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Abstract—Trypsins are key proteins important in animal protein digestion by breaking down the peptide bonds on the car-
boxyl side of lysine and arginine residues, hence it has been used widely in various biotechnological processes. In the cur-
rent study, a full-length cDNA library with capacity of 5-10° CFU/ml from the duck (Anas platyrhynchos) was constructed.
Using express sequence tag (EST) sequencing, genes coding two trypsins were identified and two full-length trypsin cDNAs
were then obtained by rapid-amplification of cDNA end (RACE)-PCR. Using Blast, they were classified into the trypsin I
and II subfamilies, but both encoded a signal peptide, an activation peptide, and a 223-a.a. mature protein located in the
C-terminus. The two deduced mature proteins were designated as trypsin-IAP and trypsin-IIAP, and their theoretical iso-
electric points (p/) and molecular weights (MW) were 7.99/23466.4 Da and 4.65/24066.0 Da, respectively. Molecular char-
acterizations of genes were further performed by detailed bioinformatics analysis. Phylogenetic analysis revealed that
trypsin-1IAP has an evolution pattern distinct from trypsin-1AP, suggesting its evolutionary advantage. Then the duck
trypsin-1TAP was expressed in an Escherichia coli system, and its kinetic parameters were measured. The three dimensional
structures of trypsin-IAP and trypsin-1TAP were predicted by homology modeling, and the conserved residues required for
functionality were identified. Two loops controlling the specificity of the trypsin and the substrate-binding pocket repre-

sented in the model are almost identical in primary sequences and backbone tertiary structures of the trypsin families.
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Trypsin is a serine protease found in the digestive sys-
tem of many vertebrates, where it hydrolyzes proteins [1].
It is produced by pancreatic acinar cells as a trypsinogen,
released into the intestine, and converted into active
trypsin through the action of enterokinase or by autoacti-
vation [2]. Trypsin is widely distributed in vertebrates, and
many trypsinogen genes and proteins have been isolated

Abbreviations: cDNA, complementary DNA; EST, express
sequence tags; FPLC, fast protein liquid chromatography;
ORE open reading frame; PCR, polymerase chain reaction;
RACE, rapid-amplification of ¢cDNA ends; 5-UTR, 5'-
untranslated region.
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* To whom correspondence should be addressed.

and characterized, including those of chicken [3], bovine
[4], pig [5], ostrich [2], human [6-8], dogfish [9], mouse
[10], rat [11-14], etc. Belonging to the large serine pro-
tease family, trypsin is used for numerous biotechnologi-
cal processes, and the prototypes for investigating many
aspects of enzyme action [3, 15]. It is a digestive enzyme
having strong specificity, selectively catalyzing the
hydrolysis of peptide bonds on the carboxyl side of lysine
and arginine residues of proteins in the intestinal lumen,
except when either is followed by proline. This specificity
comes from the matching of the negative charge of an Asp
residue in the primary substrate-binding pocket S1 of
trypsin and the negative charge of the P1 side in the sub-
strate peptide chain [16].
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Trypsins can be divided into two major subfamilies:
the cationic trypsin I subfamily and the anionic trypsin I1
subfamily [3]. Recently, another type of trypsin, named
mesotrypsin, was found from the human pancreas. It is
described as a minor trypsin isoform with the remarkable
property of near total resistance to biological trypsin
inhibitors [17]. Previous studies have shown that these
trypsin isoenzymes are encoded by different genes in the
genome and have different tissue expression patterns,
indicating their functional differences [3, 18-21]. Thus, it
is interesting to explore structure—activity relationships in
trypsins from new species of evolutionary significance
[22]. Although trypsins have been studied in many animal
species, there are no reports concerning those from the
Anatidae avian family. In the present study, we identified
two full-length trypsin cDNA sequences from the con-
structed cDNA library of Anas platyrhynchos based on
EST analysis. The deduced amino acid sequences of the
complete Anatidae trypsin precursors were aligned with
other representative vertebrate trypsins, and the mature
proteins were named trypsin-IAP and trypsin-IIAP,
respectively. Trypsin-IIAP was expressed in E. coli to
study its biochemical properties. Furthermore, the three
dimensional structure of trypsin-IAP and trypsin-IIAP
were predicted by homology modeling to elucidate the
possible functional mechanisms.

MATERIALS AND METHODS

Collection of tissues. One adult female A. platyrhyn-
chos (weight 1.5 kg) was collected from local market of
Dalian. It was sacrificed and tissues were rapidly dissect-
ed, frozen in liquid nitrogen, and stored at —80°C until
use. The collection procedure was approved by a recog-
nized Animal Ethics Committee of Dalian University of
Technology.

