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Abstract

The sea urchin Evechinus chloroticus, known as kina, is endemic to New

Zealand and is harvested for its edible gonads. Kina are culturally im-

portant to Māori and are also commercially harvested to supply roe to

domestic and potentially international markets, where it may obtain up to

NZ$500/kg. However, currently the export potential of Kina roe is limited

by variations in colour between animals, which ranges from a desirable light

yellow to dark brown and black.

Sea urchin gonad colour is considered to be primarily determined by caroten-

oid pigment molecules obtained from the diet, which are then thought to

be modified in the viscera. Carotenoids are then absorbed from the viscera

and transported to the gonads, a process that is thought to be aided by

carotenoid-protein interactions. The extracted carotenoid and protein pro-

files of light, medium and dark gonads of E. chloroticus and of Heliocidaris

erthrogamma, a species of sea urchin commercially harvested in Australia,

were analysed by RP-HPLC and by 2-D PAGE. The major carotenoid in

the gonads of both species was found to be 9′-cis-echinenone with smaller

amounts of all-trans-echinenone, lutein and (iso)zeaxanthin. However, few

significant differences were observed between either the carotenoid or pro-

tein profiles of the light, medium and dark gonads of both species. This

suggested that gonad colour variation is a complex process which is not

accounted for by protein and carotenoid content.

Carotenoid-binding proteins were targeted as potential facilitators of the
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apparent selective accumulation of 9′-cis-echinenone within the sea urchin

gonad. Fractionation of E. chloroticus gonad homogenate resulted in the

partial purification of a yellow/orange coloured protein of approximately

15 kDa in size. Analysis by RP-HPLC identified the yellow/orange chro-

mophore as carotenoid, predominantly 9′-cis-echinenone. Therefore the

complex was named the echinenone-binding protein (EBP). Mass spec-

trometry analysis of EBP, inconjunction with a Mascot database search

against the S. purpuratus (purple sea urchin) genome, resulted in a match

to an uncharacterised hypothetical protein. However, homology searches of

the S. purpuratus protein sequence indicated that the protein was similar

to members of the fatty acid-binding protein (FABP) family. FABPs are a

sub-group of the calycin protein superfamily, which is renowned for binding

and transporting small hydrophobic ligands.

A de novo assembly of the E. chloroticus transcriptome provided the means

to obtain the EBP cDNA sequence, enabling the protein to be produced

recombinantly in an E. coli expression system. However, significant protein

solubility issues were encountered during expression of recombinant EBP

and subsequent purification. This was hypothesised to be due to the forma-

tion of intermolecular disulfide bond formation through the single cysteine

amino acid at position 61 in EBP. The cysteine was mutated to serine to

produce EBP-C61S. The tandem expression and purification of EBP and

EBP-C61S indicated enhanced solubility and stability of EBP-C61S and

the dimerisation effect was virtually eliminated. As a result, an approxi-

mately 7-fold increase in the quantity of purified protein was obtained for

EBP-C61S compared to EBP.

Ab initio secondary structure predictions for EBP, suggested a 10 β-stranded

structure with two short N-terminal α-helices. This was consistent with

data obtained by circular dichroism which predicted a secondary structure

consisting of 55% β-sheet, 40% turns/unordered and a 5% helices for both

EBP and EBP-C61S. The secondary structure predictions are consistent

with the highly conserved structure observed amongst FABPs, which were

able to be observed in the construction of a 3-D structure homology model.

The model indicated that the FABP ligand-binding site would be able to
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accommodate carotenoids and provided an insight into the specificity of

EBP for 9′-cis-echinenone. The model also suggested a transporter role for

EBP, with the implication of involvement in the selective accumulation of

9′-cis-echinenone. Therefore EBP may have an important role in sea urchin

gonad coloration.
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Chapter 1

Introduction

Evechinus chloroticus (Kina) are a species of sea urchin endemic to New Zealand, which

have been traditionally sought after by Māori for their edible roe (gonads). Kina still

have cultural significance and are gathered by many New Zealanders. Kina are also

harvested commercially to supply roe to local markets and potentially to international

markets. E. chloroticus are among the largest sea urchin species, reaching a test

diameter of 190 mm (Baker, 2001) and producing correspondingly large roe, making

them a very attractive species for culinary purposes. High quality roe are valued at

up to NZD$500/Kg on the export market (Miller and Abraham, 2011) and therefore

have the potential to contribute a lucrative sector of the fishing industry. Between 800-

900 tonnes of E. chloroticus are harvested annually (Ministry for Primary Industries,

2014), however only a small proportion of the roe product is exported to international

markets (Miller and Abraham, 2011).

Current roe exports are limited by variations in taste, texture and especially colour,

which can vary significantly between animals. Roe colour can range from dark-brown

to pale-yellow/cream to yellow/orange, the latter being the most desirable for culinary

purposes (Whitaker et al., 1997). Sea urchin gonad colour is thought to be primarily

due to varying concentrations of carotenoid pigment molecules deposited within the

tissue (Griffiths and Perrott, 1976; Tsushima and Matsuno, 1990, 1997; Borisovets

et al., 2002; Symonds et al., 2007, 2009).
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1.1 Biology of the sea urchin

1.1.1 Anatomy of the sea urchin

The test (shell) shape of regular sea urchins resembles a slightly flattened sphere, in

comparison to the flattened heart shapes of irregular urchins (Campbell and Southward,

1995). The test is made up of tessellating calcareous plates, the exterior surface of which

is covered in rows of spines. Regular echinoids exhibit pentagonal symmetry with the

spines and other morphological features arranged along a 5-fold axis (Campbell and

Southward, 1995). The spines are independently articulated and function to provide

protection and locomotion (McRae, 1959). The ambulacra are located on the interior

surface of the test and form the basis of the water vascular system, which controls the

tube feet or podia that extend out beyond the spines of the animal. Each tube foot

terminates in a small suction cup, which aids adhesion to food and substrate surfaces

(Campbell and Southward, 1995).

The mouthpart known as the Aristotles Lantern is compiled of five segments and is

connected to the anus on the aboral surface via a long tube-gut. The mouth-part is

used to excise small balls of kelp, which are ingested and maintain their form as a

bolus throughout the visceral tract (McRae, 1959). The gut consists of three distinct

segments; an oesophagus, stomach and intestine, with distinctions based upon visual

and histological features (McRae, 1959). The intestinal section of the gut is the largest

and is pleated and ruffled providing a large surface area for absorption. It winds

through the interior of the test making contacts with the gonads and test (McRae,

1959). The organs are suspended in coelomic fluid, a mixture of immune cells and

nutrients in seawater, which fills the test (McRae, 1959).

Sea urchins have five gonads which line the interior of the test and are positioned in

the inter-ambulacral regions. The gonads are joined at the madreporite, where the

aboral hemal ring branches into each of the five gonads. A single gonoduct protrudes

from each gonad and terminates at the genital plate in multiple gonopores, through

which gametes are released (Walker et al., 2001). The structure of the gonad is divided

into inner and outer tissue sacs separated by the genital coelomic sinus. The outer
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sac is mostly a connective tissue layer and is in contact with the coelomic fluid from

which nutrients are absorbed and concentrated. The inner sac is the storage area for

nutrients and the site of developing gametes. The inner sac is also lined with rows of

muscle cells, which contract in response to stimulus, resulting in the release of gametes

during spawning (Walker et al., 2001).

1.1.2 Gonad reproductive cycle in sea urchins

Generally sea urchins exhibit separate male and female sexes, although isolated cases

of hermaphrodites have been reported in several sea urchin species (Moore, 1932; King

et al., 1994; Watts et al., 2001). Reproduction occurs through a seasonally timed

release of gametes during spawning.

1.1.2.1 Gonad development and spawning cycle

The majority of sea urchin species exhibit a defined reproductive cycle of annual peri-

odicity. The cycle can be represented by six stages, which are characterised by distinct

morphologies of the ovaries and testes of the gonads, as described by Laegdsgaard et al.

(1991); King et al. (1994); Brewin et al. (2000); Walker et al. (2001).

Stage I - Recovery. During recovery of the post-spawned gonads, residual oocytes

and spermatozoa are reabsorbed to recycle the nutrients. Nutritive phagocyte (NP),

cells which accumulate nutrients to supplement germ cell development (Walker et al.,

2005), are also sparse.

Stage II - Growth. The growth phase is characterised by proliferation of NP. Sper-

matozoa begin to accumulate in testes and ovaries contain pre-developing oocytes and

oocytes in early vitellogenic stages. Vitellogenesis refers to the accumulation of yolk

which is a combination of proteins, lipids and carbohydrates, in the developing oocytes

in order to sustain embryogenesis. Vitellogenins are a class of storage proteins included

in the yolk of many animals, however major yolk protein (MYP) performs the equiv-

alent role in sea urchins. MYP is a large glycoprotein and its storage accounts for

10-15% of total protein in the oocytes and eggs (Shyu et al., 2003; Brooks and Wessel,

2003).
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Stage III - Prematurity. NP layers are beginning to decrease in premature gonads,

as the nutrients are diverted to the developing germ cells. Spermatozoa begin to form

ordered columns in the testes, in the ovaries oocytes at all stages of vitellogenesis can

observed.

Stage IV - Maturity. The NP layer is reduced and germ cells are packed with either

mature oocytes or densely packed columns of spermatozoa.

Stage V - Partly-spawned. During the spawning period gametes are released de-

creasing the density of spermatozoa and oocytes in the germ cells. However, oocytes

are continually replenished by maturing vitellogenic oocytes through-out spawning.

Stage VI - Spent-phase. Following spawning the spent gonads are depleted of NP

and gametes. Residual sperm and oocytes may be present in the ovaries and testes

respectively.

1.1.2.2 Sea urchin reproduction through spawning

An annual reproductive cycle with a defined breeding season is characteristic of most

sea urchin species. However reproductive cycle stage has been observed to be non-

synchronous between individual animals within populations of E. chloroticus (Brewin

et al., 2000) and H. erthrogamma (Laegdsgaard et al., 1991). This is likely to be the

case for many species, which may explain why spawning commonly occurs over a period

of several months and animals may spawn multiple times over the reproductive period.

Spawning appears to be initiated in response to a variety of environmental cues; sea

temperature, water turbulence, lunar cycle, photoperiod and the presence of certain

phytoplankton species, have all been suggested as the required stimulus for different

species (Walker et al., 2005).

1.1.2.3 Development of juvenile sea urchins

Two paths to juvenille development from embryos are observed amongst sea urchins;

direct development where the embryo develops directly into a juvenile and indirect

development where a feeding pluteus is formed before metamorphosis into the juvenile
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form. Indirect development is most common among sea urchins, although approxi-

mately 20% exhibit direct development (Raff, 1992).

4 - C e l l  8 - C e l l  
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urchln 

Fig. 1. Indirect development in  a typical sea urchin. The 
embryos are oriented with the animal pole up. The feeding 
larva is drawn from the animal pole, where the ventral (oral) 
surface and the arms are at the top of the figure. The echinus 
rudiment is shown as a small shaded oval located to the left of 
the larval mouth (open circle). Egg diameter is about 100 ,mi. 

a feeding larva, the pluteus. At metamorphosis, the 
pluteus settles, thc larval arms collapse, and a juvenile 
sea urchin emerges. A key feature is that the fourth and 
subsequent unequal fifth cleavages establish the basic 
cell fate groups of the embryo (Fig. 1) .  Mesomcres 
produce ectoderm; macromeres some ectoderm, gut, 
coelomic precursors, pigment cells, secondary mesen- 
chyme; large micromere daughters the skeleton- 
secreting primary mesenchyrnc; small micromere 
daughters part of the coelomic precursors. 

A hollow blastula forms at the 256 cell stage. 
Gastrulation is initiated by entry of skeleton-secreting 
mesenchyme cells into the blastocoel. Soon after, 
secondary mesenchyme cells also enter and the 
archenteron invaginates. Extension of the short initial 
invagination of the archenteron results from cell 
rearrangement and cell shape change that transforms a 
short wide tube into a long narrow Filopodia 
guide the tip of the archenteron to the roof of the 
blastocoel, and form the prospective oral face of the 
pluteus(''). The secretion and extension of the larval 
skeleton produces the initial four arms of the pluteus. A 
ciliated band involved in swimming and feeding forms 
along the arm surfaces, and a larval nervous system 
appears at the base of the arms. The dorsal side 
ectodermal cells become a squamous epithelium 
covering the expanded dorsal surface. The tip of the 
archenteron fuses with the oral ectoderm to form a 
mouth. and the archenteron differentiates into a 
functioning gut. The initiation of the juvenile rudiment, 
which will give rise to the juvenile at metamorpho\ih, 
involves the budding of the coelomic pouches from the 
walls of the gut, and the invagination of part of the oral 
ectoderm to form the vestibule. The coelom and the 
overlying vestibular invagination interact to produce 

most of the juvenile sea urchin(''). This juvenile is 
released in a rapid metamorphosis event after a few 
weeks of feeding and growth of the pluteus. 

One of the most extraordinary fcatures of this 
process is its extreme evolutionary conservation. The 
fossil record and phylogenetic relationships among sea 
urchin orders indicates that development via a feeding 
pluteus larva has been retained for at least 250 million 
years. Conservation might be taken as evidence that sea 
urchin development is refractory to change because of 
intrinsic constraints of early developmental processes. 
Mechanistic conclusions drawn from observations of 
evolutionary conscrvation can be risky. In fact, the 
extreme conservation of the pluteus does not mean that 
mechanisms of early devclopmcnt are so heavily locked 
in that no substantive change is possible. In fact, about 
20 percent of sea urchin species lack a pluteus, and 
develop more or less directly from gastrula to juvenile 
adult. This mode of development is rare among 
northern hemisphere intertidal sea urchins, but is 
prevalent in southern faunas such as those of Australia 
and Direct development has arisen 
among many other groups of animals including frogs, 
which have evolved a number of relatively unfamiliar 
developmental strategies in tropical regions(''). Other 
marine invertebrates, such as the ascidians described in 
this volume by Jeffery and Swalla(19) indicate the 
frequency with which early development can evolve 
among closely related species. 

A Direct Developing Sea Urchin 
The modified course of development of the direct- 
developing Australian sea urchin that we use in our 
studies. Heliocidaris erythrogramnzn, is diagrammed in 
Fig. 2. This species has a close relative, Heliocidaris 

16-Cel l  32.Cell Wrinkled Gastrula 
blastula 
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Fig. 2. Direct development in H .  erythroguamma. The 
embryos arc oriented with the animal pole up. The ventral 
sidc of the larva is to thc left and exhibits the vestibule with 
tube feet visible. The ciliated band encircles the vegetal end of 
the larva. 
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Figure 1.1: Schematic representation of the stages of indirect and direct development of sea urchin

embryos. a. indirect development and b. direct development. Figure was reproduced with permission

from Raff 1992.

Direct and indirect development modes are equivalent in the early mitotic divisions

(figure 1.1). However, the division between the 8 and 16 cell stages is unequal during

indirect development. This results in three different cell types, micromeres, mesomeres

and macromeres, named for their relative sizes (figure 1.1 a.). Each daughter cell line

subsequently produces a different tissue type. At the gastrula stage a rudimenatry

tube gut is formed and secretion of skeletal matrix forms the arms of the pluteus. The

motile pluteus morphology is stable for a few weeks, during which it is able to feed and

grow prior to metamorphosis into a sea urchin juvenile (Raff, 1992). In contrast, direct

development results in even mitotic cleavages up to the formation of the blastula. A

cilliated swimming larvae forms from the gastrula, which morphs within days to the

juvenile sea urchin form (Williams and Anderson, 1975) (figure 1.1 b.). One of the

biggest differences between the two modes of development is the size of the respective

eggs. The eggs of indirect developing sea urchins are small, <250 µm diameter, in

comparison to direct developing eggs which are at least double in size and up to 1.3

mm in diameter (McEdward and Miner, 2001).

13
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1.2 Ecology of commercially fished Australasian sea

urchin species

1.2.1 Evechinus chloroticus (Valenciennes, 1846)

E. chloroticus are a species of sea urchin endemic to New Zealand and are one of the

largest sea urchin species known with test diameters of >190 mm (Baker, 2001). Their

correspondingly large gonads make them an attractive species for commercial fishing

(section 1.3.2). The exterior of the test of E. chloroticus is covered with a mixture of

both primary (long) and secondary (short) spines. The short spines are dark-red/brown

in colour but are tipped with white. The long spines are green to brown in colour giving

the animal an overall light-brown/green appearance (figure 1.2 a.).

E. chloroticus are widely distributed about coastal New Zealand. Geographically they

range from the Three Kings Islands in the far North to the Snares and Chatham Islands

in the South and East respectively (Andrew, 1988; Baker, 2001). They typically inhabit

the subtidal zones in depths of <14 m and prefer rocky or pebbled substrates (Baker,

2001). Distribution is highly dependent upon the presence of Fucalean and Laminarian

brown algae of which Macrocystis pyrifera (brown kelp) is the primary food source

(Dix, 1970a; Baker, 2001). In optimal conditions E. chloroticus can be found living in

communities of up to 50 animals per square meter. High population density provides

both some protection from predators and also increases the success of reproduction

through spawning (Andrew, 1988; Baker, 2001).

E. chloroticus spawns during the months of November to March and the larvae develop

indirectly through a pluetus stage. Sexual maturity is reached at a test size of approx-

imately 35-70 mm (Baker, 2001). The period of sea urchin harvesting is generally

during the growth and pre-maturation stages of the reproductive cycle. These stages

coincide with greatest proportion of NP (section 1.1.2) and results in large gonads with

a firm texture, which are desirable market qualities (King et al., 1994). The growth

and pre-maturation stages of the reproductive cycle of E. chloroticus occur during the

months of April-October (Baker, 2001).
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a. b.

Figure 1.2: Exterior comparison of E. chloroticus and H. erthrogamma. a. E. chloroticus. b. H.

erthrogamma. Photographs were taken under indoor light conditions, using a Cannon PowerShot

A2500 digital camera with standard settings and flash. Scale bars indicate 50 mm.

1.2.2 Heliocidarius erthrogamma (Valenciennes, 1846 )

H. erthrogamma is smaller in size relative to E. chloroticus with an average test di-

ameter of 60-90 mm, but can reach up to 125 mm. The test is covered with primary

spines, up to 25 mm in length and a thick coverage of shorter <10 mm, secondary

spines. Spine colour is generally a dark purple (figure 1.2 b.), which has given rise to

the common name of the purple sea urchin. However they may also be brown, green

and almost white (Keesing, 2001). It is thought that the spine colour variation is not

random, with geographic location a determining factor and therefore may be a result

of differences in food sources or population genetics (Growns and Ritz, 1994).

H. erthrogamma are most often found in the sub-tidal zone in depths of <35 m, in a

range of habitats from rocky reefs to silty estuaries and algae beds. The geographic

range of the urchin is large and they are commonly found along the East, West and

South coasts of Australia, particularly below a latitude of 25◦S (Keesing, 2001). H.

erthrogamma are thought to graze on a variety of substrates, as their main mode of

feeding is through the capture of drift algae (Keesing, 2001). However in regions where

food is plentiful a preference for M. pyriferia has been observed (Sanderson et al.,
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1996).

The growth and pre-maturation stages of the reproductive cycle of H. erthrogamma

occur between May and October, which is followed by spawning from November to

January (Laegdsgaard et al., 1991). H. erthrogamma produces large eggs approximately

450 µm in diameter which develop directly into juveniles within days of fertilisation

(Raff, 1992).

1.2.3 Other species

1.2.3.1 Heliocidarius tuberculata (Lamarck, 1816)

H. tuberculata has a similar test size and appearance to H. erthrogamma but is dark

red in colouration. The distribution of H. tuberculata is limited to the coastal waters of

South Eastern Australia, where it cohabits with H. erthrogamma (Laegdsgaard et al.,

1991). Although closely related to H. erthrogamma, H. tuberculata exhibits vastly

different reproductive characteristics. No clearly defined seasonal reproductive cycle is

exhibited across the species, and furthermore the larva develop indirectly. Sustained

spawning has been observed to occur over 9 months of the year, with rapid intermittent

rejuvenation of oocytes and testes (Laegdsgaard et al., 1991). This limits the species

viability as a fish stock as there is no clearly defined period when desirable gonads are

obtained.

1.2.3.2 Centrostephanus rodgerseii (Agassizi, 1863)

C. rodgerseii is a didematoid sea urchin in contrast to Evechinus and Heliocidaris,

which belong to the family of echinometridae. C. rodgerseii are similar in size to E.

chloroticus , with an average adult test size of 120 mm. The test is covered with long

hollow primary spines, characteristic of didematoids, which reach up to 250 mm in

length (King et al., 1994). They are abundant in shallow coastal water rocky areas in

Northern New Zealand, the Kermadec Islands and South Eastern Australia (Andrew
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and Byrne, 2007). Spawning of C. rodgerseii occurs during the months of July and

August, with the growth and pre-maturity stages occurring during October to March.

Therefore there has been interest in the development of a C. rodgerseii fishery to

supplement the spawning periods of E. chloroticus and H. erthrogamma (King et al.,

1994).

1.3 Sea Urchin fishery and export

Throughout history, sea urchins have been harvested for their gonads, known as roe

(or Uni in Japan), in New Zealand, Chile, Northern Asia and parts of Europe and

the Mediterranean. However since 1970 the development of international sea urchin

fisheries and export markets has been driven by increased demand from Japan. Japan is

the largest importer of sea urchin roe, importing US$216 million of sea urchin products

during the same period. By comparison the second largest importer, USA acquired

only US$19 million of foreign sea urchin products in 1999 (Williams, 2002). World sea

urchin fishing peaked between the late 1980s to mid 1990s. During this period Chile

was the largest producer of sea urchin roe, harvesting 54,609 tonnes (whole animal

weight) of mainly Loxechinus albus in 1995 (Andrew et al., 2001). Following the peak

sea urchin fishing era, international production began to steadily decline as many sea

urchin populations were depleted. The majority of current sea urchin fisheries are

operated under tighter regulations for the promotion of sustainability (Andrew et al.,

2001).

1.3.1 The status of the Australian sea urchin fishery

Three species of sea urchin are commercially harvested from Australian waters, He-

liocidaris erthrogamma, Heliocidaris tuberculata and Centrostephanus rodgerseii (Wor-

thington, D. G. and Blount, C. NSW Fisheries, Fisheries Research & Development

Corporation Australia, 2003). However most of the commercial catch is from South

Australia where H. erthrogamma is the targeted species (Australian Government, De-

partment of the environment & Heritage, 2005). The largest annual commercial har-
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vesting of sea urchins (all species combined) was 255 tonnes harvested in 1992, during

the period of peak international sea urchin fishing (Andrew et al., 2001). Since then

the industry has declined significantly to seven commercial licence holders in South

Australia, which operate on a small scale, where fishing methods are limited to hookah

(compressed air) and self-contained underwater breathing apparatus (SCUBA) (Aus-

tralian Government, Department of the environment & Heritage, 2005). By the 2002-

2003 season the commercially landed catch had dwindled to just 1.5 tonnes, of whole

animal weight. However, 7.8 tonnes was recorded for the following year, which yielded

AUD$215,000 equating to an average of AUD$400/kg of processed roe (Australian

Government, Department of the environment & Heritage, 2005). Further recovery of

the industry has been observed in recent years. As there is limited demand within

Australia for sea urchin roe, the majority is exported to Asia, primarily Japan (Blount

and Worthington, 2002).

1.3.2 The status of the New Zealand sea urchin fishery

The species of sea urchin harvested throughout New Zealand is E. chloroticus . Al-

though the habitat of Centrostephanus rodgerseii extends into Northern New Zealand

waters (Andrew and Byrne, 2007), there are no reports of commercial landings of this

species. The harvesting of E. chloroticus has followed international trends and pro-

duction peaked in 1993 with 1032 tonnes of whole sea urchin harvested (Andrew et al.,

2001). Following the international decline in sea urchin harvesting due to depletion of

stocks, E. chloroticus was introduced to the quota management system in 2002-2003

(Ministry for Primary Industries, 2014). However the total allowable commercial catch

(TACC) quota was set and remains at 1147 tonnes per annum, which is above the peak

production rate of 1993. The quota was implemented through division of coastal New

Zealand waters into 11 managed fishing zones, known as sea urchin regions (SUR) each

with its own TACC quota. In addition a customary allowance to the quota is made in

provision for sea urchin collection by Māori. Under this clause the annual landings are

unknown but are thought to have negligible impact on the annual quota (Ministry for

Primary Industries, 2014).

Commercial sea urchin harvesting in New Zealand is mostly undertaken through the use
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Figure 1.3: New Zealand total commercial harvesting of the sea urchin E. chloroticus for the previous

5 years. The whole sea urchin weight (tonnes) total allowable commercial catch (TACC, red line) and

the total commercial catch landed (blue bars) are indicated for 2008-2013 inclusive. Annual statistics

were calculated from October to October. Data was obtained from the NZ fisheries InfoSite, Ministry

for Primary Industries, NZ. http://fs.fish.govt.nz/Page.aspx?pk=7&sc=SUR (accessed 29/01/2014).

of hookah and SCUBA, although a small proportion <10% of the annual commercial

landings are obtained by dredge fishing (Ministry for Primary Industries, 2014). Fol-

lowing the peak of commercial sea urchin harvesting in 1993, annual landings declined

steadily (Andrew et al., 2001). However, the past 10 years has seen a trend towards

revival of the commercial sea urchin fishing industry (Ministry for Primary Industries,

2014) and over the last 5 years the total commercial catch has increased from 753 to

875 tonnes (figure 1.3). Most of the roe product is sold across the domestic market

obtaining approximately NZD$7.50-11.50 per 200 g pottle (NZD$37.50-55.00/kg), sig-

nificantly less than the NZD$500/kg obtainable in Asian markets (Miller and Abraham,

2011).

The net worth of the sea urchin fishing industry was estimated at NZD$4.9 million for

2009 (Miller and Abraham, 2011), however there is potential for significant increase

with the development of a consistent export market. Currently the desirability of E.

chloroticus roe on Asian markets is limited mainly by variability in gonad colouration

between animals. E. chloroticus gonads vary in colour from desirable yellow-orange

to undesirable dark-brown/black. For culinary purposes, particularly sushi, high im-
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portance is placed upon visual presentation including colour (Whitaker et al., 1997).

Therefore there is interest in understanding the biological processes contributing to sea

urchin gonad colouration.

1.4 Carotenoids

Sea urchin gonad colour is thought to be primarily due to varying concentrations of

carotenoid pigment molecules deposited within the tissue (Griffiths and Perrott, 1976;

Tsushima and Matsuno, 1990, 1997; Borisovets et al., 2002; Symonds et al., 2007,

2009). Carotenoids are widely distributed in nature, with more than 700 isolated and

characterised and the number is ever increasing (Britton, 2008). Carotenoids are highly

hydrophobic and form aggregates in as little as 10% water in organic solvent (Britton,

2008). In biological systems carotenoids must form complexes with other molecules to

increase solubility. The local environment is strongly influential upon the properties of

the carotenoid particularly when associated with lipid in membranes or when bound

to protein (Britton, 1995).

Carotenoids have a diverse range of biological functions including pigmentation, pro-

tection against toxicity and advertisement of sexual maturity. They are able to act

as accessories to light harvesting complexes in photosynthetic organisms and can also

provide photo-protection by filtering out harmful wavelengths of light. They have

antioxidant activity protecting against free radical damage, they are the precursors

to visual pigments such as the production of vitamin A and retinoic acid from the

catabolism of β-carotene. There is also recognised association between the ingestion

of carotenoid-rich foods and a lowered incidence of serious diseases, such as cancer and

cardiovascular disease, resulting in the proposal that carotenoids may have protective

health benefits (Voutilainen et al., 2006; Riccioni et al., 2012).
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1.4.1 Structural and physical properties of carotenoids

1.4.1.1 The structure of carotenoids

Carotenoids generally consist of repeating C5H8 isoprene units (figure 1.4 a.) joined to

form an extensively conjugated polyisoprenoid structure. Carotenoids containing 40-

carbon (C40) skeletons are the most common but C30 and up to C50 molecules have also

been identified (Goodwin, 1956). Cyclisation of one or both ends of the polyisoprenoid

results in the formation of cyclohexane, cyclopentane or aryl ring groups (figure 1.4)

(IUPAC-IUB, 1972).

Cyclohexane ring groups, known as ionone-rings are the most common in carotenoids

(Britton, 2008) and there are two types β and ε (IUPAC-IUB, 1972). However, ε-

ionone rings are not commonly referred to by their IUPAC name, and therefore the

α-ionone ring will be the term used hence-forth, which is the name used most often

in the literature. The difference between α and β-ionone rings is determined by the

position of the carbon-carbon double bond, which is between carbons 4 and 5 or 5 and

6 respectively (figure 1.4 bi and ii.) (IUPAC-IUB, 1972).

Figure 1.4: Constituent chemical groups of carotenoid molecules. isoprene a., cyclohexane (ionone) b.,

α-ionone i., β-ionone ii., aryl c. and cyclopentane d.. R represents the position of the polyisoprenoid

chain.

Carotenoids are able to be subdivided into two groups based on their constituent atoms.

Carotenes are hydrocarbons only whereas xanthophylls also contain oxygen (Goodwin,

1956; IUPAC-IUB, 1972). In addition, although the generation of geometric isomeri-

sation is known to be a common artefact of extraction procedures, isomerism is also a

naturally occurring phenomenon (Britton, 2008). All-trans carotenoid isomers are the

most prevalent in nature, however there is increasing recognition of the importance of

cis-carotenoids in a wide range of biological systems (Britton, 2008).
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1.4.1.2 Spectral properties of carotenoids

The alternating single and double, carbon-carbon bonds of the polyisoprenoid structure

of carotenoids results in extensive delocalisation of the π-electrons. It is this conju-

gation of the polyene chain that gives carotenoids their characteristic light absorption

properties and hence their bright colouration (Britton, 1995). Due to the extensive

delocalisation of electrons, a transition to the first excited state is effected by low en-

ergy, visible wavelengths of light. This gives rise to a broad 2-shouldered peak over the

range of 400-500nm in the absorbance spectrum (figure 1.5 a.) (Britton, 2008). Ab-

sorption of the blue and green wavelengths of light result in a symmetry allowed S0 to

S2 electron transition (figure 1.5 b.). Relaxation of the excited state, which occurs on

a pico-second timescale, results in the emission of light in the 500-700 nm wavelength

range (Frank, 1993; Poĺıvka and Sundström, 2004; Niedzwiedzki et al., 2009). This

results in the characteristic yellow, orange and red colouration of carotenoids (Britton,

2008).

FRANK: PHYSICAL CHEMICAL PROPERTIES 3 

the 1 ‘A, + l’B, t r a n s i t i ~ n . ~ ~ ’ ~ ~ ’ ~  The proper implementation of molecular orbital 
methods requires first that the geometric coordinates of the molecule be optimized 
to yield the minimum energy conformation. This has been done using an AM1 
Hamiltonian and standard minimization techniques of the MOPAC program.” 
Simple molecular orbital theory calculations are not well suited, however, for a 
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succeed with sufficient configuration interaction. Qualitatively correct trends in the 
energy levels of polyenes have been observed with double (or higher) excitations 
included in the configuration interaction.’* It should be emphasized, however, 
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I ‘cis-Peaks” 

Absorption spectroscopy provides a convenient means of identifying the pres- 
ence of different stereochemical isomers of carotenoids. A so-called “cis-peak” 
is well-known to occur at shorter wavelengths than the primary visible absorption 
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visible-ab~orption~~ (FIG. 2). An HPLC analysis of spheroidene using a normal 
phase, silica column procedure separates the different geometrical isomers (FIG. 
3). In general, the cis-peak arises because of less stringent singlet state absorption 
selection rules when the symmetry of the molecule is lowered. It usually appears 
at the expense of some intensity in the main absorption bands. The intensity of 
the cis-peak is highest for central-cis-stereochemical isomers. However, recent 
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FIGURE 2. The absorption spectra of 15-15’-cis-/3-carotene (doffed line) and all-rrans-p- 
carotene (solid line) in hexane. 
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Figure 1.5: Photochemistry of carotenoids. Absorbance spectra of 9′-cis-β-carotene (dashed line) and

all-trans-β-carotene (solid line) in hexane at room temperature a. reproduced with permission from

Frank 1993. Electronic excited states of carotenoids b.: S0 is the ground state, S1 the first singlet

excited state SN is the nth singlet excited state (1Ag, 2Ag and 1Bu are alternate molecular orbital

names). Symmetry allowed transitions are from g to u (garade to ungarade), therefore S0 to S1 is not

allowed as indicated by the red cross. This applies to simple all-trans carotenoids belonging to the

C2h symmetry point group.

An additional “cis-peak”, occurring at a shorter wavelength to the main 2-shouldered

peak, is present in the absorbance spectrum of cis geometric isomers (figure 1.5 b.).

The decreased symmetry of cis isomers allows a 1Ag to 2Ag transition to occur, which
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is usually symmetry forbidden in trans isomers (Frank, 1993)(figure 1.5 b.). The orien-

tation of the double bonds (cis and trans geometric isomers) as well as the functional

groups on the ionone rings modulate absorbance and result in unique spectra for each

carotenoid (Poĺıvka and Sundström, 2004).

1.4.2 Biosynthesis of carotenoids

Animals are unable to synthesise carotenoids de novo as they lack the genes necessary to

produce the required enzymes (Goodwin, 1984) and a few insects are the only known

exceptions (Shukolyukov and Saakov, 2001; Moran and Jarvik, 2010). Carotenoid

synthesis occurs by similar pathways in plants, fungi, algae and bacteria, from the C5

unit of isopentyl pyrophosphate (IPP) (Goodwin, 1980).

The carbon skeletons for carotenoid biosynthesis are derived from acetate, three of

which are condensed, to produce the five-carbon mevalonic acid. Mevalonic acid is then

decarboxylated to the five-carbon IPP (Goodwin, 1980). An isomerised form of IPP is

condensed with IPP to form C10 geranyl pyrophosphate. Successive condensation reac-

tions with IPP results in elongation of the carbon chain to farnesyl pyrophosphate and

then to C20 geranylgeranyl pyrophosphate (GGPP). The condensation of two GGPP

results in the formation of C40 phytoene. Phytoene then undergoes desaturation to

ζ-carotene and lycopene (Goodwin, 1980) (figure 1.6).

From lycopene, cyclisation of the chain termini results in the formation of the ionone

rings (figure 1.6). Rotation about the C-C bonds forms an open ring structure which

is closed to form either α or β-ionone rings (Goodwin, 1980). From lycopene, reac-

tions including double bond or methyl group migration, (de)hydrogenation, oxidation

and reduction and isomerisation, result in the large number of different carotenoid

structures observed in nature. Each step in the reaction requires the involvement of a

specific enzyme to catalyse the reaction (Goodwin, 1980; Hirschberg et al., 1997; Liang

et al., 2005).
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Figure 1.6: The carotenoid biosynthesis pathway. IPP units are added to FPP to form GGPP.

Two GGPP are condensed to produce phytoene, which gives rise to all other carotenoids. Phytoene

desaturation to lycopene followed by ring closure produces the α and β-ionone rings giving rise to α

and β-carotene respectively. Reproduced with permission from Liang et al. 2005.
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1.4.3 Carotenoids in nature

The main synthesisers of carotenoids are photosynthetic organisms. Carotenoids play

a number of key roles in photosynthesis including light harvesting, electron transfer

and protection against photo-oxidation. It is the extensive conjugation and delocal-

isation of electrons along the carbon chain that allows carotenoids to perform these

functions (Goodwin, 1980). The absorption of light by carotenoids in the 400-500nm

range results in an excited state (section 1.4.1.2), the energy of which may be trans-

mitted to chlorophyll. As the efficiency of energy transfer may be as high as 50% in

plants, the contribution of carotenoids to light harvesting can be extremely important

(Goodwin, 1980). Furthermore, the effects on carotenoid deficient plant and cyanobac-

teria mutants have indicated the importance of the molecules as photo-protectants.

Carotenoids have been shown to have a photo-quenching function preventing the for-

mation of oxygen radicals and also the ability to quench the oxygen radicals directly

(Goodwin, 1980).

Although animals are unable to synthesise carotenoids de novo they are able to assim-

ilate, modify and use those obtained from their diet. The number of different proposed

functions and effects of carotenoids in animals is large and varied (Britton, 2008).

Carotenoids are essential for vision. Provitamin A (β-carotene) is metabolised to reti-

nal and forms a complex with the opsin protein to form the photoreceptor rhodopsin

(Britton, 2008). In addition, the macula of humans has a high concentration of the

xanthophylls zeaxanthin and lutein, which protect against photo-damage that would

otherwise cause age-related macular degeneration (AMD) (Bernstein et al., 2002).

Assimilation of carotenoids by animals that results in the production of brightly coloured

tissues is a phenomenon which is widespread amongst birds, insects, fish and marine

invertebrates. The coloured tissues are often an adaptation for display or used as a

warning signal (Britton, 2008). Although carotenoids are most notable for the pro-

duction of yellow, orange and red colours, the formation of complexes with proteins

modulates the spectral properties of carotenoids through restricting molecular confor-

mation. The chromic shift of the carotenoprotein may result in green, purple and blue

colours (Zagalsky et al., 1989). This forms the basis of a camouflage mechanism used

by several species of crustacean. The pink carotenoid astaxanthin is bound in a protein
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complex called crustacyanin resulting in a slate-blue pigmentation, allowing the crus-

tacean to camouflage with surrounding rocks in the water environment (Cianci et al.,

2002).

Carotenoids are commonly found in the reproductive tissues of a variety of animals

suggesting they have a role in fertility. It is thought that they provide a ready source

of provitamin A for developing embryonic tissue (Britton, 2008). Various carotenoids

are found at particularly high concentrations in the eggs and gonads of fish and marine

invertebrates (Britton, 2008). The role of carotenoids in reproduction has been well

studied in the model organism, the sea urchin. It has been found that carotenoid

composition and quantity vary with reproductive cycle stage, with maximum levels

reached prior to spawning (Griffiths and Perrott, 1976; Borisovets et al., 2002; Hagen

et al., 2008). Carotenoids are incorporated into eggs where they have been proposed

to act as photoprotectants against UV generated reactive oxygen species (ROS) in the

spawned eggs and embryos (Lamare and Hoffman, 2004).

1.4.3.1 Carotenoids in sea urchin gonads

Previous studies on Northern hemisphere sea urchin species have indicated that gonad

colouration is proportional to the quantity of carotenoids deposited within the tissue

(Griffiths and Perrott, 1976; Tsushima and Matsuno, 1990; Borisovets et al., 2002;

Symonds et al., 2007, 2009). Like other animals, sea urchins are unable to synthesise

carotenoids de novo and must obtain and modify precursor carotenoids from their diets,

which consist primarily of algae. Echinenone has been found to be the major carotenoid

present in the gonads of a number of different sea urchin species, in concentrations up

to 8-fold greater than any other carotenoid (Griffiths and Perrott, 1976; Tsushima and

Matsuno, 1990; Symonds et al., 2007, 2009; Garama et al., 2012).

Echinenone was generally found to be absent, or detected in only low levels, in Lami-

narian and Phaeopyceaen algae (Haugan and Liaaen-Jensen, 1994) which are the major

algal food source of many sea urchin species (Lawrence, 2007). Therefore it is thought

that echinenone results from the oxidation of β-carotene. The visceral tract has been

established as the site of carotenoid interconversion, the products of which are trans-

ported to the gonad (Symonds et al., 2007, 2009). However visceral tissue has been
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shown to contain low quantities of echinenone (Griffiths and Perrott, 1976; Tsushima

and Matsuno, 1990, 1997; Symonds et al., 2007, 2009), indicating that carotenoid up-

take into the gonad is not in proportion to the carotenoid composition available in the

food source. This suggests that echinenone is selectively accumulated by the gonad

tissue, a process that would likely be facilitated by specific carotenoid-binding proteins

that selectively transport echinenone into the gonad.

1.5 Carotenoid-binding proteins

The highly hydrophobic nature of carotenoids necessitates that they form complexes

with other molecules, generally lipids and proteins, to increase their solubility in bio-

logical systems (Britton, 2008). In addition to increasing solubility, carotenoid-binding

proteins (CBPs) may have a variety of functional roles within an organism, such as

metabolism, transport and stabilisation of carotenoids in deposition. Protein binding

may also constrain the geometry or orientation of the carotenoid, which may enhance

the functional properties of the molecule (Britton, 2008; Pilbrow et al., 2012).

Carotenoid-binding proteins can be sub-divided into two distinct groups, depending

on the way in which they interact with their carotenoid ligand(s). Soluble CBPs form

specific interactions to bind the ligand(s) in a stoichiometric manner (Zagalsky, 1976;

Zagalsky et al., 1989; Bhosale and Bernstein, 2007; Britton, 2008). The other group

of CBPs are those in which generally large numbers of carotenoid molecules are non-

specifically associated with lipoproteins (Britton, 2008).

1.5.1 Carotenoid-binding lipoproteins

Carotenoid-binding proteins are required for transport between tissues in the aqueous

environment of blood. The majority of carotenoids are packaged into lipoproteins,

where they may provide protection against lipid oxidation (Clevidence and Bieri, 1993;

Tyssandier et al., 2002). Amongst the lipoproteins there appears to be a range in the

selectivity of carotenoid-binding functions. In some cases the carotenoids are bound
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approximately in proportion to their concentration in-situ, in other instances there

appears to be preferential but not exclusive binding selectivity (Zagalsky, 1976). How-

ever in both cases the carotenoid-protein interactions appear to be weak, and have

been shown to be easily disrupted by light exposure, moderate heating and cooling,

metal ions and during storage (Zagalsky, 1976).

In humans carotenoids are thought to be able to diffuse passively through the intestinal

mucosal cells where they are packaged into chylomicrons (Krinsky et al., 1958). The

chylomicrons circulate in the blood and lymph to facilitate transport of carotenoids

from the viscera to the liver and from there they are redistributed by lipoproteins (Erd-

man et al., 1993; Bhosale and Bernstein, 2007). Although the carotenoid-lipoprotein

contacts are thought to be non-specific with the carotenoid molecules dispersed in the

triacylglycerol core (Erdman et al., 1993), there is also some evidence of selectivity.

An apparent preferential uptake of the cis-astaxanthin isomer into the blood stream,

over the trans form, has been observed (Østerlie et al., 2000). Selectivity is also ap-

parent with carotenoids binding to serum lipoproteins; very low density lipoprotein

(VLDL) and low density lipoprotein (LDL) generally transport the highly hydropho-

bic carotenes such as β-carotene and lycopene, whilst the more polar xanthophylls

principally associate with high density lipoprotein (HDL) (Krinsky et al., 1958). It

has become clear that carotenoids have individual patterns of absorption and plasma

transport which do appear to be mediated by specific protein interactions, although

it is largely unknown what is responsible for the observed differences. However it has

been suggested that in addition to structural considerations a variety of complex fac-

tors such as the content of carotenoid in the food as well as that of other nutrients,

may influence carotenoid bioavailability (Østerlie et al., 2000).

In invertebrate eggs and roe the major protein with which carotenoids are associated

is lipovitellin. Lipovitellins are high-density lipoglycoproteins, which in addition to a

small carbohydrate component, are comprised of approximately 30% lipid, largely in

the form of phospholipid with smaller amounts of cholesterol and triglycerides (Za-

galsky, 1976). The protein component of lipovitellins is variable and the mode of

interaction with lipid and carotenoid is uncertain. The amino acid composition of the

protein has a high proportion of proline and serine residues, which tends to restrict

helix motifs in the secondary structure (Zagalsky, 1976). Structurally the protein com-

ponent is likely to be related to that of other lipoproteins, as sequence alignment of
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some invertebrate lipovitellins indicated domains homologous to human apolipoprotein

B-100 (the protein component of VLDL and LDL) (Baker, 1988).

Carotenoid-carrying lipoproteins (CCL) have been isolated from the serum of chum

salmon (Ando et al., 1986; Ando and Hatano, 1988). Density gradient ultracentrifu-

gation of plasma samples separated out the lipoprotein classes and the majority of

carotenoid separated with the HDL fraction. The CCL complex was comprised of ap-

proximately equal amounts of lipid and two protein sub-units, 24 and 12 kDa in size,

which were present in a molar ratio of 1:1. The proportions of lipid species were also

representative of whole serum, with only a moderate increase in triglyceride content

(Ando et al., 1986; Ando and Hatano, 1988).

1.5.2 The calycin protein superfamily - Soluble CBP candi-

dates

The calycin protein superfamily describes a collection of protein families which exhibit

a very similar tertiary structure (Flower, 1993; Flower et al., 1993), although the re-

lationship is hypothetical as an evolutionary connection has yet to be proven (Flower

et al., 1993; Ganfornina et al., 2000). The calycin tertiary structural fold is charac-

terised by a β-barrel with repeated +1 topology, which forms a calyx (cup-shaped)

ligand binding pocket. Calycin proteins are typified by the binding and transport of

small hydrophobic ligands (Flower et al., 1993). Therefore they are good candidates

for the binding of echinenone and other carotenoids for transport and aiding selective

accumulation by sea urchin gonads.

The calycin superfamily includes several families on the basis of structural character-

istics and ligand binding properties. Initially calycins included only the lipocalin and

fatty acid-binding protein (FABP) families (Flower, 1996). However, the calycin super-

family is now rapidly burgeoning, due to advancements in structural techniques and

a subsequent rapid increase in the number of protein structures elucidated in recent

years. Consequently, families such as the avidins (Flower, 1993), triabin, and a group

of metalloproteinase inhibitors (Salier et al., 2004) have been incorporated into the

super-family. However, the lipocalin family remains the most populous and it is to
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this family that several carotenoid-binding proteins have been classified (Flower et al.,

2000).

1.5.2.1 The conserved calycin fold

The calycin fold is named for the calyx or cup shaped β-barrel structure, which forms

the ligand-binding pocket. The β-barrel is generally formed from eight anti-parallel

β-strands, as is observed for lipocalins, avidins, triabins and metalloproteinases. The

FABPs are the only calycin family to contain ten anti-parallel β-strands. The β-strands

are labelled A-H or A-J, beginning at the N-terminus, in the eight and ten stranded

structures respectively (Flower, 1993; Flower et al., 1993; Flower, 1996; Flower et al.,

2000). Sequence alignments and structural superpositions have indicated that the first

three and final two β-strands in lipocalins and FABPs are equivalent, with poorer

correlation between the central motifs (Flower, 1993). In addition, the FABPs are

the only family for which continuous hydrogen-bonding between the β-strands is not

observed. The discontinuity occurs between strands D and E, which results in a gap in

the side of the β-barrel (Flower, 1993; Flower et al., 1993; Flower, 1996; Flower et al.,

2000; Salier et al., 2004). Therefore the two additional β-strands of FABP are most

likely the central anti-parallel pair, strands E and F (indicated in pink, figure 1.7).

