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Soluble microbial products (SMPs) are of significant concern in the natural environment and in
engineered systems. In this work, poly-~-glutamic acid (y-PGA), which is predominantly produced
by Bacillus sp., was investigated in terms of pH-induced conformational changes and molecular
. interactions in aqueous solutions; accordingly, its sedimentation coefficient distribution and viscosity
. were also elucidated. Experimental results indicate that pH has a significant impact on the structure
. and molecular interactions of ~-PGA. The conformation of the ~-PGA acid form (y-PGA-H) is rod-like
. while that of the ~-PGA sodium form (~-PGA-Na) is sphere-like. The transformation from a-helix to
© random coil in the ~-PGA secondary structure is primarily responsible for this shape variation. The
intramolecular hydrogen bonds in the 4-PGA-H structure decrease and intramolecular electrostatic
repulsion increases as pH increases; however, the sedimentation coefficient distributions of ~y-PGA are
dependent on intermolecular interactions rather than intramolecular interactions. Concentration has a
. more substantial effect on intermolecular electrostatic repulsion and chain entanglement at higher pH
. values. Consequently, the sedimentation coefficient distributions of ~-PGA shift significantly at pH 8.9
. from 0.1to0 1.0g/L, and the viscosity of -PGA (5% w/v) significantly increases as pH increases from 2.3
. t06.0.

Soluble microbial products (SMPs) secreted by microorganisms in the natural environment and in engineered
© systems are important and have been extensively studied in the fields of microbiology, geochemistry, biological
© wastewater treatment and biological fermentation!-*. They are constituents of natural organic matter, which is
. ubiquitous in water sources, and is a result of interactions between the hydrologic cycle, biosphere and geo-

sphere®. In addition, SMPs are especially important in biological wastewater treatment systems because they often

form a large portion of the soluble organic material in the effluent and cause membrane fouling™®. Some SMPs,
- such as poly-~-glutamic acid (y-PGA), are commercially produced and used in many industries, including food,
. pharmaceuticals, healthcare, and water treatment’.
SMP characteristics can significantly affect their adsorption, stabilization/aggregation, dissolution and surface
© transformation in environmental processes and engineered systems®®. Although clearly significant in the natu-
ral environment and engineered systems, better characterization of SMPs has proven to be challenging because
. the complexity of their constituents results in highly variable chemical structures, functional groups, molecular
© weight distribution, conformations, and surface charge!’. Previous SMP studies have primarily focused on their
origin, formation, and their various compounds, as well as their overall properties such as content, functional
groups, molecular weight distribution, and hydrophobic and hydrophilic properties'®!!. However, the relation-
ships between their constituents and characteristics remain unclear. There is considerable more analytical work
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required to fully understand the characteristics of SMPs. Several studies have investigated various SMPs that have
a regular composition and pattern, such as xanthan and v-PGA, to reveal the relationship between their confor-
mational changes and metal binding properties'>'>.

~-PGA is an SMP predominantly produced and secreted into the natural environment by water and soil bac-
teria belonging to the genus Bacillus sp., such as B. licheniformis, B. subtilis, B. megaterium, B. pumilis, B. mojaven-
sis, B. amyloliquefaciens, and B. anthracis'®. Some of the physiological functions carried out by 4-PGA include
sequestration of toxic metal ions, and resistance to dewatering, nutrient shortage, and antibodies”"*. Additionally,
~-PGA has high water solubility, viscosity, biodegradability, biocompatibility, and is non-toxic towards human
and the environment. Furthermore, this compound has potentially wide applications in the fields of medicine,
cosmetics, foods, water treatment, and agriculture!*'>.

Several investigations concerning the conformation of y-PGA have been undertaken, mainly using circular
dichroism (CD) measurements and infrared spectra'®!’. Results have revealed that the unionized polymer takes
on a helical conformation, while the ionized polymer behaves as a random coil. The intramolecular hydrogen
bonds are considered the major force for the helical conformation; however, the conformational changes and
molecular interactions, including intramolecular and intermolecular interactions of v-PGA at different concen-
trations in aqueous solutions, have not been completely elucidated.

