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[10-12]. We have reported here the identification of 90 proteins
of the silkworm midgut, among which 79 proteins were reported
for the first time.

MATERIALS AND METHODS

Sample preparation and analysis of nano-LC (liquid
chromatography) MS/MS

The B. mori strain P50 was provided by the Silkworm and Mul-
berry Station, Zhejiang University. It was reared with the
mulberry leaves at 25°C. The midguts of the second day of
the 5th instar were dissected, washed with 0.75% NaCl solution
and rapidly stored at—80°C. Frozen tissues (220 mg) were disrup-
ted by using a Sample Grinding kit (Amersham Biosciences) with
1 ml of lysis solution (8 M urea, 2 M thiourea and 4% CHAPS).
The supernate was collected and transferred to another centrifuge
tube for further clean-up using a 2-D Clean-Up kit (Amersham
Biosciences). The extracted protein concentration was measured
by the Bradford method [12a]. The sample was subsequently di-
gested with trypsin, desalted and dried by using a vacuum evap-
orator. Tryptic peptides were resuspended in 0.1% formic acid
and loaded on to an Ettan MDLC system (GE Healthcare) con-
nected to an LTQ-Orbitrap MS (Thermo Electron Corporation)
three times.

MS

Separation of tryptic peptide mixtures was achieved by nanoscale
reverse-phase HPLC, in combination with online LTQ-Orbitrap.
For the HPLC separation, anano-MDLC (nano-multidimensional
LC) system (Ettan MDLC; GE Healthcare) was used, employing
a linear gradient of 5—45% buffer B (95% acetonitrile, 5% water
and 0.1% formic acid) over 60 min. The column system consisted
of a trap (0.5 mmx2 mm) and a separation column (Magic C18
AQ, 3 um, 200 A, 0.2 mmx 150 mm), both purchased from Mi-
chrom. While column 1, trap 1 was running, column 2, trap 2 was
equilibrated with buffer A (95% water, 5% acetonitrile and 0.1%
formic acid) to allow continuous running of the sample through
two columns.

LTQ-Orbitrap
The mass spectrometer was operated in the data-dependent
mode to automatically switch between Orbitrap MS and Orbit-
rap MS/MS (MS?) acquired. Survey full scan MS spectra (from
mj/z 200 to 2000) were acquired in the Orbitrap with resolution
R=60000 at m/z 400. The most intense ions (up to five, de-
pending on signal intensity) were sequentially isolated for frag-
mentation; ions were recorded in the Orbitrap with resolution
R=15000 at m/z 400.

For accurate mass measurements, the lock mass option was en-
abled in both the MS and the MS/MS mode and the PCM (polydi-
methylcyclosiloxane) ions generated in the electrospray process
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from ambient air [protonated (Si(CHj3),0)¢; m/z =445.120025]
were used for internal recalibration in real time. For a single SIM
(selected ion monitoring) scan injection of the lock mass into the
C-trap, the lock mass ‘ion gain’ was set at 10% of the target value
of the full mass spectrum. When calibrating in the MS/MS mode,
the ion at 429.088735 (PCM with neutral methane loss) was used
instead for recalibration.

Target ions already selected for MS/MS were dynamically
excluded for 180 s. General MS conditions were: electrospray
voltage, 1.8 kV, no sheath and auxiliary gas flow; ion transfer
tube temperature, 200°C; collision gas pressure, 1.3 mTorr; nor-
malized collision energy, 35% for MS, ion selection threshold
was 500 counts for MS?. An activation g-value of 0.25 and an
activation time of 30 ms were applied for MS? acquisitions.

Protein identification using X!Tandem and
high-confidence proteins selection through the
Poisson model

MS data were analysed using X!Tandem open source pack-
age [10,13]. Raw data acquired by the MS above were sub-
mitted to X!Tandem along with a FASTA formatted file
of the protein database containing protein data of silkworm
(http://silkworm.genomics.org.cn/jsp/data.jsp) [8]. Search was
performed using three different parameters named parameter 1,
parameter 2 and parameter 3 for the best model, and the Poisson
model was used to assess the likelihood of our false identific-
ation [11-13]. The frequency of false peptide matches, L, was
estimated by using the Poisson model satisfying the constraints
that the number of false matches predicted cannot exceed the
number of total matches observed [12]. Thereby p was calcu-
lated through the following format: the total number of observed
peptide matches divided by the total number of amino acids in
the search database. The mean number of matches, A, expected
at random for a protein of length L is uL. The protein length-
specific probability, P4, that M or more matches was observed
is:

00 Al
Prana = Z F exp(_)‘-)

i=M

Moreover, the expected number of matches (E) is:
E =N db P, rand

where Ny, is the number of sequences in the database. The con-
fidence, C, that we have identified the sequence from which the
spectral data were derived and not one of the E false positives is:

