals in the 13C NMR spectra of sodium mono-uronates upon the addition
of aliquots of CaCl,. The nominal concentration of uronate is 0.26 M in each case (though the individual concentration of each anomer must be cal-
culated separately for every value of [Ca®*], see ESI section 2.6%). Spectra recorded in D,O at pD 7.9, 295 K, 100 MHz. Each plot represents the
average of two independent runs. Individual error bars are omitted for clarity, but an average error, o, is stated in parentheses for each plot.

The data presented in Fig. 4(a) show that the Adyps(**C)
values for o-GulA at 5.0 eq. Ca** span 1.71 ppm, whilst those
of p-GulA vary by only 0.71 ppm (Fig. 4(b)). Similarly, the range
of Adups(*H) values for o-GulA at 5.0 eq. Ca®" spans 0.24 ppm

13250 | Dalton Trans., 2021, 50, 13246-13255

(Fig. 5(a)), compared to only 0.06 ppm for B-GulA (Fig. 5(b)).
Whilst C4, C5, C6, and H4 all display similar A§ values upon
the addition of Ca®* in both o- and B-GulA anomers, the large
negative shift changes for aC1 (—0.87 ppm), aC3 (-1.30 ppm)

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Uncorrected changes in chemical shifts, Adqps (ppm), of proton signals in the *H NMR spectra of sodium mono-uronates upon the addition
of aliquots of CaCl,. The nominal concentration of uronate is 0.26 M in each case (though the individual concentration of each anomer must be cal-
culated separately for every value of [Ca®*], see ESI section 2.67). Spectra recorded in D,O at pD 7.9, 295 K, 400 MHz. Each plot represents the
average of two independent runs. Individual error bars are omitted for clarity, but an average error, o, is stated in parentheses for each plot.

and aC2 (-1.42 ppm) and positive shift changes for aH3
(0.05 ppm), aH2 (0.09 ppm), aH5 (0.11 ppm), and aH1
(0.17 ppm) contrast strongly with the equivalent p-shifts and,
indeed, with all shifts determined in the experiments employ-

This journal is © The Royal Society of Chemistry 2021

ing ManA and GlcA. In the cases of ManA and GleA, Adyp(*3C)
for C1, C2, C3, C4, and C6 and Ad,us('H) for H1-H5 all remain
small and tightly clustered with increasing Ca*>* concentration,
relative to those from a-GulA. In the case of C5, both a- and
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B-GulA show a positive Adyps(**C) value (both + 0.30 ppm)
corresponding to a deshielding of the C5 nucleus, whilst a-
and p-ManA and o- and p-GlcA show negative shifts (—0.57 to
—0.84 ppm) for the same carbon atom. These distinct patterns
of chemical shift changes can be used to discern the nature of
the binding modes between Ca®" and the various uronates,
which are evaluated synoptically in the discussion section.

Finally, the Ca**/uronate NMR titrations also enabled the
calculation of tentative stability constants for the metal-carbo-
hydrate complexes, using the open source Bindfit model devel-
oped by Thordarson et al. (see ESI section 2.67).>"%” Using the
data for C2-C4 for each anomer, the 1:1 Ca**:uronate stability
constants (K ;) were calculated: a-GulA 2.20 M, B-GulA 0.61
M, a-GleA 0.38 M™', p-GlcA 0.25 M™', a-ManA 0.30 M ',
f-ManA 0.26 M, all with errors < + 5%. Attempting to fit the
data arising from carbons close to the carboxylate and ring
oxygens (C1, C5, C6) to the same model as C2-C4 was unsuc-
cessful, indicating that additional binding modes utilising the
carboxylate moiety were also present.

Discussion
Coordination of a-GulA to Ca** and similar dications

From the preceding NMR spectroscopic experiments, it is clear
that a-GulA shows a preferential affinity for the larger divalent
cations (Ca®" r, = 114 pm, Sr*" r, = 132 pm, Ba®" r, = 149 pm)
as evidenced by the significant changes in anomeric equilibria
(a/p ratio) upon coordination of these ions compared to the
monovalent (Na' r, = 113 pm, K' r, = 151 pm) and smaller
divalent ions (Mg>" r, = 71 pm, Zn** r, = 74 pm).®® In contrast
to GulA, the o/f ratio for ManA, GlcA, and GalA show minimal
perturbations upon contact with all of the cations studied
(Fig. 3). Together these observations suggest that o-GulA
adopts a binding mode with Ca** (and similar dications) that
lowers the free energy of the molecule relative to the p-form,
which is unique amongst the eight uronate anomers studied.