In dilute solutions, y-PGA molecules are sequestered from each other and behave independently; the polymer
chains interact primarily with the solvent molecules. Conversely, at concentrations, the polymer chains overlap
and become entangled'®; thus, the intermolecular interactions are greatly increased when compared to the chains
in dilute solutions. The highest yield of -PGA secreted into culture medium has been reported as an extremely
high value of 73.0 g/L". Thus, the effect of concentration on conformational changes and intramolecular and
intermolecular interactions of N-PGA could not be excluded in practical conditions, especially during the pro-
cesses of fermentation, separation and purification of -PGA.

Therefore, the main objective of our study is to explore the properties of N-PGA, an SMP produced by B.
licheniformis, especially with respect to its conformations, as mediated by pH, and its intramolecular and intermo-
lecular interactions in different concentrations. To that end, we interpreted the conformational-relevant proper-
ties (sedimentation coefficient distributions and viscosity) using a combination of Analytical Ultracentrifugation
(AUC), Atomic Force Microscopy (AFM), Circular Dichroism (CD), Laser Light Scattering (LLS), and Fourier
Transform Infrared Spectroscopy (FTIR) techniques. Applying these techniques can aid in a greater fundamental
understanding of the characteristics and roles of -PGA (or structurally similar polymers) that are found in the
natural environment and in the fermentation industry. Furthermore, this research can be applied in the fields of
medicine, cosmetics, foods, water treatment, and agriculture.

Results

Effect of pH on ~-PGA viscosity. The effect of pH on the viscosity of the -PGA solution and the N-PGA™~
fraction was investigated (Fig. 1). The viscosity of the N-PGA solution appeared to be highly related to the depro-
tonated degree of the COOH groups in the y-PGA side chains. The viscosity increased significantly from 4.7 0.1
to 14.8 £0.1 mPa-s as the pH increased from 2.3 to 6.0, after which the viscosity slightly increased from pH 6.0
to 8.0. Meanwhile, the acid form of y-PGA-H rapidly ionized to form the mono-anionic -PGA™ species as the
pH increased from 3.0 to 6.0, while the viscosity of the n-PGA ™ species slightly increased with an increase in pH
from 6.0 to 8.0.

Sedimentation coefficient distributions. The sedimentation coefficient distributions of -PGA at var-
ious concentrations (at pH 3.8, 5.9, and 8.9) were analyzed using the SEDFIT program. The continuous c(s)
distribution model in the SEDFIT program can distinguish boundary spreading due to size heterogeneity from
diffusion?. The sedimentation coefficient of dilute -PGA solutions (0.1 g/L) at pH 3.8, 5.9, and 8.9 are depicted
in Fig. 2(a). The naturally occurring v-PGA (0.1 g/L) presented broad sedimentation coefficient distributions at
pH 3.8, 5.9, and 8.9 (Fig. 2(a)). The range of the sedimentation coefficient, s, which is commonly referred to in
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Figure 2. Sedimentation coefficient distributions of a 0.1 g/L y-PGA at pH 3.8, 5.9, and 8.9 (a). Sedimentation
coefficient distributions of -PGA from 0.1 to 1.0 g/L at pH 3.8 (b), pH 5.9 (¢), and pH 8.9 (d). Concentration
dependence of the y-PGA sedimentation coefficient at different pH values (e). The c(s) distributions are
normalized to the peak height and s represents Svedberg (S) units or 107" sec.

Svedberg (S) units and represents 10~ seconds, varied from approximately 1.3 to 4.0 S, with peaks at 2.5, 2.4, and
2.4SatpH 3.8, 5.9, and 8.9, respectively.

The partial specific volume of the y-PGA solution was determined to be 0.656, 0.715, and 0.730 mL/g at pH
3.8, 5.9, and 8.9, respectively. The variation of the partial specific volume with pH is significant and suggests that
large differences in solvation is associated with pH. Two factors contribute to the partial specific volume; one
is the intrinsic volume of the added solute and the other is the change in volume as a result of the interaction
between the hydrated shell and the solute. As pH values increase, the conformational change and electrostatic
interactions promote the binding of water molecules and ions to the carboxylated groups.