The loops connecting the β-strands are labelled L1-7/9 and with the exception of L1,

they are all +1 short β-hairpin loops (Flower, 1993). In lipocalins L1 is a larger ω-loop

and in FABPs it is disrupted by two short α-helices (figure 1.7). Lipocalins have a

C-terminal α-helix (Flower, 1993, 1996), which folds parallel against strand G (Flower

et al., 1993). The only other helical regions are a short N-terminal short 310-like helix,

which is conserved across the calycin family (Flower, 1993, 1996). The loop 1 structures

fold back to close off one end of the β-barrel, the other is partially occluded by an N-

terminal short 310-like helix creating an enclosed ligand binding-site (Flower, 1993;

Flower et al., 1993; Flower, 1996).

Avidin was originally isolated from chicken egg white but has since been identified in

a variety of organisms. Avidins exhibit a very high binding affinity for the vitamin

biotin, an interaction that has been widely exploited in biotechnological applications
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5The lipocalin protein family
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Figure 3 Relationship between avidin, lipocalin and FABP folds expressed as a structural transformation

If we imagine the removal of N- and C-terminal segments from a lipocalin structure (by cutting it at the start of the 310 helix prior to strand A and at the end of strand H) and then make the
necessary insertion of strands, then the resulting structure would be essentially that of an FABP. The transformation between avidin and FABP structures requires insertion of two strands into
the centre of its β-barrel core and the dilation of loop L1, and from lipocalin to avidin necessitates the loss of both N- and C-terminal peptides and the truncation of loop L1. In no case is any
change in topology or organization of the fold required, only the loss or gain of features and such minor structural adjustments as is normal between members of homologous families. Transforming
a protein structure from any other family into either the avidin, lipocalin or FABP folds requires changes of gross conformation and topology more severe than any of these interconversions. The
structural representations follow the conventions of Figure 1 ; β-strands are shown as arrows and labelled by letter. The N-terminal 310-like helix and C-terminal lipocalin α-helix (labelled A1) are
marked. The hydrogen-bonded connection of two strands is indicated by a pair of dotted lines between them. Connecting loops are shown as continuous lines ; loop L1 is labelled for each fold.

also share a distinct structural signature: an arginine or lysine
residue (from the last strand of the β-barrel) which forms several
hydrogen bonds with the main-chain carbonyl groups of the N-
terminal 3

��
-like helix and packs across a conserved tryptophan

(from the first strand of the β-barrel) [20].

COMMON MOLECULAR-RECOGNITION PROPERTIES

Ligand binding

The lipocalins are, perhaps, best known for their binding of a
remarkable array of small hydrophobic ligands. The structural
features of the lipocalin fold, a large cup-shaped cavity, within

Figure 2 Schematic ribbon drawings of protein structures

(a) MUP ; (b) BBP ; (c) FABP ; and (d) avidin. Ray-traced schematic ribbon drawings of protein structures ; following convention [148], β-strands are shown as smoothly curving arrows, α-helices
as spiral ribbons, and loops not in secondary structures are displayed as a smoothed coil [149]. Ligand molecules are shown using a coloured all-atom representation.

the β-barrel, and a loop scaffold at its entrance, are well adapted
to the task of ligand binding: the amino acid composition of the
pocket and loop scaffold, as well as its overall size and con-
formation, determining selectivity [21]. To accommodate ligands
of different size and shape, the binding sites of different lipocalins
can be quite different. For example, compare the binding mode
exhibited by MUP (Figure 2a), which binds its small ligand deep
within its pocket entirely enclosed by side chains, with that of
BBP (Figure 2b), which binds its large and relatively hydrophilic
ligand in a solvent-exposed site predominantly formed from the
loop scaffold; see also Figure 4. Table 2 summarizes much of the
available data concerning the binding of endogenous and
exogenous ligands by members of the family. These include

Figure 1.7: Schematic representation of the conserved calycin fold. The structural relationship between

the three major calycin families, the avidins, lipocalins and FABPs is represented. Arrows represent

β-strands and are labelled A-J. Rectangles represent α-helices and ovals indicate 310-helices. Dashed

lines represent continuous H-bonding between β-strands. Reproduced with permission from Flower

1996.
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(Flower et al., 2000). Both metalloproteinase inhibitors and triabin are classes of

proteinase inhibitors, a function that is also shared by some members of the lipocalin

family (Flower et al., 2000). Other than a common β-barrel tertiary structure these

protein families are not well characterised in the calycin super-family domain (Flower

et al., 2000), furthermore their known functions make them unlikely to be carotenoid

interacting proteins, therefore they will not be considered further here.

1.5.2.2 The FABP family

FABPs are small intracellular fatty acid transporter proteins, approximately 130 amino

acids in length (Storch and Thumser, 2000; Matarese et al., 1989). Although named

for their role in binding long chain fatty acids, FABPs have been reported to bind to

retinoids, bile salts, acetyl-CoA esters, bromosulphthalein, lysophospholipids, mono-

glycerides and a range of other small hydrophobic ligands (He et al., 2007; Storch and

Thumser, 2000). In, addition the calyx of FABPs is larger than required to bind fatty

acids, suggesting they may also be able to bind larger ligands (Storch and Thumser,

2000).

A large number of different FABPs have been identified in animals with nine known

family members in humans (Storch and Thumser, 2000). All of the FABPs are able

to bind long chain (>C14), saturated and unsaturated fatty acids with high affinity.

Therefore there appears to be little selectivity for different fatty acids, although much

greater specificity is observed in the binding of other ligands (Matarese et al., 1989;

Storch and Thumser, 2000). It has been suggested that conformational changes in loop

1, in the region of the α-helices (figure 1.7) that close off one end of the β-barrel, may

modulate ligand binding and release. Conformational changes may be facilitated by

interaction with membranes or other proteins, therefore it may be the specific interac-

tions of the FABPs which distinguish functionalities (Storch and Thumser, 2000).
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1.5.2.3 The lipocalin family

In contrast to FABPs, lipocalins are almost exclusively secreted extracellular proteins

that are slightly larger in size, approximately 190 amino acids. The sequence sim-

ilarity amongst lipocalins is very low, ranging from 15-25% at the amino acid level

(Flower et al., 2000; Salier et al., 2004). However, despite the low sequence conser-

vation between members of the lipocalin family, there are three regions which exhibit

much greater sequence similarity. The three regions correspond to particularly well-

conserved structural motifs known as structurally conserved regions (SCRs). These

regions are the basis for the subdivision into a core group of numerous kernel lipocalins

and a smaller, more diverse group of outlier lipocalins (Flower, 1996).

Kernel lipocalins contain all three SCRs whereas outlier lipocalins only contain one or

two (Flower, 1996). SCR 1 incorporates the N-terminal 310-like helix, strand A and

the beginning of loop 1 (figure 1.7) and is identified by a highly conserved sequence

motif, -GXWY- (where X may be any amino acid). SCR 2 is comprised of strands F

and G and loop 6 and is characterised based on a -TDNXXY- sequence motif. SCR 3

comprises strand H and the loop leading onto the C-terminal α helix and contains a

conserved arginine residue (Flower, 1996; Flower et al., 2000). However the -GXWY-

motif of SCR 1 is also sometimes found in FABPs, suggesting that the two families are

evolutionarily related (Flower et al., 1993).

The inner surface of the β-barrel is lined with hydrophobic residues, which form the

ligand-binding pocket. The mode of binding is dependent on the degree of hydropho-

bicity of the ligand. Ligands that are highly hydrophobic are buried deep within the

calyx and are inaccessible to solvent, whilst larger more hydrophilic ligands are solvent

exposed and bound by the omega loop at the open end of the barrel. In conjunction

with residue composition of the binding pocket, the omega loop is also thought to

contribute to ligand specificity (Flower, 1996).
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1.5.2.4 Functional roles of lipocalins

As small-secreted ligand-binding proteins, lipocalins have been traditionally classed

as transporters. In support of this it was discovered that SCR 1 and SCR 2 lay

in very close proximity to each other on the outer-surface of the protein structure,

which suggested that this region may be important for receptor recognition (Flower

et al., 1993). Furthermore it has been experimentally determined that receptor-protein

interactions are important for some lipocalins. Cellular entry of α1-acid glycoproteins

occurs via clathrin-coated pits and serum retinol-binding protein (RBP) in the blood

enters liver cells via receptor-mediated endocytosis (Flower, 1996). However, in the

latter example mutagenesis studies found that the ω-loop (loop 1) (rather than SCRs

1 and 2) was required for receptor binding (Flower, 1996).

As structural knowledge has increased and many proteins have been incorporated into

the lipocalin family, it has become apparent that they represent a broad range of func-

tionalities. Within the calycin superfamily there are groups of protease inhibitors, such

as avidins and those of the metalloproteinases, therefore it is not surprising that there

are also examples within the lipocalins (Matarese et al., 1989). They are also involved

in olfaction, pheromone transport, and regulation of immune response (Flower, 1996).

They are even capable of catalysis, such as the metabolic enzyme prostaglandin D2

synthase, which is required for the synthesis of the major prostaglandin in mammalian

brains (Flower, 1996).

Many lipocalins act in the classical way as transporter proteins, through which they

also have important roles in the solubilisation of hydrophilic ligands and protection

against oxidising species (Flower, 1996). Serum-RBP is typical of this role and is the

main transporter of retinol from hepatic storage sites to other tissues. RBP regulates

the release of retinol from the liver and ensures delivery to specific tissues by binding to

receptors; therefore it is crucial to the regulation of retinol homeostasis (Flower, 1996).

Lipocalins are also known to bind to carotenoids, which are the precursor molecules

to retinoids, where they are involved in vertebrate and invertebrate pigmentation and

vision.
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1.5.2.5 Lipocalin-like carotenoid-binding proteins

1.5.2.5.1 Carotenoid-binding proteins in photosynthetic systems

Carotenoids and their metabolites are ubiquitous amongst photosynthetic organisms.

They perform a variety of essential functions from light harvesting, photoprotection

and neutralising reactive oxygen species (section 1.4.3 (Goodwin, 1980)). Photosyn-

thetic organisms are also able to synthesise carotenoids de novo and therefore contain

numerous carotenoid anabolic/metabolic enzymes, however the carotenoid-protein in-

teractions are likely to be transient (Goodwin, 1980).

The water-soluble orange carotenoid protein (OCP) was first isolated from cyanobacte-

ria by Holt and Krogmann (1981). The orange coloured complex was found to sponta-

neously convert to a red form during purification, although both forms of the complex

were found to be associated with the ligand 3′-hydroxyechinenone. The OCP was found

to be 35 kDa in size and forms a homodimer in vivo with each unit non-covalently bind-

ing one 3′-hydroxyechinenone molecule. Absorbance of light in the 400-500 nm range

causes a structural change in both protein and carotenoid causing a shift from the

stable, dark, orange form to the less stable red form (OCPr) of the complex (Wilson,

2006; Punginelli et al., 2009). This structural change enhances the filtering ability of

3′-hydroxyechinenone and is therefore imperative to the light quenching function of the

complex (Poĺıvka et al., 2005).

The red form of the OCP protein originally observed by Holt and Krogmann (1981) was

most likely a red carotenoid protein (RCP), which has been encountered by successive

groups during OCP purification. The RCP was determined to be 16 kDa in size,

and binds 3′-hydroxyechinenone. The mature RCP is generated by the removal of a

short fragment of the N-terminus as well as the entire C-terminal domain of OCP by

proteolytic cleavage (Kerfeld, 2004). The loss of the C-terminal domain results in the

isomerisation of 3′-hydroxyechinenone from the trans to the cis-conformer and exposes

part of the carotenoid to the solvent, which leads to the aggregation of RCP, effecting

the red shift (Chábera et al., 2011). RCP has been proposed to be a biologically

relevant complex and not just an artefact of OCP purification (Chábera et al., 2011).

The exposed portion of the carotenoid may insert into the lipid bilayer anchoring the

protein to the membrane, and instead of light quenching the primary role of the RCP

is likely to be ROS scavenging (Chábera et al., 2011).
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1.5.2.5.2 Ocular carotenoid-binding proteins

The importance of carotenoids in vision is well established. Retinal is a metabolite of

β-carotene and has a central role in the visual process, bound to opsin to form the visual

pigment rhodopsin. There are also appreciable amounts of lutein and zeaxanthin to be

found within the fovea and macula of the retina, giving it a yellow colouration (Bhosale

and Bernstein, 2007). It is proposed that the high concentration of xanthophylls within

the retina provides protection against photo-damage by filtering out damaging wave-

lengths of light and acting as antioxidants to neutralise free radicals (Bhosale, 2004).

Studies have also shown an inverse correlation between dietary intake of lutein and

zeaxanthin and the development of age-related macular degenerative disease (AMD),

a leading cause of blindness in the elderly (Bhosale, 2004; Li et al., 2010). Therefore

the carotenoids and the proteins that mediate their interactions are very important to

the visual process.

Tubulin has been identified as the major CBP in bovine retinal tissue and it has also

been found to be associated with the xanthophylls lutein and zeaxanthin in human

retinal tissue (Bernstein et al., 1997). However the association between carotenoid and

tubulin was found to be non-specific and tubulin will bind to a variety of carotenoids

in vitro (Li et al., 2010). Therefore tubulin is unlikely to be involved in the specific

accumulation of lutein and zeaxanthin in the macula, although it is hypothesised to

be involved in the stabilisation of the high concentrations of carotenoids deposited in

foveal region (Bhosale, 2004; Li et al., 2010).

Specific xanthophyll binding proteins have been purified from the human macula, which

may be involved in the selective uptake of lutein and zeaxanthin. A 23 kDa zeaxanthin-

binding protein was also purified from human macula tissue and was identified by

mass spectrometry as the pi isoform of glutathione-S-transferease 1 (GSTP1) (Bhosale,

2004). Other isoforms of GST as well as GSTP1 are known to bind small hydrophobic

ligands, however this was the first report of an association of GST with carotenoids.

Binding studies indicated that macular GSTP1 bound to both zeaxanthin and meso-

zeaxanthin with micro-molar affinity. The binding affinity of GSTP1 to lutein, although

stronger than to other carotenoids, was comparatively weaker than with zeaxanthin.

Binding studies with other human isoforms of GST showed no specific interaction with

zeaxanthin. It is uncertain whether GSTP1 is responsible for the selective accumulation

of zeaxanthin in the macula, it has also been suggested to increase the antioxidant
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effectiveness of the carotenoid or have enzymatic activity toward xanthophylls (Bhosale,

2004).

1.5.2.5.3 Hepatic carotenoid-binding protein

In vertebrates, the liver is both a major site for the storage of carotenoids as well as

the site for the conversion of β-carotene to vitamin A (Bhosale and Bernstein, 2007),

therefore it is a likely location for CBPs. A CBP, exhibiting a high specificity for β-

carotene, has been isolated from hepatic tissue of rats (Okoh et al., 1993) and ferrets

(Rao et al., 1997), that had been fed a β-carotene supplemented diet. Dietary supple-

mentation of β carotene was performed in an attempt to up-regulate the production of

CBPs, to enable identification and purification. The carotenoid-binding proteins were

unable to be detected in control animals, which were not fed on a supplemented diet,

indicating that under normal conditions the protein was only present in very small

amounts (Okoh et al., 1993; Rao et al., 1997).

1.5.2.5.4 Invertebrate carotenoid-binding proteins

Crustacyanin, a carotenoprotein complex common amongst crustaceans, is the most

well studied of the CBPs and is one of only a few which have been structurally char-

acterised. Three different forms of crustacyanin α, β and γ, have been isolated. Crus-

tacynanin has been found to bind the carotenoid astaxanthin with high specificity

(Buchwald and Jencks, 1968), however canthaxanthin also appears to be tolerated

(Velu et al., 2003; Czeczuga et al., 2005). Astaxanthin and canthaxanthin are both

keto-carotenoids which differ only by the presence of a hydroxyl functional group on

the latter.

CBPs have been partially-purified from several species of starfish. Two CBPs were

extracted from an Antarctic starfish Lysiasterias perrieri, with astaxanthin identified

as the ligand in both cases (Czeczuga and Krywuta, 1982). In addition, CBPs were

identified in three species of starfish from the Adriatic, with the ligands identified as

astaxanthin, canthaxanthin and zeaxanthin. A violet CBP has been extracted from

the skin of the starfish Asterias rubens. The complex, 43 kDa in size, consisted of

four polypeptide subunits of 11 kDa each. Three forms of astaxanthin were extracted

from the complex (Shone et al., 1979). This complex was water-soluble and very
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stable, resisting photo-decomposition even under intense light conditions. The protein

was reported to be a glycoprotein, containing approximately 12% carbohydrate. The

majority of the carbohydrate appeared to be non-covalently associated with the protein

and was removed by washing steps, however a small proportion was tightly bound and

unable to be removed. Small amounts of unidentified lipid were also found to be

associated with the complex (Shone et al., 1979).

CBPs have been identified in two species of sea urchin, Sterechinus neumayeri (Czeczuga

and Krywuta, 1982) and Paracentrotus lividius (Czeczuga, 1983). In each instance the

ligands associated with the CBP complexes were found to be an unidentified xantho-

phyll (Czeczuga and Krywuta, 1982) and isozeaxanthin respectively (Czeczuga, 1983).

Further than this neither complex was characterised and extraction of the complexes

was from preparations of whole sea urchin animals, no inferences could be made about

possible roles in gonad colouration.

1.5.2.6 Structural analysis of CBPs

Little is known about the structural characteristics of the lipo(glyco)proteins which

bind carotenoids. The hydrophobic nature of the complexes as well as the multitude of

non-specific interactions they form, makes them difficult to study structurally (Britton,

2008). However there are a few reported crystal structures of CPBs that form solu-

ble complexes. Elucidation of the crustacyanin structure suggested it was a member

of the lipocalin family (Cianci et al., 2001, 2002), however OCP and retinal-forming

carotenoid oxygenase do not exhibit the typical lipocalin fold (Kerfeld et al., 2003;

Kloer, 2005).

In vivo crustacyanin exists as a large complex of eight protein subunits approximately

20 kDa in size and contains a total of sixteen carotenoid molecules. The complex is

arranged in a cluster of four dimeric units (Britton, 2008; Wade et al., 2009). The

crystal structure of β-crustacyanin in complex with astaxanthin was solved to 3.2 Å

resolution (Cianci et al., 2001, 2002). Crystals were produced with protein purified from

the native source using a microbatch technique of crystal growth in oil immersion.
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Figure 1.8: Structure of β-crystacyanin heterodimer in complex with astaxanthin. The crystal struc-

ture of the β-crustacyanin heterodimer in complex with astaxanthin was solved to 3.2 Å by Cianci

et al. (2002). The β strands are labelled A-I. SCR 1, 2 and 3 are coloured red, green and blue re-

spectively. The two astaxanthin molecules interpenetrating the dimer interface are shown in black.

Reproduced with permission from Cianci et al. 2002.

The β-crustacyanin complex is a heterodimer of two subunits, of 180 and 174 amino

acids in length. The two structural units are only subtly different with both shar-

ing the typical β-barrel lipocalin fold despite exhibiting only 35% sequence identity

(Cianci et al., 2001, 2002). The two astaxanthin molecules are bound in close prox-

imity, approximately 7 Å apart, and interpenetrate the dimer interface (figure 1.8).

Each astaxanthin molecule is bound with one β-ionone group buried within the calyx

cavity of one polypeptide, the other ring is solvent protected and lies within a small

hydrophobic patch of the other polypeptide (Cianci et al., 2002).

The crystal structure of the OCP from the cyanobacterium Athrospira maxima was

solved to 2.1 Å resolution (Kerfeld et al., 2003). The OCP is a homodimer of two 35

kDa subunits each of which binds one 3-hydroxyechinenone molecule. The carotenoid

is buried deep within a hydrophobic pocket, that spans both an all-helical and an α/β-

domain of each polypeptide. The high helical content of the complex does not fit with

the lipocalin structural family and no homologues for this fold were found in the PDB

(Kerfeld et al., 2003).
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The crystal structure of a metabolic enzyme utilising the apo-carotenoid, retinal, as a

substrate has also been solved. The Synechocystis retinal-forming carotenoid oxygenase

was expressed in E.coli, the purified protein was crystallised and the structure was

solved to 2.4 Å resolution (Kloer, 2005). The protein is a seven stranded β-propeller

with a cluster of four histidine residues at the centre, which bind a Fe2+ ion to form

the active site of the enzyme (Kloer, 2005). Like OCP this protein is not analogous

to the lipocalin fold. However, as its function is catalysis rather than transport or

solubilisation the open structure would facilitate efficiency of interaction, in a way that

a calyx-fold could not (Kloer, 2005).

1.5.2.7 Spectroscopic properties of CBPs

The UV-visible absorbance spectrum of pure carotenoid in organic solvent is typified

by a broad two-shouldered peak in the region of 400 nm-500 nm (figure 1.5 a.). How-

ever, changes in the characteristic spectrum have been reported when the carotenoid

is complexed with protein (Britton, 2008). A peak at 280 nm can be observed in the

absorbance spectrum, due to aromatic amino acids in the protein. In addition, there is

often a significant shift in the 2-shouldered carotenoid peak, relative to the position ob-

served for free carotenoids (Britton, 2008). The spectral shift is most often to a longer

wavelength and is known as a bathochromic-shift (red-shift). Shifts to a shorter wave-

length, known as a hypsochromic-shift (blue-shift), have also been reported (Britton,

2008).

The chromic-shifts are considered to be the result of the constraint of carotenoid

molecules through hydrophobic interactions with the proteins (Britton, 2008). Con-

straint of the carotenoid in a fixed position may alter both the extent of conjugation

and the energy gaps for electronic transition (Britton, 2008). In general it has been

observed that greater constraint of the carotenoid molecules corresponds to a larger

spectral shift, which can vary from a few nm to >100 nm (table 1.1) (Britton, 2008).

The UV-visible absorbance spectrum of crustacyanin exhibits a large 160 nm bathochromic

shift, relative to that of astaxanthin in hexane (Cheesman et al., 1966). The blue CBP

complex maximally absorbs at 632 nm, however dissociation of the complex results
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Table 1.1: Spectral shifts of the absorbance maxima of complexed carotenoids, relative to free in

solution.

Complex Source Ligand Spectral shift Reference

name (nm)

– Unicellular algae violaxanthin +4-9 Powls and Britton 1976

(Scenedesmus obliquus D3)

– Photosynthetic algae zeaxanthin +5-12 Engle et al. 1991

(Prochlorothrix hollandica)

GSTP-1 Human macula zeaxanthin +12-20 Bhosale 2004

LBP Silkworm midgut all-trans-lutein +22-38 Jouni and Wells 1996

cCBP Rat liver β-carotene +32 Rao et al. 1997

β-crustacyanin Lobster carapace astaxanthin +160 Cheesman et al. 1966

Crustochrin Lobster carapace astaxanthin -unknown Buchwald and Jencks 1968

+ Bathochromic shift.
- Bathochromic shift.

in a colour change to bright red, which is due to the absorbance of free astaxanthin

at 472nm (Cheesman et al., 1966; Cianci et al., 2001, 2002). This colour change is

observed upon the cooking of many crustacean species, due to protein denaturation

resulting in the release of astaxanthin. The bathochromic shift is due to a reduced gap

in the energy between the S0 (ground) and the S2 (excited) states, which is effected by

astaxanthin binding to the protein. The keto-groups of astaxanthin are important in

both effecting the bathochromic shift and also to the binding specificity of crustacyanin

for astaxanthin (Milicua et al., 1985). The keto-groups at positions 4 and 4′ on the

β-ionone rings of astaxanthin are constrained, through interactions with the protein, in

a planar orientation. This results in extension of the polyisoprenoid chain conjugation

to the keto-groups, lowering the energy of the excited state and allowing transition to

occur at lower energy longer wavelengths of light (Cianci et al., 2002).

1.6 Summary

Sea urchins are harvested for their edible gonads, which are known as roe or, in Japan,

Uni. Global sea urchin harvesting was driven by high import demand from Japan in the

late 20th century (Williams, 2002). As a result many sea urchin species were subjected

to over-fishing and populations were depleted, which was followed by a world-wide

decrease in the industry activity. As sea urchin populations have begun to recover
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increased interest in sustainable fishing has emerged (Williams, 2002). The endemic

New Zealand sea urchin E. chloroticus , produces large gonads (Baker, 2001), which

is a desirable market attribute (Whitaker et al., 1997). As high quality roe can be

worth up to NZ$500/kg (Miller and Abraham, 2011) on the international market there

is interest in establishing an export market for E. chloroticus , which has the potential

to form a lucrative sector of the NZ fishing industry.

Currently export success is limited by variation in E. chloroticus gonad colour, which

can range from a desirable bright yellow/orange to an undesirable dark-brown/black

(Whitaker et al., 1997). Sea urchin gonad colouration is thought to be primarily due

to carotenoids (Griffiths and Perrott, 1976; Tsushima and Matsuno, 1990; Borisovets

et al., 2002; Symonds et al., 2007, 2009), which are assimilated and modified from

dietary sources and then deposited within the tissue. The major carotenoid present in

sea urchin gonads has generally been found to be echinenone which is thought to be

derived from β-carotene obtained from algae (Griffiths and Perrott, 1976; Tsushima

and Matsuno, 1990, 1997; Borisovets et al., 2002; Symonds et al., 2007, 2009). However,

the proportions of echinenone in the gonad do not correspond to those in the algal food

source or the viscera, which is the suggested site of carotenoid interconversion. This

suggests that echinenone is being selectively accumulated in gonad tissue (Symonds

et al., 2007, 2009).

As carotenoids are highly hydrophobic, selective accumulation of echinenone in sea

urchin gonad is likely to require the involvement of specific carotenoid-binding proteins

(CBP). Proteins of the calycin superfamily, particularly lipocalins and FABPs, are

known to bind and transport small hydrophobic ligands (Flower et al., 1993; Flower,

1996; Flower et al., 2000). Furthermore, several CBPs identified from animals including

crustacyanin from the marine invertebrate Homarus gammarus (lobster), have been

characterised as lipocalins (Flower et al., 2000). Therefore homologues of these proteins

may be involved in the accumulation of echinenone in gonads and hence the colouration

of this sea urchin tissue.
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1.7 Aims of the research

E. chloroticus is a species of sea urchin, endemic to New Zealand, that is commercially

harvested for its edible gonad. However, variation in gonad colour has limited their

export potential. This research aimed to investigate the contribution of carotenoid and

protein to gonad colour variation in E. chloroticus . The investigation aimed to compare

E. chloroticus gonads to those of H. erthrogamma, an Australian sea urchin species

exhibiting less variation in gonad colour, in an attempt to gain a greater understanding

of the mechanisms contributing to sea urchin gonad colouration.

Carotenoid precursors are obtained from the diet and then modified in the viscera,

which is the site of echinenone production (Symonds et al., 2007, 2009). From the

viscera echinenone is transported to and selectively accumulated in the gonad tissue.

Due to the hydrophobic nature of carotenoids, this process is hypothesised to be aided

through the interaction with CBPs. Therefore CBPs may have an important role in

the colouration of sea urchin gonads. This research aimed to identify a CBP from the

gonad of E. chloroticus and investigate the 3-D structure of the complex, which may

provide insights into the mechanism of echinenone assimilation in the sea urchin gonad.

1.7.1 Specific aims and hypotheses of the research

1. To investigate the relationship between sea urchin gonad colouration and the

composition of both carotenoids and proteins within the tissue.

This aim was investigated through:

• Extraction of carotenoids from light, medium and dark coloured E. chloroti-

cus and H. erthrogamma sea urchin gonads and subsequent analysis by

reversed-phase high performance liquid chromatography (RP-HPLC).

• The comparison of proteomic profiles produced by 2-D polyacrylamide gel

electrophoresis (2-D PAGE) for light, medium and dark coloured E. chloroti-

cus and H. erthrogamma sea urchin gonad protein extracts.
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Hypotheses: Variations in carotenoid composition do not account for the dark-

coloured gonads and other factors/compounds are involved. Variations in gonad

colour are reflected by observable differences in the soluble protein profiles.

2. To identify, purify and characterise a CBP from the gonads of E. chloroticus .

This aim was investigated through:

• Chromatographic fractionation of E. chloroticus gonad homogenate to iden-

tify and isolate a CBP.

• The recombinant expression of the E. chloroticus CBP(s) for the production

of sufficient protein for structural characterisation.

• Crystallisation trials with recombinantly produced E. chloroticus CBP, with

the ultimate goal of obtaining a 3-D structure of the complex.

Hypothesis: Carotenoid-protein complex(s) are present in the gonad of E.

chloroticus and will be able to be identified and isolated.
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Materials and Methods

2.1 Sea urchin processing

2.1.1 Source of sea urchins

All E. chloroticus sea urchin specimens were obtained and used for scientific research

with permission from and with respect to the beliefs of the local Māori Iwi, Ngāi Tahu.

E. chloroticus specimens used for comparative proteomic and carotenoid analysis were

a kind gift from Campbell McManaway at Cando Fishing, Bluff, NZ. Animals were

harvested from the waters surrounding Stewart Island and within 24 h were opened

at the Cando Fishing NZ processing facility in Bluff. The gonads were removed and

graded as being of high, mixed or moderate and low quality by trained quality con-

trol personnel. The grades corresponded to light, medium and dark coloured gonads

respectively. Gonads were transported on dry ice to the Department of Biochemistry,

University of Otago, Dunedin, where they were stored at - 80◦C.

E. chloroticus used for other applications were collected by free diving from Matakaea

(Shag Point) in North Otago, NZ. A fishing permit allowed the collection of up to
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10 kg of animals for scientific research (appendix A). Live animals were transported

in fresh sea-water to the Portobello Marine Science Station, Dunedin. Animals were

maintained in tanks for periods of up to 2 years and fed on a diet of kelp (Macrocystis

pyriferia). Tanks were aerated by circulating seawater pumped from the Otago harbour

and were drained and cleaned on a weekly basis. During winter the water temperature

was maintained above 9◦C.

H. erthrogamma sea urchin specimens were obtained from the Polacco Family Trust

Divers, Adelaide, South Australia. The animals were collected by free-diving from

the open sea waters around South Adelaide. Animals were dissected within 24h and

the gonad tissue was frozen at -20◦C for transport to New Zealand. The tissue was

imported on a permit to import restricted biological products of animal origin, permit

number 2012045424 (appendix B) and biological authority/clearance certificate number

B2012/239534 (appendix C).

2.1.2 Sea urchin dissection and gonad removal

A small incision was made in the peristomial membrane, on the oral surface of the

sea urchin, to one side of Aristotle’s Lantern (figure 2.1 a.). The coelomic fluid was

drained out through the opening (figure 2.1 b.). The test was then cracked and pried in

half along the oral-aboral axis using special forceps (figure 2.1 c.) and the connective

tissue holding the Aristotle’s lantern in place was severed, allowing removal with the

oesophagus and stomach. The visceral tissue was disconnected from the interior of

the test (figure 2.1 d.) and the gonads and removed (figure 2.1 e.). The test was

flushed with sea water to remove any particulate matter which may have leaked from

the viscera. The five gonads were separated at the genital plate and removed with a

half-round spatula. Gonads were transported on dry ice and then stored at -80◦C.

2.1.3 Sea urchin sex determination

Where possible the sex of each sea urchin specimen was determined upon opening the

animal. During the gametogenesis/NP utilisation and spawning phases of the repro-
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a. b. c.

e.d.

Figure 2.1: Dissection of an E. chloroticus sea urchin for removal of the gonads. An initial incision in

the peristomial membrane a., allowed coelomic fluid to be drained b., before the test was cracked and

opened with a dedicated tool c.. The viscera was removed d. and discarded, exposing the gonads,

which could then be scooped out of the test e.. All photographs were taken on the same day under

indoor light conditions, using a Cannon PowerShot A2500 digital camera with flash.
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ductive cycle the sex is easily determined by visual inspection of the gonad. Female

gonads are textured with large granules and male gonads secrete sperm when disturbed.

If the sex was indeterminable by visual inspection a wet-squash tissue preparation was

inspected microscopically. A small quantity of gonad tissue, approximately 1 mm3, was

mounted on a glass slide with 1 drop of sea water. A cover slip was pressed over the

top to trap the sample, which was examined at 40x magnification, using an Olympus

SW7X binocular microscope (Olympus Corporation, Tokyo, Japan). Sex was deter-

mined by the presence of actively swimming sperm or oocytes which can be observed

during the gametogenesis stages of the reproductive cycle (Kelly, 2001).

In addition, gonad homogenate treated by the chloroform/methanol lipid extraction

procedure (section 2.3.1) was analysed by 1-D PAGE (section 2.3.2.1), which was able

to provide an accurate identification of sex irrespective of reproductive cycle stage

Female sea urchins exhibit a prominent band at 30 kDa, corresponding to the family

of butanol extracted proteins (bep), of which the 30 kDa protein of the yolk platelet

(YP30) is an abundant member and is expressed only in oocytes (Wessel et al., 2000).

2.2 Sea urchin gonad colour comparison

2.2.1 Qualitative gonad colour assessment

Sea urchin gonads were qualitatively assessed as being light coloured (yellow-light/orange),

medium coloured (dark-orange/light-brown) or dark coloured (dark-brown/black). As-

sessment of E. chloroticus gonads was done upon opening of the animals at Cando

Fishing NZ processing facility in Bluff (section 2.1.1). Frozen H. erthrogamma gonads

were thawed to room temperature, blotted on a paper towel and then the colour was

visually assessed under natural light against a white tile.

48



2.2. SEA URCHIN GONAD COLOUR COMPARISON

2.2.2 Quantitative gonad colour assessment

Gonad colour was quantitatively measured using a MiniScan
TM

EZ 4500L 45/0◦C Spec-

trophotometer (Hunter Associates Laboratory Inc, VA, USA). The instrument mea-

sured three different colour parameters; lightness, red-green and yellow-blue (L∗ a∗ b∗,

respectively) qualities of the sample. The L∗ a∗ b∗ scale is in accordance with that

devised by the Commission Internationale de L’Eclairage (International Commission

on Illumination, CIE). The spectrophotometer was calibrated against a white ceramic

tile followed by a black ceramic tile, with the sample repository dish as a reference.

Gonads were thawed to room temperature and blotted with a paper towel. A portion

of each sample was placed in the sample dish, so that the bottom of the dish was com-

pletely covered. Readings were taken by placing the spectrophotometer light source

over the sample dish so as to completely exclude ambient light. Each of the three colour

parameters were measured in triplicate for each sample and the mean and standard

deviation (SD) calculated. Statistical analyses were performed using 2-way analysis of

varience (ANOVA) with a Tukey’s test for multiple comparisons, in GraphPad Prism R©

version 6.0a.

2.2.3 Carotenoid Analysis

2.2.3.1 Carotenoid extraction

All solvents used were of HPLC/spectroscopy grade with a minimum purity of 99.9%

and low absorbance between 400 nm and 500nm. Procedures were conducted as far as

possible, in the dark under red light to minimise carotenoid oxidation (Jensen, 1965).

The carotenoid extraction protocol was adapted from Symonds et al. (2007) and

Garama et al. (2012). Lyophilised gonad tissue, 0.3 g dry weight (d/w), was blended

with 5 mL of acetone using a polytron R© aggregate dispersing homogeniser (Kinemat-

ica, Lucerne, Switzerland). Samples were incubated at 4◦C with rotation for 30 min,

then centrifuged at 8,000 g for 10 min at 4◦C. The supernatant containing extracted

carotenoid was removed and retained, the pellet was treated twice more with acetone
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and the extracts were pooled. Lipids in the sample may accumulate on the chromatog-

raphy column resulting in high back-pressure. Therefore to reduce the lipid in the

carotenoid extracts, the extracts were incubated on dry ice for 15 min to precipitate

lipids, which were then removed by centrifuging at 5,000 g for 3 min at -10◦C. The

supernatant was quickly transferred into an amber glass vial, leaving a cream-coloured

lipid residue on the inside of the tube. The carotenoid extract was then evaporated to

dryness under a steady stream of oxygen-free nitrogen gas. The carotenoid residue was

redissolved in a solution containing 2 mL diethyl ether and 2 mL 10% v/v 3 M potas-

sium hydroxide in methanol and left to stand for 2 h, to promote the saponification of

any remaining lipids. Following the saponification treatment, 4 mL of 5% w/v sodium

chloride was added and the sample was shaken vigorously. The sample was left to

stand at 4◦C for 10 min to allow phase separation to occur. The carotenoid-containing

upper phase was pipetted off and evaporated to dryness under oxygen-free nitrogen

gas. Residual solvent was removed by vacuum desiccation overnight in a Savant R©

SpeedVac R© (Thermo Scientific R©, MA, USA). For long-term storage, the tubes of dried

carotenoid residue were flushed with nitrogen gas, sealed and stored at -20◦C.

2.2.4 Reversed-phase high performance liquid chromatogra-

phy

Reversed phase high performance liquid chromatography (RP-HPLC) was performed

using a Gilson R© (Gilson incorporated, WI, USA) liquid handler/injector module cou-

pled to a Gilson R© tandem pump and UV detector. Carotenoids were separated on a

Develosil R© C30-UG 250 x 4.6 mm column, packed with 5 µm silica beads of 140 Å

pore size (Phenomenex R© Inc, CA, USA). The column was fitted with a Security Guard

pre-column (Phenomenex R©), containing identical packing material to the column. The

chromatography solvents used were those used in the method reported by Symonds

et al. (2007); A, methanol with 1% v/v ddH2O and 0.01% w/v ammonium acetate

and B, tert-butylmethylether (TBME), both of which were filtered through 0.22 µm

Durapore R© hydrophobic disc filter (Merck Millipore, MA, USA) then thoroughly de-

gassed under vacuum pump. Powdered carotenoid sample was resuspended in 1 mL of

methanol and extruded through 13mm, 0.22 µm Acrodisc R© GHP membrane syringe-

filter (Pall Corporation, NY, USA). A 100 µL aliquot of sample was injected onto the
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column via the liquid handler module.

The chromatography method used was that reported by Garama et al. (2012), which

was a modification of that originally reported by Symonds et al. (2007). The sample was

injected onto the column, pre-equilibrated with solvent A, at a flow-rate of 1 mL.min−1.

Carotenoids were eluted with a gradient of increasing solvent B concentration from 0%-

60%, over a volume of 30 mL at a flow-rate of 1 mL.min−1. The concentration of solvent

B was then increased to 100% for 10 mL, before re-equilibration with solvent A for a

further 10 mL at a flow-rate of 1 mL.min−1.

2.2.5 Carotenoid identification and quantitation

2.2.5.1 Carotenoid identification

Carotenoids were identified based upon data reported in the literature (Symonds et al.,

2007) and comparison to retention times of commercially available standards (appendix

E.1). Fucoxanthin, violaxanthin, canthaxanthin, echinenone (9′-cis/all-trans-isomeric

mix) α-carotene and β-carotene standards were obtained from DHI (Hørsholm, Den-

mark). The DHI standards were purified from phytoplankton (≥95% purity) and

supplied as 0.6-1.5 mg.mL−1 acetone solutions. Synthetic astaxanthin, HPLC grade

≥95% purity (Sigma-Aldrich R©, MO, USA) was supplied as a powder, from which a 1

mg.mL−1 solution in methanol was prepared. A 100 µL aliquot of each standard was

analysed in triplicate by RP-HPLC as described in section 2.2.4.

The RT of echinenone, α-carotene and β-carotene could be sub-divided into 9′-cis and

all-trans geometric isomers, as Symonds et al. (2007) confirmed by liquid chromatogra-

phy mass spectrometry (LC-MS) that the all-trans isomers elute immediately prior to

the 9′-cis isomers. In addition, lutein and (iso)zeaxanthin were identified by their well

documented proportions in sea urchin roe and the C30 RT relative to other carotenoids

as reported by Tsushima and Matsuno (1997); Plank et al. (2002); Borisovets et al.

(2002); Pantazis (2006); Symonds et al. (2007) and Symonds et al. (2009).
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2.2.5.2 Carotenoid quantitation by echinenone standard curve

Echinenone purified from E. chloroticus gonad was used for standard curve construc-

tion. Carotenoid was extracted from E. chloroticus gonad tissue and RP-HPLC was

performed as previously described (section 2.2.3.1). A 0.5 mL aliquot of carotenoid

extract was injected on to the C30-UG RP-HPLC column. Fractions were collected

between 25 and 30 min. Fraction volume was set to 200 µL inside peaks and 1.5 mL

for non-peaks, with a A445nm peak detection limit of 40 mV. Fractions from the central

portion of the 9′-cis-echinenone peak were pooled across multiple RP-HPLC runs. The

purified 9′-cis-echinenone was transferred to a pre-weighed amber micro-centrifuge tube

(Eppendorf R©, Hamburg, Germany) and the solvent was evaporated under nitrogen gas.

All traces of moisture were removed by overnight desiccation in a vacuum concentra-

tor. The dried 9′-cis-echinenone extract was re-weighed and the mass calculated by

subtracting the initial mass of the tube from the final mass. Powdered echinenone was

reconstituted in 1 mL methanol and the purity of 9′-cis-echinenone was evaluated by

RP-HPLC. A proportion of all-trans-echinenone <10% was tolerated.

For standard curve construction undiluted 9′-cis-echinenone was analysed by RP-

HPLC, and as serial dilutions of 1 in 2, 1 in 4, 1 in 8, 1 in 16, 1 in 32 and 1 in

64, with each concentration analysed in triplicate. The amount of echinenone analysed

at each concentration was calculated from the d/w mass and the molar mass. Stan-

dard curves of 9′-cis-echinenone and all-trans-echinenone were produced by graphing

the mean peak-height and SDs versus the amount of echinenone (appendix F.1). Sta-

tistical analyses were performed using 2-way ANOVA with a Tukey’s test for multiple

comparisons, in GraphPad Prism R© version 6.0a.

2.3 Proteomics

2.3.1 Protein extraction and sample preparation

Approximately equal amounts of light, medium or dark frozen gonad tissue, from three

different animals of the same sex, were weighed out to a combined total of 0.5 g.
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A 2.5 mL aliquot of homogenisation buffer (50 mM dibasic sodium phosphate, 50

mM sodium chloride pH 8.0, containing cOmplete-mini ethylenediaminetetraacetic acid

(EDTA)-Free protease inhibitor cocktail (Roche Applied Sciences, Penzberg Germany)

at the concentration recommended by the manufacturer), was added to the gonad

tissue. The gonad tissue was blended at 25,000 rpm for 1 minute using a Polytron R©

homogeniser. The homogenate was aliquoted into 2 mL capped centrifuge tubes and

centrifuged at 8,000 g for 5 min. The supernatant was removed and divided into 200 µL

aliquots, which were then treated with a modified chloroform-methanol lipid extraction

procedure (Bligh and Dyer, 1959).

To each aliquot, 200 µL of chloroform and 400 µL of methanol were added. The samples

were vortexed vigorously for 1 min, then 300 µL of ddH2O was added and the vortex-

ing was repeated. The samples were centrifuged at 10,000 g for 2 min, to separate

the solution phases. The upper phase was removed, then 500 µL of ice-cold acetone

was added. The samples were shaken and incubated on ice for 5 min, before cen-

trifuging to pellet the protein. The solvent was removed, the pellet air-dried and then

resuspended in rehydration buffer (7 M urea (ultra-pure), 2 M thiourea, 2% w/v 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM dithiothre-

itol (DTT) and 4 mM tris-carboxyethyl phosphine (TCEP)) (Rabilloud, 1998; Chevallet

et al., 1998). The pellets were completely resuspended in rehydration buffer and then

the chloroform-methanol procedure was repeated.

2.3.2 Electrophoresis

All chemicals used for electrophoresis were of electrophoresis grade and solvents used

for staining were of bulk-grade >95% purity.

2.3.2.1 1-D mini-gel SDS-PAGE

Mini-gel, discontinuous, 12.5% acrylamide sodium dodecyl sulfate (SDS) gels were

prepared using a Mini-Protean R© 3 multi-gel caster (BioRad, CA, USA) and glass plates

with 0.75 mm spacers. Resolving and stacking gels were prepared according to table
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2.1. The resolving gel was poured into the gel-caster to 2.5 cm below the top of the

shorter glass plates and each gel was overlaid with 0.5 mL butanol saturated with

ddH2O. The gels were allowed to set at room temperature for 1 h, before the butanol

was rinsed off with ddH2O and then the stacking gel poured and the well-forming

combs inserted. Once the stacking gel was set (approximately 15 min), the gel-casting

apparatus was dismantled and the gels were stored in wet tissue paper at 4◦C for up

to two weeks until used.

Table 2.1: SDS-PAGE resolving and stacking gel composition

Reagents Resolving-gel Stacking-gel

Acrylamide 12.5% w/v 4.9% w/v

Bisacrylamide 0.33% w/v 0.13% w/v

Tris† 4.52% w/v
pH 8.8

1.51% w/v
pH 6.8

SDS 0.10% w/v 0.10% w/v

Mix and Degas 5 min

APS§ 0.035% w/v 0.074% w/v

TEMED¶ 0.044% v/v 0.10% v/v

†
Tris(hydroxymethyl)aminomethane.
§

Ammonium persulfate
¶

Tetramethylethylenediamine

Electrophoresis sample buffer, 5× concentrated (1.5% v/v resolving buffer (table 2.1),

10% v/v glycerol, 5% w/v β-mercaptoethanol, 3% w/v SDS and 0.02 % w/v bro-

mophenol blue), was added to samples to achieve a 1× concentration. Samples were

then heated at 95◦C for 10 min, briefly centrifuged to gather contents at the bot-

tom of the tube and then applied to the SDS-gel, set up in a BioRad Mini-Protean R©

electrophoresis tank apparatus. To a spare well, 5 µL of Novex R© sharp pre-stained

protein standard (Life Technologies
TM

, CA, USA) was also added. Electrophoresis

buffer (14.41% w/v glycine, 3.03% w/v Tris and 0.1% w/v) SDS was used to fill the

cathode (upper) and approximately 1
3

fill the anode (lower) electrophoresis chambers.

Electrophoresis was conducted at 12 mA/gel until the dye front had migrated through

the stacking gel and then the current was increased to 18 mA/gel until the dye-front

had migrated to the bottom of the resolving gel.

Following electrophoresis, gels were stained for 30 min in a solution of 0.2% w/v

Coomassie brilliant blue R-250, 50% v/v methanol and 7% v/v acetic acid. The

gel was then rinsed with ddH2O and destained overnight in a solution of 20% v/v
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methanol and 8% v/v acetic acid.

2.3.2.2 1-D mini-gel native PAGE

Native gel electrophoresis was conducted as for SDS-PAGE, with the following amend-

ments. Gels were continuous 7.5% w/v acrylamide, made with resolving buffer (table

2.1), except that SDS and β-mercaptoethanol were omitted from all solutions.

2.3.3 Large-format 2-D PAGE

Large format 2D-PAGE was conducted with an isoelectric focusing (IEF) first dimen-

sion and a SDS-PAGE second dimension. In preparation for 2-D PAGE, protein sam-

ples were subjected to a final conditioning process. A fraction, corresponding to 1
8

of the initial 0.5 g w/w gonad tissue, was processed using a 2-D Clean-Up Kit (GE

Healthcare, OH, USA) and then redissolved completely in 100 µL rehydration buffer.