It is proposed that the ax-eq-ax arrangement of hydroxyl
groups found for C1, C2, and C3 of a-GulA is responsible for
the Ca®>" coordination. It has previously been established that
the 1,3-di-axial clash of hydroxyl oxygen atoms renders the ax-
eq-ax motif particularly unstable,®>”° yet here we observe that
the dipolar charges are screened by the presence of a suitable
cation, which stabilises the structure significantly. The identi-
fication of ax-eq-ax binding by a-GulA is consistent with the
stability trends elucidated by Angyal, for metal ion coordi-
nation to different arrangements of hydroxyl groups in cyclic
polyols.19,25,71—75

If the change in a/f ratio is used as the metric to determine
the favourability of coordination between divalent cations and
a monopyranuronate then a metal ion affinity series can be
established, which for a-GulA is Ca** > Sr** > Ba®" >> Mg”>* ~
Zn**. Thus, whilst Ca®* may be regarded as being well suited
to binding to the ax-eq-ax arrangement, Mg>" and Zn** are
either too small or too strongly solvated by H,O to be able to
coordinate. In this context, it is tempting to suggest that the
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notably lower affinity for Ba®" of a-GulA is a result of a combi-
nation of its large ionic radius and low charge density, which
minimise the strength of its binding to the ax-eq-ax arrange-
ment of hydroxyl groups. However, from the NMR spectro-
scopic experiments described herein alone, it is not possible
to rule out that the smaller perturbation of the equilibrium
towards the a-anomer of GulA by Ba®>* may simply arise
because this metal ion can also coordinate to the f-anomer in
a favourable manner (discussed further below).

Further proof of the Ca®>" coordination to the ax-eq-ax
arrangement of hydroxyl groups on a-GulA is given by the
coordination chemical shift data Adyps(*°C) and Adgps(*H).
Shielding of carbons C1, C2, and C3 and deshielding of
protons H1, H2, and H3 can be considered to be diagnostic of
ax-eq-ax binding, owing to the polarisation of the respective
C-H bonds by the electric field of the cation.’””> Whilst quali-
tatively this trend is observed for a-GulA in the presence of
Ca”* (Fig. 4(a) and 5(a)), the numerical results do not match
perfectly with those observed by Angyal for other Ca®"/ax-eq-
ax complexes, such as epi-inositol.”> Furthermore, the large
deshielding of the aH5 signal observed here for a-GulA would
not be predicted by a pure ax-eq-ax binding arrangement.
Together these anomalies indicate the presence of a second
coordination mode in the a-GulA system.

It seems likely that such a secondary mode would be
similar to that previously found in a-GalA, as the two anomers
possess the same relative orientation of functional groups on
C1, C2, C4, and C5. o-GalA is believed to bind Ca*" through
the carboxylate moiety and ring oxygen.***® Comparison of the
Abops(*H) values of a-GalA in the presence of Ca** (see ESI
Table S.107) show a deshielding of H1 and H5, which is also
be observed in the a-GulA system. Hence, it can be concluded
that Ca®>" binding to a-GulA can occur through both (i) the ax-
eq-ax hydroxyl groups and (ii) the carboxylate plus ring oxygen
(Fig. 6). It was calculated that the tentative stability constant of
Ca*" binding through the first mode K ;(¢-GulA, ax-eq-ax) =
2.20 M, which is roughly similar to K ,(ax-eq-ax) deter-
mined for the analogous saccharides a-L-gulose (K;, =~ 3.7
M™')*>7® and epi-inositol (K ; ~ 3.0 M™").”* The stability con-
stant for Ca** binding to the second site, K; ;(x-GulA, carboxy-
late), could not be calculated here in this qualitive study as the
data in the early stages of the titration are insufficiently granu-
lar, but is likely to be higher than K; ;(«x-GulA, ax-eq-ax) based
on literature values for Kj,(GlcA) and K;,(GalA) at pD =
7-8.44°573% At low pD however, the magnitude of
K, 1(carboxylate) is heavily reduced due to protonation, as evi-
denced by the loss of affinity of a-GalA for Ca** observed here,
and also by other authors.>® In contrast, the extent of binding
of Ca** by a-GulA is only slightly diminished by acidifying the
solution, as the ax-eq-ax coordination mode remains
operative.

Whilst the coordination behaviour of the monomeric form
of a-i-guluronate does not necessarily translate to that of its
polymeric alginate analogue, it is nevertheless interesting to
note that both binding modes detected here (ax-eq-ax and car-
boxylate) are featured in the Egg Box model as it is classically

This journal is © The Royal Society of Chemistry 2021
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a-GulA

a-GulA OH OH

Fig. 6 The two modes for Ca®*-coordination by (:C,)-a-L-guluronate
detected in this work. (Upper) A coordination mode involving the ax—
eg—ax arrangement of hydroxyl groups unique to the a-GulA anomer,
and (lower) the carboxylate/ring-oxygen binding observed generally for
o-mono-uronates.

depicted (Fig. 3)."®2° This affinity of a-GulA for larger divalent
metal ions may also influence the interactions of oligo-uro-
nides with enzymes such as bacterial alginate lyases, which are
believed to employ Ca** for catalysis.””

