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The nanostructures from powders of native protein, glycinin, and corresponding solutions from which

the powders have been formed, have been studied as a function of pH and 1 M salts using small-

angle X-ray scattering. All powders showed Porod scattering with the exception of that prepared

from the solution close to pI which displayed fractal behavior. Well-defined Bragg peaks in the

powder scattering at pH 5, pH 7, and 1 M NaCl indicate the presence of long-range order. The

scattering from solutions at pH 7, pH 9, and 1 M NaCl can be described well on the basis of particles

derived from the known atomic structures of homohexameric glycinin. Extreme acidic (pH 2) and

basic (pH 11) environments lead to the partial denaturation of glycinin. Decreasing the pH to 2

initiates dissociation of the hexameric structure, while increasing the pH to 11, as well as the

presence of 1 M NaSCN, results in the formation of large unimodal particles. This is reflected by

“featureless” SAXS patterns for both powders and solutions.
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1. INTRODUCTION

Dried protein powders find wide application in food manu-
facturing, not only for their nutritional value but also for their
properties, as thickeners, gelling agents, and film-forming and
texturing agents in products as diverse as drinks, sauces, spreads,
ice cream, baked goods, and snacks. One such protein is glycinin,
the principal storage protein in soy bean, that acts as a sink for
nitrogen, sulfur, and carbon. It accounts for more than 40% of
the total soybean protein and can be easily fractionated. Glycinin
contains 3-4 timesmoremethionine and cysteine per unit protein
when compared with other storage proteins of soybean and is
commonlyused as an ingredient in vegetarian foods as the protein
contains all essential amino acids for human nutrition (1).

Glycinin is a heterogeneous protein with a polymorphic sub-
unit composition, which varies among different cultivars. The
currently accepted model of native glycinin is a hexamer consist-
ing of two layers of trimers (2). Each trimer is composed of three
acidic (A) (31-45 kDa) and three basic (B) (18-20 kDa)
polypeptides paired to form subunits (58-69 kDa) and held
together by disulfide and hydrogen bonds (1, 3-5). Five major
subunits have been characterized, namely, A1aB2, A1bB1b,
A2B1a, A3B4, and A5A4B3. The crystal structure of the

A1aB1b subunit forms a homotrimer in solution (6), and the
glycininA3B4 subunit from a soybeanmutant line associates into
the homohexamer (7) [Figure 1, visualized using Rasmol (http://
www.umass.edu/microbio/rasmol)]. Both of these structures
were recently determined by X-ray analysis. These studies also
revealed that the glycinin subunits are folded into two jellyroll
β-barrel domains and two R-helix domains that form a cavity
(a cup, from which the name cupin for the structural superfamily
was derived) in addition to a binding site for hydrophobic ligands.

According to Lakemond et al. (8, 9), a pH value of 7.6 and an
ionic strength of 0.5 M NaCl provide the most stable form of
glycinin in solution. Under these conditions, the protein has a
hexameric form with a molecular mass of 360 kDa, a maximum

Figure 1. Homohexamer A3B4 (Protein Data Bank entry 1od5). The right
panel shows the left view rotated by 90� around the OY axis.
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dimension equal to 100 Å, and a sedimentation coefficient of 11S,
consistent with the findings of Badley et al. (2) three decades
earlier. It has also been shown that a decrease in pH leads to
dissociation of glycinin into trimers and then into individual
subunits and finally breakage into 12 separated polypeptides.
Kim et al. (10) studied the influence of pH and heating on
glycinin structure using circular dichroism (CD) and differential
scattering calorimetry (DSC) techniques. Aggregation of the
polypeptide chains occurs in solutions with a pH close to the
glycinin isoelectric point (pI) of 5.1.

