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"Why water boils at 100° and methane at -161°, why blood is red and grass is green,
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the answers to all these problems have come from structural analysis."
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INTRODUCTION

Insects are a class of invertebrates belonging to arthropods and one of the most diverse
groups of animals on Earth. It is easy to find common features of insects, they are tiny
six-legged animals with a three-part body structure (comprising of head, thorax and abdomen)
and a chitinous exoskeleton. However, further comparison becomes more difficult.
Morphology, physiology, food habitats and development of a particular insect reveal
differences between insects' species and are strictly connected to the adaptation of the insect
to its environment (Klowden, 2007). At the molecular level these differences are determined
by genes and consequently, by proteins, the products of the genes’ expression. Proteins are
involved in metabolic pathways, signal transduction, transport of specific ligands, immune
response, etc. Proteins participate in almost all processes occurring in the living body
and, what is noteworthy, their function is strictly dependent on their structure, which is unique
for each protein molecule. Nowadays, the final characterization of particular species should
consist not only of the description of their morphology and physiology, but it should also
contain the information about their genes and proteins.

My PhD project concerns the purification, crystallization and crystal structure
determination of silkworm hemolymph proteins. The first part of this chapter is dedicated
to the mulberry silkworm, its development and its significance to industry, medicine
and molecular biology. In the second part, all available information about the major

hemolymph proteins is summarized.

3.1. MULBERRY SILKWORM

Among more than a million described insect species (Chapman, 2006) only two are
domesticated: the honey bee (Apis mellifera) and the mulberry silkworm (Bombyx mori).
The name of the latter one refers to its preferred source of food, namely leaves of white
mulberry (Morus alba; Hiratsuka, 1999). The mulberry silkworm belongs to the family
Bombycidae of insect order Lepidoptera. The breeding of silkworms for the production of silk
dates back to the third millennium B.C.E. In consequence of over 5000 years of breeding,
the insect became incapable of living in a natural environment. The silkmoth lost its ability
to fly and is now strictly dependent on humans (Goldsmith et al., 2005). Its closest relative is
the wild silkworm (Bombyx mandarina), with which domesticated silkworm is still able
to hybridize (Arunkumar et al., 2006). To this date, the mulberry silkworm remains the main
producer of natural silk fiber, but more and more often this insect serves as a model organism

in science (Goldsmith et al.,, 2005) and as a "factory" for production of recombinant
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3. Introduction

eukaryotic proteins (Mathavan et al., 1995; Kadono-Okuda et al., 1995; Sumathy et al., 1996;
Tomita et al., 2003).

3.1.1. Life cycle of mulberry silkworm

The mulberry silkworm, like all insects belonging to the Lepidoptera order, undergoes
a complete metamorphosis (Grzimek et al., 2004), which is a highly successful mechanism
of biological adaptation. A larva of a particular insect differs significantly from its adult form
in morphology, physiology and diet. Such differences allow the adaptation of one

developmental stage for a particular role (Truman and Riddiford, 1999).

Eggs
Egg laying £

10-12 days ’

Emergence
from cocoon

10-12 days

Hatching

10-12 days ‘%

Cocoon
(pupal stage)

Spinning silk §§.
filament €

Fifth instar larvae

Fig. 3.1 The full life cycle of the mulberry silkworm.

The scheme presents the development of the mulberry silkworm divided into three stages: the larval (green),
the pupa (yellow) and the adult form (blue). The proteins of interest, the object of this dissertation, were isolated
from fifth instar larvae, marked by a red dotted ellipse. The scheme was prepared according to Hiratsuka, 1999;
Grzimek et al., 2004. Photos were obtained thanks to the courtesy of Dr. Malgorzata fochynska
from the Institute of Natural Fibres and Medicinal Plants in Poznan.

The full cycle of development (Fig. 3.1), starting from a caterpillar hatched from
an egg to the adult form, is controlled by two families of hormones, the juvenile hormones
(JH) and the ecdysteroids (Fig. 3.2) (Riddiford and Truman, 1978). Interestingly,
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the ecdysone was isolated for the first time from the mulberry silkworm pupae (Butenandt
and Karlson, 1954). Silkworm’s development can be divided into three stages: the larva
(caterpillar), the pupa and the adult form (butterfly). The presence of JH in the hemolymph
maintains the larval stage (Riddiford and Truman, 1978), a caterpillar feeds itself
with mulberry leaves and is growing through five instars (growth steps with molting).
At the end of the fifth instar, the level of JH decreases in the hemolymph and an increase
of ecdysteroids, especially 20-hydroxyecdyson (20E), occurs and triggers the metamorphosis
(Riddiford, 1993). The larva spins itself into a cocoon of raw silk produced in the silk glands.
Fibroins, one of the main constituents of raw silk, are synthesized in the posterior silk glands,
then extruded by peristaltic motion to the ducts of the middle silk glands and finally
they reach the lumen of the anterior silk glands (Magoschi et al., 1994). The reduction of pH
from the posterior to the anterior part of the silk glands causes gelation of the condensed
fibroin (Terry et al., 2004). At the end of the larval and the beginning of the pupal stage
the high titre of 20E in the hemolymph induces the programmed cell-death of the silk glands
(Terashima et al., 2000). The caterpillar enclosed in the cocoon digests itself. During
metamorphosis all tissues are disintegrated except for the imaginal discs which are
responsible for cellular differentiation and morphogenesis (Andres and Thummel, 1992).
An adult form of mulberry silkworm is a white butterfly, which has reduced mouth parts
and does not feed (Grzimek et al., 2004).

JH 0: R=R'=R"™=CH,CH,, R"=H

JH I: R=R'=CH,CH, R"=H, R"=CH,
JH ll: R=CH,CH, R'=R"™=CH, R"=H
JH Ill: R=R'=R™=CH,, R"=H

iso-JH 0: R=R'=CH,CH, R"=R"'=CH,

ecdysone: R1=R2=H, R3=0H

20E: R1=R3=0H, R2=H
ponasterone A: R1=OH, R2=R3=H
makisterone A: R1=R3=0H, R2=CH,

H

o)

Fig. 3.2 Insect hormones.

Chemical structures of a) juvenile hormone isoforms (Kochman and Wieczorek, 1994) and b) ecdysteroids
(Cymborowski, 1984).




3. Introduction

3.1.2. The silkworm genome and transcriptome

The mulberry silkworm was the first insect within the order Lepidoptera for which
a draft of the genomic sequence was completed in 2004, independently by Chinese (Xia et al.,
2004) and Japanese (Mita et al., 2004) groups. Four years later, the two data sets from
whole-genome shotgun sequencing were merged, supplemented with newly obtained
sequences and made available by The International Silkworm Genome Consortium formed
by the two mentioned research teams. 14 623 gene models were predicted and for about three
thousand of them no homologs in other insect or vertebrate genomes were found. These genes
are related to silk production and the silkworm's food habitats. For instance, the presence
of new-type sucrase genes is an adaptation to feeding on mulberry leaves containing toxic
alkaloids (The International Silkworm Genome Consortium, 2008). The genome information
obtained in 2004 by the Chinese group was collected and in 2005 the first knowledgebase
for silkworm biology and genomics, SilkDB, was created (Wang et al., 2005). The updated
version of this database, SilkDB v2.0, has been accessible since 2010 (Duan et al., 2010).

In 2012 the silkworm transcriptome was studied. High-throughput RNA sequencing
was used to explore the transcriptome of silkworm at different developmental stages.
11 884 of 14 623 predicted genes were found to be expressed in the silkworm body.
The transcriptome analysis indicated that 3247 genes undergo alternative splicing.
The authors concluded that the silkworm transcriptome has not yet been fully elucidated
due to its functional complexity. A database with the transcriptome data (SilkTransDB) is
accessible online (Li et al., 2012).

Although detailed information about the silkworm genome and transcriptome is now
available, further studies on the silkworm proteome are necessary for the exact description
of the biological processes occurring in its body. Still few silkworm proteins have been
well-characterized and the number of silkworm protein structures in the Protein Data Bank
(PDB; Berman et al., 2000) is very low. In September 2009, at the beginning of the project
presented in this dissertation, there were 34 structures of silkworm proteins deposited
in the PDB. As of December 2013 this number increased to 61 structures, among them six are

the results of the research described in this thesis.




3. Introduction

3.1.3. Mulberry silkworm as an important insect in industry
and science

The art of rearing silkworms for the production of raw silk is called sericulture and has
become one of the most important cottage industries in many countries. The two main silk
producers are China and India, manufacturing 60 % of the world's silk. Sericulture has been
taken up to prevent poverty and unemployment of people in rural areas of a number
of countries, i.e. Brazil, Thailand, Vietnam, Indonesia, Egypt, Iran, Sri Lanka, the Philippines,
Bangladesh, Nepal, Myanmar, Turkey, Papua New Guinea, Mexico, Uzbekistan. The global
silk production is around 70, 000 to 90, 000 tonnes per year (Sohn, 2003).

Furthermore, the chrysalides, rejected from silk industry after fiber extraction, can be
used as adsorbents for lead, nickel and copper cations from wastewaters. The chrysalides are
rich in chitin and have good metal-adsorbent capacity (Paulino et al., 2006). Chitin can also
be extracted from chrysalides and deacetylated to obtain chitosan which adsorbs metal cations
more efficiently. The procedure of chitosan production from silkworm chrysalides was
developed by Paulino et al., (2007).

The silkworm also became an attractive object for science due to low costs of its
feeding and the ease of its rearing. It is a good model organism for pest control studies
(Goldsmith et al., 2005) and a bioreactor for recombinant eukaryotic protein production
(Mathavan et al., 1995; Kadono-Okuda et al., 1995; Sumathy et al., 1996; Tomita et al.,
2003). Viruses were employed as expression vectors and the Bombyx mori nuclear
polyhedrosis virus (NPV) was the most popular. The first expressed recombinant proteins
in silkworm expression system were: human parathyroid hormone (Mathavan et al., 1995)
and human growth hormone (Kadono-Okuda et al., 1995; Sumathy et al., 1996).
The recombinant proteins are usually secreted into the hemolymph; however, the generation
of transgenic silkworms that produce cocoons containing recombinant human 111 procollagen
mini-chain was also reported (Tomita et al. 2003). Recently, a new baculovirus-silkworm
multigene expression system (Bombyx mori MultiBac) was developed enabling an effective
simultaneous expression of several heterologous genes in silkworm larvae or pupae (Yao
etal., 2012).

Mulberry silkworm is also used in medical tests. The researchers were looking
for a non-vertebrate model to test drug efficacy in the early stages of its development
and to eliminate drug candidates with a high toxicity. It was established that the mulberry

silkworm is a good model, consistent with the murine model, for development of drugs




3. Introduction

against Staphylococcus aureus infection (Fujiyuki et al., 2010), as well as for the evaluation
of therapeutic drugs for hyperuricemia and gout (also known as podagra) treatment (Zhang
etal., 2012a).

Finally, the genome and proteome comparison of domesticated silkworm (B. mori)
and wild silkworm (B. mandarina) is interesting from an evolutionary point of view.
The comparative studies of both species enable us to observe the impact of selective breeding
and to describe the evolution related gene mutations. Molecular phylogenetic analysis
indicates that the mulberry silkworm probably originated from B. mandarina (Arunkumar
et al., 2006).

3.2. HEMOLYMPH PROTEINS

The silkworm, as all insects, has an open circulatory system and hemolymph is
the arthropods’ analog of blood. The most important functions of hemolymph are:
the transport of nutrient substrates to utilization sites and delivery of metabolic wastes
to the excretory system. Hemolymph also serves as a reservoir of water and as a medium
for cellular and humoral defense. The immune response is triggered in the hemolymph
when bacteria or fungi enter a silkworm’s body (Klowden, 2007). The percentage
of hemolymph as a proportion of body weight in the silkworm is especially high after eating,
thus the body of the extensively feeding silkworm larvae contains a lot of hemolymph
(Hiratsuka, 1999).

The most abundant group of hemolymph proteins are lipoproteins, the proteins
involved in lipid transport, which was established by specific lipid staining following
hemolymph electrophoresis (Whitmore and Gilbert, 1974). Silkworm hemolymph contains
two main lipoprotein fractions, high molecular weight storage proteins (Whitmore
and Gilbert, 1974) and low molecular weight 30-kDa lipoproteins (30-kDa LPs) (Gamo,
1978; lzumi et al.,, 1981), both groups will be discussed in the following sections.
Hemolymph lipoproteins transport lipids released from the silkworm fat body (FB). The main
form in which lipids are transported in insects are diglycerides, although they are stored
in the FB as triglicerydes. The FB is an analog of the vertebrate liver and adipose tissue
(Gilbert and Chino, 1974). There are two types of FB: larval (peripheral) FB (PPFB) located
at the epidermis, and pupal (periviscelar) FB (PVFB) situated in the visceral compartment
(Anderson, 1972). Hemolymph lipoproteins are synthesized in large quantities in the PPFB
(Fig. 3.3a) during the feeding period, mainly during the fifth instar, and secreted (Fig. 3.3b)
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to hemolymph (Vanishree et al., 2005). At the end of the fifth instar, when the spinning starts,
the lipoproteins are taken up into the PVFB and stored as granules (Fig. 3.3c). They are
storage proteins for adult development when the moth cannot feed anymore (Locke
and Collins, 1968).

VLA sty
{® =
g N j [ ]PVFB

g5 @ LPs

V instar (the beginning) V instar (the middle) V instar (the end)

Fig. 3.3 The fate of lipoproteins in a silkworm’s body.

The cross section scheme of the silkworm larva a) at the beginning, b) the middle and c¢) the end of the fifth
instar and the localization of the lipoproteins. The expansions of the abbreviations in the legend are: MGL -
midgut lumen, SG - silk glands, HL - hemolymph, PPFB - peripheral fat body, PVFB - perivisceral fat body, LPs
- lipoproteins. Only the elements important for this scheme are shown. The scheme was prepared according
to Locke and Collins, 1968; Vanishree et al., 2005.

In the last few years proteomic studies of silkworm were focused on the quantitative
identification of the proteins present in the silkworm body. Three publications reported
the analysis of hemolymph proteome (Li et al., 2006; Hou et al., 2010; Pakkianathan et al.,
2012). The proteome of PPFB and PVFB was also described (Pakkianathan et al., 2012).
Additionally, one report concerned the embryonic proteome (Li et al., 2009a),
one the endocrine organs (Li et al., 2009b) and one was about the proteome of silkworm head
(Li et al., 2010). All these studies were performed using 2D electrophoresis, liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) or matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS).
The identification of proteins was done according to LC-MS/MS data and its analysis using
the public databases, i.e. UniProt, SilkDB. The hemolymph proteome studies indicated
that the protein content varies greatly at different stages, the analysis was carried out
for hemolymph collected from the first day of the fifth instar larvae to the matured fifth instar
larvae (Li et al., 2006), to the sixth day of pupal stage (Pakkianathan et al., 2012)
or to the emergence of adult moth from cocoon (Hou et al., 2010). The number of proteins

present in the hemolymph ranges from 241 to 298. The proteins are concentrated mainly in pl
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3. Introduction

3.5-6.5 (Li et al., 2006) and usually have a molecular weight (of monomers) between 20
and 97 kDa (Hou et al., 2010).

3.2.1. High molecular weight storage proteins

Two forms of high molecular weight storage proteins, which are present
in the mulberry silkworm were widely described to this date. They are referred to as Bombyx
mori storage protein 1 (SP1; Sakurai et al., 1988) and 2 (SP2; Fujii et al., 1989). Both proteins
are often also denoted as sex-specific proteins. Until the end of the fourth larval instar their
amount in the hemolymph is relatively low and equal in both sexes. They are synthesized
predominantly during the last instar, parallel with the disappearance of JH from hemolymph
(Tojo et al., 1980) and SP1 is then expressed only in females (Sakurai et al., 1988). The level
of SP2 expression is two times higher in females, but the protein is present also in males
(Fujii et al., 1989). Both proteins are transported to PVFB and the protein granules are formed
(Locke and Collins, 1968). The proteomic studies revealed that SP1 and SP2 constitute 60%
of total FB protein in females, whereas only 20% in males (Hou et al., 2010).

Both proteins, SP1 and SP2, have a similar molecular size of around 500 kDa and are
hexamerins. Each contains six subunits of a molecular weight of about 85 kDa (Tojo et al.,
1980). However, their amino acid sequences (Table 3.1) and biochemical characteristics are
different and they belong to two different protein families. SP1 is a methionine-rich
hexamerin with a content of methionine of 11.1% (Sakurai et al., 1988). The amino acids
composition of SP2 is rich in aromatic amino acids (mainly phenylalanine and tyrosine)
which constitute 19.0%. Thus, SP2 is classified as an arylphorin-type storage protein (Fujii
etal.,, 1989). The term "arylphorin” was proposed by Telfer et al. (1983) when the first
protein of this type was isolated from the tobacco hornworm, Manduca sexta. The content
of aromatic amino acids in arylphorins isolated from lepidopteran species is usually between
15 and 20 % mol. (Tojo et al., 2012). Both types of hexamerines are evolutionarily related
to arthropod hemocyanin family (Telfer and Kunkel, 1991). The solution of insect high
molecular weight lipoproteins is usually yellow, due to their content of 3-carotene and lutein
which are not covalently bound to the protein molecules (Chino et al., 1969). The main
physiological role of SP1 and SP2 is the storage of amino acids for the development of adult
tissues at the final developmental stages (Levenbook and Bauer, 1984). The more detailed
review about storage proteins in Lepidoptera, including SP1 and SP2, was prepared by Tojo
etal. (2012).

11
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Table 3.1 Sequence homology among silkworm storage proteins.

SP1 SP2 (UniProt_1) SP2 (UniProt_2) SP3
APA 52 (33) 85 (69) 87 (70) 78 (61)
SP1 50 (32) 51 (33) 48 (32)
SP2 (UniProt_1) 91 (90) 78 (63)
SP2 (UniProt_2) 79 (65)

The table presents % sequence similarities (and identities) among different sequences of oak silkworm (APA)
and mulberry silkworm  storage proteins  (SP1, SP2, SP3) calculated using BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990). UniProt_1 and UniProt 2 refer to two different
sequences of SP2, accession codes: P20613 and Q1HPP4, respectively.

