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ARTICLE INFO ABSTRACT

Bactericidal permeability-increasing protein (BPI) is an antimicrobial protein with potent endotoxin-neutralising
activity and plays a crucial role in innate immunity against bacterial infection. In the present study, a bpi (de-
signed as rpbpi) was identified and characterized from manila clam Ruditapes philippinarum. Multiple alignments
and phylogenetic analysis suggested that rpbpi was a new member of the bpis family. In non-stimulated clams,
rpbpi transcripts were ubiquitously expressed in all tested tissues with the highest expression level in hemocytes.
After Vibrio anguillarum challenge, the expression levels of rpbpi mRNA in hemocytes were up-regulated sig-
nificantly at 3h and 48 h compared with that in the control, which were 4.01- and 19.10-fold (P < 0.05),
respectively. The recombinant RpBPI (rRpBPI) showed high antibacterial activities against Gram-negative
bacteria Escherichia coli and V. anguillarum, but not Staphylococcus aureus. Moreover, membrane integrity ana-
lysis revealed that rRpBPI increased the membrane permeability of Gram-negative bacteria, and then resulted in
cell death. Overall, our results suggested that RpBPI played an important role in the elimination of invaded
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bacteria through membrane-disruptive activity.

1. Introduction

The innate immune system constitutes the first line of host defense.
Many of the immune molecules have been found to interact with and
respond to the bacterial surface specifically. Two of these proteins, LPS-
binding protein (LBP) and bactericidal permeability-increasing protein
(BPI) are crucial to the mediation of signals for lipopolysaccharide
(LPS) [1]. They shared high similarity and showed high binding ability
to Lipid A, a component of LPS [2,3]. Even though these two proteins
have similar structures, some biological roles of LBP and BPI are dif-
ferent. For example, LBP usually binds to LPS and significantly facil-
itates the process of LPS presentation to CD14* cells, such as macro-
phages and monocytes [4], while BPI suppresses LPS bioactivity and
diminishes it [5,6].

BPI is a cationic antimicrobial polypeptide detected in neutrophil of

vertebrates initially [7]. The structure and functions of the protein have
been well studied in mammals. They share two common domains: an N-
terminal BPI/LBP/CETP domain BPI1 and a C-terminal BPI/LBP/CETP
domain BPI2. In general, this protein is usually expressed, to a lesser
extent, in monocytes, eosinophils, fibroblasts and epithelial cells [5-8].
Mammal BPI showed high affinity for the lipid A region common to all
LPS of Gram-negative bacteria [7]. The direct interaction contributes to
its antibacterial activities, such as performing antimicrobial activity
directly, binding LPS thereby neutralising endotoxic activity and per-
forming opsonic activity [9]. In mollusk, only a few bpis have been
identified, and their bpi transcripts are also expressed in the immune-
related tissues (e.g. gills and digestive glands), and exhibit obvious
immune responses against invading bacteria, especially Gram-negative
bacteria [10,11].

The manila clam Ruditapes philippinarum is one of the most
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commercially important bivalves worldwide. Recent mass mortalities in
manila clams have been attributed to pathogen invasion and environ-
mental deterioration [12]. Therefore, it is urgently needed to char-
acterize the immune-related molecules for the disease control and
healthy management of clam aquaculture. Presently, several bpis have
been identified in invertebrates, such as Apostichopus japonicas [13],
Crassostrea gigas [11] and Biomphalaria glabrata [14]. The recombinant
Cg-BPI2 from oyster C. gigas harbored binding activity towards LPS and
possessed antibacterial activities against Gram-negative bacteria Es-
cherichia coli and Vibrio alginolyticus [11]. However, the knowledge on
the function of BPI in clams is still limited. In the study, a bpi (desig-
nated as rpbpi) was identified from manila clam R. philippinarum, and
the spatiotemporal expression profiles, bactericidal activities as well as
antibacterial action were also investigated to provide evidence for
better understanding the immune responses of clams against pathogens.

2. Materials and methods
2.1. Clams and bacterial challenge

The clams R. philippinarum (shell length: 3.0-4.0 cm) were pur-
chased from a local farm and acclimated at 20-22 °C and 30%o salinity
for one week before processing. The clams were fed with an algae
mixture of Isochrysis galbana and Phaeodactylum tricornutum, and the
seawater was totally renewed every day. The clams were randomly
divided into six tanks with 50-L capacity, each containing 100 clams.
Three tanks served as the control, while the other three tanks were
immersed with high density of V. anguillarum with a final concentration
of 1 X 107 CFUmL~'. Hemolympbhs of 6 individuals for each treatment
were randomly sampled at 0, 6, 12, 24, 48 and 72h post bacterial
challenge. Meanwhile, five tissues, including hemocytes, mantle, gills,
hepatopancreas and adductor muscle from 6 individuals of the control
group, were collected to investigate the tissue-specific expression of
rpbpi transcripts.

2.2. RNA extraction and cDNA synthesis

Total RNA was extracted from hemocytes, mantle, gills, hepato-
pancreas and adductor muscle using TRIzol reagent (Invitrogen). The
quality and concentration of total RNA were estimated using a
NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA).
Total RNA was treated with RQ1 RNase-Free DNase (Promega, USA) to
remove DNA contamination. To synthesize cDNA by reverse transcrip-
tion, 2 pg total RNA, 200 units M-MLV reverse transcriptase (Promega,
USA) and 0.5 uM oligo (dt) primer were reacted for 1 h at 42 °C in 25 pL
reaction mixture.

2.3. Gene cloning of rpbpi

A sequence highly homologous to bpi was identified through large
scale EST sequencing of the cDNA library constructed from manila clam

Table 1
Primers used in the present study.

