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1. Materials and characterization methods

Materials. Sodium hyaluronate (HA) possessing a weight average molar mass (M,,) of 100 kg/mol
was supplied by Lifecore Biomedical (USA). The molar mass distribution and the weight-average
molar mass of this sample were determined by size exclusion chromatography using a Waters GPC
Alliance chromatograph (USA) equipped with a differential refractometer and a light scattering
detector (MALLS) from Wyatt (USA); the solution was injected at a concentration of 1 x 103 g/mL in
0.1 M NaNQ;, at a flow rate of 0.5 mL/min and at a column temperature of 30 °C. The dispersity (D)
of the sample is M,,/M,, = 1.5-2. The overlap concentration C* for this HA sample in buffer at 25 °C
is around 3 g/L. This value was derived from the intrinsic viscosity assuming that C*[n] is about unity.’
HA samples with lower M,, (5 or 10 kg/mol), purchased from the same supplier, were used to
synthesize HA derivatives for NMR studies (thermodynamics, kinetics and elucidation of the
structure of boronic acid complexes). This low M,, HA sample was used to circumvent limitations due
to the high viscosity of concentrated solutions of high M, HA. 5-amino-2-
(hydroxymethyl)phenylboronic acid hydrochloride (ABOR, 6-aminobenzoboroxole) and Boc-1-
amino-3,6-dioxa-8-octanamine (Boc-DOOA) were purchased from Combi-Blocks and Iris Biotech,
respectively. 1-Amino-1-deoxy-D-fructose hydrochloride (fructosamine) and D-gluconolactone were
supplied by Carbosynth. 3-Aminophenylboronic acid hemisulfate salt (APBA), 4-(4,6-dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM), D-maltose, 1-thio-B-D-glucose sodium
salt(thioglucose), 4-pentenoic anhydride, O-(carboxymethyl)hydroxylamine hemihydrochloride,
cysta-mine dihydrochloride, N,N'-diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole (HOBT),
tris(2-carboxyethyl)phosphine hydrochloride (TCEP), trifluoroacetic acid (TFA), picrylsulfonic acid
solution (TNBS), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), phosphate buffered
saline (PBS) and other chemicals were purchased from Sigma-Aldrich-Fluka and were used with-
out further purification. A '3C labeled maltose (maltose-'3C;, monohydrate) was supplied by
Cambridge Isotope Laboratoires and a '3C labeled D-fructose was purchased from Carbosynth.

Methods.

NMR spectroscopy. 'H, '3C and 2-D INADEQUATE NMR spectra were recorded at 25 °C or 80 °C
using a Bruker AVANCE IIl HD spectrometer operating at 400.13 MHz ('H) and at 100.61 MHz ('3C).
"H NMR spectra were recorded by applying a 90° tip angle for the excitation pulse, and a 10 s recycle
delay for accurate integration of the proton signals. '3C NMR spectra were recorded by applying a
90° tip angle for the excitation pulse and a 2 s recycle delay. 2D INADEQUATE experiments were
per-formed using the pulse sequence inadphsp given by Bruker. For each experiment, 256 transients
were acquired for each of the 128 increments in F1. The recycle delay was set to 3 s. The spectral
width was set to 20161 Hz (number of data points = 8192). The data were processed with shifted
sine bell weighting and zero filling to form a 8192 x 1024 matrix prior to Fourier transform. '3C-edited
HSQC experiments using the HA derivative modified with 3C labeled maltose were recorded on a
Bruker AVANCE IIl HD operating at 950.23 MHz ('H) and at 238.94 MHz ('3C) equipped with a
cryogenic probe. Deuterium oxide (D,O) was obtained from Eurisotop (Saint-Aubin, France).
Chemical shifts (& in ppm) are given relative to external tetramethylsilane (TMS = 0 ppm) and
calibration was performed using the signal of the residual protons of the solvent as a secondary
reference. All NMR spectra were analyzed with Topspin 3.1 (or 3.5) software from Bruker AXS.

Rheology. Oscillatory shear experiments were performed with a cone-plate rheometer (AR2000EX
from TA Instruments). All the dynamic rheological data were checked as a function of strain
amplitude to ensure that the measurements were performed in the linear viscoelastic region. No
frequency data beyond 10 Hz are presented because inertial artefacts (raw phase angle > 150°)
were observed at frequencies higher than 10 Hz.23 The cone used for viscoelastic samples has a
diameter of 2 cm and an angle of 4°, whereas viscous solutions were analyzed using a cone of 6 cm
of diameter and an angle of 1°. To prevent water evaporation, the measuring system was surrounded
with a low-viscosity silicon oil (50 mPa.s) carefully added to the edges of the cone.

Determination of K, by ITC. Calorimetric titration experiments were carried out on a Microcal VP-

ITC titration microcalorimeter (Northampton, U.S.A.). All titrations were performed using solutions of
APBA (ABOR) and free saccharides (D-fructose, maltose-COOH and gluconamide) solubilized in
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0.01 M PBS, with pH adjusted to 7.4 (£ 0.1) using a pH-meter, by carefully adding 1 M NaOH when
necessary. The reaction cell (V = 1.4478 mL) contained a solution of “molecule 2” (Table S1). A
series of 28 injections of 5 or 10 yL of a solution of “molecule 1” was made from a computer-
controlled 300 pyL microsyringe at an interval of 400 s into the solution contained in the reaction cell,
while stirring at 300 rpm at 25°C. The raw experimental data were reported as the amount of heat
produced after each injection of boronic acid as a function of time. The amount of heat produced per
injection was determined by integration of the area under individual peaks by the instrument
software, after taking into account heat of dilution.The data were analyzed using the one set of site
fitting model (Origin 7.0 software package). Table S1 summarizes the experimental conditions used
for the ITC measurements.

Table S1. Experimental conditions of the calorimetric titrations.

Entry MOIS/?:::S; n [Mo(lac&l)e 1l Molecule 2 in cell [Mo(l;cl\t/ill)e 2
1 Free D-fructose 130 APBA 3.7
2 Free D-fructose 75 ABOR 2
3 APBA 15 Free maltose-COOH 0.5
4 ABOR 35 Free maltose-COOH 1
5 APBA 20 Free gluconamide 1
6 ABOR 35 Free gluconamide 1

Computational analysis. Four possible tricovalent PBA/maltose complexes (Figure 5, main text),
formed between the open glucose unit of the maltose derivative and PBA, have been studied: two
bridged bicyclic compounds formed by 5- and 6-membered rings (complexes 2 and 4) and two
bridged bicyclic compounds formed by 5- and 7-membered rings (complexes 1 and 3). For a better
representation of the maltose derivative which is grafted to HA, C1 of the open glucose unit was
replaced by a vinyl group. First, force field molecular dynamics (MD) simulations were carried out on
the complexes for screening the different rotamers and rings conformations. The MD simulations
were performed in the GROMACAS software, ver. 2018,* with all-atom Gromos 54a7 force field.5 All
the MD simulations were performed in an NPT (constant number of atoms, pressure, and
temperature) ensemble with velocity-rescale temperature coupling® and Berendsen pressure
coupling algorithms” with temperature and pressure coupling con-stants of 0.2 ps and 2 ps,
respectively. Each complex was placed in a box with dimensions with 5x5x5 nm? where single point
charge (SPC) water molecules® are filled. The structure is then relaxed with energy minimization
followed by MD simulation with slow heating from 0 K to 300 K in 2 ns. The system was then
equilibrated for 8 ns at 300 K. The production run was performed for 10 ns at 300 K. From the above
MD simulations, the feasible conformers and rotamers of the different complexes were selected and
submitted to DFT calculations using Gaussian 09 (rev. D.01)° with standard termination options.
Optimizations were performed with M062X'° at 6-311+G(d,p) level and with SMD'" in water. The
functional was chosen for its proven performance in estimations of the relative energies of sugar
conformers'?'3 and B-O bond length.'* The SMD solvent simulation was chosen as it was shown to
well reproduce the solvation effect.'? For each DFT optimization, a frequency calculation was
performed in order to verify that there is no negative frequency (i.e. confirm that it is a minimum) and
to determine the absolute free energy of each rotamer at 298 K. For the complexes of PBA and an
open glucose used to simulate the gluconamide derivative (with the C1 replaced by a vinyl group),
ten different tricovalent possibilities have been studied: three bridged bicyclic compounds formed by
two 5-membered rings and four bridged bicyclic compounds formed by 5- and 6-membered rings,
one bridged bicyclic compound formed by two 6-membered rings and two bridged bicyclic
compounds formed by 5- and 7-membered rings. In this case, only DFT calculation was performed
for all possible rotamers of each complex, using the same condition described for the PBA/maltose
derivative complexes. For complexation between the grafted fructose and BOR with the open
boroxole ring, a 1-acetamido fructose derivative was used to represent the amide bond between the
monosaccharide and HA. Only MD simulation was carried out in the same condition as described
for PBA/maltose derivative complexes.