Complete dissolution of the pellet was achieved through grinding with a mini-pestle

and freeze-thawing. Once the pellet was completely dissolved the volume was made

up to 360 µL with rehydration buffer, and IPG buffer concentrate pH 3 -10 non-linear

(GE Healthcare) was added to a final concentration of 0.25% v/v.

The sample was pipetted along the length of one well of a rehydration tray (BioRad)

and an 18 cm IEF strip with a non-linear immobilised pH gradient (IPG) from pH 3

- 10 (GE Healthcare) was applied to the sample. The IEF strip was applied so that

the IPG-gel layer was in contact with the sample and no air bubbles were trapped at

the interface. The tray was sealed and the strip left to rehydrate at room temperature

overnight.

Following rehydration, the strips were rinsed with 150 µL ddH2O down each face, then

blotted on wetted 3mm filter paper (Whatman, Maidstone, UK) and then transferred

to a Pharamacia IPGphor
TM

isoelectric focusing manifold (GE Healthcare) containing

mineral oil. Electrode wicks (GE Healthcare), wetted with 150 µL ddH2O, were placed
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over each end of the strip with approximately 5 mm overlap and the IPGphor
TM

elec-

trode bars were secured in place on top of the wicks. Electrophoresis was conducted

for a total of 80,000 V.h (2 h at 200 V, 3 h at 500 V, 4 h at 1,000 V, 3 h at 2,000 V, 6

h at 4,000 V and 6 h at 8,000 V).

Second dimension SDS-PAGE gels were made in an Ettan
TM

DALTsix gel-caster (GE

Healthcare). Resolving gel solution, 12.5% v/v acrylamide (table 2.1), was degassed

for at least 1 hour and polymersation was initiated by the addition of 0.00031% w/v

APS and 0.00042% v/v TEMED. The gel-caster was filled with acrylamide solution up

to 15 mm from the top, then each plate was overlaid with 5 mL of degassed electrode

buffer. Gels were left to set overnight and were then stored at 4◦C in a plastic bag for

up to two weeks before use.

Following 1st dimension IEF, each strip was placed into a rehydration tray and incu-

bated with 1.7 mL of reducing solution (6 M urea, 130 mM DTT, 20% v/v glycerol,

10% v/v resolving buffer and 0.02% v/v bromophenol blue (BPB)) for 10 minutes

(Chevallet et al., 1998). Strips were then transferred to a new well and incubated with

1.7 mL of alkylation solution (6 M urea, 135 mM iodoacetamide, 20% v/v glycerol,

10% v/v resolving buffer and 0.02% v/v BPB) for 10 minutes (Galvani et al., 2001)

and then placed on top of a large-format 12.5% v/v acrylamide gel and the top sealed

with 2-3 mL of 0.5% w/v molten agarose. Large-format gels were placed in an Ettan
TM

DALTsix electrophoresis tank (GE Healthcare), which was filled with electrophoresis

buffer. Electrophoresis was conducted at 2 watts/gel for 1 h and 15 watts/gel thereafter

until the dye front had migrated from the bottom of the gel (5-6 h).

Gels were soaked in two changes of 500 mL fixing solution (10% v/v methanol and

7% v/v acetic acid) for 30 minutes each. Staining was performed according to Neuhoff

et al. (1988); Kang et al. (2002); Candiano et al. (2004), by soaking gels overnight

in 500 mL of in-house made colloidal-Coomassie (Candiano et al., 2004). Following

staining gels were soaked overnight in dd2O, then soaked for 3-5 h in a destain solution

(5% v/v orthophosphoric acid and 10% v/v ethanol) to remove background staining.

56



2.3. PROTEOMICS

2.3.4 Image comparison

Gels were scanned at a resolution of 600 dots per inch with a CanoScan LiDE 600F

colour scanner (Cannon, NY, USA) and images were saved as 16 bit Tagged Image

Files. Image comparison was performed using Delta2D version 4.4, evaluation software

provided by DECODON GmbH (Greifswald, Germany, available at

www.decodon.com/delta2d.html, accessed 10/12/2013). Image comparison was at-

tempted across four groups; E. chloroticus males, E. chloroticus females, H. erthrogamma

males and H. erthrogamma females. The male groups contained representative profiles

from light, medium and dark coloured gonads, whilst the female groups contained only

light and medium coloured gonad profiles. Dark female profiles were not used as there

was no representative H. erthrogamma sample.

For each group the light gonad profile image was used as the reference, relative to which

comparisons and modifications were made. Images in each group were superimposed

using a group warping strategy and fused using union settings, according to manufac-

turers recommendations. Automatic spot detection was performed on the fused image

using the default settings of 151 pixels for local background, 50 pixels for the average

spot radius and 20% sensitivity. The spot pattern was then manually edited to remove

spots outside the areas of interest and dust and stain specks. Spots with a quality

threshold of <0.26 and very faint spots were also removed. Spot boundaries from the

superimposed image were transferred back to the individual images. Spot volume ra-

tios were compared between light and medium and light and dark gonad profiles. The

number of spots exhibiting 2, 5 and 10-fold differences in volume were recorded.

2.3.5 Mass spectrometry

Matrix assisted laser desorption ionisation, tandem time of flight (MALDI-TOF/TOF)

and liquid chromatography-electrospray ionisation long tandem quadrupole (LC-ESI

LTQ) orbitrap mass spectrometry were performed by the Centre for Protein Research

(CPR), Department of Biochemistry, University of Otago.
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2.3.5.1 Protein digest

Protein bands from 1-D PAGE or spots from 2-D PAGE gels, were excised with either

a scalpel or spot punch tool. In-gel protein digestion with either trypisn (Promega,

WI, USA), chymotrypsin (Promega, WI, USA) or endoprotienase Glu-C derived from

Staphylococcus aureus V8 (Sigma-Aldrich, MO, USA) was performed using an auto-

mated protein digestion robot (DigestPro Msi, Intavis AG, Cologne, Germany), based

on the method of Shevchenko et al. (1996). Eluted peptides were evaporated to dryness

in a vacuum concentrator.

2.3.5.2 MALDI TOF/TOF

Samples were resuspended in 30% v/v acetonitrile and 0.1% v/v trifluoroacetic acid

(TFA). A 0.8 µL aliquot of each sample was mixed with 1.6 µL of matrix (10 mg.mL−1

α-cyano-4-hydroxycinnamic acid, 10 mM ammonium dihydrogen phosphate, 0.1% v/v

TFA and 65% v/v acetonitrile) and then 0.8 µL was applied to a 384 position Opti-tof

sample plate (Applied Biosystems, MA, USA).

Analysis was performed on a 4800 MALDI TOF/TOF analyser (Applied Biosystems).

Spectra were acquired in positive ion mode with 800 laser pulses per sample spot.

The 20 strongest signals were isolated for collision-induced dissociation (CID) analysis,

which was conducted in 2 kV mode with 4,000 laser pulses per spot. Air, pressurised

to 1×10−6 torr, was used as the collision gas.

2.3.5.3 LC-ESI LTQ-Orbitrap

Samples were resuspended in 5% v/v acetonitrile and 0.2% v/v formic acid and injected

into an Ultimate 3000 nano-flow ultra-HPLC system (Dionex Co, CA, USA), coupled

to the nanospray source of an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo

Scientific, CA, USA). Peptides were separated by a 75 µm PicoTip fused silica tubing,

emitter-tip column (New Objectives, MA, USA), which was in-house packed with C-18
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resin to 8-9 cm in length. Peptides were eluted by a gradient from 5% v/v acetonitrile,

0.2% v/v formic acid to 80% v/v acetonitrile, 0.2% v/v formic acid over 15 min, at a

flow rate of 500 nL.min−1 over a volume of 15 µL.

Mass spectrometry in the range of 300-2,000 mass to charge ratio (m/z), with a resolu-

tion of 60,000 at m/z 400 and a ACG target of 5e5. The five strongest signals produced

in Fourier transform mass spectrometry preview mode were selected for CID tandem

mass spectrometry, with a collision energy of 35%, and AGC target of 2e4 and one

microscan. Dynamic exclusion was enabled with two repeat counts over 30 sec and an

exclusion period of 180 sec, mass width was set to 0.01.

2.3.5.4 Protein identification

Peptide-mass peak data were exported as Common Gateway Interface Script Files,

which were submitted to the Mascot server (Matrix Science, available at

www.matrixscience.com, accessed 29/12/2013) and an MS/MS Ions search was per-

formed. Files were searched against the NCBI-Echinodermata database which con-

tained the S. purpuratus genome (Sea Urchin Genome Sequencing Consortium, 2006)

which was downloaded from the National Centre for Biotechnology Information (NCBI)

and made available through the University of Otago, Department of Biochemistry

server. In addition, the SwissProt and NCBI non-redundant (NCBI-nr) databases

were also searched. The following parameters were used for the Mascot searches; up

to three missed cleavages were allowed, variable modifications of oxidised methionine,

carbamidomethyl cysteine and pyroglutamic acid and glutamine were allowed. Peptide

tolerances of 10 and 75 parts per million and mass tolerances of 0.4 and 0.8 Daltons

were used for LC-ESI LTQ-orbitrap and MALDI TOF/TOF respectively.
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2.4 Partial purification of CBP(s) from E. chloroti-

cus gonad

2.4.1 Gonad processing

E. chloroticus gonad tissue was weighed and an equal w/v of homogenisation buffer

(0.05 M dibasic sodium phosphate, 0.05 M sodium chloride pH 8 and containing

cOmplete-mini EDTA-Free protease inhibitor cocktail according to manufactures rec-

ommendations) was added. The sample was blended using a Sorvall R© Omni-Mixer

(DuPont Instruments, Connecticut, USA) at 2,500 rpm for 5 min or until homoge-

neous. The homogenate was transferred to 50 mL centrifuge tubes and centrifuged at

4◦C and 8,000 g for 30 min. The supernatant fraction was removed and the pellet

discarded.

The demulsification of lipid was achieved through density adjusted ultra-centrifuging

based on protocols modified from Havel et al. (1955); Redgrave et al. (1975) and Aviram

(1983). The density of the supernatant was adjusted to 1.22 g.mL−1 by the slow addi-

tion and dissolving of crystalline sucrose (BioRad). The density-adjusted supernatant

was subjected to ultra-centrifuging at 4◦C and 435,000 g for 1 h in a TL-100 table-top

ultra-centrifuge (Beckman, CA, USA). The ultra-centrifuged subnatant (UFS) was ex-

tracted from beneath the surface lipid layer with a 33 gauge needle and 5 mL syringe.

To remove the sucrose, the UFS was dialysed at 4◦C overnight against ion-exchange

chromatography buffer A (section 2.4.2.2).

2.4.2 Trial fractionation

2.4.2.1 Ammonium sulfate fractionation

For trial ammonium sulfate fractionation, UFS was dialysed against 0.1 M dibasic

sodium phosphate pH 8.0, then centrifuged at 4◦C and 8,000 g for 10 min. Solid
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ammonium sulfate was added to 1 mL aliquots of the supernatant over a period of

15 min, to achieve 20, 40, 60, 80 and 90% saturation. After the final addition of

ammonium sulfate the samples were incubated with rotation at 4◦C for 1 h and then

centrifuged at 15,000 g for 5 min. The supernatant was removed and the pellets were

resuspended in 1 mL of dialysis buffer. All samples were dialysed overnight against

the starting buffer before protein was precipitated by the addition of ice cold acetone.

Protein pellets were redissolved in 50 µL of rehydration buffer and a 10 µL aliquot of

each sample was analysed by 1-D PAGE.

2.4.2.2 Ion-exchange chromatography

Four 1 mL aliquots of UFS were dialysed overnight at 4◦C against one of four different

chromatography A buffers; 0.05 M sodium citrate pH 4.0 or pH 6.0 for cation-exchange

or 0.05 M dibasic sodium phosphate pH 7.0 or 8.0 for anion-exchange. Following dial-

ysis, samples were centrifuged at 13,000 g for 5 min. The supernatant was filtered

through 15 mm 0.45 µm Minisart R© polytetrafluorethylene (PTFE) syringe-filters (Sar-

torius, Goettingen, Germany).

The filtrate was injected onto either a 1 mL HiTrap
TM

SP-Sepharose R© fast-flow (for

cation-exchange) or a 1 mL HiTrap
TM

Q-Sepharose R© fast-flow (GE Healthcare) pre-

equlibrated column (for anion-exchange). Fast-protein liquid chromatography (FPLC)

was conducted using an automated workflow on an ÄKTA-Purifier 900 (GE Health-

care). The column was washed with 5 mL of buffer A at a flow-rate of 1 mL. min−1,

before bound protein was eluted with a 0-100% gradient of buffer B (buffer A + 1 M

NaCl), over 20 mL at 1 mL.min−1. Column effluent was monitored at 280 nm and 445

nm and 2 mL fractions were collected. Chromatograms were analysed using Unicorn

version 5.16 software (GE Healthcare).
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2.4.3 Chromatography of E. chloroticus gonad homogenate

2.4.3.1 Gravity-flow anion-exchange chromatography of gonad homogenate

A 15 mm x 200 mm glass column with a sintered glass filter was filled with 25 mL fast-

flow diethylaminoethyl (DEAE) Sepharose R© resin (GE Healthcare), pre-equilibrated

with anion-exchange buffer A (section 2.4.2.2). Dialysed UFS was extruded through

a 25mm µm Minisart R© PTFE syringe-filters (Sartorius), then layered on top of the

resin in 2 mL aliquots. The sample was continually loaded onto the resin, until the

column effluent went from colourless to clear light yellow. The top 2 cm of the resin was

gently stirred, as necessary, in order to maintain flow through the column. Un-bound

proteins were removed by washing the resin with 50 mL buffer A, before elution of

bound material with 50 mL buffer A + 1 M NaCl. The column effluent was collected

in 3 mL fractions and the colour of each was briefly assessed against a white tile

under natural light. Fractions which were yellow coloured were pooled together and

concentrated using a Vivaspin R© 20, 10 kDa molecular weight cut off (MWCO) spin-

filter (GE Healthcare). The process was repeated with the remaining dialysed UFS.

2.4.3.2 FPLC anion-exchange

Re-concentrated sample was dialysed overnight at 4◦C against anion-axchange buffer

A and re-spiked with protease inhibitor. Following dialysis the sample was centrifuged

at 13,000 g for 5 min and then extruded through a 0.45 µm PTFE filter. A 3 mL

aliquot of sample was injected onto a pre-equilibrated 5 mL HiTrap
TM

Q sepharose R©

fast-flow (GE Healthcare) column. FPLC was conducted as described in section 2.4.2.2,

but with the following modifications. Unbound protein was washed from the column

with 25 mL buffer A. The gradient length was increased to 100 mL at a flow-rate of 3

mL.min−1 and 3 mL fractions were collected. Fractions absorbing at both 280 nm and

445 nm were pooled from across multiple runs and spin-filter concentrated to a volume

of <5 mL.
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2.4.3.3 Gel-permeation chromatography

Gel-permeation chromatography was carried out using the FPLC work flow described

in section 2.4.2.2. Prior to separation, samples were filtered through a 15mm 0.22

µm Minisart R© PTFE syringe-filters. Up to 4 mL of sample was injected onto a 16/60

Sephacryl R©-100 gel-permeation column (GE Healthcare), pre-equilibrated with 50 mM

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.1 M NaCl pH 8.0. Pro-

teins were eluted with 120 mL of isocratic flow at a rate of 0.5 mL.min−1 and 2 mL

fractions were collected. Fractions exhibiting absorbance at 280 nm and 445 nm were

pooled and concentrated to a volume of <0.5 mL first with a Vivaspin R© 6, followed by

a Vivaspin R© 500, 10 kDa MWCO spin-filter.

Five compounds of a known molecular weight were used to construct a standard curve

to provide a calibration of the column (appendix L.1). The standards used were;

Vitamin-B12 (2 kDa), cytochrome c (12 kDa), myoglobin (17.7 kDa), ovalbumin (45

kDa) and BSA (66.4 kDa). Each standard was analysed in triplicate at a concentration

of 0.2 mg.mL−1, in a total injection volume of 1 mL of gel-permeation buffer. BSA,

cytochrome c and Vitamin B12 were combined as the differences in molecular weight

were sufficient to ensure baseline resolution. Likewise myoglobin and ovalbumin were

also analysed together. A calibration curve was constructed by plotting the log10 of the

molecular weight (kDa) of the standards versus the average elution volume in (mL).

The trend-line was calculated by linear regression using GraphPad Prism R© version 6.0a

(GraphPad Software Inc. CA, USA).

2.4.4 Purification of CBP by 1-D native-PAGE

A concentrated sample from Hi-Trap Q-Sepharose R© anion-exchange chromatography

was also separated by 1-D native PAGE. The sample required additional concentration

to a volume of <0.5 mL with a Vivaspin R© 500, 10 kDa MWCO spin-filter. Glycerol

was then added to a final concentration of 20% v/v and the sample was loaded across

multiple lanes of a 7.5% v/v acrylamide 1-D PAGE mini-gel.
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Following electrophoresis, the yellow/orange band was excised from the gel and diced

into small pieces of approximately 1 mm2. The gel pieces were incubated on ice with

200 µL of anion-exchange buffer A for 30 min, during which the tube was vortexed

vigorously several times. The buffer was then pipetted off the gel pieces and the process

was repeated twice more to extract as much protein as possible. Eluted protein was

pooled and concentrated with a Vivaspin R© 500, 10 kDa MWCO spin-filter to a volume

of 50 µL. The remainder of the gel was stained with Coomassie blue as previously

described (section 2.3.2.1).

2.5 Recombinant DNA technology

Unless otherwise stated, all enzymes and their buffers used in this section were obtained

from New England BioLabs R© Inc. (Hitchin, UK).

Gel electrophoresis was conducted according to the methods described by Brody and

Kern (2004); Brody et al. (2004). Gels were made with 1% w/v agarose (ultra-pure elec-

trophoresis grade, Life Technologies
TM

) in sodium borate (SB) buffer (10 mM NaOH,

pH 8.5 with boric acid, 5×10−4 mg.mL−1 ethidium bromide). Loading dye (30% v/v

glycerol, 0.025% w/v bromophenol blue, 0.025% v/v xylene cyanol) 20% v/v was

added to each sample for electrophoresis. Electrophoresis was conducted at 150 V for

40 min then the gel was illuminated under a UV light in a Gel Doc
TM

(BioRad) and

images captured using Quantity One R© software (BioRad).

2.5.1 Primer design

The CBP identified and partially purified from E. chloroticus gonad was named as

Echinenone-binding protein (EBP). The EBP cDNA sequence was obtained from the

E. chloroticus de novo transcriptome assembly, which was first made available in draft

format, in September 2012 (Gillard et al., 2014).
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Table 2.2: PCR primers for cloning and SDM

Primer Sequence (5′-3′) length (bp)

Cloning
Foward CTGATACTCATATGCCTACCGACTTCAGCG 30

Reverse GACTCGAGGGGTCGGTTCTGTATATCTTAGAC 32

SDM
Foward TGCGCGAAGCAATGAATACAGCTTCGTGGTCGGGTC† 36

Reverse CATTGCTTCGCGCAGCTGCTTGGCTCTTGATTGTG 35

†
Red text indicates the mutated sequence required to change the codon from Cys to Ser. Blue text

indicates overlapping regions (OR) and black text indicates non-overlapping regions (NOR).

2.5.1.1 Cloning of the E. chloroticus EBP

Primers were designed for PCR amplification of the EBP ORF (table 2.2). Adapter

sequences introducing the restriction endonuclease sites, Nde 1 and Xho 1, were added

to the forward and reverse primers respectively, allowing insertion of the EBP sequence

into a modified pET-28a plasmid (figure 2.2). A spacer region of 8 bases, prior to

the Nde 1 restriction endonuclease site was also included, to ensure efficient enzyme

hydrolysis as recommended by the manufacturer.

NetPrimer (PREMIER Biosoft, CA, USA. available at;

www.premierbiosoft.com/netprimer 05/04/2013) was used to evaluate the primers for

undesirable sequence elements such as secondary structure and cross-dimers. Melting

temperatures were also calculated using the accurate nearest neighbour thermodynamic

theory (Allawi and SantaLucia, 1997). Melting temperatures of 72.6◦C and 71.6◦C were

calculated for the forward and reverse primers respectively.

All primers were ordered from Sigma-Aldrich R© and reconstituted in compliance with

manufacturers instructions, to produce stock solutions of 100 µM, which were stored

at -20◦C.

2.5.1.2 Site directed mutagenesis of cysteine 61 in EBP

Site directed mutagenesis (SDM) was used to mutate the cysteine amino acid at position

61 of the EBP to serine, based on the method described by Liu and Naismith (2008).
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The primers required a core overlapping region (OR) of 10-15 bases and a flanking non-

overlapping (NOR) region of 20-25 bases (table 2.2). Primers were designed so that

the melting temperatures of the NORs were at least 5◦C higher than the corresponding

ORs (Liu and Naismith, 2008). Melting temperatures were calculated as previously

described using NetPrimer. For the forward primer temperatures were calculated as

49.4◦C and 62.9◦C for the OR and NOR respectively and 49.5◦C and 60.9◦C for the

reverse primer, producing overall melting temperatures of 86.0 and 85.0 ◦C for the

forward and reverse primers respectively.

2.5.2 Modified pET-28a expression vector

A pET-28a plasmid (Novagen R©, Merck-Millipore) expression vector, which had been

modified to replace the thrombin protease hydrolysis site with a Tobacco Etch Virus

protease (TEV-pro) hydrolysis site, was used. An 8 µL aliquot of plasmid (∼ 1µg)

was digested with 0.5 U.µL−1 each of Nde 1 and Xho 1 restriction endonucleases and

reaction buffer. The digestion mixture was incubated at 37◦C for 2.5 h and then

incubated at 65◦C for 20 min to inactivated the enzymes. The digested products were

then dephosphorylated by the addition of 20% v/v alkaline phosphatase buffer and 0.1

U.µL−1 alkaline phosphatase and incubated at 37◦C for 30 min, to prevent reannealing

of the sticky ends. Alkaline phosphatase was then heat inactivated by incubation at

75◦C for 5 min.

2.5.3 Cloning of the E. chloroticus EBP

EBP cDNA was synthesised from total mRNA extracted from E. chloroticus gonad,

which was provided by the laboratory of Dr Chris Brown, Department of Biochemistry,

University of Otago. Synthesis was performed using a Transcriptor High Fidelity cDNA

Synthesis kit (Roche Applied Science) according to manufacturers recommendations.

In order to generate sufficient EBP cDNA, 1 µL of the reverse transcription product

was used as template and the PCR step was repeated. PCR reactions were set up as

detailed in table 2.3 and carried out using a GeneAmp R© PCR system 2700 (Applied
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pET-28a(+)
(5369bp)

(HIS)6TEVEBP-C61S
Xho I Nde I

lacI
K

an

Figure 2.2: Schematic of the modified pET-28a plasmid expression vector. The original pET-28a

plasmid contained a Kanamycin resistance gene (teal) and Lac I operon (purple). The thrombin

protease restriction site of the vector has been replaced by a TEV-pro cut site (yellow) for the removal

of the hexa-histidine tag (magenta). The E. chloroticus EBP sequence (orange) was inserted into the

cloning cassette (green) through Xho 1 and Nde 1 restriction endonuclease sites.
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Table 2.3: PCR reaction conditions for cloning and SDM of EBP

Reagent Quantity

Cloning-PCR SDM-PCR

MgCl2 1.5 mM -

dNTPs 200 µM each 200 µM each

Phusion Polymerase
TM

0.02 U.µL−1 -

Pfu Polymerase† - 0.06 U.µL−1

Forward primer 10 pmol 10 pmol

Reverse primer 10 pmol 10 pmol

Template DNA 0.03 µg 0.03 µg

†
Thermofisher Scientific.

Table 2.4: PCR protocols for cloning and SDM of EBP

Step Cloning PCR SDM PCR

Temp (◦C) Time n cycles Temp (◦C) Time n cycles

Initial denature 98 30 s 1 95 5 min 1

Denature 98 5 s 95 1 min

Anneal 52 30 s 30 52 1 min 12

Extension 72 30 s 72 12 min

Final anneal - - - 52 1 min 1

Final extension 72 5 min 1 72 30 min 1

Biosystems) according to the protocol in table 2.4. PCR products were analysed by

gel electrophoresis on a 1% v/v agarose gel (section 2.5) and then stored at -20◦C.

Impurities were removed from both the EBP PCR product and the restriction endonuclease-

digested, dephosphorylated vector by a clean up procedure using a High Pure PCR

Product Purification Kit (Roche Applied Science). Following this clean up step 20

ng EBP PCR product was incubated at 4◦C overnight with 100 ng of the modified

pET-28a plasmid DNA, T4 DNA ligase 4 U.µL−1 and T4 ligation buffer. The T4 DNA

ligase was then inactivated by heating at 65◦C for 10 min.

The recombinant EBP-pET28a plasmid was transformed into One Shot R© TOP 10

chemically-competant E. coli cells (Life Technologies
TM

) according to the manufactur-

ers recommendations. Transformed bacteria were plated on Luria Broth (LB) agar

(standard recipe Gerhardt et al. 1994; Sambrook and Russel 2001) containing 100

µg.mL−1 kanamycin sulfate (Life Technologies
TM

) and incubated at 37◦C overnight. A
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single colony transformant was picked off the plate and cultured overnight at 37◦C,

with shaking at 200 rpm, in 5 mL LB (standard recipe Gerhardt et al. 1994; Sambrook

and Russel 2001) containing 100 µg.mL−1 kanamycin sulfate. Plasmid was purified

from the overnight culture using a High Pure Plasmid Isolation Kit (Roche Applied

Science).

Purified plasmid was transformed into chemically competent E. coli strains BL21(DE3)

(Stratagene, La Jolla, USA) and Rosetta
TM

(Novagen R©, Darmstadt, Germany) accord-

ing to manufacturers instructions. Transformed bacteria were plated on LB agar con-

taining 100 µg.mL−1 kanamycin sulfate for BL21(DE3) or 100 µg.mL−1 kanamycin

sulfate and 20 µg.mL−1 chloramphenicol (Sigma-Aldrich R©) for Rosetta
TM

and incu-

bated at 37◦C overnight. Single colony transformants were selected for liquid culture

and plasmid purification as previously described (section 2.5.3). Culture stock solu-

tions were made by the addition of 0.5 mL of culture to 0.5 mL of glycerol, stocks

were stored at -80◦C. Purified plasmid was sequenced by Genetic Analysis Services,

University of Otago to validate the presence of the EBP or EBP-C61S gene sequence

the modified pET-28a plasmid.

2.6 Recombinant EBP protein expression and pu-

rification

2.6.1 EBP expression trials

Expression trials were conducted on a small scale to determine the optimum conditions

for the production of soluble EBP. A flask containing 50 mL of LB (and the appropriate

antibiotics) was inoculated with a 1 in 10 dilution of overnight liquid culture. The new

culture was incubated at 37◦C until the optical density at 600 nm (OD600) was 0.6. Pro-

tein expression was induced by the addition of isopropyl β-D-1-thiogalactopyranoside

(IPTG). The culture was sampled (1 mL sample) prior to induction with IPTG and

also at 1, 3, 6, 9 and 12 h post induction.
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The following parameters were trialed for the optimisation of soluble recombinant EBP

protein expression;

• Expression cell line: E. coli cell lines BL 21(DE3) and Rosetta
TM

.

• Culture media: LB and Terrific Broth (TB); 0.012% w/v tryptone, 0.024% w/v

yeast extract, 0.004% v/v glycerol, 17 mM mono-potassium phosphate and 72

mM di-potassium phosphate.

• Inducer concentrations: IPTG concentrations between 0.01 mM and 0.5 mM.

• Incubation temperature: Once the culture reached OD600 = 0.5, it was moved

from 37◦C to either 18◦C, 22◦C or 28◦C 1 h, before expression was induced.

• Molecular chaperone co-expression: Co-expression of molecular chaperones was

stimulated by moving the culture to 4◦C for 1 h prior to induction with IPTG,

upon which the culture was returned to 37◦C. Molecular chaperone expression

was also induced by co-transformation with chaperone plasmids.

2.6.1.1 Co-expression of EBP with chaperone plasmids

Chaperone plasmids, detailed in table 2.5 (TaKaRa Bio Inc., Otsu, Japan) were ob-

tained as glycerol stocks of E. coli BL21(DE3) transformants. E. coli cells containing

the various chaperone plasmids were cultured in LB with the appropriate antibiotic

overnight at 37◦C. A 5 mL aliquot of each cell line was pelleted by centrifuging for

2 min at 5,000 g. Cell pellets were washed three times with 300 mM sterile filtered

sucrose and then resuspended in 100 µL of the sucrose solution. A 50 µL aliquot of

each cell line was added to 150 ng of modified pET-28a plasmid containing EBP, in

a MicroPulser
TM

0.2 cm gap electroporation cuvette (BioRad). Transformation was

effected by a 5 ms pulse in a MicroPulser
TM

electroporator (BioRad). Transformed

cells were added to 0.5 mL LB for recovery at 37◦C with shaking at 200 rpm, then

plated on LB agar containing the appropriate antibiotics and cultured overnight at
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Table 2.5: Chaperone plasmid set

Pasmid Chaperones Promoter Inducer Resistance marker

pG-KJE8 dnaK-dna-J-grpE araB† L-arabinose chloramphenicol

groES-groEL Pst-1§ tetracycline

pGro7 groES-groEL araB L-arabinose chloramphenicol

pKJE7 dnaK-dna-J-grpE araB† L-arabinose chloramphenicol

pG-Tf2 groES-groEL-tig Pzt-1 tetracycline chloramphenicol

pTf16 tig araB L-arabinose chloramphenicol

†
L-arabinose
§

tetracycline

37◦C. Transformants were cultured as described in sections 2.5.3 and 2.6.1 and expres-

sion was induced at an OD600 = 0.6 with IPTG and of either 0.5 mg.mL−1 L-arabinose

(Sigma-Aldrich R©) or 5 ng.ml−1 tetracycline (Sigma-Aldrich R©).

2.6.1.2 Evaluation of EBP protein expression

Samples were centrifuged for 5 min at 8,000 g to pellet bacterial cells. Cell pellets

were resuspended in 100 µL lysis buffer (50 mM HEPES pH 8.0, 100 mM sodium

chloride, 5% v/v glycerol, 0.1% v/v Triton
TM

X-100 (Sigma-Aldrich R©) and cOmplete

mini EDTA-free protease inhibitor, at the manufacturer recommended concentration),

frozen in liquid nitrogen and then thawed at 37◦C, this process was repeated five times.

Following freeze-thaw cell disruption, samples were centrifuged at 13,000 g for 5 min.

The supernatant, representing the soluble fraction, was removed and the insoluble

pellet fraction was resuspended in 100 µL of SDS sample buffer. A 10 µL aliquot of

soluble and insoluble fractions for each time point were analysed by 1-D PAGE (section

2.3.2.1).

2.6.2 Large-scale EBP and EBP-C61S protein expression

Large-scale expression of EBP and EBP-C61S was performed to produce protein for

purification. A 5 mL aliquot of E. coli BL21(DE3) overnight culture (section 2.5.3)

was transferred to each of 4, 2 L baffled flasks containing 500 mL TB and 100 µg.mL−1

kanamycin sulfate. Cultures were incubated at 37◦C until an OD600 = 0.5 was achieved,
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when they were transferred to 28◦C for 1 h before induction with 0.125 mM IPTG.

Cultures were incubated at 28◦C for 6 h post-induction before cells were harvested by

centrifuging at 8,000 g for 30 min. Cell pellets were pooled, weighed and stored at

-20◦C until required.

2.6.3 Purification of recombinant EBP

2.6.3.1 Cell lysis

Bacterial cells were resuspended in 5× w/v lysis buffer. Cell lysis was performed

in an ice-bath with a Sonifier R© cell disruptor (Heat Systems UltraSonics Inc. (now

operating as Qsonica), Connecticut, USA) set to pulse mode. Three, 4 min sonication

cycles with a 2 min recovery period between each cycle were performed. The cell lysate

was transferred to 50 mL centrifuge tubes and centrifuged for 10 minutes at 8,000 g

to pellet cellular debris. The supernatant was removed and solid imidazole was added

to achieve a 20 mM concentration and the solution was filtered through a 25 mm 0.45

µm sterile filter.

2.6.3.2 Immobilised Metal Ion Affinity Chromatography (IMAC) of re-

combinant EBP

IMAC was performed using the FPLC workflow described in section 2.4.2.2. The cell

lysate was injected onto a 5 mL His-trap
TM

Ni2+-nitrilotriacetic acid (NTA) column

(GE Healthcare), at a flow rate of 5 mL.min−1. The column was washed with 25 mL of

IMAC buffer A (20 mM HEPES pH 8.0, 20 mM imidazole and 0.5 M sodium chloride)

and then bound protein was eluted over a 100 mL gradient from 0-100% buffer B (buffer

A + 0.5 M imidazole). The absorbance of the column effluent was monitored at 280

nm and 3 mL fractions were collected. The column was washed with 15 mL buffer B

and then re-equilibrated with 25 mL buffer A.

A 10 µL aliquot of each peak fraction was added to 2.5 µL 5× SDS-sample buffer,

to achieve a 1× concentration and analysed by 1-D PAGE. Fractions which contained
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the protein of interest, based on apparent protein size, were pooled and the protein

concentration was estimated by NanoDrop R© ND-1000 spectrophotometer (Thermo Sci-

entific). TEV-pro was added to the concentrated protein at a 1
30

w/w concentration

and dialysed overnight against IMAC buffer A.

The dialysed sample was passed through the His-Trap Ni2+-NTA column and the col-

umn effluent was collected and spin-filter concentrated to a volume of <5 mL. The

concentrated sample was filtered through a 0.22 µm syringe filter and separated by

gel-permeation chromatography (section 2.4.3.3). Purified protein was spin-filter con-

centrated to approximately 10 mg.mL−1 and then glycerol was added to the purified

protein to a concentration of 10% v/v The protein was aliquoted, 200 µL tubes into

0.6mL tubes, snap frozen by immersion in liquid nitrogen and then stored at -80◦C.

2.6.3.3 TEV-pro expression and purification

The TEV-pro construct, His6-TEV(S219V)-Arg5pro in a pRK793 plasmid, was ex-

pressed in E. coli BL21 (DE3) CodonPlusRIL cells (Stratagene) according to the

method of Tropea, Cherry, and Waugh (2009, Chapter 19). TEV-pro was expressed as

described in section 2.6.2. To enhance solubility TEV-pro was produced as a maltose-

binding protein (MBP) fusion complex, which auto-cleaves in vivo, allowing TEV-pro to

be purified by IMAC (Tropea, Cherry, and Waugh, 2009, Chapter 19) (section 2.6.3).

TEV-pro was concentrated to 2-2.5 mg.mL−1 using a Vivaspin 20, 10 kDa MWCO

spin-filters (GE Healthcare) and was stored as described in section 2.6.3.

2.6.4 Gel-permeation chromatography multi-angle laser light

scattering (GPC-MALLS) analysis of recombinant EBP

and EBP-C61S

A 200 µL aliquot of purified sample concentrated to approximately 10 mg.mL−1 was in-

jected onto a Superdex R©-75 10/300 GL column (GE Healthcare), pre-equilibrated with

50 mM phosphate, NaCl pH 8.0. For analysis of EBP 10 mM β-mercaptoethanol was
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included in the sample injected onto the column. FPLC gel-permeation chromatogra-

phy was performed as described in section 2.4.3.3. Molecular weight estimation was

performed according to the manufacturer supplied calibration curve. The column was

connected in-line to a Dawn 8 + MALLS detector (Wyatt Technology, CA, USA) and

a Waters 410 differential refractometer (Millipore, MA, USA). The specific refractive

index increment (dn/dc) value for mass calculation was set to 0.186 ml.g−1 (Folta-

Stogniew and Williams, 1999). Data analysis was performed using GraphPad Prism R©

version 6.0a.

2.6.5 Phospholipid concentration determination

Following cell lysis a 1 mL aliquot of the EBP and EBP-C61S soluble protein fractions

were treated with the chloroform-methanol extraction procedure for lipid removal (sec-

tion 2.3.1). The solvent phases were evaporated to dryness overnight in a SpeedVac R©

vacuum concentrator. The residue was resuspended in 300 µL phosphate buffer pH 8.0.

The phospholipid concentration of recombinant the EBP and EBP-C61S extracts were

determined by a spectrophotometric assay, using a Phospholipids C assay kit (Wako

Pure Chemical Industries Ltd., Osaka, Japan), in accordance with product specifica-

tions. Each sample was assayed in triplicate and the average was calculated.

2.7 Bioinformatics

2.7.1 BLAST homology searches

Homology searches were performed using Basic local alignment search tool (BLAST R©)

(Altschul et al., 1990) available at http://www.ncbi.nlm.nih.gov (07/01/2014). Ac-

cession number or amino acid sequence was searched against the NCBI-nr database,

containing all non-redundant GenBank coding sequences, using the protein-protein

BLAST R© (blastp) algorithm (Altschul et al., 1997).
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2.7.2 Sequence alignments

Pair-wise sequence alignments were performed using EMBOSS-Needle provided by the

European Molecular Biology Laboratory-European Bioinformatics institute (EMBL-

EBI), available at www.ebi.ac.uk/Tools/psa/ (accessed 02/12/2013). Sequences, in

FASTA format, were input into EMBOSS-Needle, which performs global sequence

alignments using the Needleman-Wunsch algorithm (Rice et al., 2000).

Protein sequences for multiple sequence alignment were obtained from the Universal

Protein Resource Knowledge Base (Uniprot Kb) available at www.uniprot.org (accessed

02/12/2013) (The UniProt Consortium, 2012). Multiple sequence alignments were per-

formed using the program Multiple Sequence Comparison by Log Expectation (MUS-

CLE) provided by EMBL-EBI, available at www.ebi.ac.uk/Tools/msa/muscle/ (ac-

cessed 02/12/2013) (Edgar, 2004b,a). Shading of alignments was done using TEXshade

version 1.24 (a LATEXpackage available at www.ctan.org, accessed 10/09/2013). Thresh-

olds were set to 50% for similar residues and 80% for identity.

2.7.3 Differential expression analysis of EBP transcripts

Transcript levels of EBP and apolipoprotein B-like proteins in female light, medium

and dark gonads were obtained from the E. chloroticus transcriptome project data

(Gillard et al., 2014). Transcripts of interest were identified through BLAST searches

of S. purpuratus homologues against the E. chloroticus transcriptome. Raw transcript

count data was normalised to fragments/kbase mapped-reads (FPKM) using Trinity

(Haas et al., 2013), according to the method described by Robinson and Oshlack (2010).

Differential expression analysis was done using empirical analysis of digital gene ex-

pression in R (edge R) (Robinson et al., 2009). Genes with a false discovery rate (FDR)

p-value of <0.05 were considered to be differentially expressed between gonad colour

groups.
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2.8 EBP structural analysis

2.8.1 Secondary structure prediction

2.8.1.1 Ab initio prediction

Ab initio secondary structure predictions for the EBP amino acid sequence were made

using five different web servers (table 2.6); YASPIN (Lin et al., 2005), SPINEX (Faraggi

et al., 2011), NetSurfP (Petersen et al., 2009), PSIPRED (Jones, 1999) and PHD (Rost,

1996) (refer to table 2.6). Except for NetSurfP, servers assigned each amino acid as

contributing to helices, strands or coils. NetSurfP provided only the probability that

each amino acid would form one of the three structures and in this case the assignment

was made manually to the structural element for which the probability was >0.5. The

proportions of helix, strand and coil were calculated for each server and the mean of

all five predictions produced a consensus assignment for each amino acid. The mean

length of each secondary structural element was also calculated.
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CHAPTER 2. CBP IDENTIFICATION

2.8.2 Circular Dichroism of recombinant EBP and EBP-C61S

2.8.2.1 Data collection

Samples were prepared for circular dichroism spectroscopy (CD) by first dialysing the

protein overnight at 4◦C against 5 mM phosphate (NaH2PO4/Na2HPO4) pH 7.5 and

then adjusting the concentration to approximately 0.3 mg.mL−1. The reducing agent

β-mercaptoethanol was added to the EBP sample to a final concentration of 10 mM.

The samples and a buffer blank were centrifuged at 15,000 g for 15 min at 18◦C to

pellet any particulates present. The buffer was transferred into a 2 mL cylindrical CD

quartz cuvette with a 1 mm path-length and placed in the sample chamber of an Olis

CD module (On-Line Instrument Systems Inc. CA, USA).

All measurements were conducted at 18◦C, with oxygen-free nitrogen gas flowing

through the lamp, monochromator and sample chamber at 10, 25 and 10 L.min−1

respectively. Three shutters with 0.5 mm slits were positioned in the monochromator

to provide 2 nm spectral resolution. Five scans were collected over the wavelength

range of 260 nm to 190 nm and Elipticity (mili-degrees, θ−3) data was exported from

Global works software (Olis, On-Line Instrument Systems Inc.) to MS-Excel. Data

collection was repeated for the protein samples apo-EBP and apo-EBP-C61S.

In MS-Excel the mean baseline spectrum was subtracted from the mean sample spec-

trum. Mean residue elipticity (MRE) was calculated by equation 2.1 and and molar

differential extinction coefficient (∆ε) were calculated (Kelly et al., 2005).

[θ]MRE,λ = MRW × θλ/10× d× c (2.1)

Where [θ]MRE,λ in the units of deg cm2 dmol−1, is the MRE at a given wavelength.

Mean residue weight (MRW) was calculated by the molar mass of the protein in Daltons

divided by the number of peptide bonds (N-1 residues). Elipticity at a given wavelength

is θλ, d is pathlength in cm and c is the concentration in g.mL−1. [θ]MRE,λ is related

to ∆ελ by equation 2.2 (Kelly et al., 2005).

∆ελ = [θ]MRE,λ/3298 (2.2)
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2.8. EBP STRUCTURAL ANALYSIS

2.8.2.2 Analysis of recombinant EBP CD spectra

CD spectra were analysed using the CDPro software package provided by Colarado

State University and available at;

http://lamar.colostate.edu/∼sreeram/CDPro/main.html (accessed 05/06/2013). CD-

Pro contains CDSSTR (Johnson, 1999; Sreerama et al., 2000), CONTINLL (Provencher

and Glöckner, 1981; Sreerama and Woody, 2000) and SELCON 3 (Sreerama and

Woody, 1993, 1995; Sreerama et al., 1999; Johnson, 1999) secondary structure pre-

diction programs and CLUSTER (Venyaminov and Vassilenko, 1994) for tertiary class

assignment. An input file specifying ∆ε values and the protein reference set was com-

plied and used to run each program. For both apo-EBP and apo-EBP-C61S, secondary

structure predictions were performed for by all three programs for SMP56, SDP48 and

SP43 reference sets. Except for SP43, for which SELCON 3 would not run with the

apo-EBP ∆ε data set, due to programing incompatibilities. For each sample and refer-

ence set combination, proportions of each secondary structural element were averaged

across the three programs.

2.8.3 Tertiary structure homology modelling of EBP

Template-based homology modelling was performed using protein homology/analog

Y recognition engine version 2.0 (Phyre2), provided by the Structural Bioinformatics

Group, Imperial College, London (available at http://www.sbg.bio.ic.ac.uk/phyre2/,

accessed 05/12/2013) (Kelley and Sternberg, 2009). Modelling was first performed in

standard mode by submitting the E. chloroticus EBP amino acid sequence, in FASTA

format, to the Phyre2 server. Modelling was then repeated in expert mode against a

selected template.

2.8.3.1 Modelling in expert mode

Modelling in expert mode required a user-supplied template, which was chosen based

upon amino acid sequence similarity to EBP. A BLASTp search for EBP was per-

formed (section 2.7.1) and matches exhibiting >25% amino acid sequence identity
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CHAPTER 2. CBP IDENTIFICATION

were searched against both UniProt Kb and the Research collaboratory for structural

bioinformatics protein data bank RSCB-PDB, available at;

http://www.rcsb.org/pdb/home/home.do (accessed 08/12/2013)). Proteins with struc-

tures in the RSCB-PDB of >2.5 Å resolution were considered. A total of nine proteins

met the criterion for template selection and the amino acid sequences were retrieved

from Uniprot Kb.

For each protein, a pairwise global sequence alignment with E. chloroticus EBP was

performed using EMBOSS Needle (section 2.7.2). The protein with the highest align-

ment score and greatest sequence similarity, Intestinal-FABP (FABP-I) from Homo

sapiens (Uniprot ID: P12104 and RSCB-PDB ID: 1KZW) was selected as the tem-

plate. The amino acid sequences of EBP and FABP-I were submitted to Phyre2, in

FASTA format and the modelling was repeated with one-to-one threading.

2.8.3.2 Model analysis

The 3-D models produced by Phyre2 were downloaded in PDB format and analysed

using MacPyMOL (De Lano Scientific, CA, USA). For the modelling of ligands in

the binding site of EBP, structural co-ordinates of 9′-cis-β-carotene and all-trans-

echinenone were downloaded from NCBI PubChem Compound (available at;

http://pubchem.ncbi.nlm.nih.gov/, accessed 09/12/2013) in standard data file format.

Predictions of the ligand-binding site were provided by 3DLigandSite (Wass et al.,

2010).
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2.9. X-RAY CRYSTALLOGRAPHY OF RECOMBINANT APO-EBP-C61S

2.9 X-ray crystallography of recombinant apo-EBP-

C61S

2.9.1 Dynamic Light Scattering

Dynamic light scattering (DLS) was performed in order to determine the polydisper-

sity of a sample prior to crystallisation experiments. DLS was performed for both

EBP, in the presence of 10 mM β-mercaptoethanol, and EBP-C61S. The protein sam-

ple, at a concentration of approximately 1.5 - 2 mg.mL−1 (Ferre-D Amare and Burley,

1997), was centrifuged at 15,000 g for 10 min and then 50 µL was transferred into a 12

µL DLS quartz cuvette (Wyatt Technology). DLS was conducted using a DynaPro R©

(Wyatt Technology) with DYNAMICS R© version 6 software (Wyatt Technology). Mea-

surements were made at 18◦C using the default instrument settings and 100% laser

intensity, 20 measurement acquisitions which were an average of 12 readings were ob-

tained at 1s intervals (Borgstahl, 2007). A % polydispersity of <15% was considered

optimal for crystallisation but 15-30% was considered acceptable to proceed (Borgstahl,

2007).

2.9.1.1 Sparse-matrix crystallisation screen of recombinant apo-EBP-C61S

Crystalisation conditions for apo-EBP-C61S were sampled using the JCSG-plus
TM

HT-

96 MD1-37 sparse-matrix screen (Molecular Dimensions, Newmarket, UK). A 200 µL

aliquot of each mother liquor solution was pipetted into a round-bottom 96-well plate

for a hanging-drop vapour diffusion (HDVD) experiment. A mosquito R© Crystal liquid

handling system (TTP Labtech, Cambridge, UK) was used to distribute 200 nL of

protein (10 mg.ml−1) and mother liquor onto each well of a plate cover. The self-

sealing plate cover was inverted over the 96-well plate and pressed in place.