Primer Sequence (5-3") Sequence information
P1 TGCCAGTGGTGGTGTTACTCTT 3’ RACE primer

P2 CAGCCCTTCAACAGAGTACGAG 3’ RACE primer

P3 CCTAATTCCTCAGATAGGGAAGCAC Real-time PCR

P4 TAAGAGTAACACCACCACTGGCAAC Real-time PCR

P5 CGCACTTCCTCACGCCATCAT B-actin primer

P6 GCAGCCGTCTCCATTTCTTGTTC B-actin primer

P7 GGATCCGCTCGAAACCCGGGCTTTAAGGCA Recombinant primer
P8 CTCGAGTTAATGCCTGATAAATGGCTTG Recombinant primer
oligo (dt) GGCCACGCGTCGACTAGTACT;, Adaptor primer
M13-47 CGCCAGGGTTTTCCCAGTCACGAC Sequencing primer
M13-RV GAGCGGATAACAATTTCACACAGG Sequencing primer
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[15]. Nested-PCR was performed with P1, P2 as forward primers
(Table 1) and oligo (dy) as reverse primer to amplify the 3’ end of rpbpi.
The procedure was listed as follows: the first cycle included an extended
(5 min) denaturation period during which polymerase was added (hot-
start PCR); 35 cycles of 94 °C for 50's, 60 °C for 30s and 72 °C for 30s;
the last cycle had an extended elongation period of 72 °C for 10 min.
The PCR products were gel-purified, cloned into the pMD19-T simple
vector (TaKaRa, Japan) and sequenced in both directions with primers
M13-47 and M13-RV (Table 1). The full-length cDNA of rpbpi was ob-
tained by overlapping the original EST sequence and the amplified
fragments.

2.4. Bioinformatics analysis

The nucleotide sequence was analyzed using the BLAST algorithm,
and the deduced amino acid sequence was analyzed with the Expert
Protein Analysis System. The protein domains were predicted with the
simple modular architecture research tool version 4.0 [16]. Multiple
alignments were performed with the ClustalW Multiple Alignment
program and Multiple Alignment Show program. A neighbor-joining
phylogenetic tree was constructed by MEGA 4.1 with 1000 bootstrap
replicates.

2.5. The spatial and temporal expression patterns of rpbpi mRNA

The spatial and temporal expression profiles of rpbpi transcripts
were assayed in an Applied Biosystem 7500 fast Real-time PCR System.
Gene-specific primers (P3 and P4, Table 1) and B-actin primers (P5 and
P6, Table 1) were used to amplify the rpbpi and internal control frag-
ment, respectively. The cycling protocol was 1 cycle of 94 °C for 5 min;
40 cycles of 94 °C for 50 s, 60 °C for 60 s and 72 °C for 50 s followed by 1
cycle of 72°C for 10 min. The purity of amplification products was
evaluated by dissociation curve analysis. The 24T method was used
to analyze the relative expression level of rpbpi [17]. All data were
given in terms of relative mRNA expressed as mean = S.D. (N = 6).
Statistical analysis was performed by one-way analysis of variance (one-
way ANOVA) followed by a Duncan test using SPSS 16.0 software, and
P values less than 0.05 were considered statistically significant.

2.6. Recombinant expression and purification of recombinant RpBPI

The cDNA fragment encoding mature peptide of rpbpi was amplified
with gene-specific primers P7 and P8 with BamH I and Xho I sites at
their 5’ end, respectively (Table 1). After digestion with the restriction
enzymes BamH I and Xho I, the fragment was then cloned into the ex-
pression vector pET-30a (+) (Novagen, USA). The recombinant
plasmid pET-30a-RpBPI was verified by sequencing and transformed
into E. coli BL21 (DE3) (Novagen, USA). Positive transformants were
incubated in Luria-Bertani medium containing 50 ug/ml kanamycin.
When the cells grew to ODggg of 0.5, recombinant RpBPI (rRpBPI) was
induced with the addition of isopropyl P-p-1-thiogalactopyranoside
(IPTG, Sigma, USA) at the final concentration of 1 mM. rRpBPI with a
His-tag at N terminus was purified by Ni?* chelating sepharose column,
and refolded in gradient urea-TBS glycerol buffer (50 mmolL ™"
Tris-HCl, 50 mmol L ~* NaCl, 10% glycerol, 2 mmol L™ reduced glu-
tathione, 0.2 mmol L™ ! oxide glutathione, a gradient urea concentra-
tion of 6, 5, 4, 3, 2, 1, and O0mol L™, pH 8.0) at 4°C for 12h in each
gradient [18]. Expression of the rRpBPI was examined by 15% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized with
Coomassie brilliant blue R-250. The concentration of rRpBPI was
measured by BCA Protein Assay Kit (Beyotime, China).

2.7. Preparation of antibody

6-week-old mice were immunized with rRpBPI to prepare poly-
clonal antibody. The mice were intraperitoneally injected with 100 pg



