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Abstract 
 

The pH-dependent structures of the bovine serum albumin (BSA), under 

physiological conditions that permit enzymatic activity, were investigated 

by small-angle neutron scattering (SANS). The unfolding behavior of BSA in 

solution is important to understand the mechanism of protein aggregation 

due to protein conformational change. The information of protein 

structure is crucial to design the perfect protein-based drug delivery 

device. This information will be useful as a complementary data of BSA 

crystal structure in static state. The structure of BSA in solution was found to 

be heart shaped, nearly identical to bovine serum albumin crystal 

structure. The globular heart shaped structure of BSA was still maintained 

at alkaline pH range of 7 to 11. It underwent partial unfolding at pH 5 and 

continued to unfold at pH 3. The unfolded-structure of BSA shows that the 

globular structure started to change into a cylinder-like structure at pH 3 

which was clearly shown in Kratky plot. These results were confirmed with 

ab initio low-resolution shape calculation model analysis using GNOM and 

DAMMIF in obtaining the three-dimensional protein structure model. 
 

Keywords: BSA, SANS, folding-unfolding, three-dimensional structure, pH 

dependent 
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1.0 INTRODUCTION  
 

Bovine serum albumin (BSA) is one of abundant 

proteins in mammalian body. It found in blood stream 

and milk. It has role in maintaining osmotic pressure of 

the circulatory system and binding a variety of 

molecules including toxins. BSA also binds and 

transports fatty acids. In its physiological condition (pH 

7) BSA is a globular protein having a molecular weight 

of 66 kDa, 583 amino acid residues, and 17 disulfide 

bridges. Three homologous domains build up BSA, 

which is called as domain I, II, and III. Each domain is 

divided into two subdomains (A and B)[1, 2]. 

BSA has been widely used as drug delivery device 

because of its non-toxicity, biodegradability, non-

immunogenicity, water solubility, availability and its 

low cost, because large quantities of it can be readily 

purified from bovine blood [3]. In order to be used as 

drug delivery device, BSA has been bound with ligand 

complex [1] and polymer [4], or complexed with 

magnetic iron oxide [5].  

BSA can undergo conformational change in the 

variation of pH from expanded (E), to fast (F), normal 

(N), basic (B) and aged (A) forms. These five isomeric 

forms of BSA are exist in pH below 2.7 for E form, in 

2.7<pH<4.3 for F form,  in 4.3<pH<8 for N form, in 

8<pH<10 for B form, and in pH more than 10 for A form 

[6]. As drug delivery device, the conformational 

stability of BSA at large range of pH becomes 

important. This information helps to understand the 

binding drug ability of BSA during synthesis and 

administration or drug releasing. Furthermore, the 
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conformational change of BSA as pH change leads to 

the awareness of the possibility of protein aggregation 

that may lead to the protein toxicity since several 

diseases are associated with the protein aggregation 

like Alzheimer’s disease [7] and Parkinson’s disease [8]. 

The crystal structure of BSA was found to have a 

heart-like shape at neutral pH condition as 

determined by x-ray diffraction [9]. This technique 

gives high resolution of BSA structure at atomic scale 

as result. However, this method has limitations in the 

study of protein structure and its conformation 

especially in solution, because the crystallization of 

protein can only occur in certain pH and solution 

condition.  

The three-dimensional structure information of BSA 

in solution with different pH conditions is important to 

understand the mechanism of protein aggregation-

based disease on conformational change of protein. 

It is also essential to design a perfect protein based-

based drug delivery device. Therefore, it is important 

to study BSA structure in solution by in situ experiment 

to reveal its structure in several solution conditions.  

Small angle neutron scattering (SANS) is 

considered as a powerful tool to overcome that 

limitation which can provide low resolution of three-

dimensional structural information of macromolecules 

in solution [10]. Although SANS is a low resolution 

method, this technique allows to study native protein 

structures in near physiological conditions and analysis 

of its structural changes [11]. Here, the structures of 

BSA in solution were investigated by SANS technique. 

