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20We used small angle X-ray scattering (SAXS) and dielectric relaxation spectroscopy (DRS) to clarify static struc-
21ture and molecular dynamics of bovine serum albumin (BSA) in solution. SAXS allowed us to access spatial cor-
22relations of the protein molecules in concentrated solutions at different ionic strength. Using a well-established
23Fourier inversion technique, called SQ-IFT, we deduced the effective pair correlation functions, g(r)eff, from the
24effective (or experimental) structure factors, S(q)eff, without assuming any potential models for protein–protein
25interactions. In terms of S(q)eff and g(r)eff, the mean nearest-neighbor distance, d⁎, the osmotic compressibility,
26κosm, and the coordination number, NC, were evaluated.
27The complex dielectric spectra of aqueous BSA solutionsmeasured in the frequency range from 1MHz to 10 GHz
28were able to be decomposed into three relaxation processes having different physical origins. The highest fre-
29quency process, whose relaxation time was ca. 8 ps, was assigned to cooperative rearrangement of H-bond net-
30work of bulk-water. We evaluated the effective hydration number of a BSA molecule, Zhyd, using the bulk-water
31relaxation amplitude. This approach yielded ca. 1200 hydratedwatermolecules per a BSAmolecule, correspond-
32ing to ca. 0.3 g hydratedwater per 1 g protein. The lowest frequency process having a relaxation time of ca. 50 ns
33was assigned to rotational diffusion of the BSA molecule. We confirmed that an effective molar volume of BSA
34calculated with Stokes–Einstein–Debye equation was identical to that predicted from its molecular weight and
35specific density. According to the Kirkwood relationship, the dipole–dipole orientational correlation factor
36decreased with an increase of protein concentration, which indicated the operation of BSA–BSA interaction
37and favored antiparallel dipolar correlation between the protein molecules.

38 © 2014 Published by Elsevier B.V.
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43 1. Introduction

44 Interactions between protein macromolecules in solution are of
45 central importance in a number of areas, ranging from aggregation or
46 segregation related to protein condensation diseases to protein crystal-
47 lography. Small angle scattering of X-rays (SAXS) and neutrons (SANS)
48 are highly efficient techniques to investigate protein–protein interac-
49 tions in solution, and have been used for a number of globular proteins
50 [1–9]. For example, Stradner et al. [1] discussed equilibrium cluster for-
51 mation in concentrated lysozyme solution in view of the appearance of
52 low-q (scattering vector) sub-peak position in their SANS structure fac-
53 tor. Conventional potential models, such as a hardsphere, a screened
54 Coulomb [5,6], and a more complicated Derjaguin–Landau–Verwey–
55 Overbeek (DLVO) potential model [2–4] have been applied to experi-
56 mental scattering intensities of proteins in solution. However, in some

57cases, these potential models cannot fully explain rich behavior of
58proteins [7–9]. We infer that due to the complexity of structural fea-
59tures of proteins, e.g., irregular shape, distributed hydrophobic and hy-
60drophilic patches, and inhomogeneous charge distributions, actual
61protein–protein interactions in solution may not fulfill an isotropic in-
62teraction assumed in these well-known potential models. Accordingly,
63we investigated spatial correlations of protein in solution at different
64ionic strengths varying concentration between 4.99 mg mL−1 and
65263.6 mg mL−1 by means of SAXS. Using an extended version of a
66well-established indirect Fourier transformation (IFT) technique, the
67so-called SQ-IFT, the SAXS datawas analyzedwithout assuming any po-
68tential models. Then, we tried to give an explanation of the structural
69quantities obtained with SQ-IFT.
70Dynamical properties of protein solution are also of critical impor-
71tance for understanding protein specific functions. Dielectric relaxation
72spectroscopy (DRS) observes collective dynamics of solute and solvent
73molecules. In the frequency range between 1 MHz and 10 GHz, two
74strong relaxation bands are observed for globular protein solutions,
75which are generally assigned to the reorientation of bulk-water and
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76 rotational diffusion of the protein. In addition, an intermediate
77 frequency process between these two is also resolved. However, its
78 assignment to tightly bound hydrated water molecules is not yet very
79 clear [10].
80 In this study, we investigated spatial correlations and molecular
81 dynamics of bovine serum albumin (BSA) in solution. BSA is the most
82 abundant plasma protein in bovine's blood stream. BSA is a counterpart
83 of human serumalbumin (HSA), exhibiting 75.8% identity. BSA architec-
84 ture is predominately helical, consisting of three domains that create
85 heart-like shape. A primary function of BSA is transportation of hydro-
86 phobic molecules, which is achieved by its nonspecific ligand binding
87 capability [11]. BSA also serves as an adjuster of colloid osmotic pressure
88 (COP) of blood [11]. HSA showing isoelectric point (pI) of 4.7 carries
89 a net negative charge of about 18 electronic charges at physiological
90 pH [12]. BSA is also strongly negatively charged at physiological pH
91 because its isoelectric point is ca. 5.3 [13], which is rather close to
92 that of HSA.