D. Yang, et al.

Fish and Shellfish Immunology 93 (2019) 841-850

1 CTTTATTGTAAGTTTAACGGAAATAAAGGTTAAAGGTAAATAAATGTTCTATCCGTTTCCACTTACATACATTTGTTTATCTCGACTCAC
91 TACATTAAACATCATAAACTAATACAGGATTAGGAGAAACGGGGAAGTTAAAATTGATTTGATCTTATTTCATTTTAACTTGTAGCTTCA
1 M T A M S s Q C L F V C F L L L F T L R E G L C A R N P G
181 ATTTGATGACAGCCATGTCGTCCCAGTGTCTATTTGTGTGCTTTTTGCTCCTGTTTACCTTGCGAGAAGGTTTGTGTGCTCGAAACCCGG
30 F K AR 1T Q K G F T Y AINSATE A ALTZKTENUV QK L K I
271 GCTTTAAGGCAAGGATAACACAGAAAGGATTTACATACGCAATCAATTCTGCCACTGAAGCCCTGAAAGAAAATGTACAGAAACTGAAAA
60 P D Q S[G K A S G F D Y S I N NI NV V Q F T AP A ST L N
361 TACCCGACCAATCAGGCAAGGCATCTGGCTTCGATTACTCCATTAACAATATTAATGTAGTACAGTTTACAGCCCCAGCCAGTACATTGA
90 [T 1 P G V G L S W R A S G A G I K V H G D F H Y K K L F 1 K
451 ATACTATCCCAGGTGTTGGTCTGTCCTGGAGAGCATCGGGTGCAGGAATAAAAGTTCACGGAGACTTCCATTATAAGAAATTGTTTATTA
120D S G| S FbADUV S GULSTFSTILGTLUDTIGETDTNGRZPT.I
541 AAGATAGTGGCAGTTTTGATGCTGATGTATCCGGACTTTCATTCAGTCTAGGACTGGACATTGGTGAAGACACAAATGGAAGACCGACTA
150 S $ T G C S S NI DUHV NTFEFHTFIKGGMS WILYNTLTFR D K
631 TTTCATCAACTGGTTGTTCCAGCAACATAGATCATGTTAACTTCCACTTTAAAGGAGGCATGTCCTGGTTATACAATCTTTTTAGAGATA

180 vV 6 R L1 K DT UL N K Q M C TUL 1 N K E I N E D A K N K L A
721 AAGTTGGAAGACTCATTAAAGACACCCTCAATAAACAGATGTGTACATTGATTAACAAGGAAATCAATGAGGATGCAAAAAATAAACTTG
210 Q L K vTTIRL G K K F L L DY R L I K K P EF Q P Q Y M D

811 CTCAGTTGAAAGTAACAACACGTCTTGGAAAGAAATTTCTTCTAGACTACCGGCTTATAAAGAAACCGGAATTCCAGCCTCAGTATATGG
240 T F H K G E L F w L T D P G T E S P L N P P P M P N D T D T
901 ATACATTTCATAAGGGAGAACTGTTCTGGTTGACTGATCCTGGTACAGAAAGCCCCTTGAACCCGCCCCCTATGCCTAATGACACAGATA
270 S S M L Y L W M S D Y M F D T I G Y T A Q K H G F L V Y N L
991 CAAGTAGTATGTTATATTTGTGGATGTCAGATTATATGTTTGATACAATAGGCTATACTGCACAGAAACATGGCTTCCTGGTATATAACC
300 T Q K D L P P G NK G AL NTTC S G I Q C 1T G V L I P QI
1081 TTACACAGAAAGATCTACCACCTGGCAATAAGGGTGCTCTCAATACAACCTGTAGTGGTATTCAGTGTATTGGCGTCCTAATTCCTCAGA
330 G K H F P N M N V E L H M N ST QAP K ME V A S G G V T L
1171 TAGGGAAGCACTTCCCAAACATGAATGTTGAACTACATATGAACAGCACACAGGCACCAAAAATGGAAGTTGCCAGTGGTGGTGTTACTC
360 S F A G K I D M Y A T K P G S T A A P F L L T L H A T M S T
1261 TTAGTTTTGCAGGAAAGATAGATATGTATGCAACAAAGCCTGGATCTACAGCTGCACCATTTCTACTGACACTACATGCTACAATGTCTA

390 T v D V Y M Q K E L L F A K I K D VL DL K L K V E K S A V G
1351 CAACAGTTGATGTGTATATGCAGAAGGAGCTGTTGTTTGCAAAAATCAAAGATCTAGATTTAAAACTTAAAGTTGAGAAATCTGCCGTGG
420 E v S D F F L N F L I K Q VvV L K 8 Y L I P Q L N D L G K R G
1441 GGGAAGTCAGTGATTTTTTTCTCAACTTTTTGATCAAGCAAGTGTTGAAATCTTACCTTATACCACAGCTGAATGATCTTGGTAAGAGAG
450 F p L PV T G D I K F Q N T K I § F A K D T V L I § T D L L
1531 GATTTCCACTGCCAGTAACTGGTGATATAAAATTCCAAAATACTAAGATTTCTTTTGCAAAGGACACAGTATTGATCAGCACAGATTTGC
480 Y S P S T E Y E I DD H DM S G P L K F K P F I R H *