2. Modification of hyaluronic acid with glucose or maltose moieties by thiol-ene
photochemistry

The syntheses of HA-maltose and HA-glucose were performed via thiol-ene coupling reactions
between a maltose-thiol derivative and commercially available thioglucose, respectively, and HA
possessing alkene groups (HA-pentenoate)'® (Figure S1). The maltose-thiol was prepared from a
carboxylic acid derivative of maltose (maltose-COOH, Figure S1b) as previously described.'® During
the coupling reactions with HA-pentenoate, the thiol-to-ene ratios were adjusted to obtain a DS of
0.1 to 0.15 for the HA derivatives. Successful grafting of the saccharides onto HA was confirmed by
"H NMR spectroscopy which also allowed determination of the DS (Figure S2).
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Figure S1. Synthetic scheme for the preparation of HA derivatives via thiol-ene coupling reaction
(a), and synthesis of maltose-disulfide from a maltose-COOH derivative (b).

HA-maltose. The HA-maltose derivative was synthesized as previously reported.'® In brief, this
included a first step to prepare an unprotected carboxylic acid derivative of maltose (maltose-COOH)
by reaction of D-maltose (0.5 g, 1.4 mmol) with O-(carboxymethyl)hydroxylamine (0.153 g, 1.4 mmol)
in water at pH 4.8. Then, a maltose-disulfide derivative was obtained by reaction of maltose-COOH
with cystamine dihydrochloride (0.157 g, 0.7 mmol) in dry DMF under nitrogen, using DIC (0.7 g,
5.57 mmol) and HOBT (0.38 g, 2.79 mmol). The synthesis of HA-maltose consisted in the reduction
of the disulfide bond of maltose-disulfide (0.16 g, 1.69 mmol) with TCEP (0.062 g, 0.22 mmol),
followed by the coupling reaction in ultrapure water of maltose-thiol with pentenoate-modified HA
(0.25 g, 0.6 mmol), in the presence of the photoinitiator Irgacure 2959 (0.1 % w/v), at room
temperature for ten minutes under UV light (A = 365 nm, 20 mW/cm?). Successful grafting of maltose-
thiol onto HA was confirmed by "H NMR spectroscopy, which also allowed determination of a DS of
0.1 (Figure S2a, Table S2). '"H NMR (400 MHz, D,0, 25 °C) of maltose-disulfide (Figure S1b): o4
(ppm) 7.54 and 6.89 (1H, H1), 5.33 (1H, H1"), 4.53 (2H, Ha), 3.95-3.40 (12H, H2-H6 and H2-HE’),
2.60 (4H, Hb and Hc).



HA-glucose. The commercially available 1-thio-B-D-glucose (0.033 g, 0.15 mmol) was reacted with
pentenoate-modified HA (0.1 g, 0.24 mmol) at room temperature for ten minutes under UV light in
ultrapure water. '"H NMR analysis of the product allowed determination of a DS of 0.15 of the HA-
glucose derivative (Figure S2b, Table S2).

Table S2. Reaction conditions for the synthesis of HA-maltose and HA-glucose.

HA derivative [SH]/[pentenoate] DS® Yield (%)
HA-maltose 1.6 0.1 88
HA-glucose 3.5 0.15 90

aDS by "H NMR (10 % of accuracy).




3. 'H NMR spectra of HA derivatives synthesized by thiol-ene photochemistry
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4. Modification of hyaluronic acid with phenylboronic acid, benzoboroxole, fructose or
gluconamide moieties by amide coupling reaction

The HA-PBA, HA-BOR, HA-fructose and HA-gluconamide derivatives were prepared by an amide
coupling reaction carried out in aqueous solution between 3-aminophenylboronic acid (APBA), 6-
amino-1-hydroxy-2,1-benzoxaborolane (6-aminobenzoboroxole, ABOR), 1-amino-1-deoxy-D-
fructose (fructosamine) and a glucose derivative in the ring-opened form (1-amino-DOOA-
gluconamide), respectively, and HA, using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) as a coupling agent (Figure S3)."” For the synthesis of the
1-amino-DOOA-gluconamide, D-gluconolactone was reacted with Boc-1-amino-3,6-dioxa-8-
octanamine (Boc-DOOA) according to a previously reported procedure, affording Boc-1-amino-
DOOA-gluconamide (Figure S3b).'"® The DS of the HA conjugates was controlled by the amount of
amine-to-carboxylic acid. Using DMTMM/HA and amine/HA molar ratios of 1 and 0.15 to 0.2,
respectively, we obtained HA derivatives with a DS of 0.1 to 0.15 from 'H or '3C NMR analysis
(Figure S4-S6). In the case of HA-fructose and HA-gluconamide, the DS was also estimated from
the reaction kinetics performed using 2,4,6-trinitrobenzene sulfonic acid (TNBS) to quantify the free
primary amines in the reaction medium as a function of time (Figure S7).
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Figure S3. Synthetic scheme for the preparation of HA derivatives via amide coupling reaction
(a), and synthesis of 1-amino-DOOA-gluconamide from a Boc-1-amino-DOOA-gluconamide
derivative (b).

HA-gluconamide. To a solution of Boc-DOOA (0.113 g, 0.45 mmol) in DMF (25 mL), a solution of
D-glucono-1,5-lactone (0.081 g, 0.45 mmol) in DMF (20 mL) was added dropwise for ~ 3 h. After
stirring overnight at room temperature, the solvent was removed under reduced pressure and the
resulting transparent syrup was dried under vaccum (60 mbars, 40 °C) to give a Boc-DOOA-
gluconamide derivative (0.178 g, 92 %). The removal of the Boc protecting group was performed by
acid treatment of Boc-DOOA-gluconamide (0.055 g, 0.13 mmol) in TFA (0.6 mL, 7.77 mmol) for 5
min at room temperature. The reaction medium was neutralized by adding 1 M NaOH dropwise (= 5
mL) at ~ 0 °C, and the solvent was removed under reduced pressure. The complete deprotection of
the amine group yielding 1-amino-DOOA-gluconamide derivative was confirmed by 'H NMR
analysis. The HA-gluconamide derivative was then prepared by amide coupling. The reaction
consisted in adding DMTMM (0.207 g, 0.75 mmol) to a solution of HA (0.3 g, 0.75 mmol) at a
concentration of 3 g/L in a water/DMF (3/2, v/v) mixture. After 15 min of stirring at room temperature,
1-amino-DOOA-gluconamide (0.056 g, 0.17 mmol) was added and the pH was adjusted to 6.5 using
0.5 M aqueous NaOH. After stirring for 65 h at room temperature, the HA-gluconamide conjugate
was purified by ultrafiltration using deionized water and the product was recovered by freeze-drying
(Table S3). The DS of HA-gluconamide was found to be 0.1 from *C NMR analysis (Figure S5). It
was also estimated from the reaction kinetics performed by quantifying the free primary amine in the
reaction medium as a function of time (Figure S7). '"H NMR (400 MHz, D,0, 25 °C) of Boc-1-amino-
DOOA-gluconamide (Figure S3b): &4 (ppm) 4.35 (1H, H2), 4.15 (1H, H3), 3.88-3.72 (10H, H4-H6
and Hb-Hd), 3.65 (2H, He), 3.55 (2H, Ha), 3.32 (2H, Hf), 1.5 (9H, Hg).