Ultracentrifugal and CD measurements have been taken to
determine the effects of pH, ionic strength, and storage time on
the behavior of the 11S protein in acidic solutions (11). The data
suggest that 11S glycinin undergoes acid-induced conformational
changes for two reasons: (i) dissociation of the proteins into
subunits due to electrostatic repulsion of charged groups and (ii)
destruction of the gross structures and unfolding of the polypep-
tide chains. It has therefore been proposed that it is impossible to
dissociate glycinin into its constituent subunits without unfolding
of its internal structure. Information about the mechanism and
extent of denaturation has also been obtained by observing
changes in the secondary structure usingCD.Acidic denaturation
of glycinin starts at pH 3.75 and reaches a maximum at pH 2,
whereas alkali denaturation starts at pH 10 and proceeds more
rapidly at pH >11.4 (11). CD generates profiles of glycinin that
are not significantly altered over a wide range of pH values, even
under acidic and basic conditions, but increasing the salt con-
centration at pH 8.0 results in an increase in the percentage of R-
helix. A pH between 4.0 and 5.5, i.e., around the pI of glycinin,
introduces the appearance of turbid aggregates without any
significant presence of secondary structure elements such as
R-helices and β-sheets (10). DSC shows that, for pH values
of >11.5 and <3.0, the typical endothermic peak of glycinin
disappears; this is considered to be indicative of complete
denaturation of the protein (10). The authors (10) explain the
discrepancy between CD and DSC data by the possible presence
of untwisted R-helical regions even in the denatured protein.

Studies of the influence of ions in solution on protein structure
began almost one and one-half centuries ago, leading to the
development of the Hofmeister series (12). The latter represents a
list of ions ordered by their ability to change the solubility of
proteins and the stability of their secondary and tertiary structure.
It was later discovered that the ability of ions to change the
structure of water occurs in the same order; it was there-
fore believed that such water structural changes caused a varia-
tion in protein solubility. Thus, ions were grouped according to
their supposed influence on water structure into the following
groups: chaotropes (“water structure breakers”, for example,
Cl-, Br-, I-, and SCN-) and kosmotropes (“water structure
makers”, such as H2PO4

- and S2O3
2-). However, there is now

an extensive debate about whether the ions truly impart a
water structure-breaking or -making effect on protein solu-
tions (13-16). Indeed, more recent experimental data provided
evidence that changes in bulk water structure caused by added
salts cannot explain the effects of specific ions. Instead, Hofme-
ister phenomena can be understood in terms of direct interactions
between the ions and the macromolecules (17). In this sense,
Hofmeister ions salt-out nonpolar groups and salt-in the peptide
group. A nonspecific salting-in interaction is known to occur
between simple ions and dipolar molecules; this depends on their
ionic strength and not on their position in the Hofmeister series.

One should be careful in predicting the precise influence of
particular ions onprotein stability. Ions interactwith proteins in a
variety of ways, and often these interactions are specific to the
protein and to the particular conditions employed (pH, tempera-

ture, and salt concentration) (18). For example, NaCl at certain
concentrations is a protein structure stabilizer, as it stabilizes
hydrophobic interactions (19). On the other hand, the relative
destabilizing effects of salts on the properties of proteins follow
the lyotropic series for anions: Cl- < Br- < SCN- (12). Low-
concentration neutral salts affect electrostatic interactions be-
tween charged groups in a protein, whereas at higher concentra-
tions, neutral salts also have ion-specific effects on hydrophobic
interactions (20).

Protein function depends critically on its structure, and this is
affected by its microenvironment, such as pH and ionic
strength (21). This study focuses on the influence of several
chaotropic ions, namely, Cl-, Br-, I-, SCN-, and pH on the
protein stability of 11S glycinin. In addition, this study has
investigated the nanostructure of glycinin powders at a moisture
content of 6% as a function of pH and ionic strength. The latter
complements recent studies of powders at constant pH and as a
function of moisture content without the addition of salts (22).
Bragg peaks are observed in the small-angle X-ray (SAXS) and
neutron scattering, indicating the long-range order of glycinin
molecules within the crystals and in which the unit cell undergoes
a small increase with increasing moisture content from 5 to 21%.
The structure of this native material composed of multimeric
subunits was compared with the reported structure of a mutant
glycinin composed of homohexameric subunits (7). The challenge
in this work is to relate the structure of native glycinin in the final
powdered form to the structure of the protein in the solution from
which the powder has been produced by being freeze-dried and to
observe the influence of external conditions on both solid and
solvated structures. An understanding of this relationship is
relevant to the food industry where commonly, for ease of
transport and storage, proteins are typically purified, freeze-dried
from solution, and subsequently used by manufacturers in the
form of purified, dried powders.