1621 TATACAGCCCTTCAACAGAGTACGAGATAGATGATCATGACATGTCGGGTCCACTGAAGTTCAAGCCATTTATCAGGCATTAAACATGTT
1711 TATTGTTTATATGTTTGAACACATGTTTGAGAAACACATCATTTATACAGTTAAACTCTTGAGTTAATGTATTCATGAGAGGAACATTTA
1801 TACGTTTTATCTTATTTGTTATAGAATAAGCTGTTTTTTATGCTGTCGTATTTTGATAAAGTAATTGTGATAATTGAAATAAGCAAAGAT
1891 TTACAGGGTGTTCTTGGACAGGATATATTTTTCGAAATTTAGCTATGTACCATTTGATGAAGATCTGGACTGATAACTTGTTTGAAGAAT
1981 TTTAGATCATTAACTGGCTACGTTTTTCCAGAGTAGAACTAATCATTTTAATTGTGAAAAAGACTAAAATGTGAAAAACGTTTAAATGCT
2071 TATACATGTACATAGATAAAAATTACTTTCAATTTGATTTCTTTACTATTTTGCATATATTTCGTGTTGTTTTCCCCAGTTGTTCTTTGT
2161 TACAAATTCTATGTTTTTAGACTTTTATATCTCAGTGGAGATCTTTTAAATTTTATGTTTTCTATAAAATTATAATATCAAAGCTATTTT
2251 CTTTTGCTTTGCTGACTTGTAATATTTATCAGTGTTTTTTATTTATTTTACAAAATAAGCAGTAGAATCTCTATACATATTAAAAACAAA
2341 ATACACACATATAATGTGTGACATATATAAACATGTAAATGCCATTGGGGTGACCTATTTTTTGGTCTGTTTATCAGTTTGTCAGTCATT
2431 AATGCTAACACGAAAGTCCTTAAATCTAGGGCCTCCAAACTTCACAGGAACATGCACCTTGATAAGCTCTACCCACCCGACCCACTTACA
2521 AGTCCTAGGGCTAATACATAGTTTTTGTTCGAAGGTAGCACATGTTATTTCTCTCTTTTATTACTTTTAATTATGTCTATCATATTGCTT
2611 TATAATATAACATTATGAATAAATTCTAACACCGAAACCAGCGTCTTTTTTATTTTGCTTTAATGCCTCTAATTTGACTTTTTGACCAAA
2701 TATACAAATATTTTATTAAAAAAAAAAAAAAAAAAAAAAAAA

Fig. 1. The complete nucleotide (below) and deduced amino acid (above) sequences of rpbpi. The start codon was blacked. The asterisk indicated the stop codon. The
predicted signal peptide was underlined. Predicted BPI/LBP/CETP N-terminal and BPI/LBP/CETP C-terminal domain sequences were shown in gray shadow. The
LPS-binding domain was boxed. Conserved positions of lysines/arginines (K/R) at the N-terminus and the polyadenylation signal (AATAAA) were indicated by bold

italics.

rRpBPI with complete Freund's adjuvant (Sigma, USA) each, and then
inoculated with 100 pug rRpBPI with incomplete Freund's adjuvant
(Sigma, USA) two weeks later after the first immunization. The third
and fourth injections were given by tail vein with 100 pg of rRpBPI at a
one-week interval. Seven days after the fourth injection the mice were
sacrificed to collect immunized serum [19].

2.8. Western blotting analysis

For western blotting analysis, the rRpBPI protein was separated
using 15% SDS-PAGE. Then the separated proteins were electro-
phoretically transferred onto a nitrocellulose membrane at 300 mA for
90 min. The blotted membrane was blocked with PBS containing 3%
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bovine serum albumin (BSA) at 4 °C for 12h and washed three times
with PBS containing 0.05% Tween-20 (PBST). After incubated with
anti-rRpBPI serum (1:1000 diluted in PBS), the membrane was washed
three times with PBST and then incubated with goat-anti-mouse Ig-al-
kaline phosphatase conjugate (Southern Biotech, 1:5000 diluted in PBS)
at 37 °C for 1 h. After the final wash, protein bands were stained with
freshly prepared substrate solution NBT/BCIP (Sigma, USA) for 15 min
and stopped by rinsing strips with distilled water. Pre-immune serum
instead of immunized serum was used as negative control.