According to recent reports, SP1 and SP2 are not the only storage proteins present
in mulberry silkworm hemolymph. The genomic (The International Silkworm Genome
Consortium, 2008) and proteomic (Hou et al., 2010) studies revealed that there is at least one
more silkworm storage protein, SP3. The only available information about this
uncharacterized protein is that it can be classified as an arylphorin (aromatic amino acid
residues constitute 20.7% of the sequence) and shares a similar expression pattern with SP2
(Hou et al., 2010).

To this date, only one crystal structure of arylphorin (from wild oak silkworm,
Antheraea pernyi) was determined (PDB code: 3GWJ; Ryu et al., 2009) and no structures

of methionine-rich hexamerins are available in the PDB.

3.2.2. 30-kDa Lipoproteins

Hemolymph low molecular weight lipoproteins are usually referred to as major
hemolymph proteins or 30-kDa lipoproteins (30-kDa LPs) due to their molecular weight
of about 30 kDa (Gamo, 1978; lzumi et al., 1981; Sakai et al.,1988; Mori et al., 1991).
In 1981 it was reported that 30-kDa LPs are synthesized in the silkworm body
in a stage-dependent manner. The accumulation of these proteins in hemolymph occurs after
the third day of the fifth larval instar (Izumi et al., 1981) and thus 30-kDa LPs are also

defined as proteins specific to the final larval stage.

3.2.2.1. The fate and the role of 30-kDa LPs in silkworm body
The biosynthesis of 30-kDa LPs is regulated at the transcriptional level (Mori et al.,
1991). The 30-kDa LPs are synthesized in PPFB of both sexes (Vanishree et al., 2005),

mainly during the fifth instar - from the very beginning of this developmental stage
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to the pupation. The start of the synthesis is connected to the disappearance of the JH
from the hemolymph (Izumi et al., 1981). It was established that surgical removal of corpora
allata, which is the site of JHs synthesis, leads to an accumulation of 30-kDa LPs
in the hemolymph of fourth instar larvae (Izumi et al., 1984). Inversely, cultured PPFB cells
treated with methoprene, a JH analog, do not synthesize 30-kDa LPs. The JH response
element was identified in the promoter regions of the 30-kDa genes (Ogawa et al., 2005).
Additionally, it was found that PBX proteins, a superfamily of atypical
homeodomain-containing transcription factors (Burglin, 1994), suppress the 30-kDa genes’
expression (Ogawa et al., 2005).

As well as high molecular weight lipoproteins, 30-kDa LPs are secreted
into the hemolymph after synthesis and moved into PVFB (Vanishree et al., 2005),
where they accumulate forming high molecular weight aggregates (Pakkianathan et al., 2012).
They serve as storage proteins during pupation and adult development (Vanishree et al.,
2005). The 30-kDa LPs are used as the source of nutrition after enzymatic digestion (Hou
et al., 2010).

In female moths, 30-kDa LPs are relocated from PVFB into yolk granules
and after vitellin they are the second major yolk protein (Zhu et al., 1986; Chen
and Yamashita, 1990; Maki and Yamashita, 2001). The 30-kDa LPs constitute about 35 %
of total yolk proteins (Zhu et al., 1986). During embryonic development 30-kDa LPs are still
present in the silkworm embryo body (Hou et al., 2010). It was reported that in diapause
silkworm eggs a complex transporting tryptophan metabolites and ommochrome (a natural
organic pigment) for the creation of serosa, membranes which line and enclose several body
cavities, is formed by 30-kDa LPs (Sawada et al., 2007). The 30-kDa LPs disappear after
hatching (Hou et al., 2010).

Beside being a source of nutrition, 30-kDa LPs are probably also involved in immune
response pathway, namely antifungal defense system (Ujita et al., 2002; 2005). It was
established that members of the 30-kDa LPs family are able to specifically bind glucose
and glucans (Ujita et al., 2002) which are the main components of fungal cell walls (Jiang
etal., 2004). Members of the 30-kDa LPs family specifically recognize laminaribose
(Glcp1-3GIc) and laminarin, a soluble B-glucan, but do not interact with glycoproteins
and trehalose, an insect blood sugar. Glucose is the only monosaccharide recognized
by the investigated 30-kDa LPs, which do not bind N-acetylglucosamine, galactose,

N-acetylgalactosamine, mannose or fucose. Finally, it was reported that a member
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of the 30-kDa LP family activates a prophenoloxidase cascade, the immune response pathway
(Ujita et al., 2005). The cascade activation results in the generation of quinones, intermediates
for melanization. Later, melanin forms a complex with lipophorin and the invading fungi are

encapsulated by this complex (Gupta, 1991).

3.2.2.2. The nucleotide and amino acid sequences of 30-kDa LPs

There are a number of available nucleotide and amino acid sequences of 30-kDa LPs
in several international databases, such as: GeneBank, UniProt or SilkDB. Unfortunately,
the information about 30-kDa LPs is not well-ordered and often the same sequence can be
found with several different accession codes. Sometimes, among these few sequences
referring to the same protein, slight differences are present. The sequence variability is
connected to the use of different strains of B. mori during sequencing experiments. It was
found that amino acid composition of 30-kDa LPs is different among mulberry silkworm
strains and races (Chen and Yamashita, 1990).

The first cDNA clones of 30-kDa LPs with distinct mMRNA were isolated by Sakai
et al. (1988) from a cDNA library constructed from the FB mRNA of the fifth instar larvae.
Five amino acid sequences, annotated PBMHP-6, PBMHP-12, PBMHPC-19, PBMHP-21
and PBMHPC-23 or LP(1-5), were determined (Sakai et al., 1988). Three isoforms
of PBMHP-6, PBMHPC-19 and PBMHP-21, denoted as 6G1, 19G1 and 21G1, respectively,
were reported by Mori et al. (1991).

Ten genes of 30-kDa LPs, Bmlp1-10, were predicted (Sun et al., 2007) based
on the analysis of the completed silkworm genomic sequence (Mita et al., 2004; Xia et al.,
2004). Furthermore, phylogenetic analysis indicated that it is most likely that the reported
30-kDa LPs genes have a common ancestor which underwent differentiation and divergent
evolution. Additionally, expressed sequence tags (ESTS) derived from different silkworm
tissues were also analyzed which revealed that the level of expression of the 30-kDa LPs
varies. The highest number of ESTs, indicating a high expression level of the protein, was
found for Bombyx mori lipoprotein 3 (Bmlp3) and 7 (Bmlp7), with values of 607 and 864,
respectively (Sun et al., 2007). It is noteworthy that the amino acid sequence alignment of
30-kDa LPs indicates a high level of homology (Table 3.2).

A more comprehensive genomic analysis was performed a few years later (Zhang
et al., 2012b) and 46 genes of proteins belonging to the 30-kDa lipoprotein family were found

in the silkworm genome. They were denoted Bmlp1-46 according to the previous terminology
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rules (Sun et al., 2007). The 30-kDa LPs can be divided into three subfamilies (Fig. 3.4):
typical 30-kDa LPs, serine/threonine-rich LPs and ENF peptide-binding proteins (Zhang
etal., 2012b). The name of ENF is the consensus N-terminal amino acid sequence
of the family peptides belonging to multifunctional cytokines (Kamimura et al., 2001).
A comparison of the gene structure of the three subfamilies indicated that the C-terminal
regions are common, but the N-terminal regions are highly variable. The Bmlp1-24 genes
encode typical 30-kDa LPs, which are LPs with the N-terminal region composed of the signal
peptide and an unconserved region. The second group of genes, Bmlp25-36, have
an additional domain rich in serine and threonine residues located after the signal peptide.
The remaining genes, BmIp37-46, encode proteins of molecular weight of 50 kDa, there is
no signal peptide in their structure, but instead they have a so-called Pseudomonas putida

homologous domain in the N-termini (Zhang et al., 2012b).

Table 3.2 Sequence homology among silkworm 30-kDa LPs.

PBMHP-12 PBMHPC-19 PBMHPC-21 PBMHPC-23 Bmlp3 Bmlp7
PBMHP-6 66 (40) 67 (45) 65 (44) 67 (42) 66 (45) 67 (45)
PBMHP-12 64 (50) 91 (79) 98 (93) 64 (49) 66 (49)
PBMHPC-19 64 (50) 68 (48) 99 (98) 97 (94)
PBMHPC-21 83 (71) 60 (44) 67 (52)
PBMHPC-23 65 (49) 67 (49)
Bmlp3 97 (94)

The table presents % sequence similarities (and identities) among different 30-kDa proteins from B. mori
hemolymph, calculated using BLAST (http://blast.ncbi.nIm.nih.gov/Blast.cgi; Altschul et al., 1990).

The genomic studies were followed by the analysis of tissue expression profiles
at different developmental stages. Interestingly, it turned out that there are some exceptions
and not all 30-kDa LPs are fifth instar-specific (Zhang et al., 2012b). For instance, BmlpZ20,
a Bombyx mori larval serum protein described earlier, was detectable in the silkworm
hemolymph from the first to the fourth instar (Fujiwara and Yamashita 1992)
with an accumulation in the fourth instar (Zhang et al., 2012b).

The mulberry silkworm was the first lepidopteran in whose body the 30-kDa LPs were
discovered (Gamo, 1978). Only microvitellogenin isolated from Manduca sexta was reported
to be homological to 30-kDa proteins (Wang et al., 1989) until 2012, when 27 genes

of the 30-kDa LPs were found in 11 lepidoptoperan species, not including Bombyx mori.
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Fig. 3.4 Phylogenetic tree of 30-kDa lipoprotein family.

The phylogenetic tree of Bombyx mori 30-kDa LPs shows the relations between three subfamilies, adapted
from Zhang et al., 2012b.
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The nucleotide sequences of typical 30-kDa LPs were discovered in Samia cynthia ricini,
Antheraea assama, Antheraea mylitta and Manduca sexta. The C-terminal sequence
of B. mori paralytic peptide binding proteins and of growth-blocking peptide binding protein
of Pseudaletia separata were also found to be homologous to 30-kDa LPs (Zhang et al.,

2012b). Nevertheless, 30-kDa LPs seem to be specific to the Lepidoptera order.

3.2.3. Anti-apoptotic properties of hemolymph proteins

Apoptosis is the process of programmed cell death under genetic control
and accompanied by characteristic cell changes, such as the convolution of plasma
membranes, nuclear and cell segmentation, etc. (Walker et al., 1988; Cotter et al., 1992).
Although this process involves cellular self-destruction, it is essential for the development
and homeostasis of all multicellular organisms, including humans. Alterations in cell death
lead to a number of human diseases. Apoptosis inhibition causes an excessive accumulation
of cells, which can result in cancer, autoimmune or inflammatory diseases. On the other hand,
hyperactive apoptosis is also dangerous and leads to neurodegenerative or haematologic
diseases (Ramirez-Chamond et al., 1999). Thus the regulation of the apoptosis process has
been extensively investigated in recent years.

Although apoptosis is an essential process in living organisms, it becomes a problem
when it comes to maintaining high viable cell concentration in insect and mammalian cell
cultures (Goswami et al., 1999) used in laboratories for the production of recombinant
eukaryotic proteins (Yoon etal., 2006). Moreover, some of the additives which increase
protein biosynthesis at the same time induce apoptosis. An example of such a compound is
sodium butyrate, which is usually added to Chinese hamster ovary (CHO) cell cultures
producing recombinant erythropoietin (Chang et al., 1999; Kim and Lee, 2001). Silkworm
hemolymph was demonstrated to posses beneficial properties for the solution of this problem.
The addition of hemolymph to cell cultures inhibits apoptosis and improves viability
of the cells. To this date, anti-apoptotic properties of hemolymph were proven for insect, Sf9
(Rhee et al., 1999; 2002; Rhee and Park, 2000; 2001), mammalian, CHO (Kim et al., 2004;
Choi et al., 2005) and human cell lines, HeLa (Choi et al., 2002) and HEK293 (Kim et al.,
2004). Additionally, apoptosis inhibition by hemolymph resulted in a five-fold increase
of erythropoietin production in the CHO cell culture (Choi et al., 2005).

During the mentioned experiments apoptosis was induced by viruses (Rhee et al.,
1999; 2002; Rhee and Park, 2000; 2001; Choi et al., 2002) or chemicals such as sodium
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butyrate (Choi et al., 2005), actinomycine D, camptothecin (Rhee et al., 2002)
and staurosporine (Kim et al., 2004). In all cases silkworm hemolymph overcame
the apoptosis problem. Regardless of the type of apoptosis inducer, cell death was inhibited
in cell cultures. Hemolymph did not interact with the inducer, its inhibitory effect was
manifested by an decrease of cell detachment from an adhering surface (Choi et al., 2002).
More detailed studies revealed that hemolymph also prevented the release of cytochrome c
from mitochondria and inhibited the activation of caspase-3. The integrity of mitochondrial
membrane was maintained and the ATP generation was not interrupted (Choi et al., 2005).

In 2001, the protein responsible for anti-apoptotic properties of hemolymph was
isolated and the first 24 residues of its N-terminus were identified. It was established
that the protein belonged to the 30-kDa LP family; however, due to previously mentioned
high level of amino acid sequence homology between the 30-kDa LPs, the final assignment
of the proper sequence was not possible (Kim et al., 2001). The researchers chose 30Kc6
(mature PBMHP-6) for further analysis. The recombinant 30Kc6 was expressed in CHO
and HEK293 cells. Its apoptosis inhibitory effect was comparable to hemolymph what
indicated that both intracellular expression and external supplementation inhibited apoptosis
efficiently (Kim et al., 2004).

Later on, another apoptosis inhibitor was isolated from the high molecular weight
fraction of hemolymph. The protein was identified as SP2 and found to inhibit
the programmed cell death induced by staurosporine in HelLa cells. The detailed studies
revealed that SP2 suppressed nuclear fragmentation, apoptotic body formation
and the inhibition of the reactive oxygen species generation (Rhee et al., 2007).

In conclusion, silkworm hemolymph or its components could be efficiently used
for apoptosis inhibition in commercial cell cultures and improve their productivity (Choi
etal., 2002; Kim et al., 2004). Silkworm hemolymph could serve as a medium supplement
and replace commonly used fetal bovine serum (Ha et al., 1996). The other important factor
is that hemolymph does not interact with viruses (Choi et al., 2002) which are often used
as infective expression vectors for the production of recombinant proteins in cell cultures
(Moss and Flexner, 1987). Finally, particular hemolymph proteins could be used in the future
to treat diseases related to hyperactive apoptosis (Kim et al., 2004).
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3.2.4. Cell-penetrating properties of hemolymph proteins

Cell-penetrating proteins are a group of proteins able to penetrate into various types
of living cells via a receptor-independent endocytosis. They could be used for the delivery
of biologically active proteins, DNA and other compounds into cell cultures and animal
models in vivo (Schwarze et al., 2000; Wadia and Dowdy, 2002). The HIV-1 trans-activator
of transcription (TAT) protein is the first reported representative of this protein class (Frankel
and Pabo, 1988; Green and Loewenstein, 1988). The mechanism of the HIV-TAT
cell-penetration was described as a receptor-independent endocytosis, known
as macropinocytosis. Briefly, the process is initiated by an interaction between positively
charged HIV-TAT amino acid side chains and heparan sulfate present in the cell membrane.
The plasma membrane invaginates and the penetrating protein is internalized in the cell
(Frankel and Pabo, 1988; Kaplan et al., 2005).

The first cell-penetrating protein found in insects is a member of the 30-kDa LP
family, 30Kc19 (mature PBMHPC-19). After the addition of the recombinant 30Kc19
into the mammalian cell cultures the protein penetrated into various types of cells
and localized mainly in mitochondria and the cytoplasm. The 30Kc19 protein was also able
to deliver into cells a cargo protein, green fluorescence protein, which does not possess
cell-penetrating properties. What is more, 30Kc19 exhibited cell-penetrating properties
and could deliver a cargo also in vivo. After injection of 30Kcl19 into mice, the protein
penetrated into different cell types. It was found in heart, lung, kidney and liver cells.
Therefore, 30Kc19 and probably also other members of the 30-kDa LP family are potential
medicinal tools for cargo molecule delivery into target tissues (Park et al., 2012).

19
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The main goal of this work is the determination and analysis of crystal structures
of major hemolymph proteins isolated from the mulberry silkworm. Six crystal structures
of four hemolymph proteins were solved and characterized within this project, three of them
are structures of Bmlp7, two of Bmlp3 and one is a complex of two high molecular weight
proteins, SP2 and SP3. In view of the limited structural information about silkworm proteins,
these studies contribute to the overall knowledge about hemolymph proteins and are
important for elucidation of their structure-function relationship.

The principal research method within this work was X-ray crystallography. However,
the experimental work could be divided into four parts reflecting different research tasks:

1. The isolation of hemolymph from the fifth instar larvae of mulberry silkworm
and preparation of protein samples which were sufficiently pure for crystallization.

2. Protein crystallization, X-ray diffraction data collection of the obtained crystals
and determination of protein crystal structures using computational methods.

3. Establishing of the unknown proteins identity according to biochemical analysis
and electron density maps obtained from the diffraction experiments.

4. Detailed analysis of the obtained protein structures including protein-protein
interactions, structural comparison with other structures from the PDB, description
of metal binding sites and glycosylation sites, search for putative ligand-binding
cavities, and computation of protein surface charge, all taken together, allowed

to draw conclusions about the protein function.
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S5.1. HEMOLYMPH COLLECTION

The fifth instar larvae of the mulberry silkworm, Bombyx mori L., were obtained
thanks to the courtesy of Dr. Malgorzata Lochynska from the Institute of Natural Fibres
and Medicinal Plants in Poznan.

Silkworm hemolymph was collected from three batches of obtained larvae: in 2008,
2010 and 2012. The procedure of hemolymph collection (Fig. 5.1) involved cutting off two
abdominal legs of each larva. The larvae were not separated according to sex. Routinely,
0.3-0.4 ml of hemolymph per insect was collected and hemolymph was stored in 2 ml aliquots
at 193 K.

Fig. 5.1 Hemolymph collection.

Photos were made in 2010 and present the hemolymph collection procedure: a) a batch of fifth instar larvae
(320 insects) was brought to the laboratory, b) two abdominal legs of each larva were cut off with nail scissors
¢) and hemolymph was collected to Eppendorf tubes. The larvae were immediately frozen in liquid nitrogen.