2. MATERIALS AND METHODS

2.1. Sample Preparation. Soy glycinin 11S was extracted following
a modified protocol of Bogracheva et al. (23) from defatted soy flour
initially obtained from Archer Daniels Midland Co. (ADM). Purified
glycinin was dissolved in 10 mM phosphate buffer (pH 7) to generate a
concentration of 10 mg/mL. Further values of pHwere adjusted withHCl
or NaOH to pH 2, 5, 7, 9, and 11. Sodium chloride (NaCl), sodium
bromide (NaBr), sodium iodide (NaI), and sodium thiocyanate (NaSCN)
were used to prepare powders and solutions with different anion contents
through the addition of the appropriate amount of powdered salts to a
pH7 solution to yield a concentration of 1M.Once stabilized, either liquid
aliquots were taken and stored at 4 �C or the solutions were freeze-dried.
All final powderswere hydrated to 6%moisture content by being placed in
sealed containers with silica gel and conditioned for several weeks in a
desiccator prior to the determination of the weight of water in the material
to the weight of hydrated material as a percentage.

The purities of glycinin solutions were checked by polyacrylamide gel
electrophoresis. Protein concentrations were measured immediately prior
to SAXS experiments using protein absorption measurements at a
wavelength of 280 nm on NanoDrop-1000 (at the European Molecular
Biology Laboratory c/o DESY) or Cary 50 UV-vis (at the Bragg
Institute, ANSTO) spectrophotometers. The extinction coefficient for
native 11S glycinin was approximated on the basis of extinction coeffi-
cients provided by the ExPasy portal (24) for the primary structures of all
five subunits. The stability of samples was checked by dynamic light
scattering (DLS).

Glycinin has a strong tendency to aggregate; consequently, only
solutions with relatively low concentrations were suitable for SAXS study.
Thus, the following samples were prepared: 2.1 and 3.5 mg/mL for pH 2
solutions, 1.3 mg/mL for pH 7 solutions, 0.85 and 3.0 mg/mL for pH 9
solutions, 2.5 and 4.1 mg/mL for pH 11 solutions, 2.7 mg/mL for a 1 M
NaCl solution, 2.7 and 5.1 mg/mL for a 1 M NaBr solution, and 3.0 and
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4.4 mg/mL for a 1 M NaSCN solution. To check monodispersity, all
samples listed above were studied by DLS at unchanged concentrations.

Monodisperse solutions of the A5A4B3 subunit were prepared follow-
ing the protocol of Nagano et al. (28) in the Laboratory of Food Quality
Design and Development at the Graduate School of Agriculture at Kyoto
University (Kyoto, Japan) and kindly supplied by S. Utsumi. To obtain
suitable samples, A5A4B3 solutions were dialyzed overnight against
10 mM phosphate buffer with 0.4 M NaCl, after which protein concen-
trations were checked by measurements of UV absorption at 280 nm and
the level of monodispersity was verified by DLS.

Semi-native SDS electrophoresis indicated that all glycinin solutions
were not 100% monodisperse; a small quantity of protein contaminants
was present. This is in agreement with our previous studies that indicated
that the purification protocol used yields a protein purity of 96.3% (22).

2.2. Dynamic Light Scattering. Prior to solution-based SAXS
measurements, the monodispersity of the solutions was checked with
dynamic light scattering on a DynaPro Titan (Wyatt). The results are
mass and intensity distributions as a function of the hydrodynamic
radius (Rh) of the particles. Most of the obtained dependencies show
that each solution contains one major species and a small quantity of
larger particles. The average hydrodynamic radius of those species lies in
the range between 40 and 140 Å. Such a broad distribution reflects a
tendency for large oligomers to be formed with an increase in pH and the
presence of salts. Estimated values for the radii of gyration of the A1aB1b
trimer and A3B4 hexamer [with HYDRO (25-27)] are equal to 40-50 Å.
Since the anisometry and the maximum size of both the trimer and
hexamer are very close, the hydrodynamic parameters for both oligomers
are similar.

2.3. Circular Dichroism. To supplement scattering information
about quaternary shape changes at dramatically low or high pH values,
CD spectroscopy was used to investigate changes in secondary structure.
Two glycinin solutions at pH 2 and 11 [the concentration of each was
0.2 mg/mL (Figure 2)] in Tris buffer (pH 8.0) were analyzed on a Jasco J-
815 CD spectrometer using a 0.2 cm path length quartz cuvette (Starna,
Sydney, Australia) at 20 �C. Data were collected at a wavelength range
from 190 to 250 nm with a wavelength step of 0.1 nm, a response time
of 4 s and a scan rate of 200 nm/min. Each spectrum was an average of
four scans with a baseline spectrum subtracted. Online software DI-
CHROWEB (29) from the Web site http://dichroweb.cryst.bbk.ac.uk
was used for data analysis.

