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A B S T R A C T   

Cell surface protein B (CspB) fusion proteins can undergo reversible pH-responsive precipitation–redissolution. A 
pH-responsive precipitation–redissolution of CspB tag purification (pPRCP) method was established for protein 
purification using this property. However, the mechanism of the pH-responsive precipitation of CspB fusion 
proteins is unknown, which has made it difficult to set process parameters for pPRCP. In this study, we inves-
tigated the mechanism of the pH-responsive precipitation of CspB fusion proteins using CspB50TEV-Teriparatide 
(CspB-teri) as a model. As expected, CspB-Teri was reversibly precipitated at acidic pH. By contrast, CspB-Teri 
was not precipitated under unfolding conditions induced by trifluoroethanol, urea, or guanidine hydrochlo-
ride, even at acidic pH. The conformation of CspB-Teri changed to a β-sheet-rich structure as the pH decreased, 
followed by the formation of intermolecular interactions, which caused precipitation. The particle size of the 
CspB-Teri precipitate increased in a protein concentration-dependent manner. These results indicated that the 
pH-responsive precipitation of CspB-Teri is triggered by the formation of a β-sheet structure in response to 
decreasing pH, and the growth of the precipitate particles occurred through intermolecular interactions.   

1. Introduction 

Cell surface protein B (CspB) is a major extracellular secretion pro-
tein of Corynebacterium glutamicum [1]. CspB forms a self-assembled 
hexagonal 2D lattice structure and forms the S-layer comprising the 
cell wall in C. glutamicum [2–5]. CspB fusion proteins (CspB-tagged 
proteins), in which the N-terminal fragment of CspB is genetically fused 
to a target protein, can be reversibly precipitated in response to changes 
in pH [6]. The CspB fusion protein is soluble at neutral pH and is 
precipitated at acidic pH; the precipitate can then be fully redissolved at 
neutral pH. A purification method using a CspB tag, named “pH-res-
ponsive precipitation and redissolution of CspB tag purification” 
(pPRCP), has been reported using CspB50TEV-Teriparatide (CspB-Teri). 
CspB-Teri is composed of three regions, a 50 amino acid sequence from 
the N-terminus of CspB, a tobacco etch virus (TEV) protease recognition 
site, and teriparatide, which is a biopharmaceutical peptide used for the 
treatment of osteoporosis [7,8]. Briefly, CspB-Teri is precipitated at 
acidic pH, followed by the removal of impurities in the solution by 
centrifugation. The precipitated CspB-Teri is redissolved at neutral pH 
by addition of alkaline solution, and the purified CspB-Teri is obtained in 
the soluble state. The pH-responsive precipitation–redissolution of CspB 

fusion proteins is also affected by the solution conditions. In the pres-
ence of arginine, the solubility of the impurities increases, which can 
improve the purification yield of CspB fusion proteins [9]. Furthermore, 
kosmotropic ions can shift the pH value at which the CspB fusion protein 
is precipitated to neutral or basic conditions [10]. Investigation of the 
ability to control the solution state of CspB fusion proteins with additives 
will help determine the optimal solution conditions for purification of 
the proteins. 

The precipitation and aggregation of proteins result from complex 
interactions, such as hydrophobic interactions between protein mole-
cules [11], electrostatic interactions [12,13], and π–π interactions in the 
aromatic rings of aromatic amino acids [14]. The aggregation of proteins 
often changes their secondary structure, for example in amyloid for-
mation [15,16]. Circular dichroism (CD) and Fourier transform infrared 
(FTIR) spectrometry are effective tools for the analysis of protein sec-
ondary structures to examine the mechanisms of protein aggregation 
and the change of protein activity [17–22]. For example, the secondary 
structure of amyloid-β1-42 changes from a soluble monomer with a 
random coil form to an insoluble aggregate with a β-sheet structure, 
which can be monitored by the CD spectra [23]. Attenuated total 
reflectance FTIR spectrometry (ATR-FTIR) can be used to compare the 
solution state of the native protein form and the precipitated state of the 
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aggregated protein form [24,25]. It is generally believed that content of 
β-sheet structure is increased in aggregates, stress-induced insoluble 
proteins, and heat-induced gelled proteins, compared with the native 
form of the protein [26,27]. 

