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Abstract Bursa of Fabricius is the humoral immune
system for B cell differentiation and antibody production.
Bursopentine (BP5) is a novel immunomodulatory peptide
and significantly stimulated an antigen-specific immune
response in mice. BP5 was also found to protect LPS-
activated murine peritoneal macrophages from oxidative
stress. In this study, the effects of BPS on B cell devel-
opment were examined. The results suggested that BP5
markedly promoted B cell development by increasing
CFU-pre B, and affected the redox homeostasis regulation
of B cells. To study the molecular mechanism of effect of
bursal-derived BP5, this research utilized 2D-E and
MALDI-TOF/TOF to analyze the differentially expressed
proteins of BP5-treated WEHI-231 cells. The results
showed that BP5 affected the redox homeostasis regulation
of WEHI-231 cells and induced alterations in the protein
expression profiles related to the oxidoreduction coenzyme
metabolic process, precursor metabolites and energy, pro-
teolysis, RNA splicing and translation and cellular process,
respectively. BP5 also induced glucose-6-phosphate dehy-
drogenase (G6PD) activity, an essential anti-oxidant
cofactor. We found that the redox homeostasis regulation
effect of BP5 was reduced in G6PD-deficient cells. These
data suggested that BP5 affected the redox balance toward
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reducing conditions by promoting the expression of G6PD,
which in turn regulated the glutathione redox cycle and
other processes.
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Abbreviations
BF The bursa of Fabricius
ROS Reactive Oxygen Species

MALDI-TOF/TOF Matrix-assisted laser desorption/

ionization-time of flight mass

spectrometry
2D-E Two-dimensional gel electrophoresis
DTT Dithiothreitol
CHAPS 3-[(3-Cholamidopropyl)
dimethylammonio] propanesulfonate
FITC Fluorescein isothiocyanate
PPP Pentose phosphate pathway
Introduction

The bursa of Fabricius (BF), a primary humoral immune
organ unique to birds (Davison et al. 2008), is critical for
B-lymphocyte differentiation (Cooper et al. 1966; Glick
et al. 1956; Lydyard et al. 1976). In mammals, the B cell-
differentiating organ which is equivalent to the T-cell-
differentiating thymus has not been defined (Brand et al.
1976). Therefore, BF provides an invaluable model for
studies on basic immunology.

Several small peptides have been used in clinical
applications. Thymopentin has been used in treating
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various diseases (Singh et al. 1998), and cancer (Sundal
1992). Glutathione, (GSH) a well-known tripeptide (Glu-
Cys-Gly) has immune-stimulating and antioxidant activi-
ties (Droge and Breitkreutz 2000). It has been reported that
BF also contains some biological active factors. For
example, Bursin, as a candidate specific molecule for the
differentiation of B cells (Lassila et al. 1989), selectively
stimulates avian B cells, but not avian T cells, from their
precursors in vitro (Audhya et al. 1986), and promotes
immunoglobulin switching from IgM to IgG (Baba and
Kita 1977). Bursal Anti-Steroidogenic Peptide (BASP) is
responsible for synchronization of B-cell division during
embryogenesis and neonatal life (Moore and Caldwell
2003). Therefore, bursal bioactive peptides exert various
functions during B cell development and humoral immu-
nity response. Several other small peptides have been used
in clinical applications. Thymopentin has been used in
treating various diseases (Singh et al. 1998), and cancer
(Sundal 1992). GSH, a well-known tripeptide (Glu-Cys-
Gly) has immune-stimulating and antioxidant activities
(Droge and Breitkreutz 2000).

In our recent study, a new BF isolated biological active
factor Bursopentine (BP5) was proved to be a multifunc-
tional modulator in immune response (Li et al. 2011). A
number of hemopoietic cells, including dendritic cells
(DCs) (Angelini et al. 2002), activated B cells (Castellani
et al. 2008), and monocytes (Tassi et al. 2009) have been
reported to generate low-molecular-weight thiols in vitro.
BP5 is a new thiol-containing pentapeptide, contains a
cysteine in the N-terminal, could protect LPS-activated
murine peritoneal macrophages from oxidative stress (Li
et al. 2011). In this paper, the effects of BP5 and its
underlying molecular mechanism were examined in
WEHI-231 cells through proteomics analysis. Results from
these analyses showed that BPS markedly promoted B cell
development by increasing CFU-pre B, and affected the
redox balance toward reducing conditions of B cells. BP5
also up-regulated the anti-oxidant systems of WEHI-231 B
cells through regulating expression of glucose-6-phosphate
dehydrogenase (G6PD), which in turn regulated the GSH
redox cycle and various cellular processes, including ox-
idoreduction coenzyme metabolic process, precursor
metabolites and energy, proteolysis, RNA splicing and
translation and cellular process.

Materials and methods
Cell line and animals
WEHI 231 cells were maintained in RPMI 1640 medium

(Gibco) supplemented with 10 % fetal bovine serum (FBS)
(HyClone Laboratories, Logan, UT, USA), 1,250 U/ml
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penicillin G, 0.5 mg/ml streptomycin sulfate, and 50 uM
2-mercaptoethanol (Sigma Chemical, St. Louis, MO, USA)
in a 5 % CO2 humidified incubator. C57/BL6 female mice
(6-8 weeks old, 17-21 g) were obtained from Yang Zhou
University (Yangzhou, China).