2.9. Kinetics of bacterial killing

E. coli, V. anguillarum and S. aureus were cultured and harvested at



D. Yang, et al.

Fish and Shellfish Immunology 93 (2019) 841-850

RpBPI -MTAMSSCCLEVCEMIIETIREGL 50
Crassostreagigas —-~--MCCVCILLTVVSLEVTISAC-=—--~-----------—---—-----—-—---—-—--- 44
Scapharca broughtonii -MVAY--FCFIMVIEMVCGIISET------------- 46
Lottia gigantea -MRCSSCIVIFCLANILY 48
Mizuhopectenyessoensis;. —MAGRARSVELLVVIMCHITCTAS=ur mim min —is mis steimimimimpnimis i == wie min e w5 i 46
Hyriopsis cumingii MCVRCFGLVFFVSVMTSVTICSHESL 80
Stylophora pistillata  -MKRNWKITIFTCEMMALFACLIIT 19
Mytilus galloprovincialis = = = = = MWILSVIESIMIFSKCEL S--------- oo oo oo oo oo oo 43
v
RpBPI KENMCKL K| SERY N I N@¥ V Chg T-ILNTIECVE RASCACEKVH MKK----BiFRiKp s 121
Crassostrea gigas SKCMTGC( C NAY K Cjg R-VSLICNV)S STSCTCRe2 IH MKYRKCIpIKEISEMH 119
Scapharca broughtonii S S KM VG L E o v 3 Thle - S-ITVMNEF S[d TASGTV@SILK MK YKKW IS kil sMH 121
Lottia gigantea SKSMRCCK 4 S ERI T K| SSILKEIACGS)S SASNILCEE2N S TFKK- V@I KBl SBMH 123
Mizuhopecten yessoensis SKAMIGV i H HRY T £ C-ITLKFEFNES AGNNAAMCLH KT----piFEIS@S 117
Hyriopsis cumingii SNAMKTA YN R T C| S-INLIECGS AGNCAKEMSNY, MKIAW-IRIERIERM S 154
Stylophora pistillata S K KM K T A s HENS T-FKTCEFCVI@MTICISCRCNSVS MRKCH-wEHY SPs 127
Mytilus galloprovincialis TKNMEKTWM b T K@il E K| S—FTRYTLCT RHTPENIEEIG EYSRFFKYS K 118
- v
RpBPI qCALCV E| TR S ST CH¥sS gRC KM CRIL ---NKCM@TIBINK 198
Crassostrea gigas dC I KA M g TV KAVCH S SCCMMENKESICVMMCCCNCLIMKCRINT 199
Scapharca broughtonii CVTV A R@ES S C Cj8 S K C V@ CGELE ---RCKVM@CIBGLC 198
Lottia gigantea CIsSvV M g SR ACE®T g R CCHEARKK ---KCKVM@LCIBSR 200
Mizuhopecten yessoensis YASV K HEl S A S Cj@ C EM ST A ---ICCVECGCVMTLC 194
Hyriopsis cumingii CT ST V) shanscdn IBEF g ---KCTVfMsshTs 231
Stylophora pistillata CICA 2 sH AT s sfds | 2 G K ---CCKIJ@CENIsT 204
Mytilus galloprovincialis TVNE | JTVRTFCReV KAICC ---CNNIf@CIBSKL 195
v
RpBPI Epi N KFIBSCR I KK EMENLCTREY T S Sp¥ 278
Crassostrea gigas IiC VNEe N REIQSCE L S K ELILKSSENT SEE 278
Scapharca broughtonii AR N K Gt E C F MBS C TTIN ILFENITRIYE CRgE 277
Lottia gigantea SpA N M1 ERS S I CF TLFCWNREYT SEgs 279
Mizuhopecten yessoensis L N TFIQSCEEE M T E F ELFEWNET SR 273
Hyriopsis cumingii ~ L8N MEIRSCE ICT A\ VMALCTACGL CRE 310
Stylophora pistillata Vi N N Npy E YA LR NE VS g SLFACL Spa S AREs 283
Mytilus galloprovincialis ~ L E S MMM CE LSV TFPSNYTT 274
RpBPI CYTRICKHCGE NKC KIV.EASGG'I 358
Crassostrea gigas SYNBRILKYNC - NMTEMICNGSTV 355
Scapharca broughtonii AYCREICKHGY,| sc EVHMRNGS@G 357
Lottia gigantea FYCRICCHNL RC LISVNCSEE 359
Mizuhopecten yessoensis LYCRCCHNE| R NVSEMISTTCGREI 353
Hyriopsis cumingii CLVECCHNYV RC KMTRETENCES 390
Stylophora pistillata CGLVYCLCACGE S ISTTSACGEA 358
Mytilus galloprovincialis rycfyreny s viNfc-sIfs 351
RpBPI L SEARKECMEMAT = == memmimem mam mim Ses = mum mos memimos, FLILTLHATMSTTVLCYMNCKEIRNFWSI K C L CRR KRS KRNI E 414
Crassostrea gigas VNA AL YFLITLSATMSTTISEMVEICNE KN FRARSAY I K I Fjuf SRY TRM K 410
Scapharca broughtonii ITCSje IIFSLNASLCTSVSE SEIRNCTR] YERNM KNL ClRf Clif S8V 411
Lottia gigantea TKVM AKE ARIVREVEKTS IGCSRLESNTRTSACYVITMCANMTITCCRSRVE CVMH YR T NN Tl TRY SE#R 439
Mizuhopecten yessoensis CNRALChe CE@AREVACG- CGNRLYKYSINSVFAYLFTENVTMSTSACNMCAMKNE Tl YIRS R C VK F CRU KV 422
Hyriopsis cumingii VscCShe VERAR SLFTIMACMCAFINRSEYA M E Kl YIERY N C T Kpl ARI N@Y T 445
Stylophora pistillata LSMTEENME TRA C SYTFTMGINISATVKEIANRCTNg| TRERERI C T vV KU KQY NB§ I 413
Mytilus galloprovincialis VTAERgNEIS VRV R YLFRVSAVCGCGSKINEFREMINNCIRNY[dCBRARSERIC TNMT 406
RpBPI KEANMCEMSCFF--BNFIBMKCVIKSYMTIFCRANC I CKREGF FRMRRAY T CC I KFCINTKISFAKLC T VRSN SEICRA I SEFESTEYEICCHL 492
Crassostrea gigas CE KM -FNSFEC--JANF INMKCIVSVEMNMEFKMNELCARAREF FREREAY INSVHEF TWNTCL TVAKC TIpEEI AR CRE KR SC - - - - - - - - - — 477
Scapharca broughtonii CEARMCCRICCCF--BSCHAMNMNCVIKLFMEFCMNAACRREEYEREEI ITMNL RVARNTKM TIMENT LMY CRECRIEBd I HCCEIT - - - - - - 483
Lottia gigantea NE TRREFNGETEKA--@ENFIBIKYAVEKFRICEFSEICCICKKE T IRERESN CK - VSL KWNAKL VI IKCAFpSi AEMICRE VR HEFCNEY - - - - - — 510
Mizuhopectenyessoensis KT ANK HENER Riz = MERT VI muenimes mom mom san S Soms sy Samosyes S 160 D0t S o Cossaumssam e, S5 DA Sl S5 5ot S s e 439
Hyriopsis cumingii T ANcClssvv--fcriMrccviksylrirTlNCIcCckf@r BN FrcvsEvsnrrivcrv I cBrHclcccIFR--- -~ 518
Stylophora pistillata K2 c Bl s INT K IMcFrfrararccIfaRcNKICC VR F ERMERI v CVCI VN AETITSCKCE NS ER CR KM SECKGAATCNRT 493
Mytilus galloprovincialis  CR vl c TBiCExkA - -MrFrEcc I TEyMarMf|scI cRRF EpE v CNEFCF VM FEL KL KK NA IhMi ERINBMA KB IFRSCKSTVLRE 484