Total RNA extraction and purification. The Anas
platyrhynchos pancreas (0.1 g) was cut into pieces with a
small sterile scissor, frozen immediately in liquid nitro-
gen, and then ground into powder. Total RNA was
extracted using the RNeasy AxyPrep™ Multisource Total
RNA Miniprep Kit (Qiagen, USA). All RNA isolation
procedures were carried out based on the manufacturer’s
instructions. The total RNA was purified using
PolyATtract® mRNA Isolation Systems (Promega, USA)
in accordance with the user’s manual.

Full-length ¢cDNA library construction. The full-
length cDNA sequence was synthesized using an In-
Fusion® SMARTer™ Directional ¢cDNA Library
Construction Kit (Clontech, USA) following the manu-
facturer’s protocol. In brief, the first-strand cDNA was
synthesized using PowerScript reverse transcriptase with
the SMARTer V oligonucleotide primer 5'-AAGCA-
GTGGTATCAACGCAGAGTACXXXXX-3" and 3’ In-
Fusion SMARTer CDS Primer 5'-CGGGGTACGAT-
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GAGACACCATTTTTTTTTTTTTTITTTTTTVN-3'(N =
A, C,G,orT,V=A, G, or C). The second strand was
amplified using Advantage DNA polymerase (Clontech)
with the 5 PCR primer: 5'-AAGCAGTGGTAT-
CAACGCAGAGT-3" and the In-Fusion SMARTer
CDS/3" PCR primer. The double-strand cDNAs (ds-
cDNAs) were digested with Sfi I restriction enzyme and
recovered for longer than 600 bp. The cDNA fragments
were ligated into pDNR-LIB vector digested by Sfi I, and
ultimately transferred into the competent cells of E. coli
DH10B. The cDNA library was calculated of clone num-
bers on plates by titration.

Identification of expressed sequence tag (EST)
encoding trypsins. Individual cDNA clones were selected
randomly from the A. platyrhynchos cDNA library and
sequenced. Raw sequences were first trimmed to remove
vector sequence and low-quality sequences using the
Crossmatch program. ESTs with length less than 100 bp
were discarded. The sequences of cDNA clones were
compared with sequences in the GenBank database
(http://www.ncbi.nlm.nih.gov/blast).

Isolation of full-length cDNAs encoding novel
trypsins. The synthesized ¢cDNA library was used as a
template to screen the cDNAs encoding trypsin
homologs of A. platyrhynchos. The obtained EST
sequence coupled with the conserved domain from multi-
ple alignments of trypsins was exploited to design the spe-
cific primers for cloning the N-terminal part of full-
length duck trypsin precursor. Thus, the anti-sense
primer (5'-AACCTCCACAGAAGTGATACCC-3') and
the 5'-primer supplied by the kit (5'-AAGCAGTG-
GTATCAACGCAGAGT-3") were used to amplify the
target sequence. The DNA polymerase used was univer-
sal rTaq polymerase (Takara, Japan). The reaction con-
ditions were: initial denaturation for 5 min at 94°C, fol-
lowed by 30 cycles of denaturation at 94°C for 30 s,
annealing at 53.9°C for 30 s, extension at 72°C for 30 s,
and a final extension at 72°C for 10 min. Finally, the
PCR products were verified by 1% agarose gel elec-
trophoresis, purified using Agarose Gel DNA Puri-
fication Kit (TIANGEN, China), and cloned into
pMD™]19-T vector (Takara). DNA sequencing was per-
formed using an ABI PRISM 377 instrument (Applied
Biosystems, USA).

Then, according to the signal domain characterized
above, one sense primer trypsin-P2 (5'-CCATG-
CATTCTCTCTTCCTCCT-3") was designed and used to
amplify the full-length duck trypsin cDNAs, coupled
with In-Fusion SMARTer CDS 11I/3" PCR primer as
described above. The PCR conditions were: 94°C for
4 min, 28 cycles of 94°C for 30 s, 55.9°C for 30 s, 72°C for
1 min, and again followed by a final extension at 72°C for
10 min. The purification of PCR product and the DNA
sequencing was performed as described above.