Peptide synthesis

BP5 (Cys-Lys-Asp-Val-Tyr) and BP5 analog (Ala-Lys-
Asp-Val-Tyr) were synthesized by Shanghai Taishi Bio-
science Co, Ltd (People’s Republic of China) and analyzed
by HPLC and electro spray ionization tandem mass spec-
trometry (ESI-MS/MS) mass spectrometry to confirm that
the purity was higher than 95 %. All peptides were dis-
solved in water. To exclude lipopolysaccharide (LPS)
contamination, both peptides were tested using the E-To-
gate Limulus LPS detection kit (Sigma Chemical Co.).

CFU pre-B assay

Single-cell suspensions were obtained from the Bone
marrow of C57/BL6 mice at the age of 4-6 weeks. Cells
were suspended in Iscove’s Modified Dulbecco’s Medium
containing 1 % Methylcellulose, 2 mM L-glutamine, 10 %
fetal calf serum (FCS), 50 M 2-mercaptoethanol, 0.1 g/L
streptomycin, and 10° U/ml penicillin. Whole Bone mar-
row cells were treated with the IL-7(10 ng/ml) and BPS5,
mixed with Methylcellulose, and plated in 35-mm culture
dishes. The plates were incubated at 37 °C, 5 % CO2.
Colonies containing at least 40 cells were counted as
described (Fine et al. 2009). Data were presented as the
mean number of CFU/1.25 x 10* cells for triplicate
samples £ SD.

Cell collection

WEHI-231 cells (1 x 107) were treated with or without
BP5 (5 pg/ml) for 48 h, and then were manually washed in
phosphate buffered saline at 37 °C. Then they were man-
ually washed in phosphate buffered saline at 37 °C to
remove any residual host proteins. The samples were des-
ignated as control and BPS5, respectively.

Protein extraction

Lysis buffer (pH 8.5) containing 7 M urea, 2 M thiourea,
65 mM Tris, 2 % dithiothreitol (DTT), 4 % 3-[(3-cho-
lamidopropyl) dimethylammonio] propanesulfonate
(CHAPS), 0.2 % IPG buffer (GE Amersham Biosciences,
now GE Healthcare, Chalfont St. Giles, Buckinghamshire,
UK) and 0.1 % (v/v) protease inhibitor mixture (Merck,
Darmstadt, Germany) was added into cell samples. Cell
disruption was achieved by sonication at 80 W for 10 s x5
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with intervals of 15 s, followed by the addition of lysis
buffer to a final volume of 1 ml. Samples were maintained
on ice during these procedures. The mixture was then
centrifuged at 12,000 rpm for 40 min at 4 °C to remove
insoluble material. The protein content in the supernatant
was quantified by the Bradford method using Bio-Rad
protein assay reagent. Samples of aliquots were stored at
80 °C until use in proteomic analysis.

2D-E

An equal volume of rehydration buffer (8 M urea, 4 %
CHAPS, 2 % DTT and 2 % IPG buffer pH 3-10) was
added to total proteins (80 pg each) so that the final con-
centration of DTT and IPG buffer was 1 %. The protein
samples were subjected to isoelectric focusing carried out
on nonlinear IPG strips, 13 cm long, pH 3-10 (GE
Healthcare), rehydrated at 30 V for 12 h at room temper-
ature. Isoelectric focusing was conducted at 500 V for 1 h,
followed by 1,000 V for 1 h, then 8,000 V 10 h to reach a
total of 60—80 Kvh using the Ettan II IPG-phor apparatus
(GE Healthcare).

After the IEF run was completed, strips were equili-
brated under gentle shaking in two steps of 10 min each,
first in equilibration buffer I (1 % DTT, 50 mM Tris—HCI,
pH 6.8, 6 M Urea, 30 % Glycerol, 2 % SDS bromphenol
blue) and then in equilibration buffer II (same as equili-
bration buffer I, except that DTT was increased to 2.5 %,).
Equilibrated strips were loaded onto a 12.5 %, pH 8.8,
13 cm polyacrylamide gel with a 1 cm, 4 %, pH 6.8
stacker gel. The separated proteins were visualized by
silver diamine staining. For reparative 2D-E, 400 mg of
total proteins was separated as described above. Proteins
were detected by a modified silver-staining method com-
patible with MS analysis.

Visualization

The silver-stained 2-D gels were scanned by a GS-710
imaging densitometer. The digitized images were analyzed
with the Image Master software (GE Health care). A ref-
erence gel was selected from one of the gels and unmat-
ched protein spots of the member gels were automatically
added to the reference gel.

Tryptic digestion

Protein spots were cut from gels, destained for 20 min in
30 mM potassium ferricyanide/100 mM sodium thiosulfate
(1:1 v/v) and washed in Milli-Q water until the gels were
destained. The spots were kept in 0.2 M NH4HCO; for
20 min and then lyophilized. Each spot was digested

overnight in 2 pl 12.5 ng/ul trypsin in 0.1 M NH,HCOs.
The tryptic peptides were extracted three times with 50 %
acetonitrile, 0.1 % trifluoroacetic acid and dried com-
pletely by centrifugal lyophilization.