Fig. 2. Multiple alignments of RpBPI with BPIs from other animals, including Crassostrea gigas (XP_011451050); Scapharca broughtonii (AFQ02695); Lottia gigantea
(XP_009052399); Mizuhopecten yessoensis (XP_021374120); Hyriopsis cumingii (ARV86003); Stylophora pistillata (PFX21782); Mytilus galloprovincialis (AFC37171).
Identical residues were marked in dark, and similar amino acids were shaded in gray. An arrow indicated the putative cleavage site by the signal peptidase. The LPS-
binding domain and proline-rich domains were labeled by single and double underline, respectively. Conserved lysines/arginines were labeled by triangles (V).

the logarithmic phase of growth. The bacterial cells were washed twice
with sodium phosphate buffer (pH 7.4) and re-suspended to
1.0 x 107 CFU mL ™. The bacterial suspension (100 uL) was incubated
with 1.0, 10.0uM rRpBPI or PBS (control), and the antibacterial ac-
tivities were measured at 10, 30, 60, 160, 400 and 1000 min at room
temperature. The number of surviving bacteria was counted on agar
plates and the time-killing curves were plotted with time against the
logarithm of the viable count. The results were mean values of at least
three independent experiments.
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2.10. Biofilm formation

Attached biofilm formation was assayed in 96-well polystyrene
plates (Corning Costar, USA) with crystal violet staining [20]. Briefly, E.
coli MG1655 (ODggp = 0.05) was incubated with rRpBPI at concentra-
tions of 0.01 and 0.1 uM for 8 h. Biofilm formation was normalized by
dividing the total biofilm by the maximal bacterial growth measured by
turbidity at 620 nm. Then the supernatant was poured out, and the
plates were washed three times with room temperature water. After the
plates were dried, 300 uL. 0.1% crystal violet (completely dissolved in
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water solution) was added in each well for 20 min at room temperature.
Then the staining solution was poured out, and the plates were washed
three times. 300 pL 95% ethanol was added to each well and soaked for
5min. The total biofilm was measured by turbidity at 540 nm. Ten
replicate wells were repeated from two cultures independently.

2.11. PAMPs binding assay

Columns of 96-well assay plate were coated with lipopolysaccharide
(LPS), peptidoglycan (PGN), Lipid A or Chitin (Sigma-Aldrich, USA),
and blocked with 3% BSA for 12 h as previously described [21]. 100 pL
of rRpBPI solution at different concentrations (0.0313, 0.0625, 0.125,
0.25, 0.5 and 1.0 uM) was added to each column and incubated for
3 hat room temperature. After washed three times with PBST, the wells
were then incubated with rRpBPI antibody (1:5000) and goat-anti-
mouse Ig-alkaline phosphatase conjugate (1:5000) (Southern Biotech,
USA). Finally, pNPP substrate solution was added and incubated in dark
at room temperature. The absorbance was measured at 405 nm, and the
wells with 100 pL of carbonate-bicarbonate buffer were used as blank.
Each experiment was carried out in triplicate. The apparent dissociation
constant (K4q) values were calculated using Prism 5.00 software
(GraphPad software) with a one-site binding model and nonlinear re-
gression analysis, as A = Apax [L1/(Kgq+ [L]), where A is the absorbance
at 405 nm and [L] is the concentration of the rRpBPI protein.

2.12. Membrane permeability assay

The outer membrane permeability was determined using the 1-N-
phenylnaphtylamine (NPN) uptake assay as described previously [22].
Briefly, E. coli cells (1 x 107 CFUmL™') were taken before and after the
addition of rRpBPI for 1 h at various concentrations (1.0, 2.5, 5.0, and
10.0 uM). These rRpBPI-treated cells were centrifuged at 5000 rpm for
5min. After 200 uL. NPN (final concentration of 10 uM, acetone) was
added, the fluorescence of the samples was measured at an excitation
and emission wavelength of 350 and 420 nm with slit widths of 5nm,
respectively. The cells without rRpBPI were served as control.

2.13. Scanning electron microscopy (SEM) analysis

The V. splendidus and V. anguillarum cells were treated with 1 uM
rRpBPI for 1h and immobilized onto cover glass slides as described
previously [23]. Slide-immobilized cells were fixed with 2.5% (w/v)
glutaraldehyde in 0.1 M sodium phosphate buffer for 30 min and de-
hydrated with a graded ethanol series. After critical-point drying and
gold coating, the samples were examined by a scanning electron mi-
croscope (SEM, Hitachi S-4800, Japan). The negative control was per-
formed in a similar manner with PBS incubation instead of rRpBPI.
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2.14. Phagocytosis assay

Hemolymph was withdrawn from manila clams and mixed im-
mediately with equal volume of pre-chilled anticoagulant buffer (Tris-
HCl 50 mM; glucose 2%, NaCl 2%; EDTA 20 mM; pH 7.4). The mixture
was centrifuged at 1000 gat 4 °C for 10 min to harvest hemocytes. The
resultant hemocytes were re-suspended in TBS buffer (Tris-HCI 50 mM;
CaCl, 5 mM) and incubated with rRpBPI (1.0 and 10.0 uM) at 18 °C for
30 min, respectively. Then 5 pL of fluorescent microspheres (5.68 x 10°
particles/mL, diameter 2.0 um, Polyscience, Germany) were added into
each hemocytes suspension. The mixture was incubated for 1 h at room
temperature, and phagocytosis was then analyzed using an Accuri C6
flow cytometer (BD, USA) with BD CFlow® software. Differences were
considered significant at P < 0.05 in t-test and marked by an asterisk.