5.2. PROTEIN PREPARATION

The pooled hemolymph samples were thawed at 277 K with 0.025 mM
1-phenyl-2-thiourea; no protease inhibitors were added. The samples were centrifuged
at 18 000 g for 30 min at 277 K.

Purification protocols developed for particular proteins consisted of several different
types of column chromatography. All separations were performed using Akta FPLC

(Amersham Biosciences).

5.2.1. Gel filtration

The first step of the hemolymph proteins’ separation was gel filtration (GF) carried out

using a Superdex 200 pg column (XK 16/100, Amersham Biosciences) equilibrated
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with 100 mM NaCl, 10 mM Tris pH 7.3 and 0.025 mM 1-phenyl-2-thiourea. Two main
fractions were collected, one containing proteins of high molecular weight (~500 kDa)
and the other comprising of 30-kDa proteins. Each fraction was concentrated to 1.0 ml using
Vivaspin® 15R centrifugal concentrators.

5.2.2. Ion exchange chromatography

The concentrated 500-kDa fraction was applied onto a Q Sepharose column
(XK 16/10, Amersham Biosciences) equilibrated with 30 mM NaCl, 5 mM Tris pH 7.3.
Stepwise elution was the method used for protein separation in ion exchange chromatography
(IEC). The fraction containing three different storage proteins (SPs), including the SP2-SP3
complex, was eluted with 450 mM NaCl. The collected peak fractions were concentrated
to 100 mg/ml using Vivaspin® 6R centrifugal concentrators. The buffer exchange,
with 10 mM Tris pH 7.3, was performed during concentration. The same concentration
method was used for all fractions described below.

The concentrated fraction containing 30-kDa proteins was also applied onto
a Q Sepharose column (XK 16/10, Amersham Biosciences) equilibrated with 30 mM NacCl,
5mM Tris pH 7.3. In this case, stepwise elution was also chosen for protein separation,
but lower NaCl concentration was used to elute the 30-kDa proteins: 60 mM and 90 mM
NaCl, for the fractions containing Bmlp7 and Bmlp3, respectively. The collected peak
fractions of Bmlp7 were concentrated to 10 mg/ml and the final volume of sample containing
Bmlp3 was 0.2 ml.

5.2.3. Hydrophobic interaction chromatography

The sample containing Bmlp3 was prepared for hydrophobic interaction
chromatography (HIC) by mixing it with 0.55 ml of 10 mM Tris pH 7.3 and 0.25 ml of 4 M
ammonium sulfate. This step was carried out on a HiTrap Phenyl Sepharose™ HP column
(Amersham Biosciences) equilibrated with 1.0 M ammonium sulfate, 10 mM Tris pH 7.3.
A linear elution gradient was applied and Bmlp3 was eluted with 0.8 M ammonium sulfate.

The collected fractions were concentrated to 0.5 ml.

5.2.4. Protein desalting

The sample of Bmlp3 was desalted after HIC due to a high concentration

of ammonium sulfate. Desalting was performed on a HiTrap Desalting column (Amersham
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Biosciences) equilibrated with 10 mM Tris pH 7.3. The collected fractions of Bmlp3 were

concentrated to 10 mg/ml.

5.2.5. Protein sample characterization

Routinely, the quantity and quality assessment of the produced protein preparations

was done as described briefly below, using:

> The absorption measurements at 280 nm

The concentration of the purified proteins was determined by measuring
the absorption at 280 nm (using the theoretical extinction coefficients; Table 5.1).
» Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

All purification steps were monitored by SDS-PAGE performed in 12.5%
polyacrylamide resolving gels (Laemli, 1970). The gels were visualized
with Coomassie dye.

» Dynamic light scattering (DLS)

DLS measurements providing information about the protein size and monodispersity
were carried out on a Zetasizer Nano (Malvern Instruments Ltd.) at 291 K using
a scattering angle of 90° and a laser working at 830 nm. A ZMV1002 quartz cuvette
was used, with 2 ul of concentrated protein sample, for each measurement. All

samples were centrifuged at 18 000 g for 30 min at 291 K prior to the measurements.

Table 5.1 Biophysical parameters calculated for the studied proteins.

Protein Molecular mass pl €280
[kDa] [Micm?]
Bmlp3 27.57 6.14 62340
Bmlp7 27.53 7.11 55350
SP2 81.88 5.63 117930
SP3 81.58 581 131590

Presented parameters were calculated using ProtParam (http://web.expasy.org/protparam/).

At the very beginning of this work, all proteins were isolated from hemolymph
as unknown proteins. Several analyses were necessary to enable the identification of proper

amino acid sequences of the proteins. The mentioned analyses are the only investigations
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in which the author of this dissertation was not directly involved. The measurements were
outsourced and performed in different laboratories, as listed below:

> N-terminal sequencing analysis

The amino acid sequence of the first ten N-terminal residues of the investigated
proteins was determined by Edman degradation in BioCentrum (Krakow, Poland).

» LC-MS/MS
The initial identification of Bmlp7 and SP2 with LC-MS/MS was performed
in The Central Laboratory of the Medical University (Lodz, Poland) and at EMBL
(Heidelberg, Germany), respectively.

» MALDI-TOF MS

The determination of the proteins’ molecular weight was carried out in The Centre

of Molecular and Macromolecular Studies, Polish Academy of Sciences (Lodz,
Poland) and at EMBL (Hamburg, Germany).

> NMR measurements

This analysis was not directly connected with protein identification; however, it is
listed in this section, because these measurements were also outsourced.
The 3Cd NMR spectra were recorded and analyzed in The Centre of Molecular
and Macromolecular Studies, Polish Academy of Sciences (Lodz, Poland) in order

to establish the presence of cadmium in Bmlp7 samples.

5.3. PROTEIN CRYSTALLIZATION

All crystals were grown using the vapor diffusion method, which can be described
as controlled protein precipitation from an aqueous solution. A crystallization drop contains
the protein of interest and a small amount of reservoir solution consisting of a precipitant,
a buffer and additives. The drop is equilibrated against a reservoir containing the same
precipitant at a higher concentration in comparison to the drop. Vapor diffusion in this closed
system leads to a net transfer of water from the drop to the reservoir. The system comes
to equilibrium when the precipitant concentration is the same in both solutions. The decrease
of the amount of water in the drop causes an increase of the protein concentration. All these
factors together favor crystal growth (Rhodes, 2000).

The great majority of the crystallization experiments were set manually applying
the hanging drop technique. The proteins were crystallized in 24-well hanging drop plates

(Hampton Research), the volume of the reservoir solution in each well was 0.5 ml
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and the crystallization drops were made up of equal volumes of the concentrated protein
solution and the reservoir solution, usually 1.0 or 1.5 pl.

Optimization of the crystallization conditions of BmlIp3 and the initial screening
of crystallization conditions for SP2-SP3 were carried out using the High Throughput
Crystallization (HTX) Facility at the EMBL (Hamburg, Germany). Crystallization
experiments were set up automatically using a nanodispenser and 96-well sitting drop plates.

The initial crystallization conditions were found using commercially available
screening solutions (PEG/lon, PEG/lon2, Index and Additive Screen, Hampton Research).
The solution compositions for optimization of the crystallization conditions were developed

individually for each protein. All crystallization trials were performed at 291 K.

5.4. PROTEIN CRYSTALS DERIVATIZATION

At the beginning of my work on the hemolymph proteins, there were no crystal
structures of 30-kDa lipoproteins available in the PDB. Thus the crystal structure of Bmlp7
could not be determined using molecular replacement. Other methods, based on heavy atom
derivatization, were chosen for the phase problem solution.

The use of these methods requires an incorporation of an anomalous scatterer
(see Section 5.7.1.) into the protein crystal. Heavy atoms were introduced into protein crystals
for the first time by Max Perutz and John Kendrew (Perutz, 1956; Kendrew et al., 1958).
Since then, this technique has been widely used for the determination of protein crystal
structures. It involves the protein crystals being soaked in solutions of heavy ions, containing
for instance Hg, Pt, or Au. Alternatively, a protein could be crystallized with heavy atom
additives (Rhodes, 2000). Recently, the use of TasBri2>* cluster for soaking is often used.
The cluster of tantalum and bromine is a powerful derivatization agent due to its compact,
almost spherical shape and the presence of six tantalum and twelve bromine atoms which
display a significant anomalous diffraction signal at their absorption edges (Banumathi et al.,
2003). Nowadays “dauterization”, a soaking of protein crystals with halides, has also became
a common method; its great advantage being that it does not require work with toxic heavy
ions (Dauter et al., 2000). Finally, an alternative method to heavy atom derivatization is
the incorporation of selenomethionine residues into the protein (Hendrickson et al., 1990).
However, the introduction of modified methionine residues is possible only during protein

expression, thus this method cannot be used for natural source proteins.
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The Bmlp7 crystals were soaked with agents which could provide anomalous
scatterers. All of the mentioned methods, excluding selenomethionine incorporation,
were tested in the case of Bmlp7. Potassium bromide and iodide were added at the final
concentration of 0.8 M to the drop containing crystals and cryprotectant solution. The soaking
time was 1.0 min. The solid TagBri2?* cluster was added with a micro spatula
to the crystallization drop containing Bmlp7 crystals. Finally, soaking with the heavy ions
solution (Heavy Atom Screen, Jena BioScience) was carried out. Twenty different solutions,
containing Pt, Hg, Au, Pb, Ir or Os, were tested. The final concentration of heavy ions

in the crystallization drop was 2.0 mM and the soaking time was seven days.

5.5. X-RAY DIFFRACTION DATA COLLECTION

X-ray diffraction data for the obtained crystals were collected at the European
synchrotrons, on beamlines BL14.1, BL14.2 and BL14.3 of the BESSY synchrotron (Berlin,
Germany; Mueller et al., 2012) and on beamlines X11, X12 and X13 of the DESY
synchrotron (Hamburg, Germany). The detectors on all beamlines were charge-coupled
devices (CCDs). Data were recorded from single crystals mounted on a goniometer
what allowed automated rotation of the crystal during data collection. All crystals were
cryocooled in a stream of nitrogen gas and the measurements were carried out
at a temperature of 100 K.

The low temperature during measurements increases the crystal stability and molecular
order in the crystal. On the other hand, water present in the protein crystal becomes ice
and damages the crystal. Thus, agents called cryoprotectants are used to prevent ice formation
(Rhodes, 2000). Crystals, which were obtained using precipitants with ice-preventing
properties, for instance PEG MME 550, were fished out from their crystallization drops
and cryocooled. When PEG 3350 was the main precipitant, a solution containing PEG 400
was mixed with the reservoir solution at a 1:1 ratio and the crystals were transferred
into the cryoprotectant solution for a few seconds. After that they were cryocooled in a stream
of nitrogen gas. A solution of Tacsimate, a mixture of organic acid salts, was chosen
as the cryoprotectant for crystals obtained in the presence of ammonium sulfate.

At the beginning of each measurement several images were collected and X-ray
diffraction data were analyzed. According to this analysis the experiment parameters (angle

of rotation, oscillation range, crystal-to-detector distance and exposure time) were established.
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5.6. X-RAY DIFFRACTION DATA PROCESSING
The collected images were processed using HKL-2000 (Otwinowski and Minor, 1997)
or XDS and XSCALE (Kabsch, 2010a,b). Regardless of the chosen program, several important
steps of data processing can always be distinguished:
» Indexing of the reflections

At the beginning of data processing, reflections are indexed according
to corresponding positions in the reciprocal space and in the image(s). Afterwards
the unit cell parameters, symmetry of the crystal and its space group can be identified.
Indexing is followed by initial refinement of the established unit cell parameters,
crystal-to-detector distance and mosaicity.

> Inteqgration of the diffraction peaks

The reflections present at all collected diffraction images are converted into a set
of Miller indices and corresponding intensities, which are evaluated according
to a spot profile and the pixel density.

> Merging of symmetry-related reflections

Partially recorded reflections are summed and merged together, the scale factor
between images is calculated and the intensity of redundant measurements
IS averaged.

> Assessment of X-ray diffraction data quality

One of the most important and commonly used quality indicators is the merging
R-factor (Rmerge), Which is the sum of the differences of all measurements
from the average value of the measurement divided by the sum of all measurements.
Other important parameters are the completeness of data and the average
signal-to-noise ratio, I/c(I), which is a criterion for the resolution cutoff.

The intensities obtained after data processing are the first key compound essential

for structure determination.
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5.7. STRUCTURE DETERMINATION
A contour map of the electron density p(xyz) throughout the crystal unit cell tells us
about the arrangement of the atoms in the protein molecule. The electron density is a periodic
function which can be represented by a Fourier series and connected to the diffraction pattern

by the equation:
pxyz)= EZZZ F (hkl)g 27 (Meky+tz) 61)

V h k|

where V - unit cell volume, hkl - the indices of reflection, F(hkl) - the structure factor

describing the reflection. The structure factor (Fig. 5.2) can be represented by the equation:

F (hkl) = F (hkI) [e'#"™ (5.2)

The amplitude |F(hkl)| of the structure factor is proportional to+/l(hkl), the square root

of the intensity I(hkl) of reflection hkl. The reflection intensities are measured during
the diffraction experiment, but the diffraction images lack the information about the phase
@(hkl) of the reflection hkl. This issue is called the phase problem (Rhodes, 2000).

________________________________ F(hki)

> I

Fig. 5.2 The structure factor.

The structure factor F(hkl) is represented as a vector in the complex plane (r - the real axis, i - the imaginary
axis). The amplitude |F(hkl)| is the length of the vector and ¢(%kl) is the angle between the vector and the real
axis. The scheme was prepared according to Rhodes, 2000.

The phases of the reflections can be calculated using methods based on crystal
derivatization or molecular replacement (MR). There are several methods belonging
to the first group: single isomorphous replacement (SIR), multiple isomorphous replacement
(MIR), single-wavelength anomalous dispersion (SAD) and multiple-wavelength anomalous
dispersion (MAD). The first crystal structure of Bmlp7 was solved by a combination of SAD
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and MR methods. All other structures presented in this dissertation were determined by MR.

Thus, only methods based on anomalous dispersion and MR are described in next sections.

5.7.1. Single- and multiple-wavelength anomalous dispersion

The method using anomalous dispersion and synchrotron radiation for the solution
of the phase problem was developed by Hendrickson et al. (1988). Prior to MAD or SAD
experiment, the derivatives of protein crystals containing heavy atoms are prepared
as described in Section 5.4. The heavy atoms are capable of absorbing X-rays of specified
wavelengths. For instance, at wavelength of the absorption maximum of the particular heavy
atom, the energy is sufficient to excite an electron in the strongly absorbing atom to a higher
guantum state. This absorption results in a phase change for the X-rays scattered by that atom,
relative to the phase of the X-rays scattered by the other atoms of the structure. The Friedel's
law does not hold and the intensities of reflections Ina and l.nxi are not equal. Each pair
of such reflections is a Bijvoet pair. This phenomenon is called anomalous dispersion
and the heavy atom is denoted often as the anomalous scatterer (Rhodes, 2000).

The atomic scattering factor fa(hkl) of the anomalous scatterer can be represented
by the equation:

a =10+ +if" (5.3)
where f° is the normal scattering factor and (f ' + if ") represents the anomalous correction,
which is a complex number consisting of a real (f') and an imaginary part (if ""). The real part
f ' is called the dispersive correction and the component of the imaginary part f " is denoted
as the absorptive or Bijvoet correction. The value of f " is significant only for heavy atoms
and when the absorptive correction is taken into consideration, the Friedel's law does not hold.
The vector corresponding to f " is perpendicular to f%and f ', but its direction and orientation
is different for positive and negative reflections The phases of two reflections being a Bijvoet
pair differ by sign (Fig. 5.3) (Rhodes, 2000; Drenth, 2007).

X-ray diffraction data are usually collected at three different wavelengths during
a MAD experiment. The first chosen wavelength is the absorption maximum
with the maximum value of f " (absorption peak), the second one corresponds to the minimum
value of f' (so called inflection point or edge), and the last chosen wavelength (remote) is
distant to absorption peak where the values of f ' and f " are small (Fig. 5.4). The data sets

collected at the mentioned wavelengths have different values of the real and imaginary parts
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of anomalous corrections what is used to solve the phase problem (Rhodes, 2000; Drenth,
2007).
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Fig. 5.3 Anomalous scattering.

[Foos(+)| and |Fous(-)| refers to the observed structure factor amplitudes for the reflection hkl, marked (+),
and -h-k-1, marked (-), respectively. The amplitudes for normal scattering of protein atoms |Fp | and of all
the atoms, non-anomalous and anomalously scattering atoms, |Fr | are also shown. The scheme also presents all
the components of the atomic scattering factor: f° (the normal scattering factor), f ' (the dispersive correction)
and f" (the absorptive correction). The diagram was prepared according to Rhodes, 2000.

The information about phases can be extracted in MAD by solving the following
equation:

FFEhKD] =R +a()°F, (54)

+ b(/l)‘o FAHO = ‘ COS(O@r - o(”A)

+ C(ﬂv)|oFA”OFT |Sin (o(/’T - Oq)A)

where a()=[(f ' )? +(f ")2/(f °)%; bA)=2f "If O; c(})=2f "If O; VF(xhki)| - the observed structure
factor amplitude of reflection +hkl; |°Fa| - the structure factor amplitude of the normal part
of the anomalous scatterer; |°Fr| - the structure factor amplitude of the total structure
(including all atoms); (°p1-°0a) - the phase difference; the superscript 0 refers
to the wavelength-independent values which can obtained by least-square fitting to
the observational equation. Using |°Fa| and Patterson function the positions of heavy atoms
can be determined and °pa can be calculated, which also enables the calculation of °pt. Then

electron density maps are obtained from normal scattering of all atoms (McRee, 1999).
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Fig. 5.4 The absorption edges of mercury.

The scattering factors f ' and f " of mercury are plotted as a function of energy. The plot was prepared using
an online tool: http://skuld.bmsc.washington.edu/scatter/ The blue dotted line indicates the absorption peak.

The main disadvantages of MAD are that the data have to be collected at three
wavelengths, the exposure time is long and the crystals often suffer from radiation damage.
Therefore, nowadays SAD is the method of choice. The anomalous X-ray diffraction data are
collected at only one wavelength, usually at the wavelength corresponding to absorption peak.
The experiment is successful when the crystal contains anomalous scatterer which provides
a strong anomalous signal. It is of note that in SAD two solutions of the phase problem are
possible. Thus the obtained electron density map contains the correct structure, but also noise.
The density modification improves the map significantly producing the proper solution
(Drenth, 2007).