93 2. Materials and methods

94 2.1. Materials

95 For SAXS experiments, bovine serum albumin (BSA) was purchased
96 from Sigma-Aldrich (product No. A7030). Two sets of several BSA sam-
97 ples in Millipore water and in 0.15 M phosphate buffered saline (PBS)
98 solution (pH = 7.4, GIBCO®, Invitrogen) were prepared. Protein con-
99 centration, c, was calculated from weight fraction of BSA in solution
100 and its partial specific volume (v = 0.733 and 0.741 cm3/g for BSA in
101 aqueous solution and in PBS solution, respectively, which were deter-
102 mined by densitometry using DMA5000 (Anton Paar))Q3 . For DRS exper-
103 iments, the powdered BSA purchased from Wako Pure Chemical
104 Industries (product No. STM1969) was used as received. The solid BSA
105 was dissolved in Millipore water.

106 2.2. Small angle X-ray scattering (SAXS)

107 SAXS experiments on solutions of BSA were performed using a
108 SAXSess camera (Anton Paar, Graz, Austria). A sealed tube anode
109 X-ray generator (GE Inspection Technologies, Germany) was operated
110 at 40 kV and 50 mA. A focusingmultilayer optics and a block collimator
111 provide an intense monochromatic primary beam (Cu Kα radiation,
112 λ = 0.1542 nm) with a well-defined line shape (2.0 mm × 300 μm). A
113 semi-transparent beam stop enabled a measurement of an attenuated
114 primary beam at zero scattering vector. The samples were filled into a
115 vacuum tight quartz capillary cell (ca. 1mm ϕ) and set in a temperature
116 controlled sample holder unit (TCS120, Anton Paar). Two-dimensional
117 (2D) scattering intensity distribution recorded by an imaging-plate
118 (IP) detector was read out by a Cyclone storage phosphor system
119 (Perkin Elmer, USA). The 2D data was integrated into a 1D scattering
120 intensity, I(q), as a function of the magnitude of the scattering vector

q ¼ 4π
λ

sin θ=2ð Þ ð1Þ

122122 where θ is the total scattering angle.
All I(q) data were normalized so as to have a uniform primary inten-

123 sity at q = 0 for transmission calibration. The back ground scattering
124 contributions from capillary and solvent were corrected. The absolute
125 intensity calibration was made by referring to water intensity as a sec-
126 ondary standard [14].

127 2.3. Data analysis

128 Small angle scattering of X-rays (SAXS) and neutrons (SANS) is a
129 very efficient technique to study interparticle interactions in solution.
130 The scattering intensity, I(q), for a concentrated colloidal dispersion is

131given by the product of the form factor, P(q), and the static structure fac-
132tor, S(q), as [15–17]

I qð Þ ¼ nP qð ÞS qð Þ ð2Þ

134134where n is the particle number density.
P(q) is a reciprocal-space function associated with the pair distance

135distribution function, p(r), describing particle structure. These two
136functions are connected with each other via Fourier transformation
137[15,18,19] as

P qð Þ ¼ 4π
Z ∞

0
p rð Þ sinqr

qr
dr: ð3Þ

139139

On the other hand, the static structure factor, S(q), is also given by
140Fourier transformation of the total correlation function, h(r) = g(r)− 1,
141as [20]

S qð Þ−1 ¼ 4πn
Z ∞

0
g rð Þ−1½ �r2 sinqr

qr
dr ð4Þ

143143where g(r) is the pair correlation function describing spatial distribution
of colloidal particles.

144If we measure a scattering intensity at very low protein concentra-
145tion, where intermolecular interactions can be neglected (S(q) ≈ 1),
146the scattering curve exclusively represents intramolecular structure of
147the protein. In such a case, Eq. (2) is rewritten as

I qð Þ ¼ nP qð Þexp ð5Þ

149149where P(q)exp is the experimental form factor.
Once we get P(q)exp, the effective structure factor, S(q)eff, can be

150deduced by dividing the concentration normalized intensity, I(q)/c, by
151P(q)exp as [21]

S qð Þeff ¼ I qð Þ=cP qð Þexp: ð6Þ
153153

Using the relation given in Eq. (4), we transcribed S(q)eff into the
154effective pair correlation function, g(r)eff, relying on indirect Fourier
155transformation (IFT) technique [15,18]. We call such an interaction
156potential model-free analytical technique of static structure factor
157SQ-IFT [21].

1582.4. Dielectric relaxation spectroscopy (DRS)

159To obtain specific information about states of the proteins andwater
160in aqueous BSA solutions from a viewpoint of molecular dynamics, we
161determined complex dielectric spectra, ε⁎(ν) = ε′(ν) − iε″(ν), of
162aqueous BSA solutions at 25 °C in the frequency range from 1 MHz to
16310 GHz using time domain reflectometry (TDR) [22], based on the
164Hewlett–Packard instrument (HP54120B).

1653. Results and discussion

1663.1. Spatial correlations of BSA

167Using SAXS, we investigated spatial correlations of BSA at protein
168concentrations of 4.00 b c/mg mL−1 b 264 in water and in 150 mM
169PBS solution. These solvent conditions were chosen to minimize ionic
170strength and to achieve ionic strength and pH close to physiological
171conditions, respectively. Fig. 1(a) and (b) show the concentration nor-
172malized scattering intensities of BSA, I(q)/c, in water and in 150 mM
173PBS solution at 25 °C on absolute scale. It is often the case that the max-
174imum q value of SAXS and SANS experiments is limited to 3–5 nm−1. In
175this study, we have extended the maximum q-range to ca. 28 nm−1,
176covering a wide-angle regime. With increasing BSA concentration,
177we observed a decrease of forward intensity and appearance of a
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