As the y-PGA concentration increased, the peaks and distribution of the sedimentation coefficient varied
at pH 3.8, 5.9, and 8.9. The effects of -PGA concentrations on the sedimentation coefficient distributions were
more remarkable at higher pH values. At a lower pH (pH 3.8), the broad sedimentation coefficient distributions
at 0.1 g/L ~-PGA were slightly narrow at 0.4, 0.7, and 1.0 g/L, with the peaks shifted to approximately 2.4, 2.3, and
2.3, respectively (Fig. 2(b)). At pH 5.9, the width of the sedimentation coefficient distribution reduced grad-
ually as the y-PGA concentrations increased. The peaks for the 0.4, 0.7, and 1.0 g/L ~-PGA at pH 5.9 shifted to
approximately 2.3, 2.2, and 2.1, respectively (Fig. 2(c)). At a higher pH (pH 8.9), the areas of the sedimentation
coefficient distributions were reduced as the concentration increased; the peaks at 0.4, 0.7, and 1.0 g/L ~-PGA
shifted to approximately 2.3, 2.2, and 2.1 S, respectively (Fig. 2(d)).

Multi-peak distributions can be seen under the various experimental conditions (Fig. 2), especially in low pH
solutions, indicating that multiple species exist in the solution. As discussed below, y-PGA appears as rod-like
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Figure 3. AFM images of the acid form ~-PGA-H (a) and sodium form ~-PGA-Na (b). Cross-sectional images
of particles 1 and 2 ((c), (d), (e)). Cross-sectional images of particles 3 and 4 (f).

shapes in an acid solution. Furthermore, small and large particles coexist; however, when the rod-like v-PGA
turns to sphere-like shapes, the size difference becomes negligible. Consequently, the c(s) distribution becomes
essentially unimodal with increasing pH.

Figure 2(e) demonstrates the concentration dependence of s. In dilute solutions, the weak interactions of the
diffuse v-PGA lead to a relatively large s. With increasing concentration, intermolecular interactions gradually
increase as well. Thus, s generally decreases with increasing N-PGA concentration. Furthermore, we can see that
sis in direct proportion to the concentration of y-PGA (Fig. 2(e)). This is reasonable since the experimental con-
centration range is not high. The equation s = s,(1 — k,c) can be used here, where s, represents the sedimentation
coeflicient in infinite dilute solution and k; is the concentration coefficient.

Morphology of -PGA-H and -PGA-Na. The morphology of the acid form y-PGA-H and sodium form
~-PGA-Na were observed using AFM (Fig. 3). The structure of N-PGA-H (Fig. 3(a)) was clearly distinct from
that of v-PGA-Na (Fig. 3(b)). The N-PGA structures presented in the AFM images should represent the shape
of v-PGA molecular and the size was considered as the rotating radius (Ry), since the v-PGA-H and v-PGA-Na
solutions used in AFM were more dilute (0.01 g/L) than in the AUC measurements.

~-PGA-H exhibited rod-like shapes and coexisted as both small and large particles (Fig. 3(a and b)). For exam-
ple, the widths of two typical particles were both 14 nm, while their lengths were 44 nm and 47 nm (Fig. 3(a)).
When a sodium ion replaced a hydrogen ion in the y-PGA structure, the rod-like molecular structure changed
to a sphere-like shape (Fig. 3(b)). The diameters of two typical N-PGA-Na spheres were approximately 33 nm and
38 nm. The heights in the cross-sectional images (Fig. 3(c-f)) show that the particles collapsed upon drying in air
and were present as flat structures on the mica surface. When compared to the N-PGA-H structure, the -PGA-Na
structure appeared to have a larger volume.

Conformation of ~-PGA at different pH values.  CD spectroscopy and LLS were used to further explore
the conformations of N-PGA at different pH values. Here, the effects of pH on -PGA was investigated using
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Figure 4. Effect of pH on v-PGA CD spectroscopy; the inset represents the secondary structure results fitted by
the CD spectra deconvolution software CDNN 2.1.
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Figure 5. Effect of pH on <R,>, <R;>, and the apparent weight average molar mass, <M,,,,>, of -PGA

(3 g/L) as measured by LLS.