In this study, we investigated the mechanism for the pH-responsive 
precipitation of CspB fusion proteins using solution additives. It has 
previously been shown that the concentration of the CspB fusion protein 
did not have an appreciable effect on the precipitation pH [10]. Thus, we 
hypothesized that intermolecular interactions are not a major driving 
force for pH-responsive precipitation. Herein, we investigated the 
pH-responsive precipitation of CspB-Teri in the presence of the protein 
denaturants urea, guanidine hydrochloride (Gdn-HCl), and tri-
fluoroethanol (TFE). The secondary structure of the CspB-Teri deter-
mined by CD and ATR-FTIR showed that the secondary structure of the 
protein underwent a reversible change that correlated with the change 
between the precipitation and dissolution states. We concluded that a 
change in the secondary structure was responsible for the reversible 
pH-responsive precipitation–redissolution behavior of CspB-Teri. 

2. Materials and methods 

2.1. Materials 

TFE and NaOH were from Fujifilm Wako Pure Chemical Corp., 
Osaka, Japan. Gdn-HCl, Tris (hydroxymethyl)-1,3-propanediol), HCl, 
acetonitrile (HPLC grade), and ammonium acetate were from Nacalai 
Tesque Inc., Kyoto, Japan. NaCl was from Junsei Chemical Co., Ltd., 
Tokyo, Japan. Urea was from Merck KGAA, Darmstadt, Germany. 

2.2. Methods 

2.2.1. Bacterial strain and design of the fusion protein 
A CspB fusion protein, CspB-Teri, was constructed, which comprised 

a CspB fragment, the TEV protease cleavage recognition site, and ter-
iparatide. The amino acid sequence of CspB-Teri is shown in our pre-
vious reports [6,7,10]. The amino acid sequence of CspB50 and TEV 
recognition sequence (underlined) and Teriparatide (bold) were shown 
below. 

CspB50TEV-Teriparatide 
QETNPTFNINNGFNDADG-

STIQPVEPVNHTEETLRDLTDSTGAY-
LEEFQYENLYFQSVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF 

CspB-Teri composes of 90 amino acid residues with the isoelectric 
point of pH 4.3. CspB-Teri was prepared using the C. glutamicum secre-
tion protein expression system CORYNEX® as described previously 
[28], which was provided by Ajinomoto Co., Inc. 

2.3. Expression, fermentation, and purification of CspB-Teri 

The expression and fermentation of CspB-Teri was performed as 
previously reported [7,10]. The culture supernatant that expressed 
CspB-Teri was purified by pPRCP according to our previous reports [7, 
10]. The CspB-Teri purified by pPRCP was further purified using Source 
15RPC (Cytiva, Marlborough, MA, USA) packed to FineLINE™ Pilot35 
(Cytiva, Marlborough, MA, USA). The Source 15RPC chromatography 
was performed using buffer A (20 mM ammonium acetate, 10% aceto-
nitrile) and buffer B (20 mM ammonium acetate, 80% acetonitrile) with 
a gradient elution of 0%–50% buffer B for 20 column volumes at 150 
cm/h. The material purified by Source 15RPC was exchanged into 20 
mM Tris-HCl, pH 8.0 for the spectroscopic measurements. 

2.4. Calculation of the precipitation ratio of CspB-Teri 

Evaluation of the precipitation ratio was performed as previously 
reported and is shown below [10]. CspB-Teri in the evaluation sample 
was quantified by reverse phase high-performance liquid chromatog-
raphy (RP-HPLC) as previously described [10] to measure the concen-
tration of CspB-Teri.  

Precipitation ratio [%] = 100 – (Aconc. / Bconc. × 100) 

Aconc.: Measured concentration of CspB-Teri in the evaluation 
sample. 

Bconc.: Expected concentration of CspB-Teri without precipitation in 
the evaluation sample considering the volume of the added acid solution 
and the sampling volume. 

CD. 
The far-ultraviolet (UV) CD spectra were measured for 0.3 mg/mL 

CspB-Teri in 20 mM Tris-HCl buffer, with and without additives. The far- 
UV CD spectra were measured at 25 ◦C using a J-820 spectropolarimeter 
(Jasco Co., Tokyo, Japan) with an ASU-800 auto sampler (Jasco Co., 
Tokyo, Japan) in the range of 250 to 200 nm at a scanning rate of 100 
nm/min. Each sample was loaded in a quartz cell with a 1-mm path 
length. 

