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The hemolymph of the fifth instar larvae of the silkworm Bombyx mori contains a group of homologous
proteins with a molecular weight of approximately 30 kDa, termed B. mori low molecular weight lipopro-
teins (Bmlps), which account for about 5% of the total plasma proteins. These so-called ‘‘30 K proteins’’
have been reported to be involved in the innate immune response and transportation of lipid and/or
sugar. To elucidate their molecular functions, we determined the crystal structure of a 30 K protein,
Bmlp7, at 1.91 Å. It has two distinct domains: an all-a N-terminal domain (NTD) and an all-b C-terminal
domain (CTD) of the b-trefoil fold. Comparative structural analysis indicates that Bmlp7 represents a new
family, adding to the 14 families currently identified, of the b-trefoil superfamily. Structural comparison
and simulation suggest that the NTD has a putative lipid-binding cavity, whereas the CTD has a potential
sugar-binding site. However, we were unable to detect the binding of either lipid or sugar. Therefore, fur-
ther investigations are needed to characterize the molecular function of this protein.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The silkworm Bombyx mori has been domesticated in China as a
major economic insect for silk production for 5000 years. Similar to
other Lepidoptera, the silkworm has an open circulatory hemo-
lymph system (Vierstraete et al., 2003). The silkworm ‘‘30 K’’ pro-
teins are a group of plasma proteins with a molecular weight of
approximately 30 kDa, which are synthesized in fat bodies and se-
creted into the hemolymph in the later stage of the fourth through
to the fifth instar larvae (Mori et al., 1991). 30 K proteins are trans-
ported from the hemolymph back to the fat body cells during the
larval-pupal transformation (Mine et al., 1983). In sexually mature
female moths, these proteins are transported from the fat bodies to
yolk granules, where they become the second major yolk protein of
the eggs, after vitellin (Maki and Yamashita, 1997). During embry-
onic development, the 30 K proteins are detectable and eventually
vanished after the larval hatching (Zhong et al., 2005).

30 K proteins were previously identified as lipoproteins (Gamo,
1978). However, the lipid content of these proteins and their
functional relationships to human lipoproteins were unknown
(Chapman, 1980). 30 K proteins had also been shown to bind to
glucose, maltose and glucans, suggesting their involvement in
insect self-defense systems (Ujita et al., 2005). In addition, 30 K
proteins had been found to exhibit anti-apoptotic activity (Kim
et al., 2001) and to be involved in translocating chymotrypsin
ll rights reserved.
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inhibitor-8 to the membrane of the midgut (Ueno et al., 2006).
Compared with the classic lipoproteins in the insect hemolymph
or human serum, the 30 K proteins exhibit a lower molecular
weight, and might, at most, represent protein–fatty acid complexes
(Chapman, 1980); therefore, they were classified into the lepidop-
teran low molecular weight lipoproteins family (Lipoprotein_11
family, PF03260, http://pfam.sanger.ac.uk/).

Based on the analysis of the primary sequences deduced from
the genomic sequences (Xia et al., 2004) and expressed sequence
tags (ESTs), ten 30 K proteins (Bmlp1–10) of the silkworm were
identified and grouped into three subfamilies (Sun et al., 2007).
We overexpressed five of them (Bmlp1–3, Bmlp7 and Bmlp8),
and determined the crystal structure of Bmlp7, which is the first
structure in the lipoprotein_11 family. It reveals a novel b-trefoil
family, in addition to the current 14 families of the b-trefoil super-
family (http://pfam.sanger.ac.uk/), which are proposed to arise
from a common ancestor, despite sharing no characteristic binding
sites or subcellular localization motif (Hazes, 1996). Bmlp7 has an
all-a N-terminal domain (NTD) fused to a all-b trefoil C-terminal
domain (CTD). Structural analysis in combination with simulation
indicated a putative lipid-binding cavity at the NTD and one poten-
tial sugar-binding site at the CTD; however, the in vitro binding for
neither lipid nor sugar was detected.