The plate was kept at 18◦C and checked at 5× magnification using a MZ7s stereomi-

croscope with a CLS 150x light source (Leica, Solms, Germany). Images were captured

with a Leica DFC290 camera and Leica Firecam V 3.4 image capture software. Screens
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were analysed immediately post set-up, then every 24 h for the first week and then

decreasing to once a week for two months. Each well was evaluated using a scoring

system modified from Zeelen (2009, Chapter 10). A clear drop was assigned a score of

0, skin = 1, phase separation = 2, light precipitate = 3, full precipitation = 4, crys-

talline precipitate or crystal-clusters = 5, small crystals<0.1 µm = 6 and crystals>0.1

µm = 7.

2.9.1.2 Optimisation of screens for the crystallisation of recombinant apo-

EBP-C61S

Conditions which yielded promising results were further explored through sampling of

the surrounding crystallisation space. Two optimisation screens were produced (ap-

pendix Q) to test three different precipitants; Polyethelyene glycol (PEG) 400, PEG

3350 and propan-2-ol. The salts screened were MgCl2, Li2SO4 and (NH4)2SO4 at con-

centrations of 0.1 M, 0.2 M, 0.3 M and 0.4 M. Salt solutions were buffered with either

0.1 M HEPES or 0.1 M Tris at pH 7.0 and 8.0 and 6.0 and 8.0 respectively. Buffered

salt and precipitant stock solutions were made at 5× and 5
4
× working concentration

respectively. All solutions were made using analytical grade reagents and were sterile

filtered using 0.22 µm PTFE syringe filter prior to use.

Screens were set up in 96 well plates, with the conditions in each well created by the

addition of 40 µL 5× salt solution and 160 µL of 5
4
× precipitant solution. The mother

liquor solution was thoroughly mixed by agitation at 600 rpm for 30 min on a plate-

shaker. HDVD experiments were set up as previously detailed (section 2.9.1.1), at 7,

9 and 12 mg.mL−1 concentrations of apo-EBP-C61S.

2.9.1.3 X-ray screening of crystals

X-ray diffraction of crystals was performed using the University of Otago in-house

source, a MSC 007HF rotating copper anode (Rigaku, Texas, USA) set at 40 kV and

30 mA, with Osmic VariMax optics collimated at 0.33 mm. The cover seal of a screen

well, containing crystals suitable for analysis, was cut open. Crystals were looped using
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2.9. X-RAY CRYSTALLOGRAPHY OF RECOMBINANT APO-EBP-C61S

nylon CryoLoops
TM

(Hampton Research, CA, USA) under a stereomicroscope and

plunged into liquid nitrogen. A suitable cryoprotectant was determined as described

by Zeelen (2009). The looped crystal was removed from liquid nitrogen, dipped into the

cryoprotectant solution and fitted to the mounting stage. The crystal was kept frozen

in the beam-line by a continuous stream of liquid nitrogen, while the crystal position

was manually adjusted by altering the goniometer. The detector was positioned at a

distance of 120.00 mm from the beam stop.

Two perpendicular X-ray images were collected using CrystalClear version 1.3 software

(Rigaku), with 0.5◦ oscillation. The exposure time was between 2 and 10 min for each

image, depending on crystal quality.

2.9.2 Reconstitution of 9′-cis-echinenone with recombinant

apo-EBP and EBP-C61S

Incorporation of 9′-cis-echinenone into EBP-C61S was based on a method described by

Rao et al. (1997). The concentrations of purified recombinant EBP and EBP-C61S were

determined by A 280nm measurements using a NanoDrop, then adjusted to 2 mg.mL−1

with gel-permeation buffer. Bovine serum albumin (BSA, NZ sourced from Invitrogen,

NZ) was reconstituted in gel permeation buffer to 2 mg.mL−1, the concentration was

checked and adjusted as necessary. A 0.5 mL aliquot of each protein was incubated

with 10 nmol and 100 nmol of RP-HPLC purified echinenone (section 2.2.5.2) for 1 h

at 37◦C, with rotation. Samples were then dialysed overnight against gel-permeation

buffer at 4◦C and then centrifuged at 10,000 g for 10 min. The supernatant was

removed, the absorbance at 445 nm recorded and the protein concentration of each

sample was also remeasured.

The reconstituted holo-EBP-C61S was passed through a 16/60 S-100 gel permeation

chromatography column (GE Healthcare), to remove any remaining unbound carotenoid

and then reconcentrated to 1 mg.mL−1. The absorbance spectrum was then measured

between 260 nm and 700 nm in a Cary 100 UV-Vis spectrophotometer (Aligent Tech-

nologies, CA, USA), with gel-permeation chromatography buffer (20 mM HEPES, pH

8.0) as the reference solution. Spectra were also obtained for apo-EBP-C61S (diluted
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with buffer to 1 mg.mL−1) and purified 9′-cis-echinenone (0.9 mg.mL−1 in methanol,

which was also used as the reference solution for 9′-cis-echinenone).
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Chapter 3

Carotenoid and proteomic

comparisons of E. chloroticus and

H. erthrogamma

The New Zealand sea urchin E. chloroticus is large in size, with correspondingly large

gonads (McRae, 1959), which is a desirable attribute for market quality (Whitaker

et al., 1997). However, the primary factor in determination of market quality is col-

oration, with yellow/orange gonads valued most highly (Whitaker et al., 1997). The

colour of E. chloroticus gonads is widely variable, from desirable to an undesirable

brown/black (Andrew, 1988), which adversely effects the potential profit and prolif-

eration of the industry. H. erthrogamma is the sea urchin species which contributes

to the majority of the Australian fishery (Worthington, D. G. and Blount, C. NSW

Fisheries, Fisheries Research & Development Corporation Australia, 2003). Relative

to E. chloroticus , H. erthrogamma animals and gonads are smaller in size, however

less variation in gonad coloration is exhibited with the darkest shades not observed

(Keesing, 2001; Worthington, D. G. and Blount, C. NSW Fisheries, Fisheries Research

& Development Corporation Australia, 2003).

Sea urchin gonad colour is considered to be primarily due to the levels of carotenoid

pigment molecules deposited within the tissue (Griffiths and Perrott, 1976; Tsushima

and Matsuno, 1990, 1997; Borisovets et al., 2002; Symonds et al., 2007, 2009). E.
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chloroticus and H. erthrogamma are two sea urchin species within Australasia for which

there are established fisheries for both domestic and international markets. The two

species exhibit quite different gonad colour ranges, therefore comparison of the respec-

tive carotenoid content and components, may provide insights into the mechanisms

contributing to sea urchin gonad coloration and desirable market qualities.

3.1 E. chloroticus and H. erthrogamma sea urchins

obtained for comparative assessment

E. chloroticus and H. erthrogamma sea urchins were obtained from coastal waters off

Bluff, New Zealand and Adelaide, Australia respectively. The sea urchins were dis-

sected within 24 hours of removal from their habitat and it was ensured that they

constituted a representative sample of the wild population. Post-harvest handling

conditions such as temperature and oxygen exposure can stress the animal over long

periods of handling, affecting gonad quality (Verachia et al., 2012). Alternately retain-

ing urchins in the isolation of an aquarium for extended periods may also affect the

condition of the gonads (Vadas et al., 2000). The ranges over which each species of sea

urchin was collected is unknown but both samplings were considered as random and

therefore may be expected to be representative of their local populations.

For each species the number of sea urchins collected depended primarily upon practi-

cal considerations. A large sample size was desirable to allow for statistical analysis

between test groups to be conducted. The E. chloroticus specimens, 26 in total, were a

gift from Cando Fishing NZ (section 2.1.1). The number of H. erthrogamma specimens

obtained was limited by the quantity of tissue which could be packaged and transported

from Australia to New Zealand. This amounted to the complete complement of tissues

and fluids from 19 animals.

Of the 26 E. chloroticus specimens obtained, only nine (35%) were identified as male

with the 17 remainder (65%) females (table 3.1). Gender imbalance is not uncommon

amongst sea urchin populations and has been reported across populations of both

Lytechinus variegatus (Brookbank, 1968) and Centrostephanus rodgerseii (Pecorino
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Table 3.1: Analysis of gender and gonad colour in E. chloroticus and H. erthrogamma sea urchin

species.

Species E. chloroticus H. erthrogamma

n† 26 19

Gender Male Female Male Female

n 9 17 9 10

Gonad colour L§ M D L M D L M D L M D

n 3 3 3 2 7 8 4 2 3 1 9 0

†
Number of animals.
§

gonad colour: L = Light, M = Medium and D = Dark.

et al., 2013). A 1:1 ratio of males to females has been reported for E. chloroticus

across New Zealand, however it has been reported that some populations significantly

deviated from the ratio, but only by a maximum of 7% (Dix, 1970b). Therefore the

apparent gender disparity observed the the E. chloroticus specimens sampled is most

likely due to random sampling effects. The ratios would be expected to equalise if a

larger population were sampled. Approximately equivalent proportions of males and

females were obtained for H. erthrogamma (table 3.1).

3.2 Qualitative colour assessment of sea urchin go-

nads

The market quality of sea urchin gonads (also known as roe or Uni) is dependant upon

gonad size, taste, texture and colour. Japan is the major importer of sea urchin roe,

where high importance is placed on visual presentation of the product, therefore colour

is one of the most important factors determining gonad quality. As fisheries process

large quantities of sea urchin, quality assessment must be able to be done quickly.

The method of quality assessment employed at Cando Fishing NZ, in Bluff is visual

colour grading by trained quality control personnel. The sea urchin gonads are graded

as being of high, mixed/moderate or low quality, immediately following extraction.

The high quality gonads, which are most desirable for export, are bright-yellow to

light-orange in colour (figure 3.1 a. and d.). Gonads coloured dark-orange to light-

brown or non-homogeneous in colour (figure 3.1 b. and e.), were considered to be of
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moderate/mixed quality. Poor quality gonads were generally dark-brown or almost

black in colour (figure 3.1 c. and f.). The high, moderate/mixed and poor quality

grades were designated as light, medium and dark coloured gonads.

Light 

Medium

Dark

e.

a.

c.

b.

d.

f.

E. chloroticus H. erthrogammaGonad
Colour

Figure 3.1: Gonad colour variation in E. chloroticus and H. erthrogamma sea urchins. Representative

gonads from E. chloroticus; a. light, b. medium and c. dark. Representative gonads from H.

erthrogamma; d. light, e. medium and f. dark. Scale bars indicate 10 mm. Thawed gonads were

blotted and placed on a white tile against a white back-drop. All photographs were taken on the same

day under the same indoor light conditions, using a Cannon PowerShot A2500 digital camera with

standard settings and flash.

Light, medium and dark coloured gonads were observed amongst both E. chloroticus

and H. erthrogamma specimens (table 3.1 and figure 3.1). In general, a n = 3 is

considered the minimum requirement for statistical analysis between groups. Several

of the gonad-colour/animal-sex groups contained insufficient numbers for statistical

analysis and there were not representative H. erthrogamma dark females identified.

Therefore it was decided not to further subdivide the gonad colour groupings based

upon gender, for the quantitative colour and carotenoid analysis of the sea urchin

88



3.3. QUANTITATIVE SEA URCHIN GONAD COLOUR ASSESSMENT

gonads. In addition, valid comparisons between the two genders could not be made

due to different numbers of animals in each gonad colour grouping for each gender,

which would result in bias of comparisons toward groups with more animals. Amongst

E. chloroticus 19% of animals were judged as having light coloured gonads with 38%

medium and 42% dark and 26%, 57% and 16% of H. erthrogamma gonads were judged

as light, medium and dark coloured respectively.

3.3 Quantitative sea urchin gonad colour assess-

ment

3.3.1 Methods for the comparison of sea urchin gonad colour

For research purposes it is desirable to have a more descriptive scheme of gonad colour

assessment than that used by industry. A common method reported in the literature

involves comparison of gonads to a set of colour standard charts (Symonds et al.,

2009). However there are multiple issues with the implementation of this method.

Assessment may depend on lighting conditions under which the gonads were being

evaluated. Colour is subjective and assignment may be difficult if the sample is not

homogeneous in colour. The charts are also representative of limited colour gradients

and may not cover the whole colour range. Charts also must be carefully maintained

for colour value and consistency of assignment. This method is also difficult to evaluate

statistically and such results may be difficult to report as the literature indicates that

there is no universally accepted set of standards.

A system developed in 1976 by the Commission Internationale de l’Eclairage (Inter-

national Commission on Illumination, CIE), attempted to provide a method for the

quantification of differences in colour. A spectrophotometer was used to measure the

colour of an object based on the spectrum of wavelengths of light which are reflected

when the object is illuminated with a flash of white light (section 2.2.2). Three param-

eters of colour are measured; the lightness (L∗) of the sample where values between

0 and 100 indicate black and white respectively. Hue, red/green quality (a∗), with
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L = 100
White

L = 0
Black

+ a 
      Red       

- b
Blue       

  - a 
    Green  

    + b
   Yellow

Figure 3.2: The CIE L∗ a∗ b∗ 3-D colour scale. Schematic representation of the colour scale that was

used to quantify sea urchin gonad colour. The L∗ a∗ b∗ colour scale was developed in accordance with

the International Commission on Illumination (CIE), where L∗ represented by the y-axis, indicates

the lightness, a∗ on the x-axis represents the red/green quality and b∗ on the z-axis the yellow/blue

parameter light reflected by a given sample.
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positive values indicating red and negative values indicating green. The yellow-blue

quality (b∗) indicated by a positive or negative number respectively (figure 3.2). The

measurements for a and b have no numerical restrictions. Additionally an E value

which quantifies total colour can be calculated by;

E =
√
L∗2 + a∗2 + b∗2

The CIE L∗ a∗ b∗ scale allows a numerical value (or set of numerical values) to be

obtained which are aimed at objectively quantifing the colour of an object. Furthermore

differences in colour can be measured and statistically analysed and it is a method

which has been reported previously to assess sea urchin gonad colour (Agatsuma, 1998;

Robinson et al., 2002; Symonds et al., 2009).

3.3.2 Implementation of the CIE L∗ a∗ b∗ scale for quantitation

of E. chloroticus and H. erthrogamma gonad colour

Using the CIE L∗ a∗ b∗ system the same trend was observed for both E. chloroticus and

H. erthrogamma gonads. High values were recorded for the L∗ with much lower values

for the a∗ and b∗ parameters. Generally all three colour parameters decreased going

from light to medium to dark gonads in both species. The L∗ and a∗ values were signif-

icantly higher (0.0001≤p≤0.001) for the light gonads of E. chloroticus in comparison

to the medium and dark gonads (figure 3.3 a.). No significant difference was observed

between the medium and dark gonads. The L∗ and a∗ measurements indicated that the

light gonads had less red wavelengths contributing to the colour, than the medium and

dark gonads. In addition, the b∗ values for E. chloroticus decreased significantly (L∗)

between light medium and dark gonads, which indicated a corresponding decreasing

contribution of yellow wavelengths to gonad colour.

Similar results were obtained from the L∗ a∗ b∗ measurements of H. erthrogamma go-

nads. The L∗ measurements of the light gonads were significantly higher (p<0.05)

compared only to the dark gonads and no significant differences were observed for a∗

measurements. The b∗ measurements were significantly lower between the light and

dark gonads and the medium and dark gonads (figure 3.3 b.). As for E. chloroticus
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the results indicate a lower contribution of yellow wavelengths in darker coloured go-

nads, which can be visualised when comparing the gonads (figure 3.1). However in

contrast to E. chloroticus the absence of any significant difference in a∗ measurements

between gonad colours may relate to orange base tones which can be visualised in H.

erthrogamma gonads (figure 3.1).

The E-value provided a useful measurement of total colour for the comparison of the

light medium and dark gonads between the two species (figure 3.3 c.). Only a signifi-

cant difference in the E-values was observed between the medium coloured gonads of E.

chloroticus and H. erthrogamma. The higher E-value of the H. erthrogamma medium

gonad was likely a reflection of the higher a∗ measurements relative to the medium

gonads of E. chloroticus . E-values simplified the interpretation of multiple CIE L∗

a∗ b∗ data-sets. However caution is required for interpretation of results as measure-

ments may be masking compensating differences, and the consideration of individual

parameters provides more complete information.

3.3.3 Comparison of gonad CIE L∗a∗b∗ ratios between sea

urchin species

The use of CIE L∗a∗b∗ parameters for colour characterisation of sea urchin gonads

appears to be becoming more accepted and widespread (Agatsuma, 1998; Robinson

et al., 2002; Symonds et al., 2009). However the measurements are relative, as they

may be affected by parameters such as the sample repository dish colour and size

and the quantity and arrangement of sample measured. Such details are difficult to

replicate between research groups and therefore it is not valid to directly compare

data sets. However the ratios between each of the three colour components provides a

consistent basis for comparison.

Symonds et al. (2009) reported CIE L∗a∗b∗ ratio data for a study of the gonads of the

Northern hemisphere sea urchin, Psammechinus miliaris. As the carotenoid content

of sea urchin gonads has been demonstrated to change throughout the course of the

reproductive cycle (Griffiths and Perrott, 1976; Borisovets et al., 2002; Hagen et al.,

2008), which is likely to affect gonad colour, comparisons between species should be
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Figure 3.3: CIE L∗ a∗ b∗ colour parameter comparisons of E. chloroticus and H. erthrogamma sea

urchin gonad tissue. CIE L∗ a∗ b∗ measurements were made on E. chloroticus and H. erthrogamma

gonad samples using a MiniScan EZ spectrophotometer (HunterLabs). The three colour parameters

L∗, a∗ and b∗ were measured in triplicate for each sample and the mean calculated. Mean values of

all animals in the sample grouping (light, medium and dark gonad) were plotted for a. E. chloroticus

and b. H. erthrogamma. Total colour, quantified by the E-value was also calculated using formula,

E =
√
L∗2 + a∗2 + b∗2 c.. Error bars correspond to one SD of the mean. All statistical analyses

were performed using 2-way ANOVA, including a Tukey’s test for multiple comparisons, in GraphPad

Prism R© version 6.0a.

Table 3.2: Comparison of CIE L∗ a∗ b∗ colour parameter ratios for sea urchin species

Colour parameter P. miliaris† E. chloroticus H. erthrogamma

ratios

L∗:a∗ 8.59 11.86 7.11

L∗:b∗ 2.23 4.76 4.00

b∗:a∗ 3.84 2.49 1.78

†
Data from Symonds et al. (2009).
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made at equivalent reproductive cycle stages. Both E. chloroticus and H. erthrogamma

were collected prior to spawning in the gametogenesis stage of the reproductive cycle,

therefore the corresponding data were considered from P. miliaris. The data for P.

milarius were not subdivided into gonad colour classifications, therefore the average

ratios of all specimens were compared. Comparisons of the CIE L∗a∗b∗ ratios between

E. chloroticus , H. erthrogamma and P. milarius (table 3.2) suggest that E. chloroticus

has on average the lightest gonads of the three species with the highest ratios of L∗.

The H. erthrogamma population, contained the lowest proportion of dark coloured

gonads as indicated by low b∗:a∗ ratio. In addition, the H. erthrogamma population

was also likely to have exhibited the least variation in gonad coloration, indicated by

the 2
3

of the lowest ratios. The ratios were consistent with the market grading of the

gonads of each species. Symonds et al. (2009) reported that only 10% of the P. miliaris

gonads were of acceptable market quality, which correlated to 5% light and 5% medium

coloured gonads. In comparison, the proportions of light and medium colured gonads

were 19% and 38% respectively for E. chloroticus and 26% and 57% respectively for

H. erthrogamma (section 3.2).

3.3.4 Conclusions on CIE L∗ a∗ b∗

The CIE L∗ a∗ b∗ characterisation scheme can be useful for quantitatively measuring

differences in colour between sample groups of interest. However it appears to be a

crude system, with limited power to distinguish between colour groupings. Statistical

differences were seen for all three parameters (L∗ a∗ b∗) between the two extremes of

light and dark coloured gonads. Visually, although the medium classed gonads were

intermediate in colour, they appeared to have yellow or orange base tones (refer to

figure 3.1). This is reflected in the L∗ a∗ b∗ measurements and statistically significant

differences between the medium and light or dark classes gonads were observed less

frequently (refer to figure 3.3). The observed colour of an object results from the

reflection of visible wavelengths of light, hence it is a complex phenomena, which in

some instances may be inadequately described by three parameters. Therefore a reliable

market classification scheme based upon CIE L∗ a∗ b∗ measurement ranges could not

be produced. Furthermore the CIE L∗ a∗ b∗ colour characterisation system provides

no information as to factors contributing to the differences in gonad colour.
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3.4 Comparison of carotenoid composition in E.

chloroticus and H. erthrogamma sea urchins

Sea urchin gonad colour is considered primarily to be due to carotenoids deposited

within the tissue (Griffiths and Perrott, 1976; Tsushima and Matsuno, 1990; Borisovets

et al., 2002; Symonds et al., 2007, 2009). Sea urchins, like all animals, are unable to

synthesise carotenoids de novo (Goodwin, 1984; Britton, 2008), however precursor

carotenoids are obtained from the diet, interconverted/metabolised in the viscera and

then transported and deposited in the gonad (Symonds et al., 2007, 2009).

3.4.1 RP-HPLC analysis of carotenoids in the gonads of E.

chloroticus and H. erthrogamma

Carotenoids were extracted from light, medium and dark coloured gonads of the sea

urchins E. chloroticus and H. erthrogamma. The total carotenoid extracts were anal-

ysed by RP-HPLC, where individual carotenoids were separated on a C30 RP-HPLC

column to produce total carotenoid profiles of each colour grouping for both species.

Representative RP-HPLC total carotenoid profiles are represented for the light gonad

of both species in figure 3.4.

3.4.1.1 Identification of carotenoids

Peaks on the chromatograms were identified as specific carotenoids by comparison

of RT to both commercial carotenoid standards and data reported in the literature

(Tsushima and Matsuno, 1997; Plank et al., 2002; Borisovets et al., 2002; Pantazis,

2006; Symonds et al., 2007, 2009). The RT of the carotenoids identified and the basis

for identification are reported in table 3.3. The commercial standards for echinenone

and β-carotene were provided as mixtures of the 9′-cis and all-trans geometric isomers.

Analysis on a C30 column separated the isomers to produce two peaks. Each peak

was able to be isomerically assigned through reference to the literature. Symonds
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Figure 3.4: Representative RP-HPLC chromatograms of carotenoid extracts from E. chloroticus and

H. erthrogamma sea urchin light gonad tissue. Carotenoids were extracted from lyophilised gonad

tissue of E. chloroticus (blue trace) and H. erthrogamma (red trace). A 100 µL aliquot of carotenoid

extract in methanol, equivalent to 30 mg gonad (d/w), was analysed by RP-HPLC on a C30 column.

Carotenoid was eluted over a gradient of increasing TBME concentration from 0-60% between 5 and

35 min at a flow rate of 1 mL.min−1 and column effluent was monitored at 445 nm. Carotenoids

were identified by comparison of retention times (RT ) to commercial standards and chromatograms

reported in the literature for chromatography conducted under the same conditions (appendix E.1);

a. fucoxanthinol, b. fucoxanthin, c. astaxanthin, d. canthaxanthin, e. lutein, f. (iso)zeaxanthin,

g. all-trans-echinenone h. 9′-cis-echinenone, i. α-carotene, j. all-trans-β-carotene and k. 9′-cis-β-

carotene.
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et al. (2007) confirmed by liquid chromatography in tandem with mass spectrometry

(LC-MS) that the all-trans isomers elute from a C30 column immediately prior to the

9′-cis isomers. In addition, lutein and (iso)zeaxanthin were identified by their well

documented proportions in sea urchin roe and the C30 RT relative to other carotenoids

as reported by Tsushima and Matsuno (1997); Plank et al. (2002); Borisovets et al.

(2002); Pantazis (2006); Symonds et al. (2007, 2009).

Table 3.3: Retention times (RT ) of carotenoids identified from E. chloroticus and H. erthrogamma

gonads

Chromatogram Carotenoid RT ± S.D Method of

peak (min) identification

a. Fucoxanthinol 7.5 ± 0.2 Standard

b. Fucoxanthin 9.2 ± 0.3 Standard

c. Astaxanthin 14.8 ± 0.1 Standard

d. Canthaxanthin 19.3 ± 0.6 Standard

e. Lutein 24.4 ± 0.1 Literature

f. (iso)zeaxanthin 26.6 ± 0.2 Literature

g. all-trans-Echinenone 27.6 ± 0.4 Standard

& literature

h. 9′-cis-Echinenone 27.9 ± 0.5 Standard

& literature

i. all-trans-α-carotene 34.5 ± 0.3 Standard

j. 9′-cis-β-carotene 34.8 ± 0.4 Standard

& literature

k. all-trans-β-carotene 34.9 ± 0.2 Standard

& literature

Zeaxanthin and isozeaxanthin are regioisomers, containing the same constituent atoms.

They differ only by the placement of a double bond in the ionone ring groups and the

position of a hydroxyl group, which is at positions 4 and 4′ in isozeaxanthin but at

3 and 3′ in zeaxanthin (figure 3.5). As they contain the same constituent atoms and

are the same shape (in comparison to cis and trans geometric isomers, figure 3.5),

isozeaxanthin and zeaxanthin would be indistinguishable by RP-HPLC as they would

co-elute forming a single peak. Symonds et al. (2007) used LC-MS to determine that

isozeaxanthin was the main isomer(s) present in the gonad of the sea urchin P. li-

vidius. The hydroxyl position resulted in the production of different fragmentation

patterns (Symonds et al., 2007; Britton, 2008). However for this study, differentia-

tion between the two isomers was unnecessary and the identification will remain an

ambiguous (iso)zeaxanthin.

The use of commercial standards for the identification of carotenoids is common ac-
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Figure 3.5: Reported structures of carotenoids identified by RP-HPLC from the go-

nads of E. chloroticus and H. erthrogamma. Structures were obtained from PubChem:

http://pubchem.ncbi.nlm.nih.gov/ (15/01/2014). The International Union of Pure and Applied

Chemistry (IUPAC) carbon atom numbering scheme of carotenoids is indicated for (iso)zeaxanthin.

Functional group positions of isozeaxanthin are indicated in red and zeaxanthin in black.
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cepted practice in the field of carotenoid chemistry. It is considered a reliable method

as carotenoid standards are provided in a highly purified form and if stored and used

within the guidelines of the manufacturer there should be limited scope for degradation.

However, it may limit the number of carotenoids which are able to be identified, due

to practicalities and the high cost associated with purchase and import of standards.

However the major carotenoids of sea urchin gonad were able to be identified. An alter-

native approach is identification of carotenoids through LC-MS, which can accurately

differentiate between geometric isomers (Symonds et al., 2007; Britton, 2008). LC-

MS capabilities are available in the Department of Biochemistry University of Otago,

through the Centre for Protein Research (CPR), and this approach has been previously

trialled by our laboratory. However under the current LC-MS setup available in the

CPR, carotenoid identification was not successful.

3.4.2 Total carotenoid in the gonad of E. chloroticus and H.

erthrogamma

3.4.2.1 Standard curve for carotenoid quantitation

A standard curve was required for the quantitation of total and individual carotenoids.

The construction of standard curves using each commercial carotenoid standard was

impractical due to the expense and difficulty in acquiring each standard in sufficient

quantities. Therefore echinenone, the most abundant sea urchin gonad carotenoid,

was purified from the native source for standard curve production. The height of a

peak (peak height, in mV) eluting from the C30 column is related to the absorbance at

445 nm of the carotenoid as it passes through the detector. Therefore as peak height

corresponds to absorbance, Beer Lambert’s law, A = ε.c.l, is valid and peak height

would be expected to be directly proportional to carotenoid concentration.

A direct proportionality relationship was observed between peak height and carotenoid

concentration (appendix F.1). Linear regression of the data points produced a trend-

line with a high R2 value indicating good fit of the points to the curve. In addition,

peak height measurements were consistent for a given carotenoid concentration as indi-

cated by low standard deviations (appendix F.1). The standard curve was constructed
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using the raw data peak height values, as opposed to peak integration areas. Provid-

ing that baselines are consistently flat and injection volume is minimised to produce

symmetrical, narrow peaks there is no advantage to using peak area over peak height

(Kupiec, 2004).

Carotenoid quantitation by spectrophotometric methods is standard practice in the

field of carotenoid biochemistry (Britton, 1995). Spectrophotometric quantitation is

usually performed either by comparison to a standard curve (Lamare and Hoffman,

2004; Garama et al., 2012) as was used in this study. Alternately each peak may

be collected, the absorbance measured and concentration of carotenoid calculated by

reference to an extinction coefficient (Symonds et al., 2007, 2009). Both methods

take advantage of the high degree of similarity between the spectroscopic properties

of carotenoids. Carotenoids exhibit a broad absorbance spectrum between 400 nm

and 500 nm (figure 1.5 a.). Therefore, if absorbance is measured in the middle of the

range, such as at 445 nm (section 2.2.4), it is likely to coincide with a portion of the

absorbance spectrum of most carotenoids. Therefore a standard curve (first method) or

extinction coefficient (second method) calculated for one carotenoid, may be assumed

to be applicable to a broad range of carotenoids. The method used may depend on

instrument set up and capabilities, however both methods make use of Beer-Lambert’s

Law with the inclusion of similar assumptions and therefore limitations.

3.4.2.2 Quantitation of total carotenoid

The amounts of both total and individual carotenoids were normalised to one gram of

gonad dry-weight (d/w). This was done in order to minimise differences in the quantity

of gonad weighed out for carotenoid extraction, which may have arisen from differences

in water content of the gonads. This was especially important since gonads, which had

been frozen were observed to have retained additional water upon thawing, compared to

fresh gonads. The average amount of total carotenoid was determined to be 1.2 and 2.3

µmol.g−1 gonad (d/w), for E. chloroticus and H. erthrogamma respectively. However,

due to large standard deviations, this does not represent a significant difference between

the two species (figure 3.6).

The amounts of total carotenoid were also considered for light, medium and dark gonad
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Figure 3.6: Amount of total carotenoid in E. chloroticus and H. erthrogamma sea urchin gonads.

Carotenoids were extracted from lyophilised gonad tissue and a 100 µL aliquot of carotenoid extract in

methanol, equivalent to 30 mg (d/w) gonad, was analysed by RP-HPLC on a C30 column. Carotenoid

was eluted over a gradient from 100% methanol to 40% methanol/60% TBME over 30 mL at a flow

rate of 1 mL.min−1 and column effluent was monitored at 445 nm. The amount of carotenoid (nC),

in µmol, corresponding to a given peak height (PH) was calculated from the echinenone standard

curves (appendix F.1) and normalised to 1 g of gonad tissue (d/w) by nC = PH/13.2. From 0.3 g of

gonad (d/w) 1 mL of carotenoid extract was obtained, of which 100 µL was analysed by RP-HPLC,

therefore nC (µmol)/g gonad (d/w) is given by nC = ΣnC1,nC2....
0.1mL×0.3g × 1000. The mean amount of total

carotenoid was calculated for each species (a.) and also for each colour classification; light, medium

and dark gonad (b.). Statistical tests were performed by 2-way ANOVA, including a Tukey’s test for

multiple comparisons, in GraphPad Prism R© version 6.0a, with a significance threshold of p≤0.05 (*).

Statistical significance of 0.0001≤p≤0.001 is denoted ***.
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colour groups. A trend of decreasing amount of total carotenoid from 1.5 µmol.g−1

d/w to 1.3 µmol.g−1 d/w to 0.8 µmol.g d/w was observed in E. chloroticus light,

medium and dark gonads respectively. However this trend did not represent statistically

significant differences. The amount of total carotenoid in the medium coloured gonads

of H. erthrogamma averaged of 3.0 µmol.g−1d/w, which was significantly greater than

both the light and the dark gonads of H. erthrogamma at 1.1 µmol.g−1 d/w and 1.4

µmol.g−1 d/w respectively. The amount of total carotenoid in the medium gonads of

H. erthrogamma was also significantly higher than that present in the medium gonads

of E. chloroticus (0.0001≤p≤0.001) (figure 3.6).

The difference in total carotenoid between the medium gonads of the two species mirrors

the total colour E-values of the CIE L∗ a∗ b∗ analysis (figure3.3). However, the high

total carotenoid of the H. erthrogamma medium gonad, did not correlate with a greater

E-value relative to the light and dark gonads within the species. In addition, there was

no increase in any of the L∗ a∗ b∗ values of the medium H. erthrogamma gonad relative

to the light or dark. Carotenoids are mostly red, orange and yellow in colour, therefore

it could be expected that a high amount of total carotenoid would correspond to high

a∗ and b∗ values, the respective red and yellow CIE parameters.

3.4.3 Carotenoid composition of E. chloroticus and H. erth-

rogamma sea urchin gonads

The amounts of total and individual carotenoids in the gonads of E. chloroticus and

H. erthrogamma varied significantly between animals, as indicated by the large stan-

dard deviations (figure 3.6). This may be due to a variety of factors such as age and

recent dietary intake (Lamare and Hoffman, 2004), which are naturally variant within

wild sea urchin populations. Although total amounts of carotenoids varied significantly

between animals, the proportion of individual carotenoids were found to be more con-

sistent (figure 3.7). Therefore the amounts of individual carotenoids for light, medium

and dark gonads of E. chloroticus and H. erthrogamma were expressed as percentage

proportions of total carotenoid.

Echinenone and β-carotene were identified as being the most abundant carotenoids
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present in the gonads of 11 different species of sea urchin (Tsushima and Matsuno,

1990). Echinenone, the 9′-cis isomer followed by the all-trans isomer were the dom-

inant carotenoids present in the gonad of both E. chloroticus and H. erthrogamma

(figure 3.7). However only low amounts of β-carotene, constituting approximately 1%

of total carotenoid was detected in either E. chloroticus or H. erthrogamma. In contrast

higher proportions of lutein and (iso)zeaxanthin, approximately 10% and 15% respec-

tively, were observed. All-trans carotenoid isomers are the most common geometric

isomers in nature (Britton, 2008). Carotenoid cis isomers may form as artefacts of

an extraction procedure (Liaaen-Jensen and Lutnoes, 2008). Photo-isomerisation may

occur due to exposure of carotenoids to high energy short wavelengths of light and

thermal isomerisation will occur at a slow rate at room temperature (Liaaen-Jensen

and Lutnoes, 2008). In order to minimise isomerisation, the carotenoid extraction

procedure and analysis by RP-HPLC was performed under red light with samples con-

tained in amber vials, to reduce exposure to low light wavelengths. Where possible

carotenoid extraction was also performed at 4◦C and as rapidly as possible. In, addi-

tion carotenoid samples were also frequently flushed with oxygen-free-nitrogen (section

2.2.3.1) to minimise carotenoid oxidation, which can be an artefact of the extraction

procedure (Liaaen-Jensen, 1965).

To minimise the extent of isomerisation and oxidation of carotenoids, RP-HPLC analy-

sis was performed immediately upon the completion of the extraction procedure. If the

presence of 9′-cis-echinenone was an artefact, equivalent proportions of cis and trans

isomers would be expected across all of the carotenoid species, which was not observed.

In order to test the stability of the carotenoid extract samples were reanalysed after

one week of storage at -20◦C, and no significant oxidation or geometric isomerisation

was observed (data not shown). The apparent stability of the carotenoid extracts upon

storage and the methods employed to limit the introduction of artefacts supported the

idea that the dominant presence of the 9′-cis-echinenone isomer in the gonads of E.

chloroticus and H. erthrogamma was biologically relevant. Furthermore the the iden-

tification of 9′-cis-echinenone as the dominant carotenoid present in the gonads of E.

chloroticus and H. erthrogamma is in concurrence with a report by Symonds et al.

(2007). An approximately 10-fold higher concentration of 9′-cis-isomer relative to all-

trans-echinenone, was found in the gonads of the Northern hemisphere sea urchin P.

miliaris (Symonds et al., 2007).
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Figure 3.7: Proportions of carotenoids present in the gonads of E. chloroticus and H. erthrogamma sea

urchins. Carotenoids were extracted from lyophilised gonad tissue and a 100 µL aliquot of carotenoid

extract, equivalent to 30 mg (d/w) gonad in methanol, was analysed by RP-HPLC a C30 column.

Carotenoid was eluted over a gradient of increasing TBME concentration from 0-60% between 5 and

35 min at a flow rate of 1 mL.min−1 and column effluent was monitored at 445 nm. The proportion

of each carotenoid is expressed as a percentage of total carotenoid present in light, medium and dark

coloured gonads. Statistical tests were performed by 2-way ANOVA, including a Tukey’s test for

multiple comparisons, in GraphPad Prism R© version 6.0a, with a significance threshold of p≤0.05 (*).

Statistical significance of p≤0.0001 is denoted **** and *+ indicates that every comparison within the

grouping had a minimal significance of p≤0.05.
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3.4.3.1 The relationship between carotenoid composition and sea urchin

gonad colour

Significant differences in the proportions of individual carotenoids between the gonads

of E. chloroticus and H. erthrogamma were measured. Generally H. erthrogamma go-

nads exhibited a higher proportion of both 9′-cis and all-trans-echinenone, relative

to E. chloroticus . Conversely E. chloroticus gonads contained higher proportions of

(iso)zeaxanthin, astaxanthin and the unidentified carotenoids collected into the group

designated as other carotenoids (figure 3.7). However, few significant differences in the

proportions of individual carotenoids were observed between light, medium and dark

gonads. A higher proportion of 9′-cis-echinenone, up to 20%, was measured in the

medium relative to the light gonads of H. erthrogamma (figure 3.7). As echinenone

is orange in colour (Goodwin, 1956), the large proportion of 9′-cis-echinenone in the

medium coloured gonad may have translated to the dark orange colour observed. Sim-

ilarly, a significant increase in the proportion of astaxanthin was found in the dark,

relative to the light gonads of E. chloroticus (figure 3.7). However this is unlikely to be

responsible for the observed dark brown/black coloration of the gonads, as astaxanthin

only contributed to approximately 1.0% of total carotenoid. Although a 0.5% differ-

ence in astaxanthin levels between light and dark gonads was statistically significant,

it is unlikely to be the difference between yellow and brown/black coloured gonads.

Differences in the carotenoid profiles appeared to correlate to differences in the yel-

low and orange shades of sea urchin gonads. However, differences in the carotenoid

profiles could not account for the variation between light and dark coloured gonads,

which was consistent with the initial hypothesis. Dark coloured gonads, although com-

mon amongst E. chloroticus , are not consistently reported amongst other sea urchin

species such as those of the Northern hemisphere (Lawrence, 2007), upon which previ-

ous carotenoid studies have been based. Therefore the commonly reported conclusion,

that gonad colour is primarily due to carotenoid composition (Griffiths and Perrott,

1976; Tsushima and Matsuno, 1990; Borisovets et al., 2002; Symonds et al., 2007, 2009),

has gone unchallenged.

The similarity of the carotenoid content of E. chloroticus dark gonads, to that of light

and medium gonads, suggested that other factors were likely to have contributed to the
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variation observed. This was supported by the observation that following carotenoid

extraction the remaining pellet retained a brown-colour proportional to that of the

starting gonad. Light gonad carotenoid-extracted pellets were cream-coloured, whereas

those originating from medium and dark gonads were light-brown and dark-brown re-

spectively. Therefore it appeared that although all the carotenoid had been extracted,

the pigment causing dark coloration had not. Treatment of the carotenoid-extracted

pellet with multiple organic solvents including hexane, acetonitrile, ether and tetrahy-

drofuran, as well as physical disruption methods were trialed. However the observation

persisted through every attempt at further colour extraction.

3.4.4 Discussion of carotenoid interconversion and metabolism

in sea urchins

3.4.4.1 Echinenone

Echinenone, both 9′-cis- and all-trans isomers were found to be the major carotenoids

present in the gonad of both E. chloroticus and H. erthrogamma. This is consistent with

many previous studies on sea urchin gonad carotenoids (Griffiths and Perrott, 1976;

Tsushima and Matsuno, 1990, 1997; Borisovets et al., 2002; Symonds et al., 2007, 2009;

Garama et al., 2012). Echinenone is not present in M. pyriferia or other Laminarian

brown algae (Jensen, 1966; Bonnett et al., 1969; Bernard et al., 1976; Goodwin, 1980;

Haugan and Liaaen-Jensen, 1994), which form a major part of the diet of both species

(Keesing, 2001; Baker, 2001; Andrew, 1988; Dix, 1970a). Therefore evidence to date

suggests echinenone must be produced by the sea urchin through the modification of

precursor carotenoids obtained from the diet.

The major carotenoids of M. pyriferia (brown kelp) are the brown pigment fucoxan-

thin, violaxanthin and all-trans-β-carotene (Jensen, 1966; Bonnett et al., 1969; Bernard

et al., 1976; Goodwin, 1980; Haugan and Liaaen-Jensen, 1994). Although fucoxanthin

and its oxidised derivative fucoxanthinol were detected in small amounts in the gonads

of both species <0.5%, violaxanthin was not. In addition, both fucoxanthin and vio-

laxanthin are too highly oxidised to be precursors to echinenone. Such a process would
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Figure 3.8: Proposed pathway for the interconversion of echinenone from β-carotene. Figure repro-

duced with permission from Symonds et al. 2007. 1- all-trans-β-carotene, 2- all-trans-isocryptoxanthin,

3- 9′-cis-β-carotene, 4- all-trans-echinenone, 5- 9′-cis-isocryptoxanthin, 6- 9′-cis-echinenone. A- hy-

droxylation, B- geometric isomerisation, C- oxidation.

require complex chemical rearrangement as well as multiple reduction steps, which is

inconsistent with the antioxidant properties of carotenoids (Olson, 1993; Packer, 1993;

Liebler, 1993; El-Agamey et al., 2004). However β-carotene is a reduced carotenoid

and is the likely precursor of echinenone and other xanthophylls not originating from

the sea urchin diet (Lederer, 1938; Goodwin and Taha, 1950).

There are several possible routes for the conversion of β-carotene to echinenone. All-

trans-β-carotene may undergo hydroxylation to the intermediate all-trans-isocryptoxanthin,

followed by oxidation to all-trans-echinenone (Symonds et al., 2007). Symonds et al.

(2007) suggested two routes for the production of 9′-cis-echinenone; either by a final

isomerisation of all-trans-echinenone. Alternatively, initial isomerisation of all-trans-β-

carotene and subsequent hydroxylation followed by oxidation, to 9′-cis-isocryptoxanthin

then 9′-cis-echinenone, respectively.

The 9′-cis isomer of β-carotene was also detected in the gonads of both species in

approximately equivalent proportions to all-trans-β-carotene (figure3.9). All-trans-β-

carotene is generally the only carotene reported to be present in Laminarian algae

(Jensen, 1966; Bonnett et al., 1969; Bernard et al., 1976; Goodwin, 1980; Haugan and
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Liaaen-Jensen, 1994). However both isomers of β-carotene have been reported in the

visceral tissue of sea urchins, in cis :trans ratios between 1:1 and 1:3 (Pantazis, 2006;

Symonds et al., 2007, 2009). This suggests that 9′-cis-β-carotene forms a stable side

product and interconversion from β-carotene to 9′-cis-echinenone is likely to occur by

both routes suggested by Symonds et al. (2007).

3.4.4.2 Origins of the minor carotenoids in sea urchin gonads

Small amounts of astaxanthin and canthaxanthin, <1% of total carotenoid, were identi-

fied in the gonads of E. chloroticus and H. erthrogamma (figure 3.7). Both carotenoids

are xanthophylls (figure 3.5) not present in Laminarian algae (Haugan and Liaaen-

Jensen, 1994), therefore their presence must arise from the interconversion of other

carotenoids. Isotopically labelled β-carotene experiments in other marine invertebrates

(Davies et al., 1970; Katayama et al., 1972, 1973) have shown that astaxanthin and

canthaxanthin are derived from β-carotene. Further hydroxylation and oxidation of

echinenone, would give rise to astaxanthin, most likely via cathaxanthin as an inter-

mediate in the pathway. The ratios of astaxanthin to canthaxanthin are 2:1 in E.

chloroticus and 1:1 in H. erthrogamma, though this does not represent a statistically

significant difference (figure 3.9). Similar proportions of both xanthophylls suggest

that canthaxanthin forms a stable intermediate, with approximately half the amount

produced retained and half undergoing further modification to astaxanthin.

In addition to the echinenone isomers, lutein and (iso)zeaxanthin were the most abun-

dant carotenoids in the gonads of both species. Neither xanthophyll is reported to

be abundant in the Laminarian algaes (Haugan and Liaaen-Jensen, 1994), therefore

they are also likely products of carotenoid interconversion. It is probable that lutein is

derived from α-carotene, through the hydroxylation of the α-ionone rings. Conversely

(iso)-zeaxanthin contains β-ionone rings suggesting it is derived from hydroxylation of

all-trans-β-carotene (figure 3.5).

The hypothesis that the interconversion pathway in sea urchins is the same as in

plants is consistent with the observed ratios between the two carotenes and the two

xanthophylls (figure 3.9). The ratio of α-carotene to total β-carotene in the go-

nad of H. erthrogamma is approximately 1:1. This was mirrored by a 1:1 ratio of
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Figure 3.9: Ratios of carotenoids in E. chloroticus and H. erthrogamma. Carotenoids were extracted

from lyophilised gonad tissue and a 100 µL aliquot of carotenoid extract, equivalent to 30 mg (d/w)

gonad, was analysed by RP-HPLC on a C30 column. Carotenoids were eluted over a gradient of

increasing TBME concentration from 0-60% between 5 and 35 min at a flow rate of 1 mL.min−1 and

column effluent was monitored at 445 nm. The ratios of some carotenoid pairs were calculated for

both species. Statistical tests were performed by 2-way ANOVA including a Tukey’s test for multiple

comparisons, in GraphPad Prism R© version 6.0a, with a significance threshold of p≤0.05. Statistical

significance of p≤0.0001 is indicated by **** and 0.001≤p≤0.01 is indicated by **.
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lutein to (iso)zeaxanthin, indicating that equlivalent amounts of α-carotene and β-

carotene are converted to lutein and (iso)zeaxanthin respectively. The proportion of

(iso)zeaxanthin in the gonad of E. chloroticus is significantly higher compared to H.

erthrogamma (figure 3.7). However, as the levels of lutein remain similar, the ratio of

lutein:(iso)zeaxanthin is likewise decreased to approximately 0.3:1 (figure 3.9). This

indicates that there is a three fold decrease in the production of lutein, which was

consistent with the ratio of α-carotene to total β-carotene at approximately 3:1.

3.4.4.3 Sites and mechanisms of carotenoid interconversion and metabolism

in sea urchins

Carotenoid interconversion, particularly that of β-carotene to echinenone, was orig-

inally hypothesised to occur in the gonad itself (Griffiths and Perrott, 1976). This

hypothesis was based upon the observations made by Griffiths and Perrott (1976); in

that only a very small amount of echinenone was detected in the gut wall of sea urchins.