C=——
1+E

High-confidence ORFs (open reading frames) are defined as a
confidence score of at least 0.5 based on this Poisson model.
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Protein annotation

The output were obtained through X!Tandem and the Pois-
son model. Cross-referenced UniGene database IDs (see
Supplementary Table S1 at http://www.bioscirep.org/bsr/029/
bsr0290363add.htm) were used to interrogate corresponding
EST (expressed sequence tag) expression profiles. Our protein
hits were categorized according to the GO (gene ontology) an-
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Figure 1

Biological Process

GO categories of the identified protein of the midgut from the larval silkworm by using Wego software

DISCUSSION

In previous papers about the midgut proteome, the methods used
for identifying proteins had some disadvantages. In the studies
of Zhang et al. [14] and Kajiwara et al. [15] about the midgut,
the protein database used was not the silkworm protein database
[14,15]. It is known that theoretical and experimental mass com-
parison is the basis of MS, so using the inappropriate protein
database is the main reason why the results are not stringent. The
findings of Hou et al. [16] showed that 32 proteins could be found
in the silkworm midgut two-dimensional electrophoresis image,
but there are only 26 different proteins, due to the presence of
duplicate proteins. In addition, Hou et al. [16] did not show mass
tolerance, and the mass tolerance selected in the other two stud-
ies associated with the midgut proteome is too large [14-16].
For example, the mass tolerances of the enzymatic peptides are
1 and 0.5 Da respectively in Zhang et al. [14] and Kajiwara et al.
[15] (our maximum value of the mass tolerances of the frag-
ment in three parameters is 0.2 Da as shown in Supplementary
Table S1). Compared with the former study, our identification
method is very strict and the result is satisfactory. In our study,
the Shotgun proteomics methods were used for protein identi-
fication, and midgut proteins were proteolysed to peptides and
subsequently subjected to direct MS analysis via CID (collision-
induced dissociation) of single peptides. Two-dimensional LC
separation prior to MS/MS analysis was employed. X!Tandem
and the Poisson model were used to analyse MS and to acquire
proteins information. This method has many advantages, e.g. it
can identify a large number of proteins relatively quickly and
directly analyse membrane proteins. However, this approach has
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some disadvantages in the random nature of ion selection for
CID. The poor reproducibility in picking the same peptides
for CID in replicates of the MS/MS course impacts directly on
the reproducibility of protein identification [17]. Another factor
impacting on it is the different algorithms, as each of them has
its own strengths and weaknesses [18]. In order to achieve the
best results, the experiments of CID were repeated three times.
MS data were searched against the database by using X!Tandem
with three parameters. Finally, we found better parameters (para-
meters 1 and 3). The number of peptide hits is only indicative
of the confidence of the identified proteins [19]. In the previous
studies, the proteins were identified by only two or more peptides
[20,21], but our study showed that it was not a rigorous statist-
ical approach. In the process of validating the results by using
the Poisson model, most of the proteins with two peptide hits
or peptides were rejected and only Bmb033352 was validated
(Table 4).

We identified a total of 90 putative proteins. The number of new
proteins is 79, accounting for 87%. Compared with 26 proteins
found by Hou et al. [16], the proteins newly found refer to al-
most all the cellular biological functions. From Table 4, we know
that the proteins associated with special tissue of the midgut are
found in new proteins. For example, 11 new digestive enzymes
are from the epithelium, eight new proteins relating to mechan-
ical digestion are from muscle tissue and three new proteins are
from the peritrophic membrane. Besides special tissue proteins,
there are 44 proteins involved in metabolism of substance and
energy and there are 11 proteins relating to signal transduction,
substance transport and cell skeleton in newly found proteins.
The proteins’ detailed biological functions are illustrated in the
following passages.
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Table 4 List of proteins identified in the midgut
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Figure 2 Functional representation of the proteins newly identi-
fied in the B. mori midgut
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The digestive process of the midgut of the silkworm includes
mechanical digestion and chemical digestion through muscular
action and digestive enzyme. Peristalsis of the musculature of the
midgut, such as muscle contraction, helps the digestion. Muscle
contraction is caused by sliding between the thick filament and the
thin filament of the myofibril. According to the paper by Scott and
Jeffrey [21], myosin and paramyosin are the most abundant thick
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Figure 3 Functional categorization of the newly identified protein
associated with metabolism
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filament proteins in invertebrates. Myosin exists as a hexamer of
two heavy chains, two alkali light chains and two regulatory light
chains. The proteins related to the heavy chain are divided into the
N-terminal globular head and the C-terminal coiled-coil tail. My-
osin heavy-chain proteins identified in the present study include
Bmo015063, Bm015062, Bmb014764, Bmb015061, Bmb014765
and Bmb002610; among them, Bmb014764, Bmb015061 and
Bmb002610 contain myosin tail, and Bmb015062 contains
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myosin globular head, offering energy for muscle contraction.
In addition, Bmb002610 containing a myosin tail also supplies
energy according to Interpro annotation (Supplementary Table
S3). Bmb014765 is a kind of paramyosin that plays an unexpec-
ted role in myoblast fusion, myofibril assembly and muscle con-
traction [21]. The thin filaments are primarily composed of actin
(Bmb012212 and Bmb012614) and tropomyosin (Bm004766).
Other than these proteins, Bmb024911 (calponin) is a type of
calcium-binding protein that can inhibit the ATPase activity of
myosin in smooth muscle and can be regulated by phosphoryla-
tion of a protein kinase [21]. Bmb021176 is suggested by Interpro
annotation (Supplementary Table S3) to be a type of arginine
kinase that is bound to actin of the thin filament.