2. Expression, purification, crystallization and data collection

Considering an N-terminal signal peptide (residues from 1–45)
was predicted by SignalP 3.0 server, we cloned the truncated Bmlp7
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(Silkworm Knowledgebase, http://silkdb.genomics.org.cn/silk-
worm/index.jsp, Accession code: Bmb021422, residues from 46
to 284) into the NcoI/NotI digested pET28b expression vector with
a hexahistidine tag (AAALEHHHHHH) at the C-terminus. The non-
labeled protein was expressed in Escherichia coli BL-21 RIL (DE3)
with LB medium. The seleno-methionine (Se-Met) labeled Bmlp7
was expressed in E. coli B834 (DE3) with Se-Met medium
(25 mg/L L-Se-Met and 50 mg/L essential amino acids with M9
medium). After reaching an OD600nm of 0.6–0.8, isopropyl-b-d-1-
thiogalactopyranoside was added to a final concentration of
0.2 mM, and the cells continued growing for another 4 h at 37 �C.
The cells were harvested by centrifugation and resuspended in
5 ml of 20 mM Tris–Cl, pH 8.0, 200 mM NaCl (Buffer A).

After sonication and centrifugation, the supernatant was loaded
on a 0.5 ml Ni–NTA column and eluted with Buffer A containing
20 mM imidazole to remove the contaminants. The target protein
was eluted with Buffer A containing 200 mM imidazole and further
purified by gel filtration with a HiLoad 16/60 Superdex 75 column,
which equilibrated with 20 mM Tris–Cl, pH 8.0, 50 mM NaCl,
14 mM b-mercaptoethanol. Crystallization trials were carried out
at 16 �C by the hanging drop vapor diffusion method, with the ini-
tial condition of mixing 0.8 ll protein at 7 mg/ml with an equal
volume of the reservoir solution. Se-Met Bmlp7 crystals were ob-
tained in 0.05 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, pH 7.5, 0.2 M KCl, 28% pentaerythritol propoxylate (17/8,
PO/OH). The non-labeled Bmlp7 crystals were obtained by mixing
the protein at 12.9 mg/ml with 1.8 M ammonium sulfate, 0.1 M
Tris–Cl, pH 8.5, 20 mM DL-dithiothreitol, 1.72 mM palmitic acid,
and DMSO 1.72%.

The crystals were flash-cooled in liquid nitrogen and subjected
to data collection. The multi-wavelength anomalous diffraction
(MAD) dataset of the Se-Met Bmlp7 crystal at 2.60 Å was collected
with radiation wavelengths of 0.9788 and 0.9793 Å at the Beijing
Table 1
Data collection, phasing and refinement statistics.

Data collection
MAD Peak MAD Edge

Wavelength (Å) 0.9788 0.9793
Space group C2 C2
Unit cell (Å, �) a = 59.96, b = 56.86 c = 70.73, a = c = 90.00

b = 114.23
a = 59.91, b = 5
b = 114.23

Resolution limit (Å) 25.00–2.60 (2.69–2.60) 25.00–2.60 (2.6
Unique Reflections 6756 (643) 6742 (646)
aCompleteness (%) 99.9 (98.6) 99.8 (98.3)
bRmerge 6.1 (12.3) 5.4 (12.4)
I/r(I) 45.5 (18.0) 38.2 (15.2)
Redundancy 6.1 6.5
Heavy atom sites 2 2

Refinement
Resolution limit (Å)
cRfactor (%)
dRfree (%)
eRMSD bond length

(Å)
RMSD bond angles (�)
Average B factor (Å2)
fRamachandran plot
Most favored (%)
Additional allowed

(%)
PDB entry

a The values in parentheses refer to statistics in the highest bin.
b Rmerge ¼

P
hkl
P

ijIiðhklÞ� < IðhklÞ=
P

hkl
P

iIðmÞ; where Ii(hkl) is the intensity of an ob
over all reflections.