Multiple sequence alignment and phylogenetic analysis.
Multiple sequence alignments were performed using the
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a atgaaatacatactgtttgtegectttgttggtgtggctgttgccttecccatcagtgat 60
tactttatgtatgacaaacagcggaaacaaccacaccgacaacggaaggggtagtcacta
¥ K Y I L FV AFV ¢V AV AF P 1 S D 20
gatgatgatgacaagattgtgggaggctacacctgtacaaagaactctattccatatcag 120
ctactactactgttctaacaccctecgatgtggacatgtttettgagataaggtatagte
D DDDIKTIVGGYT CTIEKENSTIUPY Q 40
gtgtceetgaattetgggtatecacttetgtggaggttetetecatecageagecagtgggte 180

cacagggacttaagacccatagtgaagacacctccaagagagtagtcgtcggtcacccag

vV SLNSGYHFTCGGSU LTI®SS QW V 60
ctgtcagecggectcactgetacaagtcttccatccaagtgaaacttggggaacacaacctg 240
gacagtcgccgagtgacgatgttcagaaggtaggttcactttgaacceettgtgttggac

L S AAHCY XS STITOQV XKLGEHNTL 80
gcatcccaagaaggeactgageagaccataagttcatctaaagtecateegecactetgge 300
cgtagggttcttecegtgactegtetggtattcaagtagatttcagtaggeggtgagaceg

A S Q EGTEAQTTISSSEKVIURHS G 100
tacaacgcctacacgectggacaacgacattatgetcatcaaactttccaaageagecaca 360
atgttgcggatgtgegacctgttgetgtaatacgagtagtttgaaaggtttcgteggtagt

Y NAYTULTDNDTIMLTITI KTULSEKAAT 120
ctcaactcctatgtcaacacagttcctecttectaccagetgtgtggecactggeaccaca 420
gagttgaggatacagttgtgtcaaggagaaggatggtegacacaccggtgaccgtggtgt

L NSYVNTVPLPTZ ST CVATTGTT 140
tgcctaatctetggatggeggcaacacactcageagtggcagtetgtatecagataacttg 480
acggattagagacctacccecgttgtgtgagtcgtcaccgtcagacataggtctattgaac

Cc LI S GGWOGEGNTILSSGSL Y P DNL 160
cagtgectgagagetectgtactetectcaagecagtgeageagtgectacceeggecaa 540
gtcacggactctcgaggacatgagaggagttceggtcacgtegtcacggatggggeeggtt

Q CLRAPVLSSSQCSSAYPG Q 180
attactagcaacatgatatgtgtaggatacctggaaggageggaaagactcctgeccagggg 600
taatgatcgttgtactatacacatcetatggaccttcetecetttetgaggacggaceee

I TS NMTIOCVGYLEG GG GIE KTDZ ST CQG 200
gattctggtggtccagtagtctgcaatgggcaactecaaggtattgtttectggggeatt 660
ctaagaccaccaggtcatcagacgttacccgttgaggttccataacaaaggaccccgtaa

D SGGPVVCNGQLQGTI VS WG I 22
ggatgtgcacagaaaggctatectggagtttacactaaggtttgecaattatgtetectgg 720
cctacacgtgtctttccgataggacctcaaatgtgattccaaacgttaatacagaggacce

G CAQKGYPGVYTI KV CNTYV S W 240

atccaatcaactattgctgccaactga 747
taggttagttgataacgacggttgact
I Q S T I A A N =* 248

Fig. 1. cDNA sequences encoding duck (A. platyrhynchos) trypsin-IAP (a) and trypsin-IIAP (b) and the deduced precursor sequences. The
putative signal peptides are in bold and italic. The amino acid sequences of predicted activation peptides are in underlined. The stop codon is
indicated by an asterisk (*); the 3'-untranslated region is in lowercase letters.
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l) atgcattctctecttcctecttetetectgectgggageecgetgttgetttecctagaget 60
tacgtaagagagaaggaggaagagaggacggaccctcggcgacaacgaaagggatctega
M HS L FL L L SCLGAAV AF PR A 20
gctgatgatgacaagattgtgggaggctacaactgeccagagecattcagttececctaccag 120
cgactactactgttctaacaccctecegatgttgacgggtetegtaagtcaagggatggac
A DDDIE KTIVGGYNU CPEHT SV PY Q 40

gtgtcectgaatgetggetatcacttttgtggaggateectecatcaacaaccagtgggte 180

cacagggacttacgaccgatagtgaaaacacctcectagggagtagttgttggtcacceecag

vVSLNAGYHT FUCGSGSILTINNZ QWY 60
gtgtcagetgetcactgetacaaatecegtatacaagtgaggetgggagagtacaacatt 240
cacagtcgacgagtgacgatgtttagggcatatgttcactccgaccctetcatgttgtaa

vVSAAHT CY KSR RTIQVRLGETYNTI 80
gatgtgcaggaagacagtgaagtagtcaggagttcttecegtaatcattegecatectaac 300
ctacacgtccttetgtcacttcatcagtcctcaagaaggcattagtaageggtaggattg

DvQ EDSEV VRS S S VITRUHPN 100
tacagttcaagaacccttaataatgacattatgttgatcaagetggeatcegecgtggac 360
atgtcaagttcttgggaattattactgtaatacaactagttcgaccgtaggeggeacctg