HA-PBA, HA-BOR and HA-fructose. HA-PBA, HA-BOR and HA-fructose were synthesized by an
amide coupling reaction from APBA, ABOR and fructosamine (containing free primary amine
groups), respectively. To this end, APBA (0.022 g, 0.12 mmol) or ABOR (0.025 g, 0.135 mmol) or
fructosamine (0.024 g, 0.112 mmol) was added to a water/DMF (3/2, v/v) mixture containing DMTMM
(0.207 g, 0.75 mmol) and HA (0.3 g, 0.75 mmol) and the pH was adjusted to 6.5 using 0.5 M aqueous
NaOH. After stirring for 24 h at room temperature, the different HA derivatives were purified by
ultrafiltration using deionized water and the products were recovered by freeze-drying (Table S3).
The DS of the HA derivatives were found to be 0.15 from 'H and '3C NMR analyses (Figure S4 and
S6). The DS of HA-fructose was also estimated from the reaction kinetics using the TNBS method
(Figure S7).



Table S3. Reaction conditions for the synthesis of HA-BOR, HA-PBA, HA-fructose and HA-
gluconamide.

N R-NHy/HA Coupling  Yield
HA derivative molar ratio S (%) (%)
HA-BOR 0.18 0.152 83 86
HA-PBA 0.16 0.152 100 98
HA-fructose 0.15 0.15b 100 96
HA-gluconamide 0.22 0.1b.c 50 73

aDS by 'H NMR (10 % of accuracy).
bDS estimated from the reaction kinetics using TNBS.
DS by 8C NMR (20 % of accuracy).
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5. 'H NMR spectra of HA derivatives synthesized by amide coupling reaction
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gluconamide.
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6. Determination of the degree of substitution (DS) of HA-fructose (HA-gluconamide) from the
kinetics of the amide coupling reaction

As the superposition of 'H signals of HA and grafted fructose (or gluconamide) moieties precluded
determination of the DS of HA-fructose (HA-gluconamide) by 'H NMR, their DS were estimated from
the kinetics of their syntheses, by quantifying the free primary amines in the reaction medium as a
function of time. This was based on the reaction of fructosamine (or 1-amino-DOOA-gluconamide)
with 2,4,6-Trinitrobenzene Sulfonic Acid (TNBS), which gives an orange-colored final product
(trinitrophenylamine) that absorbs in the UV region, at around 340 nm (Scheme 1)."°

O SOz F'{ B R
O-N 3 NO 07058 N+H, S0Z  Q  N+Hp . 9+ NH
2 R-NH, O—N\ NO, u -O-N* NO, O-N NO,
E R e ———
b e
+
NO, NO, NO, NO,
TNBS Mgsenheimer Trinitrophenylammonium Trinitrophenylamine
anion (420 nm) (340 nm)

Scheme 1. Trinitrophenylation of primary amines with TNBS.

Procedure for the reaction kinetics by quantifying primary amines with TNBS

The methodology to quantify primary amines with TNBS was adapted from a procedure previously
described.?® Standard curves of primary amines (fructosamine or 1-amino-DOOA-gluconamide)
were prepared by diluting 1 mg/mL stock solutions in 0.1 M sodium bicarbonate buffer pH 8.5 at
known concentrations of amine (10 to 50 pug/mL). Various volumes of a fresh solution of 0.01 %
TNBS (w/v) in the same buffer were added in each solution, in order to get a molar ratio of
TNBS/amine of 1, and samples were incubated at 37 °C for 2 h. Then, the product of reaction
between the amine and TNBS was analyzed by UV spectroscopy (from 580 to 280 nm) after addition
of a small volume of 1 M HCI (150 uL) in the samples. The same procedure was used to quantify
amines during the amide coupling reactions with HA, by taking small aliquots of the reaction medium
as a function of time.

Procedure for determining the DS from the kinetics of amide coupling reactions

From the UV spectra recorded for fructosamine-TNB (1-amino-DOOA-gluconamide-TNB)
derivatives, a standard curve was plotted with the maximal absorbance values (curves (a) in Figure
S7). It is important to note that the wavelength of the maximal absorbance depends on the primary
amines. This allowed us to determine the amount of unreacted primary amines during the amide
coupling reaction with HA using an amine/HA molar ratio of 0.15 to 0.2. From the kinetic curves, we
estimated approximately 100 % of conversion for HA-fructose and 65 % for HA-gluconamide within
24 h and 65 h, which gave values of DS of 0.15 and 0.1, respectively (curve (b) in Figure S7).
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Figure S7. Reaction kinetics for the syntheses of HA-gluconamide and HA-fructose. Standard
curves with the respective equations used to quantify the free amines (a), and kinetic curves
plotted for the coupling reactions of fructosamine and gluconamide with HA (curve fitting by non-
linear fit models using Origin 2015 software).

7. Preparation of HA-PBA (HA-BOR) and HA-saccharide mixtures

The different HA derivatives were solubilized in 0.01 M HEPES buffer containing 0.15 M NaCl pH
7.4. The dissolution time was at least 12 h at 4 °C. The solutions of HA-BOR or HA-PBA and of HA-
saccharide (HA-fructose, HA-maltose, HA-glucose or HA-gluconamide) were mixed under vigorous
stirring at room temperature, at a total polymer concentration of 15 g/L and with BOR or PBA/sugar
molar ratio of 1. The mixtures were then allowed to rest at 4 °C overnight before rheological analysis.

8. Dynamic rheological behavior of the HA-PBA (BOR) conjugates alone

104

G' ¢ G" o HA-BOR .
G' @ G" o HA-PBA OOO
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Figure S8. Frequency dependence of storage (G’) and loss (G”) moduli of the HA-PBA and
HA-BOR derivatives alone at pH 7.4, compared to native HA; closed symbols: G’ curves; open

symbols: G” curves.
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9. Methodology for K, measurements by 'H NMR spectroscopy

The procedure to determine the K, values was adapted from previous studies using free boronic
acids and saccharides.?'?2 This method consisted in assuming that a boronic acid (B) and a
saccharide (S) bind in one modality, BS:

B+S=BS
[BS]

=—— (1

®  [BLIS] M

Where [B], [S] and [BS] are the molar concentrations of the free boronic acid, the free saccharide
and the complex, respectively.

To determine K, the [BS]/[B] ratio was determined by digital integration of the aryl protons of the
boronic acid/saccharide complex and of the free boronic acid. This allowed determination of [B], [BS]
and [S], as follows:

Bl

~ [BS]
—— + 1
[B]

Where [B]y is the initial concentration of boronic acid added in the NMR tube, and

[B] )

[BS]
BS|= —B 3
8] = " o 18] ©

[S] = [S], - [BS]4)
Where [S]y is the initial concentration of saccharide added in the NMR tube.
Procedure for the preparation of samples for NMR analysis

Stock solutions of APBA (ABOR) and free (grafted) saccharides were prepared by solubilization in
distilled water. When necessary, the pH was carefully adjusted to 7.4 by adding 1 M NaOH, using a
pH-meter, and water was added to get concentrations ranging from 4 to 60 mM. Then, the solutions
were diluted with 0.02 M PBS pH 7.4 in order to obtain final concentrations of 2 to 30mM APBA
(ABOR) or saccharide in 0.01 M PBS at pH 7.4.The solutions of complexes were then prepared by
mixing various volumes of a stock solution of APBA (ABOR) with a stock solution of a respective
free (grafted) saccharide. This generated mixtures at pH 7.4 (+ 0.1), with a APBA (ABOR)/saccharide
molar ratio ranging from 0.3 to 1.5. Water was removed by freeze-drying and the samples were
properly dissolved in D,O prior to NMR analysis. Each value of K, was determined from two
experiments of titration using freshly prepared solutions. 'TH NMR titration was performed with at
least 6 different concentrations at 25 °C.

Procedure for determining the chemical shifts of aryl protons of bound and free boronic acids

"H NMR spectra of APBA and ABOR alone were first recorded (spectra (a) in Figure S9-S12, S17-
S20 and S24-S27). Second, '"H NMR spectra of APBA and ABOR in the presence of excess free
saccharide (fructose or gluconamide derivative which is free in solution) to induce 100 % complex
formation are acquired (spectra (b) in Figure S9-S10 and S24-S25). Comparison of spectra (a) and
(b) allows the assignment of the aryl protons of bound and free boronic acids. This analysis was then
used to interpret the spectra from the titrations with sugars (fructose, maltose or gluconamide
derivative which are free in solution or grafted on HA; spectra (c) in Figure S9-S10 and S24-S25 or
spectra (b) in Figure $S11-S12, S17-S20 and S26-S27).