2.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) 

SDS-PAGE was performed using 12% NuPAGE® Bis-Tris, 1 mm, mini 
protein gel (Thermo Fisher Scientific, Waltham, MA, USA) with 
NuPAGE® SDS 2-(N-morpholino) ethane sulfonic acid (MES) running 
buffer and NuPAGE® Antioxidant according to the manufacturer’s in-
structions. The protein bands were stained using Quick-CBB Coomassie 
stain (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and the 
gel images were processed using Image Quant TL (Cytiva, Marlborough, 
MA, USA). 

2.6. ATR-FTIR 

ATR-FTIR spectra were recorded using a FT/IR4600 (Jasco Co., 
Tokyo, Japan) with ATR accessory, ATR PRO Penta (Jasco Co., Tokyo, 
Japan), and a mercury, cadmium, and tellurium detector. To obtain the 
spectra, 10 μL of 20 mg/mL samples were applied on a Ge prism. The 
spectra of the blank buffer (20 mM Tris-HCl that was adjusted to the 
sample pH) was subtracted from the sample spectra. Data analysis and 
processing, including second derivative analysis, were performed using 
the Spectra manager software (Jasco). To obtain the final FTIR absor-
bance spectra, blank buffer (no protein) spectra was subtracted from the 
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actual protein sample spectra. To compare the samples, the baseline of 
the FTIR spectra were corrected to reveal the amide I band region, 
1600–1700 cm− 1. FTIR spectra were normalized to the same band in-
tensity of the amide I band at 1654 cm− 1 in this experiment. 

2.7. Optical microscope 

Non-filtered CspB-Teri in 20 mM Tris-HCl was observed at pH 8.0; 
pH 4.0, adjusted by adding HCl; and pH 7.0, adjusted by adding NaOH. 
An aliquot of each sample (10 μL) was transferred to a microscopy slide 
equipped with a microscope cover glass. Samples were observed using 
an optical microscope BZ-X800 (Keyence) with a 10 × eyepiece lens and 
10, 20×, and 100 × objective glasses. 

The amino acid sequences used for CspB and teriparatide were from 
GenBank (accession numbers BAV24076.1 and AAQ51502.1, respec-
tively) [6]. 

3. Results 

3.1. CspB-Teri was not precipitated in TFE solution even at acidic pH 

It has been previously reported that the precipitation of CspB-Teri 
did not depend on the protein concentration [10]. Thus, we hypothe-
sized that the pH-responsive precipitation of CspB-Teri is triggered by a 
change in the secondary structure, followed by the precipitation of 
CspB-Teri caused by intermolecular interactions. 

TFE converts the structure of proteins into an α-helical form in a 
concentration-dependent manner [29]. Therefore, the structure of 
CspB-Teri was altered using various concentrations of TFE solutions, and 
then the pH of the TFE-induced CspB-Teri solutions was decreased to 
cause precipitation. Fig. 1A shows the far-UV CD spectra of CspB-Teri in 
solutions with various concentrations of TFE. The CD spectra of 
CspB-Teri in the absence of TFE showed a α-helical structure. With 
increasing concentrations of TFE, negative maxima at 215 and 222 nm 
were observed, which are typical of an α-helical structure. This result 
indicated that, as expected, the conformation of CspB-Teri changed to an 
α-helical structure in a TFE concentration-dependent manner. Fig. 1B 
shows the precipitation ratio of CspB-Teri at pH 4.0 for various TFE 
concentrations. CspB-Teri was completely precipitated at concentrations 
below 20% TFE. With increasing concentrations of TFE, CspB-Teri was 
progressively solubilized between 20% and 40% TFE at pH 4.0. These 
results suggested a relationship between the pH-responsive precipitation 
and the secondary structure of CspB-Teri. 