Also the postulated pathway intermediate, isocryptoxanthin, was detected in the gonad

but not in the gut wall, making it seem unlikely that this organ was the site of signifi-

cant production of echinenone. However the subsequent detection of isocryptoxanthin

in the gut wall is suggestive that this tissue is the site of conversion (Tsushima et al.,

1993; Plank et al., 2002; Symonds et al., 2007).

The alimentary tract of sea urchins may provide conditions conducive to carotenoid

interconversion. Parts of the alimentary tract of E. chloroticus and S. purpuratus have

been reported to be weakly acidic, pH 6.4-6.8 (Lasker and Giese, 1954; McRae, 1959)

and high concentrations of digestive enzymes are present. Most of those reported are

involved in the breakdown of algae and hydrolysis of carbohydrates (Lawrence and

Klinger, 2007). Sea urchin gut microflora may play a role in the digestion of agar and

complex polysaccharides derived from algae (Lasker and Giese, 1954; Lawrence and

Klinger, 2007; Becker et al., 2009). Microorganisms are able to synthesise carotenoids

de novo and therefore have the enzymes required for interconversion (Goodwin, 1980),

however there is no evidence to suggest they play a role in the carotenoid interconversion

in the alimentary tract of sea urchins. Like all animals, sea urchins lack the required

genes for carotenoid synthesis and metabolism and the mechanisms of interconversion
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are unknown. There may be some oxygenases capable of promiscuous activity, but the

majority of carotenoid interconversion is likely to occur as a result of chemical reactions

facilitated by the conditions of the gut (Tsushima et al., 1993; Symonds et al., 2007).

Allylic hydroxyl groups, which are common on the ionone rings of carotenoids, are

able to be converted to the corresponding keto-groups in the presence of oxygen and

catalysed by light and/or iodine (Jensen, 1965). Light would not be able to enter the

alimentary tract, however oxygen and iodine (in the form of iodate and iodide, Li et al.

2009), are dissolved in coastal sea water at concentrations of approximately 10 mg.L−1

(Davis, 1975) and 500 nmol.L−1 (Li et al., 2009) respectively. In addition, Laminarian

brown algae have a very high iodine content, >5% d/w, as they are able to accumulate

and concentrate uptake from sea water (Küpper et al., 1998; Verhaeghe et al., 2007).

The accumulated iodine is stored in the apoplasm (Verhaeghe et al., 2007), where

it would be readily released during digestion of the kelp by sea urchins. Hence this

chemical pathway could provide a mechanism of interconversion between hydroxylated

carotenoids, such as isocryptoxanthin and keto-carotenoids such as echinenone.

Geometric isomerisation, such as would be required to convert all-trans-echinenone to

9′-cis-echinenone, may occur by thermal, photo-chemical or chemical means (Stahl and

Sies, 1993). Very little thermal energy is required to effect isomerisation, as the process

will occur at a slow rate at room temperature (Liaaen-Jensen and Lutnoes, 2008). It is

also known to be catalysed by iodine, although at least low levels of light are thought

to be required (Liaaen-Jensen and Lutnoes, 2008). Light is required to form an excited

state, which destabilises a double bond allowing rotation to occur (Liaaen-Jensen and

Lutnoes, 2008). Alternately the process may occur by free-radical quenching, which

produces enough energy to overcome the isomerisation barrier.

3.4.4.4 Preferential accumulation of selected carotenoids by sea urchin go-

nads

The viscera of the sea urchin is now widely accepted to be the site of the majority, if not

all, carotenoid interconversion/metabolism (Tsushima et al., 1993; Plank et al., 2002;

Symonds et al., 2007, 2009). The ratio of 9′-cis to all-trans-echinenone is approximately
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1:1 in the gut wall of the sea urchins, in comparison ratios in the gonad ranged from

3:1 up to 8:1 (Symonds et al., 2007, 2009). This is consistent with the ratios of 9′-cis-

to all-trans-echinenone observed in the gonad of E. chloroticus and H. erthrogamma,

which were approximately 3:1 (figure 3.9). The high proportion of 9′-cis-echinenone

in the gonad suggests that there is a mechanism for the preferential accumulation of

specific carotenoids by the gonads.

The preferential accumulation of 9′-cis-echinenone in sea urchin gonads may require

specific transporters or binding-proteins. An example of a specific CBP involved in

selective accumulation of carotenoids is GSTP-1. GSTP-1 binds zeaxanthin in the hu-

man macular (Bhosale, 2004), contributing to a zeaxanthin concentration in the central

fovea 100 fold greater than in the surrounding tissue (Landrum et al., 1999; Snodderly

et al., 1991) (section 1.5.2.5.2). Production of specific binding proteins is an energy

investment process, therefore accumulation of 9′-cis-echinenone in the gonads of the

sea urchin is likely to confer some biological advantage. There are instances known

of geometrical isomers exhibiting different functions. In humans, gene expression is

induced by the binding of 9′-cis-retinoic acid to the retinoid-X-receptor-α (Kliewer

et al., 1992; Heyman et al., 1992; Levin et al., 1992). In photosynthetic systems cis

carotenoid isomers are usually found in the reaction centres whilst the trans-isomers

are more commonly found in the light harvesting pigments (Niedzwiedzki et al., 2009).

This may relate to differing properties of geometric isomers, cis-isomers have been

shown to exhibit significantly shorter excited state lifetimes than the corresponding

trans-isomers (Niedzwiedzki et al., 2009; Poĺıvka and Sundström, 2004). Therefore

partitioning isomers to exploit differences in electro-chemistry, may increase the effi-

ciency of the whole system.

The primary function of carotenoids in sea urchin gonads is thought to be as anti-

oxidants. Sea urchin gonads, as well as being the reproductive organ are the nutrient

storage areas of the sea urchin, hence they are rich in lipid. Carotenoids would provide

protection against lipid peroxidation in the gonad (Woodall et al., 1995). In addition,

at least two types of reactive oxygen species (ROS) have been shown to be produced

by sea urchin spermatozoa (Kazama and Hino, 2012). In females, carotenoids are

packaged into the eggs resulting in losses of approximately 80% of echinenone, from

the gonad post-spawning (Griffiths and Perrott, 1976; Hagen et al., 2008). The high

carotenoid content in the eggs, provides protection to spawned and fertilised eggs which
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are vulnerable to ROS produced by UV-radiation (Giese, 1938; Lamare and Hoffman,

2004; Nahon et al., 2009).

This leads to the hypothesis that in order to warrant selective accumulation in the

gonad, echinenone, in particular the 9′-cis-isomer, must be a particularly effective

antioxidant within the environs of the sea urchin gonads, eggs and juveniles. In vitro

studies of the anti-oxidant effectiveness of various carotenoids, packaged into liposomes,

provide some support for this hypothesis. Xanthphylls were found to provide greater

protection against lipid peroxidation than β-carotene and echinenone was shown to

be a more effective than di-keto-carotenoids such as astaxanthin and canthaxanthin

(Woodall et al., 1995). Furthermore; Levin and Mokady (1994) reported that the

9′-cis-isomer of β-carotene was a more effective anti-oxidant than the all-trans-isomer.

The mode by which carotenoids are deposited in sea urchin gonads is not clearly under-

stood. However association with lipids, either in membranes, vesicles or lipoprotein as-

semblies seems the most logical assumption. The anti-oxidant potential of carotenoids

is effected by their structure and functional groups, which also determines how they

are packaged into lipid bilayers. Carotenes have been shown to lie horizontally within

lipid bilayers (van de Ven et al., 1984; Gabrielska and Gruszecki, 1996), therefore fewer

molecules would be available to neutralise ROS. However, due to their polar functional

group(s) being repelled by the lipid tails, xanthophylls vertically span the bilayer. A

vertical orientation is likely to increase anti-oxidant efficiency as the molecule is ex-

posed to and able to react with ROS originating from the outer and inner surfaces

and phospholipid tails simultaneously. Also, due to the uniform arrangement of xan-

thophylls, in lipid bilayers, higher concentrations of carotenoid can be incorporated

relative to carotenes (van de Ven et al., 1984; Gabrielska and Gruszecki, 1996).

Relative solubility and anti-oxidant potential is likely to depend on the environment

in which carotenoids are held within the gonads. Therefore due to the structural

properties of 9′-cis-echinenone, this carotenoid may be preferentially accumulated in

sea urchin gonads, a process which is likely to be mediated by binding proteins. An

investigation into the proteomics of E. chloroticus and H. erthrogamma gonads may

aid the identification of potential binding proteins.
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3.5 Proteomic comparisons of E. chloroticus and

H. erthrogamma gonads

Few significant differences in carotenoid profiles were observed between the different

coloured gonad groups. However complex formation between carotenoids and binding

proteins, may effect gonad colour through modification of carotenoid spectral prop-

erties. Gonad protein profiles of E. chloroticus and H. erthrogamma were compared,

in order to explore the possibility of carotenoid-protein interactions contributing to

gonad colour. Therefore differences in light, medium and dark gonad protein profiles

were investigated by large-format 2-D PAGE. Proteins found to be present at different

levels, across the gonad colour range could be targeted for identification through mass

spectrometry analysis.

3.5.1 Method development for comparative large-format 2-D

PAGE profiles

For proteomics, large-format 2-D PAGE soluble-protein profiles were produced for light,

medium and dark coloured gonads of E. chloroticus and H. erthrogamma. For colour

and carotenoid analysis the gonad groups were not sub-divided based on sex. However,

differences in E. chloroticus male and female gonad protein preparations were observed

on 1-D PAGE (figure 3.10). A conspicuous difference was the broad band of intense

staining at 30 kDa, observed only in female gonad samples. The protein band was

attributed to the presence of the butanol extracted protein (bep) family (Wessel et al.,

2000), of which the 30 kDa protein of the yolk platelet (YP30) is an abundant member

(Wessel et al., 2000). YP30 is produced specifically in oocytes (Wessel et al., 2000) and

hence provided a useful indicator of sea urchin gender. Therefore, in order to avoid

investigating gender-related differences in the protein profiles, light, medium and dark

gonad profiles were produced for both male and female gonads for E. chloroticus and

H. erthrogamma. However a representative sample for female H. erthrogamma dark

gonads was not available (table 3.1). Initial attempts were made to produce a profile

for female E. chloroticus dark coloured gonads, however the tissue was found to be

recalcitrant, exhibiting greater lipid distortions on short-format 1-D PAGE than the
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other gonad categories, despite additional extraction attempts. Therefore 2-D PAGE

protein profiles were not produced for dark coloured gonads for female E. chloroticus

and H. erthrogamma.
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Figure 3.10: 1-D SDS PAGE of male and female gonad soluble-protein preparations. A 0.5 mL

aliquot of the soluble fraction of E. chloroticus male and female gonad homogenate was treated two

or three times respectively with the chloroform-methanol lipid extraction procedure. Protein pellets

were resuspended in 100 µL of rehydration buffer and a 10 µL aliquot of each sample was analysed on

a 12.5% acrylamide gel by 1-D PAGE and stained with Coomassie blue R-250. Black arrow indicates

the protein band corresponding to the bep family YP30 protein.

Where possible the gonads from three different animals were combined, in an attempt

to produce a profile which was more representative of the sampled population and not

biased towards variations within a single individual. Gonads were homogenised with

a low salt buffer and centrifuged to pellet insoluble material (section 2.3.3) following

which, only the soluble fraction was investigated.

3.5.2 Technical considerations for 2-D PAGE analysis

3.5.2.1 Controlling for consistency between 2-D PAGE profiles

An important consideration for the production of proteomic profiles is consistency,

which is especially important if comparisons are to be attempted. The amount of pro-

tein displayed on each 2-D PAGE profile must be standardised. A common way this is
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achieved is through quantitation of the protein sample prior to analysis and adjusting

the amount of each sample used to a nominal amount, generally 600-800 µg. How-

ever this requires quantitation of the protein sample. Samples prepared for 2D-PAGE

could not be assayed for protein directly through either Bradford (Bradford, 1976) or

bicinchoninic (Smith et al., 1985) assays due to interference by detergents and reducing

agents. Therefore aliquots of the sample to be assayed had to first be precipitated to

remove the rehydration buffer. Protein precipitation, particularly of very small quan-

tities can result in loss of material, subsequent inaccuracies in the quantitation assay

and over representation of abundant protein species on PAGE. Quantitation of protein

samples by this method was found to be unreliable and difficult to replicate.

Rather than the analysis of a consistent quantity of protein, standardisation to a quan-

tity of gonad tissue was attempted. For each 2-D PAGE profile, 0.5 g of gonad tissue

was processed and a proportion equivalent to 1
8

of the starting tissue was eventually

analysed by 2-D PAGE (section 2.3.3). Therefore the protein present in each profile can

be related back to 62.5 µg of gonad tissue. The consistency of protein levels between

profiles was assessed by reference to marker spots (figure 3.11 red circles). The marker

spots chosen were prominent in all of the profiles and the intensity of staining was

observed to be similar, which suggested that a consistent protein loading was achieved.

The problem of obtaining consistency between gels can be circumvented through the

technique of 2-D fluorescence difference gel electrophoresis (DIGE). When performing

DIGE experiments an internal standard allows for the accurate comparison and quan-

titation of proteins between gels (Lilley et al., 2002). The internal standard, which is

a mixture of all the samples to be analysed, is run in conjunction with up to two sam-

ples. The standard and each of the samples are fluorescently labelled with a different

dye allowing for differential detection (Lilley et al., 2002). However this technology

was not available, due to the requirement of a Typhoon
TM

scanner for the detection of

multiplexed fluorescence.

3.5.2.2 Presence of artefacts on 2-D PAGE profiles

Various levels of protein distortion, particularly in the IEF dimension, were observed

across all of the 2-D gonad protein profiles from both E. chloroticus and H. erthrogamma.
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Figure 3.11: Representative profile of E. chloroticus light male gonad soluble-protein extract, illustrat-

ing 2-D PAGE artefacts. Gonad tissue from 2-3 animals was combined, homogenised and centrifuged.

The supernatant fraction was treated with a chloroform-methanol extraction procedure, twice for

males and four times for females. The protein samples were resuspended in rehydration buffer, and

used to rehydrate pH 3-10 NL IPG strips overnight. IEF was conducted for a total of 80,000 V.h−1.

Proteins were then reduced and alkylated for second dimension electrophoresis on a 12.5% w/v large-

format SDS polyacrylamide gel. Gels were fixed with a solution of 10% v/v methanol and 5% v/v

acetic acid and then stained overnight with colloidal Coomassie. Gels were destained with 5% v/v

orthophosphoric acid and 10% v/v ethanol. Marker spots are indicated by red circles. Examples

of artefacts are indicated by dashed areas. Purple dashed area-horizontal streaking, green dashed

area-vertical smearing and yellow dashed area-vertical, blank band.
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The effects were often observed to be greater for the female gonad profiles, with a par-

ticularly bad distortion example shown in appendix G.1. The horizontal streaking

(figure 3.11 purple dashed area) may be due to low solubility of some protein species

or to interferance by other substances, such as lipid. As a result migration is impeded

during IEF and the protein does not focus into a well defined spot (Görg et al., 1988).

In an attempt to remove contaminating species the protein samples were treated with a

chloroform-methanol lipid extraction procedure and a 2-D clean-up kit. At each stage

the protein sample was resuspended in rehydration buffer. Care was taken to ensure

that protein was completely resolubilised.

An intensely stained vertical smearing of protein spots was observed, in the lower pI

region, of most of the 2-D PAGE protein profiles (figure 3.11 green dashed region).

Vertical smearing has previously been reported to be due to protein aggregates or high

salt concentrations in the sample (Görg et al., 1988). Presence of salt was unlikely

to be the cause, as all samples were treated with a 2-D clean-up procedure, for salt

removal, prior to analysis. Protein aggregates may have been the cause, if protein sol-

ubility was an issue. Another possible cause is the presence of interfering molecules, in

this instance most likely lipid, which was not completely removed by the chloroform-

methanol extractions. The smearing effect is similar to what has been observed on

1D-PAGE, when unprocessed gonad samples were analysed. Sea urchin gonads con-

tain high proportions of lipid of which 35% and 65% is reportedly phospholipid in

oocytes and spermatozoa respectively (Kozhina et al., 1978). Negatively charged phos-

pholipids would migrate and accumulate towards the lower pI region, which may result

in smearing during second dimension electrophoresis.

A broad, vertical band of only light background staining, was observed in the higher

pI regions of the 2-D PAGE protein profiles (figure 3.11 yellow dashed region). This

may have resulted from insufficient focusing or cations migrating to the cathode and

crystallising during IEF (Görg et al., 1988). Alternatively, a proteomic study on E.

chloroticus gonads (Sewell et al., 2008) reported few proteins outside of the range of

pH 4.0 to 7.0. Therefore it is possible that the blank region may due to an absence of

proteins migrating within that range.

The smearing effects were observed consistently in 2-D PAGE gonad protein profiles

from both species. Therefore they are most likely due to properties of the samples,
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containing molecules from the sea urchin gonad which interfere with electrophoresis.

Attempts were made to further reduce the smearing by increased processing of samples

to remove the interfering molecules. However this resulted in an increased loss of some

protein species. Achieving the best display was a compromise between removal of

artefacts and loss of protein profile complexity.

3.5.3 Comparisons between E. chloroticus and H. erthrogamma

large-format 2-D PAGE soluble-protein profiles

Visual comparison of male and female gonad protein extract on large format 2-D PAGE,

indicated a high degree of similarity between the E. chloroticus and H. erthrogamma

sea urchin species (figure 3.12). A large number of spots were observed across a wide pI

range, particularly at the medium to high molecular weight range, in the male gonad

profiles. Many of the spots appeared to be common to both E. chloroticus and H.

erthrogamma profiles. In addition, the male profiles both exhibited vertical smearing

of spots in the low pI region (figure 3.12 a. and b.). In contrast, with the female profiles

fewer spots were observed across both pI and molecular weight ranges. However, trains

of spots were common to both species, particularly the prominent train spanning a wide

pI range in the centre of the gels (figure 3.12 c. and d.)

As E. chloroticus and H. erthrogamma both belong to the Echinometridae family, the

degree of similarity observed between the protein profiles was not unexpected. The

majority of the proteins present in the sea urchin gonad are likely to be structural

or involved in housekeeping functions, such as cell turnover (Sewell et al., 2008) and

therefore would be expected to be present across a wide range of regular sea urchins.

However, structural divergence between Echinometridae families has been estimated

to have occurred between 55 and 35 million years ago (Smith, 1988), allowing time for

the accumulation of mutations. Changes in amino acid sequence result in differences in

molecular weight and pI of homologous proteins and corresponding differences in 2-D

PAGE protein profiles between the two species.
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Figure 3.12: Representative 2-D PAGE soluble-protein profiles of light gonad extracts from male and

female E. chloroticus and H. erthrogamma. Gonad tissue from 2-3 animals was combined, homogenised

and centrifuged. The supernatant fraction was treated with a chloroform-methanol extraction proce-

dure, twice for males and four times for females. The protein samples were resuspended in rehydration

buffer, and used to rehydrate pH 3-10 NL IPG strips overnight. IEF was conducted for a total of

80,000 V.h −1. Proteins were then reduced and alkylated for second dimension electrophoresis on a

12.5% w/v large-format SDS polyacrylamide gel. Gels were fixed with a solution of 10% v/v methanol

and 5% v/v acetic acid and then stained overnight with colloidal Coomassie. Gels were destained

with 5% v/v orthophosphoric acid and 10% v/v ethanol. a. E. chloroticus male, b. H. erthrogamma

male, c. E. chloroticus female and d. H. erthrogamma female.
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3.5.3.1 Comparisons between large-format 2-D PAGE male and female

soluble-protein profiles

The female profiles are apparently of reduced complexity with fewer protein spots ob-

served, particularly in the low molecular weight range (figure 3.12). A higher lipid con-

tent was observed, in the female samples of both E. chloroticus and H. erthrogamma,

during gonad processing for 2-D PAGE. Proteins of this environment may be more

lipophillic resulting in a lower extraction of protein into the soluble supernatant frac-

tion upon centrifuging of the gonad homogenate. However following centrifuging no

differences in either pellet size or supernatant character were observed between male

and female samples of the same species and colour grouping. Due to the higher lipid

content of the female samples, increased distortions were also observed on PAGE and in

order to minimise the effect increased stringency of sample processing was required. An

additional chloroform-methanol lipid removal treatment (section 2.3.1) was performed

on the female samples, which may have resulted in the loss of some protein species.

The prominent spot train in the central region of the gel is specific to female gonads

(figure 3.12 c. and d., red circled regions). These regions contain a number of protein

species, many of which are darkly stained in the E. chloroticus profile indicating that

they are highly abundant. Previous E. chloroticus gonad 2D-PAGE studies from this

laboratory used MALDI TOF/TOF mass spectrometry to identify multiple spots from

this region as being yolk granule proteins. It is likely that one of the darkly stained

spots is due to the abundant yolk granule protein, YP30 (figure 3.10). Other spots

in the group are likely to be other bep family proteins. Members of the bep family

are expressed in oocytes and are involved in axial patterning of the embryos (Costa

et al., 1997), therefore they are present in female but not male gonads. High amino

acid sequence conservation is observed amongst bep family members (Wessel et al.,

2000), resulting in similar molecular weights but variable pIs and and as a result they

are separated into a horizontal train of spots on 2-D PAGE (figure 3.12).
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3.5.3.2 Comparison of light, medium and dark male gonads of E. chloroti-

cus and H. erthrogamma

In order to identify proteins which may be contributing to colour variations between

light, medium and dark gonads in E. chloroticus and H. erthrogamma, 2-D PAGE

protein profiles were produced for each gonad colour. Comparative analysis of the

profiles was mainly focused on the male gonad profiles of each species. This was due

to the absence of representative profiles for dark female gonads. In addition, a lower

number of protein spots, increased distortion and smearing effects were observed for

the female 2-D protein profiles. Therefore the male profiles provided a clearer and less

variable representation of proteins allowing a more informative analysis.

Visual comparison suggested a high degree of similarity between the light, medium and

dark gonad 2-D protein profiles of each species (figure 3.13). All of the most abundant

spots and conspicuous patterns appeared to be equivalent across the gonad colour

range. Minor differences in the presence of some spots and staining intensities were

observed between the profiles of both E. chloroticus and H. erthrogamma as indicated

by the red circles (figure 3.13). However no spots or combinations of spots appeared

to proportionally increase or decrease consistently across the gonad colour range.

The H. erthrogamma medium gonad was the group for which a significant increase

in both the amount of total carotenoid (figure 3.6) and the proportion of the major

carotenoid 9′-cis-echinenone (figure 3.7), was observed. Therefore comparisons between

the H. erthrogamma medium gonad protein profiles to those of the light and dark

gonads were of particular interest. An increase in the vertical distortion region at

low pI was observed in the medium gonad profile of H. erthrogamma, relative to light

and dark (figure 3.13). However this may be a result of slight variations in sample

processing and no other significant differences were observed.

3.5.3.3 2-D PAGE image comparison with Delta2D software

Accurate comparison of 2-D PAGE protein profiles is difficult to achieve visually, par-

ticularly if there are multiple images with complex spot patterns. A high degree of
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similarity was observed across the light, medium and dark gonad profiles of both E.

chloroticus and H. erthrogamma. Therefore visual alignment of profiles was not prob-

lematic and some differences were able to be distinguished. However a thorough com-

parison was difficult, due to the large number of faint spots and visual quantitation of

differences in spot intensity was not possible.

The image comparison software Delta 2D was evaluated in an attempt to overcome the

limitations associated with visually performing a thorough and objective comparison

of the 2-D PAGE protein profiles. The light coloured gonad profile was chosen as the

reference image for comparison across each species group. The basis for comparison by

Delta2D was to over-lay first the medium and then the dark gonad profile image with

the light gonad reference profile. Each image pair was warped and localised stretching

in 2-D was performed to align the spot profiles as accurately as possible. Alignment

of spot profiles was very difficult to achieve visually, due to complexity, variations

in spot migration and localised distortion effects. In addition, Delta2D performed

normalisation of spot intensity of medium and dark gonad profiles relative to the light

gonad reference profile. This helpeded to reduce the effect that slight variations in

protein loading or staining may have had on comparison.

The second step was to identify spots on the composite image, which was initially

performed automatically and followed by manual editing to remove artefacts and very

faint spots. Automatic spot detection was too sensitive and a significant amount of time

consuming editing was required at this step. The automatic spot detection parameters

could be adjusted to increase spot sensitivity threshold. However it was found that

this resulted in little reduction in the number of false positives identified at the cost of

the loss of legitimate spots.

Spot volumes from the medium and dark gonad profiles were compared to the light

gonad profile. The number of protein spots exhibiting a 2, 5 and 10-fold difference

in intensity between the profile pairs are reported in table 3.4. A large number of

protein spots, were found to have a 2-fold or 5-fold difference in spot volume, which

corresponded to an impracticably large number of potential targets for analysis. In-

creasing the filtering stringency to a 10-fold difference in spot volume, produced a more

practical number of potential spots for analysis, between 18 and 70 per protein profile

pair (table 3.4). However at this stringency level most of the spots identified were
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Table 3.4: Gel image comparison with DECODON Delta 2-D

Medium gonad Dark gonad

Species Gender No. spots 2† 5 10 2 5 10

E. chloroticus
Male 812 180§ 101 18 288 178 61

Female 751 318 92 39 - - -

H. erthrogamma
Male 1065 315 157 70 463 104 34

Female 549 300 76 21 - - -

†
Fold-change in spot intensity relative to light coloured gonad (number of spots).
§

Numbers of spots.

either artefacts or too faint and small to be appropriate targets for analysis by mass

spectrometry.

Image analysis software may provide a useful basis for the comparison of 2-D PAGE

protein profiles. It may prove particularly useful in analyses requiring comparison of

large numbers of gels, which is difficult to do visually (Voss and Haberl, 2000). The

platforms are also able to provide statistical analyses of the spot comparisons. However

there are issues surrounding the accurate detection of spots and a high degree of user

input and editing is still required. For the current study the use of image comparison

software for 2-D gel analysis was found to be of limited practicality and contributed

little useful information.

3.5.3.4 Potential further analysis of sea urchin gonad 2-D PAGE protein

profiles

The aim of 2-D PAGE comparative image analysis using Delta2D software was to

identify a limited set of protein spots from across the gonad colour range of each

species, which exhibited a minimal 2-fold difference in volume relative to the light

gonad reference profile. The protein spots fulfilling the criteria would provide potential

candidates for roles in gonad coloration. Such candidates could then be analysed by

MALDI TOF/TOF mass spectrometry in order to identify proteins through peptide

searches against the Echinodermata database containing the S. purpuratus (purple sea

urchin) genomic sequence. However, large numbers of spots exhibiting 2-fold and 5-

fold differences in spot volume were identified and mass spectrometry analysis of all
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the targets was not feasible. At a higher threshold of 10-fold difference in volume,

the targets identified were mostly artefacts or unsuitable for analysis as they were too

small or faintly stained. Therefore the identification of potential target spots for mass

spectrometry analysis, required the return to visual assessment, thus defeating the

purpose of a software-based comparative approach.

As a result of the experiences with the Delta2D protein profile analysis, it was decided

not to analyse any protein spots from the 2-D PAGE profiles. The primary considera-

tion when undertaking mass spectrometry based proteomic analysis was maximisation

of the resources to obtain useful information. In this instance it was considered that

the likelihood of obtaining relevant information was low, due to a variety of factors.

The S. purpuratus genomic database, upon which peptide identifications are reliant, is

poorly annotated. Previous experiments had yielded results for approximately only 1
3

of proteins for which adequate mass spectra were obtained. Therefore the likelihood of

identifying targeted proteins by this method was low. Furthermore a 2-D PAGE pro-

teomic approach, followed by mass spectrometry for the identification of proteins from

E. chloroticus gonads had been previously attempted within this laboratory group. The

information available from previous work allowed many of the prominent protein spots

from the current 2-D PAGE profiles to be identified, although none were indicative of

a potential role in gonad coloration.

A 2-D protein separation followed by mass spectrometry proteomics approached has

also been implemented by Sewell et al. (2008), to identify proteins from the gonad of E.

chloroticus . A total of 138 proteins were identified through multi-dimensional protein

identification technology (MudPIT) in conjunction with mass spectrometry and peptide

searches against an S. purpuratus database. The identified proteins were categorised

based on function; 36% were reported to be involved in ribosomal or protein turnover,

35% cell function/metabolism, 14.5% cytoskeletal, 8% reproductive function and 6.5%

were of unknown function (Sewell et al., 2008). With respect to identifying proteins

involved in gonad coloration, the 6.5% of proteins with unknown function would be of

the greatest interest. However these proteins could not be identified through peptide

or homology-based searches suggesting that a shotgun approach was not likely to be

effective and a targeted approach may be more useful.
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3.5.4 Protein extraction and 2-D PAGE of pellet

In the previous sections only the buffer soluble protein fraction of the sea urchin gonad

homogenate was investigated. However it was observed during the gonad processing

that the pellet obtained following centrifuging retained coloration approximately pro-

portional to that of the original gonad, which was consistent with observations of the

carotenoid-extracted pellets (section 3.4.3). This suggested that the dark-colour de-

termining components were present in the pellets. Therefore the pellet was treated

with rehydration buffer, in an attempt to extract protein retained in the pellet with

reducing agents and detergents.

3" 10"
IEF"pH"gradient"

SD
S4
PA

GE
"(M

w
)"

Figure 3.14: 2-D PAGE profile of protein extracted from the buffer insoluble pellet fraction of E.

chloroticus dark male gonad. The insoluble pellet fraction of E. chloroticus dark male gonad ho-

mogenate was extracted with rehydration buffer and the solution treated with two cycles of the

chloroform-methanol procedure. The protein samples were resuspended in rehydration buffer and

used to rehydrate a pH 3-10 NL IPG strip overnight. Iso-electric focusing was conducted for a total

of 80,000 V.h−1. Proteins were then reduced and alkylated for second dimension electrophoresis on a

12.5% w/v large-format polyacrylamide gel. Gels were fixed with a solution of 10% v/v methanol and

5% v/v acetic acid and then stained overnight with colloidal Coomassie. Gels were destained with a

solution of 5% v/v orthophosphoric acid and 10% v/v ethanol. Red square, magnified in panel top

left, indicates anode end of IEF strip where coloured material migrated. The vertical black lines are

the barcode on the IEF strip. Red circle indicates a stained protein of interest, which was excised for

analysis by MALDI TOF/TOF mass spectrometry.
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The E. chloroticus gonad homogenate buffer-insoluble-pellets were subjected to ex-

traction with rehydration buffer and then treated with the chloroform-methanol lipid

extraction procedure (section 2.3.1). Following treatment by the chloroform-methanol

procedure a light brown colour was retained in the medium and dark gonad protein

pellets. A 2-D PAGE protein profile of the dark gonad extracted pellet was produced

(figure 3.14) and following the first dimension IEF an area of orange colouration was

observed localised towards the low pI end of the the IPG strip. This was observed on

the strips following IEF of dark gonad samples from both species of sea urchin.

Following second dimension PAGE and protein staining, there did not appear to be

any protein spots which correlated particularly well with the coloured zone observed on

the IPG strip. However one spot in the high molecular weight region of the gel was in

a similar position. There were no other significant differences in the 2-D PAGE protein

profiles to those previously obtained for dark male gonads were observed. The protein

spot was excised for MALDI TOF/TOF mass spectrometry. A Mascot peptide search

against the Echinodermata data database identified the protein as a homologue to S.

purpuratus egg peptide speract receptor (appendix H). Egg peptide speract receptors

are single pass transmembrane receptors which function in the fertilisation of sea urchin

eggs (Babcock et al., 1992) and therefore this was an unlikely candidate for involvement

in gonad coloration. It is possible that the egg peptide speract receptor protein was

present in the soluble gonad 2-D PAGE protein profiles. However, previously the

corresponding area was masked by vertical distortions (figure 3.13).

Carotenoid-protein complexes may have been present in the E. chloroticus dark gonad

buffer-insoluble pellet fraction. However, due to the reducing and denaturing condi-

tions of IEF (50 mM DTT and 7 M urea, sections 2.3.1 and 2.3.3) the complex was not

likely to remain intact. Carotenoid-protein complexes are not likely to be stabilised

through covalent interactions, resulting in release of the chromophore upon protein

denaturation. This is the probable result of the use of high detergent concentrations

for the solubilisation of proteins in the gonad homogenate pellet. The carotenoid re-

leased may have maintained solubility through incorporation into detergent micelles

(the rehydration contains CHAPS detergent), which has been reported for lutein in

the presence of SDS (Britton, 2008). Subsequent IEF of carotenoid/detergent micelles

could have resulted in localisation of the carotenoid towards the low pI anode terminus

of the IPG strip. Negatively charged carotenoids, such as xanthophylls, have been
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observed during the course of this project, to migrate under an electric field, albeit

slowly. However the 24 h IEF period may have been sufficient to focus some xantho-

phylls, which were solubilised in detergent micelles. This may have resulted in the

coloured zone on the IPG strip following IEF, which did not appear to translate into

a protein stained species on 2nd dimension PAGE.

3.6 Conclusions

The colour, carotenoid and proteomic profiles of light, medium and dark gonads from

both E. chloroticus and H. erthrogamma were compared in order to gain a better un-

derstanding of the mechanisms contributing to sea urchin gonad colour. E. chloroticus

animals were observed to exhibit greater variation in gonad colour than H. erthrogamma

specimens. The dark-brown/black gonads were not observed in H. erthrogamma, how-

ever the medium gonads exhibited an orange coloration of greater intensity.

An objective quantitation of gonad coloration was attempted through the use of a

spectrophotometer and the CIE L∗a∗b∗ reporting scale. However this method provided

limited power to distinguish between the light, medium and dark gonad colour groups.

Carotenoid analysis indicated some differences in the proportions of carotenoids be-

tween the two species. E. chloroticus gonads were found to contain higher proportions

of (iso)zeaxanthin and astaxanthin, but a lower proportion of all-trans-echinenone than

H. erthrogamma gonads. In all gonads 9′-cis-echinenone was the dominant carotenoid

present, which is most likely the result of a biologically significant, selective accumu-

lation involving specific carotenoid-binding proteins. However between gonad colour

groups, a statistically significant increase in carotenoid quantity was only observed

amongst H. erthrogamma medium gonads. This was likely caused by a corresponding

increase in 9′-cis-echinenone causing the intense orange colour of the H. erthrogamma

medium gonads. It appeared that carotenoid content did not account for the colour

differences between light, medium and dark gonads. The dark gonad colour may be

caused by variations in an unknown brown pigment, which was unable to be extracted

by organic solvent.

Protein profiles of each gonad colour group were produced by 2-D PAGE for E. chloroti-
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cus and H. erthrogamma. Although some differences in profiles were observed between

the two sea urchin species, there was little variation between gonad colour groups.

The image analysis software Delta2D was used in an attempt to objectively analyse

gonad profiles, however this approach produced limited useful information. Due to the

high similarity observed between the 2-D PAGE gonad protein profiles, it was consid-

ered that little would be gained by persevering with the proteomic/mass spectrometry

approach.
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Chapter 4

Identification of CBP(s) from the

gonad of the sea urchin E.

chloroticus

The selective accumulation of carotenoids, in particular the 9′-cis-isomer of echinenone,

within the gonads of sea urchins is likely to be facilitated by proteins. Through the

binding of carotenoid molecules, proteins may act in the capacity of transportation,

receptor binding and recognition, solubilisation of carotenoids or stabilisation of de-

posits.

The mode of carotenoid deposition within sea urchin gonad tissue is not clearly under-

stood, however the association with lipids, either in vesicles, membranes, lipid rafts or

lipoprotein complexes is likely to some extent (Erdman et al., 1993; Canene-Adams and

Erdman, 2009). Such associations are likely to form large, dynamic complexes contain-

ing variable quantities of protein, lipid and carotenoid molecules (Krinsky et al., 1958;

Erdman et al., 1993; Canene-Adams and Erdman, 2009). This type of complex would

be difficult to isolate and characterise due to lipid associations decreasing solubility

of the complexes in vitro. In addition, non-specific interactions may be disrupted by

changes in ionic strength, resulting in disintegration of the complexes.

The isolation and characterisation of CBP(s) from E. chloroticus gonads was therefore
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targeted towards soluble proteins interacting with carotenoids. Members of the ca-

lycin protein super-family are generally small, soluble, ligand-binding proteins (Flower,

1993). Many of which are transporters or receptor-binding proteins (Flower, 1994, 1996;

Flower et al., 2000), therefore they are good candidates for CBPs. Crustacyanin (Wade

et al., 2009) and GSTP1 (Bhosale, 2004) are two well characterised eukaryotic CPBs,

which have been classified as lipocalins, a sub-group within the calycin super-family

(Flower et al., 1993; Flower, 1996).

4.1 Fractionation of soluble gonad protein from E.

chloroticus

To isolate and identify CBP(s) from the gonad of E. chloroticus the homogenate was

sequentially fractionated. At each step, fractions exhibiting absorbance profiles in-

dicative of the presence of both protein and carotenoid were selected for. A similar

approach has previously been used successfully for the identification and purification of

soluble CBPs from rat liver (Okoh et al., 1993), and other marine invertebrates (Shone

et al., 1979; Milicua et al., 1985; Zagalsky et al., 1989).

4.1.1 Lipid depletion of E. chloroticus gonad homogenate

As soluble CBPs were targeted, the first step was to remove as much insoluble ma-

terial from the gonad homogenate as possible. An initial centrifuging of the gonad

homogenate (section2.4.1) resulted in the pelleting of particulate material, suspected

to be cellular debris (figure 4.1 panel 1). The colour of the supernatant was approxi-

mately equivalent to that of the original gonad. The pellet, which was darker in colour

than the supernatant, was unable to be resuspended in homogenisation buffer, but was

solublised in a detergent solution. The use of chaotropes and solvents were avoided

with the soluble fraction as it could lead to the dissociation of protein-chromophore

complexes.
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Figure 4.1: Separation of lipid from E. chloroticus gonad homogenate by ultra-centrifuging. E.

chloroticus light male gonad homogenate was centrifuged at 8,000 g to pellet insoluble material (panel

1). The supernatant was removed and the density was adjusted to ρ=1.22 g.mL−1 by the addition of

crystalline sucrose (panel 2). The density adjusted supernatant was ultra-centrifuged at 435,000 g for

1 h at 4◦C, to separate out lipoproteins (panel 3). The ultra-centrifuged subnatant was extracted and

pooled (panel 4). All photographs were taken on the same day under indoor light conditions against

a white backdrop, using a Cannon PowerShot A2500 digital camera with flash.

Sea urchin gonad is rich in lipid which constitutes approximately 28% of the tissue dry

weight (Dincer and Cakli, 2007), equivalent to 5-7% of the wet gonad weight (Zhu et al.,

2010; Arafa et al., 2012). The high lipid content would likely interfere with protein

fractionation, particularly chromatographic separations. Therefore it was desirable to

remove as much of the lipid as possible in the early stages of processing.

In vertebrates, lipoproteins carry high amounts of fatty acids and cholesterol through

the plasma. Low density lipoprotein (LDL) has been isolated from sea urchin eggs

(Marsh, 1968; Ichio et al., 1978) and is a likely repository of gonad lipid stores.

Lipoproteins are able to be demulsified from serum based on density (ρ), by ultra-

centrifuging. Very low-density lipoprotein (VLDL) demulsifies at ρ<1.006 g.mL−1,

low-density lipoprotein (LDL) between ρ=1.006-1.063 g.mL−1 and high-density lipopro-

tein (HDL) between ρ=1.063-1.21 g.mL−1. Lipoprotein deficient plasma is obtained at

densities of ρ>1.21 g.mL−1 (Havel et al., 1955; Redgrave et al., 1975; Aviram, 1983).

A modified version of this technique (section 2.4.1) was used in an attempt to ex-

tract lipid in the form of lipoproteins, on the premise that it may also result in the

demulsification of other sources of lipid, as well. The density of the sample was ad-
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justed to ρ=1.22 g.mL−1, to ensure maximum lipid demulsification, by the addition

of crystalline sucrose. Following ultra-centrifuging, lipid material had formed an in-

tensely orange coloured surface layer (figure 4.1 panel 3). The remaining solution,

ultra-centrifuged subnatant (UFS), was clear-yellow in colour compared to the original

opaque, cloudy-yellow/orange.

4.1.2 Carotenoid and protein content of the E. chloroticus

gonad homogenate fractions

The protein and carotenoids were extracted from the pellet, lipid and UFS fractions of

the gonad homogenate. The carotenoid and protein profiles between the three fractions

were then compared to determine whether the observed colour differences, between the

fractions, corresponded to the partitioning of a particular carotenoid/protein.

The RP-HPLC carotenoid profiles of the pellet, lipid and UFS gonad homogenate frac-

tions appeared to be consistent with that obtained for whole gonad. All the carotenoids

appeared to separate approximately equivalently between the three fractions. A small

but statistically significant increase in the proportion of 9′-cis-echinenone was observed

in the lipid fraction, relative to the pellet and UFS fractions (figure 4.2 a.). This may be

due to the greater hydrophobicity of 9′-cis-echinenone relative to the other carotenoids

resulting in an increased tendency to associate with the lipid fraction. However, this

did not translate to a significant difference in the amount of either total or individ-

ual carotenoids between the fractions (appendix I.1). Therefore the intensity of the

yellow/orange colour of the lipid fraction, relative to the lighter yellow of the UFS,

(figure 4.1) is likely to be the effect of concentration. The same amount of carotenoid

is contained in approximately 1.5 g of lipid, as is distributed through 30 mL of UFS.

The number of protein species represented by the 1-D PAGE profiles of the insoluble

(pellet) and soluble (USF) fractions were similar, although some apparent differences

in the intensity of Coomassie staining were observed (figure 4.2 b.). However no signif-

icant differences were observed between 2-PAGE profiles of the soluble and insoluble

gonad homogenate fractions (figures 3.13 and 3.14). The differences may be accounted

for through the partition of some species into the lipid fraction. A clear 1-D PAGE
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Figure 4.2: Carotenoid and protein composition of E. chloroticus male gonad fractions. Carotenoids

(a.) and proteins (b.) were extracted from pellet, lipid and ultra-centrifuged subnatant (UFS)

fractions, corresponding to 1
10 of the original gonad homogenate. Carotenoid extracts were resus-

pended in methanol and a 100 µL aliquot of each sample was analysed by RP-HPLC on a C30

column. Carotenoids were eluted with a methanol/TBME gradient at a flow-rate of 1 mL.min−1

and column effluent was monitored at 445 nm. Carotenoids were identified through comparison to

commercial standards and reports of carotenoid separation, made under equivalent conditions, in

the literature (Tsushima and Matsuno, 1997; Plank et al., 2002; Borisovets et al., 2002; Pantazis,

2006; Symonds et al., 2007, 2009) (section 3.4.1.1). The proportions of 9′-cis-echinenone, all-trans-

echinenone, (iso)zeaxanthin, lutein and others are reported as a percentage of total carotenoid. Sta-

tistical tests were performed by 2-way ANOVA, including a Tukey’s test for multiple comparisons, in

GraphPad Prism R© version 6.0a, with a significance threshold of p≤0.05 (*). Statistical significance

of p0.001≤p≤0.01 is indicated by **. Protein was extracted from each fraction through two cycles

of the chloroform-methanol lipid extraction procedure. Protein was then resolubilised in 100 µL of

rehydration buffer and a 10 µL aliquot was analysed on a 12.5% acrylamide gel by 1-D PAGE and

stained with Coomassie blue R-250.
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protein profile of the lipid fraction was unable to be obtained, due to the high propor-

tion of contaminating species, most likely lipid which interfered with electrophoresis.

However, Coomassie staining of the 1-D PAGE lipid profile indicated that proteins

were associated with this layer (figure 4.2 b.) and most likely constitute membrane

proteins and proteins associated with lipid complexes such as lipoproteins (Krinsky

et al., 1958; Erdman et al., 1993; Canene-Adams and Erdman, 2009).

4.1.3 Ammonium sulfate fractionation of E. chloroticus go-

nad ultra-centrifuged subnatant (UFS)

Ammonium sulfate fractionation is a standard salting-out technique used in the initial

stages of protein purification. It provides a method for the quick removal of large

quantities of undesired proteins, under relatively mild conditions and decrease the

volume of a sample. Increased salt concentration also decreases the solubility of lipids

resulting in the concomitant removal of contaminating species.

Solid ammonium sulfate was added to 1 mL aliquots of dialysed UFS, to achieve 20, 40,

60 80 and 90% saturation respectively (section 2.4.2.1). Yellow/orange protein pellets,

indicative of the presence of carotenoid, were observed at ammonium sulfate concen-

trations ≥40%. No pellet was visible with addition of 20% salt. Colour did not appear

to precipitate across a specific salt concentration range, but rather colour intensity was

proportional to pellet size. An alternative fractionation method was trialed in which

the ammonium sulfate concentration of one UFS sample was incrementally increased

from 20% to 40% to 60% to 80% the 90%. Following each salt addition the sample

was centrifuged to pellet any precipitated proteins. Small yellow/orange pellets were

observed at each salt addition step, which was consistent with the first experiment

where the colour did not appear to partition within a defined range ammonium sulfate

concentration (results not shown).

There were no discernible differences in the protein profiles across the range of ammo-

nium sulfate concentrations on 1-D PAGE, in either the pellet or supernatant fractions

(figure 4.3). However even after the removal of lipid by ultra-centrifuging there was
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Figure 4.3: Ammonium sulfate fractionation of E. chloroticus gonad homogenate. Solid ammonium

sulfate was added to 1 mL aliquots of pre-centrifuged E. chloroticus female gonad homogenate, to

achieve 20, 40, 60, 80 and 90% saturation respectively. The samples were then centrifuged at 10,000 g

for 10 min to pellet the precipitated protein. Pellets were resuspended in 1 mL of 50 mM Na2HPO4,

pH 8.0 and the pellet and supernatant fractions were dialysed at 4◦C against resuspension buffer.

Following dialysis, all fractions were subjected to acetone precipitation to extract protein which was

then resuspended in 50 µL of rehydration buffer. A 10 µL aliquot of each sample was analysed on

a 12.5% polyacrylamide gel by 1-D PAGE and stained with Coomassie blue R-250. a. Supernatant

fractions b. Pellet fractions.
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still significant distortion evident on 1-D PAGE gels. The diffuse smearing effect, par-

ticularly apparent below 30 kDa (figure 4.3), is characteristic of species interfering with

charge movement (Görg et al., 1988) and is likely due to the presence of lipid. The

presence of lipid in the sample may have also affected protein precipitation, resulting

in the observation of colour precipitation across a broad range of ammonium sulfate

concentrations.