Y S SRTULNNDTIMLTII KT LASAV D 120
tacagtgeccgacgttcaacccatagecectgeccacctettgtgecaaggeggggacggag 420
atgtcacggctgcaagttgggtatecgggacgggtggagaacacggtteegeeeetgecte

Y SADVQPTALUZPT S CAZEKAGT E 140
tgectgatttegggetggggaaacacactgageagtggeacctattaccectgaactecte 480
acggactaaagcccgacccetttgtgtgactegtcaccgtggataatgggacttgaggag

C LI S GGWOGNTULSSOGTY Y P ETL L 160
cagtgcctgeaagegeccaattctgactaaccaagagtgecaagatgettaccegggtgaa 540
gtcacggacgttcgeggttaagactgattggttctcacggttctacgaatgggeccacce

Q CLQAPITULTNQETCG QDA AYTZ?PGE 180
atcaccagcaacatgatctgecataggattcectggagggtgggaaagactcatgecagggt 600
tagtggtegttgtactagacgtatcectaaggaccteccaccetttetgagtacggtecca

I T S NMTIT CIGE FULETGSGIEKTDS ST CQQG 200
gactcaggtggaccagttgtgtgcaacggagaactccagggecattgtgtcatggggaate 660
ctgagtccacctggtcaacacacgttgaatcttgaggteccgtaacacagtacecettag
DS GGPV YV CNGETLWGQGTIVS WG I 220
gggtgtgetetgecagggttatectggtgtetacaccaaggtetgeaattatgttgattgg 720
cccacacgagacgtcccaataggaccacagatgtggtteccagacgttaatacaactaacce

G CALQGYPGV YTI KVCNYVDW 240
atccaagagaccattgcagcctactgataccttgacaaccacctggetecttggecacta 780
taggttctctggtaacgtcggatgactatggaactgttiggtggaccgaggaaccggtgat

I Q ETTIAATY * 248
acctcecegecctaatgetttecctaagaagacaacagecacaaataaattectaacttaaa 840
tggagggegggattacgaaagggattettetgttgtegtgtttagggaaggattgaattt
gagccaaaaaaaaaaaaaaaaaaasaa 867
cteggtttttttttttttttttttttt
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Activation
peptide

Trypsin—IIAP
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Mature peptide

Signal
peptide
SLFLLLSCLGAAVA FPRAADDD-K IVGGYNCPEHSVPYQVSLNAGYHFCGGSLINNQWVVSAAHCYKSRIQVRLGEYNIDVQEDSEVVRSSSVIIRH 99

chhhhhhhhhhhhhhe ccececce—c eecceecceccececeeeeeccceeeeeeeeecceeeeccececcceceeeeccecccceccceceeeeeeeeeec

Trypsin-1 AP

-MKYI. FVAFV.V... ..ISD...D. .....T.TKN.I......

S, SS...Lo....... S...K...H.LAS..GT.QTI...KV... 99

chhhhhhhhhhhhhe ccecececee eeceeecccecccceeeecccceeeeeeeeecceeeeccccecccceeeeccccceccecccceeeeeeeeeec

Trypsin—IIAP

PNYSSRTLNNDIMLIKLASAVDYSADVQPTALPTSCAKAGTECLISGWGNTLSSGTYYPELLQCLQAPILTNQECQDAYPGEITSNMICIGFLEGGKDSCQ 200

cceeceececceeeecceeceececeeceececeececcecceeeeccccccececcecceceeccceccchhhhhhhececeecceeeecccecececece

......... SL..DN....R..V.SSSQ.SS....Q.......V.Y......... 200

ceeeeecceeceeeeeccceeeceeeceeecceeecececeeeeeeecceecceeccceecceceecccccechhhhhhheeececceceeeecceecceeccee

Trypsin—-I AP SG.NAY..D........ SK. ATLNSY. NTVP...... VAT..T....

Trypsin—IIAP  GDSGGPVVCNGELQGIVSWGIGCALQGYPGVYTKVCNYVDWIQETIAAY 249
cceecceeecceeeeeeeccccccccccceeeeecccchhhhhhhhhhe

Trypsin-I1 AP ........... {4 N (1) SO S...S....N 249

cceecceeecceeeeeeeccccccccecceeeeecccchhhhhhhhhhe

Fig. 2. Alignment of precursor sequences of trypsin-IAP and trypsin-IIAP. Dashes represent similar sequences. Gaps are inserted to maximize
the similarity. The lowercases indicate the online predicted secondary structures of trypsin-IAP and trypsin-I1IAP (http://bioinf.cs.ucl.ac.uk/
psipred/), and the letters “h”, “e”, and “c” represent helix, strand, and coil structure, respectively.