Matrix-assisted laser desorption ionization (MALDI)-
Time-of-flight (TOF) MS analysis, database searches,
and bioinformatics analysis

The tryptic peptide samples were sent to Shanghai Gene-
Core Bio-Technologies Co. Ltd. for MALDI-TOF-MS
peptide mass fingerprint analysis. Peptide mass fingerprint
dates were submitted to MASCOT Sequence Query server
(http://www.matrixscience.com) for identification against
nonredundant NCBI database (http://www.ncbi.nlm.nih.
gov/BLAST). Identification required a MASCOT confi-
dence interval of 95 %. The other search parameters were:
cleavage enzyme, trypsin; fixed modification, carbami-
domethyl (C); variable modifications, oxidation (M); max
missed cleavage, 1. Peptide tolerance of 100 ppm; frag-
ment mass tolerance of +0.5 Da; and a peptide charge of
14 were considered significant. The criteria used to accept
protein identifications were based on the data of peptide
mass fingerprint, including the extent of sequence cover-
age, number of peptides matched and probability score.
Only high-scoring proteins were accepted. Gene ontology
(GO) annotations for identified proteins based on BLAST
results were performed using Blast2GO (www.blast2go.de)
and AmiGO  (http://amigo.geneontology.org/cgi-bin/
amigo/go.cgi). The Blast2GO software was also used to
complement multiple identified proteins within the Kyoto
Encyclopedia of Genes and Genomes metabolic pathway
maps (www.genome.jp/kegg/).

Fluorescence microscopy and flow cytometry

WEHI-231 cells were treated with or without FITC-BP5
for 2 h. After fixation in 80 % ice-cold acetone at —20 °C
for 10 min, cells were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI) for 10 min. After being washed, cells
were detected with Zeiss Axiovert 200 microscope (Zeiss,
Oberkochen, Germany) equipped with Spot RT KE digital
camera.

WEHI-231 cells were treated with FITC-BP5 or FITC
for 2 h, then Samples were kept at 4 °C in the dark and
analyzed by flow cytometry (Cytomics FC500 MPL flow
cytometry system, Beckman Coulter, Fullerton, CA, USA).
A total of 10, 000 cells were analyzed for each sample.

ROS measurement and GSH content

The intracellular reactive oxygen species (ROS) was
assessed fluorometrically. Briefly, Bone marrow cells
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(1 x 10° /ml) from C57/BL6 mice were cultured with IL-7
(10 ng/ml) for 4 days to enrich B cells. Next, these cells
were collected and cultured with or without 1, 5, 25 pg/ml
BP5 for 24 and 48 h, then washed with serum-free RPMI
culture medium and incubated with 5 pmol/l dichloroflu-
orescein diacetate (DCFH-DA, Beyotime, Hangzhou,
China) at 37 °C for 30 min. The fluorescence intensities of
1 x 10* cells from each sample were analyzed by flow
cytometry (Cytomics FC500 MPL flow cytometry system,
Beckman Coulter, Fullerton, CA, USA) for 30 min. The
WEHI-231 cells (1 x 10° /ml) were cultured with or
without 1, 5, 25 pg/ml BP5 or H,O, (30 uM) for 24
and 48 h, then measured the intracellular ROS with the
method given above. Total content (T-GSH), GSH and
GSSG were measured spectrophotometrically according to
the commercial assay kit procedure (Beyotime, Hangzhou,
China).

Cell viability

WEHI-231 cells were added to 96-well flat-bottomed
microtiter plates (100 pl/well of 2 x 10° cells/ml) in
medium adding 10 % FCS, and were stimulated by BP5
with 1, 5 and 25 pg/ml for 48 h. At least six replicated
wells per sample were prepared, and control cultures
without sample were included. The cell viability was
measured after 24, 48 and 72 h using the WST-1 Cell
proliferation and cytotoxicity assay kit (Beyotime,
Hangzhou, China) in accordance with the manufacturer’s
instructions. Briefly, 10 pl of this reagent was added to
each well containing 100 pl of cell suspension incubated
for an additional 1 h. The absorbance at 450 nm was
monitored and the reference wavelength was set at 630 nm.
The percent viability of cells was calculated by comparison
to that of untreated control cells.

Western blot

Western blotting was performed as previously described
(Qiu et al. 2008) using anti-G6PD monoclonal antibody
(G6PD, Santa Cruz, USA) and f-actin (Beyotime,
Hangzhou, China).

Real-time PCR

Total RNA was isolated using the TRIzol Reagent (Invit-
rogen). DNA-free total RNA (100 ng) was subjected to
cDNA synthesis using PrimeScript® RT reagent Kit (Ta-
KaRa Bio Inc, Shiga, Japan) according to the manufac-
turer’s instructions. Real-time polymerase chain reaction
(PCR) was performed in a Light Cycler instrument (Ep-
pendorf, German) in a total volume of 20 pl using the
SYBR® Premix Ex Taq™ (Perfect Real Time) kit
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(TaKaRa Bio Inc, Shiga, Japan) according to the manu-
facturer’s instructions. The primer sets fors elected genes
are shown in Table 1.