Ammonium sulfate fractionation has been used in the purification of several CBPs, for

example; LBP from silk-worms (Tabunoki, 2002), crustacyanin from lobsters (Clarke

et al., 1990) and asteriaruben from starfish (Shone et al., 1979). However the tissues

from which the proteins originated, the silk-gland, carapace and skin respectively, are

likely to have a considerably lower lipid content than sea urchin gonads. In this in-

stance, as the carotenoids did not precipitate within a narrow range of ammonium sul-

fate concentration, the technique did not provide a useful separation method. Therefore

this approach was not continued into larger-scale processing of E. chloroticus gonad.

4.1.4 Ion-exchange chromatography of E. chloroticus gonad

UFS

Both cation and anion exchange chromatography were techniques explored to further

fractionate E. chloroticus gonad UFS. A 1mL aliquot of UFS was dialysed against

citrate buffer (pH 4.0 and 6.0) for cation exchange and phosphate buffer (pH 7.0 and

8.0) for anion exchange chromatography (section 2.4.2.2).

Following dialysis precipitated protein was observed, particularly at acidic pH, which

was removed by centrifuging the samples. Approximately equivalent yellow/orange

pellets were formed at pH 4.0 and 6.0, with a lesser amount at pH 7.0 and only a

trace of white precipitate was visible at pH 8.0. The remaining solution retained

yellow coloration but was paler, in apparent proportion to the material lost. Variable

precipitation between buffers resulted in differences in the amounts of protein injected

onto each column. This was evident in the relative differences between the area beneath

each chromatogram curve (figure 4.4). However variation in the protein load was not

problematic, as it was sufficient to demonstrate the binding capacity of the resin for
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each condition. As the absorbance at 445 nm was very small relative to that at 280

nm they have been plotted on different scales.

Negligible binding of protein to the SP cation exchange resin was observed at both pH

4.0 and 6.0, as indicated by the large unbound peaks exhibiting absorbance at both

280 nm and 445 nm (figure 4.4 a. and b.). The unbound fractions were clear-yellow in

colour, in apparent proportion to the injected sample. Protein bound more effectively

to Q-Sepharose
TM

particularly at pH 8.0 where bound proteins eluted as two peaks

(figure 4.4 c. and d.). However only the second peak exhibited absorbance at 445 nm,

corresponding to the presence of carotenoid. In addition, the fractions relating to peak

two of the chromatogram were visibly clear-yellow in colour.

Unbound and bound and peak fractions from each resin and pH combination were

analysed by 1-D PAGE (figure 4.4 e. and f.). The smearing effect on 1-D PAGE

caused by interfering substances, most likely lipid, was observed to be reduced fol-

lowing chromatography. The resin acts as a sieve, filtering out a portion of the lipid.

The improvement was most noticeable in peak fractions, particularly those from the

Q-Sepharose R© column at pH 8.0. The Q-Sepharose R© column at pH 8.0 also produced

the most effective protein separation. Most of the 30 kDa butanol-extracted family of

proteins (bep) which are highly abundant in females (Wessel et al., 2000) were parti-

tioned into peak 1 (figure 4.4 a.). This resulted in the removal of a major contaminating

protein allowing proteins of lower abundance to be visualised.

Reversed phase (RP) chromatography may have been able to produce an effective

separation for the removal of lipid from UFS (Emrani, 2005; Martosella et al., 2006).

However solvents such as acetonitrile, commonly used in RP-chromatography, could

not be used in this instance due to the possibility of dissociation of the chromophore

from protein. Therefore anion exchange at pH 8.0 was found to be the most useful

ion-exchange procedure for the fractionation of E. chloroticus gonad UFS. Although

only a small proportion (approximately 1
30

of the total volume) of the dialysed USF

was analysed, the column capacity was exceeded. This was indicated by the significant

proportion of unbound protein and the broad and poorly resolved peaks. Improvement

in peak resolution and reduction in the proportion of unbound material was achieved

by dilution of the sample (results not shown). This highlighted one of the drawbacks of

omitting a salting-out step in the initial stages of protein purification. Salting-out can
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Figure 4.4: Ion-exchange chromatography fractionation of E. chloroticus gonad homogenate. A 1

mL aliquot of ultra-centrifuged supernatant was dialysed overnight against each of four different

buffers; citrate buffer, pH 4.0 and 6.0, for cation exchange, or phosphate, pH 7.0 and 8.0, for anion

exchange. Post dialysis each sample was filtered through a 0.45 µm PTFE filter and analysed by

ion-exchange chromatography using an ÄKTA Purifier (GE Healthcare) and one of four buffer and

column combinations; a. SP-Sepharose R© cation exchange pH 4.0, b. SP-Sepharose R© cation exchange

pH 6.0, c. Q-Sepharose R© anion exchange pH 7.0 and d. Q-Sepharose R© anion exchange pH 8.0.

Protein was eluted by a gradient from 0-100% 1 M NaCl (green line) over 20 mL. Absorbance of the

column effluent was measured at 280 nm (blue trace, left y-axis) and 445 nm (red trace, right y-axis).

Fractions corresponding to unbound proteins (UB) and peak regions (P1 and P2), indicated by grey

shading on the chromatograms, were pooled and spin-filter concentrated to <100 µL. A 10 µL aliquot

of each was analysed on a 12.5% acrylamide gel by 1-D PAGE and stained with Coomassie blue R-250;

e. cation exchange and f. anion exchange.
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potentially remove a significant amount of the undesirable protein, greatly decreasing

the protein load on downstream chromatography.

4.2 CBP partial purification and identification

In an attempt to decrease the protein load for column chromatography and further

reduce the lipid content of the sample, an additional pre-separation technique was

required. The reduction in the smearing effect of peak fractions on 1-D PAGE suggested

that sample passage through anion-exchange Sepharose R© resin may be an effective

strategy.

4.2.1 Anion-exchange chromatography fractionation of E. chl-

oroticus gonad UFS

A crude separation of the dialysed UFS was effected by gravity-flow chromatography,

through a sacrificial bed (25 mL in a 15 mm diameter column) of DEAE-Sepharose R©

resin (section 2.4.3). Dialysed UFS was continuously added to the DEAE resin bed

and a flow-rate of approximately 3 mL.min−1 was maintained under gravity-flow. After

the addition of approximately 10 mL of dialysed UFS, the flow-rate decreased, likely

the result of obstruction by lipids retained in the resin. The top portion of the resin

bed was frequently stirred to maintain flow-rate.

The column effluent was collected and monitored spectrophotometrically at 280 nm.

The unbound fractions, though colourless, exhibited absorbance at 280 nm, which

indicated some proteins were not bound by the resin. The column effluent became

pale-yellow in colour, after the addition of about half of the dialysed UFS, which

indicated that the binding capacity of the resin had been exceeded. At this point the

resin was bright-yellow in colour indicative of protein with associated carotenoid was

bound to the resin. Bound material was eluted with 0.5 M NaCl and the resulting

effluent fractions were clear bright-yellow (results not shown).

143



CHAPTER 4. CBP IDENTIFICATION

Following the elution of bound material from the resin, the top ∼2 cm of the resin

retained a light-yellow coloration. This was attributed to the presence of carotenoid

associated with lipid, which remained deposited in the resin. The remainder of the resin

was also discoloured to faint yellow. The original white colour of the resin could not be

regenerated through attempts to clean the resin with 1 M NaCl, followed by 1 M NaOH

and then 30% isopropanol, as recommended by the manufacturer. This supported the

hypothesis that the coloration is associated with large hydrophobic complexes such as

lipid which remained tightly bound to the resin column.

Following crude fractionation by DEAE anion exchange, the sample was spin-filter

concentrated and dialysed in preparation for fractionation with Q-Sepharose R© (section

2.4.3). The separation profiles achieved between 1 mL (figure 4.4 d.) and 5 mL Q-

Sepharose R© (figure 4.5 a.) columns were consistent. The chromatogram displayed two

main peaks with the latter exhibiting absorbance at both 280 nm and 445 nm. At

this stage of the process chromatographic resolution was desired, in order to maximise

separation of potential CBPs from contaminating material. To achieve this the column

capacity was not exceeded, in contrast to the previous steps. Fractions corresponding

to the central region of the peak, exhibiting both 280 nm and 445 nm absorbance were

pooled and concentrated.

4.2.2 1-D native PAGE separation of a putative CBP from E.

chloroticus gonad

The re-concentrated Q-Sepharose R© peak was bright-yellow in colour, indicating the

presence of carotenoid. An aliquot of the material was analysed by 1-D native PAGE.

It was hypothesised that under the non-reducing and non-denaturing conditions of

1-D native PAGE the interaction between the chromophore and protein would be pre-

served. Providing the chromophore/binding-protein complex remained intact migrat-

ing through the gel, it could be isolated and potentially identified. Following 1-D native

PAGE a bright-yellow band, the colour of which was proportional to the solution ap-

plied to the gel, was observed to have migrated through an equivalent distance to the

dye front (figure 4.5 b.). When the the bright-yellow band was treated with Coomassie

it was stained dark-blue (figure 4.5 c.), indicating the presence of protein.
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Figure 4.5: Isolation of a putative CBP by native-PAGE. Sample reconditioned post DEAE anion

exchange chromatography was further separated by injection onto a 5 mL Q-Sepharose R© column.

Protein was eluted with a gradient of 0-100% 1M NaCl ([B] green line) over 100 mL. The absorbance

of the column effluent was monitored at 280 nm (blue) and 445 (red) nm, 2 ml fractions were col-

lected (a.). Fractions absorbing at both 280 nm and 445 nm (grey zone) were pooled and spin-filter

concentrated to a volume of <100 µL. A 20 µL aliquot was analysed on a native 1-D 7.5% PAGE.

Prior to staining (b.), a duplicate section was cut out and the remainder stained with Coomassie blue

R-250 (c.). From the native-PAGE the visible orange band was excised and the protein eluted from

the gel piece by soaking in water, which was then analysed by 1-D 12.5% 1D-PAGE and stained with

Coomassie blue R-250 d., from 80 kDa to 10 kDa is shown.
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Proteins may be eluted from polyacrylamide gel following electrophoresis, a process

that is usually undesirable and inhibited by fixing with acetic acid, before or concur-

rently during staining. To elute the chromophore-protein complex, the bright-yellow

band was excised from the native gel following electrophoresis. The gel piece was diced

up to increase surface area for elution and incubated with anion-exchange buffer (sec-

tion 2.4.4). Several aliquots of buffer appeared to remove most of the colour from the

gel pieces. Diffusion was facilitated by the low acrylamide percentage of the native gel

7.5% and the likely small size of the protein. However some of the complex was unable

to be extracted, as indicated by residual light-yellow colour in the gel pieces, which

were also stained light-blue when treated with Coomassie.

The re-concentrated gel-extract, which was bright yellow/orange, was analysed by 1-D

PAGE. Once heat and detergent treated, the yellow colour did not migrate through

the acrylamide indicating the chromophore had dissociated and was lost. Following

electrophoresis one prominent protein band was visible on the stained gel with an

apparent molecular weight of between 10 kDa and 15 kDa. Several other faintly stained

bands were also visible between 15 kDa and 20 kDa (figure 4.5 d.).

Table 4.1: Work-flow for the production of partially purified CBP from E. chloroticus gonad

Step Fraction Quantity no. Repeats Total time

volume/mass (hours)

Start 1 whole gonad 10 g - -

Homogenisation homogenate 40 mL 1 0.2

Centrifuging
Supernatant 35 mL 1 0.5

Pellet 5 g - -

Sucrose addition Density adjusted 45 mL 1 1

supernatant

Ultra-centrifuging
Supernatant 35 mL 3 3

Lipid 1.5 g - -

Dialysis dialysed UFS 70 mL 1 12

DEAE anion eluate 50 mL 2 8

exchange

Q anion Pooled peaks 5 5

exchange

Concentration concentrated sample 2 mL 3 3

1-D native PAGE 8 12

Partially purified CBP 0.075 mL - -
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Although anion-exchange chromatography reduced the complexity of the sample, the

peak of interest still contained many protein species as indicated by 1-D native PAGE.

The protein of interest represented only approximately 10% of the total protein in the

peak (figure 4.5 c.). Chromatographic separation in the region of interest (peak 2)

may have been improved through a step wise elution gradient. After elution of the

first peak, extension of the gradient-length between 50 and 100% buffer B may have

resulted in increased resolution. However, the high protein load in the chromatography

steps, the result of ineffective early removal of major contaminants early in the process,

was likely to have had a significant effect on the achievable resolution. In addition, the

high protein load required sample processing over multiple chromatography runs. The

effect of which was exacerbated as the purification progressed; two runs were required

for DEAE anion-exchange, five for Q-Sepharose R© anion-exchange and 10 1-D native

PAGE gels were required (table 4.1). In addition, distribution of the protein load

over multiple runs resulted in a requirement for product re-concentration. In turn,

the potential for loss of yield was increased, through solution transfer and protein

precipitation issues in spin-filters.

Further scaling up of the chromatography steps was trialed, in an effort to reduce the

number of runs required at each step. However it was found that the material did not

handle well on a large scale. Lipid, which was pervasive even at the latter stages of

the process, caused high-back pressure on chromatography columns. The effect was

magnified over large column volumes and to compensate the buffer flow-rate had to be

decreased, which off-set any time and labour saved. Chromatography was also material

intensive, column lifetime was short due to irreversible lipid binding. To mitigate this

effect columns required cleaning every three runs, with 1 M NaCl followed by 1 M

NaOH and 30 % isopropanol. However complete regeneration of the column could not

be achieved and the binding capability and effective resolution were reduced. Therefore

the life of the column was short, approximately 10 runs or two preparations.

The process to produce the partially purified putative CBP, was time consuming and

inefficient. In the future, purification may be improved through use of an affinity

chromatography step, which was unavailable at this time. Affinity chromatography has

previously been employed by Rao et al. (1997) for the purification of a CBP from rat

liver homogenate. The chromatography resin utilised surface immobilised β-carotene

molecules to selectively capture the apo-protein, which was then eluted with the ligand
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intact (Rao et al., 1997).

4.2.2.1 Identification of CBP chromophore

A chloroform-methanol lipid extraction procedure (section 2.3.1) was used to separate

the chromophore(s) from the re-concentrated native gel protein extract. The yellow

chromophores partitioned into the solvent phase, which was analysed by RP-HPLC

(figure 4.6). The chromophore was identified as carotenoid, consisting almost exclu-

sively of 9′-cis-echinenone. Trace amounts of astaxanthin, all-trans-echinenone, 9′-

cis-β-carotene and all-trans-β-carotene were also detected. However the complex was

named echinenone-binding protein (EBP), for the major ligand found to be associated

when extracted from the native source.
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Figure 4.6: RP-HPLC analysis of carotenoid extracted from putative CBP. Chloroform phase sep-

aration was used to extract carotenoid from the putative CBP isolated by 1-D native-PAGE. The

chloroform was evaporated under a nitrogen gas stream and the carotenoid was resuspended in 1 mL

methanol. A 100 µL aliquot was analysed by RP-HPLC on a C30 column. Carotenoid was eluted

with a methanol/TBME gradient and column effluent was monitored at 445 nm. The carotenoids; a.

astaxanthin, b. all-trans-echinenone, c. 9′-cis-echinenone, d. all-trans-β-carotene and e. 9′-cis-β-

carotene were identified by comparison to commercial standards (appendix E.1) and quantified with

an echinenone standard curve (appendix F.1).

The detection of multiple carotenoid species questioned the binding specificity of the

EBP. The identification of 9′-cis-echinenone as the primary carotenoid associated with

EBP does not necessarily indicate binding preference for the ligand. It may be that
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EBP binds carotenoids in proportion to relative concentration. Therefore as 9′-cis-

echinenone is the major carotenoid present in the gonad of E. chloroticus , it is also

likely to be the major ligand of EBP. If that were the case it would be expected that

the carotenoid profile extracted from EBP would be proportional to that of the total

gonad of E. chloroticus .

The ratio of 9′-cis to all-trans-echinenone in the total gonad carotenoid extract was

found to be approximately 3:1 (figure 3.9). This ratio was not consistent with the

carotenoid extracted from EBP, for which the ratio was approximately 7.5:1. In addi-

tion, neither (iso)zeaxanthin nor lutein the 3rd and 4th most abundant carotenoids in

the gonad respectively (section 3.4.3), were detected.

The detection of all-trans-echinenone and astaxanthin, amongst carotenoid extracted

from EBP, may be the result of carotenoid interconversion during the extraction pro-

cedure. However, echinenone is considered to be an oxidative derivative of β-carotene

and the reverse reaction is unlikely to occur in vitro (Lederer, 1938; Goodwin and

Taha, 1950) (section 3.4.4.1). However as the chromophore was extracted from an

impure preparation of the complex (figure 4.5 d.), β-carotene may be present due to

contamination of carotenoid associated with other protein/lipoprotein complexes. It is

also possible that EBP exhibits some degree of ligand specificity for 9′-cis-echinenone

but is also able to bind other carotenoids with a lower affinity.

Other CBPs have been reported to exhibit promiscuous ligand binding properties. For

example GSTP1 from the human macula was co-purified with zeaxanthin but was

also able to bind lutein with a similar affinity (Yemelyanov et al., 2001). Carotenoid

extracted from LBP, purified from Bombyx mori, was found to be 90% lutein with the

remainder comprised of α-carotene and β-carotene (Tabunoki, 2002).

4.2.2.2 Characterisation of EBP by mass spectrometry

The protein stained band suspected to be the EBP apo-protein was excised from the 1-D

PAGE gel and subjected to in-gel tryptic digestion, for analysis by MALDI TOF/TOF

mass spectrometry. The peptide mass data was searched using the Mascot server,
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against both the NCBI non-redundant and Echinodermata databases, which contain

sequences from S. purpuratus, a Northern hemisphere sea urchin.

From multiple attempts to characterise the EBP by mass spectrometry, statistically

significant (p<0.05) peptide matches were found to three different S. purpuratus se-

quences; two of which were from the Echinodermata and one from the non-redundant

database. Across all three sequences a single identical peptide, EIVEGQMVTTVSK,

was matched (table 4.2). Trypsin is the enzyme most frequently used for the digestion

of proteins, for this type of mass spectrometry analysis, which cleaves on the C-terminal

side of lysine and arginine residues unless adjacent to proline. A tryptic digest of the

protein produced many peptides with strong mass spectrometry signals that did not

result in matches to the S. purpuratus database. The single peptide match may be due

to low sequence identity between E. chloroticus and S. purpuratus at this locus. Only

identical peptides, of minimally 5-6 amino acids, will result in a match between two

sequences using the Mascot program. Protein digestion with chymotrypsin was also

trialled, however it did not result in any additional peptide matches.

The two sequences identified from the Echinodermata database (accession numbers

115899624 and 115972646) were very similar in their predicted molecular weights of

11.97 kDa and 12.03 kDa respectively (table 4.2), with a mass difference of 60 Da. The

two sequences were found to be identical, therefore the difference is likely to be due to

amino acid modifications creating artefacts, which may have occurred during handling

or analysis. The mass difference could be accounted for by the oxidation of all 4 methio-

nine residues (64 Da) (figure 4.7), or carboxamidomethylation or carboxymethylation

of the cysteine residue (57 and 58 Da respectively) (Lapko et al., 2000).

The consistent identification of a single peptide suggested that the same region of the S.

purpuratus sequence was being identified. To test this hypothesis the peptide sequences

of accession numbers 115972646 and 390363640 were compared by a pairwise global

sequence alignment (figure 4.7). The alignment revealed that sequence 115899624

corresponded to a 61 base pair truncation of sequence 390363640. Therefore all three

of the sequences identified correspond to a single predicted ORF, which had been

entered into the databases under different accession numbers. This highlights some

of the challenges associated with protein identification through mass spectrometry ion

searching against a peptide database. The information that is able to be generated
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by a mass spectrometry/proteomic approach is limited by the quality of the database

used. The NCBI-non-redundant database is not subject to validation of user-added

information, therefore the annotation level is variable and it is not necessarily free of

redundancies.

Table 4.2: MALDI TOF/TOF mass spectrometry identification of putative CBP

Database Identification Accession no. Score† Peptides Mw (kDa)

Echinodermata P§ - Hypothetical 115899624 63 1 11.97

S. purpuratus EIVEGQMVTTVSK

Echinodermata P - Hypothetical 115972646 63 1 12.03

S. purpuratus EIVEGQMVTTVSK

Non-redundant P - uncharacterised 390363640 63 1 18.69

LOC762462 EIVEGQMVTTVSK

S. purpuratus

†
Scores >37 indicate identity or extensive homology (p<0.05).
§

P - indicates the protein is “Predicted: similar to”.

115899624 ....................................................... 0
390363640 MRITLTLRGNLGFSLGAEDLPSSLQARHHNPVTAFNKRAEKVRKTGNFSSHGELS 55

115899624 ......MCIPADRRPNLPIDKLTVKVTQKDDHFDITSETPERSNTYSFDVGPSFE 49
390363640 NDLMDTMCIPADRRPNLPIDKLTVKVTQKDDHFDITSETPERSNTYSFDVGPSFE 110

115899624 TSLVGFLPKMSVTASWEGDNLLFTAENGFKMLREIVEGQMVTTVSKGDVSFKVVF 104
390363640 TSLVGFLPKMSVTASWEGDNLLFTAENGFKMLREIVEGQMVTTVSKGDVSFKVVF 165

115899624 DKV 107
390363640 DKV 168

1

Figure 4.7: Needle pairwise global sequence alignment of putative CBPs. Blue shaded area indicates

peptides identified by mass spectrometry.

4.2.2.3 BLAST R© homology search of the S. purpuratus EBP sequence

The full length sequence (accession number 39036640) identified in the non-redundant

database by Mascot corresponded to a hypothetical uncharacterised protein. This

indicated that the sequence had not been annotated in the S. purpuratus database and

the match was to a predicted open reading frame. The publication of the S. purpuratus

genome included the prediction of approximately 23,300 ORFs (Sea Urchin Genome

Sequencing Consortium, 2006), however only 9,700 (42%) were able to be functionally

annotated by the sea urchin research community (Davidson et al., 2006). Therefore,
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Table 4.3: Results of BLASTP search for putative CBP against the NCBI-non-redundant database¶

Identification Organism Accession no. E-value† Identity

P§ - FABP-2 liver-like S. purpuratus 782066.1 7e-18 37%

P - FABP intestinal-like S. purpuratus 789999.1 2e-16 35%

P - FABP liver-like S. purpuratus 785180.2 3e-5 34%

P - RBP2-like S. purpuratus 796918.1 4e-04 31%

¶
The NCBI-non-redundant database contains the S. purpuratus genomic sequence.

§
P - indicates the protein is “Predicted: similar to”.
†

E-value of 1e−6 is used by NCBI to infer a biologically relevant relationship during

internal processing using BLASTp R© against the non-redundant database.

the identification of a hypothetical-protein was not unforeseen and an NCBI-BLASTp R©

search was performed to gather information regarding protein family and homology.

The NCBI-BLASTp R© search indicated that the sequence shared homology with the

fatty acid-binding protein (FABP) family. The top four alignment results, shown in

table 4.3 (for full results refer to appendix K), corresponded to liver-like and intestinal-

like FABPs and a retinol-binding protein (RBP) from S. purpuratus. The alignments

of EBP to FABP2 and intestinal like FABP produced sequence similarities of 37% and

35%, respectively. However the E-values were small, which indicated a low probability

that the match was random and therefore homology could be inferred. Therefore EBP

may be a member of, or closely related to the FABP family. FABPs, like lipocalins, are

a branch of the calycin protein super-family which often exhibit low sequence similarity

but have highly conserved 3-D structures and bind small hydrophobic ligands (Flower

et al., 1993; Flower, 1996).

4.2.3 Purification of EBP from E. chloroticus gonads by gel-

permeation chromatography

Due to the limited throughput capability of 1-D native-PAGE as a method of EBP

purification, an alternative method was required. Gel-permeation chromatography is a

common polishing technique used in the final stages of protein purification, to remove

any remaining minor contaminants and produce highly purified protein. Therefore the
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peak from Q-Sepharose R© anion-exchange chromatography, which contained EBP was

re-concentrated and analysed by gel-permeation chromatography.

The gel-permeation chromatogram consisted of a series of poorly resolved peaks, which

indicated a number of different protein species in the sample, consistent with the

Coomassie-stained native-PAGE profile (figure 4.5). The 280 nm absorbance profile

was separated into five fractions of interest (figure, 4.8 a., grey shaded regions) corre-

sponding to points of inflection of the chromatogram. Fractions one and five were of

particular interest as they also corresponded to local maxima on the 445 nm absorbance

profile.

A column calibration curve of log10(Mw) versus elution volume (appendix L.1), was

used to estimate the apparent molecular weights of proteins eluting in fractions one

and five as being 75 and 15 kDa respectively. The calculated mass for fraction five was

similar to the size of the EBP band on 1-D PAGE, which migrated between 10 kDa to

15 kDa (figure 4.5 d.).

4.2.3.1 Yield of putative EBP purified from E. chloroticus gonads

Generally during protein purification knowledge of the target protein properties useful.

Such information is used to monitor the location and relative purity of the target

protein at each step, for example enzyme purifications are commonly monitored by

specific assays. In this instance the target protein was unknown, which presented a

unique set of challenges. To avoid the loss of species of potential interest, a cautious

approach was taken and all fractions exhibiting absorbance at 280 nm and 445 nm were

selected for. However, sea urchin gonad is a carotenoid rich tissue and it was expected

that only a small proportion of the carotenoid would be associated with a specific-

binding protein(s). Therefore interference from carotenoid associated with lipid and

lipoprotein complexes, particularly in the early stages of the purification, was to be

expected. For this reason the calculation of yield and fold purification, by a standard

method of Aprotein:Acarotenoid ratio comparisons at each step (Zagalsky et al., 1989; Rao

et al., 1997; Tabunoki, 2002; Jouni and Wells, 1996), was not attempted.
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Figure 4.8: Gel-permeation chromatography of E. chloroticus gonad extract. a. Fractions of in-

terest from anion-exchange chromatography were spin-filter concentrated and injected onto a 16/60

Sephacryl R©-100 gel-permeation column, pre-equilibrated with 50 mM HEPES, 0.1 M NaCl, pH 8.0.

The absorbance of the column effluent was monitored at 280 nm (blue) and 445 nm (red) and 2

mL fractions were collected. Fractions corresponding to the five shaded zones on the gel-permeation

chromatogram (grey regions in a.) were pooled and spin-filter concentrated to a volume of <100 µL.

A 10 µL aliquot of each zone was analysed by 1-D PAGE b. and then stained with Coomassie blue

R-250. Panel c. is an enlargement of a section of the 1-D PAGE gel showing the faint orange band

(*).
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Protein concentration of the isolated EBP complex could be estimated spectrophoto-

metrically by NanoDrop, however as impurities were present (figure 4.5) this did not

constitute a reliable measurement. Carotenoid was extracted from the partially puri-

fied EBP complex, which had been isolated from approximately 10 g w/w of gonad

tissue (1 gonad) and analysed by RP-HPLC (figure 4.6). The amount of the major

carotenoid 9′-cis-echinenone was calculated to be approximately 12 nmol, by compar-

ison to an echinenone standard curve (appendix F.1). The amounts of astaxanthin,

all-trans-echinenone, 9′-cis-β-carotene and all-trans-β-carotene were too small to be

accurately calculated. Due to the small quantity of impure EBP complex isolated from

E. chloroticus gonad, an accurate estimation of stoichiometry was not obtainable.

4.3 A second potential CBP from the gonad of E.

chloroticus

Gel-permeation chromatography for the purification of EBP, produced two peaks in the

elution profile which exhibited absorbance at both 280 nm and 445 nm. The molecular

weight of the first peak was estimated to be 75 kDa and the second to be 15 kDa (figure

4.8 a.). The molecular weight range of EBP was estimated at between 10 kDa and 15

kDa as indicated by 1-D PAGE in comparison to 18.69 kDa for the S. purpuratus

homologue identified by mass spectrometry (table 4.2). The second peak of the gel-

permeation chromatogram corresponded to this range. The first peak at 75 kDa may

have been due to a multimeric state of EBP. Assuming a molecular weight of 18.69

kDa the tetramer would be 74.76 kDa or if 15 KDa the pentamer would be expected

to be 75 kDa. However only a single orange coloured band was visible following native

1-D electrophoresis (figure 4.5 b.). An alternative possibility, was that the first peak

corresponded to a second carotenoid-protein complex.

To explore the possibility that the 75 kDa gel-permeation chromatography peak was

due to a second carotenoid-protein complex, the corresponding fractions were analysed

by Q-Sepharose R© anion-exchange chromatography. Proteins were separated into ap-

proximately three, poorly resolved peaks (figure 4.9 a., blue trace). Absorbance at 445

nm, indicating the presence of carotenoid (figure 4.9 a., red trace), was detected across
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the peak range. However the A445nm maxima corresponded to the point-of-inflection

between the second and third A280nm peaks. Fractions from five regions of the elution

profile (figure 4.9 a., grey shaded areas) were analysed by 1-D PAGE (figure 4.9 b.).

No protein stained bands were visible in the region of the gel below 30 kDa. Therefore

the 75 kDa gel-permeation peak was not likely due to tetrameric EBP, which would

have dissociated under the conditions of 1-D PAGE, resulting in a protein stained band

<20 kDa. Of particular interest were protein bands in the vicinity 75 kDa. A band at

approximately 80 kDa stained darkest in fraction four (figure 4.9 b. red arrow), which

corresponded to the A445nm maxima and represented a potential candidate protein.

4.3.1 Proteins identified by mass spectrometry as potential

75 kDa CBP in the gonad of E. chloroticus

The protein band corresponding to 75 kDa in the 1-D PAGE gel (figure 4.8), was excised

for analysis by mass spectrometry. Analysis was performed by LC-ESI LTQ orbitrap

mass spectrometry, which has increased sensitivity relative to MALDI TOF/TOF,

which had been used previously (section 4.2.2.2). A higher resolution of peptides and

sensitivity was required in an attempt to identify as many proteins as possible within

the 75 kDa mass range. Due to the higher sensitivity and peptide resolution capabilities

of the orbitrap mass spectrometer, the stringency of filtering parameters was increased

in order to reduce the number of false positives. Therefore a minimum of two unique

matched peptides were required for a protein identification. Many of the proteins

identified were listed in the database above the mass range analysed, which is likely to

be due to the identification of protein fragments that migrated into the 1-D PAGE gel

section analysed (table 4.4).

Melanotransferrin and a β-glucuronidase, at 79.1 kDa and 71.5 kDa respectively, were

the proteins identified through LTQ-orbitrap mass spectrometry, that were closest to

the expected molecular weight of 75 kDa. However melanotransferrin is a transporter

of iron (Rahmanto et al., 2012) and enzymes of the β-glucuronidase family are involved

in the catabolism of complex carbohydrates (UniProt KB). Therefore neither are likely

to be involved in the binding of carotenoids.
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Figure 4.9: Anion exchange chromatography of 75 kDa gel-permeation fraction corresponding to a

potential CBP from E. chloroticus gonad a. Fractions corresponding to peak 1 from gel-permeation

chromatography were spin-filter concentrated and injected onto a 1 mL Q-Sepharose
TM

anion-exchange

column. Protein was eluted with a gradient of 0-100% 1M NaCl ([B] green line) over 20 mL. The

absorbance of the column effluent was monitored at 280 nm (blue) and 445 nm (red), 2 mL fractions

were collected. Fractions from five zones of interest on the chromatogram (grey regions) were pooled

and spin-filter concentrated to a volume of <100 µL. A 10 µL aliquot of each zone was analysed on

a 12.5% acrylamide gel by 1-D PAGE and stained with Coomassie blue R-250 b. The zone in the

vicinity of 75 kDa, is indicated in red.
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Table 4.4: Analysis of potential 75 kDa CBP† by LTQ-orbitrap mass spectrometry and a NCBI-

Echinodermata database search∗.

Identification Organism Accession no. Score‡ Peptide Matches Mw (kDa)

Total Unique

Toposome P. lividus 33390907 2830.64 20 2 152.8

MYP Strongylocentrotus 73746392 2606.26 22 6 153.6

nudus

P§ - Apolipoprotein B S. purpuratus 115940166 1753.56 27 14 608.8

P - Apolipophorin S. purpuratus 115738361 561.05 7 7 400

precursor

P - Hypothetical S. purpuratus 115964419 499.69 4 4 121.5

(No match)¶

P - KIAA0921 S. purpuratus 115959835 366.54 8 8 167

(neurixin-2α)

P - Cry5 S. purpuratus 115955764 352.87 5 5 64.5

P - von Willebrand factor S. purpuratus 115970015 287.84 6 2 275.1

P - Spna2 S. purpuratus 115954248 268.49 5 5 278.4

P - Mollusc derived S. purpuratus 115948485 244.1 2 2 60.1

growth factor (MDGF)

P - Melanotransferrin S. purpuratus 115970375 228.7 3 3 79.1

P - Mosaic LR11 S. purpuratus 115620455 110.62 3 3 114.5

P - Hypothetical S. purpuratus 115974440 101.86 2 2 58.3

(Arylsulfatase A-like)

P - Hypothetical S. purpuratus 115951227 88.41 2 2 71.5

(β-glucuronidase)

P - Vitellogenin S. purpuratus 115957151 78.39 2 2 243.6

P - Agrin S. purpuratus 115932230 65.5 2 2 148.8

P - Membrane alanine- S. purpuratus 115967651 58.37 2 2 120.8

aminopeptidase

P - Glucosylceramidase S. purpuratus 115806899 47.1 2 2 55

precursor

∗
The NCBI-non-redundant database contains the S. purpuratus genomic sequence.
†

For full results refer to appendix M.1
‡

Scores >37 indicate identity or extensive homology (p<0.05).
§

P - indicates the protein is “Predicted: similar to”.
¶

BLAST homology search result shown in parentheses.
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The identification of an apolipoprotein B-like protein as a potential CBP was of in-

terest, due to the reported associations of carotenoids with lipoproteins. Through the

formation of low-density lipoproteins, apolipoprotein B is involved in the transport of

carotenoids through human plasma (Krinsky et al., 1958), and furthermore lipoproteins

have been reported in fish and marine invertebrates (Ando et al., 1986). Apolipopro-

tein B is much larger than 75 kDa, however it is possible that an apolipoprotein B-like

protein may exist corresponding to a much smaller protein with homology to a single

domain of apolipoprotein B. However, further investigation is required to validate and

identify the 75 kDa gel-permeation peak (which exhibited absorbance at both 280 nm

and 445 nm) as a second CBP in the gonad of E. chloroticus .

4.4 Bioinformatic analysis of the EBP sequence from

E. chloroticus

Significant difficulties were encountered in obtaining sufficient quantities of purified

EBP from E. chloroticus gonads, which limited the degree to which the complex could

be characterised. In such instances bioinformatic approaches can be used to access the

wealth of genomic and proteomic information collated into databases, to make useful

inferences about the protein of interest. Such information obtained can provide avenues

for the advancement of practical characterisation approaches.

4.4.1 Acquisition of EBP cDNA sequence from E. chloroticus

The genomic sequence of the Northern hemisphere sea urchin S. purpuratus , has been

available since 2006 (Sea Urchin Genome Sequencing Consortium, 2006). However S.

purpuratus and E. chloroticus have been evolutionarily separated for an estimated 45

million years, a significant period for the divergence of the two species DNA sequences

to occur (Smith, 1988). Furthermore, the gonads of S. purpuratus are of a small size

relative to those of E. chloroticus (Tegner, 2001) and the dark brown/black colours are

not observed (Tegner, 2001). Therefore the use of the S. purpuratus genomic database
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Figure 4.10: Echinenone-binding protein cDNA sequence. The cDNA sequence of the EBP was

obtained by searching the S. purpuratus sequence against the E. chloroticus transcriptome de novo

assembly. The cDNA sequence is shown above the amino acid translation. Initiator and terminator

codons are shown in red text and the ORF in black text. Parts of the 5′ and 3′ UTRs, flanking

the ORF are shown in blue text. The peptide sequence identified by Mascot search against the S.

purpuratus genome is indicated in green.

for the study of gonad colour variation in E. chloroticus has limitations. A collaborating

laboratory group within the Department of Biochemistry, University of Otago, de novo

assembled a transcriptome of E. chloroticus (Gillard et al., 2014), which provided an

opportunity to obtain the cDNA sequence of the EBP.

The E. chloroticus EBP cDNA sequence (EBP(Ec)) was identified through a BLASTx

search of the S. purpuratus homologue sequence (EBP(Sp)), identified through mass

spectrometry analysis, against the E. chloroticus transcriptome assembly. The mass

spectrometry peptide mass data was then searched against the EBP(Ec) cDNA se-

quence, which resulted in an additional 10 peptide matches (Appendix J) and 66%

sequence coverage (Appendix J.1). The ORF was predicted to be 396 base pairs in

length, resulting in a translated sequence of 131 amino acids (figure 4.10). From the
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amino acid sequence the molecular weight of the protein product was calculated as

14.45 kDa, which was significantly smaller than the predicted ORF of EBP(Sp), at

18.69 kDa. Therefore the possibility was considered that only a partial sequence was

identified as was the case in the truncated S. purpuratus database entry (figure 4.7).

The sequence upstream of the ATG (figure 4.10, red text) was analysed for the pres-

ence of an alternative start codon. However none were identified, although an in-frame

up-stream terminator codon, at -72 bp, limited the search to that point. The com-

pleteness of the E. chloroticus transcriptome assembly was validated and an average

of 8.2-fold sequence coverage was established (Gillard et al., 2014), therefore the EBP

sequence prediction is likely to be correct. Furthermore the predicted molecular weight

of the EBP(Ec) sequence corresponded to both the 15 kDa peak observed on the gel-

permeation chromatogram (section 4.2.3), and the protein stained band which migrated

between 10 and 15 kDa on 1-D PAGE (figure 4.8 b.).

The E. chloroticus EBP peptide matched through mass spectrometry/Mascot search

to the S. purpuratus sequence, was located in the E. chloroticus sequence (figure 4.10,

shown in green). The 13 amino acid peptide sequence from S. purpuratus was EIVEG-

QMVTTVSK (table 4.2). However the 3rd and 4th amino acids V and E are substituted

for I and D, respectively in the E. chloroticus sequence. The change from V to I re-

sulted in a + 14.0 Da mass difference but the change from E to D results in - 14.0

Da mass difference. Therefore although the peptide sequences were not identical the

peptide masses were, due to two amino substitutions which resulted in compensatory

mass changes. Identical masses allowed the peptide to be identified by Mascot.

4.4.2 Expression of EBP in the gonads of E. chloroticus

The E. chloroticus transcriptome sequence was assembled with RNA extracted from

light, medium and dark coloured gonad tissue (Gillard et al., 2014). Analysis of EBP

transcript levels may indicate whether the protein product is a determinant of go-

nad colour. Differential expression analysis of apolioprotein B-like proteins was also

performed due to its potential role in carotenoid transport via lipoproteins. One

unique transcript for EBP (Echl89893 c4) and three for apolipoprotein B-like proteins
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Figure 4.11: Differential expression analysis of two putative CBPs in light, medium and dark E.

chloroticus gonads. Normalised FPKM transcript levels of EBP and apolipoprotein B-like proteins

were obtained from the E. chloroticus transcriptome project. Two E. chloroticus females for each

gonad colour group; light medium and dark were included in the data pool, from which one EBP

(Echl89893 c4) and three apolipoprotein-B like protein (Echl83863 c0, Echl92754 c1 and Echl77394 -

c0) transcripts were identified. Differential expression analysis was performed in edgeR, with a false

discovery rate (FDR) significance threshold of p<0.05.

(Echl83863 c0, Echl92754 c1 and Echl77394 c0) were identified within the transcrip-

tome assembly.

The transcript levels, measured in normalised fragments/kbase of mapped reads (FPKM),

were determined for each of the four transcripts (section 2.7.3). Similar expression lev-

els were found between the EBP transcript Echl89893 c4 and two of the three proteins,

Echl83863 c0 and Echl77394 c0 (figure 4.11). The third apolipoprotein-B like protein,

Echl92754 c1, was expressed at a relatively higher level. However, none of the tran-

scripts exhibited significant differential expression between gonad colour groups. This

suggested that although EBP and potentially apolipoprotein-B like proteins may bind

and interact with carotenoids they are unlikely to be major determinants of gonad

coloration.
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4.4.3 Relationship of EBP to the calycin protein superfamily

The calycin protein superfamily is characterised structurally by a β-barrel tertiary

structure which forms a pocket for the binding of a wide variety small hydrophobic

molecules (Flower, 1993; Flower et al., 1993). The superfamily can be divided into

three main branches, lipocalins, FABPs and avidins (Flower, 1993) (section 1.5.2). The

non-enzymatic CBPs which have been previously structurally characterised have been

classified as lipocalins (Flower, 1996) and in addition, a BLASTp search of EBP(Ec)

identified putative conserved domains common to the lipocalin family (appendix K).

Therefore comparison of EBP to other members of the lipocalin family may provide

some preliminary insights into protein-ligand interactions and protein function.

4.4.3.1 Comparison of the E. chloroticus EBP sequence to members of

the lipocalin family

The predicted amino acid sequences of EBP(Ec) and EBP(Sp) were compared to sev-

eral members of the lipocalin family. The lipocalin family can be further subdivided

into kernel and outlier lipocalins based upon the presence of three separate amino acid

sequence motifs -GXWY-, -TDYXXY- and -R- (where X may be any amino acid),

which are located within regions of highly conserved 3-D structure, known as struc-

turally conserved regions (SCRs) (Flower et al., 1993; Flower, 1996; Flower et al.,

2000). Most of the proteins in the family are kernel lipocalins containing all three

SCRs, whereas less common outlier lipocalins contain one or two SCRs (Flower, 1996)

(section 1.5.2.3).

Both kernel and outlier lipocalins were included in the sequences selected for multiple

sequence alignment (MSA) comparison with the EBP sequences. Due to the limited

levels of characterisation of many of the CBPs reported in the literature, few amino

acid sequences are available. However the sequence of crustacyanin subunit A1 from

Homarus gammarus, was obtained from UniProt Kb and included as a kernel lipocalin.

The other kernel lipocalin sequences selected were those of retinol-binding protein

(RBP-4) from Homo sapiens, billin-binding protein (BBP) from Papilio machaon, ma-

jor urinary protein (MUP) from Mus musculus and β-lactoglobulin (BLG) from Bos
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taurus. The outlier lipocalins selected were the CBP glutathione-S-transferase Pi-1

(GSTP1) from Homo sapiens, von Ebner’s gland protein (VEGP) and probasin (Pro)

from Rattus norvegicus (figure 4.12).

The MSA indicated that at 131 amino acids in length the EBP(Ec) sequence was

considerably shorter than the lipocalin sequences, which are generally between 160 and

180 amino acids in length (Flower et al., 2000). The alignment gaps appear to be mostly

at the N-terminal and to a lesser extent the C-terminal regions of EBP(Ec) (figure 4.12).

The N-terminal region of EBP(Ec) is also truncated relative to EBP(Sp) resulting in

the calculated molecular weights of 14.45 kDa compared to 18.68 kDa respectively.

However it appears that the remainder of the EBP(Sp) amino acid sequence is highly

similar to that of EBP(Ec), particularly towards the C-terminal region (figure 4.12).

The three conserved sequence motifs (figure 4.12, magenta shading) were identified in

all of the kernel lipocalins included in the analysis. The outlier lipocalins, VEGP and

probasin, both contained the first motif, VEGP also contained the third motif and

GSTP-1 only contained the second motif. The -GXW- portion of the first motif was

also identified in the EBP(Ec) sequence, which would allow it to be classified as an

outlier lipocalin. However, EBP(Sp) would not be included in the lipocalin family as

none of the conserved motifs were identified in the sequence.