The initial model of Bmlp7 was obtained using SAD.

5.7.2. Molecular replacement

Two main components are required to solve the structure by MR: a single native X-ray

diffraction dataset and the protein structure which could be used as an initial model for phase
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calculations. The initial model is usually a structure of a protein of which the amino acid
sequence is similar in at least 30% with the amino acid sequence of the investigated protein.
The higher the sequence homology, the more likely it is that the proteins will share a similar
fold. In the MR method the initial model is fitted into the unit cell of the investigated protein.
The known phases of the model are used to estimate the phases of the unknown structure.
Two main steps can be distinguished in the MR procedure, the rotation and the translation
search. The rotation search results in a proper orientation of the model, whereas
the translation search provides information about the precise position of the model in the unit
cell (McRee, 1999; Rhodes, 2000; Drenth, 2007).

The base of the MR calculations is the Patterson function which enables
the calculation of a Patterson map (a vector map) using the equation:

P(x, Y, 2) :\%; ; IZ|F|2 cos 2z (hx + Ky + I2) (55)

The experimental Patterson map (Po) can be obtained using the measured intensities
of the investigated protein for calculations. Subsequently, a set of interatomic vectors (Pm)
is generated from the initial model. It is of note that the Patterson vectors can be divided
into two groups: interatomic vectors (self-Patterson vectors) and intermolecular vectors
(cross-Patterson vectors). The first group describes the pairs of atoms belonging to the same
molecule and provides information about the molecule’s orientation, whereas
the intermolecular vectors supply the information about the correct position of the molecule
in the unit cell (Drenth, 2007).

The rotation function could be represented by the equation:

R(C) =IPo(u) -Pm(Cu)du (5.6)

where Po and Pm are Patterson maps of the unknown structure and the model, respectively.
Cis the 3D rotation matrix that relates the rotated and the stationary structure, u are
the Patterson vectors. The R(C) depends on the rotation angles and has a maximum value
for correct overlap of Po and Pm. When the model consists of a single molecule (the first step
of MR calculations), the generated vectors are interatomic vectors (Drenth, 2007).

The translation function can be represented by the equation:

T(t) :IPm(u,t)x Po(u)du (5.7)

where t represents the intermolecular Patterson vectors. T(t) has a maximum when the model

is in the best agreement with the unknown structure data. The cross-Patterson vectors are
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in agreement with the experimental Patterson map when the molecules are in proper positions
in respect to the symmetry elements (Drenth, 2007).

In more difficult cases of MR, it is possible to improve the search model. It can be
accomplished by removal of the flexible regions, for instance N- or C-terminal residues
or loop regions. Another possibility is the adaptation of the model to the sequence
of the investigated protein. The terminal atoms of long amino acid side chains can be removed
from the model to retain only the part of the side chains which is common for the sequence
of the model and the sequence of the investigated protein. Alternatively, all residues can be
mutated to alanine residues. Finally, when the protein consists of several domains, the search
for a solution can be performed with single domains separately (McRee, 1999).

All the structures presented in this work, except the first Bmlp7 structure, were solved
by MR. The high-resolution Bmlp7 structure served as an initial model in MR calculations
for the other Bmlp7 and Bmlp3 structures. The structure of SP2-SP3 complex was solved
using as an initial model the structure of arylphorin from oak silkworm (PDB code: 3GWJ;
Ryu et al., 2009). The MR phasing was carried out using different programs: MolRep (Vagin
and Teplyakov, 1997), Phaser-MR (McCoy et al., 2007) or the Auto-Rickshaw MR protocol
(Panjikar et al., 2005).

5.8. STRUCTURE REFINEMENT

Refinement of the solved structure is carried out in order to optimize the obtained
model agreement with the native reflection intensities. A number of iterative cycles of manual
model rebuilding (real space refinement) interspersed with structure factor refinement
(reciprocal space refinement) is necessary to complete the model.

5.8.1. Reciprocal space refinement

Reciprocal space refinement can be based on the principle of least squares
or maximum likelihood. All investigated structures were refined using maximum likelihood
where the parameters of the model are estimated on the basis of observations. Everything
that is known about the crystal prior to refinement, including unit cell parameters, structure
factor amplitudes, standardized stereochemistry and experimentally obtained phases,
is denoted as observations. In this method the investigated model is adjusted to maximize
the probability of a given observation (Tronrund, 2004).
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The parameters of the model which are refined and written in the PDB file
are coordinates of all atoms present in the structure (x,y,z) and their B factors (Tronrund,
2004). The B factor provides information about the vibration of an atom about its central
point. This parameter could be refined as isotropic or anisotropic (only for high resolution
structures). The isotropic refinement of the B factor is based on the assumption that the atom
vibrates equally in all directions and lies within a sphere, whereas the anisotropic refinement
takes into account the actual vibration of the atom within an ellipsoid described with six
parameters and centered at the atomic coordinates (Stout and Jensen, 1989). For structures
at the resolution of 2.0 A or lower, the anisotropic motion of the atoms can be described
by a TLS system which requires fewer parameters compared to an independent anisotropic
B factor for each atom. The TLS system applies for a group of atoms which move as a rigid
unit. The protein molecule is divided into such groups before the inclusion of TLS
into the refinement. The motion of each group of atoms is described by three matrices.
The first one concerns a translational (T) vibration of the group, the second applies
to libration (L) of the group about a fixed point and the third describes screw-rotation (S)
displacements of the group (Winn et al., 2001).

The refinement can also be improved by increasing the number of observations. It can
be accomplished by the inclusion of restraints. Bond lengths, bond angles, dihedral angles,
chiral volume and planarity of chemical moities as well as their standard uncertainties, are
known from small molecule structures (Allen, 2002). Then during the refinement
the deviations from ideal stereochemistry are penalized (Tronrund, 2004). However,
the conformational ¢ and y angles of the polypeptide backbone are not restrained.
They should continually improve during the progress of refinement and they can be used
as a quality indicator in structure validation (McRee, 1999).

The investigated structures were refined using the programs: REFMAC5 (Murshudov
et al., 2011) from CCP4 package (Winn et al., 2011) and phenix.refine package in PHENIX
(Adams et al., 2010).

5.8.2. Real space refinement

Two types of electron density maps, 2Fo-Fc and Fo-Fc, were used during the manual
model rebuilding in Coot (Emsley and Cowtan, 2004; Emsley et al., 2010). Fo refers
to observed structure factors, whereas Fc describes the structure factors calculated based
on the model. The difference electron density Fo-Fc map exists in the form of positive
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and negative peaks. A positive peak in a region of the map reveals that the contribution
of the observed intensities is larger than the contribution of the model at this site. The model
should be adjusted to increase the electron density at this position. Reversely, a negative peak
implies that the model produces more electron density in this region than the unit cell actually
contains and the atoms present in the model should be removed from this site (Rhodes, 2000).

The 2Fo-Fc map can be represented as the sum of the Fo map and the difference map:

Fo+(Fo-Fc)=2Fo-Fc (5.8)

When the model is properly fitted, the 2Fo-Fc map should cover the model (Rhodes, 2000).

The manual model rebuilding enables the correction of the model errors,
such as improperly fitted backbone or side chains. Sequence related ambiguities can also be
observed. Moreover, the presence of ligands and water molecules can be detected.
These molecules can then be incorporated into the model.

5.9. STRUCTURE VALIDATION
The measured and the calculated structure factors should converge, when the model
represents the correct structure. The most widely used measure of convergence is the R factor,

which can be described by the equation:

||, (hi) = |, (hkD)]| (5.9)
R — hkl
Z|F0(hkl)|

hkl

The R factor indicates how well the current model converges on the entire data set that was
used for this model’s calculation. The other value which applies to model correctness is Riree
which is calculated by an equation analogous to 5.9, but only for a set of test reflections
which were randomly selected and excluded from the refinement at the beginning. Both R
and Rsree Tactors should improve after each cycle of refinement (Rhodes, 2000).

A well-refined model should be correct from a chemical point of view. It should not
contain inverted centers of chirality. Furthermore, peptide bonds should be nearly planar
and trans-, the only exception is the occasionally occurring cis-proline. The conformational ¢
and vy angles of the polypeptide backbone should fall in the allowed ranges
of the Ramachandran plot. Finally, the torsion angles at single bonds in side chains should lie
within a few degrees of stable conformations (Rhodes, 2000). All these things were monitored
after each cycle of refinement of the silkworm protein structures in Coot (Emsley
and Cowtan, 2004; Emsley et al., 2010) using validation tools. The final models were
assessed using PROCHECK (Laskowski et al., 1993). The validation of the metal binding
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sites was  additionally carried out using the  CheckMyMetal  server

(http://csgid.org/csgid/metal_sites).

5.10. STRUCTURE ANALYSIS
The structural analysis of the obtained crystal structures was performed. Several issues

were examined, as listed below:

» Primary structure analysis
The alignments of amino acid sequences were calculated in Clustalw
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The alignments were colored using
Jalview (http://www.jalview.org/; Waterhouse et al., 2009).

» Structural comparison
A search for structural homologues of the investigated proteins was performed using
PDBeFold (SSM) server (http://www.ebi.ac.uk/msd-srv/ssm/) and DALI (Holm
and Rosenstrom, 2010; http://ekhidna.biocenter.helsinki.fi/dali_server/).

» Protein-protein interactions
The total contact surface area of the neighboring protein molecules was calculated
with the PISA server (Krissinel and Henrick, 2007) and/or in Areaimol from the CCP4
package (Winn et al., 2011).

» Potential binding cavities
The search for potential binding sites was carried out on the CASTp (Dundas et al.,
2006) and metaPocket 2.0 (Huang, 2009; Zhang et al., 2011) servers.

» Electrostatic surface potential
Poisson-Boltzmann electrostatic potential on the molecular surface of Bmlp3 was
calculated using the APBS algorithm (Baker et al., 2001) and the PDB2PQR program
(Dolinsky et al., 2004; 2007). The protonation states of the amino acid side chains
were determined at pH of 7.4 using PropKa (Li et al., 2005).

The art work, meaning all structural illustrations, were prepared in PyMol from W.L. DeLano,
The PyMOL Molecular Graphics System, DeLano Scientific, San Carlos, CA, USA (2002),
http://www.pymol.org. The great majority of the figures presented in Results & Discussion
comes from the publications describing the results of my PhD project. All the mentioned

figures were prepared by the author of this dissertation.
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6.1. PROTEIN PURIFICATION AND INITIAL CHARACTERIZATION
OF THE SAMPLES

The starting material, hemolymph isolated from the fifth instar larvae of mulberry
silkworm, contains up to 300 different proteins (Li et al., 2006). The first task of this project
was to purify the most abundant proteins to a level sufficient for successful crystallization.
The purification protocol of all the investigated hemolymph proteins was described in details
in Materials & Methods (5.2). The complete procedure is presented in Fig. 6.1. The first step
was the separation of the proteins according to their molecular weight using gel filtration
(5.2.1; Fig. 6.2a). Two fractions were collected: high molecular weight (~500 kDa) and low
molecular weight fraction (~30 kDa).

In the second step, which involved ion exchange chromatography (5.2.2), the proteins
were separated according to their pl. Two separate protocols were developed, one for the high
molecular weight fraction (IEC I; Fig. 6.2b) and the other for the low molecular weight
fraction (IEC II; Fig. 6.2c). The first procedure allowed me to obtain three different samples,
BmAL, BmA2 and SPs (Fig. 6.2b). At the very beginning, the content of the samples was
unknown and only the proteins present in the highest peak (SPs) were later identified.
The description “BmA1” and “BmA2” was introduced only by the author of this dissertation.
The BmAL and BmA2 samples were highly heterogeneous which precluded crystallization
of the proteins present in the samples.

The ion exchange chromatography protocol for low molecular weight proteins also
provided three samples (Fig. 6.2c). The main proteins present in the samples were later
identified as Bmlp2, BmiIp3 and Bmlp7. The amount and the level of homogeneity
of the BmlIp2 sample was lower than these of the Bmlp3 and Bmlp7 samples. At the time
when this thesis was in preparation, Bmlp2 was crystallized, however no final results were
available and therefore this case will not be discussed in this dissertation. The level of purity
for the Bmlp7 sample was estimated to be high, whereas the Bmlp3 sample required further
purification, because the initial crystallization trials provided only twinned crystals (for details
see the next section). The Bmlp3 sample also contained the juvenile hormone binding protein
(BmJHBP), as it was established by the juvenile hormone binding activity assay (Ozyhar
and Kochmann, 1987) performed for the sample. Final purification of Bmlp3 was
accomplished by hydrophobic interaction chromatography (5.2.3; Fig. 6.2d). The collected
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protein fraction was then desalted (5.2.4) in order to remove the ammonium sulfate used

in the previous protocol.

( Hemolymph)
\

Gel filtration
Superdex 200 pg
100 mM NacCl
10 mM Tris pH 7.3
+ 0.025 mM 1-phenyl-2-thiourea

High molecular weight Low molecular weight
fraction fraction

I/on exchange chromatography\I 6n exchange chromatographyh\
Q sepharose 450 mui naci Q Sepharose 150 mM NaCl

90 mM NaCl

60 mM NaCl
lB mJHBP

30 mM NaCl
/I-Iydrophobic interaction chromatography\
HiTrap Phenyl Sepharose

150 mM NaCl
30 mM NaCl

None AmS

J

Bmip3
0.8 M. Ams

Protein desalting
HiTrap Desalting Column
10 mM Tris pH 7.3

Fig. 6.1 The scheme of purification procedure of silkworm hemolymph proteins.

The hemolymph proteins, SPs and Bmlp7, were purified using a two-step purification protocol, including gel
filtration and ion exchange chromatography, whereas two additional stages, hydrophobic interaction

chromatography and protein desalting, were required to obtain Bmlp3.
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Fig. 6.2 Purification of the silkworm hemolymph proteins.

The chromatograms present elution peaks of all FPLC purification steps: a) gel filtration, b) ion exchange
chromatography of high molecular weight fraction proteins, c) ion exchange chromatography of low molecular
weight fraction proteins and d) hydrophobic interaction chromatography of Bmlp3 sample contaminated
with BmJHBP.

The complete purification procedure provided three samples (SPs, Bmlp7, Bmlp3)
which were used for structural studies. The vyield of the purification for SPs, Bmlp7
and BmIp3 from 3 ml hemolymph was approximately 40 mg, 2 mg and 0.3 mg
of the respective protein. It is of note that some fluctuations of the protein amount and purity
were observed when the procedure was repeated a number of times. Mulberry silkworm
larvae are not a standardized material, they differ in size and body weight which is reflected
in the amount of proteins in the hemolymph and affects the results of the purification.
Additionally, the amount of some proteins is related to the sex of the larvae. It is not possible
to distinguish female and male larvae in the fifth instar.

The purity of the samples was judged using SDS-PAGE electrophoresis (Fig. 6.3).
Each of the purification steps improved the samples’ purity. Although some additional bands

were visible in the lane corresponding to the final Bmlp7 sample, they did not affect
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the crystallization process. The case of SPs was more complicated. SDS-PAGE
electrophoresis revealed the presence of at least two proteins. The molecular weight of these
proteins, estimated according to the location of the bands in the gel, was approximately
80 kDa. It revealed that proteins of the high molecular weight fraction (~500 kDa) are
composed of 80 kDa monomers. The amount of the protein present in the lower band (smaller
molecular weight) was significantly higher. However, the presence of the other protein
(“contamination”) could not be ignored. Moreover, the content of this protein in the sample
was variable, depending on the composition of the initial hemolymph sample used
for purification. In this case, crystallization was the final purification step, as will be

explained in the next section.

HMW LMW Bmip7 Bmip3 BmIp3 SPs SPs
MW H (GF) (GF) (IECII) (IECIl) (HIC) (IEC) (cryst)

116.0
- —
66.2 -_— <>
45.0
35.0
0 e > «—3
-
-

25.0

18.4

Fig. 6.3 SDS-PAGE electrophoregrams monitoring purification steps.

The results of SDS-PAGE analysis are presented for each purification step. The content of particular lanes is
as follows: MW - Protein Molecular Weight Marker from Fermentas, H - hemolymph sample prior
to the injection to GF column, HMW (GF) - high molecular weight fraction obtained after gel filtration, LMW
(GF) - low molecular weight fraction obtained after gel filtration, Bmlp7 (IEC Il) - the final Bmlp7 sample after
ion exchange chromatography Il, Bmlp3 (IEC Il) - the Bmlp3 sample after ion exchange chromatography I,
Bmlp3 (HIC) - the final Bmlp3 sample after hydrophobic interaction chromatography and desalting, SPs (IEC 1)
- the final SPs sample after ion exchange chromatography 1, SPs (cryst) - the material collected
from crystallization drops (dissolved crystals and solution surrounding the crystals, without the precipitate).
The numbers 1, 2 and 3 indicate the band corresponding to contaminating protein of SPs sample, the band
corresponding to the main component of SPs sample and the bands corresponding to 30 kDa lipoproteins,
respectively.
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Fig. 6.4 MALDI-TOF MS spectra for investigated proteins.

MALDI-TOF MS spectra were recorded for a) SPs, b) Bmlp7 and ¢) Bmip3.

MALDI-TOF MS analysis was carried out in order to establish the molecular weight
of the investigated samples (Fig. 6.4). It was determined that the molecular weight of the main

protein in the SPs sample was 84.2 kDa. However, two more peaks are visible in the MS

41




6. Results & Discussion

spectrum corresponding to the molecular masses of 85.2 and 86.9 kDa. The molecular weight
of the BmlIp3 and Bmlp7 samples was established to be 27.3 kDa in both cases. The molecular
mass calculated for these proteins according to their amino-acid sequence (Table 5.1) is
slightly higher than that determined by MALDI-TOF MS, suggesting that probably partial
degradation of the proteins occurred in these samples.