The digestive enzyme in the midgut contains ectoen-
zyme, present in cavum intestinale, and endoenzyme, mainly
present in microvilli of the columnar cell. Most of the en-
zymes identified in our analysis belong to endoenzyme ex-
cept chymotrypsin-like (Bmb003747 and Bmb018754) and
insulinase-like (Bmb020698). The three kinds of enzymes be-
long to serine proteases; among them; chymotrypsin-like prefers
to cleave on the carbonyl side of aromatic residues, such as
phenylalanine and tyrosine, and insulinase-like cleaves peptides
on the carbonyl side of the basic amino acids, arginine or lysine
[22]. Chymotrypsin-like also has strong antiviral activity against
BmNPV [23]. However, ectoenzyme or proteinases in cavum in-
testinale cannot drastically catalyse the protein to amino acids
and it needs endoenzyme. For example, Bmb002795 (membrane
alanine aminopeptidase) is a kind of aminopeptidase that cata-
lyses the removal of single amino acids in the N-terminus of small
peptides and thereby plays a role in their final digestion [24]
and Bmb028877 (3-hydroxyisobutyrate dehydrogenase) is one
of the important enzymes related to valine metabolism [25]. Car-
bohydrates identified here contain o«-glucosidase (Bmb004877),
which has similar enzymatic activity to 'y-amylase and parti-
cipates in glycoprotein processing in the endoplasmic reticulum
[26], and glycoside hydrolases (Bmb025436 and Bmb015353),
which are a widespread group of enzymes that hydrolyse the
glycosidic bond between two or more carbohydrates, or between

a carbohydrate moiety [27]. The digestive enzymes associated
with lipid metabolism identified here are mainly apolipopro-
teins; for example, Bmb000670 has sterol carrier activity and
Bmb009635 can transport a-tocopherol. Bmb004877 particip-
ates in the process of regulation of lipid metabolism and is in-
volved in neurodevelopment, and transports nutrients and vit-
amins [28]. It is in accord with apparent characters. The larvae
midgut is not the main tissue synthesizing lipid or digesting lipid
completely, and the lipid component that silkworm assimilates is
transported to the fat tissue.

Peritrophic membrane can protect the midgut epithelium from
mechanical rubbing from food digestion and infection from
pathogens [29-31]. It is made up of protein (47%), chitin (47%)
and polysaccharide (5%). The proteins associated with peri-
trophic membrane include Bmb008223 (laminin B), Bmb017923
(type IV procollagen) and Bmb003222 (chitin-based larval
cuticle). In addition, Bmb008243 has many functional domains,
so it can also be found in the epithelium (Table 4).