A low sequence similarity was observed between EBP(Ec) and the lipocalin sequences

analysed and it addition similarity across the lipocalin reference sequences was also

low. This is consistent with previous reports in the literature, as despite the tertiary

structures being highly conserved (Flower, 1996; Flower et al., 2000), alignment scores

of <20% are common (Flower et al., 2000). A sequence similarity of 20% is considered

the threshold for the inference of evolutionarily meaningful alignments, below which

the level of false positives increases exponentially (Rost, 1999). Therefore a structural

relationship of EBP(Ec) to lipocalin proteins cannot be confidently predicted.
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10. 20. 30. 40. 50.
Ec .......................MP..........TDFSGKW...........TM 11
Sp ....MRITLTLRGNLGFSLGAEDLP..........SSLQARHHNPVTAFNKRAEK 41
GSTP1 ....DKIPNFVVPGKCASVDRNKLWAEQTPNR...NSYAGVWYQFALTNNPYQLI 48
C-A1 ....DKIPNFVVPGKCASVDRNKLWAEQTPNR...NSYAGVWYQFALTNNPYQLI 48
RBP MKWVWALLLLAALGSGRAERDCRVSSFRVKENFDKARFSGTWYAMAKKDPEGLFL 55
BBP MFRYIAIAVLFAAATSEVIFEGPCPDVKTVENFEFEAYGGTWYEMARYPNAGEED 55
MUP ....MKMLLLLCLGLTLVCVHAEEA.SSTGRNFNVEKINGEWHTIILASDKREKI 50
BLG ....MKCLLL...ALALTCGAQALIVTQTMKGLDIQKVAGTWYSLAMAASDISLL 48
von .....MKALLLTFGLSLLAALQAQAFPTTEEN...QDVSGTWYLKAAAWDKEIPD 47
pro MRVILLLLTLDVLGVSSMMTDKNLK..........KKIEGNWRTVYLAASSVEKI 45

60. 70. 80. 90.
Ec DKH.......GDMTGDIMDSMGIPADQRPTLPITKIDVEITQEGENFTIKSQAA. 58
Sp VRKTGNFSSHGELSNDLMDTMCIPADRRPNLPIDKLTVKVTQKDDHFDITSETP. 95
GSTP1 E............KCVRNEYSF..........DGKQFVIKSTGIAYDGNLLKRNG 81
C-A1 E............KCVRNEYSF..........DGKQFVIKSTGIAYDGNLLKRNG 81
RBP QDN............IVAEFSVDETGQMSATAKGRVRLLNNWDVCA.DMVGTFTD 97
BBP TKG..........KCTIAEYTVNGDKGK....VKNSHVIDAVQHDIYGDLTLVAP 96
MUP EDN.......GNFRLFLEQIHVLENSL.....VLKFHTVRDEECSELSMVADKT. 92
BLG DAQ......SAPLRVYVEELKPTPEGDL....EILLQKWENGECAQKKIIAEKT. 92
von KKF.......GSVSVTPMKIKTLEGGNL....QVKFTVLIAGRCKEMSTVLEKT. 90
pro NEG..........SPLRTYFRRIECGKRCNRINLYFYIKKGAKCQQFKIVGRRSQ 90

100. 110. 120. 130. 140.
Ec .ARCNEY...........SF.........VVGSTFETSLVAFLPKMTVSAAWEGE 92
Sp .ERSNTY...........SF.........DVGPSFETSLVGFLPKMSVTASWEGD 129
GSTP1 KLYPNPFGEPHLSIDYENSF....AAPLVILETDYSNYACLYSCIDYNF..GYHS 130
C-A1 KLYPNPFGEPHLSIDYENSF....AAPLVILETDYSNYACLYSCIDYNF..GYHS 130
RBP TEDPAKF...KMKYWGVASFLQKGNDDHWIVDTDYDTYAVQYSCRLLNLDGTCAD 149
BBP GKIMITY...TFGGLSKNSY.......LYVLDTDYKSYSIGYSCKYFK.DGNKHQ 140
MUP .EKAGEY...SVTYDGFNTF........TIPKTDYDNFLMAHLINEKD...GETF 132
BLG .KIPAVF...KIDALNENKV........LVLDTDYKKYLLFCMENSAE...PEQS 132
von .DEPAKY....TAYSGKQVL.......YIIPSSVEDHYIFYYEGKIHR....HHF 129
pro DVYYAKY.......EGSTAF........MLKTVNEKILLFDYFNRNRR...NDVT 127

150. 160. 170. 180. 190.
Ec KLAFTAENGFKMLREIIDGQMVTTVSKGDVSFQVIFNKV................ 131
Sp NLLFTAENGFKMLREIVEGQMVTTVSKGDVSFKVVFDKV................ 168
GSTP1 DFSFIFSRSAN.LADQYVKKCEAAFKNINVDTTRFVKTVQ.GSSCPYDTQKTV.. 181
C-A1 DFSFIFSRSAN.LADQYVKKCEAAFKNINVDTTRFVKTVQ.GSSCPYDTQKTV.. 181
RBP SYSFVFSRDPNGLPPEAQKIVRQ..RQEELCLARQYRLIVHNGYCDGRSERNLL. 201
BBP VLAWIKSRSKK.LDCEAKYKIDNFLRTSKVLDSARFVLNEHSEAVCTAPTIKTIT 194
MUP QLMGLYGREPD.LSSDIKERFAQLCEKHGILRENIIDLSN.ANRCLQARE..... 180
BLG LACQCLVRTPE.VDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHI........ 178
von QIAKLVGRDPE.INQEALEDFQSVVRAGGLNPDNIFIPKQ.SETCPLGSN..... 177
pro RVAGVLAKGRQ.LTKDEMTEYMNFVEEMGIEDENVQRVMD.TDTCPNKIRIR... 177

Ec .... 131
Sp .... 168
GSTP1 .... 181
C-A1 .... 181
RBP .... 201
BBP EFLK 198
MUP .... 180
BLG .... 178
von .... 177
pro .... 177

X non conserved

X similar

X ≥ 50% conserved

X ≥ 80% conserved

SCRs

1

X   SCRs   

10. 20. 30. 40.
EBP(Ec) .....................MP............TDFSGKWTMDK......... 13
EBP(Sp) ..MRITLTLRGNLGFSLGAEDLP............SSLQARHHNPVTAFNKRAEK 41
GSTP1 .MPPYTVVYFPVRGRCAALRMLL............ADQGQSWKEEV......... 33
CA1 ....DKIPNFVVPGKCASVDRNKLWAEQTPNR...NSYAGVWYQFA......... 39
RBP4 MKWVWALLLLAALGSGRAERDCRVSSFRVKENFDKARFSGTWYAMA......... 46
BBP MFRYIAIAVLFAAATSEVIFEGPCPDVKTVENFEFEAYGGTWYEMA......... 46
MUP ....MKMLLLLCLGLTLVC.VHAEEASSTGRNFNVEKINGEWHTII......... 41
BLG .......MKCLLLALALTCGAQALIVTQTMKGLDIQKVAGTWYSLA......... 39
VEGP .....MKALLLTFGLSLLAALQAQAFPTTEEN...QDVSGTWY.LK......... 37
pro MRVILLLLTLDVLGVSSMMTDKNLK..........KKIEGNWRTVY......... 36

50. 60. 70. 80.
EBP(Ec) .....HGDMTGDIMDS.....MGIPADQRP.......TLPITKIDVEITQEGENF 51
EBP(Sp) VRKTGNFSSHGELSNDL.MDTMCIPADRRP.......NLPIDKLTVKVTQKDDHF 88
GSTP1 ........VTVETWQEGSLKASCLYGQLPKFQDGDLTLYQSNTILRHLGRTLGLY 80
CA1 .....LTNNPYQLIE......KCVRNEYSF.......DGKQFVIKSTGIAYDGNL 76
RBP4 .....KKDPEGLFLQDNIVAEFSVDETGQMSATA...KGRVRLLNNWDVC.ADMV 92
BBP .....RYPNAGEEDTKG....KCTIAEYTVNGD....KGKVKNSHVIDAVQHDIY 88
MUP .....LASDKREKIEDN.GNFRLFLEQIHVLENS..LVLKFHTVRDEECSELSMV 88
BLG .....MAASDISLLDAQSAPLRVYVEELKPTPEGD.LEILLQKWENGECAQKKII 88
VEGP .....AAAWDKEIPDKKFGSVSVTPMKIKTLEGGN.LQVKFTVLIAGRCKEMSTV 86
pro .....LAASSVEKINEG.SPLRTYFRRIECGKRCNRINLYFYIKKGAKCQQFKIV 85

90. 100. 110. 120.
EBP(Ec) TIKS..QAAARCN....EYS..........FVVGSTFET...........SLVAF 79
EBP(Sp) DITS..ETPERSN....TYS..........FDVGPSFET...........SLVGF 116
GSTP1 GKDQ..QEAALVDM...VNDGVEDLRCKYISLIYTNYEAGKDDYVKALPGQLKPF 130
CA1 LKRNGKLYPNPFGEPHLSIDYENSF.AAPLVILETDYSN...........YACLY 119
RBP4 GTFTDTEDPAKFKMKYWGVASFLQKGNDDHWIVDTDYDT...........YAVQY 136
BBP GDLT.LVAPGKIMI...TYTFGGLSKNSYLYVLDTDYKS...........YSIGY 128
MUP ADKT..EKAGEYSV...TYDGFNTF.....TIPKTDYDN...........FLMAH 122
BLG AEKT..KIPAVFKID..ALNENKVL......VLDTDYKK...........YLL.F 121
VEGP LEKT..DEPAKYT....AYSGKQVL.....YIIPSSVED...........HYI.F 118
pro GRRS..QD..VYYA...KYEGSTAF......MLKTVNEK...........ILL.F 115

130. 140. 150. 160. 170.
EBP(Ec) LPKMTVSAAWEGEKLAFTAE.NGFKMLREIIDGQMVT..TVSKGDVSFQVIFNKV 131
EBP(Sp) LPKMSVTASWEGDNLLFTAE.NGFKMLREIVEGQMVT..TVSKGDVSFKVVFDKV 168
GSTP1 ETLLSQNQGGKTFIVGDQISFADYNLLDLLLIHEVLAPGCLDAFPLLSAYVGRLS 185
CA1 SCIDYNF..GYHSDFSFIFS.RSAN.LADQYVKKCEA..AFKNINVDTTRFVKTV 168
RBP4 SCRLLNLDGTCADSYSFVFS.RDPNGLPPEAQKIVRQ....RQEELCLARQYRLI 186
BBP SCKYFK.DGNKHQVLAWIKS.RSKK.LDCEAKYKIDN..FLRTSKVLDSARFVLN 178
MUP ..LINEKDGETFQLMGLYG..REPD.LSSDIKERFAQ..LCEKHGILRENIIDLS 170
BLG .CMENSAEPEQSLACQCLV..RTPE.VDDEALEKFDK..ALKALPMHIRLSFNPT 170
VEGP .YYEGKIHRHHFQIAKLVG..RDPE.INQEALEDFQS..VVRAGGLNPDNIFIPK 167
pro DYFNRNRRNDVTRVAGVLA..KGRQ.LTKDEMTEYMN..FVEEMGIEDENVQRVM 165

180. 190.
EBP(Ec) ......................... 131
EBP(Sp) ......................... 168
GSTP1 ARPKLKAFLASPEYVNLPINGNGKQ 210
CA1 Q.GS.....SCPYDTQKTV...... 181
RBP4 VHNG.....YCDGRSERNLL..... 201
BBP EHSE.....AVCTAPTIKTITEFLK 198
MUP NANR......CLQARE......... 180
BLG QLEE.....QCHI............ 178
VEGP Q.SE.....TCPLGSN......... 177
pro D.TD.....TCPNKIRIR....... 177

X non conserved

X similar

X ≥ 50% conserved

X ≥ 80% conserved

SCRs

1

Figure 4.12: Multiple sequence alignment of E. chloroticus and S. purpuratus EBP with members of

the lipocalin family. Multiple sequence alignment of E. chloroticus EBP and S. purpuratus homologues

with eight members of the lipocalin family was performed using MUSCLE. The lipocalins consisted

of five kernel lipocalins; crustacyanin-A1(CA1) from Homarus gammarus, retinol-binding protein-4

(RBP4) from Homo sapiens, bilin-binding protein (BBP) from Papilio machaon, major urinary protein

(MUP) from Mus musculus, and β-lactoglobulin (BLG) from Bos taurus. Three outlier lipocalins,

glutathione-S-transferase Pi-1 (GSTP1) from Homo sapiens and von Ebners’s gland protein (VEGP)

and probasin (Pro) from Rattus norvegicus, were also included. Positions where ≥50% of residues are

similar are shaded yellow. Positions where residue identity is 50≥80% are shaded blue. Positions with

≥80% residue identity are shaded green. SCRs are shaded magenta. Amino acid position numbering

is with respect to BBP.
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4.4.3.2 Comparison of E. chloroticus EBP sequence to members of the

FABP family

Domains conserved across the lipocalin family were identified in the EBP(Ec) sequence

by BLASTp. However, the greatest sequence homology for both EBP(Sp) and EBP(Ec)

was to members of the FABP family of proteins (appendix K ). The FABP family is

another branch of the calycin superfamily, which in addition to fatty acids, bind and

transport a range of other ligands. Amongst the characterised ligands are retinol,

retinal and retinoic acid, which are derivatives of the carotenoid β-carotene (Vogel

et al., 1999). Furthermore, the BLASTp R© searches of both EBP(Sp) and EBP(Ec)

indicated homology with members of the FABP family.

The FABP sequences chosen for alignment cover a range of ligand binding specificities.

The liver (FABP1) and intestinal forms (FABP2) (sequences from Rattus norvegicus),

exhibit high specificity for binding fatty acids, although they do not exclusively bind

a single type of fatty acid (Storch and McDermott, 2009). Retinol-binding protein-

1 (RBP1) and cellular retinoic acid-binding protein (cRABP) (sequences from Homo

sapiens), exhibit high specificity for retinol and retinoic acid respectively (Gottesman

et al., 2001). Adipocyte lipid-binding protein (ALBP) (sequence from Rattus norvegi-

cus) exhibits ligand promiscuity and is able to bind both fatty acids and all-trans-

retinoic acid (Baxa et al., 1989).

At 131 amino acids in length EBP(Ec) exhibited greater similarity to the FABPs,

which ranged between 127 and 150 amino acids, than to the lipocalins. However,

EBP(Sp) was closer in length to the lipocalin sequences analysed (figure 4.12). The

first 20 amino acids of the N-terminus of EBP(Sp) did not align to any of the FABP

sequences analysed and were excluded from the alignment image (figure 4.13). Outside

of the first 20 amino acids of EBP(Sp) a higher sequence conservation across the FABP

alignment was observed relative to the lipocalin alignment. This was indicated by a

greater proportion of both blue and green shaded regions corresponding to positions

with >50% and >80% sequence identity respectively (figure 4.13).

It appeared that the EBP(Sp) sequence was anomalous, as the N-terminal region

aligned with members of the lipocalin family. However the mid and C-terminal re-
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CHLOROTICUS

20. 30. 40. 50. 60. 70.
EBP(Ec) MPTDFSGKW............TMDKHGDM......TGDIMDSMGIPADQRPT..L 35
EBP(Sp) LPSSLQARHHNPVTAFNKRAEKVRKTGNFSSHGELSNDLMDTMCIPADRRPN..L 72
FABP2 ..MAFDGTW............KVDRNENY.......EKFMEKMGINVVKRKL..G 32
FABP1 ..MNFSGKY............QVQSQENF.......EPFMKAMGLPEDLIQK..G 32
ALBP MCDAFVGTW............KLVSSENF.......DDYMKEVGVGFATRKV..A 34
RBP1 MPVDFTGYW............KMLVNENF.......EEYLRALDVNVALRKI..A 34
cRABP MP.NFSGNW............KIIRSENF.......EELLKVLGVNVMLRKIAVA 35

80. 90. 100. 110. 120.
EBP(Ec) PITKIDVEITQEGENFTIKSQAAARCNEYSFVVGSTFETSLV.AFLPKMTVSAAW 89
EBP(Sp) PIDKLTVKVTQKDDHFDITSETPERSNTYSFDVGPSFETSLV.GFLPKMSVTASW 126
FABP2 AHDNLKLTITQEGNKFTVKESSNFRNIDVVFELGVDFAYSL..ADGTELTGTWTM 85
FABP1 KDIKGVSEIVHEGKKVKLTITYGSKVIHNEFTLGEECELET..MTGEKVKAVVKM 85
ALBP GMAKPNLIISVEGDLVVIRSESTFKNTEISFKLGVEFDEIT..PDDRKVKSIITL 87
RBP1 NLLKPDKEIVQDGDHMIIRTLSTFRNYIMDFQVGKEFEEDLTGIDDRKCMTTVSW 89
cRABP AASKPAVEIKQEGDTFYIKTSTTVRTTEINFKVGEEFEEQT..VDGRPCKSLVKW 88

130. 140. 150. 160.
EBP(Ec) EGEKLAFTAE.......NGFKMLREI.IDGQMVTTVSKGDVSFQVIFNKV..... 131
EBP(Sp) EGDNLLFTAE.......NGFKMLREI.VEGQMVTTVSKGDVSFKVVFDKV..... 168
FABP2 EGN.KLVGKFK.RVDNGKELIAVREI.SGNELIQTYTYEGVEAKRIFKKE..... 132
FABP1 EGDNKMVTTF.......KGIKSVTEF.NGDTITNTMTLGDIVYKRVSKRI..... 127
ALBP DGG.VLVHVQ...KWDGKSTTIKRRX.DGDKLVVECVMKGVTSTRVYXRAXAKGR 137
RBP1 DGD.KLQCVQ...KGEKEGRGWTQWI.EGDELHLEMRVEGVVCKQVFKKVQ.... 135
cRABP ESENKMVCEQKLLKGEGPKTSWTRELTNDGELILTMTADDVVCTRVYVRE..... 138

EBP(Ec) ............. 131
EBP(Sp) ............. 168
FABP2 ............. 132
FABP1 ............. 127
ALBP GPGLKFASNSTIT 150
RBP1 ............. 135
cRABP ............. 138

X non conserved

X similar

X ≥ 50% conserved

X ≥ 80% conserved

SCR1

1
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Figure 4.13: Multiple sequence alignment of E. chloroticus EBP and the S. purpuratus homologue with

members of the FABP family. Multiple sequence alignment of E. chloroticus EBP and S. purpuratus

homologue with five members of the FABP family was performed using MUSCLE. The five FABPs used

in the alignment were; intestinal-FABP-2 (FABP2), liver-FABP-1 (FABP1), adipocyte lipid-binding

protein (ALBP) from Rattus norvegicus, retinol-binding protein-1 (RBP1) and cellular retinoic acid-

binding protein (cRABP) from Homo sapiens. Positions where ≥50% of residues are similar are

shaded yellow. Positions where residue identity is 50≥80% are shaded blue. Positions with ≥80%

residue identity are shaded green. SCR1 is shaded magenta. Amino acid position numbering is with

respect to EBP(Sp), for which the first 20 amino acids are not shown.
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gions of the sequence were observed to be highly conserved across FABPs. Therefore

it appears that following the divergence of E. chloroticus and S. purpuratus from the

common ancestral sea urchin species, EBP(Sp) acquired approximately 20 amino acids

from the N-terminus of a lipocalin.

MSAs of E. chloroticus EBP with both lipocalins and FABPs suggest that the protein

is likely to be a member of the latter family. However as E. chloroticus EBP and the

other FABPs contain the -GXW- portion of the first SCR of lipocalins they could also

be classed in the outlier sub-group of that family. Therefore the current distinctions

between the two families requires clarification. Phylogenetic analyses of the two groups

indicated the absence of a common ancestor (Ganfornina et al., 2000), but FABPs may

have diverged from the lipocalins. Alternatively, FABPs and lipocalins may not be

evolutionarily related and the shared sequence motif and similarity in tertiary struc-

ture, may be the result of convergent evolution towards the function of small molecule

binding (Ganfornina et al., 2000).

4.5 Conclusions

A small protein of approximately 15 kDa in size was purified with bound carotenoid

from the gonad of the sea urchin E. chloroticus . The carotenoid was extracted from the

protein and identified by RP-HPLC to constitute mainly 9′-cis-echinenone, therefore

the protein complex was named as an echinenone-binding protein (EBP). The apo-

protein was analysed by MALDI TOF/TOF mass spectrometry and in conjunction

with peptide sequence searching against databases containing the S. purpuratus (purple

sea urchin) genomic sequences, was identified as a hypothetical ORF, but had predicted

homology to members of the FABP family.

The E. chloroticus EBP cDNA sequence was made available through the de novo as-

sembly of the E. chloroticus transcriptome (Gillard et al., 2014). Bioinformatics was

used to explore the relationship of EBP to other families of small hydrophobic ligand-

binding proteins. MSAs validated the BLAST homology search, indicating significant

sequence similarity between EBP and members of the FABP family. However differ-

ences in the molecular weight and N-terminal sequences of EBP from E. chloroticus
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and S. purpuratus , suggest that the S. purpuratus homologue has acquired additional

sequence.

Instrumental to the bioinformatic approach was the availability of the EBP cDNA

sequence, which was obtained from a de novo transcriptome assembly of E. chloroticus .

Data produced by the E. chloroticus transcriptome will provide a unique and valuable

resource for the study of sea urchins. It may also provide new leads in the investigation

into the mechanisms contributing to E. chloroticus gonad colour variation.
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Chapter 5

Recombinant EBP expression and

characterisation

A protein with the carotenoid 9′-cis-echinenone bound to it (EBP) was partially puri-

fied from the gonad of E. chloroticus . However, significant difficulties were encountered

when attempting to produce highly purified preparations of EBP in the quantities re-

quired for characterisation experiments. A modest increase in the purity of EBP could

be obtained, however this negatively impacted upon the already low yield of the com-

plex. Furthermore, many of the structural and functional characterisation techniques

such as spectroscopy, light scattering, binding assays and crystallography require both

high sample purity >95% and reasonable sample quantities.

A de novo assembly of the E. chloroticus transcriptome allowed the identification of

the EBP ORF DNA sequence. Obtaining the EBP DNA sequence provided an op-

portunity to circumvent the problems associated with purification of EBP from gonad

tissue and enabled the production of the protein recombinantly. The production of

EBP using recombinant methods has the potential to produce much greater quantities

of protein than was capable through extraction and purification from the native E.

chloroticus gonad source. Recombinant protein production also provides the opportu-

nity to engineer the protein with tags or fusion partners to aid purification. In addition,

constructs may be trialed to optimise protein production in a relatively short amount

of time without incurring great expense. Furthermore recombinant protein production
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provides the added advantage that the challenge of interfering molecules such as lipids

should be greatly reduced.

5.1 Molecular biology

The identification of the EBP mRNA sequence from the E. chloroticus transcriptome

(Gillard et al., 2014) enabled the design of primers for the synthesis of cDNA, which

could then be used in cloning (section 2.5.1). Due to the small quantity of EBP isolated

from E. chloroticus gonads (section 4.2.2), it was expected that the quantity of EBP

transcripts in the mRNA sample would be low. This was confirmed following cDNA

synthesis, by reverse transcription PCR, as an immeasurably small quantity of EBP

cDNA was produced which was only just visible when analysed on an agarose gel.

Therefore a second cycle of PCR, using the first round product as the template was

performed. Following the second PCR procedure a defined band in the size range

expected for EBP (413 bp) was visible when analysed on an agarose gel (figure 5.1),

indicating the production of sufficient cDNA for cloning. Furthermore no other bands

were visible on the agarose gel indicating that the EBP cDNA was the main product.
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Figure 5.1: EBP cDNA following synthesis by reverse transcription. EBP cDNA was synthesised from

total mRNA extracted from E. chloroticus gonad by reverse transcription PCR. The cDNA product

was then used as a template for an additional round of PCR. A 5 µL aliquot of the second round PCR

product was analysed on a 1% w/v agarose gel, which was visualised under UV light.
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The EBP cDNA was inserted into a modified pET-28a plasmid vector, which contained

an N-terminal hexa-histidine tag. The plasmid had been modified in previous research

to incorporate a TEV-pro cleavage site in the short region between the EBP ORF and

the His-tag (section 2.5.2 figures 2.2 and 5.2 a.). The hexa-histidine tag and TEV-pro

cleavage site provided a method of protein purification by IMAC. This was important

as the protein would be produced in the apo-state without the carotenoid bound.

Therefore purification by tracking and selecting for both carotenoid absorbance, as

was the strategy for native purification, was not possible.

5.2 Protein Expression and purification

The strategy adopted was to express and purify the apo-protein form of EBP and

then attempt to reintroduce the ligand to the purified protein. It was thought that

this would be the most straight forward approach. A method for the solubilisation of

supra-physiological concentrations of carotenoid in growth media (Gross et al., 1997)

was investigated, with the idea that carotenoid dissolved in the culture media would

be available for incorporation into protein complexes during synthesis. However this

approach proved to be impractical, due to limitations of the quantities of purified

echinenone which were available.

Recombinant production of apo-proteins can result in solubility issues as the ligand

may help to stabilise the protein in the correct conformation, particularly if the ligand

is hydrophobic. As carotenoids are highly hydrophobic, the EBP would be expected

to have a reasonable proportion of non-polar amino acids for complexing with the

ligand. These residues are usually buried, but in the absence of the ligand may become

solvent exposed, resulting in hydrophobic patches on the surface of the protein causing

aggregation. However numerous lipocalins and FABPs have been successfully expressed

as apo-proteins (Müller and Skerra, 1993; Kane et al., 1996; Tabunoki, 2002; Bhosale,

2004; Wilson, 2006).
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5.2.1 Trial expressions of apo-EBP

The expression of recombinant EBP was analysed by 1-D PAGE. Three hours post-

induction with IPTG the appearance of a prominent protein stained band, which mi-

grated at approximately 15 kDa, was observed (figure 5.2 b.). The 15 kDa band

corresponded to the expected molecular weight of recombinant hexa-histidine-tagged

EBP, which was calculated to be 16.85 kDa (figure 5.2). Furthermore as the protein

was not observed as a band on 1-D PAGE in the samples prior to induction, it could

be putatively identified as recombinant EBP. To confirm the identity of the 15 kDa

band as recombinant EBP, the band was excised for analysis by MALDI TOF/TOF

mass spectrometry. The mass spectrometry data obtained produced a match to the S.

purpuratus homologue of EBP (NCBI accession number 390363640), which involved

the same part of the protein sequence as previously (section 4.2.2.2 and appendix J).

Therefore the 15 kDa band was positively identified as recombinant EBP.
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Figure 5.2: Sequence map and trial expression of recombinant apo-EBP. Sequence map of recombi-

nant EBP a., indicating positions of the hexa-histidine tag (red), TEV-pro cleavage site (blue) and

calculated molecular weights of the peptides. EBP-C61S b. was induced with 0.125 mM IPTG at

28◦C once cultures reached OD600nm = 0.6 and samples were collected prior to induction and at 3, 6

and 9 hours post-induction. Bacteria were pelleted and resuspended in lysis buffer with sonication,

prior to centrifuging at 13,000 g. Pellets were resuspended in 100 µL of SDS-sample buffer. A 10

µL aliquot of supernatant (S) and pellet fractions (P) for each time point were analysed on a 12.5%

acrylamide gel by 1-D PAGE and stained with Coomassie blue R-250. Black arrow indicates 15 kDa

EBP band.

A range of different conditions for the expression of EBP were trialed, including differ-

ent E. coli expression strains, growth media, inducer concentrations and temperatures

(section 2.6.1). Under all conditions tested the proportion of EBP, obtained from the

cell lysate, representing soluble protein was low, approximately <10%. Growth medium

type, inducer concentration and bacterial cell line all affected the bacterial growth rates
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Table 5.1: Effect of E. coli cell line and culture medium upon growth rates and biomass at 37◦C.

Growth time† (min ± S.D.) Biomass§ (g ± S.D.)

Cell line LB‡ TB¶ LB TB

BL21(DE3) 146 ± 4.0 132 ± 2.9 0.23 ± 0.014 0.35 ± 0.021

Rosetta
TM

303 ± 7.5 232 ±10.4 0.16 ± 0.017 0.27 ± 0.030

†
Time taken for culture to reach OD600nm = 0.55-0.65, after inoculation with

a 1 in 100 dilution of overnight culture.
§

Mass of cell pellet from 50 mL of culture, 9 h post-induction with 0.125 mM

IPTG.
‡

Luria broth
¶

Terrific broth

and the biomass of bacterial cultures achieved (table 5.1) but had no apparent effect

on the solubility of the protein produced. Bacterial culture in TB yielded both sig-

nificantly faster growth rates and greater biomasses when compared to culture in LB.

This was not surprising, as the additional nutrients present in TB are known to be

able to support enhanced bacterial growth (Sambrook and Russel, 2001). The growth

rates of E. coli BL21(DE3) carrying the expression plasmid were much faster than E.

coli Rosetta
TM

at 132 ± 2.9 min compared to 232 ± 10.4 min in TB to reach OD600nm

= 0.6. E. coli Rosetta
TM

contains extra codons rarely used in E. coli which may be

required for the synthesis of eukaryotic proteins, however the BL21(DE3) lysogen does

not, which may explain the increased growth rate. Therefore the E. coli BL21(DE3)

cell line and TB were chosen for EBP protein expression.

Temperature was the only variable which had any significant effect on the proportion

of soluble EBP produced. To test the optimum temperature cultures were incubated

at 37◦C until just prior to the induction point (approximately OD600nm = 0.5), at

which point they were transferred to an expression temperature of either 18◦C, 22◦C

or 28◦C for 1 h prior to induction (section 2.6.1). When EBP was expressed at 37◦C,

almost all of the protein was insoluble. At 18◦C and 22◦C BL21(DE3) growth rates

stalled and very little EBP was expressed even after 18 h post-induction. Expression

of EBP at 28◦C provided the highest proportion of soluble protein upon cell lysis. At

3 h post-induction apparently equivalent proportions of soluble and insoluble protein

were produced. The proportion of soluble protein was observed to decrease over time,

so that at 9 h post-induction almost all of the EBP was insoluble (figure 5.1 a.).

The proportion of soluble EBP decreased as EBP concentration increased over time,

suggesting that as the concentration of EBP increased in the cell the protein was prone
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to aggregrate, probably due to incorrect folding of EBP in the absence of the ligand.

In order to try to improve the yield of soluble EBP, co-expression with molecular chap-

erones was attempted. The most abundant natural chaperones in E. coli are DnaK,

DnaJ, GrpE, GroES and GroEL, which bind to unfolded or misfolded proteins in

the cell facilitating correct folding (Liberek and Georgopoulos, 1993). It was thought

that the insolubility of recombinant EBP may be due the conditions of bacterial over-

expression, with the high protein concentrations providing insufficient time for correct

protein folding to occur. The co-expression of these chaperones even at low levels

has been shown to increase protein stability and reduce aggregation (Nishihara et al.,

1998). Therefore, the expression of E. coli molecular chaperones was stimulated by

two different methods (section 2.6.1). At OD600nm = 0.5 the bacterial cultures were

transferred to 4◦C for 1 h prior to induction. Alternately, co-expression of chaperone

teams DnaK-DnaJ-GrpE, GroES-GroEL or tig, encoded by a secondary plasmid, were

under inductive control (Thomas et al., 1997; Nishihara et al., 1998, 2000). Chaperone

expression was evaluated by the appearance of protein stained bands, of the expected

size, on 1-D PAGE (not shown). However, co-expression of molecular chaperones by

either heat-shock or induction did not result in an observable increase in the propor-

tion of soluble EBP produced. Therefore EBP proteins maybe correctly folded but

aggregated due to extraneous factors, likely due to a high localised concentration of

the protein.

5.2.2 Enhancement of recombinant EBP solubility through

SDM

The low solubility of recombinant EBP resulted in the production of a low yield of

purified protein and significantly decreased the efficiency of the process. Insoluble pro-

tein may be salvaged by extraction of inclusion bodies into a reducing and denaturing

buffer such as β-mercapoethanol and guanidinium hydrochloride or urea. This is often

followed by an attempt to refold the protein through buffer renaturation, by titrating

out the denaturant during passage through a gel-permeation column (Oganesyan et al.,

2004, 2005; Zhu et al., 2005). However as co-expression with molecular-chaperones did

not increase EBP solubility, it suggested that the cause may not be incorrect folding.
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Therefore it was decided to try to purify EBP from culture conditions that produced the

greatest proportion of soluble protein; harvesting cells 3 h post induction of expression

at 28◦C. However as aggregation appeared to be promoted by high EBP concentrations,

it was possible that protein solubility would further decrease throughout purification,

as the protein was concentrated.

Reduced solubility amongst recombinant proteins may be due to incorrect disulphide

bond formation (de Marco, 2009). Inspection of the EBP amino acid sequence re-

vealed the presence of a single cysteine residue at position 61 (section 4.4, figure 4.10).

Therefore no intramolecular disulphide bonds were possible, however there was the po-

tential to form cross links between cysteines of two different EBP molecules (Gao and

Mehta, 2001). The formation of non-nascent disulfide bonds may be the result of high

protein concentrations during recombinant expression, resulting in protein aggregation

and incorporation into inclusion bodies in vivo. The addition of β-mercaptoethanol in

the lysis buffer was investigated, however it was insufficient for the recovery of soluble

protein. Therefore, an alternative recombinant EBP construct was also designed to try

to enhance protein solubility during expression and purification. Alignment with the

S. purpuratus EBP homologue (EBP(Sp)) indicated that the cysteine residue was not

conserved between the two sea urchin species, with a serine present at the correspond-

ing position of S. purpuratus . A broader comparison indicated that the residue was not

likely to be conserved amongst the FABP family. Asparagine was the most common

amino acid at this position, amongst the five other family members surveyed (section

4.4, figure 4.13). This suggested that the cysteine was not functionally important and

mutation of the cysteine would cause minimal perturbation to protein structure and

function.

As the 3-D structure of the EBP protein was unknown the position and function of

the Cys61 was also undetermined. However if it was involved in the formation of

intermolecular disulfide bonds then it would most likely be solvent exposed. Therefore

substitution to serine is likely to result in minimal disturbance to the protein (Bordo

and Argos, 1991). Furthermore the corresponding amino acid in the EBP(Sp) is serine

suggesting that the substitution would be tolerated. Therefore the cysteine at position

61 was mutated to serine by SDM to produce the EBP-C61S construct. The EBP-C61S

construct was expressed under the conditions optimised for EBP, which resulted in a

high proportion of EBP-C61S in the soluble fraction of the cell lysate 3 h post-induction,
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as estimated by 1-D PAGE (figure 5.3 a.). However, the maximum proportion of

soluble EBP-C61S protein appeared to be produced at 6 h post-induction. Therefore

the solubility of EBP-C61S mutant was enhanced relative to that of the wt recombinant

EBP.
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Figure 5.3: Trial expression of SDM construct and validation of EBP-C61S production by mass

spectrometry. Expression of the EBP-C61S SDM construct was induced with 0.125 mM IPTG at

28◦C once cultures reached OD600nm = 0.6. Culture samples were collected prior to induction and at

3, 6 and 9 h post-induction. Bacteria were pelleted and resuspended in lysis buffer with sonication,

prior to centrifuging at 13,000 g. Pellets were resuspended in 100 µL of SDS-sample buffer. A 10 µL

aliquot of supernatant and pellet fractions for each time point was analysed on a 12.5% acrylamide

gel by reducing and denaturing 1-D PAGE and stained with Coomassie blue R-250 a.. A 15 kDa

band was excised from the 1-D PAGE gel for analysis by MALDI TOF/TOF mass spectrometry b..

Residues matching the EBP-C61S sequence are shown in red and the SDM point is circled in green.

Black arrow in a. indicates the 15 kDa band identified as EBP.

From the 1-D PAGE expression analysis of EBP-C61S the 15kDa band was excised

for analysis by in-gel digest MALDI TOF/TOF mass spectrometry. From the mass

spectrometry analysis a total of 14 unique peptides were able to be matched to EBP-

C61S, providing an 83% sequence coverage. The matched peptides included coverage of

the mutagenesis site and position 61 was identified as serine (figure 5.3 b., green circle),

for full results refer to (appendicies J and J.1). Therefore the SDM was successful and

production of EBP-C61S was confirmed.
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5.3 Purification of recombinant EBP and EBP-C61S

Following optimisation of the conditions for expression of recombinant EBP and EBP-

C61S, the culture size was scaled up, in order to produce enough recombinant protein

for purification. Despite the relative insolubility of the wt EBP protein during ex-

pression, it was decided to attempt to purify the protein. It would be informative to

compare the behaviour of wt EBP during purification to that of the C61S mutant. If

possible the purification of wt EBP was desirable to provide a basis for comparison

during characterisation of the proteins in order to validate that the mutation was not

having significant adverse effects on protein structure or function.

5.3.1 Purification of hexa-histidine tagged recombinant EBP

and EBP-C61S by IMAC

Both EBP and EBP-C61S constructs contained N-terminal hexa-histidine tags (section

5.1) to allow the proteins to be easily purified by IMAC. EBP and EBP-C61S were

expressed under identical bacterial culture conditions and both were harvested 6 h post-

induction. The centrifuged and filtered bacterial cell lysate was injected onto a 5 mL

IMAC chromatography column (section 2.6.3). The IMAC chromatograms indicated

that the majority of the protein eluted as either two small peaks or a single large peak

for EBP or EBP-C61S respectively (figure 5.4 a. and b.). Samples from each peak

region were analysed by 1-D PAGE in order to locate EBP and EBP-C61S (figure 5.4

c. and d.).

Bands migrating at 15 kDa on 1-D PAGE were observed for both peaks 3 and 5

from the EBP chromatogram, whereas the 15 kDa band was only observed in the

fractions corresponding to peak 3 of the EBP-C61S chromatogram (figure 5.4). It was

hypothesised that peak 3 contained monomeric EBP whilst peak 5 contained cysteine

cross-linked dimers. An EBP dimer would contain two hexa-histidine tags, both of

which may be able to interact with the Ni2+-NTA resin, as long as steric hinderance

was not a factor. Therefore the dimer would likely have a stronger interaction with

the resin relative to the monomer and require a higher concentration of imidazole for
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Figure 5.4: Purification of recombinant EBP and EBP-C61S by IMAC. A total of 2 L of TB bacterial

culture incubated at 28◦C was harvested 6 h post-induction with 0.125 mM IPTG. Bacterial cell

lysate was filtered through a 0.45 µm filter and injected onto a 5 mL His-Trap Ni2+-NTA column at

5 mL.min−1 flow of 20 mM HEPES, 20 mM imidazole, 0.5 M NaCl, pH 8.0. Protein was eluted by

a gradient of increasing concentration of imidazole, from 20 mM to 0.5 M imidazole. The column

effluent was monitored at 280 nm and 3 mL fractions were collected. Chromatograms of EBP a. and

EBP-C61S b. are shown, pooled peak regions are labelled P1 to P5. A 10 µL aliquot of fractions

representative of each peak (grey shaded regions) from EBP c. and EBP-C61S d. chromatograms,

were analysed on a 12.5% acrylamide gel by reducing and denaturing 1-D PAGE and stained with

Coomassie blue R-250.
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elution. In comparison, EBP-C61S eluted as a single large peak (figure 5.4 b.), with

the C61S mutation preventing the formation of disulfide cross linked dimers. A similar

effect has been reported where the engineering of a double hexa-histidine tagged protein

resulted in higher affinity for the Ni2+-NTA resin (Khan et al., 2006).

Comparison of the peaks on the EBP and EBP-C61S chromatograms suggested an

approximately 1.5-fold higher yield of the C61S mutant protein relative to the wt

(figure 5.4). This was supported by spectrophotometric protein concentration and

hence amount estimates. The average amount of EBP obtained by pooling IMAC

peaks 3 and 5 was 24±5 mg of protein. In comparison the average amount of EBP-

C61S obtained from a single IMAC peak was 39±2 mg of protein, which equated to a

1.6-fold increase in yield.

Following separation of the major protein contaminants from EBP and EBP-C61S by

IMAC, the hexa-histidine tag was removed by TEV-pro cleavage. The efficiency of

TEV-pro in removing the hexa-histidine tag from EBP was evaluated by 1-D PAGE

(figure 5.5 a.). Removal of the hexa-histidine tag was predicted to result in a decrease

of the molecular weight of recombinant EBP from 16.85 kDa to 14.74 kDa (figure 5.1

a.). The decrease in molecular weight was detected on 1-D PAGE, by a slight increase

in the distance of EBP migration following incubation with TEV-pro. However a band

was also visible at the original position corresponding to 16.85 kDa, indicating that not

all of the hexa-histidine tagged EBP protein was hydrolysed. Following removal of the

hexa-histidine tag the recombinant EBP protein retained an extra four amino acids at

the N-terminus (figure 5.1 a.). However the four additional amino acids are likely to

result in less interference in down stream applications than leaving the tagged protein

intact, as has been reported previously (Bornhorst and Falke, 2000; Block et al., 2009).

Cleavage of the hexa-histidine tag following IMAC also allowed for further purification

of EBP by re-passing the sample through an Ni2+-NTA column. The second IMAC

step (IMAC-2) removed any unhydrolysed hexa-histidine tagged EBP and the TEV-

pro, which was also expressed with a hexa-histidine tag (Tropea et al., 2009), and

any other contaminating proteins with high affinity for the Ni2+-NTA resin. These

contaminating proteins should remain bound to the column whilst the desired protein

eluted in the unbound fractions (Tropea et al., 2009). The unbound fractions from

IMAC-2 were analysed by 1-D PAGE (figure 5.5 b.). In most of the unbound fractions
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the ∼15 kDa protein stained band was the only one visible, indicating that the majority

of the contaminants present after the first IMAC separation had been removed (figure

5.5 a., compared to b.). However in some fractions a thin protein stained band was

also visible at approximately 30 kDa (figure 5.5 b.). The 30 kDa band was most likely

due to TEV-pro which had the hexa-histidine tag cleaved off by autolysis. TEV-pro

contains a S219V amino acid substitution, which is designed to slow the rate of autolytic

cleavage by 100-fold (Tropea et al., 2009), however it was apparent on 1-D PAGE that

the process continued to occur at a low level (figure 5.5 b.).
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Figure 5.5: Hexa-histidine tag removal from recombinant EBP by TEV-pro cleavage. Following

the removal of major contaminating proteins by IMAC the hexa-histidine tag was removed from

recombinant EBP by overnight dialysis (against 20 mM HEPES, 20 mM imidazole, 0.5 M NaCl, pH

8.0) at 4◦C with TEV-pro equivalent to 1
30 w/w of the total protein amount. A 10 µL aliquot of

TEV-pro, hexa-histidine tagged EBP prior to cleavage and EBP post cleavage were analysed by 1-D

PAGE a.. The dialysed protein was then filtered through 0.45 µm filter and re-passed through a 5

mL His-Trap Ni2+-NTA column, at a flow rate of 5 mL.min−1. The column effluent was monitored at

280 nm and the unbound protein was collected for analysis by 1-D PAGE b.. 1-D PAGE analysis was

performed with 12.5% acrylamide gels stained with Coomassie blue R-250 following electrophoresis

5.3.2 Gel-permeation chromatography of recombinant EBP

and EBP-C61S

Following the second IMAC step, 1-D PAGE indicated that both wt and the C61S

mutant forms of EBP had been highly purified (figure 5.5). However traces of high

molecular weight contaminants and TEV pro were visible on the gel, therefore EBP

and EBP-C61S samples were subjected to gel-permeation chromatography.
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Figure 5.6: Gel-permeation chromatography of recombinant EBP and EBP-C61S. Following removal

of the hexa-histidine tags EBP and EBP-C61S were concentrated to <5 mL using a 10 kDa MWCO

Vivaspin R© centrifugal concentrator. The concentrated protein was injected onto a 16/60 Sephacryl R©-

100 gel-permeation column and chromatography was conducted with 120 mL of buffer containing 50

mM HEPES, 0.1 M NaCl, pH 8.0, at a flow-rate of 0.5 mL.min−1. Column effluent was monitored

at 280 nm and 2 ml fractions were collected. Chromatograms, from 40 to 120 mL, for a. EBP and

b. EBP-C61S are shown (note A280nm scales differ between a. and b.). Peak fractions (grey shaded

regions) were pooled and spin-filter concentrated to approximately 10 mg.mL−1 A 2 µL aliquot of the

concentrated peaks from EBP (a.) and EBP-C61S (b.) were analysed on a 12.5% acrylamide gel by

1-D PAGE, c. EBP and d. EBP-C61S and then stained with Coomassie blue R-250.
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Gel-permeation chromatography of wt EBP resulted in the elution of two peaks be-

tween 40 and 120 mL elution volume (figure 5.6 a.). Comparison to a standard curve

of log10 molecular weight versus elution volume (appendix L.1), indicated that the

apparent size of the proteins were 35 kDa and 20 kDa, for peaks one and two respec-

tively. The molecular weights corresponded approximately to those expected for an

EBP monomer and a dimer at 14.7 kDa and 29.4 kDa respectively. The mass dif-

ferences are likely due to differences in protein fold conformation between the EBP

monomer or dimer and the proteins used as standards for production of the standard

curve (Potschka, 1987; Irvine, 2001). A single peak was observed on the gel-permeation

chromatogram of EBP-C61S (figure 5.6 b.). The peak was centred at an elution volume

of 64 mL, which corresponded to 20 kDa from the standard curve (appendix L.1) and

was consistent with monomeric EBP protein (figure 5.6 c.). However the peak exhib-

ited an asymmetrical leading edge and was much broader than the corresponding peak

observed for EBP. These features may be due to a smaller peak from an unresolved

contaminant protein. Alternatively the leading edge may be the result of the much

higher concentration of EBP-C61S protein, relative to EBP, resulting in overloading of

the column (Moore, 1970).

The peak fractions from both EBP and EBP-C61S gel-permeation chromatography

were re-concentrated and analysed by 1-D PAGE. Protein stained bands migrating

between 10 kDa and 15 kDa were observed on 1-D PAGE, for both peaks 1 and 2 of

the EBP chromatogram (figure 5.6 c.). A secondary band was also observed, migrating

just below 30 kDa, from the peak 1 sample. These masses closely correspond to those

expected for the EBP monomer and dimer respectively. Approximately two thirds of

the EBP eluted in the higher molecular weight peak, which indicated that the majority

of EBP was in the dimeric form. As 1-D PAGE samples were incubated at 90◦C for

10 min with β-mercaptoethanol, most of the protein would be reduced to monomer

and therefore would appear on the gel at 15 kDa. However the faintly stained band at

30 kDa indicated that 100% reduction of the disulfide bonds, likely linking two EBP

molecules, was not achieved.

The leading edge and apex regions of the EBP-C61S gel-permeation chromatography

peak 2 were also analysed by 1-D PAGE (figure 5.6 d.). The leading edge (peak 1)

produced a thin band between 10 kDa and 15 kDa, consistent with being EBP-C61S.

No other contaminating protein bands were observed on the 1-D PAGE gel, therefore
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the leading edge was most likely due to an overloading effect on the column (Moore,

1970). A large band at the position expected for EBP-C61S was observed for peak

2. In addition a faint band just below 30 kDa, corresponding to the position of the

dimer, was barely visible. EBP-C61S contained no cysteines and would be unable to

form disulfide bridged dimers. Therefore the presence of a small amount of dimerised

protein may have arisen due to electrostatic interactions between monomers, due to

high local concentrations. The column was in new condition and chromatography was

performed in the presence of 0.1 M NaCl (section 2.4.3.3), which would be expected to

limit electrostatic interactions (Irvine, 2001). However, it is possible the apo-protein

has a small hydrophobic patch exposed which would usually be shielded by interactions

with the carotenoid. In the absence of the ligand and at high concentrations when

protein interactions tend to be more frequent, it may be energetically favourable to

form a dimer through hydrophobic interactions, which appeared to be strong enough

to persist through 1-D PAGE.

From the gel-permeation chromatograms it was evident that the amount of EBP-C61S

loaded on to the column was much higher than that of EBP. From the EBP chro-

matogram the identities of peak 1 and peak 2, were confirmed as EBP by 1-D PAGE.

Therefore chromatogram peak heights were used to estimate that the amount of EBP-

C61S injected onto the column was approximately 6-7 fold higher than that of EBP.

However, following IMAC the disparity in total protein amount was only approximately

1.6-fold in favour of EBP-C61S (section 5.3.1). Small amounts of protein precipitate

were observed in the EBP sample following the centrifuging steps in preparation for

gel-permeation chromatography, which resulted in loss of protein. It is likely the pre-

cipitation was due to the reduced solubility of EBP, relative to that of EBP-C61S.

5.3.3 Gel-permeation chromatography multi-angle laser-light

scattering of EBP and EPB-C61S

Throughout purification, recombinant wt EBP continued to exhibit poor solubility, par-

ticularly in the absence of reducing agents. It had been hypothesised that this was due

to the formation of disulfide bonded dimers, which was supported by gel-permeation

chromatography (section 5.3.2). In order to further investigate this hypothesis EBP
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and EBP-C61S were analysed by gel-permeation chromatography coupled to a multi-

angle laser-light scattering detector (GPC-MALLS). Light scattering is proportional

to molecular weight with larger molecules causing increased scattering (Sahin and

Roberts, 2012), allowing differentiation between monomeric and multimeric protein

states in the presence and absence of reducing agent.

EBP in the presence of β-mercaptoethanol reducing agent was applied to a Superdex R©-

75 gel-permeation column. However, on column separation of EBP from β-mercaptoeth-

anol resulted in EBP dimerisation and subsequent reduced solubility. This was indi-

cated by an increase in column pressure coinciding with the elution of P1 a 30 kDa

(estimated from the calibration curve, provided by the manufacturer) dimer peak (fig-

ure 5.7 a.). The elution of P2 corresponding to the 15 kDa EBP monomer followed,

and subsequent reintroduction of β-mercaptoethanol was sufficient to resolubilise and

elute the precipitated EBP (figure 5.7 a.). Although the initial protein precipitation

prevented MALLS analysis, this experiment provided further evidence that EBP in-

solubility was due to the formation of interchain disulfide bonded dimers. Conversely,

analysis of EBP-C61S performed in the absence of β-mercaptoethanol, resulted in a

single peak, 15 kDa in size (figure 5.7 b.). The molecular weight was confirmed by

the MALLS derived differential refractive index (DRI) calculated mass of 14900 Da.