LC-MS/MS was used for the initial identification of the main, unknown at that time,
components of the SPs and Bmlp7 samples. The particular bands were cut out
from the SDS-PAGE gel and subjected to analysis. The analysis indicated that the main
component of the SPs sample was SP2 at 75% level of confidence. The analysis of the Bmlp7
sample suggested tentatively that the investigated protein was PBMHP-12, the level
of confidence in the identification of this protein was at 89%. Other top-ranking proteins were
PBMHPC-23 and PBMHPC-19. All the listed proteins belong to the 30-kDa lipoprotein
family, which indicated that the Bmlp7 protein is also a member of this protein family.
In the case of the Bmlp3 sample, it was suspected that this protein also belongs to the 30-kDa
LPs. In order to confirm this theory N-terminal sequencing was performed. The amino acid
sequence of ten N-terminal residues was determined (tADSDVPNDIL10). Several members
of the 30-kDa LPs family have the same sequence at the N-terminus, thus it was not possible

to identify a particular protein at this stage.

6.2. PROTEIN CRYSTALLIZATION, X-RAY DIFFRACTION DATA
COLLECTION AND DATA PROCESSING

All crystals of the investigated proteins (Table 6.1; Fig. 6.5) were grown using
the vapor diffusion method. A number of trials, including screening for initial crystallization
conditions and further optimization of the conditions, were performed in order to obtain
crystals of a good quality. Crystallization techniques were described in details in Materials
& Methods (5.3).

Initial crystallization trials of SPs revealed that crystallization itself is the final
purification step in this case. The use of 2.0 M ammonium sulfate as a precipitant caused
the formation of a brown precipitate in the crystallization drops. Nevertheless, a month later,
large crystals grew in the same drops containing the precipitate (Fig. 6.5a). In order
to perform SDS-PAGE analysis the crystals were dissolved and collected with the solution
surrounding them. The sample was then centrifuged to remove the precipitate.

The supernatant was applied on gel. The lane corresponding to this sample (Fig. 6.3)
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contained only the lower band (smaller molecular weight) indicating that the contaminating
protein of a higher mass was the precipitating protein. The initial crystals had irregular
prismatic shape (Fig. 6.5a) and diffracted X-rays to about 3.0 A. The collected data could be
indexed in the space group C2 or C222 and the calculated Mathews volume indicated
the presence of 3 or 4 protein molecules in the asymmetric unit. The difficulties with indexing
were caused by twinning, which was probably the result of two different ways of hexamers
packing in space. The crystallization conditions were further optimized using Additive Screen
(Hampton Research) and yielded crystals, identified later as SP2-SP3 complex crystals,
with hexagonal plate morphology (Fig. 6.5b), belonging to space group P6322. The crystals
grew in the presence of 0.02 M NaSCN and diffracted X-rays to 2.9 A with no indication

of twinning.

Table 6.1 Crystals of silkworm proteins.

SP2-SP3 Bmlp7-I Bmlip7-I1 Bmlp3-p21 Bmlp3-c2
Protein 100 10 10 10 10
concentration
[ma/ml]
Crystallization 20M 22% PEG 3350, 22% PEG 3350, 30% PEG MME 20M
conditions (NH4)2SOs, 0.2 M KSCN, 0.2 M KSCN, 550, (NH4)2S0s4,
0.02 M NaSCN, 0.1 M HEPES, 0.1 M HEPES, 0.1 M CaClz2, 0.1 M NHal,
pH 5.5 pH 7.5, pH 7.5, 0.1 M Bis-Tris, pH 5.5
pH 6.5
Crystal size 0.15x0.15x0.05 0.35x0.2x0.1 0.45x0.3x0.15 0.2x0.1x0.05 0.15x0.1x0.05
[mm]
Cryoprotection 70% Tacsimate,  50% PEG 400, 50% PEG 400, no 70% Tacsimate,
pH 5.5 0.2 M KSCN, 0.02 M glucose,  cryoprotection pH 5.5
0.1 M HEPES, 0.2 M KSCN, required
pH 7.0, 0.1 M HEPES,
mixed with well pH 7.0,

solution in ratio
1.1

mixed with well
solution in ratio
1.1

The table presents the information about the final crystals used for the X-ray diffraction experiment.

All crystals of Bmlp7 were grown using as the precipitating buffer 0.2 M KSCN,

0.1 M HEPES pH 7.5, and 22% PEG 3350. The Bmlp7 crystals can be divided into two
groups: the crystals grown using Bmlp7 protein isolated from the hemolymph collected
in 2008 (i) and in 2010 (ii). The first crystals, Bmlp7-1(Cd) (Fig. 6.5c), obtained from
the 2008 batch of hemolymph belonged to space group P1 and diffracted X-rays to 1.3 A.
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Unexpectedly, the presence of cadmium was detected later in these crystals. The heavy atom
derivatives, Bmlp7-Hg and Bmlp7-Pt, were produced using the same crystals by soaking them
in mercury (1) acetate (Bmlp7-Hg) or K:PtCle (Bmlp7-Pt) at the final concentration
of 2.0 mM for one week. Bmlp7 purified from the 2010 batch of hemolymph provided
crystals (Bmlp7-Il; Fig. 6.5d) belonging to the second crystal form, space group P1
with different unit cell parameters (Table 6.2). These crystals were free of cadmium.
The same protein sample was used for cocrystallization with cadmium (CdCl»), which was
externally added to the crystallization drop at a final concentration of 0.2 mM. The obtained

crystals (Bmlp7-Cd) belonged to the same crystal form as Bmlp7-1(Cd).

Fig. 6.5 Crystals of silkworm proteins.

Crystals of investigated proteins: a) SP2-SP3, the twinned crystals, b) SP2-SP3, hexagonal form, c) Bmlp7-1,
d) Bmlp7-11, ) BmiIp3-p21, f) Bmlp3-c2.

Initial crystals of Bmlp3 were obtained using a sample after two steps of purification
(GF and IEC I1). The crystals belonged to space group C222; and diffracted X-rays to 2.9 A,
but intensity triage procedure indicated a twinning problem. Therefore additional purification
step (HIC and protein desalting) were included in the purification protocol. Two crystal forms
of Bmlp3 were obtained, each of them corresponds to different crystallization conditions.
Crystals of the first crystal form (Bmlp3-p21; Fig. 6.5e) were grown using 0.1 M CaCls,
0.1 M Bis-Tris, pH 6.5 and 30% PEG MME 550 as the precipitating buffer. The obtained
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crystals grew in clusters of tiny plates and belonged to space group P2:. Crystals
of the second crystal form (Bmlp3-c2; Fig. 6.5f) were grown using 2.0 M ammonium sulfate
and 0.1 M ammonium iodide at pH 5.5 as the precipitating buffer. The crystals were tiny
plates and belonged to space group C2.

The information about the crystals (their size, crystallization and cryoprotection

conditions) is summarized in Table 6.1.

Table 6.2 X-ray diffraction data collection statistics of Bmlp7 crystals.

Bmlip7-1(Cd) Bmlp7-Hg Bmlp7-Pt Bmlip7-I Bmlp7-Cd
Space group P1 P1 P1 P1 P1
Unit cell parameters
a, b, c[A] 42.2,50.0,55.2 41.7,49.7,54.8 41.8,49.7,549 35.1,71.7,105.1 42.9,50.7,55.9
B[] 93.4,94.6, 935,947, 93.2,94.38, 78.8, 89.9, 93.3,94.7,
e 102.7 103.0 102.8 75.8 102.6
Molecules/AU 2 2 2 4 2
Vu [A%Da] 2.10 2.02 2.03 2.31 2.07
Solvent content [%] 41.5 39.1 39.4 46.8 40.5
X-ray data collection
Temperature [K] 100 100 100 100 100
- BESSY,
Radiation source BL114.1 DESY, X12 DESY, X12 DESY, X12 DESY, X12
Wavelength [A] 0.918 1.005 1.071 0.949 0.900
Detector MAR CCD 225 MAR CCD 225 MAR CCD 225 MAR CCD 225 MAR CCD 225
Crystal-detector 140 230 180 200 200
distance [mm]
Rotation range [°] 0.5 0.5 0.5 0.5 0.5
Total rotation [°] 360 360 360 180 360
Exposure / image [s] 5.2 6.0 4.0 20.0 15
Resolution [A] 23-1.33 50-2.22 50-1.94 37.0-2.5 40.0-1.79
(1.38-1.33)? (2.30-2.22) (2.01-1.94) (2.56-2.5) (1.90-1.79)
Intensities measured 309 628 72 420 110 745 52 068 138 001
Unique reflections 94 702 40 082 29990 29 885 38532
Rimerge” [%0] 10.9 (31.9) 8.1 (34.3) 6.8 (15.3) 4.3 (14.7) 5.2 (12.7)
Redundancy 3.3(1.6) 1.9 (1.6) 3.7(2.8) 1.8 (1.6) 3.6 (3.0)
<l/ol> 11.6 (2.4) 8.9 (2.2) 25.2 (4.9) 13.8 (4.7) 18.2(7.9)
Completeness [%] 94.0 (78.8) 94.7 (76.0) 94.2 (75.0) 88.8 (88.8) 93.9 (80.4)

a/alues in parentheses are for the highest resolution shell
PRimerge= 202 | Inj - <In> |/ X Inj, Where Iy is the intensity of observation j of reflection h.
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X-ray diffraction data were collected and processed as was described in Materials
& Methods (5.5; 5.6). The first and the most extensively studied protein was Bmlp7
and a number of data sets were collected for the Bmlp7 crystals (two crystal forms, heavy
atom derivatives, crystals cocrystallized with cadmium). The data collection statistics
for Bmlp7 are presented in Table 6.2. In the case of Bmlp3 the data representing two crystal
forms were collected and for the SP2-SP3 complex only the hexagonal crystals were useful.

The data collection statistics for Bmlp3 and SP2-SP3 are summarized in Table 6.3.

Table 6.3 X-ray diffraction data collection statistics of Bmlp3 and SP2-SP3 crystals.

Bmlp3-p21

Bmlp3-c2

SP2-SP3

Space group
Unit cell parameters

a, b, c[A]

P2,

56.9,124.4,67.9

C2

154.1, 345, 93.1

P6322

192.8, 192.8, 180.8

a, pv[’] 90.0, 114.8, 90.0 90.0, 97.9, 90.0 90.0, 90.0, 120.0
Molecules/AU 4 2 2

Vv [A%Da] 2.01 2.25 2.89
Solvent content [%)] 38.7 45.7 57.5
X-ray data collection

Temperature [K] 100 100 100

Radiation source

BESSY, BL1 14.1

BESSY, BL114.1

BESSY, BL14.2

Wavelength [A] 0.918 0.918 0.918
Detector MAR CCD 225 MAR CCD 225 MAR CCD 225
Cotal st
Rotation range [°] 0.5 0.4 0.5

Total rotation [°] 180 180 75
Exposure / image [s] 20.0 17.0 35.0
Resolution [A] 34.4-2.36 (2.46-2.36) 38.1-2.10 (2.20-2.10) 48-2.9 (3.0-2.9)
Intensities measured 133 505 89 568 404 092
Unique reflections 35189 26 553 44 232
Rmerge” [%] 8.2 (63.6) 6.0 (49.6) 10.8 (63.9)
Redundancy 3.8(3.8) 3.7(2.7) 10.2 (10.5)
<l/ol> 15.7 (2.7) 15.9 (2.6) 23.2 (5.0)
Completeness [%] 99.5(99.7) 91.3 (86.3) 99.7 (100.0)

aValues in parentheses are for the highest resolution shell

®Rimerge= 202 | Inj - <In> |/ Xnj Inj, Where Iy is the intensity of observation j of reflection h.
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6.3. STRUCTURE DETERMINATION
6.3.1. The initial model of Bmlp7 was obtained by SAD

The most challenging case of the phase problem was the structure of Bmlp?7,
Bmlp7-1(Cd). At the time when high-resolution X-ray diffraction data were collected
for the Bmlp7 crystal, there was no model in the PDB suitable for MR calculations.
Therefore, methods based on crystals’ derivatization were chosen for the solution of the phase
problem. Plenty of derivatives were prepared (5.4). Prior to the anomalous X-ray diffraction
data collection, each derivatized crystal was checked by fluorescence scan for the presence
of the heavy atom compounds. Only crystals containing heavy atoms were mounted and their
diffraction properties were tested. Many crystals diffracted poorly or did not diffract
after the derivatization procedure. Nevertheless, the anomalous X-ray diffraction data
of a good quality were collected for mercury and platinum derivatives (Table 6.2). The use
of Bmlp7-Hg data set was sufficient to solve the phase problem. The data set was collected
at the 1.0055 A wavelength which was selected according to a fluorescence scan.

The subsequent steps of the structure solution were:

» the determination of the heavy atoms’ positions by SHELXD (Schneider
and Sheldrick, 2002);

» the determination of the correct space group enantiomorph for the substructure by ABS
(Hao, 2004) and SHELXE (Sheldrick, 2002);

» the refinement of the heavy atom positions and initial calculation of the phases by BP3
(Pannu et al., 2003);

» density modification by RESOLVE (Terwilliger, 2000);

» the automated model building using the obtained phases by ARP/WARP (Perrakis
etal., 1999);

» the final structure solution by the Auto-Rickshaw Native-MRSAD protocol
(unpublished) using as input: Hg-derivative data, the initial heavy atom sites,
the resulting model (from ARP/WARP) that contained few meaningful secondary

structures, and the high-resolution native data for phase extension.

6.3.2. MR as the most common method for phase problem solution

After the first crystal structure of Bmlp7 was solved, it served as an initial model
for MR calculations of Bmlp3 and other Bmlp7 structures. Two more Bmlp7 structures,
Bmlp7-Pt and Bmlp7-Il, were solved by MR, refined and deposited in the PDB.
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The Bmlp7-Pt structure was determined using anomalous data collected for a crystal
derivative in order to compare its platinum binding sites with the unexpectedly detected
cadmium binding sites in the Bmlp7-1(Cd) structure. The Bmlp7-11 structure represented the
second crystal form of Bmip7. One more Bmlp7 structure (Bmlp7-Cd), obtained
from a crystal with artificially added cadmium, was also solved for comparison of its
cadmium binding sites with Bmlp7-1(Cd). The Bmlp7-Cd structure was not deposited
in the PDB, because it was isomorphous with Bmlp7-1(Cd).

The Bmlp3-p21 structure was also solved by MR using the coordinates of chain A
of Bmlp7-1(Cd) as the initial model. The starting model for Bmlp3-c2 was chain A
of Bmlp3-p21, because this model already contained the correct Bmlp3 sequence.

Finally, the crystal structure of the SP2-SP3 complex was also determined by the MR
method. The structure of arylphorin from oak silkworm (APA; PDB code: 3GWJ; Ryu et al.,
2009) was used as a model, because SP2 and APA share 85% similarities and 69% identities
in their amino acid sequences.

The great majority of the structures described in this dissertation was determined
by MR. When a suitable model is available, MR is the method of choice for solving the phase
problem, because it does not require preparation of derivatives and additional X-ray

diffraction measurements.

6.4. SEQUENCING FROM ELECTRON DENSITY MAPS

All investigated proteins were purified as unknown proteins. After characterization
of the initial samples by LC-MS/MS or N-terminal sequencing, the information
about the amino acid sequences of the studied proteins was incomplete or incorrect. It was
thought that SP2-SP3 hexamerin consisted exclusively of SP2 subunits, Bmlp7 was
tentatively identified as PBMHP-12 and the only information about the Bmlp3 sample
was that the protein belonged to the 30-kDa LPs family.

The final identification of all proteins was possible only according to the electron
density maps. X-ray crystallography had been used for resolving sequence-related ambiguities
almost from its inception, and nowadays it still remains a powerful tool for protein
identification, especially for unknown proteins isolated from their natural sources.
Each protein 3D structure contains information on the protein primary structure. The most
interesting case studies of sequencing from electron density maps were described in a review

prepared by the author of this dissertation (Appendix: Publication V).
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6.4.1. Crystallographic identification of Bmlp7

After the first cycles of refinement in REFMACS5 (Murshudov et al., 2011) and visual
inspection of the electron density maps in Coot (Emsley and Cowtan, 2004; Emsley et al.,
2010), it was possible to identify the correct amino acid sequence of the protein. It turned out
that the protein was not PBMHP-12, but the amino acid sequence matched another protein
belonging to 30-kDa LPs, Bmlp7. The alignment of the 30-kDa LPs amino acid sequences
indicates a high level of homology (Table 3.2). Many differences between PBMHP-12
and Bmlp7 sequences were found in the N-terminal region and in the positions of aromatic
residues (Fig. 6.6). The amino acid side chains were clearly visible in the high resolution,
1.33-A, electron density maps (Fig. 6.7) which enabled the sequence identification
and correction of the model.

As mentioned before (3.2.2.2) the information available in different databases
about 30-kDa LPs sequences is not well-ordered, thus a number of entries corresponding
to the Bmlp7 sequence were found (the SilkDB, accession code: Bmb021422; UniProt,
accession code: ESEVW2, D4QGCO0; GenBank, accession code: BAJ 04788.1). The protein
was annotated as Bmlp7 only in the SilkDB, other databases denoted it as the putative
uncharacterized protein 19G1P or as a 30 kDa protein. The Bmlp7 name is the most
appropriate, because it refers to the gene name.

30-kDa LPs, as well as other silkworm storage proteins, contain an N-terminal signal
peptide which is typical for proteins secreted from fat bodies into the hemolymph. It usually
consists of a positively charged N-terminus followed by a path of hydrophobic residues
(Shimada et al., 1985). The investigated proteins were isolated from the hemolymph,
thus they represented mature protein forms without the signal peptide. In the case of Bmlp7
it was unclear which residue is the first residue of the mature protein. The cleavage site
of the signal peptide was not indicated in the databases. Therefore, the N-terminal sequencing
was performed for Bmlp7. At the time of this analysis, the Bmlp7-1(Cd) structure was
completed. The Bmlp7 sample was separated in SDS-PAGE electrophoresis, the protein was
transferred to a PVDF membrane and a single band corresponding to Bmlp7 was subjected
to N-terminal sequencing by chemical degradation. Unexpectedly, the results of the analysis
were two completely different sequences of the N-terminal decapeptide: tADSDVPNDIL19
and :GVVELSADSMyo. The first sequence corresponded to Bmlp7, whereas the other one
was the N-terminal sequence of PBMHP-12. Each step of Edman degradation returned two
peaks on chromatograms and the ratio of their heights was 3:1. Therefore, it could be easily
distinguished which amino acid belongs to which sequence. The main component
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al a2
Bmlp7  ——————m ADSDVP-NDILEEQLYNSIVVADYDSAVEKSKHLYEEK 37
pBmHPC19 MKPAIVILCLFVAS---—- LYAADSDVP-NDILEEQLYNSVVVADYDSAVEKSKHLYEEK 54
Bmlp3 MKPAIVILCLFVAS-—--—- LYAADSDVP-NDILEEQLYNSVVVADYDSAVEKSKHLYEEK 54

pBmHP12 MKLLVVFAMCVPAASAGVVELSADSMSPSNQDLEDKLYNSILTGDYDSAVRKSLEYESQG 60

* * *: **::****::.'******'**

a3 ad ab ab B1

Gl e e .