ClustalW program (version 1.8) on basis of tens of known
trypsin precursors including the currently deduced A.
platyrhynchos trypsins (trypsin-IAP and trypsin-IIAP).
Multi-sequences were obtained from the database at
NCBI. The phylogenetic trees were constructed using the
neighbor-joining method (Mega, version 4.0; www.mega-
software.net) by calculating the proportion of amino acid
differences (p-distance) among all sequences, with
sequence from a fan shell used as the outgroup. A total of
1000 bootstrap replicates were used to test the reliability of
each branch. The numbers on branches indicate the per-
centage of 1000 bootstrap samples supporting the branch.

Expression vector construction and trypsin-ITIAP
expression and purification. Host strain E. coli BL21 and
pET-32a(+) plasmid (Novagen, Germany) was utilized
for trypsin-IIAP expression. The two restriction sites for
Kpn I (GGTACC) upstream and Hind III (AAGCTT)
downstream of the deduced mature trypsin-I1IAP coding
sequence were added by PCR. The forward primer was 5'-
CGGGGTACCGACCCGGACCCGATTGT-3' and the
reverse primer was 5'-CCCAAGCTTTCAGTAGGCTG-
CAA-3', each containing one site for Kpn I and Hind III
to amplify target gene. PCR was performed by running 30
cycles with 94°C for 30's, 55°C for 30 s, 72°C for 30 s, and
a final extension 72°C for 10 min. The purified PCR
product was digested with Kpn I and Hind III, and then
ligated into the pET-32a(+) plasmid at the corresponding
restriction sites. The resultant recombination vector was
named trypsin-I1IAP/pET-32a(+).

The trypsin-1IAP/pET-32a(+) construct was trans-
formed into FE. coli strain BL21 for protein expression and
cultured to ODgy, of 0.6 in LB broth media (0.1 mg/ml
ampicillin) at 37°C. Then fusion protein expression was
initiated by adding isopropyl p-D-thiogalactopyranoside

(IPTG) to final concentration 1 mM. After an additional
4 h cultivation, the cells were harvested by centrifuging at
5000 rpm for 15 min at 4°C. The bacterial pellet was
resuspended by adding 50 ml of buffer A (20 mM
NaH,P0O,/0.5 M NaCl, pH 7.4) and then lysed by soni-
cation (5 s, 5's, 30 min). The whole cell lysate was cen-
trifuged, and the supernatant and bacterial pellet were
collected. The collected supernatant and precipitate were
then identified by 15% SDS-PAGE. Finally, the precipi-
tation containing the inclusion body-expressed protein
was collected, washed, and redissolved in binding buffer
(20 mM NaH,PO,, 20 mM imidazole, 500 mM NaCl,
6 M urea, pH 7.4). The supernatant of the lysate was col-
lected by centrifuging at 12,000 rpm for 30 min at 4°C and
purified with a His-tag affinity column (HisTrap FF
1 ml), equilibrated with buffer B (6 M urea, 25 mM
Na,HPO,, 300 mM NaCl, pH 8.0) on an AKTA FPLC
system (Amersham Biosciences, USA). Unwanted pro-
tein was eluted with buffer B containing 60 mM imida-
zole, pH 8.0, and the target protein was eluted with buffer
B containing 300 mM imidazole, pH 8.0. The absorbance
of the eluate was monitored at 280 nm. Fractions corre-
sponding to the recombinant His-tagged protein were
pooled and identified by 15% SDS-PAGE.

The collected trypsin-IIAP-containing eluate was
concentrated and diluted to 0.1 mg/ml. After denaturing
in urea, gradient dialysis (50 mM NaCl, 100 mM Tris-
HCl/1 mM EDTA, 0.02 mM GSSG, 2 mM GSH, 1%
(w/v) glycine, 10% (v/v) glycerin, and 6, 4, 2, 1 M urea
each 6 h, pH 8.0) was performed, and the fusion protein
was cleaved in 50% (v/v) formic acid at 45°C for 48 h.
After removing formic acid by lyophilization, the trypsin-
ITAP was further purified on a His-tag affinity column by
reverse-phase HPLC (Hypersil BDS C18, 30 x 0.46 cm;
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Elite, China) equilibrated with 5% acetonitrile and 0.1%
trifluoroacetic acid.

Kinetic measurements. Serine protease activity of the
expressed trypsin-IIAP was assayed based on the method
by Xu et al. [23, 24]. The substrates are T6140 (N-(p-
tosyl)-Gly-Pro-Lys 4-nitroanilide acetate salt; Sigma,
USA) and B-3133 (N-benzoyl-Arg-4-nitroanilide hydro-
choride, Bz-L-Arg-pNA; Sigma). The hydrolysis of syn-
thetic chromogenic substrates by trypsin-IIAP in 50 mM
Tris-HCI, pH 7.8, was tested at 37°C. The reaction was
initiated by the addition of the substrate to final concen-
tration 0.5 mM. The formation of p-nitroaniline was
monitored continuously at 405 nm for 5 min.