We identified 19 ribosomal proteins and two elongation factors
(Table 4; Figure 2), which are the main proteins responsible for
protein translation. The large subunits of ribosomal protein are
composed of a globular, surfaced-exposed domain with long
finger-like projections that extend into the rRNA core to stabilize
its structure and they interact with multiple RNA elements, too
[32,33]. Further, we identified 13 large units of ribosomal proteins
including Bmb026270, Bmb032730, Bmb020135, Bmb001465,
Bmb022410, Bmb023836, Bmb035628b, Bmb031937,
Bmb030760, Bmb014252, Bmb024069, Bmb039472 and
Bmb037600. Protein S4 (Bmb10338) initiates assembly of small
unit and is located at junctions of five and four RNA helices
respectively [32,33]. The proteins of the small unit we identified
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Some proteins identified are associated with the metabolism
of nucleic acids. For example, histone H3 (Bmb012751 and
Bmb028559) forming the eukaryotic nucleosome octomer core
winds approx. 146 DNA base-pairs [37]. Bmb004885 (nuclear
receptor co-activator 7) and Bmb007243 (the protein associated
with mitotic cell cycle G,/M transition DNA damage check-
point) are the proteins related to cell division. Some proteins are
related to carbohydrate metabolism. For example, Bmb027946
(lactate or malate dehydrogenase), Bmb020504 (lactate or mal-
ate dehydrogenase), Bmb006175 [GAPDH (glyceraldehyde-
3-phosphate dehydrogenase)], Bmb005299 [PDH (pyruvate
dehydrogenase)], Bmb019850 (glucose/ribitol dehydrogenase),
Bmb007149 (citrate synthase) and Bmb025249 (glutamic-
oxaloacetic transaminase) are associated with carbohydrate
metabolism [38]. Some proteins are responsible for fatty
acid catabolism, such as Bmb033769 (enoyl-CoA hy-
dratase/isomerase) and Bmb011880 (acetyl-CoA C-acyl-
transferase) [38]. Bmb039014 [FAMeT (famesoic acid o-
methyltransferase)] can catalyse the conversion of farnesoic acid
into MF (methylfarnesoate) by the mandibular organ of crusta-
ceans [39]. Previous studies indicated that eyestalk neuropeptides
may negatively regulate MF biosynthesis through FAMeT in the
mandibular organ [40]. In insects, the regulation of JH (juven-
ile hormone) III production in corpora allata and allatostatin-
mediated inhibitory action on JH III biosynthesis is facilitated by
FAMeT [41].

Some proteins are associated with energy metabolism in the
midgut. For example, in the function of cytochrome oxidase
(Bmb039215), cytochrome ¢ (Bmb004448) binding Fe’* can
send the electrons from QH, to O,. Bmb016550 (cytochrome
P450 4d2) plays a major role in the synthesis and degradation
of insect hormones (ecdysteroids and juvenoids) and the activity
[42] or detoxification of such chemicals as plant toxins and in-
secticide [42—45]. The F,F,-ATP synthase complex exists only
in the form of dimeric and oligomeric complexes in the inner mi-
tochondrial membrane [46]. It consists of F, subunits responsible
for proton transport and F, subunits performing the task of ATP
synthesis/hydrolysis. From Table 4, Bmb011628, Bmb008836,
Bmb016644 and Bmb005542 all are the components forming
ATP synthase and have the capability of proton transport and
binding ATP; however, only Bmb027800 can bind ATP but does
not have the capability of proton transport. In Saccharomyces
cerevisiae, Bmb033352 (ATP synthase E)’s N-terminal hydro-
phobic region plays an important role in the subunit e-dependent
processes of mitochondrial DNA maintenance, modulation of mi-
tochondrial morphology and stabilization of the dimer-specific F,
subunits, subunits g and k. Its C-terminal coiled-coil region of
subunit e functions to stabilize the dimeric form of detergent-
solubilized ATP synthase complexes [47].

There are other functional proteins such as signal transduction
protein, transport protein, skeleton proteins etc. Bmb028514 is
a kind of adenine nucleotide translocator, which is a target pro-
tein of nitric oxide, peroxynitrite or 4-hydroxynonenal, which
is involved in the pathological demise of cells via apoptosis
[48]. Transferrin (Bmb000857), glycoprotein, is a blood plasma
protein for iron ion delivery, which reversibly binds iron very
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tightly [49]. Learned from Interpro annotation (Supplementary
Table S3), Bmb013324 (porin) not only transports anion but
also has voltage-dependent ion-selective channel activity. Pro-
tein kinase catalyses the phosphorylation of serine, threonine or
tyrosine residue of target protein, which change the conformation
and function of the target protein. Bmb020823 (serine/threonine
protein kinase) and Bmb004994 (tyrosine protein kinase) play an
important role in many cellular processes such as division, pro-
liferation, apoptosis and differentiation [50]. Microtubule, one
of the basal ingredients of eukaryotic cytoskeleton, is made of
tubulin, adimeric proteins composed of «-tubulin and 3-tubulin.
We identified a kind of «-tubulin (Bmb004930) and three kinds
of 3-tubulin (Bmb008789, Bmb020953 and Bmb003475). Tau
proteins are microtubule-associated proteins that are involved
in microtubule assembly and stabilization and cellular shape,
motility and signal transduction. Bmb000655 is a kind of tau
protein. Learned from Interpro annotation (Supplementary Table
S3), it contains a proline-rich region, so the protein is phos-
phorylated by many kinases, changes the protein’s conformation
and affects its ability to bind microtubules, the tubulin-binding
domain and other cytoskeletal elements. In addition, tau mRNA
is expressed predominantly in neurons, and particularly in their
axons. According to Interpro annotation (Supplementary Table
S3), Bmb019690 is an axon guidance receptor, but tau does not
appear to be an essential protein, since transgenic mice lacking
tau appear to develop a normal nervous system with only mild
alterations in the structure of certain small-calibre axons [51].
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