c Rfactor ¼
P

hjFoðhÞ � FcðhÞj=
P

hFoðhÞ where Fo and Fc are the observed and calculate
d Rfree was calculated with 5% of the data excluded from the refinement.
e Root-mean square-deviation from ideal values.
f Categories were defined by Molprobity.
Synchrotron Radiation Facility (BSRF). The dataset of the non-
labeled Bmlp7 at 1.91 Å was collected with radiation wavelength
of 0.9795 Å at the Shanghai Synchrotron Radiation Facility (SSRF).
All diffraction data were processed with HKL2000 (Otwinowski
and Minor, 1997).
3. Structure determination

Before overexpressing Bmlp7 in E. coli, we have successfully
purified the natural Bmlp7 from silkworm hemolymph for crystal-
lization and collected the diffraction data at 1.60 Å at BSRF. How-
ever, the dataset of natural Bmlp7 crystal was rather poor
(results not shown). Therefore, we cloned eight of the ten 30 K
genes, purified five of them (those encoding Bmlp1–3, Bmlp7 and
Bmlp8) and obtained the crystal of Bmlp7. After optimization,
the crystal of non-labeled Bmlp7 was diffracted to 1.91 Å at SSRF
and the Se-Met derivative crystal was diffracted to 2.60 Å at BSRF.

The Bmlp7 diffraction was phased against the MAD data of the
Se-Met-substituted protein to a maximum resolution of 2.60 Å (C2
space group). Two out of six methionine positions were identified
with the SHELX program suite (Sheldrick, 2008). The phase was
calculated and further improved with the program SOLVE/RE-
SOLVE (Terwilliger and Berendzen, 1999). Automatic model build-
ing with the ARP/wARP program (Perrakis et al., 1997) was carried
out against the MAD data from 25.00 Å to 2.60 Å. Then the initial
model was used for the molecular replacement process of the
non-labeled dataset at 1.91 Å (P1 space group) with MOLREP (Va-
gin and Teplyakov, 2010) in CCP4 (Collaborative Computational
Project No. 4, 1994). Refinement was carried out using the maxi-
mum likelihood method implemented in REFMAC (Murshudov
et al., 1997) and the interactive rebuilding process in COOT (Ems-
ley and Cowtan, 2004). The overall assessment of model quality
was checked with MOLPROBITY (Most favored: 98.9%) (Lovell
Non-labeled

0.9795
P1

6.83 c = 70.68, a = c = 90.00 a = 41.86, b = 49.32, c = 54.79, a = 93.26 b = 94.04,
c = 103.47

9–2.60) 50.00–1.91 (1.94–1.91)
31,866 (1572)
96.8 (95.9)
6.9 (19.4)
8.3 (4.8)
2.7

50.00–1.91 (1.96–1.91)
19.3
23.5
0.010

1.186
25.83

98.9
1.1

3PUB

servation and <I(hkl)> is the mean value for its unique reflection; Summations are

d structure-factor amplitudes, respectively.
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et al., 2003). The final atomic coordinates and structure factors
were deposited in the Protein Data Bank under the accession code
of 3PUB (Rfactor = 19.3%, Rfree = 23.5%). The crystallographic param-
eters of the three datasets are listed in Table 1. All structure figures
were prepared with PyMOL (DeLano, 2008). In the later sections,
‘‘Bmlp7’’ would indicate the non-labeled Bmlp7 (P1 space group),
if not specially annotated.
4. Overall structure of Bmlp7

Each asymmetric unit of the Bmlp7 crystal contains two identi-
cal molecules with a root mean square deviation (RMSD) of 0.31 Å
over 229 Ca atoms. We could trace the electron density from Val50
to Phe284 for chain A, and Val50 to Ala285 for chain B. The dimeric
interface in the asymmetric unit predominantly consists of electro-
static interactions via an interface adding up to 1600 Å2. This di-
meric form could be observed in both crystals of space group P1
and C2. Results from PISA server (Krissinel and Henrick, 2007)
showed this dimeric form is most likely an aggregation pattern.
However, we did not observe the peak corresponding to the dimer
during gel filtration, thus the CTD-CTD dimeric interface might be
the result of crystal packing rather than specific dimerization.