This study provided conformational structure of BSA in 

solution which was limited only to structural 

information, such as the form factor profiles, the 

shape, and the size. 

 

 

2.0 METHODOLOGY 
 

Material and Sample Preparation 

 

The BSA powder (A0281) and heavy water D2O 99.8% 

(151882,) were purchased from the Sigma Chemical 

Company. All buffer reagents, except acetic acid 

which was purchased from Sigma, were purchased 

from Merck (Pro Analysis) and were used without 

further purification. The BSA solutions were made by 

dissolving them in D2O buffer solution. The dissolving 

process of BSA powder on buffer solution may result in 

monomeric BSA and small amount of aggregated 

BSA. Therefore, it was important to make sure that the 

system was monodisperse containing only monomeric 

BSA. To obtain that system, the solution was filtered by 

100 kDa centrifugal filter. The concentration of 12 

mg/ml BSA is measured by UV spectrometer in 280 nm 

after centrifugation.  

Buffer phosphate was applied to obtain the pH of 

11, 9 and 7. The pH 7 phosphate buffer was prepared 

by mixing 0.1 M monosodium phosphate with 0.1 M 

sodium hydroxide at certain volume. Meanwhile, for 

pH 9 and 11, the phosphate buffer was prepared by 

mixing 0.05 M disodium phosphate with 0.1 M sodium 

hydroxide at certain volume. The acetate buffer was 

applied to obtain the pH 5 and 3. The acetic buffer 

was prepared by mixing 0.1 M acetic acid with 0.1 M 

sodium acetate at certain volume.  

 

Small Angle Neutron Scattering 

 

The measurements have been performed on the 36 m 

SANS spectrometer, Neutron Scattering Laboratory 

BATAN, Indonesia. Each sample was contained in 

quartz cell with 2 mm inner thickness and exposed to 

neutron beam with wavelength of 4.9 Å. The 

measurement was conducted in three configurations 

of sample-detector distance i.e. 1.3, 4, and 6 m with 

exposure time for each sample-detector distance was 

6, 8 and 8 hours respectively. All measurements were 

done at ambient temperature. These three 

configurations were applied to cover the momentum 

transfer q of 0.02-0.35 Å. The data was subtracted over 

the background scattering from the buffer solution of 

each pH condition as well as over the cadmium 

scattering to correct the data from electronic noise. 

GRASP data reduction program is applied to do the 

data reduction [12]. 

 

Data Analysis 

 

The size determination by SANS technique is based on 

the measurement of the elastic neutron scattering 

intensity as a function of scattering angle, which is 

transformed as momentum transfer, q (q=4π sin /, 

where 2 is scattering angle and  is neutron 

wavelength). Assuming the protein as monodisperse 

system, the scattering intensity is expressed as,  

 

  )()()( 22
qSqPVnqI sm     (1) 

 

where n denotes the number density of scatterers / 

particles, m and s are the scattering length densities 

of the protein molecules and the solvent, respectively. 

The term (m-s) is called contrast factor. V is the 

volume of a protein molecule. P(q) is the intra-particle 

structure factor and depends on the shape and size 

of the particles. S(q) is the inter-particle structure 

factor and is defined by the inter-particle distance 

and the particle interaction. For dilute solution, S(q)  

1. The corrected data was then analyzed by Igor NIST 

data analysis program [13].  

In NIST SANS data analysis program, the SANS data 

of BSA were plotted into log and log one dimensional 

scattering data and Kratky Plot. The Kratky plot is 

I(q)*q2 vs q [14] which is useful to check the globularity 

of the protein. 