Three-dimensional structure modeling. BLAST
search for sequences of trypsin-IAP and trypsin-IIAP
were performed to obtain the most suitable templates.
Based on maximum similarity, the crystal structure of
3MYW and 1CO7_E (PDB ID) deposited in the Protein
Data Bank (PDB) were used as the templates for homol-
ogy modeling of trypsin-IAP and trypsin-ITIAP, respec-
tively. The comparative 3-D structure model was generat-
ed and optimized using the EasyModeller homology
modeling program. The 3-D structural model generated
was visualized by PyMOL software (http://www.
pymol.org) without any other refinements.

RESULTS

Construction of a full-length ¢cDNA library from A.
platyrhynchos. Total RNA was extracted from the pan-
creas of A. platyrhynchos (with concentration 0.23 pg/ul).
The ODy,/OD,g ratio was 1.88, indicating that the RNA
isolated was suitable for a cDNA library construction. A
2-ug sample of total RNA was subjected to reverse tran-
scription for synthesis of the first and double-strand
cDNAs, which was concentrated on the range of 100 to
4000 bp, suggesting that double-strand cDNAs were suc-
cessfully synthesized. Ten clones were picked randomly to
carry out colony PCR for confirming the size of cDNA
fragments. The amplified cDNA fragments were deter-
mined as ranging from 600 to 2500 bp, and 90% of the
insertion fragments were more than 1 kb in size, suggest-
ing that the insertion fragments harbored most of the
mRNAs and reached the requirement for further studies
on gene structure and expression. The capacity of the
unamplified constructed cDNA library was 5-10° CFU/
ml after calculation of clone numbers, which should meet
almost all requirements to find a cDNA derived from a
low-abundance mRNA. Thus, a high-quality full-length
pancreas ¢cDNA library from A. platyrhynchos was suc-
cessfully constructed, thus providing a useful resource for
functional genomic research.

Screening of the A. platyrhynchos cDNA library. Two
hundred individual cDNA clones were picked randomly
from the constructed A. platyrhynchos cDNA library for

BIOCHEMISTRY (Moscow) Vol. 81 No. 2 2016

157

sequencing. After removal of the vector sequences and
blast with NCBI database, we identified an EST sequence
with the length of 665 bp, containing part of an open
reading frame (ORF) and a polyA tail, whereas missing
the 5'-UTR and adjacent part of the ORFE The blast
search of this EST indicated that it showed significant
homology (87%) to the known Gallus gallus trypsin gene
(GenBank Accession No. NM_205384) with function
annotation. The trypsin gene has never been reported
from the avian Anseriformes.

Identification and characterization of Anseriformes
trypsin I and II. The EST clone of duck trypsin was used
to design the specific primers to clone the complete
c¢cDNA, and finally two full-length duck trypsin cDNAs
(GenBank accession Nos. KP876029 and KP876030)
were obtained. Their ORFs were both 747 bp, encoding
the deduced 248 a.a. precursor (Fig. 1). Sequence align-
ment showed that trypsinogen-II sequence shares 73%
identity with that of trypsinogen-I. The two 223-a.a.
mature peptides were predicted and designated as trypsin-
IAP (trypsin-11AP), with a 15 (16)-a.a. signal peptide fol-
lowed by a 10 (9)-a.a. activation peptide located at the N-
terminus of their propeptides, respectively (Fig. 2).
Analysis using the ProtParam tool (http://au.expasy.org/
tools/protparam.html) showed theoretical p//MW for
trypsin-IAP and trypsin-1IAP are 7.99/23466.4 Da and
4.65/24066.0 Da, respectively.

Multiple sequences alignment and phylogenetic analy-
sis. Multi-sequence alignment was performed on the basis
of the full precursor sequences of trypsin-IAP and -IIAP
with other typical trypsins from vertebrates, revealing the
presence of conservative structure characteristics of
trypsins, including 12 conserved cysteine residues, cat-
alytic residues His40, Asp84, and Serl77 corresponding
to the mature peptide indicated by arrowheads, and key
residue Tyrl51 that determines the substrate specificity
(Fig. 3). The amino acids essential for calcium binding,
Glu77, Asn79, Val82, Glu84, and Glu87, are also con-
served in the short sequence (G76-EYNIDVQEDS-ES87)
of duck (underlined in Fig. 3) [25]. In addition, the criti-
cal residues involved in the maintenance of structure and
function of the serine protease family were also identified,
such as the short sequence of Gly-Asp-Ser-Gly-Gly-Pro,
shown in frames (Fig. 3).