16



10. Determination of K, by '"H NMR for APBA (ABOR) and fructose (free fructose and HA-
fructose)

As the bound and unbound forms of APBA (ABOR) in the presence of fructose are distinguishable
by 1H NMR spectroscopy,?"23 this technique was used to evaluate directly the affinity of APBA and
ABOR for free D-fructose and grafted fructose (Figure S9-S12) as well as to measure the rate of
exchange between the free and bound states (Figure S13 and S14).
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Figure S9. "H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of APBA alone (15 mM) (a),
APBA (15 mM) in the presence of excess D-fructose (150 mM) (b), and APBA (15 mM) with D-
fructose (15 mM) (c). The [BS]/[B] ratio was determined from the digital integration of Hc (free

APBA) and Hd’ (complexed APBA) signals.
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Figure S10. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of ABOR alone (15 mM)
(a), ABOR (15mM) in the presence of excess D-fructose (150 mM) (b), and ABOR (15 mM) with D-
fructose (15 mM) (c). The [BS])/[B] ratio was determined from the digital integration of Hc (free
ABOR) and Hb’ (complexed ABOR) signals.
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Figure S11. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of APBA alone (1 mM) (a)
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[BS]/[B] ratio was determined from the digital integration of Hc (free APBA) and Hd (compléxed
APBA) signals.
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Figure S12. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of ABOR alone (1mM) (a)

and ABOR (1mM) with HA-fructose (1 mM of grafted fructose) (b). Similar to free D-fructose, the

[BS)/[B] ratio was determined from the digital integration of Hc (free ABOR) and Hb, Ha’, Hb’ (3H
free and complexed ABOR) signals.
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11. Methodology for k., measurement by 2D EXSY (EXchange SpectroscopY)

The k. values for slow exchange systems were determined from EXSY experiments, set up with at
least 3 different mixing times (d8) among 0.8, 1, 1.2 and 1.5 s.?* Solutions of APBA (ABOR) and
saccharides were prepared as previously described for K, measurements by 'H NMR titration. From
the 2D spectra of APBA (ABOR) in the presence of 0.6 molar equivalent of saccharide, the diagonal
and cross-peaks for the bound and unbound aromatic resonances of APBA (ABOR) were carefully
integrated, and the integration values were used to determine k., by using the following equation?®

(r+1) —k
(T' 1) extm (5)

where 1, is the mixing time and r is defined by the following equation

4)(ch Uyy+ Lypy)
r= -Ue-xp> (6)
Uy + L)

where x. and x; are the mole fraction of complexed and free APBA (ABOR), respectively, with x. =
0.4 and x; = 0.6. Iy and Iy are the intensities of the cross peaks between a 'H signal of free and
complexed APBA (ABOR), respectively, whereas Iy and Iy are the intensities of the diagonal
peaks.

12. Determination of k., by 2D EXSY for APBA (ABOR) and free fructose
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Figure $13. 2D EXSY spectra at 25 °C of APBA (18 mM) with D-fructose (12 mM) in 0.01 M
deuterated PBS pH 7.4 (1, = 1.5 s). kox was determined from the digital integration of the diagonal
peaks (Hcc, Hc'c’ and Hdd, Hd’d’) and of the cross peaks (Hcc’, He'c and Hdd’, Hd'd) of APBA.
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Figure S$14. 2D EXSY spectra at 25 °C of ABOR (18 mM) with D-fructose (12 mM) in 0.01 M
deuterated PBS pH 7.4 (1,, = 1.5 s). kex was determined from the digital integration of the diagonal
peaks (Hcc, Hc'c’) and of the cross peaks (Hcc’, Hc'c) of ABOR.
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13. Calorimetric titration of APBA (ABOR) with maltose-COOH
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Figure S15. Calorimetric titration of maltose-COOH (0.5 mM) with APBA (15 mM) in 0.01 M PBS
(pH 7.4, 25 °C).
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Figure S$16. Calorimetric titration of maltose-COOH (1 mM) with ABOR (35 mM) in 0.01 M PBS
(pH 7.4, 25 °C).

14. Determination of K, by 'H NMR for APBA (ABOR) and maltose derivatives (maltose-COOH
and maltose grafted on HA)
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Figure S17. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of APBA alone (1 mM) (a)
and APBA (1 mM) with maltose-COOH (1 mM) (b). Assuming a 2:1 stoichiometry for the
APBA/maltose-COOH complex, K, could not be determined because the concentration of
molecules used was too low to apply equations related to 1:2 equilibria®® (H1 and H1’ correspond
to free and bound maltose-COOH, respectively).
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Figure S18. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of ABOR alone (1 mM) (a)
and ABOR (1 mM) with maltose-COOH (1 mM) (b). K, was not measured because of rapid
exchange dynamics relative to NMR time-scale (mainly 'H signals from free ABOR are observed at
25 °C; H1 and H1’ correspond to free and bound maltose-COOH, respectively).
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Figure S$19. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of APBA alone (1 mM) (a)

and APBA (1 mM) with HA-maltose (1 mM of grafted maltose) (b). Assuming a 1:1 stoichiometry of

APBA/HA-maltose, the [BS]/[B] ratio was determined from the digital integration of Hc (free APBA)

and Hd’ (complexed APBA) signals (similar to the NMR spectrum of APBA/maltose-COOH, H1 and
H1’ correspond to free and bound HA-maltose, respectively).
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Figure S20. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of ABOR alone (1 mM) (a)
and ABOR (1 mM) with HA-maltose (1 mM of grafted maltose) (b). Similar to maltose-COOH, K,
was not measured because of rapid exchange dynamics relative to NMR time-scale (mainly 'H
signals from free ABOR are observed at 25 °C; similar to the NMR spectrum of ABOR/maltose-
COOH, H1 and H1’ correspond to free and bound HA-maltose, respectively).
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15. Determination of k., by 2D EXSY for APBA and HA-maltose
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Figure S21. 2D EXSY spectra at 25 °C of APBA (1.2mM) with HA-maltose (0.8mM grafted
maltose) in 0.01 M deuterated PBS pH 7.4 (1, = 1.5 s). ks, was determined from the digital
integration of the diagonal peaks (Hdd, Hd’d’) and of the cross peaks (Hdd’, Hd'd) of APBA, and of
the diagonal peaks (H11, H1’1’) and cross peaks (H11’, H1’1) of grafted maltose.

16. Methodology for k., measurement by variable-temperature NMR spectroscopy

The molecular exchange rate constants at the coalescence temperature were estimated for ABOR
in the presence of one molar equivalent of free or grafted maltose, using the following approximate
expression?526

TAv

—Vz O

where k. is the molecular exchange rate constant at a coalescence temperature and AV is the

chemical shift difference between the signal of free (Hb) and complexed (Hb’) ABOR (and/or of free

(H1) and complexed (H1’) maltose) determined from the "H NMR spectra of the mixtures far below

coalescence (1 °C). The extrapolated exchange rate constant k., at 25 °C was then obtained from
the Eyring equation

. kbT AG #

& (h) o(-Tr) ®
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where k; is the Boltzmann constant, T is the absolute temperature, h is the Plank constant, AG~ is
the free energy of activation for the molecular exchange and R is the gas constant.

17. Determination of k., by variable-temperature NMR spectroscopy for ABOR/maltose-COOH
or HA-maltose

In NMR experiments, the exchange signals for ABOR/free maltose and ABOR/grafted maltose
coalesced at 15 °C (Figure S22 and S23), which allowed estimating the molecular exchange rate
constant at the coalescence temperature.?”28 From these experiments, the extrapolated exchange
rate constant k., at 25 °C of ABOR/free maltose and ABOR/grafted maltose were found to be 184
and 191 s, respectively.
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Figure S22. Variable-temperature '"H NMR analysis of ABOR/maltose-COOH (at a molar ratio of
1/1), in 0.01 M deuterated PBS pH 7.4: '"H NMR spectrum of the complex far below coalescence (1
°C) (a), and 'H NMR spectra at different temperatures (b). k.x was determined following equations

7 and 8, using the chemical shifts of Hb and Hb’ (free and complexed ABOR) and/or H1 and H1’