Bmlp7 folds into two distinct domains: an all-a NTD (Ala46–
Asn133) and an all-b CTD (Ala134–Phe284) (Fig. 1). However, res-
idues 46–49 and those after Phe284 are disordered that they could
not be traced from the electron density map. The two domains are
mainly interacted via hydrophobic interactions with an interface
Fig. 1. Overall structure of Bmlp7. The NTD (red) contains six helices, arranged as a
right-handed superhelix. The CTD (green) is a typical b-trefoil barrel. The two
domains are mainly linked via hydrophobic interactions.
adding up to 2000 Å2. The NTD contains six helices, arranged as a
right-handed superhelix, forming a well-defined hydrophobic cav-
ity at the center. The overall structure of the CTD is a b-trefoil bar-
rel composed of 12 anti-parallel b-strands that are arranged in six
two-stranded hairpin-shaped segments, three of which form the
barrel sidewall, whereas the remaining three form a triangular
cap. These segments fold into three structural repeats (CTD_a, b
and c), each of which consists of four b-strands, with the second
and third strands separated by a b-hairpin and the other two con-
nected by loops of variable length.
5. The all-a NTD and the putative lipid binding cavity

Structural comparison using the DALI server (Holm and Sander,
1998) showed that, although the arrangement of the NTD of Bmlp7
is similar to that of a monomer of the cleavage and polyadenylation
factor Pcf11 (Meinhart and Cramer, 2004) from Saccharomyces
cerevisiae (PDB: 1SZA, RMSD = 2.20 Å, over 69 Ca atoms), residues
involved in hydrophobic-core packing or binding sites are totally
different. Another hit of the DALI output is the barley lipid transfer
protein (Lerche and Poulsen, 1998) (LTP, PDB: 1BE2,
RMSD = 2.50 Å, over 60 Ca atoms) which has a palmitic acid in
its U-shaped hydrophobic cavity. A deep cavity at the center of
the NTD of Bmlp7 was also revealed by the CAVER program (Petrek
et al., 2006) (Fig. 2A). The surface of this cavity is made up of res-
idues Leu59, Ile63, Ala71, Leu78, Val86, Ile87, Val90, Val91, Leu94,
Tyr105, Leu109, Ile117 and Phe122. Outlets of this hydrophobic
cavity are sealed by residues Tyr60, Val64, Lys99, Met100 and
Asn101 on one side, and by Leu55, Gln58, Lys74, His77 and
Lys83 on the other side (Fig. 2A). Despite the structural similarity
between Bmlp7 and LTP, the loops connecting helices a1, a2 and
a3 of Bmlp7 are shorter than those in LTP. Moreover, two short
helices, a5 and a6, cover the entrance of the hydrophobic cavity,
whereas the same place is held by a flexible loop in LTP (Fig. 2B).
We have tried to obtain the Bmlp7�palmitic acid complex, or to
detect their interaction by isothermal titration calorimetry (ITC),
but we failed. Calculation showed that the volume of palmitic acid
is 293.75 Å3 (Generate 3D server), while the cavity volume of
Bmlp7 NTD is only about 234 Å3 (CASTp server) which is too small
to accommodate a palmitic acid molecule. Although 30 K family
proteins were reported as lipoproteins, the natural lipid associated
with these proteins is unknown. The failure to detect palmitic acid
binding may imply Bmlp7 has a different lipid ligand.
6. The all-b CTD and the putative sugar-binding sites

In addition to the all-a NTD, Bmlp7 has an all-b CTD which be-
longs to the b-trefoil fold. Several hydrophobic residues (Leu137,
Leu146, Trp174, Ile189, Leu198, Trp225, Ile240, Leu249 and
Trp279) form the hydrophobic core of the b-trefoil barrel
(Fig. 3A). According to the Pfam database, the b-trefoil fold has
been found in 14 families (CL0066, http://pfam.sanger.ac.uk/),
including fibroblast growth factors, Kunitz soybean trypsin inhibi-
tors, and ricin-like toxins. The relationship between these 14 fam-
ilies can be defined by the similarity of their sequences or
structures or by profile-hidden Markov models. The previous struc-
tures of b-trefoil family show that the lectin domain tends to fuse
to a wide variety of functionally and/or structurally unrelated do-
mains, thus forming a new family. Bmlp7 is the first example of the
15th b-trefoil fold family.