2.4. Small-Angle X-ray Scattering (SAXS). 2.4.1. SAXS
from Solutions. Synchrotron radiation X-ray scattering data from
glycinin solutions (at pH 2, 7, 9, and 11 and in the presence of 1 M NaCl,
1MNaBr, and 1MNaSCN) were collected using standard procedures on
the X33 camera of the EMBL on storage ringDORIS III of the Deutsches
Elektronen Synchrotron (DESY) equipped with a 2D Photon counting
Pilatus 500k detector. The beam was focused onto the detector placed
2.7 m from the 50 μL sample cell. The covered range of s is from 0.005 to
0.52 Å-1, where s is the modulus of the scattering vector defined as (4π/λ)
sin θ, using a wavelength, λ, of 1.5 Å and 2θ is the scattering angle.

The data were processed using standard procedures within PRI-
MUS (30) and further analyzed with ATSAS (31). To check for radiation
damage and aggregation during the SAXS experiment, datawere collected
in four successive 30 s frames. The absence of radiation damage was
confirmed.

Small-angle X-ray scattering from the A5A4B3 subunit solution was
collected on a Bruker Nanostar SAXS camera equipped with a Vantec-
2000 detector, with pinhole collimation for point focus geometry. The
instrument source is a copper rotating anode operating at 45 kV and
110 mA, fitted with cross coupled G€obel mirrors, resulting in a Cu KR
radiation wavelength 1.54 Å. The SAXS camera was fitted with a Hi-star
2D detector with an effective pixel size of 100 μm. Protein and buffer
solutions were measured using a reusable 2 mm quartz capillary. The
optics and the sample chamber were under vacuum tominimize air scatter.
The sample-detector distance used was 112 cm, covering a range of
s from0.011 to 0.21 Å-1. Each data set was collected over the course of 1 h.
Possible protein damage and aggregation were checked by comparison of
short-time data set prior to, and following, each 1 h run. No changes in
scattering with time were observed.

The forward scattering I(0), distance distribution functions p(r), and
radii of gyration Rg were evaluated with the indirect transform package
GNOM (32,33). The scattering intensities from reported atomic positions
were computed using CRYSOL (34). The similarity between two aligned
three-dimensional (3D) structures is described by the normal spatial
discrepancy (NSD) calculated with SUPCOMB (35). For every atom in
the first structure, the minimum value among the distances between this
atomand all atoms in the second structure is found, and this is repeated for
all atoms in the first structure. These distances are summedandnormalized
against the average distances between the neighboring points for the two
models. Fromalignment of the axes of inertia, the algorithmminimizes the
NSDwith the final value providing a quantitative estimate of the similarity
between the objects.AnNSDvalue ofe1 indicates that the twomodels are
structurally identical.

2.4.2. SAXS from Powders. Native glycinin powders, equili-
brated to 6% moisture content, prepared from the solutions described
above were loaded into 2 mm quartz capillaries that were sealed for the
collection of SAXS data. SAXS measurements were performed on a
Bruker Nanostar SAXS camera (as described above). A sample-detector
distance of 250mmwas used, giving an s range of 0.05-0.8 Å-1. Scattering
files were normalized by transmission. Background was subtracted, and
data were then radially averaged using theNika (36) program in Igor from
Wavemetrics (www.wavemetrics.com/products/igorpro/igorpro.htm).

3. RESULTS AND DISCUSSION

SAXS data frompowders and solutions of glycinin prepared at
various pH values (2, 5, 7, 9, and 11) and salt solutions are shown
in Figure 3.

3.1. Effect of pH and Salts on Glycinin Structure in Solu-

tion. 3.1.1. Overall Parameters Obtained from Scattering Data.
Solution small-angle scattering patterns from native glycinin
using different solution conditions are shown in Figure 3a.
Scattering data from glycinin with 1 M NaI were also collected
but then discarded from further analysis because of the very low
signal-to-noise ratio causedby strongX-ray absorptionby iodine.
Apart from native glycinin, the study of another noncrystallized
subunit of glycinin, A5A4B3, was investigated, and solution
SAXS was collected and analyzed. The conditions used, as
described in Materials and Methods, ensured the most stable
hexameric subunit structure [S. Utsumi (Laboratory of Food
Quality Design and Development, Graduate School of Agricul-
ture, Kyoto University), personal communication]; however, the
conditions necessary for the prevention of protein aggregation
could not be achieved.