GO6PD activity

GO6PD activity was measured at 37 °C according to Beu-
tler’s method, which depends on the reduction of NADP*
by G6PD, in the presence of glucose 6-phosphate. The
activity measurement was made by monitoring the increase
in absorption at 340 nm due to the reduction of NADP™ at
37 °C. One enzymatic activity unit was defined as the
reduction of 1 umol of NADP™ per minute at 37 °C and
pH 8.0 (Beutler 1975).

v-H2AX foci

WEHI-231 cells were plated on BD-Falcon culture slides
chamber and treated as indicated in the text. Cells were
fixed in 95 % EtOH/5 % acetic acid and stained with anti-
phospho-H2AX (ser139) antibody (Abgent) according to
the manufacturer’s instructions. The image was acquired
on a Zeiss Axiovert 200 microscope (Zeiss, Oberkochen,
Germany) equipped with Spot RT KE digital camera.

RNA interference

To silence G6PD, WEHI-231 cells were transfected with
50 pmol of G6PD stealth siRNA or control siRNA (Invit-
rogen) complexed with lipofectamin (Invitrogen) according
to the manufacturer’s instruction. The procedure was
repeated after 24 h from the first transfection to get the
maximum silencing of the gene. The nucleotide sequences
of G6PD siRNA were 5'-CUGGAAACUUACACCAUCU-
3’ (sense) and 5-AGAUGGUGUAAGUUUCCAG-3’
(antisense).

Statistical analysis

Results were expressed as means & standard deviations
(SD). The statistical significance of the observed differ-
ences was analyzed by 2-sided ¢ test unless otherwise
specified. P value <0.05 was considered to be significance
level.

Result

BP5 promoted CFU pre-B formation and affected
the redox homeostasis of B cells

Considering that BP5 enhanced anti-hemagglutinin antibody
production, induced both of Thl and Th2-type cytokines,



BP5 regulated B cell development

213

Table 1 Primer sequences of

Differentially
target genes

expressed protein

Forward primers (5'-3')

Reverse primers (5'-3")

Pekl CAACCAGATAACGAATAACCAAAGG CCAGGTGGCTCATAAGCACAA
G6PD GAAAGCAGAGTGAGCCCTTC CATAGGAATTACGGGCAAAGA
AtpSal CAAGCCTTGTTGGGCACTAT AGCTTCAAATCCAGCCAAGA
AtpSb GCAAGGCAGGGACAGCAGA CCCAAGGTCTCAGGACCAACA
Psma3 TCTTGCAGACAGAGTGGCCA CGCACTGTAAGACCCCAACA
Psmad TCTGCACCCTCACCGTCTTC TCTCGAAGATATGACTCCAGGAC
CACAATATTTTCT
Transcript levels were Strs1 CACTGGTGTCGTGGAGTTTG CTTCTGCTACGGCTTCTGCT
g‘f}‘)‘glged relative to those of G Appy GTCAACGGATTTGGTCGTATT GATCTCGCTCCTGGAAGATGG
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Fig. 1 Role of BP5 in CFU pre-B formation and intracellular ROS
production in Bone marrow B cells a role of BP5 in CFU pre-B
formation. Bone marrow cells were plated in 35-mm dish at
1.25 x 10* cells in methylcellulose medium. Various concentrations
of BP5 and BP5 analog (from 1 to 25 pg/ml) were added in the
culture. In the control group, the cells were treated with BSA
(1 pg/ml). The cells were cultivated for 7 days and the produced
colonies (CFU pre-B) were scored. *P < 0.05, **P < 0.01. b Role of

increased proliferations of splenic lymphocytes, we investi-
gated the possibility that BP5 regulates B cell development.
We used the CFU pre-B formation assays to investigate the
roles of BP5 in B cell development. Bone marrow cells
(1 x 10° cell/ml) from C57/BL6 mice were plated in meth-
ylcellulose supplemented in the presence of IL-7(10 ng/ml)
and with or without BP5 at concentrations from 1 to 25 pg/ml,
for 7 days. There were 14 colonies per 12,500 cells in the
presence of IL-7. The counts of colonies with IL-7 and BP5
treatment were more than those in IL-7 treated groups. How-
ever, when Cys of BP5 was replaced by Ala in BP5 analog, the
counts of colonies were no more than those in IL-7 treated
groups (Fig. 1a). These results exerted that BPS could promote
CFU pre-B, and Cys played an important role.

As Cys may affect the ROS (Sato et al. 1999; Banjac
et al. 2008), and the reduced environment is essential to B
cell development (Ruprecht and Lanzavecchia 2006), so
we were interested in the role of BP5 in intracellular

BP5 and BP5 analog in intracellular ROS production in Bone marrow
B cells. The ROS levels in the culture of Bone marrow B cells were
measured using the redox sensitive fluorescent dye carboxy-2',7'-
dichlorofluorescein diacetate (DCF-DA, a reliable fluorogenic marker
for ROS, Biyuntian), and the fluorescence intensities of 1 x 10* cells
were analyzed by flow cytometry. *P < 0.05, **P < 0.01. Error bars
indicate mean + SD, n = 3 for each

generation of ROS in Bone marrow B cells. To investigate
whether BP5 could regulate intracellular ROS production,
the ROS levels in the culture of Bone marrow B cells were
measured using the redox sensitive fluorescent dye car-
boxy-2',7'-dichlorofluorescein diacetate (DCF-DA, a reli-
able fluorogenic marker for ROS). As shown in Fig. 1b, the
ROS production was significantly decreased by BP5
(1-25 pg/ml) relative to the control group. Interestingly,
BP5 analog had no effect of the ROS production of Bone
marrow B cells. These data indicated that BP5 regulated
the redox homeostasis of B cells, which were associated
with its special amino acid sequence.