Bmlp7 KSEVITNVVNKLIRNNKMNCMEYAYQLWLQGSKDIVRDCFPVEFRLIFAENAIKLMYKRD 97

pBmHPC19 KSEVITNVVNKLIRNNKMNCMEYAYQLWLQGSKDIVRDCFPVEFRLIFAENAIKLMYKRD 114
Bmlp3 KSEVITNVVNKLIRNNKMNCMEYAYQLWLQGSKDIVRDCFPVEFRLIFAENAIKLMYKRD 114

pBmHP12 QGSIVONVVNNLIIDKRRNTMEYCYKLWVGNGQDIVKKYFPLSFRLIMAGNYVKLIYRNY 120

_____ kkkkokk sa: K Kkk Kikks | ckkk,  kkg khkk.k * kkok.
p2 p3 p4 pS p6
Bmlp7 GLALTLSNDVHGNDGRLAFGDGKDKTSPKVSWKFIALWENNKVYFKILNTERNQYLVLGV 157

pBmHPC19 GLALTLSNDVQGDDGRPAYG--KDKTSPRVSWKLIALWENNKVYFKILNTERNQYLVLGV 172
Bmlp3 GLALTLSNDVQGDDGRPAYGDGKDKTSPRVSWKLIALWENNKVYFKILNTERNQYLVLGV 174

pBmHP12 NLALKLGSTTNPSNERIAYGDGVDKHTDLVSWKFITLWENNRVYFKAHNTKYNQYLKMST 180

-t**_*_. . .l * :* * % : ****:*:*****:**t* **: * & k&
p7 B8 B9 B10
Bmlp7 GT-NPNG-DHMAFGVNSVDSFRAQWYLQPAKYDKDNLFYIYNREYSKALTLSRTLETSGN 215

pBmHPC19 GT-NWNG-DHMAFGVNSVDSFRAQWYLQPAKYDNDVLFYIYNREYSKALTLSRTVEPSGH 230
Bmlp3 GT-NWNG-DHMAFGVNSVDSFRAQWYLQPAKYDNDVLFYIYNREYSKALTLSRTVEPSGH 232

pBmHP12 STCNCNARDRVVYGGNSADSTREQWFFQPAKYENDVLFFIYNRQFNDALELGTIVNASGD 240

‘* * t' t::':* *t'** * **::*t***::* **:*t**::._** *. ::-*t'
p11 p12
Bmlp7 RMAWGYNGRVIGSPEHYAWGVKAF 239

pPBmHPC19 RMAWGYNGRVIGSPEHYAWGIKAF 254
Bmlp3 RMAWGYNGRVIGSPEHYAWGIKAF 256

pBmHP12 RKAVGHDGEVAGLPDIYSWFITPF 264

* * i::i.i * i: i:* :‘_*

Fig. 6.6 Sequence alignment of 30-kDa LPs.

Amino acid sequence alignment of Bmlp7, pBmDP19 (30Kc19), Bmlp3 and pBmHP-12 (UniProt accession
codes: EBEVW2, P09336, H9J4F6 and P09335, respectively). The N-terminal signal peptides are shown
in italics. The main differences which helped to identify the correct sequences of Bmlp7 and Bmlp3 are in red
lettering. The N-terminal sequences established by Edman degradation are shown in magenta boxes.
The sequence alignment was calculated in Clustalw  (http://www.ebi.ac.uk/Tools/msa/clustalw?2/).
The secondary structure elements are assigned as a-helices (cylinders) and -strands (arrows).
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of the sample was Bmlp7. It turned out that the sample used for crystallization was
heterogeneous and also in this case crystallization was the last purification step. These results

explained the incorrect initial identification of Bmlp7 as PBMHP-12.
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Fig. 6.7 The high resolution electron density maps of Bmlp7.

The electron density maps of Bmlp7 were of superb quality which enabled verification and correction
of the amino acid sequence. a) The shape of the electron density clearly indicated that the amino acid residue is
phenylalanine instead of leucine. b) All residues with annular side chains were easy to identify, for instance,
Phe77 and Pro78 are shown. The 2Fo-Fc maps are displayed in blue at 1.3 ¢ and the Fo-Fc maps in green
at3.0 c.

6.4.2. Crystallographic identification of Bmlp3

The other 30-kDa LP was identified as Bmlp3 also during the refinement
in REFMACS5 (Murshudov et al., 2011) and Coot (Emsley and Cowtan, 2004; Emsley et al.,
2010). The amino acid sequences of Bmlp3 and Bmlp7 (Fig. 6.6) are similar in 97%
and identical in 94%. Nevertheless, the inspection of the electron density (Fig. 6.8) allowed
me to detect the proper sequence of Bmip3. Two identical amino acid sequences
corresponding to this protein were found in the databases (SilkDB, accession code:
Bmb035159; UniProt, accession code: H9J4F6). The Bmlp3 name refers to the gene name.

6.4.3. Crystallographic identification of an unexpected complex of SP2
and SP3

Although SP2 was extensively studied during the last years, the amino acid sequence

found in UniProt (accession code: P20613) and denoted as SP2 turned out to be incorrect

in its C-terminal part (residues 634-688). This conclusion was based on the results of the first
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refinement cycles in REFMAC5 (Murshudov et al., 2011) and Coot (Emsley and Cowtan,
2004; Emsley et al., 2010). The correct sequence was found with the accession code Q1HPP4.
Interestingly, both SP2 sequences deposited in the UniProt differ in 10% (Table 3.1; Fig. 6.9).
Probably, some frame shift errors occurred during gene sequencing of the entry P20613.
The C-terminal fragment of the model was improved after the sequence was changed

for Q1HPP4 which was reflected in a decrease of R factors by about 3%.

\."{'I"' l;g”"a g
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Fig. 6.8 The electron density maps of Bmlp3.

The resolution of the Bmlp3 data was lower by about 1 A in comparison to the high resolution structure
of Bmlp7. a) Bmlp3-p21 is the first and the only complete structure of a member of the 30-kDa LPs, deposited
inthe PDB. All amino acids resides of the N-terminus were clearly visible in the electron density maps.
b,c) The good quality of the electron density maps allowed identification of the correct amino acid sequence
of the protein. The 2Fo-Fc maps are displayed in blue at 1.0 .

The asymmetric unit of the hexamerin was comprised of two protein molecules.
The electron density maps obtained after subsequent rounds of refinement allowed me
to detect further sequence-related ambiguities. Although Ca atoms of the model could be
easily traced in the maps, a number of positive and a few negative peaks at the 5c level were
present in the Fo-F¢ difference electron density maps at amino acid side chains of subunit A

(Fig. 6.10). No similar peaks were observed in corresponding sites of subunit B (Fig. 6.10).
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Fig. 6.9 Sequence alignment of arylphorins.

Amino acid sequence alignment of arylphorins, SP2_1, SP2_2, SP3 and APA (UniProt accesion codes: P20613,
Q1HPP4, H9JHM9 and Q7Z1FS8, respectively), calculated in Clustalw
(http://lwww.ebi.ac.uk/Tools/msa/clustalw2/) and colored according to identities (dark blue) and similarities
(light blue) using Jalview (http://lwww.jalview.org/; Waterhouse et al., 2009). The N-terminal sequences
established by Edman degradation are shown in magenta boxes. The presented sequences correspond to mature
proteins. The glycosylation sites are highlighted in red and cysteine residues which form disulfide bridges are
highlighted in green. The secondary structure elements are assigned as a-helices (cylinders) and B-strands
(arrows).
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Fig. 6.10 The electron density maps of SP2-SP3.

The electron density maps enabled identification of the hexamerin as being composed of two different proteins.
More than 20 peaks in the difference electron density maps of subunit A indicated that the SP2 sequence is not
correct for this protein. Four most representative sites are shown in panels (a-d), presenting the same site
in subunit B (cyan), for which the SP2 sequence is correct, the corresponding site in subunit A with the incorrect
SP2 sequence (magenta) and after its correction for the SP3 sequence (green). The 2Fo-Fc maps (blue) are
contoured at the 1.0 ¢ level and the Fo-Fc maps (green) at the 3.0 ¢ level.
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The search for other sequences of silkworm arylphorins was performed and the sequence
of SP3, matching the electron density maps of subunit A perfectly, was found in the UniProt
with accession code H9JHMO9. The R factors decreased by about 2% after the SP3 sequence
was assigned to subunit A. Crystallographic studies revealed that the hexamerin is
a heterohexamer of two different arylphorins. Both storage proteins contain a significant
amount of aromatic residues in their amino acid sequences, and what is also important,
the positions of these residues are different in both proteins, which was essential

for the sequencing from 2.9 A electron density maps.

IEC CD

SP1
SAISGGYGTM,,

GG]Y ™ GG Y ™

SI2 LISIKP[S|G| I KA ISIKP[S|GI LK
TV P T T T v P T T

E|F|KLLL P E|F|KZl P

12345678910 123456782910

!

SP1 ,SAISGGYGTM,,
SP2 ,SAVPKPSTIK,,
SP3 ,STVPEFKTTP,,

Fig. 6.11 The results of N-terminal sequencing of SPs samples.

The schematic representation of the SDS-PAGE bands (as in Fig. 6.3, trace SPS/IEC | and SPs/cryst) which were
applied for the N-terminal sequencing analysis. The results of the analysis for a particular band are located
within this band. The colors black, blue and green represent the N-terminal residues of SP1, SP2 and SP3,
respectively. The SP1 protein is present in two bands which could be speculatively explained by different
glycosylation forms of this protein. It can be connected to the results of MALDI-TOF MS (Fig. 6.4a), where two
additional peaks (85.1 and 86.9 kDa) could be assigned to SP1.

The N-terminal sequencing by Edman degradation was carried out to confirm
the information provided by X-ray crystallography. Two samples were analyzed:
(1) the sample obtained after purification, also containing the contaminating protein
and (2) the material collected from crystallization drops, i.e. dissolved crystals and solution

surrounding them, with the precipitate removed by centrifugation of the sample. Firstly,

55




6. Results & Discussion

the sample components were separated by SDS-PAGE. The sample after purification
produced two bands, whereas a single band was visible in the trace corresponding
to the sample from the crystallization drops (Fig. 6.3). Secondly, the proteins were transferred
to a PVDF membrane. Finally, all three bands were cut out and subjected to N-terminal
sequencing analysis. The N-terminal sequence of the contaminating protein was
1SAISGGYGTMyo, which corresponded to SP1. The analysis of the results obtained
for the main component of the first sample and for the band from the second sample was more
complicated (Fig. 6.11). Nevertheless, it was established that these bands contained a mixture
of three silkworm storage proteins: SP1, SP2 and SP3. Although SP1 was also present
in the soluble protein fraction in the crystallization drops, only the SP2-SP3 complex
crystallized.

To this date, not much is known about SP3 and the N-terminal sequencing revealed
the first residues of the mature protein (:STVP....). The storage proteins (in immature form,

before secretion to hemolymph) also contain an N-terminal signal peptide (6.4.1).
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Fig. 6.12 The Ramachandran plot.

The Ramachandran plot obtained during validation of the Bmlp3-c2 structure (41Y9) — an example of validation
step.
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6.5. STRUCTURE REFINEMENT AND VALIDATION

All six crystal structures of the major hemolymph proteins were refined to the final
R/Riree factors below 22 / 29 %. The root-mean-square deviations (r.m.s.d.) from the ideal
geometry for the bond lengths and for the angles were in the range of standard values.
Excluding glycine and proline residues, the Ramachandran plot had more than 90 % of the
residues in the most favored regions in each structure and no more than 0.4 % residues
in the disallowed regions (Fig. 6.12). The detailed refinement statistics for all structures are
summarized in Table 6.4. The structures were deposited in the PDB with the following codes:
4EFP [Bmlp7-1(Cd)], 4EFQ (Bmlp7-Pt), 4EFR (Bmlp7-I1), 41Y8 (Bmlp3-p21), 41Y9
(Bmlp3-c2) and 4L37 (SP2-SP3).

Table 6.4 Refinement statistics of crystal structures of major hemolymph proteins.

Bmlp7-1(Cd) Bmlp7-Pt Bmlp7-I1 Bmlp3-p21 Bmlp3-c2 SP2-SP3

Ruwork / Riree® [%0] 18.4/23.1 18.5/22.7 20.1/285 17.3/25.9 216/27.1 16.6/22.3
Riree test set count 1223 1019 949 1106 1325 1096
Protein /solvent
atoms 4006/551 3871/234 7702/137 7817/220 3878/124 11 373/136
R.m.s. deviations 0.020 0.019 0.020 0.015 0.019 0.013
(bond lengths) [A] ' ' ' ' ' '
R.m.s. deviations

. 1.94 1.69 1.98 1.71 1.81 1.66
(bond angles) [*]
Average B factor
[A7] 16.07 10.52 20.5 27.7 34.8 43.1
Favored/disallowed
Ramachandran ¢/y 97.0/0.0 95.86/0.22 95.45/0.32 90.7/0.1 91.7/0.0 91.0/0.1
[%]
PDB code 4EFP 4EFQ 4EFR 41Y8 41Y9 4L.37

Ruork= 2h | | Fo| - | Fe| |/ 2n | Fo| for all reflections, where F, and F¢ are observed and calculated structure factors,
respectively. Riee is calculated analogously for the test reflections, randomly selected and excluded
from the refinement.

6.6. OVERALL STRUCTURE

6.6.1. Overall structure of SP2-SP3 complex

The asymmetric unit of the SP2-SP3 complex contains two protein molecules,
one molecule of SP2 (subunit B) and one of SP3 (subunit A). The biologically relevant
oligomeric state of arylphorins is a hexamer, as indicated by the biochemical analysis

(Burmester and Scheller, 1996). One trimer of SP2 and one trimer of SP3 form the biological

57




6. Results & Discussion

assembly which is in this case a heterohexamer. The trimers are located

along the crystallographic 63 axis (6.8.1).

. ¢ S R

Fig. 6.13 Overall structure of SP2 and SP3.

a,b,c) A cartoon representation of the SP2 and SP3 fold. The SP2 (blue-green-red) and SP3 (cyan-light green-
orange) chains are presented in three views to show each of the subdomains: a) hemocyanin_N,
b) hemocyanin_M and c¢) hemocyanin_C. The secondary structure elements characteristic only of arylphorins are
shown in magenta. The sulfur atoms of Cys participating in forming of disulfide bonds in SP3 structure are
presented as yellow spheres. d) A topology diagram of SP2 and SP3. Cylinders and arrows represent a-helices
and B-strands, respectively. The lengths of the a-helices, B-strands and of the loops are not commensurate
with the numbers of amino-acid residues in these elements. The secondary structure elements forming B-sheets
and an elongated B-barrel are highlighted in gray and in orange, respectively. The glycosylation site is marked
with a star.
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Chain A (SP3) and chain B (SP2) contain 674 of the 680 residues of mature SP3
(6-679) and 667 of the 687 residues of mature SP2 (9-675), respectively. The structure
of SP2, as well as the structure of SP3, comprises three hemocyanin-like subdomains
(Fig. 6.13): the hemocyanin_N  domain  (residues  17-157/SP2;  14-153/SP3),
the hemocyanin_M domain (residues 157-441/SP2; 154-438/SP3), and the hemocyanin_C
domain (residues 442-675/SP2; 439-679/SP3). The hemocyanin_N,M,C domains can be
found in the Pfam database (http://pfam.sanger.ac.uk) with accession codes: PF03722,
PF00372 and PF03723, respectively. This fold is consistent with the architecture of oak
silkworm arylphorin (APA; Ryu et al., 2009) and of arthropod hemocyanins. There is
a hypothesis that arylphorins evolved from arthropod hemocyanins (Ryu et al., 2009).
The hemocyanin_N subdomain is an a-helical domain, formed exclusively of a-helices
(al-a6 in BmSP topology; Fig. 6.13d). The second, hemocyanin_M, subdomain contains six
a-helices (a7-al4) and four B-strands (B2-p5). The interactions of the residues belonging
to this subdomain dominate among the contacts forming the hexamer (6.8). The third
subdomain, hemocyanin_C, comprises mainly of p-strands (f6-p15) which form an elongated
B-barrel. Such a domain can be classified as an IG-like domain. Additionally, one, short
a-helix (a15) is also present in this subdomain.

The structures of SP2 and SP3 closely resemble each other, displaying a 0.83 A
r.m.s.d. over 645 aligned Co atoms with 65% sequence identity (Table 3.1). Both structures
contain a number of flexible loops which adopt different conformations in SP2 and SP3,
the most flexible is the loop between B14 and B15. The disulfide bonds are present only
in SP3 and link Cys53-Cys104 and Cys169-Cysl175. The N-glycosylation characteristic
for arylphorins is present at Asn195 of SP2 and at Asn192 of SP3.

6.6.2. Overall structure of 30-kDa LPs

The fold of 30-kDa LPs (Fig. 6.14) is unique and characteristic only for this group
of proteins. This type of architecture is classified as the Lipoprotein_11 family (Pfam,
accession code: PF03260). 30-kDa LPs were comprised of two domains, N-terminal VHS
domain (Pfam: PF00790) and C-terminal B-trefoil domain (Pfam: PF14200).

The N-terminal domain (NTD; residues 5-87/Bmlp7/Bmlp3-c2; 1-87/Bmlp3-p21)
consists of six a-helices, which pack into a globular form of a right-handed superhelix.
The name “VHS” corresponds to the first letters of the protein names (VPS-27, Hrs
and STAM) which were classified into this group according to the SMART database (Schultz
etal., 1998).