(free and complexed maltose) at 1 °C. Of note, the existence of other complexes cannot be
excluded as small additional signals are also observed in the NMR spectra.
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Figure S23. Variable-temperature '"H NMR analysis of ABOR/HA-maltose (at a molar ratio of 1
ABOR/1 maltose), in 0.01 M deuterated PBS pH 7.4: '"H NMR spectrum of the complex far below
coalescence (1 °C) (a), and 'H NMR spectra at different temperatures (b). Similar to maltose-
COOH, k¢ was determined following equations 7 and 8, using the chemical shifts of Hb and Hb’
(free and complexed ABOR) and/or H1 and H1’ (free and complexed maltose) at 1 °C. Of note, the
existence of other complexes cannot be excluded as small additional signals are also observed in
the NMR spectra.
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18. Determination of K, by 'H NMR for APBA (ABOR) and gluconamide derivatives (free
gluconamide and HA-gluconamide)
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Figure S24. '"H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of APBA alone (1 mM) (a),
APBA (1 mM) in the presence of excess free gluconamide (10 mM) (b), and APBA (1 mM) with
free gluconamide (1 mM) (c). The [BS)/[B] ratio was determined from the digital integration of Hc
(free APBA) and Hd’ (complexed APBA) signals.
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Figure S25. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of ABOR alone (1 mM)
(a), ABOR (1 mM) in the presence of excess free gluconamide (10 mM) (b), and ABOR (1 mM)
with free gluconamide (1 mM) (c). Compared to the maltose derivatives, the bound and unbound
forms of gluconamide are in a slower exchange relative to the NMR time-scale, which allowed
determination of the [BS]/[B] ratio from the digital integration of Hc (free ABOR) and Hb’

(complexed ABOR) signals.
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Figure S26. "H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of APBA alone (1 mM) (a)
and APBA (1 mM) with HA-gluconamide (1 mM of grafted gluconamide) (b). Similar to the free
gluconamide derivative, the [BS]/[B] ratio was determined from the digital integration of Hc (free

APBA) and Hd’ (complexed APBA) signals.
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Figure S27. 'H NMR spectra in 0.01 M deuterated PBS pH 7.4 at 25 °C of ABOR alone (1 mM) (a)
and ABOR (1 mM) with HA-gluconamide (1 mM of grafted gluconamide) (b). Similar to free
gluconamide, the [BS]/[B] ratio from the digital integration of Hc (free ABOR) and Hb’ (complexed
ABOR) signals.
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19. Determination of stoichiometry of complex by the Job plot method

Similar to the procedure previously described to determine K, from 'H NMR spectra (section 3),
solutions of the complexes of APBA with saccharides were obtained by mixing various volumes of a
stock solution of APBA (2 mM) with a stock solution of saccharide (2 mM) prepared in 0.01 M PBS
pH 7.4 (£ 0.1). By varying the ratio r, which corresponds to [APBA]/([APBA]+[saccharide]), in the
range 0.1-0.9, molar concentrations of complex were determined from 'H NMR spectra by digital
integration of aryl protons of APBA/saccharide complexes and of free APBA. This allows
determination of the stoichiometry of the complexes of APBA with sugars (free gluconamide, free
maltose-COOH and HA-maltose) from Job plots obtained from the variation of [BS] (1:1 binding
stoichiometry) or [B,S + BS] (2:1 binding stoichiometry) as a function of r (Figure S28).

20. Job plot of the APBA/gluconamide complex
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Figure S28. 'H NMR Job plot for APBA and free gluconamide, showing a maximum at a molar
ratio of 0.5.

32



21. Analysis of the binding mode of APBA towards fructose grafted on HA by '*C NMR
spectroscopy
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Figure S29. '3C NMR spectrum of HA-fructose alone at pD 7.4 (a), and DEPTQ-135 NMR spectra
of APBA/HA-fructose at pD 7.4 (b), APBA/D-fructose at pD 12 (c), APBA/D-fructose at pD 7.4 (d)
and D-fructose alone at pD 7.4 (e). Of note, spectrum (a) shows that 3-D-fructopyranose
(highlighted in green) is the major tautomeric form observed for grafted fructose moieties (HA-
fructose), followed by the B-D-fructofuranose form (highlighted in blue); these forms are also
observed in the spectrum (e) of D-fructose, in addition to a small fraction of the a-D-fructofuranose
form (highlighted in black). In the spectra of APBA/HA-fructose and APBA/D-fructose (spectra (b)
and (d), respectively), fructose is partially bound to APBA in the furanose form (highlighted in red),
in addition to the unbound B-D-fructofuranose and/or B-D-fructopyranose forms.
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22. Evidence of the opening of the endocyclic B-O bond of ABOR bound to free/grafted

fructose by '"H NMR spectroscopy
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Figure S30. (a) '"H NMR spectra of ABOR alone at pD 11-12 (1), at pD 7.4 (2), ABOR in the
presence of D-fructose (3) at pD 7.4 and D-fructose alone (4). (b) '"H NMR spectra of ABOR alone
atpD 11-12 (1), at pD 7.4 (2), ABOR in the presence of HA-fructose (3) at pD 7.4 and HA-fructose

alone (4) (ABOR/fructose molar ratio of 1:1).
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23. Determination of the structure of ABOR complexes with free/grafted fructose by '*C NMR
spectroscopy
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Figure S31. 2D INADEQUATE NMR spectra (400 MHz, D,0, 298 K) of '3C labeled D-fructose (a)
in the absence and (b) in the presence of ABOR at pD 7.4 (ABOR/fructose molar ratio of 1).
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24. Determination of the structure of the complex of APBA with a '*C labeled maltose grafted
on HA by a 3C-edited HSQC NMR experiment

Table S4. "H/'3C chemical shifts (& in ppm) for grafted '*C labeled maltose (HA-maltose) alone and
bound to APBA in D,O at pD 7.4 (C1-C6: open glucose unit; C1’-C6’: terminal glucopyranose unit,
see Figure S32).

/©\ 0 -
H:N B 1 HO OH
HO O =
s s
j’;“/,\/\/ ~"NH ‘J’J:H_/)\/\/ ~"NH
(@] C:O 0] \CI’O
HO o) HQ o)
o5 sbe o85S
v g rOH OH . " OH
HA-maltose APBA/HA-maltose
3 (ppm)
Entry Compound H1/CA1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6
1 HA- a 4.6/71.8 (trans) 4.05/74.8 (trans) 39/828 _a 3.85-3.7/65.6 (trans)
maltose 5.1/68.3 (cis) 4.0/75.4 (cis) ) ) 3.8-3.7/65.05 (cis)
APBA/HA- 4.6/71.8 (trans) 4.05/74.8 (trans) 3.85-3.7/65.6 (trans)
2 maltose - 5.1/68.3 (cis)  4.0/75.4 (cis) /828 - 3.8-3.7/65.05 (cis)
’ ' ’ ) 3.8-3.7/65.9
Entry Compound H1/C1 H2'/C2’ H3'/C3’ H4'/C4’ H5'/C5’ HE'/C6’
3 HA- 5.15/103.1 3.6/74.4 3.7/75.5 3.4/721 3.8/75.5 3.9-3.8//63.15
maltose
4  APBAHA- 5100031 36744 3.8/75.5 347721 3.8/75.5 3.9-3.8//63.15
maltose

aNo C1 and C5 signals of the open glucose unit were detected in the '3C-edited HSQC experiments; Pupshift
of the C6 of the open glucose unit in the presence of APBA.

Table S5. "Jcc coupling constants (in Hz) for the '3C labeled maltose grafted on HA (HA-maltose)
alone and bound to APBA in D,O at pD 7.4 (C1-C6: open glucose unit; C1’-C6’: terminal
glucopyranose unit).