CD spectroscopy. The secondary structure results were determined using the CD spectra deconvolution soft-
ware CDNN 2.1 (Fig. 4). The secondary structure of the -PGA-H form (pH 2.5) consisted of 23% o-helix, 10%
antiparallel, 12% parallel, 17% beta turn, and 38% random coil. With the decrease in N-PGA-H percentage (i.e.:
an increase of COO~ groups in the v-PGA side chains) there was a substantial decrease in the a-helix from 23%
to 10% and a considerable increase in the antiparallel, parallel, and random coil from 10% to 13%, 12% to 16%,
and 38% to 44%, respectively. These results indicate that the structure of the \-PGA changes after ionization of the
COOH groups in the N-PGA side chains.

Sizes of N-PGA, including <R,> and <R;>, and the apparent weight average molar mass <M,,,,> at various
pH values were determined using LLS measurements (Fig. 5). The <R,> of ¥-PGA initially increased from pH
1.0 to 2.9, then steadied from pH 2.9 to 7.0, and then further increased at pH 8.8. These results were consistent
with the AFM image data, thereby indicating that the N-PGA-Na structure appeared to have a larger volume.
Compared to the solely geometrically defined <R,>, <R,,> is differently defined and independent. The much
smaller value of <R,>, when compared to that of <R,>, suggests that the N-PGA structure was deep drained by
the water, so that the y-PGA molecules collapsed and were present as flat structures on the mica surface in AFM
images. The values of p (p= <R;>/<R;>) were 2.1,3.2,2.3,2.2,2.4,2.6 and 4.1 at pH 1.0, 2.9, 3.9, 5.0, 6.0, 7.0
and 8.8 respectively. The <R;> of y-PGA only slightly increased from 5.31 nm to 6.83 nm with increasing pH,
likely arising from the structural change from «-helix to random coil and increased ionic hydration. The ionic
hydration v-PGA may increase with the increasing degree of ionization and attraction of cationic counter ions at

higher pH values. However, the <M,,,,,> of N-PGA reduced gradually from 4.2 x 10*g/mol to 3.0 x 10*g/mol as
the pH increased.

FTIR spectra of -PGA. Atlower pH, it has been suggested that intramolecular hydrogen bonds are the
dominant molecular force associated with N-PGA?!. FTIR spectra were used to confirm the existence of the hydro-
gen bonds in y-PGA at pH 1.0 (99.9% ~-PGA-H form), 5.1 (36.5% ~-PGA-H form), and 9.5 (<0.1% ~-PGA-H
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Figure 6. FTIR spectra of lyophilized v-PGA at pH 1.0, 5.1, and 9.5.

form). In the N-PGA-H form, the broad peak at 3310 cm ! (Fig. 6) corresponded to hydrogen-bonded N-H
stretching while the shoulder, which appears at around 3430 cm™!, was attributable to non-hydrogen-bonded
N-H?. With an increase in pH, the shoulder intensity increased due to the continuous dissociation of hydrogen
bonds.

A distinct peak around 1730 cm™! at pH 1.0, which gradually disappeared at pH 5.1 and 9.5, could be assigned
to the C=0 stretching in COOH. With the deprotonation of COOH, the C=0 in the zwitterionic form COO~
shifted to about 1590 cm ™! (asymmetric stretching) and 1410 cm ™! (symmetric stretching)®. The intensity at
1590 cm™! even overlapped the amide I and amide II bands at pH 5.1 and 9.5. The amide I band around 1643
cm ™! at pH 1.0 primarily originated from the C=0O stretching vibration in the y-PGA-H amide group because the
amide I band represented 80% C=O stretching vibration of the amide group coupled to in-plane N-H bending
and C-N stretching modes®. A small shift to 1653 cm™ in the amide I band at pH 5.1 and 9.5 may arise from the
dissociation of hydrogen bonds with the N-H.