59




6. Results & Discussion

Fig. 6.14 Overall structure of 30-kDa LPs.

a) A cartoon representation of the Bmlp7 fold as an example of the overall architecture of 30-kDa LPs. The NTD
and the CTD are shown in blue and green, respectively. b) A topology diagram of 30-kDa LPs. Cylinders
and arrows represent a-helices and B-strands, respectively. The lengths of the secondary structure elements
are not commensurate with the numbers of amino-acid residues in these elements.

The C-terminal domain (CTD; residues 88-239/Bmlp7/Bmlp3) is folded as a p-trefoil,
or more precisely a ricin-type pB-trefoil lectin-like domain. The CTD can be divided into two
parts, each containing six [-strands paired in three -hairpins, which are arranged
as a three-blade B-propeller around a pseudo-3-fold axis. The B-strands closer to the NTD are
longer. Both parts form a barrel-like assembly. The B-strands are connected by deeply
intertwined loops which are well-defined.

The amino acid sequences of BmlIp3 and Bmlp7 are 97% similar and 94% identical
which results in a high degree of structural similarity (Fig. 6.15). The chains A
of Bmlp7-1(Cd) and of Bmlp3-p21 can be superposed with r.m.s.d. of 0.48 A for Ca pairs.
The similar r.m.s.d. value (~0.5 A) is obtained for the alignments of each chain of other
Bmlp7 crystal structures (Bmlp7-Pt; Bmlp7-11) with chains A, B, C, D of Bmlp3-p21 or chain
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A of Bmlp3-c2. The only exception is chain B of Bmlp3-c2 for which Ca superposition with
Bmlp7 chains produces r.m.s.d. values of 0.7 A. It is connected to the fact that loop 106-116
of Bmlp3-c2/B has a completely different conformation from the corresponding loop
in Bmlp7 and in other Bmlp3 molecules (Fig. 6.15). Such a conformational change enabled
the formation of a dimer in Bmlp3-c2 (6.8.2). Differences between Bmip3 and Bmlp7 can be
observed mainly in loop regions. Moreover, only Bmlp7 contains in its structures a modified

tryptophan residue.

Bmlp7

Bmlp3-p21
Bmilp3-c2_A
Bmlp3-c2_B

Fig. 6.15 Structural comparison of Bmlp3-p21, Bmip3-c2 and Bmlp?7.

The structures of Bmlip7-1(Cd) (chain A), Bmlp3-p21 (chain A), Bmip3-c2 (chains A and B) were
Ca-superposed. The most flexible loop and the N-terminus are encircled.
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6.7. STRUCTURAL COMPARISON
A search for structural homologues of major hemolymph proteins was performed
using the PDBeFold (SSM) (http://www.ebi.ac.uk/msd-srv/ssm/) and DALI (Holm

and Rosenstrom, 2010; http://ekhidna.biocenter.helsinki.fi/dali server/) servers. In almost all

cases, both servers returned identical results.

6.7.1. Primary structure determines the role of a protein: arylphorins
vs. hemocyanins
Structural comparison was performed for both storage proteins separately.
Nevertheless, the analysis returned exactly the same results for SP2 and SP3. At first
the servers listed APA, which was not surprising, because this arylphorin structure was used
for MR as an initial model. All other listed proteins, mainly arthropodan hemocyanins
and phenolooxidases, belonged to the hemocyanin family. The results of Co superposition

of SP2 or SP3 and their structural homologues is presented in Table 6.5.

Table 6.5 R.m.s.d. values calculated for Ca atoms of mulberry silkworm storage proteins
superposed on homologues proteins.

3GWIJ 1HC1 1LLA 3IXV 3HHS
SP2 0.83/645 1.70 /559 1.90/519 1.99/514 1.92 /505
SP3 0.94 /657 1.77 /1 568 1.83/510 1.81/500 1.99/519

The table presents the r.m.s.d. values in A / the number of superposed Ca atoms for SP2 (chain B) and SP3
(chain A) with chain A of a structure representing each of the homologues, represented by their PDB codes:
3GWIJ (oak silkworm arylphorin; Ryu et al., 2009), 1HC1 (California spiny lobster hemocyanin; Volbeda
and Hol, 1989), 1LLA (Atlantic horseshoe crab hemocyanin; Hazes et al., 1993), 31XV (Sahara scorpion
hemocyanin; Cong et al., 2009) and 3HHS (tobacco hornworm phenoloxidase; Li et al., 2009c).

The overall fold of SP2 and SP3 is consistent with the fold of APA. A comparison
of arylphorins and hemocyanins reveals more differences. Arylphorins contain a number
of additional secondary structure elements: one o-helix (a8) and three B-strands (1, B2
and f13) forming B-sheets; Bl is paired with B13 and B2 interacts with 3. The aromatic
amino acid residues of SP2, SP3 and APA constitute 19.0. 20.7 and 19.3%, respectively,
of the total amino acid content, whereas their fraction in hemocyanins is about 10%. Although
the tertiary structure of arylphorins and hemocyanins is very similar, their primary structure
identity is only 26 to 29%.
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Fig. 6.16 A comparison of di-copper center of hemocyanins and phenoloxidases with the corresponding
site of arylphorins.

In order to compare the di-copper site of hemocyanins and phenoloxidases with the corresponding site
of arylphorins, the prophenoloxidase 2(yellow; PDB code: 3HHS; Li et al., 2009) was Ca superposed with SP3

(green).

The biological role of proteins is strictly dependent on their primary structure.
Arylphorins are silkworm storage proteins, they serve as the main supply of nitrogen during
the pupal stage (Riddiford and Law, 1983), whereas hemocyanins are oxygen carriers
in arthropods’ bodies (van Holde and Miller, 1995) and phenoloxidases are enzymes
catalyzing the o-hydroxylation of monophenols to catechols and oxidization of catechols
to o-quinones (Decker et al., 2006). Hemocyanins and phenoloxidases contain type 3
di-copper centers formed by two copper atoms coordinated by six histidine residues.
The presence of this center is crucial in hemocyanins for oxygen binding (van Holde
and Miller, 1995) and for the biocatalysis in phenoloxidases (Decker et al., 2007).
The di-copper site is located in the middle of the hemocyanin_M subdomain, between helices
a9, al0, al3 and al4. The corresponding site of arylphorins contains residues incapable
of copper binding: three tyrosine residues (Tyr219, Tyr250, Tyr412/SP3; Tyr222, Tyr253,
Tyr415/SP2), one arginine (Arg376/SP3; Arg279/SP2), one glutamate (Glu372/SP3;
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Glu376/SP2) and one histidine residue (His223/SP3; His226/SP2), which has completely
different conformation than the corresponding residue of hemocyanins (Fig.6.16).Two
additional residues are present in the active site of phenoloxidases: a phenylalanine
and a glutamate, which act as a "place holder" for the phenolic substrates
and the deprotonating agent of the hydroxyl group of monophenolic substrates, respectively.

The corresponding residues of arylphorins are phenylaanine and tyrosine instead of glutamate.

6.7.2. The putative role of 30-kDa LPs domains deduced from structural
comparison

As mentioned (6.6.2), the 30-kDa LPs fold, which is a combination of VHS
and B-trefoil domains, is unique and to this date, there are no structural homologues
in the PDB among other proteins beside this group. Only one 30-kDa LP crystal structure,
which was not deposited by the author of this dissertation, is available in the PDB. It is
a structure of recombinant Bmlp7 (PDB code: 3PUB; Yang et al., 2011). The structure
appeared in the PDB, when the manuscript describing the results of structural studies
on Bmlp7-1(Cd), Bmlp7-Pt and Bmlp7-I1 was in preparation. The overall fold of the natural
source Bmlp7 models and of recombinant Bmlp7 is almost identical. The 1.9 A structure
of recombinant Bmlp7 is of a good quality with R/Rsree factors of 19.5 / 23.5% and displays
0.22 A r.m.s.d. over 234 aligned Ca atoms, when its chain A is superposed with chain A
of Bmlp7-1(Cd). The recombinant Bmlp7 structure is isomorphous with the Bmlp7-1(Cd)
and Bmlp7-Pt, the structures of the first Bmlp7 crystal form. Nevertheless, the structural
studies on natural source Bmlp7 provided much more information, for instance
the information about two Bmlp7 crystal forms, modified Trp residues and the cadmium
binding site.

Further search for structural homologues was performed for the NTD and the CTD

of 30-kDa LPs separately. The results are described in further sections.

6.7.2.1. The putative role of the 30-kDa LPs NTD

Interestingly, only in the case of the search carried out for the NTD, DALI server
did not return any results, whereas the PDBeFold (SSM) server indicated that the most
similar was the MA3-CTD of tumor suppressor Pdcd4 (PDB code: 2ios; LaRonde-LeBlanc
et al., 2007). This domain is formed by seven a-helices and four of them could be superposed
on helices al-04 of 30-kDa LPs NTD (Fig. 6.17a). This similarity might be important
for the assignment of the biological role of the 30-kDa LPs NTD. Pdcd4 interacts
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with transcription-initiating factors (Yang et al., 2001) and based on that it could be
speculated that the NTD might be capable of interacting with other proteins, especially
proteins involved in the apoptosis process. Other listed protein domains also belong
to the VHS domain family. The summary of structural comparison for NTD, with r.m.s.d.
below 3.0 A, is shown in Table 6.6.

Table 6.6 R.m.s.d. values calculated for Co atoms of the 30-kDa LPs NTD and CTD
superposed on homologues protein domains.

2108 2DCP 3DWL 4FQO0 3VSF 2VSA 3AJ6

Bmlp7-1(Cd)- 2.67/72 274174 281/71 2.70 /55 - - -
NTD

Bmlp7-1(Cd)- - - - - 2.21/135 2.41/137 2.39/134
CTD

The table presents the r.m.s.d. values in A / the number of superposed Co atoms for Bmlp7-1(Cd) NTD and CTD
(chain A), as representative of 30-kDa LPs, with a structure representing each of the homologues, represented
by their PDB codes: 210S (MA3-CTD of tumour suppressor Pdcd4 from mouse; LaRonde-LeBlanc et al., 2007),
2DCP (ENTH-VHS domain of hypothetical protein from Arabidopsis thaliana; Lopez-Mendez and Guntert,
2006), 3DWL (Actin-related protein 2/3 complex subunit 5 from yeast; Nolen and Pollard, 2008),
4FQO (flagellar motor switch protein from Helicobacter pylori; Lam et al., 2013), 3VSF (exo-p-1,3-galactanase
from Clostridium thermocellum; Jiang et al., 2012), 2VSA (mosquitocidal holotoxin from Bacillus sphaericus;
Treiber et al., 2008) and 3AJ6 (main hemagglutinin component from Clostridium botulinum; Nakamura et al.,
2011).

Fig. 6.17 A comparison of 30-kDa LPs NTD with MA3-CTD of tumour suppressor Pdcd4.

The MA3-CTD of tumor suppressor Pdcd4 (yellow; PDB code: 210S; LaRonde-LeBlanc et al., 2007) was
Ca-superposed with the NTD of Bmlp7-1(Cd) (red).
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6.7.2.2. The putative role of the 30-kDa LPs CTD

All homologues of the 30-kDa LPs CTD found by the servers belong to ricin-type
B-trefoil lectin-like domain, the number of obtained results with r.m.s.d. below 2.0 A was
significant, but only the three top-ranked homologues are listed in Table 6.6. A detailed
comparison of the 30-kDa LPs CTD with B-trefoil domains of other proteins was presented
by Yang et al. (2011), therefore it would not be widely discussed in this dissertation.
The most important conclusion coming from the analysis of the obtained results is that almost
all B-trefoil homologues are able to bind carbohydrates. It is plausible that the 30-kDa LPs
CTD is also capable of carbohydrate binding and this particular domain could be directly

involved in immune response to fungal infections via B-glucan recognition.

6.8. PROTEIN-PROTEIN INTERACTIONS AND CRYSTAL PACKING

The biologically relevant oligomerization state of 30-kDa LPs and arylphorins was
examined by gel filtration and DLS. All biochemical analyses indicated that 30-kDa LPs are
monomeric in solutions. In contrast, arylphorins form hexamers which was confirmed
biochemically and is consistent with other reports (Telfer et al.,, 1991; Burmester
and Scheller, 1996).

6.8.1. The heterohexamer of SP2 and SP3

The crystal structure of the SP2-SP3 complex confirmed that arylphorin exists
in hexameric form (Fig. 6.18). However, SP2 forms a heterohexamer with SP3 and does not
occur as a homohexamer, as it was previously believed (Fujii et al., 1989). The complex was
purified and crystallized from a mixture of three storage proteins in the form
of a heterohexamer.

The buried surface area in the interface between all six subunits, three SP2 and three
SP3 molecules, is 43 650 A?, as calculated using the PISA server (Krissinel and Henrick,
2007). The most extensive contacts between subunits are made by the hemocyanin_M
subdomains (Fig. 6.18c,d), which are located in the central part of the hexamer,
whereas the hemocyanin_N and hemocyanin_C subdomains are localized at the outside
of the hexamer. Strong hydrophilic and hydrophobic interactions build the hexamer interface
and the N-glycosylation characteristic to arylphorins additionally stabilizes the hexameric
state.

66




6. Results & Discussion

Fig. 6.18 A hexamer of SP2 and SP3.

a) The asymmetric unit of the SP2-SP3 complex, composed of two protein chains, SP2 (subunit B, blue)
and SP3 (subunit A, red). b) A heterohexamer is presented in the unit cell; symmetry-related molecules of SP2
and SP3 are in the shades of blue and red, respectively. The rotation of the unit cell by 90° and -90° about the x
axis is also shown. c,d) Two views of the hexamer with colored subdomains (hemocyanin_N - blue,
hemocyanin_M - green, hemocyanin_C - red).

6.8.2. Crystal packing of 30-kDa LPs

Among the five investigated crystal structures of 30-kDa LPs, only two of them,
Bmlp7-1(Cd) and Bmlp7-Pt, are isomorphous. Both structures contain two protein molecules
in their asymmetric units (AU; Fig. 6.19a,b). The other structure with the same number
of protein molecules in its AU is Bmlp3-c2 (Fig. 6.20b). However, the arrangement
of the molecules in the AU of Bmlp3-c2 is different in comparison to the mentioned structures
of Bmlp7. The molecules in these three structures are arranged in tail-to-tail fashion
(Fig. 6.19a, 6.20b), where head and tail refer to NTD and CTD, respectively. The dimer
interface is formed by the residues from loops between 2 and B3, f6 and B7, 10 and PB11.

The interactions are hydrophilic and the interface is also filled by a number of water
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Fig. 6.19 A unit cell content of both Bmlp7 crystal forms.

a) A unit cell of Bmlp7-1(Cd). Due to the space group P1, two molecules filling the unit cell were chosen
to represent the AU. However, the symmetry-related molecules (in gray) show that the molecules are packed
in a tail-to-tail fashion. b) A unit cell of Bmlp7-Il.

molecules. Nevertheless, the pattern of interactions in the Bmip7 and the Bmlp3 dimers
is different, for instance the loop containing residues 106-116 in molecule A of Bmlp3-c2
is shifted by about 5 A compared to the same loop in Bmlp7-1(Cd) and the same loop
in molecule B of Bmlp3-c2 is completely bent (Fig. 6.15). Such an arrangement of this loop
in Bmlp3-c2 stabilizes the dimer more strongly than in the case of Bmlp7-1(Cd). Additionally,
an iodide anion from the crystallization solution is located in the central part of dimerization
interface on the non-crystallographic two-fold axis. The identity of the iodide anion was
confirmed by the anomalous difference map (Fig. 6.21a) which was obtained after the X-ray
diffractions were reprocessed with separation of the Bijvoet pairs. The data were collected
at 0.918 A wavelength where the /' anomalous correction of iodine is 2.9e. The iodide anion
interacts with two nitrogen atoms of the protein backbone (Glyl58A/B) with the N...I
distances of 3.7 and 3.9 A and with three water molecules, with I...O distances of 3.2 to 3.7 A
(Fig. 21). The total contact surface area of Bmlp7-1(Cd) and BmlIp3-c2 is 1610 and 1620 A2,
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respectively, as calculated by the PISA server (Krissinel and Henrick, 2007). Although these
values are close to each other, the server indicated that only the Bmlp3-c2 dimer could be
stable in a solution. It is of note that PISA analyzes not only the area of surface contacts,
but also the residue/atom composition, contacts between them, charge distribution,
topological complementarity and other parameters; based on that the server assesses
the complex stability from the point of view of thermodynamics (Krissinel and Henrick,

2007).
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Fig. 6.20 A unit cell content of both Bmlp3 crystal forms.

a) A unit cell of Bmlp3-p21, four protein molecules (shades of blue) are shown in the AU. b) A unit cell
of Bmlp3-c2, two protein molecules (red and pink) forming a dimer are shown in the AU. Symmetry-related
molecules are shown in gray.

In contrast, the Bmlp7-11 and Bmlp3-p21 structures contain four protein molecules
in AU, but the arrangement of the molecules is different in both structures. In the Bmlp7-1l
structure, the molecules could be paired in dimers arranged in a tail-to-tail fashion
(Fig. 6.19c), as in the above mentioned structures. The interaction pattern between CTDs
is also completely different than this in Bmlp7-1(Cd) and Bmlp3-c2. The arrangement
ofthe NTD and CTD fragments in Bmlp3-p21 could be described as head-to-tail,
as the residues of the NTD have weak contacts with residues of the CTD (Fig. 6.20a).
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Nevertheless, the calculations carried out using the PISA server (Krissinel and Henrick, 2007)

indicated that the observed dimers or tetramers are only the result of crystal packing.

0
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Fig. 6.21 The iodide anion binding site in Bmlp3-c2.

An iodide anion bound by the residues of chains A (orange) and B (magenta) of Bmlp3-c2. The N...I and O...1
distances are in A. a) The anomalous and b) the 2Fo-Fc maps are displayed at an iodine at 5.0c and at 1.0c,
respectively.

The case of Bmlp3-c2 remains intriguing, because the biochemical analysis indicated
that the protein is monomeric. However, the dimers formed in the Bmlp3-c2 crystals might
also be stable in solution according to the PISA server (Krissinel and Henrick, 2007). It might
be hypothesized that the 30-kDa LPs are monomeric in hemolymph, but they might dimerize

at special, yet unknown conditions, for instance in silkworm fat body.