Multi-sequence alignment involved representative
vertebrate trypsin precursors, including human, mam-
mals, birds, reptiles, and amphibians, using fish as an out-
group. A condensed multi-furcating tree was constructed
emphasizing the reliable portion of pattern branches
without considering the exact distance between each pep-
tide (Fig. 4). Thus, the branch lengths of the condensed
tree are not proportional to the number of amino acid
mutations. Phylogenetic comparisons of vertebrate
trypsins showed that the nearest relative of duck trypsin-
IIAP is G. gallus trypsin-1I. The Anseriformes avian
trypsin-I had a distinct evolution pattern from trypsin-II
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Fig. 4. Phylogenetic analysis of representative vertebrate trypsins. The phylogenetic dendrogram was constructed by the neighbor-joining
method based on the proportional difference of aligned amino acid sites of the full sequence of the prepropeptide. Anas platyrhynchos trypsins

I and II are marked with triangles.

for being juxtaposed with only turtle of reptile and spar-
row of avian. Whilst based on trypsin-IIAP sequence in
the phylogenetic tree, the duck (representing avian
Anseriformes) is confirmed as a transitional taxon
between reptiles and mammals. The built phylogenetic
tree reveals that vertebrate trypsins are split into five dis-
crete branches. Among the five branches, there are two
major clusters: one is represented by various mammalian
trypsins, whilst the other clusters involving trypsins from
the evolutionarily inferior animals. Anuran (Xenopus lae-
vis) trypsin, as a separate clade, is observed located
between fish and lizard of reptiles, which bridges the evo-
lutionary land—water gap of trypsins (Fig. 4).
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Expression of trypsin-1IAP. Escherichia coli strain
BL21 harboring the trypsin-1IAP/pET-32a(+) vector was
utilized to express a His-tagged fusion protein containing
the deduced mature trypsin-IIAP. After induction with
1 mM IPTG for 4 h, the fusion protein was overexpressed
(Fig. 5, lanes 3 and 4). The supernatant and precipitation
were separated by centrifugation after ultrasonic treat-
ment and identified by 15% SDS-PAGE. The protein
electrophoresis figure shows the fusion protein primarily
in the precipitation of whole cell lysate, indicating that
the trypsin-ITIAP is expressed as inclusion bodies. After
His-tag affinity chromatography, the protein fractions
eluted by imidazole were detected at the expected molec-
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kDa M 1 2 3 4 5 6

97.2
66.4

44.3
29.0

20.1

14.3

Fig. 5. Expression and purification of trypsin-IIAP protein
(indicted by an arrow) as followed by SDS-PAGE (15%).
Lanes: M, protein markers; /) BL21(DE3); 2) whole cell lysate
without IPTG induction; 3, 4) whole cell lysate with | mM IPTG
induction; 5) fusion protein fractions after purification by
HisTrapTM FF affinity chromatography; 6) trypsin-11AP protein
after renaturation and formic acid hydrolysis.

ular weights by 15% SDS-PAGE (Fig. 5, lane 5). After
renaturation and hydrolysis by formic acid, the super-
natant was collected by centrifugation, and a 24-kDa
band was detected in SDS-PAGE (Fig. 5, lane 6).
Kinetic parameters determination. Kinetic parame-
ters of recombinant trypsin-IIAP for different chro-
mogenic substrates are listed in the table. T6140 is a spe-
cial substrate for plasmin, whilst B3133 is the substrate for
trypsin-like serine proteases. Trypsin-IIAP could

hydrolyze both, indicating that trypsin-IIAP functions
like other trypsin-like serine proteases.

Analyses of advanced structures of trypsin-IAP and
trypsin-IIAP. Sequence alignment revealed that crystal
structures (PDB ID 3MYW and 1CO7) are the best avail-
able templates for homology modeling of trypsin-IAP and
trypsin-IIAP, respectively. The best models of trypsin-IAP
and trypsin-IIAP were then depicted using the PyMOL
Viewer as shown in Fig. 6. Homology modeled structures
of trypsin-IAP and trypsin-IIAP reveal some interesting
structural features: two barrel-like structures made up of
two sets of antiparallel 3-strands, flanked by two a-helices
on the up-side, and widespread coil construction. Both of
the Anseriformes trypsins have 12 cysteines, and they may
form six disulfide bonds naturally. His40, Asp84, and
Ser177 forming the catalytic triad are conserved as shown
in Fig. 6. Residues 171-177, 192-197, and 203-206 form
the primary substrate-binding pocket called the S1 binding
pocket. Trypsin favors basic residues like lysine and argi-
nine [26]. Residues 165-170 and 198-202 form two loops
near the S1 pocket, called Loop 1 and Loop 2, respective-
ly, which play key roles in enzyme specificity (Fig. 6). The
S1 binding pocket in trypsin is almost identical in primary
structures and backbone tertiary structures [22].