Discussion

Conventional viscosity studies of y-PGA, and other SMPs, have focused on its relationship with concentration,
molecular weight, and temperature?-2%. However, the observation that the addition of acid to the medium effec-
tively reduces the viscosity of the culture broth has not been reasonably explained; however, it has allowed for
development of an efficient method to separate and recover y-PGA from highly viscous culture broth, which min-
imizes purification and recovery costs for large-scale industrial appliations®. Therefore, in our study we focused
on the relationship between viscosity and pH. We found that the observed results agree with previously published
research?. At a defined concentration, molecular weight, and temperature, conformational changes and molecu-
lar interactions may be the primary cause for the significant increase in viscosity as pH increases.

The sizes determined by AFM in the dried state are different from those radii measured by LLS in the aque-
ous solution, presumably due to the different definition and sample preparation. AFM clearly demonstrates the
distinct structures of the y-PGA-H and n-PGA-Na forms, thereby confirming conformational changes of y-PGA.
The decrease of a-helix and increase of random coil in the y-PGA secondary structure, as analyzed by CD, are
considered to be the main conformation responsible for the shape variation at different pH values. A similar
helix to random coil structural change associated with pH variation has been substantiated for poly(glutamic
acid) using CD studies®**!. The conformation of the poly(glutamic acid) was reported to change from random
coil to a-helix as the solution pH decreased from 7.2 to 3.0°°. Another study of -PGA, which was purified from
B. licheniformis, used attenuated total reflectance FTIR (ATR-FTIR) to show that the exopolymer (0.1% w/v) is
protonated and exhibits a helical conformation at a low pH, whereas a 3-sheet-based conformation predominates
at higher pH™.

Conformations of the -PGA-H acid form and ~-PGA-Na sodium form are schematically illustrated in
Fig. 7(a). The N-PGA-H structure is stabilized by intramolecular hydrogen bonds. The un-ionized state of poly
(-D-glutamic acid) was investigated using a combination of molecular dynamics and quantum mechanical cal-
culations®!. Theoretical models indicate that a left-handed helix with a 19-membered ring and hydrogen bonds
set between the CO of the amide group i and the NH of amide group i+ 3 is the most stable conformation. Weak
intramolecular interactions between the side carboxylic oxygen and the NH of the backbone amide group are
assumed to be responsible for the relatively high stability of the left-handed helix. More interestingly, hydrogen
bonds in poly(~-D-glutamic acid) would be three-centered after incubation at 65 °C for 48 h®2. The «-helical
conformation is metastable and transforms spontaneously into insoluble 3-fibrils aggregates with the charac-
teristic infrared trait. This has been attributed to the network of three-centered hydrogen bonds coupled to the
side chain’s carboxyl and the main chain’s —NH groups®*~*. The strong intramolecular hydrogen bonds between
the CO and the NH of the amide group were confirmed by FTIR. However, the evidence of presumed hydrogen
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Figure 7. Schematic structural illustrations of the acid form y-PGA-H and sodium form ~-PGA-Na (a),
concentrations of v-PGA-H (b) and y-PGA-Na (c) in aqueous solutions at 0.1, 0.4, 0.7, and 1.0 g/L, used in AUC
measurements. The side length of the cube is 100 nm in (b) and (c).

bonds between carboxylate groups of the side chains and NH of the amide group were not evident within the
FTIR spectra. It is likely that these hydrogen bonds are weak intramolecular interactions.

The random coil structure adopted by the N-PGA-Na molecule may be attributed to two factors. Firstly, the
deprotonated carboxylate groups destabilize and are therefore not available to maintain the hydrogen bonds
between the side chains and the backbone. Secondly, each monomer of the N-PGA molecule has one carboxylate
group and this negatively charged carboxylate group has a strong electrostatic repulsion, which is resistant to the
intramolecular interaction of hydrogen bonds between the CO and NH of the amide group.