3.2. Denaturants suppressed the pH-responsive precipitation of CspB-Teri 

Fig. 2 shows the pH-responsive precipitation of CspB-Teri in the 
presence of TFE and the protein denaturants urea and Gdn-HCl. As re-
ported previously [10], CspB-Teri was precipitated at approximately pH 
5.8 without any additives. Similarly, CspB-Teri was precipitated at 
approximately pH 6.5 in the presence of 0.5 M NaCl. In both cases, the 
protein was completely precipitated in acidic conditions. By contrast, 
CspB-Teri started to precipitate at pH 5.4 in 50% TFE, but only 
approximately 20% of the CspB-Teri was precipitated, even at pH 4.0. 
Similarly, CspB-Teri did not precipitate at acidic pH in the presence of 6 
M urea or 5 M Gdn-HCl. High concentrations of urea or Gdn-HCl resulted 
in unfolding of the protein structure, and in a solution of 50% TFE, the 
structure was changed to a α-helical form; hence, it is likely that a 
specific structure is necessary for the pH-responsive precipitation of 
CspB-Teri at acidic pH. 

Plots of the relationship between the pH value and precipitation ratio 
of CspB-Teri in 20 mM Tris-HCl with no additives (closed square), 0.5 M 
NaCl (closed circle), 5 M Gdn-HCl (closed triangle), 6 M urea (closed 
rhombus), and 50% TFE (cross mark). 

Fig. 1. pH-responsive precipitation of CspB-Teri in TFE solution. 
(A) TFE-dependent structural transition of CspB-Teri at pH 8.0 with 0%–90% TFE measured by CD. The numbers refer to the TFE concentration as a percentage by 
volume. (B) The precipitation ratio of CspB-Teri at pH 4.0 for various concentrations of TFE. 

Fig. 2. pH-responsive precipitation of CspB-Teri under unfolding conditions.  
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3.3. Secondary structure of CspB-Teri under acidic conditions with 
additives 

The secondary structure of the protein in the pH-responsive precip-
itation of CspB-Teri was investigated by far-UV CD (Fig. 3). The CD 
spectra of CspB-Teri in 20 mM Tris-HCl, pH 8.5 without any additives 
showed as the initial secondary structure before the structure changes by 
pH and additives in dash line. The CD spectra of CspB-Teri without 
additives (Fig. 3A) showed a gradual decrease of an ellipticity at 218 nm 
with decreasing pH values. Note that CspB-Teri started to precipitate 
during the monitored pH values. Similarly, the CD spectra of CspB-Teri 
with 0.5 M NaCl (Fig. 3B) showed a gradual decrease of an ellipticity at 
218 nm with decreasing pH values. The shapes of the CD spectra of 
CspB-Teri with and without NaCl indicated that the structure contained 
β-sheet content at the pH values where precipitation occurred. The CD 
spectra of CspB-Teri in 50% TFE showed typical α-helical structure at all 
pH values but slightly decrease of an ellipticity at 218 nm with 
decreasing pH (Fig. 3C). This result indicated that a part of the sec-
ondary structure in the 50% TFE solution changed and CspB-Teri 
precipitated. This data was accordance with the data that the precipi-
tation ratio of CspB-Teri was around 20% in 50% TFE condition shown 
in Fig. 1B. This result suggested that most of the secondary structure of 
CspB-Teri in TFE condition was α-helical structure but partially formed 
the initial structure. In contrast, in the presence of 5 M Gdn-HCl (Fig. 3D) 
or 6 M urea (Fig. 3E), CspB-Teri was fully unfolded even at acidic pH 
values. These data indicated that the secondary structure plays an 
important role in the pH-responsive precipitation of CspB-Teri. 

The pH-dependent secondary structure transition of CspB-Teri 
measured by CD during pH-responsive precipitation in the presence of 
(A) no additive, (B) 0.5 M NaCl, (C) 50% TFE, (D) 5 M Gdn-HCl, and (E) 
6 M urea. The dashed lines in each figure show the initial structure of 

CspB-Teri in 20 mM Tris -HCl at pH 8.5 without any additives. 