DISCUSSION

Trypsin plays a central role in pancreatic exocrine
physiology because it acts as the trigger enzyme for the

Fig. 6. Homology models of trypsin-IAP (a) and trypsin-IIAP (b). The model produced by the Mod6v2 version of MODELLER. The struc-
ture was visualized by PyMOL and is represented in the form of a cartoon. The active site residues of His40, Asp84, and Ser177 are displayed
in stick structures. The substrate-binding pocket-S1 and the two loops of trypsin-IAP and trypsin-1IAP are indicated by arrows.

BIOCHEMISTRY (Moscow) Vol. 81 No. 2 2016
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Kinetic parameters of trypsin-IIAP for different chro-
mogenic substrates

Parameter T6140 B3133
K, (mM) 9.3 6.25
Vo (MM-s7h) 0.87 1.05
ey (10357 0.93 0.51
Ko/ K,y (10° mM~"s7) 0.10 0.08

activation of all other pancreatic digestive zymogens, as
well as its own trypsinogen. Regarding industrial and med-
ical applications, trypsin is often used in proteomics, i.e.
the study of proteins. As trypsin cuts proteins specifically
between at amino acids arginine and lysine, it is particular-
ly useful in the analysis of amino acid sequences within
proteins. Trypsin dissociates individual cells from dissected
tissue samples, allowing them to be studied more closely
and/or preserved in cell cultures. More importantly, puri-
fied trypsin can be used pharmaceutically to help break
down blood clots, which could result in serious complica-
tions such as strokes or emboli [27]. Trypsin is also useful in
treating acute inflammation. Topical preparations of
trypsin are commercially available to promote wound heal-
ing [28]. Also, trypsin is used in the treatment of pancreat-
ic disease, and more recently it has been examined as a
potential therapy in the treatment of cancerous tumors
[29]. The existence of various trypsin isozymes may explain
the multiple functions of trypsins and for the maintenance
of multiple trypsinogen genes in genomes [22].

Trypsin is a structure-conservative serine protease,
especially in some activity related sites, like the conserved
12 cysteine residues, the catalytic triplets (Ser-His-Asp),
the residues for the charge relay system and the substrate-
binding site residues, etc. (Fig. 3). Though a number of
trypsins or trypsinogens have been well studied in mam-
mals like bovine [4], pig [5], and human [6-8], there are
few detailed reports about trypsins in avians, except one
about the chicken trypsinogen gene family without any
protein level findings [3], and one about ostrich (repre-
senting the Ratite superorder) trypsinogen [2]. In the cur-
rent study, we successfully cloned two full-length cDNA
sequences of the Anseriformes trypsin-IAP and trypsin-
ITAP from a constructed cDNA library using the RACE-
PCR method on basis of EST analysis. This is the first
report about characterization of Anseriformes trypsin
genes on the basis of EST analysis with denoted protein
structure and function. Trypsinogen-II shares 73% iden-
tity with trypsinogen-I in amino acid sequence (Fig. 2).
Observed from the trypsin primary and tertiary structures
modeled by homology, those highly variable positions of
trypsin-IAP and trypsin-IIAP are mainly located on the
exterior of the molecule.
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As an ancient gene family, trypsin is widely distrib-
uted in organisms ranging from invertebrates to verte-
brates. However, the evolutionary relation of these impor-
tant functional molecules remains unresolved. Here, the
acquisition of an Anseriformes trypsin family fills gaps in
trypsin molecular evolution in phylogenetic analysis.
Despite the difference between sequences in the S1 pock-
et of trypsin-IAP and trypsin-IIAP, commonalities of
precursor organization, some activity related sites, and
three-dimensional structure suggests that they are evolu-
tionarily related and likely originated from a common
ancestor by gene duplication.

It was reported that a residue within the activation
peptide domain, especially Asp of the penultimate
residue, and the number of anionic residues, are closely
related to the rate of trypsinogen autoactivation [2, 30].
Interestingly, unlike most other trypsinogens that usual-
ly have four anionic residues in the activation domain,
trypsin-IAP has five Asp residues (Fig. 3), whilst trypsin-
ITAP only contains three Asps adjacent to two alanines,
which results in relatively less negative charge of the
cleavage site and may accelerate the autoactivation
process [2, 31]. The possible fast autoactivation proper-
ty of trypsin-ITAP owing to its special AADDDK motif
is very important for exerting enzymatic function. In
addition, the sequences of trypsin-IAP and trypsin-1IAP
provide new templates for the study of activation effi-
ciency of trypsinogen and the development of trypsin
inhibitor.
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