Values ofRg andDmax for all measured SAXS data in addition
to theA1aB1b (ProteinDataBank entry 1fxz) andA3B4 (Protein
DataBank entry 1od5) subunits are summarized inTable 1. Since
Rg and Dmax are determined via a Fourier transform of the
scattering data in inverse space (32,33), their associated errors are

Figure 2. CD data for solutions at pH 2 (9) and pH 11 (]).
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in part caused by the collection of data over a finite s range in
addition to intrinsic experimental errors in the collection of data.

TheRg andDmax values from solutions at pH 2, 7, and 9 with 1
MNaCl are similar to each other (42 and 120 Å, respectively) and
suggest that the principal components in these samples are almost
identical. The pair distribution function of the pH 2 solution
looks closer to that of the trimer, whereas the p(r) functions for
both pH 7 and 9 appear essentially identical and similar to the
pattern calculated for A3B4. The p(r) function for the solution
with 1MNaCl has amain peak in coincidencewith those for pH7
and 9 data sets but also produces a long shoulder that is indicative
of some quantity of glycinin aggregates. The strong basic envir-
onment (pH 11) and the addition of Br- and SCN- generated
aggregates whose shape cannot be directly related to the hex-
americ A3B4 shape because of insufficient additional structural
information available about, for example, the relative orientation
of hexameric building blocks. The ability of the salts to affect
protein structure was strengthened following the order of ions in
the Hofmeister series and is, in general, more significant than
variations in pH over the range investigated.

Glycinin at pH 7 and 9 tends to have an overall shape close to
that of themutant hexamerA3B4.Corresponding SAXSpatterns
show very well-pronounced peaks at approximately the same
position as those on the calculated curve from A3B4. Such a
conclusion is supported by further complementary ab initio and

mixture composition analysis described below. Decreasing the
pH to 2 leads to protein dissociation, with the corresponding
SAXS data containing no resolvable features. CD results
(Figure 2) for pH 2 and 11 solutions are consistent with those
reported by Kim et al. (10) and indicate that the secondary
structure is largely maintained; only partial denaturation may
have occurred. Kim et al. (10) showed that the CD spectra of soy
glycinin exhibit only slight changes at different pHvalues and that
the protein was stable at all experimental pH values studied. The
CD spectra obtained in this study as well as spectra reported by
Kim et al. (10) show a typical minimum at∼208 nm; the latter is
one of the signatures of an R-helix conformation. On the basis
of their assignments, pH 2 and 11 structures contain 20 and 4%
R-helices and 14 and 33% β-structures, respectively.

This is similar to CD observations at the other extreme of
pH 11 but with SAXS also indicating evidence for significant
oligomerization [i.e., the formation of unimodal large particles, as
confirmed by DLS and p(r) function analysis from SAXS]. The
influence of the Hofmeister ion on glycinin follows the expected
behavior with Cl- <Br- < SCN- in terms of protein structure
stability (12). Denaturing does not occur in the presence of NaCl,
and the solution is composed of hexameric-like glycinin particles,
as is the case at pH 9. NaBr has a destabilizing effect on the
protein, with solution SAXS indicating the formation of particles
larger than the hexamer but still well-structured. The presence of
NaSCN leads to the formation of a large, ill-defined structure.

SAXS spectra for native glycinin and the corresponding p(r)
functions (Figures 3a and 4) enabled the assessment of the
similarity between the shape of the native protein and those of
structures constructed from the reported subunits, namely,
A1aB1b and A3B4. The radius of gyration (Rg), the maximum
scattering dimension (Dmax), and the pair distribution function
[p(r)] for every collected data set were determined. Evidence of
some aggregation can be observed, for example, as a shoulder in
the NaCl p(r). The experimental data clearly show the absence of
concentration dependence, so subsequent analysis was conducted
on data at the highest concentration available for each different
solution condition. Since partial aggregation was evident in all
samples, an estimate of I(0) and subsequent calculation of
molecular weights was not possible.

As described above, it was not possible to obtain precise shape
information in solution; it was therefore not possible to directly

Figure 3. SAXS from (a) solutions and (b) powders of glycinin at different pH values and 1 M salt.