The effect of BP5 on WEHI-231 cell line model
To investigate the mechanisms through which BP5 acted

on the intracellular ROS production, we chose WEHI-231
cells, an immature B cell line, as model system.

@ Springer
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Fig. 2 Role of BP5 in WEHI-231 cells. a WEHI-231 cells were
treated with or without FITC-BP5 for 2 h, and then detected by
FACS. FITC-BP5 (shaded) and FITC only (bold line) traces are
shown. Results shown are from one of three experiments. b Mean
fluorescence intensity of cells treated with or without 1, 5 and 25 pg/
ml BP5 for 24 h. ¢ Mean fluorescence intensity of cells treated with

First, FITC-BP5 was used to investigate binding to
WEHI-231 cells. we found that BP5 could bind WEHI-
231 cells by Flow cytometry analysis (Fig. 2a). Also,
these results were observed in other cells (data not
shown). Then we investigated the intracellular ROS pro-
duction of WEHi-231 cells after BP5 treatment. It was
observed that the intracellular ROS production decreased
with BPS treatment in a dose and time-dependent manner
(5 pg/ml BPS, P < 0.05; 25 pg/ml BPS, P < 0.01), which
was consistent with results of Bone marrow B cells. Many
molecules which have antioxidant activity are toxic, may
affect cell viability (Munday 1989), As an antioxidant, we
wanted to determine the effects of BP5 on WEHI-231 cell
viability. The results showed that BP5 do not affect cell
viability at concentrations of 1, 5, 10, 15 pg/ml, and
slightly inhibits the cell viability at concentrations of
25 pg/ml (Fig. 2d).
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BP5 (5 pg/ml) or 5 pg/ml BP5 analog for 24 and 48 h. d WEHI-231
cells viability was measured by WST-1 assay at absorbance 450 nm.
The data of samples without BP5 treatment (Control) were used as
basic control, and other treatment data (BP5 1, 5 and 25 pg/ml) were
compared to that. *P < 0.05. Error bars indicate mean + SD, n = 3
for each

Various processes are involved in BP5-regulated B
lymphocyte cell

To further study the mechanism of BP5 on the regulation of
the B cells, the two-dimensional gel electrophoresis pro-
files was applied. Soluble proteins extracted from the
WEHI-231 cells treated with or without BP5 were com-
pared with the 2D-E technique. The analysis of 2D-E
revealed 40 spots with a statistically significant (¢ test,
p < 0.01) change in intensity of >1.3 (Fig. 3).

The proteins selected as differentially expressed were
separated on a preparative gel and visualized by staining
with Coomassie blue. Gel pieces containing the proteins of
interest were excised and subjected to digestion with
trypsin. Thus, 40 protein spots were selected for analysis
with MALDI MS/MS, based on the amount of protein,
matching across gels, and the presence of the protein spot
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Fig. 3 Two-dimensional gel electrophoresis profiles of BP5-treated
WEHI-231 cells. Proteins extracted from BP5-treated WEHI-231
cells (a) and untreated WEHI-231 cells (b) were separated on
preparative gel visualized by Coomassie brilliant blue staining.
¢ Differentially expressed proteins of BP5 group and control (green

on the preparative gels. Among them, 22 proteins were
successfully identified and are listed in Table 2.

To better understand the biological functions of the
differentially expressed proteins, GO Annotation was per-
formed. Each identified known protein was classified
according to its Go functional annotation. These differen-
tially expressed proteins were principally involved in ox-
idoreduction coenzyme metabolic process, precursor
metabolites and energy, proteolysis, RNA splicing and
translation and cellular process (Fig. 4a).

Seven genes corresponding to the up-regulated proteins
and down-regulated proteins Pgkl, GO6PD, Atp5al, Atp5b,
Psma3, Psma4 and Sfrs1 were chosen for quantitative real-
time PCR (qPCR) analysis to quantify their transcript
levels (Fig. 4). The qPCR results were consistent with that
of the 2D-E results, which suggested that these proteins
identified as differentially expressed were regulated at
transcriptional level (Fig. 4b).

BP5 enhanced G6PD expression and activity

GO6PD, the first and rate-limiting enzyme in the pentose
phosphate pathway (PPP), is an important source of cel-
lular NADPH, which is essential in the regulation of anti-
oxidant systems. We found that G6PD was up-regulated
in cells after BP5 treatment through 2D-E gels. Western
blot analysis was performed to detect the expression of
G6PD. The data showed that trends of difference of
protein expression in immunoblots between BPS5 treated
and control WEHI-231 cells were consistent with the data
in 2D-E gels (Fig. 5a). In Bone marrow B cells, BP5 also

-
[

marked). Three positive controls of known concentration were
included in every run to confirm consistent amplification. Quantiza-
tion of relative differences in expression was calculated using the
Rotor-Gene version 6.0.38 software (Corbett Research, Australia)
(color figure online)

enhanced the expression of G6PD at transcriptional level
(Fig. 5c¢).