3.4. CspB-Teri formed a β-sheet-rich secondary structure at precipitation 

Fig. 4A shows the SDS-PAGE analysis of CspB-Teri. Briefly, a solution 
of CspB-Teri in 20 mM Tris-HCl (pH 8.0) was prepared, then, HCl was 
titrated into the CspB-Teri solution. Samples of the solution at pH 6.0, 
5.6, and 4.0 were collected. Then, NaOH was added to the solutions to 
adjust the pH to 7.4 to redissolve the pH-responsive precipitate. The 
sample T which is not filtered shows the total amount of CspB-Teri in 
sample both precipitation and soluble state. The sample S shows the 
amount of soluble state of CspB-Teri which the precipitated CspB-Teri is 
removed by filtration. The sample P shows the amount of precipitation 
state of CspB-Teri which the soluble CspB-Teri is removed as supernatant 
by centrifuge and dissolved the precipitated CspB-Teri with 20 mM Tris- 
HCl, pH 8.5. As shown in Fig. 4A, CspB-Teri started to precipitate at pH 
6.0 and was fully dissolved at pH 7.4. 

Fig. 4B and C shows the results of ATR-FTIR spectroscopy for the 
soluble state before precipitation (pH 8.0), during the process of pH- 
responsive precipitation (pH 5.6 and 5.4), the precipitated state (pH 
4.0), and the redissolved state after precipitation (pH 7.4). FTIR spectra 
were normalized to the peak at 1654 cm− 1 in the amide I band (Fig. 4B). 
The peaks at 1624 and 1619 cm− 1 increased with decreasing pH from pH 
6.0 to 5.6 where precipitation occurred. The peak at 1624 cm− 1 was 
prominent at pH 4.0 where the protein was completely precipitated. The 
spectra of the redissolved sample of CspB-Teri at pH 7.4 was completely 
overlapped with that at pH 8.0. These results indicated that the pH- 
responsive precipitation of CspB-Teri was related to the reversible sec-
ondary structure change observed by FTIR at 1624 and 1619 cm− 1. Note 
that the peaks in the FTIR spectra at approximately 1624 and 1620 cm− 1 

indicate an intermolecular β-sheet structure [26,30–33]. Thus, the 

Fig. 3. The secondary structure transition of CspB-Teri during pH-responsive precipitation with various additives.  
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conformation of CspB-Teri was changed to a β-sheet-rich structure as the 
pH decreased, followed by the formation of intermolecular interactions 
and precipitation. 

3.5. The particle size of the precipitate of CspB-Teri increased with 
increasing protein concentrations 

Fig. 5 shows the results of optical microscope observations of the 

Fig. 4. Secondary structure transition between the 
solution state and precipitation state determined by 
ATR-FTIR spectrometry. 
(A) SDS-PAGE analysis of CspB-Teri at various pH 
values. The data at pH 8.0, 6.0, 5.6, and 4.0 show the 
samples at the respective pH values, while the data at 
pH 7.4 is for the redissolved protein after precipita-
tion. The sample T shows the total amount of CspB- 
Teri in sample both precipitation and soluble state. 
The sample S shows the amount of soluble state of 
CspB-Teri which the precipitated CspB-Teri is 
removed by filtration. The sample P shows the 
amount of precipitation state of CspB-Teri which the 
soluble CspB-Teri is removed by centrifuge and dis-
solved the precipitated CspB-Teri with 20 mM Tris- 
HCl, pH 8.5.   

Fig. 5. Optical microscope images of soluble and precipitated states of CspB-Teri at different concentrations.  
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dissolved (pH 8.0), precipitated (pH 4.0), and redissolved (pH 7.0) states 
of CspB-Teri at protein concentrations of 0.1, 1.0, and 2.0 mg/mL. As 
expected, no precipitate was observed for all protein concentrations at 
pH 8.0 (Fig. 5A, D, and 5G) and pH 7.0 (Fig. 5C, F, and 5I). A precipitate 
was only observed at pH 4.0 (Fig. 5B, E, and 5H shown by the white 
arrow) and the particle size of the precipitate increased in a 
concentration-dependent manner. 

The soluble (A, D, and G), precipitation (B, E, and G), and redissolved 
(C, F, and I) states of CspB-Teri at 0.1 mg/mL (A, B, and C), 1 mg/mL (D, 
E, and F), and 2 mg/mL (G, H, and I). White bar shows 20 μm. 