Table 1. Radii of Gyration (Rg) and Maximum Diameters (Dmax) Calculated
by GNOM for Experimental Data of Native Glycinin Solutions, as Well as from
Protein Data Bank Structures of the Trimer and Hexamer

c (mg/mL) Rg (Å) Dmax (Å)

trimer, (1fxz) 33.3( 0.1 100( 5

trimer (1od5) 33.5( 0.1 100( 5

hexamer (1od5) 38.2( 0.1 105( 5

pH 2 3.5 42.0( 0.2 120( 8

pH 7 1.3 42.5( 0.2 120( 8

pH 9 3.0 41.8( 0.2 120( 8

pH 11 4.1 77.6( 0.2 250( 10

NaCl 2.7 42.3( 0.2 120( 8

NaBr 5.1 102.3( 0.2 350( 10

NaSCN 4.4 125.3( 0.2 410( 10
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relate the observed scattering to the solution structure for a
possible third subunit, A5A4B3. Although the structures of
native glycinin trimers and hexamers are obviously not identical
to those composed of A1aB1b or A3B4 subunits, they would be
anticipated to be similar due to a high degree of homology in
amino acid sequence of not only these two but also all five
subunits. To confirm this, the scattering profiles and p(r) func-
tions from A1aB1b and A3B4 monomers and trimers were
compared.

The SAXS data as well as circular dichroism confirm the
observations of Kim et al. (10) that glycinin at pH 2 and 11
does not undergo significant denaturation. SAXS demonstrated
changes to quaternary structure (hexamer dissociation and oligo-
merization). However, the secondary structure was preserved as
CDdata at pH2and 11were essentially the same as those obtained
at pH 9. Salt solutions were not tested due to high absorption of
most salts in the far-UV region leading to signal oversaturation
and a loss of sensitivity in the interpretation of CD data.
3.1.2. Construction of GlycininModels.The overall shapes

of different monomers are similar (NSD= 1.01), and the small-
angle scattering patterns are similar. Trimeric A1aB1b and A3B4
show a remarkable difference in secondary and tertiary structures
(Figure 5) but remain similar on a quaternary level (NSD=1.01).
There is no other hexameric structure available except that
composed of A3B4, so the trimer A1aB1b and hexamer A3B4
are used as plausiblemodels to comparewith SAXSdata from the
native solutions.

All of the scattering data sets were fitted to the calculated
pattern from A3B4 using CRYSOL (34) to determine the extent
to which the solution structures are similar to the model homo-
hexameric structure. The results indicate that scattering from the

pH 7, pH9, and 1MNaCl solutions arisesmostly from scattering
of a molecule similar to A3B4. Ab initio modeling was subse-
quently conducted using DAMMIN (37) for these solutions. The
structures generated (shown in Figure 6) clearly demonstrate that
themajor scattering entities at pH7, pH9, and 1MNaCl are very
similar toA3B4, but the samples also contain either aggregates or
minor contaminants (see Sample Preparation) which give rise to
an increase in the average radius of gyration and the maximum
diameter of models in DAMMIN.

To estimate the amount of A3B4-like particles and the volume
fractions of trimers and hexamers in solution, we used OLIGO-
MER (31). Assumptions are made that the solutions are com-
posed exclusively of trimeric A1aB1b and hexameric A3B4
models, enabling a reasonable quantitative description of the
pH7, pH9, and 1MNaCl systems. Itwas estimated that the pH9
solution contains approximately 12% trimeric and 88% hexame-
ric molecules (χ = 2.35) and the 1 M NaCl solution consists
mainly of hexameric species, approximately 98% (χ=3.98). The
corresponding fits are shown in Figure 7.

3.2. Effect of pH and Salts on Powder Structure.The observed
scattering arises from a combination of Bragg diffraction from
the glycinin crystal structure and the interface between the protein
and the surrounding medium. The latter is responsible for the
high scattering in the low-s region (Porod scattering). The data
for s < 0.057 Å-1 have been fitted with a power law function
(intensity � s-p) with exponent “p”. Scattering profiles from
powdered glycinin at pH 7 and 9 as well as at extreme pH values
of 2 and 11 decrease following the same power law with an
exponent equal to -3.9(1). One exception from this constant
behavior is the scattering intensity for the sample at pH 5 [p equal
to-2.4(6)]. The exponent of approximately-4 for the samples at
pH 2, 7, 9, and 11 indicates that, at a length scale of 100-300 Å

Figure 4. p(r) functions obtained from calculated scattering profiles of
trimer A1aB1b and hexamer A3B4 and from all experimentally collected
glycinin scattering profiles.