To further understand how BP5 acts on G6PD, we
examined the G6PD activity in the presence of BP5 treat-
ment. Interestingly, we found that BP5 could enhance the
G6PD activity, which might partly explain the anti-oxidant
activity of BP5 (Fig. 5b).

In addition, we found that the inactivation of G6PD
increased ROS production. The suppressive effect on ROS
production by BP5 was down-regulated after G6PD knock-
down, the suppressive rate of BP5 on ROS production was
51.9 % at 24 h and 38.3 % at 48 h (Fig. 2c), while the
suppressive rate of BP5 was 12.2 % at 24 h and 13.9 % at
48 h after G6PD knock-down (Fig. 6b). And the up-regu-
lation of GSH/GSSG by BP5 in WEHI-231 cells was lost
after G6PD knock-down (Fig. 6¢c—e). These results sug-
gested that G6PD was an important part for BP5 in regu-
lating the anti-oxidant environment, which partly explained
the mechanism of BP5.

As G6PD activity is required for DNA repair, to verify
BPS5 is responsible for limiting the effects of ROS induced
after DNA damage, we measured ROS production fol-
lowing H,O, treatment. We found that BP5 had the sup-
pressive effect on ROS production after H,O, treatment
(P < 0.01) (Fig. 7b). In addition, we used the y-H2A foci
formation to evaluate the effect of BPS in DNA repair. The
results showed that more y-H2A foci were observed at 24 h
after H,O, treatment (30 pM); when treated with BP5
(5 pg/ml), the y-H2A foci decreased, correlating well with
the ROS results. These results suggested that BP5 could
reduce DNA damage in WEHI-231 cells (Fig. 7).
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Fig. 4 Distribution of the identified proteins according to GO
analysis and Quantitative Real-time PCR Analysis of Differentially
Expressed Proteins. a Distribution of the identified proteins according
to GO analysis. Assignments were made on the basis of information
provided by GO lists downloaded from AMIGO (http://www.
godatabase.org/cgi-bin/amigo/go.cgi). b Quantitative Real-time PCR

Analysis of Differentially Expressed Proteins. The total cellular RNA
with or without BP5 treated was subjected to real-time RT-PCR
analysis. Transcript levels corresponding to seven out of 22 differ-
entially expressed proteins were presented relating to that of GAPDH.
Error bars indicate mean £ SD, n = 3 for each
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Fig. 5 BP5 enhanced G6PD expression and G6PD activity. a BP5
enhanced G6PD expression. 20 pg of total protein from WEHI-231
cells with or without BP5 treated was separated by SDS-PAGE and
analyzed by western blot anti-G6PD (upper panel) and [-actin
(bottom panel). The enhanced G6PD expression after BP5 treated was

Discussion

B-lymphocytes are exposed to a reduction/oxidation envi-
ronment during the activation or inflammatory process.
Proliferation, survival and differentiation of B lymphocytes
require antigenic challenge and co-stimulatory signals
(Ruprecht and Lanzavecchia 2006). On the other hand, an
excess of ROS may cause an oxidative stress that leads to
cell damage, with lipid peroxidation and disruption of
structural proteins, enzymes, and nucleic acids (Cooke
et al. 2003). The antioxidant systems are functional to
protect cells against harmful ROS. Bursopentin (BP5, Cys-
Lys-Asp-Val-Tyr) was isolated from chicken bursa of
Fabricius, and proved to be a multi-functional modulator in
immune response. As a new thiol-containing pentpeptide,
which contains a cysteine in the N-terminal, BP5 regulated
the ROS of spleen B cells (Li et al. 2011), both showing
pro-oxidant effects and anti-oxidant effects. In murine
peritoneal macrophages, BP5 could protect LPS-activated

@ Springer

consistent with results from 2D-E-MS/MS. b Glucose 6-phosphate
dehydrogenase (G6PD) activity in control and BP5-treated WEHI-
231 cells. ¢ BP5 enhanced G6PD expression in Bone marrow B cells
at transcript levels

cells from oxidative stress (Li et al. 2012). In this study,
BP5 was investigated in Bone marrow B cells and WEHI-
231 B cell line to evaluate the effects of BP5 on B cell
development and the redox homeostasis.

The CFU-pre B cell assay is useful in B cell development
evaluation (Hardy et al. 1991). The results of our studies
suggested that BP5 promoted IL-7-induced CFU pre-B
formation, and Cys played an important role. BP5 also up-
regulated the redox homeostasis of Bone marrow B cells at
different concentrations. These results suggested that the
antioxidant systems were important for B cell development,
and the regulation of the redox homeostasis by Cys played
an important role in the immune functions of BP5.