4. Discussion 

In the present study, we demonstrated that changes in the secondary 
structure of CspB-Teri were responsible for the pH-responsive precipi-
tation. The results are briefly summarized as follows. (і) CspB-Teri did 
not precipitate in the presence of a high concentration of TFE, urea, or 
Gdn-HCl, even at acidic pH. (ii) The content of intermolecular β-sheet 
structure in CspB-Teri was increased in the process of pH-responsive 
precipitation. (iii) The particle size of the precipitate of CspB-Teri 
increased depending on the concentration of the protein. From these 
results, we discard the hypothesis that intermolecular interactions are 
not a major driving force for pH-responsive precipitation because CspB- 
Teri, which secondary structure changed to β-sheet rich, is formed a 
precipitate by intermolecular interaction of β-sheet rich structure. Then, 
we proposed a mechanism for the pH-responsive precipitation of CspB- 
Teri, shown in Fig. 6. Step (1) CspB-Teri at neutral pH is soluble and has 
the native secondary structure conformation. Under neutral conditions, 
CspB-Teri is less likely to associate with other molecules due to the 
electrostatic repulsion. Step (2) Under acidic conditions, the secondary 
structure of CspB-Teri changes to β-sheet-rich structure. Step (3) The 
β-sheet-rich proteins interact with each other without electrostatic 
repulsion at around isoelectric pH and then form precipitates. Step (4) 
On returning to a neutral pH, the secondary structure of CspB-Teri is 
transformed to the native structure and CspB-Teri is completely 
redissolved. 

The pH-responsive precipitation of CspB-Teri did not occur in the 
presence of TFE, urea, or Gdn-HCl at concentrations that induced pro-
tein unfolding. This result is because the secondary structure of CspB- 
Teri was changed by the additives, resulting in the suppression of the 
intermolecular interactions in the β-sheet structure. In the presence of 
TFE, CspB-Teri cannot change to a β-sheet-rich structure because the 
secondary structure of CspB-Teri is transformed and maintained in an 
α-helix-rich conformation by TFE. Therefore, it was not possible for 
CspB-Teri to move to step (2) in Fig. 6 and the pH-responsive precipi-
tation did not occur in the presence of TFE. Similarly, in the presence of 
Gdn-HCl or urea, CspB-Teri was not able to move to step (2) in Fig. 6 

because the secondary structure of CspB-Teri was denatured and trans-
formed to a random coil structure as shown in Fig. 3D and E and cannot 
be transformed to a β-sheet-rich structure. 

Regarding the change in secondary structure of CspB-Teri, the sec-
ondary structure of Teriparatide was an α-helical peptide in pH 6.1 so-
lution analyzed by CD spectroscopy and NMR spectroscopy [34]. In 
addition, the α-helical structure of Teriparatide was observed at pH 4.0 
at which the pH responsive precipitation occurred [7]. These results 
indicate that the α-helical secondary structure of Teriparatide maintain 
even in pH 4.0. In this paper, we newly revealed that the secondary 
structure of CspB-Teri changes to β-sheet rich structure at pH 4.0. These 
data suggest that change in secondary structure to β-sheet at pH 4.0 is 
attributed to the property of the CspB50TEV. 

Another important finding of this study is that the signals in the ATR- 
FTIR spectra at approximately 1624 cm − 1 are related to the β-sheet 
secondary structure observed in the pH-responsive precipitation. The 
presence of an increasing content of β-sheet structure has been previ-
ously observed using ATR-FTIR spectroscopy in protein aggregates, 
including inclusion bodies [26], the thermal aggregation of bovine IgG 
[35], and amyloid fibrils from hen lysozyme [36]. These examples 
support our hypothesis that the transition of the secondary structure to a 
β-sheet structure triggered the pH-responsive precipitation of the CspB 
fusion protein. In pPRCP, the precipitation pH is not suitable as the 
process parameter for pPRCP because the precipitation pH depends on 
the type of solution [10]. The intensity of the band at 1624 cm− 1 in the 
ATR-FTIR spectra can be an effective process parameter because this 
changes in secondary structure occurs independently of solution con-
dition. This finding should improve pPRCP as a purification method. 

In conclusion, the pH-responsive precipitation of CspB-Teri is 
induced by a secondary structure transition to a β-sheet-rich structure, 
followed by intermolecular interactions. The secondary structure tran-
sition to a β-sheet-rich structure can be observed by increases in the band 
at 1624 cm− 1 in the ATR-FTIR spectra and this change in band intensity 
will be able to be used as a process parameter for pPRCP. 
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