3. Results
3.1. Sequence analysis of rpbpi

The full-length ¢cDNA of rpbpi was deposited in GenBank database
under the accession no. MH559335. The open reading frame (ORF) was
of 1518 bp encoding a polypeptide of 505 amino acids with an iso-
electric point of 8.8 and predicted molecular weight of 56.1kDa
(Fig. 1). A typical signal peptide of 24 amino acid residues was
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identified in the N-terminus of rpbpi by SignalP software. Blast analysis
showed that rpbpi exhibited high sequence identities with bpis from
Hyriopsis cumingii (ARV86002, 45% identity) and Crassostrea gigas
(ACQ72929, 42% identity) (Fig. 2).

A phylogenetic tree was constructed using neighbor-joining method
based on rpbpi and corresponding sequences from other species. As
shown in Fig. 3, the LBPs, BPIs, BPI/LBPs from different species were
divided into four different groups with the CETP family used as out
group. The BPI/LBP sequences from fish and mollusks segregated into
two separate groups. In group 4, the RpBPI clustered together with H.
cumingii.

3.2. The mRNA distribution of rpbpi in different tissues and temporal
expression in response to V. anguillarum challenge

The distribution of rpbpi mRNA transcripts in various tissues of
uninfected clams was analyzed by qRT-PCR with B-actin as internal
control. rpbpi transcript was predominantly expressed in hemocytes,
moderate in hepatopancreas, gills and mantle, and marginally ex-
pressed in adduct muscle (Fig. 4A). The temporal expression of rpbpi
transcript in hemocytes of clams after bacterial challenge was shown in
Fig. 4B. During the first 3h post pathogen challenge, the expression
level of rpbpi mRNA was increased up to 4.01-fold of the control group
(P < 0.05). After that, the expression level was significantly down-
regulated at 6 h (0.32-fold, P < 0.05). However, the expression of rpbpi
transcripts reached the maximum at 48 h post challenge, which was
19.10-fold higher than that of the control group (P < 0.01). As time
progressed, the expression level recovered to the original level at 72h
post challenge.

3.3. Recombinant expression and preparation of rRpBPI antibody

The N-terminal His-tagged fusion peptide rRpBPI was purified using
an affinity chromatographic method, and then subjected to SDS-PAGE
analysis. A distinct band with molecular weight of about 57 kDa was in
agreement with the predicted molecular mass of rRpBPI (Fig. 5A). The
concentration and purities of the refolded rRpBPI were approximately
333.7ug/mL and 96.9% (Fig. 5B), respectively. In western blotting
assay, a clear reaction band was revealed (Fig. 5A, line 4), indicating
that the antibody could react with rRpBPI with high specificity.

3.4. Antimicrobial activity of rRpBPI

A time-killing experiment was performed with E. coli, V. anguillarum
and S. aureus as substrates to investigate the bacteriostatic or bacter-
icidal effects of rRpBPI. As revealed in Fig. 6, a sharp decrease of ab-
sorbance was observed in the high concentration group, and both
Gram-negative bacteria, but not Gram-positive bacterium were killed
within 60 or 160 min, indicating that rRpBPI was perhaps an immune
effector mainly against Gram-negative bacteria. Meanwhile, rRpBPI
could alter the biofilm formation of E. coli MG1655. The incubation of
rRpBPI resulted in less biofilm dispersal in a concentration dependent
manner (Fig. 7).

3.5. PAMPs binding assay

PAMPs binding assay was performed to detect the binding activity
of rRpBPI towards LPS, Lipid A, PGN and Chitin. A dose-dependent
binding activity of rRpBPI towards LPS and Lipid A was observed in
vitro (Fig. 8). The apparent dissociation constant (Kd) of the rRpBPI to
LPS and Lipid A was 0.09 X 107®M and 0.14 X 10~ °®M calculated
from the saturation curve fitting according to the one-site specific
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binding model, respectively (Fig. 8). However, no binding activity of
rRpBPI to PGN or Chitin was detected even if at high concentration
(data not shown).

3.6. rRpBPI induces the disruption of the membrane integrity

The NPN assay was used to monitor the outer cell membrane per-
meabilization. As revealed in Fig. 9A, the NPN fluorescence was en-
hanced to 24.36-fold in 1M rRpBPI-treated group compared to the
control group. With the increasing of rRpBPI concentration, the NPN
fluorescence increased and reached the highest level when incubated
with 10 uM rRpBPI (Fig. 9A).

3.7. rRpBPI induces morphological changes of V. Splendidus and V.
anguillarum

To further investigate the effect of rRpBPI on bacterial shape, SEM
was employed to observe the morphology of V. splendidus and V. an-
guillarum in the presence or absence of rRpBPI. After exposed with
rRpBPI, bacterial cells showed deep roughening of the cell surface,
formation of blebs and contents lost (B and D, Fig. 9B), compared with
the smooth surfaces of the untreated group (A and C, Fig. 9B).

3.8. Phagocytosis assay

As revealed in Fig. 10, phagocytosis of the hemocytes could be
significantly enhanced by rRpBPI. The phagocytic ability of hemocytes
was 21.5% (1.0uM) and 23.9% (10.0uM) in the rRpBPI treatment
group compared with that of only 15.1% in the control group, respec-
tively.

4. Discussion

Bactericidal/permeability-increasing proteins are important hu-
moral immune factors, and play important roles in the host innate
immune responses [24]. Presently, many antibacterial molecules (an-
timicrobial peptides, lysozymes et al.) have been identified and char-
acterized in marine mollusks. However, the knowledge on the func-
tional characterization of BPI in mollusks is still in its infancy. In the
present study, a bpi was characterized from manila clams, and the
transcriptional responses to pathogen infection, the antibacterial ac-
tivities and the mode of action were also investigated.