Figure 5. Trimers A1aB1b (red) and A3B4 (green) and corresponding calculated scattering intensities (middle) and p(r) functions (right).

Figure 6. Models constructed by DAMMIN for scattering patterns from the
pH 9 solution (left) and 1MNaCl solution (right). The structure of the A3B4
homohexamer is colored yellow.
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(where 300 Å is the maximum resolvable dimension), there is a
sharp density cutoff at the solid-void interface between the
protein and the surrounding medium. These exponents are
similar to those observed previously on samples measured over
a significantly more extended s range (38). In the latter work, this
was interpreted as the interface between the “dry” protein powder
and the surrounding medium being smooth and sharp over a
length scale fromat least 3 μm to∼20 nm. The change in slope for
the pH 5 sample indicates significantly different behavior. This
pH is very close to the pI of glycinin, and in this environment, the
protein is relatively uncharged and partially unfolded and has an
associated decrease in the energy barrier to protein-protein
aggregation. It is this diffusion-limited aggregation that results
in the observed fractal behavior (39, 40).

The positions of the two dominant scattering peaks from the
powders are summarized in Table 2 with additional higher-angle
reflections evident in Figure 3b. Within experimental error, our
results are in accordwith previous studies ofKealley et al. (38). In
the latter, the structure of hydrated glycinin powders in the
absence of salts was reported, the authors showing that Bragg
peaks observed in the SAXS were consistent with a hexagonal
unit cell structure with dimensions smaller than those of the
mutant homohexameric protein.

As the glycinin samples were purified from pH-adjusted solu-
tions and then freeze-dried into powder form, we expected that
the solution chemistry would dominate the effects observed in the
powders. Increasing the pH fromneutral to pH9 and 11 results in
a dramatic loss in peak resolution; this is the result of partial
unfolding of the protein which leads to a corresponding decrease
in long-range order. Decreasing the pH to 2 has had a significant
effect on the scattering, and no resolved structural peaks remain
in the SAXS pattern. It is important to note that it is not possible
here to make a direct comparison of the intensities between the
powder samples, as there are possible inherent differences in
packing density and, in the case of the salt series, also X-ray
absorption between samples.

The powdered NaCl glycinin sample has peaks in positions
similar to those of native glycinin at pH 7 and indicates that the

long-range crystalline order has been maintained. The solution
conditions of pH 7, pH 9, and 1MNaCl yield a well-pronounced
peak at∼0.11 Å-1 (Figure 3a). The additionof 1MNaBr initiates
protein oligomerization, but a weak peak is present at the same s
value. It is noteworthy that a similar peak appears in the
calculated scattering from the A3B4 homohexamer. As expected,
NaSCN has a detrimental effect on the long-range order as a
result of extensive oligomerization in solution. The pH 11 and 1
M NaSCN environments result in protein oligomerization with
partial denaturation in the former. At the other extreme in pH,
dissociation also takes place with partial denaturation. These
processes result in “featureless” SAXS patterns.

The work reported here shows that substantial findings can be
obtained via application of a methodology that is typically
utilized only for highly purified, single-subunit systems. Indeed,
it is evident that such a formalismmay beusefully applied to a real
system, of industrial relevance, if appropriate assumptions are
made. In this way, it has been possible to understand the main
trends in glycinin structure occurring under various experimental
conditions and to relate the results to the available atomic-
resolution structures ofA1aB1bandA3B4. It would be intriguing
to develop a more detailed understanding of the powder patterns
and their relationship to the corresponding solutions in these
systems. This is currently limited, however, by the lack of
availability of isolated and crystallized forms of all five glycinin
subunits. The latter would enable atomic-resolution structures to
be obtained.

Glycinin solutions and the powders fromwhich they have been
derived show pronounced characteristics of dependence in their
scattering data onpHand salt in their environment. The positions
of the peaks in the solvated and dry states are evidently different,
but they nonetheless reflect different structural features of the
individual molecules in solution and the manner of its packing in
the dry samples. Scattering profiles of dry glycinin contain the
signature of the extent of long-range order. The measurement of
SAXS intensity from solutions under changing experimental
conditions allows the possibility of monitoring conformational
changes of quaternary structure of glycinin molecules. In this

Figure 7. OLIGOMER fit of experimental patterns from the solution at pH 9 (left) and in the presence of 1 M NaCl (right) from calculated scattering from a
mixture of trimers (A1aB1b) and homohexamers (A3B4).