To find some clues to the function of this domain, we performed
a structural homology search with DALI server and found that all of
the top 40 hits were b-trefoil proteins. The ricin B-type domain of
mosquitocidal holotoxin (Hazes and Read, 1995; Treiber et al.,
2008) (PDB: 2VSE, Z-score = 17.6) is the most similar to the CTD

http://www.pfam.sanger.ac.uk/


Fig. 2. Structural analysis of the NTD of Bmlp7. (A) The six helices from NTD form a well-defined hydrophobic cavity at the center. (B) Superposition of the Bmlp7 NTD (red)
and the barley LTP (yellow) shows the cavity in the two structures are similar. However, the C-terminus of LTP is a flexible loop, while that of NTD is composed of two small
helices. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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of Bmlp7. Despite a relatively low sequence identity (17%), the two
structures could be readily superimposed, giving an RMSD of
2.60 Å over 137 Ca atoms. Moreover, the key residues at the hydro-
phobic core are highly conserved (Fig. 3A).

In these 40 b-trefoil structures, we found 9 proteins with a su-
gar at the their sugar-binding sites (Fujimoto et al., 2002; Grahn
et al., 2007; Mancheno et al., 2005; Maveyraud et al., 2009;
Nakamura et al., 2008; Notenboom et al., 2002; Rutenber et al.,
1991; Suzuki et al., 2009). The sugar molecule could bind to the
protein via p-p stacking interactions with the aromatic residue lo-
cated at b3 in each b-repeat. The sugar molecule is also stabilized
by hydrogen bonds between the hydroxyl moiety of the sugar
and several polar residues around. The alignment of the three
b-repeats of Bmlp7 and the sugar-binding sites of the above nine
proteins revealed the relatively conserved sugar-binding residues
are Trp/Tyr/His, all of which could offer p-p stacking interactions
(Fig. 3B). For example, the lactose in the structure of plant cyto-
toxin ricin (Rutenber et al., 1991) (PDB: 2AAI, Z-score = 13.2,
RMSD = 2.60 Å over 122 Ca atoms, compared to Bmlp7) was stabi-
lized by p-p interaction to Tyr248, together with several hydrogen
bonds. Superposition revealed that Tyr266 from the CTD_c repeat
of Bmlp7 is the counterpart of Tyr248 of the plant cytotoxin ricin
(Fig. 3C). However, corresponding residues in the CTD_a and
CTD_b repeats of Bmlp7 are Gly162 and Val215, which could not
offer the p-p interactions (Fig. 3B). Thus we presumed that only
the CTD_c repeat of Bmlp7 has the potential for sugar binding.

In order to check the sugar-binding capacity of Bmlp7, we
tested two major sugar molecules in silkworm hemolymph,