6.9. MODIFIED AMINO ACID RESIDUES

The proteins investigated within this project were isolated from their natural source.
In the case of native macromolecules, X-ray crystallography reveals not only the 3D structure
of proteins, but also provides information on post-translational modifications
of the polypeptide chain. The electron density maps show the modified residues clearly.
Additional phosphate, carbohydrate or other groups can be attached to amino acid residues,
or the residues can undergo more radical modifications. The structural studies on hemolymph
proteins provided the examples of two mentioned modifications, the molecules of SP2
and SP3 contain N-glycosylated residues, whereas one of the Trp residues of Bmlp7 was
hydroxylated.
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6.9.1. N-glycosylation motif of arylphorins

Although the resolution of the SP2-SP3 complex was not very high (2.9 A),
the electron density maps revealed the presence of a carbohydrate chain attached to Asn195
of SP2 and Asn192 of SP3. The localization of the N-glycan linked to chain A (SP3) in a deep
cleft at the protomer interface, between molecules A, B and an adjacent molecule B
from the same hexamer, caused five units of the N-glycan (two N-acetylglucosamine, one
B-mannose and two o-mannose moieties) to be clearly visible in the electron density maps
(Fig. 6.22). The N-glycan of chain B (SP2) is localized in a corresponding cleft,
between molecules B, A and the adjacent A molecule. The sequence of the carbohydrate units
built in the model was based on the experiments reported by Kim et al. (2003). The molecular
weight of SP2 and SP3 determined by MALDI-TOF MS analysis, 84.2 kDa (Fig. 6.4a),

Fig. 6.22 The N-glycosylation of SP3.

The part of N-glucan attached to Asn192 and visible in the electron density maps is shown. The 2Fo-Fc

map is displayed at 1.0c.
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is higher by about 2.0 kDa from the theoretical mass (Table 5.1) calculated for these proteins
(SP2 - 81.8 kDa, SP3 - 81.6 kDa). The molecular weight of five saccharide units detected
in the maps is about 1.0 kDa what indicates that the model of the complex contains half
of the sugar residues of the N-glycan. The terminal sugar units were not visible in the maps
due to their increased mobility. The described N-glycosylation motif is conserved
in the arylphorins family and was also detected in APA, but not present in other types

of storage proteins. Moreover, it increases the stability of the hexamer (Ryu et al., 2009).

6.9.2. Modified Trp residue of Bmlp7

Thanks to the 1.3 A high resolution electron density maps of a superb quality,
a modification of Trp180/A/B in the Bmlp7-1(Cd) structure was detected (Fig. 6.23). A high
positive peak in the difference electron density maps (Fo-Fc, 10.0c) was visible close
to the C7 atom of the Trp ring. The modification is also present in Bmlp7-Pt and Bmlp7-11.
The most probable modification of the Trp residue was an oxidation of C7. Such a modified
7-hydroxy-Trp was also identified in other natural source proteins (Jensen et al., 2010; Shima
et al., 2012). Moreover, the Trp oxidation could be a result of the action of oxidases present
in the silkworm hemolymph; the oxidases are usually inhibited by the addition

of 1-phenylthiourea during protein purification (Kramer et al., 1976; Kurata et al., 1994).

b)

7-hydroxyTrp180A

Fig. 6.23 The modified Trp residue of Bmip?7.

a) A positive peak in the electron density maps detected at C7 of Trp180 of BmlIp7. b) The most probable
modification - oxidation of the Trp ring at C7. The 2Fo-Fc maps are displayed in blue at 1.3 ¢ and the Fo-Fc
maps in green at 3.0 c.
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The incorporation of the modified Trp improved the refinement statistics of the Bmlp7-1(Cd)
structure, the R/Riree factors decreased by about 1.0 %. It seems that in Bmlp7 the loss
of aromacity of the six carbon ring of the indol ring accompanies the Trp oxidation.
The hydroxyl group of 7-hydroxy-Trp180 is not planar which was indicated by the electron
density maps. The hydrogen of the hydroxyl is a donor in a hydrogen bond formed
with the main chain oxygen atom of Leul98. However, the shape of the electron density map
for the indol ring of the modified residue is still flattened, what may suggest that the crystal
consists of a mixture of Bmlp7 molecules containing 7-hydroxy-Trp180 and Bmlp7 molecules

in whichTrp180 was not modified.

6.10. THE PUTATIVE ROLE OF Bmlp7 IN DETOXIFICATION
MECHANISM OF SILKWORM

The unexpected identification of a cadmium binding site in the Bmlp7-1(Cd) structure
suggested that Bmlp7 could be involved in a detoxification mechanism related to heavy metal
pollution. However, before this conclusion was made, several questions had to be answered,
for instance: what kind of a heavy atom is present in the structure and where does it come
from?

The presence of two heavy atom binding sites was revealed by two very high peaks
(75.00) in the Fo-Fc maps. One of the peaks was located close to the Glu40 in molecule A
and the other one was at the corresponding site in molecule B. It is of note that the crystals
were not checked for the presence of cadmium during X-ray data collection, because it was
not suspected that the native crystals could contain heavy metals. Nevertheless, the absorption
edges of cadmium are located at the wavelengths of 0.4642 and 3.0857 A (Kissel et al., 1990),
thus it would not be possible to detect this compound by a fluorescence scan at DESY
or BESSY beam lines. Therefore, in order to identify the heavy atom present in the structure,
several different heavy atoms were placed at the binding site and analyzed using
the CheckMyMetal Server (http://csgid.org/csgid/metal_sites), and the bond valence test
according to Mueller et al. (2003) was calculated. The results indicated that a cadmium atom
fit very well into this site. Furthermore, the cadmium binding sites found in other structures
from the PDB were also formed by glutamate residues, as it was in Bmlp?7.

Each cadmium atom of Bmlp7-1(Cd) is bound by seven ligands and its coordination
can be described as a distorted pentagonal bipyramid. The pentagonal base is formed by two
glutamate side chains, GIlu40A and GIlul99B, from a symmetry-related monomer

and by the main chain carbonyl of Lys37A (Fig. 6.24a). The axial ligands are a water
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molecule and the nitrogen atom of the thiocyanate anion. An analogous site is located

in monomer B.

a)

E199/B
b)
B =7 M217/A

E211/B
f H108/B
M217/B

HI

.

®

’ G107/B

M166/B

H108/B

Fig. 6.24 The heavy metal binding sites of Bmlp?7.

a) The cadmium binding site in the Bmlp7-1(Cd), the coordination sphere of Cd is formed by seven ligands.
The cadmium binding site is formed by the residues belonging to a small loop between helices 02 and o3
and a loop between strands 11 and B12. b,c) Four additional platinum binding sites in the Bmlp7-Pt. These four
sites are located at the loop between B2 and B3, at strand f7 and at the loop between 10 and B11. The red balls
represent water molecules.

74



6. Results & Discussion

The question of the cadmium’s origin was the most intriguing. The purification buffers
and crystallization solutions did not contain it. The well solution from crystallization plate
and the crystallization drop of Bmlp7-1(Cd) were tested for the presence of cadmium using
NMR measurements. Only in the sample from the crystallization drop a trace of cadmium was
detected, what indicated that the source of cadmium must have been the insect material itself,
namely the hemolymph. However, the Bmlp7-11 crystals, which were obtained from Bmlp7
isolated from a batch of hemolymph collected in 2010, did not contain cadmium. Therefore,
it seems that only the hemolymph collected in 2008 was contaminated with the heavy metal.

The final confirmation of cadmium identity was an experiment aimed at production
of Bmlp7 crystals with artificially added cadmium. It was accomplished by the crystallization
of Cd-free Bmlp7 protein with 0.2 mM of CdCl.. The obtained crystals diffracted X-rays
t0 1.79 A resolution and the Bmlp7-Cd structure was solved by MR. The Bmlp7-Cd structure
was isomorphous with Bmlp7-1(Cd) and the coordination of cadmium atoms was identical
in both structures (Table 6.7), which was the final confirmation of cadmium’s identity
in the Bmlp7-1(Cd).

Table 6.7 The comparison of cadmium coordination sphere in Bmlp7-1(Cd) and Bmlp7-Cd.

Bmlp7-1(Cd) Bmlp7-Cd
chain A chain B chain A chain B
Glu40 - OE1 2.49 2.49 2.51 2.51
Glu40 - OE2 2.37 2.40 2.33 2.35
Glu199*— OE1 2.35 2.35 2.40 2.41
Glu199® - OE2 2.49 2.43 2.48 2.49
Lys37 -0 2.42 2.41 2.40 2.40
SCN'—-N 2.30 2.29 231 2.32
H.0 -0 2.34 2.50 2.52 2.54

afrom symmetric molecule; the table presents distances between the cadmium cation and the coordinating ligand
A).

The interaction of Bmlp7 with other heavy atoms was also an interesting issue
and therefore the Bmlp7-Pt structure was solved. The platinum binding sites were compared
with Cd sites of Bmlp7-1(Cd). Only two Pt sites corresponded to Cd sites. The Bmlp7-Pt

structure contained four additional heavy atom sites, characteristic for platinum binding
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due to the presence of methionine (Metl66A/B and Met217A/B) and histidine residues
(His108A/B) in the coordination spheres (Fig. 6.24b,c).

The link between the unexpected cadmium presence in the Bmlp7-1(Cd)
and the biological sense of this discovery was established on the basis of reports about
the silkworm ability to bioaccumulate heavy atoms (Prince et al., 2001; Wang et al., 2004).
Especially, the fifth instar larvae is able to ingest mulberry leaves with very high cadmium
content (Wang et al., 2004). Cadmium was detected only in the crystals obtained from a batch
of hemolymph collected in 2008 what suggested that in this year the silkworm larvae
bioaccumulated cadmium. Probably, the initial source of this heavy metal were mulberry
leaves. In 2008, there were heavy road construction works near the Institute of Natural Fibers
and Medicinal Plants in Poznan, where the larvae were grown. The construction was close
to the localization of the mulberry trees from which leaves were used for feeding

the silkworms.

6.11. THE PUTATIVE BINDING CAVITIES OF 30-kDa LPs

30-kDa LPs are able to bind the physiological ligands belonging to at least two groups,
lipids and carbohydrates. The 30-kDa proteins from silkworm hemolymph were classified
as lipoproteins according to specific lipid staining (Withmore and Gilbert, 1974)
which indicated their ability to bind lipids. On the other hand, 30-kDa LPs are involved
in the immune response pathway; they recognize and bind B-glucans present on the surface
of fungal cells (Ujita et al., 2002; 2005). Nevertheless, hemolymph contains a number
of different chemical compounds (Wyatt et al., 1956) and it might be that 30-kDa LPs are
able to interact with other, not mentioned, substances. Taking everything into account, it was
concluded that the 30-kDa LPs should contain binding cavities for lipids, carbohydrates
and maybe for other unknown compounds. The search for the putative binding sites was
performed using the CASTp (Dundas et al., 2006) and metaPocket 2.0 server (Huang, 2009;
Zhang et al., 2011). Initially, chain A of Bmlp3-p21 was used for the analysis, because
no meaningful quaternary protein-protein interactions were indicated in this structure.
Later on, a representative of Bmlp7, chain A of Bmlp7-1(Cd) was analyzed. The obtained
results were identical for Bmlp3 and Bmlp7, therefore they will be discussed only for Bmlp3.

Four potential binding cavities were found by the servers and the information about
them is summarized in Table 6.8. Two pockets are located in the CTD (No. 1 and No. 3),
one in the NTD (No. 4) and one between the NTD and CTD (Fig. 6.25). The cavities were
numbered according to their volume, from the largest to the smallest.
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Table 6.8 The potential binding cavities of 30-kDa LPs.

Location
Cavity number Volume [A%] Residues forming the cavity
in the structure

1 399 CTD Y94, R96, N160, N162, D164, T205,
S206, R207, T208, W219, Y221, Y232
2 208 NTD-CTD D21, D23, M55, N56, M58, E59, N138,
K139, V140, Y141, F142, Y181, L182
3 110 CTD D110, D111, V154, F168, V170, R177
4 60 NTD 19, L10, Q13, L14, K29, L33

Cavity No. 1 might be either a lipid- or a sugar-binding site. It is built by residues
from loops B1-B2 and B6-B7, and from the B11 strand. The inner surface of the cavity is lined
with three conserved tyrosine side chains (Tyr94, Tyr221, Tyr232). Tyrosine residues can be
efficient in carbohydrate binding, but also their aromatic rings can interact with aliphatic fatty
acid chains. In both structures, Bmlp7-1(Cd) and Bmlp3-p21, this pocket is occupied
by a fragment of PEG from the crystallization solution (Fig. 6.25c,d). PEG is a good mimic
of saccharides due to its ether/alcohol character. On the other hand, the elongated shape

of the cavity and its large size indicate that it might also be a lipid-binding site.

Fig. 6.25 The cavities of 30-kDa LPs.

a) The four cavities of Bmlp3 are marked by No. 1-4. b) Cavity No. 4 (at the top of molecule). ¢,d) Cavity No. 1
with a fragment of PEG bound.
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Cavity No. 3, also situated in the CTD, has a hydrophobic interior (Val154, Phel68,
Vall70), but the entrance to this pocket is decorated with negatively charged aspartate
residues (Asp110, Aspl11). The volume of the cavity is rather small (110 A3), therefore
it might be a binding site for small hydrophobic ligands with a hydrophilic terminal group.

The other pocket (No. 2), a potential carbohydrate binding site, is formed mainly
by hydrophilic residues of loop al-a2, a helix a4 (NTD) and strands B5 and B8 (CTD).
Few hydrophobic residues are also listed in Table 6.8, but only their backbone groups
participate in cavity formation. The exceptions are two Tyr residues (Tyrl4l, Tyrl81)
which could interact with a sugar moiety. In the Bmlp3-p21 structure, water molecules are
buried in this pocket.

The smallest cavity (No. 4) is localized in the NTD, between helices al, a2 and a3,
and built by hydrophobic residues. Although the volume of the pocket is only 60 A3, it could
be enlarged by a small movement of the helices. The cavity has an elongated shape and could
play a role in lipid binding.

The analysis of the putative binding cavities gave indications about the potential

complexes formed by 30-kDa LPs and their physiological ligands.

6.12. PROTEIN SURFACE OF Bmlp3 vs. CELL-PENETRATING
PROPERTIES

The reports about cell-penetrating properties of a member of the 30-kDa LPs family
(Park et al., 2012) led to a question which structural elements of 30-kDa LPs could be
responsible for these properties. In order to answer that question the structure of Bmlp3,
namely Bmlp3-p21 as a representative, was further analyzed. Bmlp3 was chosen because it is
an isoform of 30Kc19 for which the cell-penetrating properties were reported.

The analysis of the primary structure of Bmlp3 revealed that the protein contains
asequence motif (116YGDGKDKTSPR126) in consensus with the sequence fragments
(YGRKKRRQRRR) responsible for cell-penetrating properties of HIV-TAT (Schwarze et al.,
2000). As the next step, the protein surface of BmlIp3 was analyzed. The Poisson-Boltzmann
electrostatic potential on the molecular surface of chain A of Bmlp3-p21 was calculated using
the APBS algorithm (Baker et al., 2001) and the PDB2PQR program (Dolinsky et al., 2004;
2007). All reported cell-penetration experiments were carried out in PBS buffer at pH 7.4
(Park et al., 2012). Therefore, the electrostatic potential calculations were performed
at this pH and prior to the analysis, the proper side chains protonation states of Bmlp3 were
determined in PropKa (Li et al., 2005).
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Fig. 6.26 The surface of Bmlp3.

The electrostatic potential calculated for Bmlp3-p21 at pH 7.4. The loop containing cell-penetrating signal motif

was encircled.

The surface potential of the Bmlp3 NTD is mainly negative, whereas in the CTD
positively and negatively charged areas cover two opposite sides of the domain (Fig. 6.26).
The loop containing the cell-penetrating sequence motif is located at a positively charged
patch of the CTD, between the 3 and B4 strands, and is exposed to the solvent. These results
are consistent with the proposed mechanism of cell penetration, receptor-independent
endocytosis (3.2.4). The residues of the positively charged loop B3-B4 could interact

with heparan sulfate of the cell membrane, initiating the penetration process.
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SUMMARY

The main achievements of this work are listed as follows:

A purification procedure which allowed me to obtain samples containing four different
hemolymph proteins (SP2, SP3, Bmlp7 and Bmlp3) was developed.

The crystallization conditions which allowed me to obtain the crystals of a good
quality were optimized.

Six crystal structures of the four mentioned proteins were determined;
the Bmlp7-1(Cd) structure was solved by SAD and five other structures (Bmlp7-Pt,
Bmlp7-11, Bmlp3-p21, Bmlp3-c2, SP2-SP3) were solved by MR.

The final identification of all investigated proteins which were isolated
from hemolymph as unknown proteins was done according to the electron density
maps obtained during an X-ray diffraction experiment. All cases show that X-ray
crystallography could be extremely useful in solving sequence-related ambiguities.
The analysis of silkworm arylphorins (SP2, SP3) structures and their comparison
with hemocyanins enabled me to indicate secondary structure elements characteristic
only for arylphorins and to demonstrate that the different roles of both protein groups
are strictly connected with their primary structure.

The unexpected discovery that SP2 and SP3 form a heterohexamer provided new
information about silkworm hexamerins which were always considered to be
homohexamers.

The identification of SP3 as a component of the hexamerin complex confirmed that
the protein exists in silkworm organism. Moreover, it is very abundant in silkworm
hemolymph. The other reports concerning SP3 described only the gene of SP3 and its
MRNA, identified during silkworm transcriptome studies.

The analysis of Bmlp7 and Bmlp3 structures, or more precisely their NTD and CTD,
followed by the search for their structural homologues allowed me to assign
a potential biological role of the domains. The NTD is probably responsible
for apoptosis inhibition, whereas the CTD plays a role in the immune response.

The postranslational modfications were detected in SP2, SP3 and Bmlip7.
Both arylphorins contain a characteristic N-glycosylation motif, whereas in the Bmlp7

one Trp residue is oxidized at the C7 atom of the indol ring.
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7. Summary

» The unexpected cadmium identification in the Bmlp7-1(Cd) structure and further
analysis related to this topic suggested that Bmlp7 might be involved in silkworm
detoxification mechanism.

» Putative binding cavities of 30-kDa LPs were found, described and connected with
potential physiological ligands.

» The analysis of Bmlp3 surface indicated how the protein can penetrate cells.
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