Changes in molecular interactions of -PGA solutions at different pH were also confirmed by AUC measure-
ments. Figure 7(b) and (c) illustrate the concentrations of N-PGA-H and ~-PGA-Na in solutions at 0.1, 0.4, 0.7,
and 1.0 g/L, which were used in AUC measurements. In a dilute solution (0.1 g/L), the molecules are separated
from each other and behave independently. The polymer chain interacts primarily with the solvent molecules;
therefore, the intermolecular interactions of y-PGA in dilute solutions can be neglected. There were no signifi-
cant differences in the sedimentation coefficient distributions for 0.1 g/L ~-PGA at pH 3.8, 5.9, and 8.9 (Fig. 2(a))
despite the structures of \-PGA being distinct at these three pH values. These results imply that the sedimentation
coeflicient distributions of N-PGA are dependent on the intermolecular interaction, rather than the intramolec-
ular interaction.

In contrast, as the y-PGA concentration increased, the variation of structures associated with pH affected the
peaks and distribution of the sedimentation coefficient (Fig. 2(c—e)). According to the definition of sedimentation
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coefficient, s, a larger s represents a faster sedimentation velocity. The peaks and distribution of the sedimenta-
tion coeflicient were shifted to slower sedimentation velocities as the pH increased with increasing concentra-
tions from 0.1 to 1.0 g/L. These results indicate that the intermolecular interactions increase as the pH increases.
Furthermore, the narrowed sedimentation coefficient distributions at higher pH values and increased concen-
trations suggest that the intermolecular interactions make the denser N-PGA more homogeneous at higher
concentrations.

Generally, the most probable intermolecular interactions in high concentration solutions of v-PGA are elec-
trostatic repulsion and chain entanglement. As expected, the negative charge derived from deprotonation of
carboxylate groups increases with increasing pH, resulting in stronger intermolecular repulsion at a higher pH.
The second virial coefficient, A,, of ¥-PGA at pH 7.0 (phosphate buffer, 0.13 M ionic strength) was previously
reported as a positive value (A, =1.44 x 10~°mol-L/g?)**, which reflects repulsion between ~N-PGA molecules
at pH 7.0. Chain entanglement'® is considerable when the N-PGA molecules exist in a high concentration solu-
tion. Furthermore, the random coil structure of y-PGA-Na likely promotes chain overlap and entanglement.
Additionally, the stable conformation of -PGA at higher concentrations is probably due to the balance of intra-
molecular and intermolecular electrostatic repulsion and intermolecular chain entanglement.

Compared to the extracellular polymeric substances bounded to the microorganisms, the excreted SMPs are
well dissolved in aqueous solutions and have much larger values of p***”. The p value of bound extracellular poly-
meric substances of Bacillus megaterium TF10 with a negative A, (A, = —2.9 x 10"®mol-L/g?) at pH 7.0 and 0.1 M
ionic strength was about 1.2% while the p value of its SMP was about 2.6 with a positive A, (A,=1.7 x 10~°mol-L/
g2, similar to the positive A, of N-PGA) at pH 7.0 and 0.75 M ionic strength®. The large values of p in aqueous
solutions might confirmed that the N-PGA is a well dissolved SMP.

Methods

~-PGA purification. A ~-PGA solution (5% w/w), produced from B. licheniformis ATCC 9945 A, was sup-
plied by Guangdong Demay biotechnology Co., China. The y-PGA solution was concentrated and then washed
repeatedly with deionized water by using a cross flow ultrafilter equipped with a Millipore Pellicon 2 Cassette
(10K Da molecular-weight cutoff polyethersulfone membrane) to remove ions and small molecules. The result-
ing ~-PGA solution was then filtered through a 0.22 pm hydrophilic PTFE filter and subsequently lyophilized.
A portion of the lyophilized v-PGA was further dissolved in distilled water and adjusted with excess HNO; or
NaOH, and then dialyzed and lyophilized to obtain the acid form (y-PGA-H) and sodium salt form (y-PGA-Na)
of y-PGA for AFM images.