Table 2. s Positions and Corresponding Real-Space Values of Resolved Peaks from Scattering Patterns from Powdered Glycinina

first peak second peak

position s (Å-1) spacing d (Å) position s (Å-1) spacing d (Å)

pH 5 0.076( 0.005 83( 6 0.137( 0.005 46( 2

pH 7 0.073 ( 0.005 86( 6 0.141( 0.005 45( 2

pH 9 0.078( 0.005 81( 5 0.200 ( 0.005 31( 1

pH 11 0.080( 0.005 79( 5 0.145( 0.005 43( 1

NaCl 0.078( 0.005 86( 6 0.144( 0.005 44( 1

a pH 2, NaBr, and NaSCN powders exhibit no resolvable peaks.
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way, a combination of analysis of the scattering from protein
powders and solutions under matched conditions produces a
broad picture of glycinin structural changes with salt and pH.

Glycinin exhibits different structural features depending on
the applied external conditions. The origin of the features in
the powder samples originates both from the intraparticle
and interparticle effects, whereas at the concentrations used
here, the features in the solutions, from which the powders have
been prepared, arise primarily from intraparticle effects. Protein
powders produced from solutions at pH 5 or 7 or in the presence
of 1MNaCl exhibit long-range order. In solution, native glycinin
tends to form structures similar to homohexameric A3B4 under
these conditions. pH 5 is close to the isoelectric point of the
protein, and a precipitate results from our attempt to form a
solution; the corresponding powder possesses some long-range
order, but the low-q fractal behavior is consistent with cluster
formation.An acidic (pH 2) environment initiates breaking of the
hexameric structure into trimers, while a basic environment
(pH 11) leads to the formation of large aggregates. This study
showed, in accord with previous findings, that only partial
denaturation occurs at extremes of pH 2 and 11, but the solution
scattering indicates dissociation at the lower pH and oligomer-
ization at the higher pH. The small scattering peak in the pH 11
powder illustrates a reduced correlation length, whereas dissocia-
tion in the solution leads to featureless scattering in the powder at
pH 2. The scattering pattern from a 1 M NaBr solution shows
peaks at the same scattering angle {s∼ 0.115 Å-1 [d=54.6(4) Å]}
as 1 M NaCl data and compares favorably with the scattering
profile calculated for hexameric A3B4; this indicates significant
structural similarity. However, there is evidence of the formation
of particles 3-4 times larger than hexamers in the latter solution,
and this is likely to result in a reduction in long-range order
observed in the corresponding powder. The strongest denaturing
condition, i.e., 1 M NaSCN, caused oligomerization of glycinin
molecules both in solution and in the corresponding powder
states.

An understanding of such protein structural changes under
various environmental conditions, and the extent of structure
modifications as a result of drying, will enable the development
of ingredients and food formulations with increased stability,
longer shelf life, and improved sensory properties. A deep under-
standing of the behavior of a real and ubiquitous food protein,
namely soy glycinin, was achieved through the simultaneous
analysis of a series of scattering data under the same conditions
in solution and in the dry state. While we were unable to
determine the path of glycinin structural changes during drying
from the protein solution to form the powder, the behavior of
the protein has been analyzed over a broad range of environ-
mental conditions of pH and salt content. Our future interests
are to investigate kinetically how the protein structure changes
as a function of increasing concentration as the system passes
from a dilute solution to a concentrated powder. A sophisticated
analysis of the solution SAXS has not been possible in this study
due to the non-model nature of the protein. However, we intend
to apply the methodology of Zhang et al. (21) as applied to BSA
to enable a more detailed determination of the solution and
freeze-dried nanostructures of the same model protein. Such
an approach would be most successful in a study of the mutant
homohexameric form of the protein. Nonetheless, we have
shown for the first time the influence of pH and salt on the
structure of freeze-dried protein powders and their correla-
tion with solutions from which they have been formed. This
methodology is likely to prove invaluable not only to the food
industry but also to researchers working in broad fields of
protein-oriented applications.
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