Entry Compound 1Jes.Co 1Jcy.C3 1Jes.cy 1JcyCs 1Jcs.Co

) 48.3 (trans) 46.9 (trans) 47.9 (trans) 41.8 (trans)
1 HA-maltose 426 (cis) 413 (cis) 428(cis) ‘00 309 (cis)
42.1 (trans)

2 APBA/HA-maltose 48.5 (trans) 47.3 (trans) 46.2 (trans) 45.0 39.1 (cis)

425 (cis)  39.1 (cis)  41.2 (cis) : A0 4n

Entry Compound 1Jcy.co 1Jcy.cy 1Jcy.cp 1Jcy-Cs 1Jcs.Cq
3 HA-maltose 46.8 45.0 43.2 38.3 40.5
4 APBA/HA-maltose 471 45.8 46.7 37.8 43.4

aUpshift of the C6 of the open glucose unit in the presence of APBA.
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Figure S32. (a) Overlay of the '3C-edited HSQC NMR spectra (950 MHz, D,0, 298 K) of grafted
13C labeled maltose (HA-maltose) alone (blue/green spectrum) and bound to APBA (red/rose
spectrum) in D,O at pD 7.4 ([APBA]/[grafted maltose] = 1; C1-C6: open glucose unit; C1’-C6’:

terminal glucopyranose unit). (b) Zoom of the two overlayed spectra in the zone of the C6 and C6’
signals. "Jcc coupling constants of the 13C labeled maltose grafted on HA were measured from the
cross-peaks of the spectra.
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25. Screening of rotamers of the PBA/maltose derivative complexes by classical
molecular dynamics with all-atom GROMOS force field performed using GROMACS
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Figure S33. Distributions of selected dihedral angles of complex 1 calculated from MD
trajectory.
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Figure S35. Distributions of selected dihedral angles of complex 3 calculated from MD
trajectory.
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Figure S36. Distributions of selected dihedral angles of complex 4 calculated from MD
trajectory.
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26. Cartesian coordinates (in A) of the lower-energy conformers for the complexes of

PBA/maltose optimized using M062X/6-311+G(d,p) including SMD in water
Complex 1: C2-OH, C3-OH, C6-OH

ITIOITOOIOIOIOIOIOIOIOIOOIITIOIOIOIOIOIOIOIIOOOOOWIOOIOIOIOIO

6.52328900
7.14543400
7.10931300
8.18546800
6.29828000
6.74365200
4.91382600
4.29846700
4.29998900
5.14001100
4.70376000
2.69551400
1.97429800
2.14306800
2.37520800
1.10904600
1.00957600
1.04981500
-0.08775600
-0.98072400
-0.00766100
0.83887400
-0.33272100
-0.54634900
0.80196500
0.47371300
1.23823100
0.37863400
1.85322600
1.156783000
3.13372600
3.84156200
3.50773200
-1.48690100
-2.42006900
-1.91963700
-3.24902600
-3.89890800
-2.41140100
-1.71484100
-4.11284200
-3.46778100
-5.02168300
-4.51400900
-4.93540200
-5.63988900
-5.63748700
-6.14872000
-4.01087700
-3.33192300
-3.24909800
-4.76695300
-5.41009600
-5.38887900
-3.87526600
-3.30647000

-0.54778500
-0.77270200
-0.11567400
-0.00219800
0.16973200
0.50721000
0.02758100
0.26843000
-0.40658700
-0.69204600
-1.03054500
-0.53902400
-0.19574200
0.46333500
-1.90065200
-2.45772700
-3.35808000
-2.76298700
-1.55250700
-2.18568800
-1.02310600
-0.54131600
-0.48310700
-1.03052700
0.50278200
1.14705400
1.32680500
1.53501800
2.63489200
3.33690200
2.95961500
2.27561900
3.92173800
0.27228200
0.48319600
0.64678600
1.70304600
1.95997800
2.82274600
2.54511500
1.38782900
1.21721300
2.44437300
3.21681100
0.13313700
0.32768000
-0.25842500
0.50153300
-1.01402100
-1.23639300
-0.64363400
-2.26829000
-2.05570700
-2.58979800
-3.33602800
-3.05244100

0.96422600
1.82424000
-0.22476400
-0.29498700
-1.32005700
-2.25015200
-1.22089600
-2.08276400
-0.04028700
1.04661900
1.98316600
0.10694700
-1.14095500
1.10927300
0.58256400
0.28768400
0.89990200
-0.76486100
0.59471500
0.57927000
1.91163400
1.96043300
-0.47776900
-1.40309600
-0.77698000
-1.59931200
0.45002600
1.09877200
0.03511500
-0.42294900
0.17970500
0.63692500
-0.15310100
-0.09826400
-1.11897200
-2.07677800
-0.72585800
-1.56556100
-0.49791800
0.11431600
0.49074000
1.36228600
0.76462600
1.04070300
0.24028300
-0.57995100
1.40896800
1.71322400
-0.15312900
0.67888800
-1.30719700
-0.53530300
-1.39688000
0.29944900
-0.82693800
-1.565285100
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Complex 2: C2-OH, C3-OH, C5-OH

TOITOOIOIOIOIOIOIOIOIOOIITIOIOIOIOIOIOIOIIOOOOOWIOOIOIOIOIO

-6.33868000
-6.76986200
-7.16675200
-8.24188800
-6.60208800
-7.23909800
-5.22050400
-4.79427300
-4.36438900
-4.95578700
-4.32814300
-2.77820200
-2.22237200
-2.41044600
-2.05220700
-0.02530500
1.06303400
-0.36820800
-0.36074100
-1.31523400
-0.65644800
-0.44010300
-0.05975100
0.07290000
-0.96709500
-0.51351000
-1.30114300
-0.45577500
-1.66518500
-2.54036200
-0.97351900
-0.10367600
-1.24885100
1.20977300
2.17975100
1.71075700
3.05300400
3.72628300
2.26130200
1.56448600
3.88555300
3.22212200
4.82392400
4.33648500
4.66720400
5.37417900
5.36082800
5.92860000
3.70505300
3.02507100
2.95561000
4.39833000
4.94818000
3.63729900
5.33802600
4.85752200

-1.75770900
-2.72441800
-0.69676600
-0.83221300
0.54092700
1.37378800
0.70580400
1.67844400
-0.34578500
-1.57855100
-2.41875100
-0.08718900
0.29118500
1.10044500
-1.28770500
-2.47844900
-2.39893900
-2.92811100
-3.32137800
-3.23617800
-1.10432600
-0.52946000
-0.32670400
-0.99902800
0.83225600
1.38010800
1.74958200
1.80355100
3.13488200
3.20805800
4.22026500
4.15361000
5.20497400
0.17848100
0.27168200
0.37911000
1.48758700
1.64744900
2.65663900
2.47811400
1.24389600
1.16173000
2.29005600
3.10140200
-0.04957900
0.05801100
-0.37138400
0.37700400
-1.19611300
-1.31336900
-0.90496400
-2.52140800
-2.81035900
-3.28207500
-2.45993000
-2.25702600

-0.32336100
-0.56091700
0.03221400
0.07157500
0.33724000
0.61535100
0.28039800
0.51443600
-0.07694100
-0.37489500
-0.65569700
-0.12041800
1.21570100
-0.95994900
-0.60681600
-0.90338100
-0.93018400
-1.84147200
0.19385700
0.31908300
-0.75525200
-1.66743800
0.42838100
1.28288600
0.85135700
1.68272100
-0.34646000
-1.04367900
0.09904000
0.74396900
-0.23282700
-0.88161500
0.12902400
0.00909300
1.01713000
1.99753600
0.71000200
1.55569300
0.59474900
-0.05348700
-0.54222500
-1.41313800
-0.74949900
-0.93542300
-0.39225800
0.43953500
-1.58735900
-1.80780100
-0.09724000
-0.94923200
1.08806000
0.14399600
-0.75151600
0.34546700
1.20812200
2.01924500



Complex 3: C2-OH, C5-OH, C6-OH

ITIOITOOIOIOIOIOIOIOIOIOOIITIOIOIOIOIOIOIOIIOOOOOWIOOIOIOIOIO

5.66247700
6.18931600
6.07018400
6.91247100
5.38598800
5.69767000
4.30565600
3.78432300
3.87223700
4.57738300
4.27661600
2.58726500
1.32162900
2.63960500
2.53918900
1.51921600
1.78611100
1.16536800
0.50782400
-0.19627200
-0.31634600
-0.85915500
0.44400600
-0.33106700
1.22075000
1.96362400
1.29354000
0.69548600
1.48132300
0.55357600
2.64550300
3.58694100
2.68530700
-1.25711000
-2.53763000
-2.48709300
-3.17039100
-4.12494800
-2.36135000
-1.46577600
-3.42203400
-2.46304400
-4.14858200
-3.59334000
-4.24801600
-5.23006500
-4.39905700
-4.78421500
-3.54963000
-2.59111100
-3.32655900
-4.35999100
-4.53319800
-3.78649000

-0.84945700
-0.34198700
-2.11692200
-2.60114600
-2.75916200
-3.74647200
-2.12973000
-2.64321700
-0.85329000
-0.23147500
0.75855000
-0.19083300
-0.87634800
-0.38866200
1.25332500
-1.16660000
-2.22834000
-0.84605400
-0.94089500
-1.77329500
0.33309300
0.25296000
1.67330900
2.44617000
1.86056800
1.22889400
1.90466400
1.53460700
3.38348900
3.93919300
4.02326000
3.49812600
5.09694800
0.37948900
0.83516700
1.60943300
1.38262300
1.84649500
2.39913600
2.04223000
0.24907200
-0.17766400
0.70363200
1.32753600
-0.83548900
-0.41939000
-1.96255600
-1.65591000
-1.31005900
-1.77014500
-0.19771900
-2.31951900
-3.20267400
-2.61612700