~-PGA characterization. The purity of -PGA was determined by amino acid analysis using thin layer
chromatography (TLC) after hydrolysis, according to Yokoi et al.*®. Sole detection of glutamic acid in the TLC
analysis confirmed the purity of v-PGA (data not shown). The hydrolyzed ~-PGA product was further used to
determine the glutamic acid content by colorimetric analysis, with glutamic acid as the standard. The glutamic
acid content was determined as 7.02 £ 0.08 mmol/g. Metal ions were analyzed on an inductively coupled plasma
mass spectrometer (ICP-MS, 7700X, Agilent Inc., USA). The most abundant metal ions were Na, Mg, K, and Ca,
which were determined to be 29.69 + 0.33 mg/g, 0.46 & 0.01 mg/g, 0.74 £ 0.01 mg/g and 0.67 £ 0.03 mg/g, respec-
tively. Based on the glutamic acid and metal ion results, the -PGA was determined to be primarily composed of
the acid form (v-PGA-H; 81.62%), with the remainder existing in the sodium salt form (y-PGA-Na; 18.38%). The
purity of N-PGA was determined as 94 wt %. The pK, value of N-PGA was determined to be 4.86, based on the
previously reported acid-base titration method* using an automatic titrator (TIM865, Hach Co., USA).

Viscosity assay. The viscosity of N-PGA at different pH values was analyzed on a BGD 155 Digital
Viscometer (Biuged Laboratory Instruments, Guangzhou, China) at 20 °C. The concentration of N-PGA used for
viscosity analysis was 5% w/v and the pH was adjusted with HNO; or NaOH, with NaNO; added to control the
ionic strength (I=0.2M).

Analytical ultracentrifugation (AUC) measurements. The analytical ultracentrifuge (AUC) technique
was used to characterize the sedimentation coefficient based on sedimentation velocity (SV) analysis**4. SV
experiments were performed on a Proteomelab XL-A analytical ultracentrifuge (Beckman Coulter Instruments)
coupled with a UV-vis absorption optics detector to monitor the time-dependent radial concentration of N-PGA
from 190 to 800 nm. Three cells equipped with a two-sector, charcoal-filled Epon centerpiece, quartz windows and
a counterbalance were loaded into an An-60 Ti 4-hole rotor. y-PGA solution (400 L) and solvent (410 uL) were
added as the sample and reference, respectively. Na,HPO, and Na,HPO, were used to adjust the pH of -PGA
solution because HNO; and NaOH disrupt the signal from 190 to 260 nm. The ionic strength of the y-PGA solu-
tion was kept at 0.2 M by addition of NaCl so that the net charges were completely screened. N-PGA solution was
thermostated at 20 °C and 0 rpm for at least 2 h before the angular velocity increased to the final rotational speed
of 58,000 rpm. Approximately 200 scans of data for every sample were collected at a time interval of 3 min and
were analyzed using the SEDFIT software program*>**. The Z-scores as well as the rmsd values of the fits in rela-
tion to that expected from the noise in the optical system are provided in Supplementary Information (Table S1).
The Lamm equation describes the sedimentation and diffusion processes of molecules during centrifugation:

g _ 10 -D& — W

— = ——r

ot ror or (1)
where ¢, t, r, D, w and s are the concentration of the solute, sedimentation time, radial distance from the axis of
rotation, diffusion coefficient, angular velocity and sedimentation coefficient, respectively. The sedimentation
coeflicient is defined as s = u/w?r where u is the sedimentation velocity of the solute.
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Partial specific volume (v), an important and essential parameter, is defined as the change in volume when a
measured amount of solute is added to the solution. It can be calculated from the following equation:

A
”:[ __pJ/p" @

where p, is the density of solvent, p is the density of solution, and c is the concentration of the solute. The density

values obtained from the solutions at different concentrations were plotted against the concentration values, with

49 a5 the slope. The partial specific volume of the \-PGA solution was measured using a DMA4500 densitometer
Anton Paar) and was determined to be 0.656, 0.715, and 0.730 mL/g at pH 3.8, 5.9, and 8.9, respectively.

Using the value of s and weight-average frictional ratio f/f, fitted from c(s) model and the parameters of
partial-specific volume, density and viscosity of the solution, diffusion coefficient D can be calculated with the
combination of Svedberg equation and Stokes-Einstein equation. Then, once the D is obtained, the hydrodynamic
radius can be calculated from Stokes-Einstein equation.