The initial assumption of BSA shape is 

approximately closed to triaxial ellipsoidal model. In 

Igor NIST program, this model calculates the form 

factor for a triaxial ellipsoid with uniform scattering 

length density. The function is calculated for an 

ellipsoid where all three semi-axes are of different 
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lengths. For the results of the calculation to be valid, 

the axes are defined as: Ra ≤ Rb ≤ Rc. Th 

The chain of contour length, L (the total length) 

can be described as a chain of some number of 

locally stiff segments of length lp. The persistence 

length, lp, is the length along the cylinder over which 

the flexible cylinder can be considered a rigid rod. The 

Kuhn length (b) used in the model, describes the 

stiffness of a chain, and is simply define as b = 2*lp. 

For ab initio reconstruction methods, there are 

several particle parameters that should be computed 

directly from the experimental data (length and the 

overall asymmetry). In order to get the information 

about the overall asymmetry of the scattering particle, 

the data were further analyzed with ATSAS package 

program [15]. To determine the maximum dimension, 

Dmax , the intra-particle distance distribution function, 

p(r), was calculated by making use of the GNOM 

program [16] in which the inverse Fourier transform of 

I(q) is implemented as follows 





0

2
)sin().(

2

1
)( dqqrqrqIrp


  (2) 

This approach provides an alternative method for 

the calculation of the radius of gyration (Rg) from the 

full scattering curve. Rg can be expressed by the 

following equation 

 

𝑅𝑔
2 =

∫ 𝑟2 𝑝(𝑟) 𝑑𝑟

2 ∫ 𝑝(𝑟)
    (3) 

 

The ab initio approaches were employed to 

reconstruct low-resolution structure models. The 

program DAMMIF [17] is a development of DAMMIN 

[18] that run faster. In DAMMIF analysis, the three-

dimensional protein model was generated based on 

pair distribution function. For this study, about 20 raw 

three-dimensional protein models were generated. 

These 20 models were then smoothed by stacking and 

averaging. At the final step, the single three-

dimensional protein model was obtained. 

 

 

3.0 RESULTS AND DISCUSSION 
 

First analysis to reveal the conformational change of 

BSA was a direct analysis toward SANS spectra of BSA 

via a Kratky plot (Figure 1). This method can easily 

determine folded/unfolded state of protein structure. 

Folded globular proteins typically yield a prominent 

peak at low angles, whereas unfolded proteins show 

a continuous increase in I(q)*q2 with q [14]. The peaks 

presented in this Kratky plot of the BSA at pH 11, 9, 7, 

and 5, indicating the globular state of this protein.  The 

peak started to disappear in the pH of 3 showed the 

partially unfolded state in this condition. The peak 

continuously disappeared, and the intensity began to 

increase in q in the pH of 2 as the further unfolding of 

BSA. 

 

 
 

Figure 1 Kratky Plot of BSA as the effect of pH change 

 

 

SANS data fitting with Igor SANS Analysis shows the 

globular structure of BSA at pH 11-5. The triaxial 

ellipsoid model was applied to this system. This model 

would give simple globular shape with Ra, Rb, and Rc 

semi-axis in different parameter that can be fitted 

independently. BSA in pH 5 and 7 (Table 1) have 

Rc>Rb>Ra values. However, in basic system at pH 9 

and 11, the triaxial ellipsoid parameter of Rb increased 

and followed by decreasing of Rc, resulting in a closed 

value for those both semi-axes. It means that BSA 

changed to be more spherical-like in basic solution at 

pH 9 to 11.  

 

(a) 

 
(b) 

 
(c) 
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(d) 

 
 

Figure 2 SANS scattering profile of BSA in pH 5, 7, 9 and 11 and 

the fitting result using simple shape approximation by Igor 

SANS Analysis and ab-initio calculation by GNOM 

 
Table 1 The fitting result using triaxial ellipsoid model of SANS 

data analysis 

 

Parameter BSA pH 5 BSA pH 7 BSA pH 9 BSA pH 11 

Ra (Å) 14.3 14.2 14.2 14.5 

Rb (Å) 33.6 33.2 37.8 37.3 

Rc (Å) 46.7 43.1 38.1 37.4 

 

 

The fitting result with this model represented the 

change of two axes but not with one other axis. This 

shows that the conformation of BSA has changed from 

N (native) to B (basic) form. The results from simple 

shape approximation analysis are useful as first 

assumption to begin an ab-initio calculation with 

GNOM. Since Dmax is the maximum distance of the 

scattering body, the value of Rc were put as initial 

Dmax for the calculation in GNOM.  