Coordination of other uronate anomers to Ca>*

Compared to the effects of Ca® ions on a-GulA (discussed
above), the influence of this dication on the other uronates is
more subtle. The non-carboxylate K;; values calculated for
Ca®" with f-GulA, a-GlcA, p-GlcA, a-ManA, and p-ManA were
around 3-7 times smaller than K;i(a-GulA, ax-eq-ax). The
small K; ; values (<1.0 M) for all anomers except a-GulA are
consistent with the much weaker coordination by less distinct
mono-/bi-dentante arrangements of hydroxyl groups on those
saccharides,>>>”® which are not unambiguously identifiable
from the chemical shift data.

With the exception of a-GulA therefore, it can be concluded
that Ca** binding occurs predominantly through the carboxy-
late moiety of most uronates. This is something that is in line
with previous reports of Ca** coordinating preferentially to the
a-anomers of GlcA and GalA through the carboxylate and ring
oxygens, and less favourably to their f-anomers through just
the carboxylate moiety.****%%°75% These literature results are
further supported by the results presented here. For example,
the a/p ratio measurements are consistent with slightly higher
affinities of a-GleA and a-GalA for Ca®>" than the affinities of
their p-anomers (Fig. 3a). Similarly, A, for H1 and H5 were
greater than those of H2 and H3 for a-GlcA and a-GalA, but in
the p-anomers, these values were more similar (see ESIt). The
same Ad. patterns were also shown by a- and p-ManA, and
f-GulA. From this, we conclude that a-ManA predominantly
binds to Ca** via the carboxylate and ring oxygens (like a-GalA
and a-GlcA), whilst f-ManA and $-GulA predominantly bind
through just the carboxylate group (like p-GalA and f-GlcA).
From this qualitative study we have not been able to provide

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Possible coordination modes between p-anomers of (upper)
GulA and (lower) ManA and the large Ba®* ion. Both complexes involve a
cis arrangement of hydroxyl oxygen atoms.

K values for these carboxylate binding modes, but note that
they are likely to be much higher than the K, ; values for the
hydroxyl-binding modes reported above, based on previous lit-
erature reports.

Other notable metal/uronate interactions

A final observation that is worthy of note relates to the coordi-
nation of cations larger than Sr*" to GulA and ManA. Despite
the affinity of a-GulA for Ca** and Sr**, changes to the a/f ratio
in the presence of Ba>* do not appear to be as large, possibly
indicating a more favourable interaction of p-GulA with this
larger ionic radii dication compared to that of a-GulA as a
result of unfavourable binding of the latter. Additionally,
ManA, which showed minimal response to the addition of
metal ions, tended towards the formation of the p-anomer in
the presence of Ba>" and K'. Hence, it can be concluded that
larger ions such as Ba** or K" are able to coordinate to the
wide, open faces of the pyranose rings of f-ManA and p-GulA,
specifically giving rise to interactions with p-GulA-O2 and f-
GulA-O3, and p-ManA-O1, B-ManA-O2, and p-ManA-O,,
(Fig. 7). Indeed, cis-hydroxyl groups (as found on -ManA and
B-GulA) were identified by Angyal as being favourable binding
sites for metal ions in carbohydrates, although less so than
the ax-eq—ax arrangement.25

Conclusions

The interactions of the two monomeric units of alginate, GulA
and ManA, and two related biomass-derived monosaccharides
(GleA and GalA) with environmentally abundant s-block metal
cations have been investigated. Particular focus centred on the
interaction of the a-pyranose anomer of GulA, which is of rele-
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vance to the metal coordination proposed by the long-standing
Egg Box model of metal-alginate binding.'®>°

Here, we have shown that one of the monomeric units of
alginate, a-GulA, shows a preferential affinity for the coordi-
nation of larger divalent cations (Ca**, St**, and Ba**). This is
attributed to the greater stabilisation conferred to this anomer
over that achieved with its lower energy f-GulA counterpart as
a result of the coordination of these dications. The origin of
this stabilisation is ascribed predominantly to be the result of
an interaction between the divalent cation and the ax-eq-ax
arrangement of hydroxyl atoms that is unique to a-GulA. The
ax-eq-ax binding mode of a-GulA has a value of K; ; of 2.20
M~" with Ca**, which is around 3-times higher than any such
hydroxyl-binding mode on the fp-GulA counterpart.
Furthermore, this coordination motif remains operative even
at low pH. A second binding mode of Ca** with a-GulA was
also detected, which is generic to all a-mono-uronates, and
involves the carboxylate moiety and ring oxygen. In contrast,
the B-anomers principally coordinate to metal ions through
just their carboxylate groups. Additionally, we report evidence
for weak complexation of very large cations by the cis hydoxyl
groups of f-ManA and f-GulA.

Together, this study represents the most comprehensive
comparative analysis to-date of the coordination of metal ions
to mono-uronates. Whilst the results presented for metal
binding to GulA, ManA, GalA, and GlcA do not necessarily
reflect the coordination environment present in the parent bio-
polymers, the results provide valuable data for the benchmark-
ing of computational models. Such models will ultimately
facilitate a fuller understanding of metal coordination by algi-
nates and related polyuronides, both in their natural environ-
ments and in their important technological applications.
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