To determine the mechanisms involved in BP5 regula-
tion of the redox homeostasis, we used the WEHI-231 B
cells, an immature B cell line model. The results showed
that BP5 down-regulated the ROS in WEHI-231 cells but
did not affect WEHI-231 viability. We also found that BP5
had the ability of binding cells. It is conceivable that BP5
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Fig. 6 Role of BP5 upon G6PD silencing. a Cells were transfected
with a scrambled siRNA (ctr) and G6PD targeting siRNA. 20 pg of
total protein was separated by SDS-PAGE and analyzed by western
blot anti-G6PD (upper panel) and B-actin (bottom panel). b Mean
fluorescence intensity of cells treated with or without GOPD targeting
siRNA (siG6PD) and BP5 (5 pg/ml). ¢ WEHI-231 cells (1 x 108/

Control H202

Fig. 7 Role of BP5 upon H,0, treated. WEHI-231 cells were treated
with or without H,O, (30 uM) for 24 h, and y-H2AX foci were
visualized by immunofluorescence (a). b Mean fluorescence intensity

could contribute to maintaining and reducing microenvi-
ronment.

2-D has been proved to be a powerful proteomics
technique for the detection and identification of proteins
differently expressed. In this paper, we performed a com-
parative proteomic analysis of proteins of WEHI-231 cells
after BP5 treatment. The results showed that there were 22

ml) were treated with or without G6PD targeting siRNA (siG6PD) for
24 h. The levels of GSH, GSSG (D), and the ratio of GSH/GSSH
(E) in the cells were measured using commercial Kits. Results shown
were from one of three experiments. Error bars indicated
mean + SD, n = 3 for each

o

H202+BP5

3504

*k

Mean Fluorescence Intensity

H202

H202+ BPS

of cells treated with or without H,O, (30 uM) and BP5 (5 pg/ml).
Results shown were from one of three experiments. Error bars
indicated mean £ SD, n = 3 for each

proteins differently expressed between BP5-treated WEHI-
231 cells and control cells. Go analysis revealed that most
of the differentially expressed proteins were involved in a
wide variety of cellular processes, including oxidoreduc-
tion coenzyme metabolic process, precursor metabolites
and energy, proteolysis, RNA splicing and translation and
cellular process.
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Fig. 8 Schematic representation of BP5 regulation effect. BP5
increases the activity of G6PD and the stimulation of the PPP. BP5
also regulates glycolysis, proteolysis, RNA splicing and translation
and cellular process. As a consequence of these events, ROS levels
are reduced and the dNTP pool is increased, promoting DNA repair
and cell survival

G6PD, the first and rate-limiting enzyme in the PPP,
is an important source of cellular NADPH. In this
manner, G6PD contributes to the maintenance of cellular
redox homeostasis by reducing equivalents for efficient
GSH reductase activity and GSH recycling (Leopold
et al. 1989). In this paper, the proteomics assay showed
that BP5 up-regulates the expression of GO6PD, and
increases enzyme activity to a similar degree, suggesting
that the increases in activity may be due to the increased
protein levels. Inducing G6PD may cause the stimulation
of the PPP, which in turn promotes NADPH production,
then the GSSG quickly reduces back to GSH with
reduced NADPH, and the highly reactive ROS are con-
verted to more stable molecules. Therefore, the increases
in GSH content and GSH/GSSG ratio caused by BP5
may promote NADPH production, and decrease intra-
cellular oxidative stress. These effects of BP5 were
down-regulated after G6PD knock-down in WEHI-231
cells, which suggests that G6PD was an important part
for BP5 in regulating the anti-oxidant environment.
G6PD was also required for efficient DNA repair by
increasing the dNTPs pool needed to repair DNA
(Leopold et al. 1989); we found that BP5 could also
reduce DNA damage in WEHI-231 cells. These results
indicated that BP5S may have increased dNTPs pool by
promoting G6PD activity, the mechanism needs to be
further studied.

There were various proteins regulated after BP5 treat-
ment that are involved in generation of precursor metabo-
lites and energy. TPI1 and PGKI1 are enzymes associated
with the glycolysis. TPI catalyzes the interconversion of
glyceraldehyde 3-phosphate (G3P) and dihydroxyacetone
phosphate (DHAP) which are 3-carbon units that are
cleaved from 6-carbon units and which are useful for
generating ATP. Some studies reported that antioxidant
reduced Protein Kinase C directly or indirectly

@ Springer

(Gopalakrishna 2002), which probably reflects decreased
DHAP levels. The decreased DHAP is involved in glycerol
synthesis, and impaired glucose metabolism. Other studies
have reported a late activation of the PPP and a contem-
porary inhibition of the glycolysis sustained by P53
through TIGAR and NF-kB (Kawauchi et al. 2008). In our
study, BP5S may inhibit the glycolysis, and cause the
decrease in the TPI level. This inhibition of glycolysis
might be important to reduce ROS, which is produced by
glycolytic metabolism. Moreover, the decreased ROS
induced the PGK expression increases via the down-regu-
lated PKC pathway resulting in the decreases in the TPI
expression during BP5 treatment.

Some antioxidants have effects on ATP production
(Dave et al. 2008). The coupling step of the ATP biosyn-
thesis in mitochondria is generally believed to involve an
energy-requiring release of ATP bound to ATPSB.
Molecular description by mutational analysis on ATP
binding site in ATP5B has revealed its critical role in
energy metabolism process (Thomas et al. 1992). ATP5A1
is part of the F1 enzymatic complex known to bind ADP,
phosphate, and ATP and acts as a central part in the
mitochondrial energy-producing mechanism (Yotov and
StArnaud 1993). ATP5b and ATP5al are also the targets of
other intracellular transducers, effectors, and modulators.
In the present study, ATP5AI is up-regulated and ATP5B
is down-regulated. The changes in regulation between the
two subtypes do not correlate, suggesting that there might
be other factors to affect the specific subtype expression
levels.