Fig. 3. Structural comparison of the CTD of Bmlp7. (A) Superposition of the CTD (green) against the mosquitocidal holotoxin (yellow). The key residues at the hydrophobic
core are highly conserved. (B) Multiple-sequence alignment of the three b-repeats of Bmlp7 and sugar-binding motifs of the b-trefoil proteins. The three b-repeats of Bmlp7
are termed B7CTD_a, b and c, respectively. The other b-trefoil proteins include: MOA (Marasmius oreades agglutinin); RCA (Ricinus communis agglutinin); RCR (R. communis
cytotoxin ricin); SNA-II (galactose/N-acetylgalactosamine-specific lectin of the bark of elderberry Sambucus nigra); SLXBD (xylan-binding domain of Streptomyces lividans);
SOXBD (xylan-binding domain of Streptomyces olivaceoviridis E-86); LTL (galactose-binding lectin EW29 from the earthworm Lumbricus terrestris); CBT (Clostridium botulinum
type C 16S progenitor toxin); and LSL (lectin from the parasitic mushroom Laetiporus sulphureus). The sugar-binding residues are marked. The residue number at the N-
terminus of each b-repeat is indicated. (C) Superposition of the third b-repeat (green) of Bmlp7 CTD against the cytotoxin ricin of R. communis (yellow). Tyr266 of Bmlp7 and
Tyr2480 of R. communis ricin are putative residues for sugar binding. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this paper.)
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trehalose and glucose. However, we were unable to detect the
binding of d-trehalose or d-glucose (both at a maximum concen-
tration of 2 mM) to Bmlp7, either using ITC or fluorescence spec-
trometry. We supposed that a sugar of different type may be the
natural ligand for Bmlp7.
7. All 30K proteins have a similar organization

Based on the complete genome sequence draft of the silkworm
(Xia et al., 2004) and ESTs, Sun et al. systematically analyzed and
renamed ten isoforms of 30 K proteins which shared a sequence
similarity above 85% (Sun et al., 2007). In order to further analyze
the 30 K proteins, we submitted the sequence of Bmlp7 to BLAST
(Altschul et al., 1990) against the non-redundant protein se-
quences database. Among the 32 top hits, 29 are silkworm pro-
teins, whereas three proteins are from two other species
(Pseudaletia separate and Manduca sexta). All 32 proteins belong
to the lipoprotein_11 family. After removing 19 sequences, which
have a sequence identity of more than 85%, we selected 13 proteins
with an identity from 83% to 29% to perform the alignment. The
alignment showed that these 13 sequences are relatively
conserved, especially the residues forming the NTD hydrophobic
cavity (Fig. 4A). Moreover, these proteins have an organization
similar to that of Bmlp7: a signal peptide and an all-a NTD fol-
lowed by an all-b CTD (Fig. 4B).
8. Putative structure–function relationship of 30K proteins

In all innate immune response systems, the most important
step is that pattern-recognition proteins bind sugar molecules
(e.g. b-1,3-glucan) on the surfaces of invading pathogens (Yu
et al., 2002). A recombinant B. mori 30 K protein 6G1 (Bmlp1)
was reported to bind glucans and participate in the activation of
prophenoloxidase cascade. Also, Bmlp1 could interfere with hyphal
growth of the entomopathogenic fungus Paecilomyces tenuipes
(Ujita et al., 2005). Recently, several anti-apoptotic fractions from
B. mori hemolymph were obtained. The one exhibiting the highest
activity was a 30 K protein (Choi et al., 2006). These results suggest
that 30 K proteins probably play a crucial role in the protection of
B. mori against invading pathogens. Considering the similar pri-
mary sequence and organization of 30 K proteins, we proposed
that the putative sugar-binding site may be the basis for its im-
mune related function. The CTD might bind some special sugar
molecules on the surface of invading pathogens. Then the NTD
probably would bind some special lipids or downstream protein
factors, which could activate the immune system. Various isoforms



Fig. 4. Multiple-sequence alignment and organization of 30 K proteins. (A) Multiple-sequence alignment of 30 K proteins. We selected 13 proteins with an identity from 83%
to 29% to perform the alignment (gi|110649254| from M. Sexta; gi|34392593| from P. separate; others all from B. mori). These 13 sequences are relatively conserved, especially
the hydrophobic cavity-forming residues (blue triangles) and the putative sugar-binding residue (red star). (B) Organization of 30 K proteins. They all consist of a signal
peptide, an all-a NTD, and an all-b CTD. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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of 30 K proteins might be responsible for diverse pathogens, thanks
to different sugar molecules binding to their surfaces. However,
more investigations are needed to define the interacting partners
of NTD and CTD of Bmlp7 or other 30 K proteins.
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