Atomic force microscope (AFM) imaging. AFM (Park Systems, XE-100) images were obtained to char-
acterize the morphology of the N-PGA-H and ~-PGA-Na forms. Approximately 2 drops of the -PGA-H or
~-PGA-Na solution (0.01 g/L) were applied to a clean mica sheet and spin-coated (3000 rev/min) for 60's in air.
After the mica sheet dried, AFM images were acquired using a Park Systems microscope (XE-100) operating in
non-contact mode at scanning rates of 0.3 or 0.5 with an image resolution of 256 by 256. The Silicon cantilever
(PPP-NCHR, Nanosensors) used in the AFM was carried out with a spring constant of 42 N/m and resonance
frequency of 330kHz.

Circular dichroism (CD) measurements. CD measurements of y-PGA solutions (0.1 g/L, in 0.1 mol/L
NaF ionic medium) were performed on a Chirascan spectrometer (Applied Photophysics Co., UK) using a quartz
cell of 1 cm path length. CD spectra were collected from 190 to 260 nm. Again, H;PO, and Na,HPO, were used
to adjust the pH, as HNO; and NaOH would disrupt the signal of N-PGA from 190 to 260 nm. The mean residue
molar ellipticities were calculated according to the following equation*%:

MRW
0] = [0lyps———

101 = o510 3)
where [6] ., is the observed ellipticity measured in degrees, MRW is the mean residue weight, [ is the path length
of the cell in centimeters, and c is the molar concentration of v-PGA in g/L. CD spectra deconvolution software
CDNN 2.1 (courtesy of Gerald Bchm, Martin-Luther-Universitat Halle-Wittenberg, Germany) was used to ana-
lyze the secondary structure of y-PGA.

Laser light scattering (LLS) measurements. LLS measurements were conducted according to our
previous studies®>*® on an ALV/DLS/SLS-5022F spectrometer equipped with a multi- digital time correlator
(ALV5000) and a cylindrical 22 mW UNIPHASE He-Ne laser (\,=632.8 nm) as the light source. The -PGA
solutions were filtered using a 0.45 pm hydrophilic PTFE (Millex-LCR, Millipore Inc., USA) into a dust-free vial
and tested at 20.0 - 0.1 °C. The pH of the N-PGA solution was adjusted with HNO; or NaOH, with NaNO; added
to control the ionic strength (I=0.2M).

In static light scattering (SLS), the excess Rayleigh ratio, R., is related to the weight-averaged molecular weight
(M,)) and the z-average root-mean-square radius of gyration <R,*>,"* (or simply <R/>) as described by**:

KC 1
R, M

ex w,app

+24,C

1+ %(Rg2>zq2

4

where K=47mn*(dn/dC)?/(N,\*) with n, dn/dC, N, and )\ representing the solvent refractive index, the specific
refractive index increment, Avogadro’s number, and the wavelength of light in vacuum, respectively. g= (47n/\,)
sin(6/2) with 6 being the scattering angle. The value of dn/dC (specific refractive index increment) was deter-
mined with a precise differential refractometer at 20.0 °C and 633 nm. In SLS measurements, the intensity of
scattered light at each angle was measured three times, indicating a variation of less than 5%. The relative errors
of <R>and M,,,,, were +-8% and +5%.

In dynamic light scattering (DLS), the precisely measured intensity-intensity time correlation function G®(q,
7) was measured in the self-beating mode and the Laplace inversion of G®(g, 7) led to a line width distribution
G(I). For a diffusive relaxation, I"is directly related to the translational diffusion coefficient, D, which can be fur-
ther converted to the hydrodynamic radius, <R, >, by using the Stokes-Einstein equation. The cumulant expan-
sion analysis was used in the DLS data and the detailed theoretical analysis was provided in our previous study®.
The G®(q, 7) at each pH value was measured four times and the standard deviation (StdDev) for each fitting was
listed in Supplementary Information (Table S2).

FTIR spectroscopy analysis. FTIR spectra of the samples were recorded on an FTIR-7600 instrument
(Lambda Scientific Pty Ltd., USA). The pH of the y-PGA samples (10 mg/mL in deionized water) was adjusted
to approximately 1.3, 7.0 and 10.0 using 0.2 M HCI or NaOH. The prepared samples were then lyophilized and
directly mixed into FTIR grade KBr powder for testing.
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