Multiple alignments and phylogenetic analysis revealed that rpbpi
shared highly similarities with other bpis and kept a close evolutionary
relationship with bpis from other mollusks. An N-terminal BPI/LBP/
CETP domain BPI1 and a C-terminal BPI/LBP/CETP domain BPI2 were
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identified in the amino acid sequence of rpbpi. It has been reported that
the N-terminal BPI1 domain contains three functional regions proposed
to be involved in LPS binding, LPS neutralization and bactericidal ac-
tivity, while the C-terminal BPI2 domain might play roles in mediating
LPS binding [11,25]. At the N-terminus, two conserved cysteines in-
volved in the formation of a disulfide bond, were supposed essential for
the lipid-binding function between BPI and LPS [26]. Moreover, rich of
positively charged amino acid residues (K or R) may facilitate the
electrostatic interactions of BPI with the negatively charged groups of
LPS [25,27].

Hemocytes play a central role in the mediation of immune cap-
ability via phagocytosis, encapsulation and nodule formation [28], and
also participate in the processes of tissues/shell repair [29,30] and
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Fig. 7. Biofilm formation of E. coli MG1655 treated with rRpBPI. Normalized
biofilm formation (total biofilm/growth) was tested in 96-well polystyrene
plates after treated with rRpBPI. Data were the average of 10 replicate wells
from two independent cultures. The values were shown as mean *= S.D.
(N =10) (*: P < 0.05, **: P < 0.01).

detoxication [31] in invertebrates. In the present study, the mRNA
transcripts of rpbpi were dominantly expressed in hemocytes. Notably,
phagocytosis of clam hemocytes could be significantly enhanced by
rRpBPI. These results support that hemolymph carries immune cells and
bioactive molecules (e.g. RpBPI) specialized in pleiotropic defenses
against pathogens in manila clams. In other mollusks, the highest
constitutive expression of bpi transcripts was found in heap hepato-
pancreases [32] or gills [10]. It was suggested that the specific tissue
distribution of different bpis could be partially explained by their spatial
involvement of microbicidal activities in different tissues of the or-
ganisms. Moreover, the transcriptional level of rpbpi transcripts in he-
mocytes was up-regulated significantly post bacterial challenge. It was
speculated that during this period, rpbpi in hemocytes was processed
into active peptide to clear the invaded pathogens, and hemocytes were
also mobilized to synthesize rpbpi mRNA gradually. As time progresses,
drastic increase of rpbpi transcript was detected at 48 h primarily due to
considerable recruitment of rpbpi-producing hemocytes. Considering
the moderate killing activity of RpBPI against V. anguillarum, the in-
duction levels of rpbpi transcript to challenge were relatively high. It
was suggested rapid multiply of bacteria might overwhelm the RpBPI in
hemolymph and perhaps other AMPs were expected to act synergisti-
cally for full activity against this pathogen [32], which was consistent
with the fact that V. anguillarum is one of the major disease-causing
bacteria in manila clam. Similar expression patterns were also reported
in other mollusk bpis. For example, the expression of bpi in hemocytes of
ark shell was significantly up-regulated in response to LPS challenge
[33].

Many previous studies have found that BPIs from Apostichopus ja-
ponicas [13] and Crassostrea gigas [10] exhibited remarkably anti-
bacterial activities against pathogens. In this study, RpBPI showed an-
tibacterial activities against Gram-negative bacteria. In addition, both
V. anguillarum and E. coli were killed within a few hours after incubated
with 10 uM rRpBPI, which supported that BPI was a kind of sterilizing
peptide against Gram-negative bacteria. Similarly, all examined Gram-
negative bacteria E. coli was killed within 3 h after incubated with 1 yM
BPI in oyster [11]. Notably, the biofilm formation of E. coli was also
significantly depressed by rRpBPI even at low concentrations. The
limitation on biofilm formation perhaps contributes to the elimination
of biofilm-grown bacteria [34]. All these results suggested that RpBPI
was involved in the host defense against invasive pathogens.

Many antimicrobial peptides perform antibacterial activities based
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Fig. 8. ELISA assay of the interaction between rRpBPI and the PAMPs. Plates
were coated with four kinds of PAMPs including LPS, Lipid A, PGN and chitin,
which were washed and incubated with several concentrations of rRpBPI or PBS
(data not shown) in the presence of 0.1 mg mL~! BSA at 18°C for 3h. After
incubated with rRpBPI antibody and goat-anti-mouse Ig-alkaline phosphatase
conjugate, the absorbance was recorded at 405nm. Data are shown as the
mean *+ 1S.D. (error bars) of three individual experiments. The data were curve-
fitted using a single-site binding model with R?=0.94 for LPS
(Kg=0.09 + 0.005%x 10°°M) and R?>=0.95 for Lipid A
(Kq = 0.14 + 0.01 x 10~ °M). Results were representative of the mean of
three replicates + S.D.

on the attraction and attachment to bacterial surface [35]. Usually,
three antibacterial mechanisms were widely accepted, such as mem-
brane dysfunction (pore forming), inhibition of extracellular biopo-
lymer synthesis or intracellular functions [11]. In the present study,
rRpBPI could bind to LPS and Lipid A in a concentration-dependent
manner. Consistent with the results in oyster, Cg-BPI perform strong
affinity to LPS and Lipid A and then disrupted the bacterial cytoplasmic
membrane [36,37]. The high antibacterial activity of rRpBPI against E.
coli may lie in the high binding activity to LPS or Lipid A. In addition,
NPN assay and SEM analysis revealed that rRpBPI induced a remark-
able modification of cell membrane. Thus, our results supported that
rRpBPI might kill bacteria by destroying the bacterial membrane.
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