2.03176200
2.83311400
1.62671300
2.10834500
0.59488200
0.27098400
-0.01795200
-0.82277700
0.37086800
1.40777200
1.73666900
-0.35830200
0.02469200
-1.85974000
-0.06624900
-2.25463000
-2.30481600
-3.23454400
-1.13430700
-1.04522100
-1.31651900
-2.26569500
-1.30558000
-1.32364400
-2.47672900
-2.41712900
-0.03079200
0.81498700
0.16839200
0.29280100
0.19591700
0.07864500
0.34301500
-0.23478000
-0.57293300
-1.34282900
0.70387200
0.44404500
1.26762000
1.35303300
1.69043100
2.01105300
2.82337600
3.30594000
1.02164300
0.76413200
1.87018500
2.70007200
-0.25049300
0.01866500
-1.12457300
-1.03793400
-0.42332200
-1.92151100

-5.63485600 -1.81878200 -1.41662400

-5.49444600

-1.05369000

-1.98660100
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Complex 4: C3-OH, C5-OH, C6-OH

TIOIOIIOOIOIOIOIOIOIOIOIOOIIOIOOIOIOIOIIOOOOWIOOIOIOIOIO

4.60569500
4.83018400
5.24722600
5.97291600
4.94988500
5.44594300
4.01740000
3.79850600
3.35924100
3.67519400
3.18462500
2.25974400
1.97129500
0.97368800
2.64731100
1.46124100
1.33325500
1.50699200
0.33580200
-0.52059200
-0.12379600
-0.62079800
1.08107900
1.59192400
0.67511000
1.75663700
1.95472000
2.45722700
2.27651800
3.23314300
-1.03414700
-2.38790400
-2.52860100
-3.04461700
-4.08859800
-2.42603600
-1.45621300
-3.00283300
-1.95993600
-3.74269200
-3.32192200
-3.62290500
-4.68226900
-3.49167800
-3.89984100
-2.91320800
-1.86314400
-2.98664700
-3.52731400
-3.46663200
-2.95413300
-4.90118700
-4.96920100
0.38782700
0.97506500
-0.24745900

-1.20471100
-0.76343700
-2.37567000
-2.84841100
-2.93465900
-3.84617700
-2.32061700
-2.76911000
-1.14042000
-0.60006900
0.31270900
-0.48175800
0.92224900
-1.24098200
-0.49426500
-0.70523000
0.07945800
-1.67431600
-0.70295800
-1.31722000
0.72288800
1.17211100
1.59447400
1.85156000
2.91256800
3.94497600
4.21424900
4.50067200
4.24896400
5.22801700
0.68429900
0.85229300
1.58712500
1.31826300
1.56423900
2.49525000
2.37264900
0.19721900
-0.01001300
0.54337000
1.31225800
-1.06166000
-0.86756300
-2.15969800
-1.91070700
-1.43503400
-1.66662700
-0.33962600
-2.62959000
-3.50149800
-2.83489300
-2.43700900
-1.68384000
2.69077000
1.97160800
3.27638700

2.37490000
3.34017900
1.97982900
2.63232800
0.73823800
0.42202500
-0.09528800
-1.06078800
0.27725000
1.52997100
1.85494100
-0.69321900
-0.27232700
-0.70236000
-2.13671300
-2.89558300
-3.64876400
-3.40340900
-1.85181800
-2.14014800
-1.52432800
-2.39164100
-1.13955600
-2.07697200
-0.45112100
-0.63425800
-1.66968300
0.34772200
1.38727100
0.13691700
-0.42539900
-0.71274400
-1.50983200
0.58456900
0.37330800
1.06687400
1.05131000
1.61665700
1.88849000
2.77996900
3.18292500
1.03573200
0.82665500
1.92535800
2.76338800
-0.26414000
-0.04577300
-1.18268900
-0.96457100
-0.31343300
-1.87436900
-1.27364700
-1.87210800
0.92331800
1.20420200
-0.91876700



27. Lower-energy conformers for the complexes of PBA/gluconamide complexes
obtained by DFT (M062X/6-311+(d,p) in water, SMD)

C2-OH, C3-OH, C2-OH, C3-OH,
C6-OH C5-OH
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Figure S37. Optimized structures (M062X/6-311+G(d,p)/SMD) of most stable complexes
between PBA and gluconamide. Note: The indicated values of energy are relative ones, with
the minima set at 0 kcal/mol for the respective lowest energy structures of complex 1.
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28. Cartesian coordinates (in A) of the lower-energy conformers for the complexes of

PBA/gluconamide optimized using M062X/6-311+G(d,p) including SMD in water

Complex 1: C2-OH, C3-OH, C6-OH

ITIITIITITITIIIITIITITITITOOOOO0OOC0OOC0OCOOO0OOQOWOOOOOO

-3.92674300
-4.62097600
-3.90870700
-2.51400600
-1.79213000
-2.53436100
-0.17566800
0.44000600
0.37937000
0.26154300
1.53438600
2.69285400
2.69273500
2.80715500
1.57967300
1.15686900
0.40173700
-0.88088900
3.96221100
-4.47193700
-5.70470300
-4.43908900
-1.97721900
-2.01286000
1.74189500
1.53090200
3.61536200
1.81850800
2.98725400
1.79447100
2.02982300
0.99132100
-1.48852500
-1.35733700
3.96436700

-0.88617200
-0.33343600
0.17465900
0.13179200
-0.41992900
-0.92876200
-0.45544500
0.18253100
0.35998900
-1.85597000
-2.23796400
-1.32170400
-1.06268500
-0.02679900
0.89645700
1.41948800
2.71527100
2.88777800
0.69947900
-1.28227300
-0.29924900
0.60780900
0.54407500
-1.36374100
-3.23086600
-2.32278800
-1.87500600
-0.67858100
-0.32939800
1.71816100
1.58823000
3.55074000
2.07178200
3.85463500
0.71286700

-0.97257200
0.10269900
1.18561100
1.18704400
0.12231800

-0.95399200
0.08856200
1.27432800

-1.07022800

-0.08278400
0.40074200

-0.00059000

-1.40205200
0.81855800
0.83668000

-0.55014900

-0.43060400

-0.73224600
0.40701600

-1.82286600
0.09498900
2.02722900
2.03635500

-1.80298500

-0.00774500
1.49492500
0.19960100

-1.60451800
1.85431700
1.52595800

-1.19288100

-0.05688500

-1.10980100

-0.61066700

-0.55906100

Complex 2: C2-OH, C3-OH, C5-OH

C
C
Cc
Cc
Cc
C
B
O
O
C
C
C
C

O
Cc
Cc

-4.58520100
-3.68933700
-2.31749400
-1.80359200
-2.72755400
-4.09916500
-0.23301400
0.22141200
0.12943300
1.47005300
1.14773700
0.71207700
-0.51557500
0.58190300
2.45685000
1.96931200

-0.87981700
-1.89218400
-1.63684600
-0.37419300
0.62779500
0.38592400
-0.03104400
0.74698300
0.88973500
1.24069400
1.76145600
3.19919400
3.63407600
-1.26814300
0.06566600
-1.02531600

0.13433400
-0.19788800
-0.20558800

0.11261200

0.44391600

0.45852900

0.07527000

1.26773900
-1.05510000
0.82043900
-0.60164000
-0.56765100
-0.83269400
-0.01799400
0.79406500
-0.16659300
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Cc

O
H
H
H
H
H
H
H
H
H
H
H
H
H
H
O
H
H

2.69786000
2.27352800
-5.65195000
-4.05899100
-1.63563900
-2.36434000
-4.78933300
1.84612000
2.03695100
1.49229500
-1.30668000
-0.75920800
2.17896400
2.50978400
3.77184200
1.30912400
3.75008800
4.12662300
2.51276100

-2.33414400
-3.32761700
-1.07414100
-2.88012300
-2.44081400
1.62057600
1.18083500
2.02670200
1.67864500
3.90477200
2.94992000
4.68941300
-0.68432800
-2.67169700
-2.20488700
-3.34859300
0.46746500
1.05140000
-0.34367700