The inter-particle distance distribution function, 

p(r), of BSA in the range of pH 5-11 (Figure 3) showed 

a slight change in Dmax. BSA at pH 5, 7, 9 and 11 have 

Dmax of 85 Å, 80 Å, 73 Å and 73 Å respectively. Since 

p(r) is very sensitive to the overall asymmetry and 

domain structure of the particle; these data confirm 

the more globular structure of BSA in alkaline 

condition. The value of Dmax of BSA pH 5, 7, 9, and 11 

were estimated by trial and error in GNOM with the 

highest result of 0.894, 0.908, 0.805, and 0.799 

respectively which mean good or excellent solution. 

This calculation generated Rg values of 26.7, 25.7, 24.9 

and 24.7 for BSA in pH 5, 7, 9, and 11, respectively. 

These Rg and Dmax values confirm that BSA structures 

are getting little unfold in the more acidic condition of 

the solution while keeping their globular structure.  

Although the fitting curves for these two 

calculations were slightly different (Figure 2) due to the 

different calculation formulation and constraint 

applied in these calculations, the values of Rg 

obtained from this calculation were similar with the 

values of Rg obtained by simple shape approximation 

using Igor SANS Analysis. 
 

 
Figure 3 The pair distribution function p(r) of BSA 

 

 

The result of GNOM was applied to construct the 

low-resolution structure models using DAMMIF 

program (Figure 4). The N-form of BSA in pH 7 was 

compared to the crystal structure of BSA (PDB entry 

3V03) [9], illustrated in three orthogonal directions. In 

this comparison, the BSA model generated from SANS 

data (in solution) has a good similarity with the crystal 

structure of BSA. 

The low-resolution model of BSA obtained by 

DAMMIF suggests that the folding of BSA in basic 

condition was occur in domain II, and make the 

structure looks shrunk in front view but expanded on 

side view. 
 

X-ray data SANS data 

 
 

 
 

 
 

 

Figure 4 The crystal structure of BSA (PDB entry 3V03), 

illustrated in three orthogonal directions (left) compared to 

the low-resolution structure model of N-form BSA, constructed 

by DAMMIF (right)   
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The Kratky plot (Figure 1) shows the unchanged peak 

profile of BSA in pH 5 and 7 (N form) to pH 9 and 11. 

This indicates that in basic condition, the three-

dimensional structure of B and A form of BSA was not 

different enough from its N form. A report from Ahmad 

et al. suggested that in basic condition BSA has lost its 

alpha helical content about 3% from its N form 

structure [19]. However, the loss of secondary structure 

in B and A form did not alter the tertiary structure of 

BSA [19]. The fluorescence study shows the stability of 

the tertiary structure of BSA in pH 9-11. It was also 

previously reported that the 3% of helical content lost 

in BSA was occurred in domain I. In domain II, the 

perturbation of alkaline environment led to 

rearrangement of domain II with helical twisting. 

Meanwhile, domain III of BSA was not altered in the 

alkaline environment [19]. Consequently, the globular 

structure of BSA in B and A form at pH 9-11 did not 

change significantly from its N form structure. Another 

report said that the N-B transition only involved a 

subtle rearrangement of sub-domain [20,21]. The front 

view of BSA model (Figure 5), gained from SANS data 

by DAMMIF program, shows that the heart-like shape 

of BSA still remained. A slight change in globular 

structure of BSA in pH 9-11 was observed in the side 

view of the model indicating the helical twisting 

occurred in domain II. 