In eukaryotic cells, the turnover of intracellular proteins
is mediated primarily by the ubiquitin—proteasome system
(Coux et al. 1996). The 26S proteasome is a complex of
ubiquitin—proteasome proteolytic pathway responsible for
degradation of proteins that are naturally unfolded, muta-
ted, or oxygen-damaged (Orlowski and Wilk 1996; Foss
et al. 1998). There are few reports concerning the regula-
tion of expression of proteasome subunits in mammalian
cells. Expression of PSMBS8, PSMB9, and PSMBI10 is
enhanced by gamma interferon and LPS exposure (Yoo and
Desiderio 2003). Takabe et al. (2001) reported that the
antiatherogenic antioxidant probucol repressed expression
of PSMA2, PSMA3, and PSMA4. Very recently, Meiners
et al. (2003) demonstrated that the proteasome inhibitor
MG132 increases the expression of a broad range of sub-
units of the proteasome in mammalian cells. In this study,
the 26S proteasome subunit beta type 3 and, the 26S pro-
teasome subunit beta type 4 and the 26S proteasome sub-
unit beta type 10 were found to be down-regulated. Though
down-regulation of subunit beta type 3, 4 and 10 seems
unrelated to the protease activity provided by subunit beta
types 1, 2, and 5 Coux et al. (1996), we deduce that the
expression of these active subunits are also likely down-
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regulated although they were not identified in the present
work.

COP9 signalosome complex subunit 8 is the smallest of
the eight subunits of COP9 signalosome, a highly conserved
protein complex that functions as an important regulator in
multiple signaling pathways (Chamovitz and Deng 1995).
The structure and function of COP9 signalosome are related
to that of the 19S regulatory particle of 26S proteasome.
COP9 signalosome has been shown to interact with SCF-
type E3 ubiquitin ligases and act as a positive regulator of
E3 ubiquitin ligases. Alternatively spliced transcript vari-
ants encoding distinct isoforms have been observed (Gro-
isman et al. 2003). In this study, the Cpos8 was found to be
down-regulated, which was consistent with the down-reg-
ulation of 26S proteasome subunit.

In this paper, it was identified that several genes were
involved in RNA splicing and translation that are prefer-
entially expressed. SFRS1, SFRS7, Ppplr8 and EEF2 were
down-regulated, hnRNPs C1/C2 and Hnrnphl were up-
regulated. Elongation factors are a set of proteins that
facilitate the events of translational elongation, the steps in
protein synthesis from the formation of the first peptide
bond to the formation of the last one. Elongation is the
most rapid step in translation. Human hnRNP C1/C2 are
members of the heterogeneous nuclear ribonucleoprotein
family, which consists of 20 major hnRNP proteins with
molecular sizes of 36-120 kDa (Pifiol-Roma 1997). As
pre-mRNA splicing emerges as a central mechanism to
integrate cellular and metabolic stresses (Biamonti and
Caceres 2009), the changes of these molecules in BP5-
treated WEHI-231 cells could adversely affect the redox
homeostasis regulation of Bone marrow B cells, and also
the ribonucleotide metabolism, transcription and transla-
tion processes of B cells.

Finally, there various proteins were involved in cellular
process in WEHI-231 cells after BP5 treatment. Bub3 is a
protein involved with the regulation of the Spindle
Assembly Checkpoint (SAC); as one of the checkpoint
proteins, Bub3 delays the irreversible onset of anaphase
through direction of kinetochore localization during pro-
metaphase (Taylor et al. 1998) to achieve biorientation.
Stathmin is the founding member of a family of proteins
that plays critically important roles in the regulation of the
microtubule cytoskeleton, which involved with intracellu-
lar signaling cascade regulating cell proliferation, differ-
entiation and function (Doye et al. 1989). T-complex
proteinl sub-unit beta (CCT?2) is responsible for actin and
tubulin folding during cell proliferation, and vimentin
(VIM) contributes to the structural stability. Here, we
identified that BUB3 and Stathmin proteins were down-
regulated, whereas CCt2 was up-regulated significantly
after BPS treatment. Though BP5 did not affect WEHI-231
proliferation, these dates suggested the potential effect of

BP5 on kinetochores, microtubule cytoskeleton, regulating
cell cycle.

In summary, our current work suggests that BP5 mark-
edly promoted B cell development by increasing CFU-pre
B, and affected the redox homeostasis regulation of B cells.
BP5 affected the redox homeostasis regulation of WEHI-
231 cells through regulating expression of G6PD, which in
turn regulated the GSH redox cycle and various cellular
processes, including oxidoreduction coenzyme metabolic
process, precursor metabolites and energy, proteolysis,
RNA splicing and translation and cellular process (Fig. 8).
These data suggest that BP5 affected the redox homeostasis
regulation by promoting the expression of G6PD, which in
turn regulated the GSH redox cycle and other processes.
The identification of these molecules provides a better
understanding of the mechanism of action of BP5 in the
regulation of B cells and suggests new therapies for the
treatment of immune diseases. This study indicates that
BP5 may have applications as a new reagent regulating
cellular redox environment.
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