0.06738400
-0.86105400
0.14183300
-0.45107300
-0.46562900
0.69729900
0.72021600
1.48198400
-1.24032300
-0.28730100
-1.12060700
-0.77730100
-1.19178400
1.09379200
-0.07179000
-0.82337000
0.35717500
1.02572300
1.81050800

Complex 3: C3-OH, C4-OH, C6-OH

OIIITIOOIO0OIOIIIOIOIOOOOWOOIOIOIOIIOO

0.26037500
0.66268500
1.03964100
0.57002900
1.63736600
2.32661500
1.57526300
2.31664500
1.67657200
2.68330400
-0.61949800
0.30774300
-0.55042700
-2.01423500
-3.18477100
-2.15214400
-4.43940500
-3.11887000
-3.39847300
-1.26258200
-4.54943600
-5.33051300
-3.47580500
-5.52283600
2.03207200
1.50182200
1.64216400
0.76766000
3.50952600
4.07734400
4.11718500
5.15498100
3.47820800
1.44446700

0.58513800
2.48369600
2.03866200
3.56139300
-0.22464100
0.10006000
0.77303200
0.57252700
2.22623800
2.44456200
1.95838700
-0.26199000
0.57762000
-0.04835300
0.71844200
-1.41859400
0.14800000
1.78309400
-2.00125000
-2.04428400
-1.21545700
0.76596300
-3.06469000
-1.66361000
-1.62999400
-1.84064600
-2.57994800
-2.29241500
-1.74479100
-1.87214000
-1.69088500
-1.91600500
-1.93043700
3.09124500

1.02628500
-1.07405300
-2.00370400
-1.23161200
-0.64703900
-1.43691700

0.51820600

1.29610400

0.04192100
-0.32133100
-0.76096200
-1.14353700
-0.23345900
-0.01583700
-0.05190500

0.24803100

0.16438000
-0.25413600

0.46535800

0.27770300

0.42356400

0.13179500

0.66496400

0.59021100
-0.17084500

0.76697700
-1.16303500
-1.46393300

0.03945200

1.23363400
-0.86234800

1.34713100

2.13800700

1.15451200



H 0.63045700 2.78081900 1.57307300

Complex 4: C3-OH, C5-OH, C6-OH
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-4.62773500
-5.47028100
-4.84376400
-5.85144500
-3.75558000
-3.91562900
-2.46099700
-1.62493400
-2.21643100
-3.33003800
-3.17790200
-0.73767700
0.28577200
-0.40298100
-0.56727900
0.31867600
1.17380400
-0.20722800
0.74073800
0.97025600
1.91163500
1.60328300
1.71683900
2.55114800
3.96595000
4.14507800
4.95758500
4.78555500
5.96747700
2.49394900
2.13065600
1.16524700
2.83403500
2.12150600
1.25534600

0.25065000
0.93311500
-1.11229100
-1.49405300
-1.97945300
-3.04131300
-1.48273400
-2.17451000
-0.11911400
0.73248500
1.79760400
0.48963900
-0.59090300
1.50055200
1.27981400
2.35635500
2.35580500
3.31186900
2.12897700
3.05537200
1.14631800
-0.12687900
0.11906900
-1.28512500
-0.96959000
-0.78348700
-0.89414500
-1.08160800
-0.64024600
-1.51597300
-2.42702600
-2.44464700
1.59600500
0.86807600
0.64198900

0.09578100
0.06276800
0.29451500
0.41574300
0.33452500
0.48861800
0.17871500
0.21303800
-0.02188300
-0.05929100
-0.21534300
-0.19385300
-0.14175700
0.85749100
-1.45445300
-1.16783200
-1.85219700
-1.26566200
0.28791600
0.81856300
0.42065600
-0.38287800
-1.44952000
-0.07354800
-0.45109200
-1.50880100
0.42934100
1.48544700
0.12624600
0.99525300
-0.82775400
-0.76478500
0.04688000
1.80330400
2.16881600

Complex 5: C2-OH, C5-OH, C6-OH

O000O0O0000WOHOOOOO

3.91651000
4.75505100
4.19929800
2.81712000
1.94807500
2.53208300
0.34972100
-0.14066500
-0.01106200
-0.34796300
-0.59948500
-1.12509700
-2.49848800
-2.62173200
-2.52515300
-1.66197700

1.38780900
0.30622500
-0.92238300
-1.05520400
0.01770300
1.23845900
-0.21684500
-1.15787000
-0.92284000
1.07757000
-2.17548400
-1.98408300
-1.31680500
0.10331700
0.10183900
1.15224600

0.47630300
0.22361200
-0.13279900
-0.23243100
0.01824900
0.37375700
-0.09808400
0.94797200
-1.39116900
-0.05219400
-1.07390000
0.34342300
0.42566300
-0.16888600
-1.58522100
0.44442400
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-2.22197800
-1.60394700
-2.90863400
4.33984000
5.83097000
4.84500500
2.39958000
1.89492400
0.15601000
-1.38471800
-1.18847900
-3.22513500
-3.64000600
-1.59104100
-1.66684800
-3.21918900
-0.60808900
-2.08055000
-2.15564000

2.52913800
3.51351100
-1.27215300
2.34760000
0.41786300
-1.77062000
-2.01892200
2.09434800
-2.96949900
-2.42433100
-2.93354300
-1.94983900
0.42039000
-0.09268000
0.99049600
2.68828000
3.38640200
4.47907800
-0.95984800

0.20544500
-0.43823800
1.79278200
0.75318700
0.30113600
-0.33440100
-0.51569400
0.57485200
-1.08629800
-1.79297400
0.88279400
-0.09198600
0.07178300
-1.79610000
1.53319600
0.61089200
-0.84820700
-0.56813500
2.31128000



29. Possible structures of binding modes for BOR with the maltose derivative grafted
on HA
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Figure S38. Possible binding modes of BOR with grafted maltose. These structures illustrate
possible complexes based on the most favorable complexes found for PBA/maltose from
DFT calculations, without considering possible complexation of OH groups from the
glycopyranoside unit.
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30. Evidence of the cyclic structure of ABOR bound to free/grafted maltose by '"H NMR

spectroscopy
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Figure S39. (a) '"H NMR spectra of ABOR alone at pD 11-12 (1), at pD 7.4 (2), ABOR in the

presence of maltose-COOH (3) at pD 7.4 and maltose-COOH alone (4). (b) "H NMR spectra

of ABOR alone at pD 11-12 (1), at pD 7.4 (2), ABOR in the presence of HA-maltose (3) at pD
7.4 and HA-maltose alone (4) (ABOR/maltose molar ratio of 1:1).
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31. Evidence of the partial opening of the endocyclic B-O bond of ABOR bound to
free/grafted gluconamide by 'H NMR spectroscopy
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Figure S40. (a) '"H NMR spectra of ABOR alone at pD 11-12 (1), at pD 7.4 (2), ABOR in the
presence of free gluconamide (3) at pD 7.4 and free gluconamide alone (4). (b) '"H NMR
spectra of ABOR alone at pD 11-12 (1), at pD 7.4 (2), ABOR in the presence of HA-
gluconamide (3 and 4, ABOR/gluconamide molar ratios of 1:1 and 1:10, respectively) at pD
7.4 and HA-gluconamide alone (5).
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32. Dynamic rheological analysis of HA-PBA/HA-catecholamine (dopamine) at pH 7.4

10009 4 @' o HA-PBA/HA-catecholamine

100 8.“'""
= OOQOO OOQOODO

o o
= 0% o®

0.01 0.1 1 10
Frequency (Hz)

Figure S41. Frequency dependence of G’ and G” showing the fast network relaxation of a
mixture of HA-PBA with a HA-catecholamine conjugate.

33. Mechanism of boronate ester formation

OH
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Figure S42. Equilibria between phenylboronic acid and diol-containing molecules in aqueous
solution.? It is traditionally believed that boronate esters are mainly formed via the boronate
anion (2). Recent studies, however, have shown that the kinetically preferred pathway to the
boronate ester species is via the trigonal boronic acid (1).3%3! This includes formation of a
neutral diester (3) by reaction of 1 and the diol-containing molecule, which reacts with a
water molecule in a second step to produce the anionic tetrahedral diester adduct (4).
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