 

pH 
Front view  

(0o) 

Side view 

(90o in b 

semi-axis) 

Top view 

(90o in c 

semi-axis) 

pH 

5 

  

 

pH 

7 

  
 

pH 

9 

   

pH 

11 

   

Figure 5 The low-resolution structure model of BSA in pH 5, 7, 

9, and 11, constructed by DAMMIF 
 

 

The Kratky plot (Figure 1), the scattering data 

analysis (Table 1), and the p(r) function showed that 

at pH 7 to pH 5, the globular structure of BSA had 

insignificant expansion. It may be suggested that in 

this condition, BSA still has negative charge (slightly 

above its isoelectric point) but not enough basic. The 

N form of BSA in pH 7 remained in pH 5. Coincident 

with the data from DLS study [20], in pH 5, BSA had little 

expansion. 

The N to F (Fast form) transition of BSA was seen in 

pH 3. The peak of globular BSA, shown in the Kratky 

plot in Figure 1, decreased and broadened, indicating 

that the unfolded structure of the protein occurred. 

Igor SANS analysis shows the unfolding structure of BSA. 

The simple shape model calculation shows that BSA 

scattering data in pH 3 fitted with flexible cylinder 

model (Figure 6) instead of triaxial ellipsoidal one. The 

radius, Kuhn length, and contour length for BSA in pH 

3 were 13, 41 and 162 Å respectively. The calculation 

of Dmax at pH 3 gave a value of 100Å, confirming the 

undergoing of BSA unfolding.  

 

(a) 

 
 

(b) 

 
 

(c) 

 
 

Figure 6 (a) SANS scattering profile of BSA at pH 3, (b) the p(r) 

function of BSA at pH 3 and 5 show the unfolding process as 

pH effect and (c) the structural model of F form BSA in pH 3 
 

 

It has been previously reported that the N-F 

transition of BSA involved the decreasing of the helical 

content and localized in the expanding of domain III 

[20]. However, other study using NMR showed that the 

expanding of the F state involved not only domain III 

but a larger part of the protein[19]. The model of BSA 

at pH 3, constructed by DAMMIF, indicated the 

possibility of the disruption under acidic condition in 

the F form involved a larger part and not only in 

domain III. 

At pH values lower than 3, albumin underwent 

another expansion from F to E transition. The NMR 

study revealed that the helical content in the transition 

from F to E form decreased about 9% (from 44 to 35%). 

In this transition, the separation of BSA domain 
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increased. This separation created linear bead form 

due to the disruption of BSA structure in hinge or link 

region [19]. The expanded form has an increased in 

the hydrodynamic axial ratio [22] and also increase of 

about 66% in the length of the protein [20]. The SANS 

analysis shows the coincident result, in which the result 

of BSA in pH 2 with Igor SANS Analysis using flexible 

cylinder model (Figure 7), obtain the value of the 

radius, Kuhn length and contour length of 10Å, 37Å 

and 207 Å respectively. However, the three-

dimensional model of BSA in pH 2 cannot be 

constructed by GNOM and DAMMIF due to the loss of 

rigid body of the BSA itself. In E form, the separation 

between domains increased. This involved the 

unfolding of BSA structure from compact structure to 

linier bead form [19]. It is followed by some loop which 

became free in some parts of BSA. This made the BSA 

loose the rigid body and it was difficult to calculate its 

volume. 

 

 
Figure 7 SANS scattering profile of BSA at pH 2 

 

 

4.0 CONCLUSION 
 

Small angle neutron scattering can provide three-

dimensional model structure of globular and unfolded 

state of BSA in the solution. These results complement 

the static structure of BSA. It also completed some 

assumptions about unfolding mechanism of BSA, 

suggesting that the N-B transition process of BSA 

involved the subdomain II of BSA and occurred in the 

pH 7 to pH 9. Meanwhile, the SANS result showed that 

the transition process of N-F of BSA not only involved 

subdomain III but also another subdomain of BSA in 

the pH 5 to pH 3. These three-dimensional structure of 

BSA at different pH will contribute to the any kind of 

research involving protein folding-unfolding, such as 

synthesis of protein-based drug delivery device and 

protein-based disease study.  
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