MALLS provides a very accurate molecular weight assessment as it is an absolute,

stand alone measurement. Reference to standards and assumptions of molecular shape

are not required resulting in lower error margins of ±0.5-3% (Sahin and Roberts, 2012),

compared to approximately 25% observed from Sephacryl R©-100 gel-permeation chro-

matography of EBP.

The absence of a dimer band on native-PAGE when purifying EBP from E. chloroticus

gonad and the low protein yield, suggest that the EBP dimer is not a physiologically

relevant state. Therefore dimeric EBP was likely the result of high protein concentra-

tions produced during recombinant over-expression and purification.
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Figure 5.7: Determination of EBP-C61S molecular weight by GPC-MALLS. A 200 µL aliquot of

2 mg.mL−1 purified EBP + 10 mM β-mercaptoethanol or EBP-C61S was loaded onto a 10/300

Superdex R©-75 gel-permeation column. Gel-permeation chromatography was conducted at a flow rate

of 0.5 mL.min−1 with 50 mM sodium phosphate, 0.1 M NaCl pH 8.0. Gel-permeation chromatogram

of EBP is shown in a.. Column pressure was recorded (green line) and column effluent was monitored

at 280 nm (blue). Peaks are labelled P1-P3. Superdex R©-75 gel-permeation chromatography of EBP-

C61S was conducted in tandem with MALLS b.. The Superdex R©-75 column was connected in-line to

a MALLS detector and differential refractometer to measure differential refractive index (black line).

Standard MALLS instrument settings were used with the dn/dc value for molecular weight (blue line)

calculation was set to 0.186 mL.g−1 and data analysis was performed using GraphPad Prism R© version

6.0a.
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5.3.4 Association of lipid with recombinantly expressed EBP

and EBP-C61S

A smearing of the recombinant EBP and EBP-C61S protein stained bands was ob-

served on 1-D PAGE gels, during the initial stages of purification (figures 5.4 and 5.5).

The distortions produced a clearly defined stained band which was surrounded by a

wide region of much more diffuse staining, proportional to the band thickness (figure

5.1 a.). The distortions were not associated with other protein bands on the gels and

were analogous to those previously observed during the 1-D PAGE of sea urchin gonad

samples and that were due to lipid interference. Therefore following the first IMAC

separation 1 mL samples of EBP were treated with the chloroform-methanol extraction

procedure for lipid removal (section 2.3.1). Following the chloroform-methanol extrac-

tion procedure the protein pellet was re-analysed by 1-D PAGE and the smearing effect

was found to be greatly reduced (figure 5.8 panel b.).
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Figure 5.8: Association of lipid with recombinant apo-EBP and EBP-C61S. A 10 µL aliquot of an

IMAC EBP peak fraction was analysed on a 12.5% acrylamide gel by 1-D PAGE before a. and after

b. chloroform-methanol extraction. Following the chloroform-methanol procedure the protein sample

was resuspended in 10 µL SDS-sample buffer for 1-D PAGE. Gels were stained with Coomassie blue

R-250.

The solvent phases produced by the chloroform-methanol extraction procedure were

retained and lyophilised to dryness, which resulted in a white residue that coated the
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interior of the tube. The residue was reconstituted in buffer and analysed for the

presence of phospholipids, using a commercial phospholipid assay kit (section 2.6.5).

The concentration of phospholipids extracted from EBP and EBP-C61S was found to

be similar and ranged between 60 and 70 mg per mL of sample. This suggested that

both EBP and EBP-C61S associated with lipid during expression and purification.

However the concentration of phospholipid was significantly greater than that of the

recombinant protein, which was generally 2-3 mg.mL−1 following IMAC. As FABPs are

reported to generally only accommodate one ligand in the binding pocket resulting in a

1:1 stoichiometry (Storch and McDermott, 2009), the lipid was most likely associated

with the protein in a non-specific manner. This was supported by the observation that

the smearing effect was reduced as the purity of the recombinant protein increased and

was not observable following gel-permeation chromatography (figure 5.6 a. and b.).

5.4 EBP structure prediction

The increase in genomic information which has been made available in the last decade

has promoted interest in the advancement of reliable ab initio structure prediction

methods. The increase in the quantity of predicted protein sequences renders the

elucidation of each by traditional structural methods, such as X-ray crystallography,

simply too time consuming and expensive. Ab initio prediction servers are able to

provide insights into not only secondary structure but tertiary structure and functional

characteristics as well. As EBP(Ec) was a previously uncharacterised protein few clues

regarding protein structure and interaction with the carotenoid ligand were able to

be generated from the published literature. However, multiple sequence alignments

suggested that the EBP(Ec) may be a FABP, a structural protein family which has

been well characterised (Storch and McDermott, 2009). Therefore EBP(Ec) structure

prediction was performed in order to further investigate the relationship to FABPs and

attempt to provide some insights into protein-ligand interactions.
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5.4.1 Ab initio secondary structure prediction

Most servers use variations of Neural Network algorithms which are trained against

large data-sets of several thousand protein structures from the Research Collaboratory

for Structural Bioinformatics Protein Data Bank (RCSB PDB). Multiple sequence

alignments are also utilised to improve predictions and take advantage of the often

high conservation of structural folds, despite low sequence homology (Rost, 1996; Jones,

1999; McGuffin et al., 2000; Petersen et al., 2000; Lin et al., 2005; Petersen et al., 2009;

Faraggi et al., 2009).

Patterns corresponding to each structural element are determined based upon; residue

co-ordination number, relative solvent accessibility (RSA) (Rost, 1996; Jones, 1999;

Lin et al., 2005; Bryson et al., 2005; Petersen et al., 2009) and torsion angles of the

polypeptide backbone (Zhang et al., 2010; Faraggi et al., 2011). The outcomes of

secondary structure prediction may vary, depending on the criteria used to define

each element, with disparity between methods as high as 25% (Faraggi et al., 2011).

However, DSSP (Kabsch and Sander, 1983) is the algorithmm most commonly used

as the standard for secondary structure assignment and is the method adopted by the

RCSB PDB (Berman et al., 2000). DSSP recognises eight different secondary structural

elements based on defined hydrogen bonding patterns (Kabsch and Sander, 1983);

α-helix, 310-helix, π-helix, β-bridge, β-sheet, hydrogen-bonded turn, bend and other

structures (Kabsch and Sander, 1983). Most ab initio secondary structure predictors

group the eight DSSP classes into three categories; helix (H), strand (E) and coil (C).

The helix group encompasses α-helix, 310-helix and π-helix. The strand group consists

of β-sheet and β-bridge and the coil group includes hydrogen-bonded-turns, bends and

all other sequence.

Five different servers YASPIN, SPINEX, NetSurfP, PSIPRED and PHD were used

for the prediction of secondary structural elements in EBP. The predictions were rela-

tively consistent across all five programs, which allowed the production of a consensus

sequence (figure 5.9). Two helical regions were predicted close to the N-terminus of

the sequence, accounting for approximately 10% (table 5.2) of the protein. The rest of

the sequence appeared to be dominated by 10 β-strand elements, which are connected

by shorter coiled regions, which is consistent with the secondary structure observed

amongst other FABPs (Flower, 1996; Storch and McDermott, 2009).
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SA H1 H2 SB SC SD
I ô̂ ô ô ôôô ô̂ ô ôôôôô I I

10. 20. 30. 40. 50. 60.
YASPIN MPTDFSGKWTMDKHGDMTGDIMDSMGIPADQRPTLPITKIDVEITQEGENFTIKSQAAAR
SPINEX MPTDFSGKWTMDKHGDMTGDIMDSMGIPADQRPTLPITKIDVEITQEGENFTIKSQAAAR
NetSurfP MPTDFSGKWTMDKHGDMTGDIMDSMGIPADQRPTLPITKIDVEITQEGENFTIKSQAAAR
PSIPRED MPTDFSGKWTMDKHGDMTGDIMDSMGIPADQRPTLPITKIDVEITQEGENFTIKSQAAAR
PHD MPTDFSGKWTMDKHGDMTGDIMDSMGIPADQRPTLPITKIDVEITQEGENFTIKSQAAAR

SD SE SF SG SH SI
I I I I I I

70. 80. 90. 100. 110. 120.
YASPIN CNEYSFVVGSTFETSLVAFLPKMTVSAAWEGEKLAFTAENGFKMLREIIDGQMVTTVSKG
SPINEX CNEYSFVVGSTFETSLVAFLPKMTVSAAWEGEKLAFTAENGFKMLREIIDGQMVTTVSKG
NetSurfP CNEYSFVVGSTFETSLVAFLPKMTVSAAWEGEKLAFTAENGFKMLREIIDGQMVTTVSKG
PSIPRED CNEYSFVVGSTFETSLVAFLPKMTVSAAWEGEKLAFTAENGFKMLREIIDGQMVTTVSKG
PHD CNEYSFVVGSTFETSLVAFLPKMTVSAAWEGEKLAFTAENGFKMLREIIDGQMVTTVSKG

SJ
I
130.

YASPIN DVSFQVIFNKV
SPINEX DVSFQVIFNKV
NetSurfP DVSFQVIFNKV
PSIPRED DVSFQVIFNKV
PHD DVSFQVIFNKV

1

Figure 5.9: ab initio secondary structure prediction. Comparison of secondary structure predictions

for EBP from five different web-based servers; YASPIN, SPINEX, NetSurfP, PSIPRED and PHD.

Blue shaded residues indicate strand structures, red shaded residues helical structures and unshaded

residues coils. The consensus prediction, defined as the prediction made by 3
5 or more of the servers,

is displayed above the sequence. Blue arrows represent strand structures (labelled SA−J), red coils

represent helical structures (labelled H1−2) and gaps indicate coil regions.
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Table 5.2: Proportions of secondary structural elements predicted by each server.

Helix Strand Coil

Server % by AA§ Average % by AA Average % by AA Average

Length Length Length

YASPIN 12.2 8.0 51.1 7.4 36.6 4.0

SPINEX 9.2 6.0 51.9 6.2 38.9 3.8

NetSurfP 11.5 7.5 57.3 7.5 31.3 3.2

PSIPRED 7.6 5.0 58.0 7.6 34.4 2.9

PHD 13.7 9.0 57.3 7.5 29.0 3.5

Average±S.D† 10.8±2.4 7.1±1.6 55.1±3.3 7.2±0.6 34.0± 4.0 3.5±0.5

†
Standard deviation.
§

Amino acid.

YASPIN and SPINEX were the most conservative predictors of strands; with 51.1%

and 51.9% of residues respectively. This was due to shorter predictions for strands

A and E, which in the case of YASPIN was omitted entirely. This results in strand

prediction approximately 5% lower than NetSurfP, PSIPRED and PHD, which was

recompensed with a higher proportion of coil residues. Predictions for helix 1 were

similar, however greater variation was observed in the predictions of helix 2 (table 5.2).

5.4.1.1 Reliability of prediction servers

The accuracy of secondary structure prediction servers is periodically evaluated by

the critical assessment of protein structure prediction (CASP) consortium. The most

recent survey results, from CASP 9 conducted in 2010, featured both SPINEX and

PSIPRED, with both servers highly ranked (Mariani et al., 2011). In addition, a recent

critical analysis by Zhang et al. (2011) also rated the performance of PSIPRED, PHD,

YASPIN and SPINEX highly. Furthermore the construction of a consensus prediction

is likely to further increase the reliability of secondary structure predictions (Zhang

et al., 2011).

The flexible nature of proteins in solution and the arbitrary demarcations of elements

theoretically restricts the maximum obtainable accuracy to 88-90% (Rost, 2001; Kihara,

2005). The improved performance of ab initio secondary structure prediction now sees

the accuracy of servers approaching this theoretical limit. However it is still desirable

to validate the predictions with experimental data.
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5.4.2 Circular dichroism spectroscopy of recombinant EBP

and EBP-C61S

Chiral centres such as the peptide bonds within proteins absorb polarised light. Cir-

cular dichroism spectroscopy (CD) is a measurement of the difference between the ab-

sorbance of right-circularly polarised light and left-circularly polarised light (delta ab-

sorbance, ∆A) (Sreerama and Woody, 2004). Distortions in the angles of the polypep-

tide back-bone, such as are present in secondary structures, result in changes to ∆A

and a characteristic spectrum. Therefore the comparison of spectra from proteins with

known x-ray crystallography structures can be used to predict the secondary structure

elements of an unknown protein (Sreerama and Woody, 2004).

CD spectra are able to provide some insights into secondary structure as different

elements have characteristic spectra (figure 5.10, a.). The regular and repetitive con-

formations of the polypeptide back-bone in α-helices and β-sheets reinforce the signal

to augment spectral features (Beychok, 1966; Sreerama and Woody, 2004). The degree

of hydrogen-bonding demarcating α-helices results in a very strong positive absorbance

of approximately 8×104 deg.cm2.dmol−1 centred at about 190 nm and a coupled neg-

ative band at 205 nm, which are caused by the π − π∗ electronic transition (Sreerama

and Woody, 2004). A lower energy n − π∗ transition occurs at 225nm resulting in a

weaker and broader absorbance of approximately -3×104 deg.cm2.dmol−1 (Beychok,

1966; Sreerama and Woody, 2004).

The comparatively more flexible β-sheet structure produces a weaker spectrum (Sreerama

and Woody, 2004). The π−π∗ transition, red-shifted with respect to that of α-helices,

is centred at 195 nm and the signal strength is approximately halved and with no

associated negative band. Conversely the n− π∗ transition band is blue-shifted to 215

nm (figure 5.10, a.) (Sreerama and Woody, 2004; Kelly et al., 2005; Greenfield, 2007).

The spectra for apo-EBP and apo-EBP-C61S were consistent, within the range of

signal to noise deviation (appendix O.1). Both spectra appear to correlate well with

that expected for β-sheet (figure 5.10). However CD spectra of proteins can be visually

difficult to de-convolute, as there is potential influence from a variety of secondary

structural elements. In addition, proteins are flexible in solution, oscillating through a
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variety of conformations, therefore the CD spectrum represents an average of a non-

homogeneous sample.
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Figure 5.10: CD spectra of secondary structural elements and recombinant apo-EBP. a. Schematic

representation of typical CD spectra of α-helices (black dashes), β-sheet (blue) and turns (green). b.

CD spectra of recombinant apo-EBP. Spectra were collected in the presence of 5 mM phosphate, pH

7.5 at 18◦C. Apo-EBP wt is shown in black and apo-EBP-C61S mutant is shown in red.

5.4.2.1 Secondary structure prediction

CDPro contains four programs for analysing CD spectra, CDSSTR (Johnson, 1999;

Sreerama et al., 2000), CONTINLL (Provencher and Glöckner, 1981; Sreerama and
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Woody, 2000) and SELCON 3 (Sreerama and Woody, 1993, 1995; Sreerama et al.,

1999; Johnson, 1999) for secondary structure prediction. The fourth, CLUSTER

(Venyaminov and Vassilenko, 1994; Sreerama et al., 2001), assigns the tertiary class of

a protein (table 5.3).

Table 5.3: Comparison of algorithms available in CDPro

Algorithm Reference Class Structure Mathematical Co-ordinate

Prediction Model System

CDsstr Johnson (1999) Secondary DSSP2∗ Variable Selection SVD†

CONTINLL Provencher and Glöckner (1981) Secondary DSSP2 Locally Linearised LS

SELCON 3 Sreerama and Woody (1993) Secondary DSSP2 Self-Consistent SVD

CLUSTER Venyaminov and Vassilenko (1994) Tertiary N.A. Decision functions Orthogonal-

isation

* Kabsch and Sander (1983).
† Singular value decomposition
§ Least squares

Each algorithm was formulated using a training set of reference proteins, with known

secondary structures assigned from crystal structure coordinates. The outcomes of

secondary structure prediction can vary greatly, depending on the criteria used to

define each secondary structural element (Sreerama and Woody, 2000). CDSSTR,

CONTINLL and SELCON 3 all used the algorithm DSSP2 for secondary structure

assignment (Sreerama and Woody, 2000), based on defined hydrogen bonding patterns

(Kabsch and Sander, 1983); therefore the results are comparable.

The algorithm DSSP2 proportionates secondary structure into four elements; α-helix,

β-sheet, turns and unordered (Kabsch and Sander, 1983). A further subdivision of α-

helix and β-sheet, into regular and distorted conformations, distinguishes six different

elements. A helix of ≤4 residues constitutes a distorted helix and ≤2 residues consti-

tutes distorted β-sheet. Regions that lack these defined structures are designated as

unordered; however this category also includes Poly(Pro)II structures (Sreerama and

Woody, 2004).

As the predicted proportions of each motif were consistent between CDSSTR, CON-

TINLL and SELCON 3 (appendix P.1), it was valid to calculate the mean proportion

of each element (Sreerama and Woody, 2000). However the predictions for SELCON 3

were excluded (section 5.4.2.1.2) and only CDSSTR and CONTINLL were considered.
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Figure 5.11: Predictions of secondary structural elements in apo-EBP and apo-EBP-C61S. The ∆ε

data derived from CD spectra were analysed using CDPro and percent averages of each element,

predicted by CDSSTR and CONTINLL, are shown for the SMP53 protein reference set. Regular helix

- H(r), distorted helix - H(d), regular sheet - β(r), distorted sheet - β(d), turns - T and unordered -

U.
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The difference in the proportions of each secondary structural element between EBP

and EBP-C61S was not statistically significant (appendix P.2). It was predicted that

the majority of secondary structure is comprised of β-sheet, accounting for approx-

imately 55%. The total β-sheet prediction included approximately 40% regular and

approximately 15% distorted structures. The high proportion of β-sheet was predicted

to be connected by approximately equal proportions, 20%, of turns and unordered

regions. Only 3.5% helical content was predicted (figure: 5.11).

5.4.2.1.1 Reference sets

Secondary structure predictions are based on the comparison of ∆ε values, derived from

the CD spectrum of the sample, to a set of reference proteins. There are 9 different

reference sets available for use with CDPro, although there is significant overlap in the

proteins they contain. The choice of reference set(s) is dependent upon the wavelength

range of sample data and of the reference set. Data was collected for the wavelength

range of 260-190 nm, which was compatible with reference sets SMP50, SDP48 and

SP43. Initially secondary structure prediction was performed using each reference set

and comparable results were achieved across all three sets for both apo-EBP and apo-

EBP-C61S (appendix P.1).

Ultimately the SMP56 reference set was chosen for consideration as it is the largest,

with 56 protein datasets, containing all of those from SP43 plus an additional 13 mem-

brane proteins. Larger reference sets are more likely to contain a better representation

the the various elements of the CD spectrum (Sreerama and Woody, 2000; Kelly et al.,

2005). SMP56 predictions also produced the lowest normalised root-mean-square de-

viation (NRMSD) values (appendix P.1).

5.4.2.1.2 Reliability of predictions

Each of the three programs use different mathematical models; variable selections, local

linearisation and self-consistency methods for CDSSTR, CONTINLL and SELCON 3

respectively (table 5.3). However, all three algorithms use iterative cycles of data fitting

to predict a spectrum, which is compiled from fragments of reference data sets. How

well the calculated spectrum (θcalc) fits the experimental data (θexp) is represented by
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the normalised root-mean-square deviation (NRMSD). NRMSD is calculated by:

[Σ(θexp − θcalc)2/Σ(θexp)
2]

1
2 (5.1)

An NRMSD of zero would indicate an identical fit between θexp and θcalc, whilst an

NRMSD of one equates to zero similarity. Values of <0.1 are desirable for a confident

secondary structure prediction (Kelly et al., 2005). NRMSD values of close to or

<0.1 were usually obtained for both CDsstr and CONTINLL, however SELCON 3

consistently produced much higher values. Frequently the NRMSD values for SELCON

3 were above 0.25, potentially indicating an error in the analysis (appendix P.1).

SELCON 3 is considered a poor predictor of spectra for proteins that contain high

β-sheet content (Greenfield, 2007). Evaluation of SELCON 3 secondary structure pre-

dictions, for a training set of proteins in comparison to crystal structures, indicated a

frequent miss-prediction of β-sheet content (Sreerama and Woody, 1993). The highly

predicted proportions of β-sheet in EBP and EBP-C61S suggests that SELCON 3 was

unsuitable for the analysis, which is indicated by the high NRMSD values. Therefore

the SELCON 3 predictions were excluded from the final secondary structural assign-

ments.

5.4.2.1.3 Comparison of CD-based and ab initio secondary structure pre-

dictions

The proportions of the secondary structural elements of EBP and EBP-C61S, predicted

from the CD measurements were consistent with that of the ab initio prediction. Ab

initio secondary structure methods predicted a composition for EBP of 55% β-strands,

34% coil and 10% α-helix (table 5.2). In comparison the CD derived secondary struc-

ture prediction for EBP suggested an equivalent proportion β-strands at 56.1% for reg-

ular and distorted strands combined. Although a lower proportion of total α-helices,

just 3.9% was predicted (figure 5.11). However there appeared to be disagreement in

the prediction of helix 2, between the ab initio servers particularly with respect to the

C-terminal limit of the helix (figure 5.9). Helix 2 may be poorly defined resulting in

an under prediction of helix proportion by CD-based secondary structure prediction,

relative to that of ab initio, in favour of an increased proportion of unordered structure.
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5.4.2.2 Tertiary Class Assignment

Protein secondary structure is assigned to one of five tertiary classes originally described

by Levitt and Chothia (1976); all-α, all-β, α+β, α/β and denatured. All-α proteins

contain only α-helical elements, which need to be adopted by >60% of residues, whereas

all-β proteins contain mostly β-sheet. Proteins assigned to the α+β class contain

both structures, which are generally ordered in homogeneous clusters. Contrarily in

α/β structures the two elements are interspersed and often alternating (Levitt and

Chothia, 1976). CLUSTER analysis produced identical tertiary class assignments of

α/β for both apo-EBP and apo-EBP-C61S.

The low proportion of α-helical elements predicted for both apo-EBP and apo-EBP-

C61S appears to be at variance with the α/β tertiary structure assignment. Tertiary

class assignment to either all-α or all-β classes is reported to be accurate. However,

there is a greater error associated with assignment to α/β and α+β clusters due to high

similarity of the CD spectra (Sreerama et al., 2001). Proteins with a higher proportion

of distorted elements tend to give more erroneous predictions (Sreerama et al., 2001).

5.5 Template-based homology modelling for the pre-

diction of E. chloroticus EBP tertiary struc-

ture.

Homology modelling is based upon the principle that although there are a virtually

unlimited number of possible amino acid sequences, there are much fewer tertiary

structural folds. Proteins with similar amino acid sequences of >40% sequence identity

generally tend to adopt similar tertiary structures. However at lower sequence identities

the relationship declines rapidly, which is known as the “twilight zone” (Doolittle,

1986). Rost (1999) reported that 90% of sequences with a pairwise alignment of 30%

identity exhibited homologous tertiary structures, however at 25% identity only 10%

of the pairs shared tertiary structure homology. In apparent contradiction of this is the

observation that the majority of similar tertiary structures exhibit sequence identities
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of no more than 8% to 12% (Rost, 1997). This is known as the “midnight zone” and

structural relationships are considered to be due to convergent or divergent evolution

(Rost, 1997).

With advances in homology prediction algorithms it is now routinely possible to pro-

duce an accurate 3-D homology from an alignment of <20% identity (Kelley and Stern-

berg, 2009). The prediction server Phyre2 uses a combination of iterative rounds of

multiple sequence alignment using PSI-BLAST, in order to identify distant protein

homologues and the searching of secondary structural motifs against a protein fold

database. The information is then combined to build and refine a structure based

on a template protein, with an experimentally determined 3-D structure (Kelley and

Sternberg, 2009).

5.5.1 Protein structure prediction of E. chloroticus EBP us-

ing Phyre2

Homology modelling with Phyre2 can be performed in either general or expert mode.

When operated in general mode the template protein, which serves as the modelling

scaffold, is selected by the algorithm from the alignment process. However in expert

mode the template is supplied by the user (Kelley and Sternberg, 2009). Potential

templates were identified through a PSI-BLAST search and candidates were evaluated

individually by pairwise sequence alignment. This is desirable if a particular domain is

of interest where a template protein with a high local alignment score may be required.

It also allows the user to select ligand bound or apo-protein templates with a high

quality tertiary structure, preventing construction of a model based on low resolution

or poor quality data. A solution NMR structure of the Intestinal fatty acid-binding

protein (FABP-I) from Homo sapiens was selected as the template for the modelling of

E. chloroticus EBP (section 2.8.3.1) (Zhang et al., 2003). A pairwise global sequence

identity of 29% was calculated between the E. chloroticus EBP and FABP-I.

The consensus secondary structure for E. chloroticus EBP was predicted to be 10 β-

strands with two short α-helices situated between strands B and C (figure 5.9). The

homology model of EBP is consistent with the secondary structure prediction, in the
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formation of a 10 stranded β-barrel (figure 5.12 a.). The β-strands are predicted to

be stabilised through the formation of two antiparallel β-sheets, with the discontinuity

between strands D and E. This is a topology which is characteristic of the FABP family,

in contrast to the lipocalins which form 8-stranded continuously hydrogen-bonded β-

barrels (Flower, 1996).
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Figure 5.12: Homology model of E. chloroticus apo-EBP superimposed with Homo sapiens apo-

FABP-I template. E. chloroticus EBP 3-D homology model (cyan) of residues 4-131, was created

by one-to-one threading against H. sapiens apo-FABP-I template structure (gold), using Phyre2 in

expert mode a.. Secondary structural element β-strands and α-helices are labelled SA-SJ and H1 and

H2 respectively. The SDM target, cysteine 61 of EBP is shown in red. b. Partial view, rotated 180◦

about the vertical axis, relative to a.. c. Partial view, rotated 180◦ about the horizontal axis, relative

to b.. Images were created using MacPyMol.

5.5.1.1 Comparison between predicted E. chloroticus EBP structure and

the template FABP-I

The peptide back-bones of the predicted E. chloroticus EBP structure and FABP-I,

used as a modelling template, were able to be aligned with a high degree of superposi-

tion (figure 5.12 a.). The region of greatest deviation between the two structures was
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observed to be at the N-terminus. The first β-strand (A) of EBP was predicted to be

shorter than that of FABP-I but with a longer connecting loop to α-helix 1, which was

also predicted to be 1
2

of a turn longer in EBP (figure 5.12 a. and b.). Strands B-D

were predicted to be highly superimposed, with greater deviation between strands E

and F, following the discontinuity in the β-sheet (figure 5.12 b. and c.). Generally

a high degree of peptide back-bone superposition was observed in the loop regions,

connecting the secondary structural elements. However, typically the greatest variance

is observed in the loop regions of models due to greater sequence variability in these

regions resulting in poorly defined structural patterns (Michalsky et al., 2003).

5.5.1.2 The role of Cys61 in recombinantly expressed EBP dimerisation

and aggregation

It was hypothesised that the low solubility of the wt EBP protein during recombinant

expression and purification was due to the formation of dimers, which initiated aggre-

gation. It was found that dimerisation was due primarily to the presence of Cys61, as

mutagenesis to serine greatly improved solubility (section 5.2.2). Therefore it was likely

that dimerisation was occurring through the formation of a disulfide bond between two

EBP monomers. The EBP homology model predicted Cys61 (figure 5.12 red sticks),

situated at the N-terminal boundary of strand D, to be oriented with the sulfhydryl

functional group solvent exposed. In this orientation disulfide bonds may readily form

at high concentrations when protein monomers are in close contact. The formation of

the disulphide bond may result in conformational changes which expose hydrophobic

amino acids and promote protein aggregation.

5.5.2 Ligand-binding pocket of EBP and FABPs

The hollow β-barrel structure of FABPs form a large calyx for ligand binding. One end

of the calyx is partially closed off by connecting loops and N-terminal amino acids. The

other opening is occluded by two short α-helices (Flower, 1996; Storch and McDermott,
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2009), as was predicted by the EBP model (figure 5.12 a. and b.). The helix-turn-

helix motif is the proposed site of ligand entry and exit, which likely involves localised

tertiary conformational changes (Storch and McDermott, 2009).

!"# $"#

!!"#$%%&%

''"$'%&%
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Figure 5.13: Predicted calyx ligand-binding site of EBP. Homology model of EBP constructed using

Phyre2 in standard mode a.. Partial view of EBP with ligands from five of the template proteins

modelled into the calyx. Ligands are coloured by atom; carbon-green, oxygen-red, nitrogen-blue

and sulphur-orange. Co-ordinates for all-trans-echinenone (orange) and 9′-cis-β-carotene (magenta),

were obtained from PubChem and modelled into the EBP calyx b. (partial view). Dimensions of

the binding-sites are indicated by black arrows. Residues shaded grey were predicted to form the

ligand-binding site.

The FABP calyx is reported to be considerably larger than the size of the fatty acid

ligands (Storch and McDermott, 2009). This was apparent through the modelling of

a range of known FABP ligands into the predicted EBP binding site (figure 5.13 a.),

by the algorithm 3DLigandSite (section 2.8.3.2) Wass et al. (2010). However with the

exception of the liver isoform the protein-ligand stoichiometry exhibited by FABPs is

1:1 (He et al., 2007; Storch and McDermott, 2009). The dimensions of the predicted

EBP calyx, as defined by the ligands modelled by 3DLigandSite, were measured in

MacPyMol to be approximately 22 by 34 Å (figure 5.13 a.). The co-ordinates of all-

trans-echinenone (figure 5.13 b., orange) and 9′-cis-β-carotene (figure 5.13 b., magenta)

were obtained from PubChem (section 2.8.3.2, the structure of 9′-cis-echinenone was
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unavailable) and placed into the calyx of the EBP model. The approximate length

of the carotenoid molecules was measured to be 28.6 Å (figure 5.13 b.), therefore

although there are no reports of FABPs binding carotenoids in the literature, the

binding pocket appears to be large enough to accommodate molecules of that size.

However the structure of 9′-cis-β-carotene appeared to fit in the predicted binding

site better than all-trans-echinenone (figure 5.13 b.). The L-shape of cis carotenoid

isomers may provide greater stabilising interactions with the helix-turn-helix motif,

compared to the I-shaped trans isomers. This may explain the high proportion of

9′-cis-echinenone associated with EBP when extracted from the native source of E.

chloroticus gonads (section 4.2.2.1).

Ligands are generally orientated within the FABP so that the hydrophilic carboxylate

functional group is situated near the helix-turn-helix domain (Richieri et al., 1999).

Therefore an analogous orientation of 9′-cis-echinenone was hypothesised, with the

carbonyl functional group buried deep within the calyx. FABP are transporters of

hydrophobic molecules, in which capacity they are able to interact with membranes

(Storch and McDermott, 2009). In vitro studies have suggested two modes of ligand

transfer from FABPs to membranes, by passive diffusion or more commonly through

docking of the protein to the membrane and subsequent ligand transfer (Storch and

Thumser, 2000). FABP interaction with membranes is proposed to occur through

the helix-turn-helix motif. The two α-helices are amphiphillic with non-polar amino

acids orientated towards the centre of the calyx and with solvent facing polar/charged

amino acids interacting with membrane phospholipids. Protein docking facilitates lig-

and egress through the helix-turn-helix motif and is inserted into the membrane (Storch

and Thumser, 2000).

Due to the high degree of tertiary structural conservation between members of the

FABP family (Flower, 1996; Storch and McDermott, 2009), the structure predicted

by template based homology modelling is likely to be a reliable approximation. The

information produced was useful in providing some insights into behaviour of both

the native (extracted from E. chloroticus gonad) and wt recombinant forms of EBP.

It also facilitated the prediction of potential modes of carotenoid ligand-binding and

function of the complex. However detailed interactions between protein and ligand

in the binding site could not be predicted and such hypotheses require experimental

validation.
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5.6 Crystallisation experiments of recombinant apo-

EBP-C61S

Protein structure prediction by ab initio methods such as for secondary elements,

experimentally based approaches such as CD and template based modelling were able

to provide useful information about a protein of interest. However application of the

information was limited to superficial inferences, as detail at the atomic scale is not

yet attainable through modelling. Therefore experimental data are required for further

characterisation of the EBP complex. X-ray crystallography is a widely used technique

for obtaining detailed structural information and the availability of an in-house X-

ray source in the Department of Biochemistry at the University of Otago, rendered

crystallography the logical approach.

5.6.1 Dynamic light scattering of recombinant EBP and EBP-

C61S

Dynamic light scattering (DLS) of protein samples is often performed prior to begin-

ning crystallisation experiments, as it may provide a useful indicator of how likely it

is that the protein will crystallise (Ferre-D Amare and Burley, 1997). Protein crys-

tallisation requires the ordered packing of molecules from a supersaturated solution,

which has been observed to occur almost exclusively from homogenous solutions (Ferre-

D Amare and Burley, 1997). Solution homogeneity refers to uniform size and shape

of the particles in solution, known as mono-disperse. Therefore mixtures of protein

multimeric states or the presence of aggregates results in a non-homogeneous, poly-

dispersity solution. DLS provides a measure to determine the degree of polydispersity

(%Pd) of particles in solution, based on the effects of Brownian motion movements

of differently sized particles on the scattering of monochromatic light (Phillies, 1990;

Borgstahl, 2007). A %Pd of <15% indicates the solution is mono-disperse and is

considered optimal for proceeding with crystallisation experiments (Borgstahl, 2007).

Therefore DLS allows focus upon samples which have the highest possibility of yielding

results in crystallisation experiments.
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EBP$ EBP%C61S$

Peak$ R$$
(nm)$

%Poly%
dispersity$

MW%R$
(kDa)$

%Intensity$ %mass$

1$ 1.5$ 13.9$ 16$ 30.5$ 100.0$

2$ 22.3$ 22.3$ 4796$ 7.3$ 0.0$

Peak$ R$$
(nm)$

%Poly%
dispersity$

MW%R$
(kDa)$

%Intensity$ %mass$

1$ 2.5$ 19.3$ 27$ 54.9$ 99.1$

2$ 12.6$ 28.5$ 1254$ 45.1$ 0.0$

a.# b.#

Figure 5.14: Regularisation graphs and peak tables from DLS analysis of recombinant EBP and

EBP-C61S. Samples fractionated by Sephacryl R©-100 gel-permeation chromatography diluted to a

concentration of 1-2 mg.mL−1, were centrifuged at 15,000 g for 30 min prior to analysis. For the

analysis of EBP the peak eluting at 15 kDa was measured in the presence of 10 mM β-mercaptoethanol.

Sample was collected from the surface following centrifuging with a gel-loading tip and transferred to

a 20 µL quartz DLS cuvette. Measurements were conducted at 18◦C, 100% laser intensity, collecting

20 acquisitions, each of which was an average of 12 readings obtained at 1s intervals. Peak graphs of

% scattering intensity versus particle radius (nm) on a log scale between 0 and 100 nm are shown for

EBP and EBP-C61S. Corresponding tables for peaks 1 and 2 are also presented.
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Analysis of EBP in the presence of 10 mM β-mercaptoethanol resulted in two peaks

(figure 5.14 a.) on the DLS regularisation graph. The second peak represented negligi-

ble mass, but was very broad with a high scattering intensity. Signals of this type are

often due to solvent effects or dust particles in solution (Borgstahl, 2007). The first

peak represented 99.1% of the mass of particles in the solution and was attributed to

EBP protein. At 19.3% Pd, the peak was calculated to be poly-disperse with aver-

aged molecular weight of approximately 27 kDa. The molecular weight is calculated

from the hydrodynamic radius, which requires assumptions about molecular shape, and

therefore is not a reliable estimate (Borgstahl, 2007). However an average molecular

weight of 27 kDa suggested that the dimerised form of EBP predominated even in the

presence of 10 mM β-mercaptoethanol. A %Pd of 19.3% indicated that the sample was

poly-disperse, which together with a peak width of 2.5 nm indicated that the sample

was most likely a mixture of EBP monomers and dimers (Borgstahl, 2007). Size dif-

ferentiation of particles by DLS requires a difference in hydrodynamic radius of >50%,

therefore depending on molecular shape, a solution of monomers and dimers may not

be distinguishable into separate peaks >50% (Borgstahl, 2007).

The DLS regularisation graph of EBP-C61S showed three peaks (figure 5.14 b., peak

three is not shown). Peaks two and three from the EBP-C61S, exhibited high scat-

tering intensity but contributed negligible mass and hence were attributed to solvent

disturbances or dust particles present in the cuvette. The first peak was calculated to

be mono-disperse with a %Pd of 13.9% and an averaged molecular weight of 16 kDa.

This peak was attributed to monomeric EBP-C61S and with a low %Pd and narrow

peak width of 1.5 nm, compared to 2.5 nm for EBP, it was most likely the only species

present in solution in significant proportions.

The DLS analysis of EBP supported the observation from Superdex R©-75 gel-permeation

chromatography, that the EBP will readily dimerise. Furthermore it will do so in the

presence of moderate amounts of the reducing agent β-mercaptoethanol. Therefore

EBP would most likely be unsuitable for crystallisation experiments due to the difficulty

of obtaining a homogenous sample. However EBP-C61S was most likely mono-disperse

exhibiting a %Pd considered optimal for proceeding to crystallisation experiments.
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5.6.2 Crystallisation screens of EBP-C61S

The poly-dispersity of the EBP sample suggested it was not likely to crystallise due to a

non-homogeneous solution of monomers and dimers. Obtaining a homogenous solution

would likely require high concentrations of reducing agents, which is undesirable for

crystallography experiments. Reducing agents such as β-mercaptoethanol, DTT and

TCEP have short half lives (days for β-mercaptoethanol and DTT and 2-3 weeks for

TECP Bergfors 2009) and concentrations need to be continually replenished. However

replenishment of chemicals requires disturbances to the crystallisation setup, which can

effect the equilibrium kinetics slowing crystallisation or making it difficult to reproduce

(Bergfors, 2009). Therefore only the crystallisation of EBP-C61S was investigated.

A JCSG-plus
TM

HT-96 MD1-37 sparse-matrix screen was conducted to sample crys-

tallisation conditions for recombinant apo-EBP-C61S. The screen was robotically set

up at 18◦C by the hanging-drop vapour diffusion method (HDVD), using equal volumes

of protein and mother-liquor (section 2.9.1.1). The screen was designed to sample a

wide range of crystallisation conditions, previously reported as successful in yielding

crystals (Newman et al., 2005). However none of the conditions yielded crystals, al-

though many resulted in varying degrees of protein precipitation from very light, to

dark brown and crystalline precipitate (figure 5.15).

Although protein crystals were not produced the screen provided some useful informa-

tion regarding the solubility of the protein under different conditions. For crystalli-

sation, initially the protein must be highly soluble in order to reach supersaturation,

which is followed by a slow dissolution into an ordered crystal structure. Dark brown

precipitates (figure 5.15 a.) are undesirable and usually indicate that the protein pre-

cipitated quickly due to denaturation. This is generally caused by unfavourable pH,

salt or precipitant concentrations which were too high (Zeelen, 2009), hence conditions

may be altered to accommodate this information. Conditions yielding light or crys-

talline precipitates suggest that the protein has not denatured and the condition may

be used as a starting point for an optimisation screen (Zeelen, 2009).

Three conditions from the sparse-matrix screen (table 5.4) produced light precipitates,

in which some crystalline character could be observed, appearing to form small clumps
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Figure 5.15: Types of precipitate produced from Apo-EBP-C61S sparse-matrix crystallisation screen.

Recombinant apo-EBP-C61S purified to a concentration of 10 mg.mL−1 in 10 mM HEPES, pH 8.0,

was used for the set up of a JCSG-plus
TM

HT-96 MD1-37 sparse-matrix screen. The screen was set

up in a 96 well plate format by the HDVD method, with 1:1 ratio of protein to mother-liquor and

incubated at 18◦C. Representative images of a. dark precipitate, b. light precipitate and c. crystalline

precipitate are shown two weeks after screen setup. Images were captured at 5× magnification using

a Leica DFC290 camera and Leica Firecam V 3.4 image capture software. Scale bars represent 0.2

µm.

Table 5.4: JCSG-plus
TM

HT-96 MD1-37 sparse-matrix screen conditions yielding crystalline precipi-

tates

Well Salt Buffer pH Precipitant

B2 0.2 M sodium thiocyanate none - 20% w/ v PEG† 3350

D2 0.2 M NaCl 0.1 M Na/K phosphate 6.2 50% v/ v PEG 200

E3 0.2 M NaCl 0.1 M HEPES 7.5 10% v/ v isopropanol

†
Polyethylene glycol
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of needle like structures. The three conditions had little in common other than the

inclusion of 0.2 M sodium salt, however this was a common inclusion in the JCSG+

screen. The precipitates were all different and included a low and a high molecular

weight polyethylene glycol (PEG) and isopropanol. However an optimisation screen

was produced to vary the pH, buffer, salt and protein concentrations for each of the

three precipitants (section 2.9.1.1 and for full conditions for optimisation screen set up

refer to appendix Q). However, three months following the set up of the screen no

improvement on the original crystalline precipitate was observed.

5.6.3 Reconstitution of 9′-cis-echinenone with recombinant

apo-EBP and apo-EBP-C61S

The crystallisation of apo-EBP-C61S may have been hindered by the absence of a ligand

in the calyx binding pocket. Proteins that bind hydrophobic ligands usually have a

high proportion of non-polar amino acids in the binding site, for complexation of the

ligand. In the absence of the ligand, these residues may become solvent exposed, when

solubility is challenged such as by the addition of a precipitant to effect crystallisation,

the protein aggregates and precipitates rather than crystallises. Therefore the holo-

protein may be stabilised by the ligand in the binding site and have a higher chance of

crystallisation. Crystallisation of the holo-protein would provide desirable information

of protein-ligand interactions if a structure were solved.

RP-HPLC-purified 9′-cis-echinenone was incubated with recombinant EBP and EBP-

C61S in an attempt to effect ligand binding using a proceedure modified from Vo-

gel et al. (1999) and Tabunoki (2002) (section 2.9.2). Reconstitution of protein and

carotenoid was visually assessed by the intensity of the yellow colouring following the

removal of unbound carotenoid by dialysis and centrifuging. EBP appeared to retain

very little colour in the supernatant, even at the highest concentration of 100 nmol

9′-cis-echinenone. However, orange pellets indicated the presence of carotenoid aggre-

gates at both concentrations (section 5.16 a.). Conversely the EBP-C61S solution was

light yellow and proportional in colour to the BSA positive control (section 5.16 a.),

which was included as albumins are known to bind and transport carotenoids in the
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Figure 5.16: Reconstitution of echinenone with recombinant apo-EBP and apo-EBP-C61S. A 500µL

aliquot of each of EBP, EBP-C61S and BSA at a concentration of 2 mg.mL−1 were incubated for 1

hr at 37◦C with 10 and 100 nmol 9′-cis-echinenone in 10% v/v acetone. Unbound carotenoid was

removed by dialysis overnight against phosphate buffer and samples were centrifuged at 13,000 g for

10 min. The supernatant was removed and both pellets and supernatant fractions photographed

against a white background, under indoor light conditions, using a Cannon PowerShot A2500 digital

camera with flash. Scale bars represent 10 mm (a.). A 20 µL aliquot of each supernatant fraction

was analysed on a 7.5% native acrylamide gel by 1-D PAGE and stained with Coomassie blue R-250

(a.). Absorbance spectra of apo and holo-EBP-C61S (b.). Following protein-ligand reconstitution

and removal of unbound carotenoid the absorbance spectrum of holo-EBP-C61S (1 mg.mL−1) was

measured between 260 nm and 700 nm, against a reference solution of 20 mM HEPES pH 8.0 (yellow

line). Spectra of 1 mg.mL−1 apo-rEBP-C61S in 20 mM HEPES pH 8.0 (blue line) and purified

9′-cis-echinenone at 0.9 mg.mL−1 in methanol (red line) are shown for comparison.
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serum (Krinsky et al., 1958). Carotenoid pellets were not observed for either EBP-

C61S or BSA. The supernatant samples were analysed for the presence of protein by

1-D native PAGE. Multimeric states of BSA were observed on the protein stained gel

and a single band was observed for EBP-C61S. Two bands were observed for EBP,

which were thought to correspond to the monomer and dimer, with the majority in

the soluble monomeric form. The EBP pellets most likely contained 9′-cis-echinenone

associated with insoluble EBP dimers.

The formation of holo-EBP-C61S was confirmed by measuring the absorbance spectrum

between 260 and 700 nm. Prior to reconstitution, EBP-C61S exhibited a single peak

at 280 nm corresponding to aromatic amino acid side chains, whereas purified 9′-cis-

echinenone exhibited the characteristic absorbance spectrum of carotenoids (5.16 b.).

A broad two-shouldered peak was observed between 400 nm and 500 nm, which is due

to an electronic transition to the first excited state affected by low energy visible wave-

lengths of light (Frank, 1993; Britton, 2008). The broad peak observed below 300 nm

is most likely a cis-peak, which occurs due to the decreased symmetry of cis-geometric

isomers, relative to all-trans isomers (Frank, 1993). The decrease in molecular sym-

metry lowers the energy required to effect the usually forbidden electronic transition

from the 1Ag orbital to that of 2Ag (Frank, 1993) (section 1.4.1.2). Both protein and

carotenoid elements were observed in the spectrum of holo-EBP-C61S (figure 5.16 b.),

indicating successful reconstitution of protein and ligand. However the cis-peak was

obscured by absorbance at 280 nm, although an additive effect may account for a small

increase in peak height relative to apo-rEBP-C61S (5.16 b.). The absorbance spectra of

9′-cis-echinenone and holo-EBP-C61S indicated an approximately 8 nm bathochromic

shift (red-shift) upon ligand binding. In methanol the carotenoid peak of purified 9′-

cis-echinenone was centered at 450 nm with shoulders at 429 and 466 nm, which were

observed to be red-shifted to 458, 437 and 475 nm in holo-EBP-C61S (figure 5.16 b.).

The observed spectral shift is consistent with reports of other CBPs for which small

bathochromic shifts of between 4 and 38 nm are most common (Powls and Britton,

1976; Engle et al., 1991; Jouni and Wells, 1996; Bhosale, 2004).

The apparent inability of EBP to bind 9′-cis-echinenone may be due to the observed

tendency of the protein to dimerise and aggregate, which may result in changes to the

protein structure or obscured access to the ligand-binding pocket. However, the C61S

mutation did not appear to inhibit the ability of EBP-C61S to bind the carotenoid
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ligand. This allows the possibility to repeat the crystallisation trials of the EBP-C61S

holo-protein in the future. It also provides a foundation for further characterisation of

the ligand binding properties of EBP-C61S.

5.7 Conclusions

With the mRNA sequence of EBP available through the E. chloroticus de novo tran-

scriptome assembly, the protein was able to be recombinantly expressed and purified.

EBP was expressed with an N-terminal hexa-histidine tag, to allow for purification by

IMAC. However, recombinant EBP was found to exhibit very low solubility in E. coli

bacterial expression systems.

In order to attempt to enhance the solubility of EBP a second recombinant construct

was engineered using SDM, the cysteine at position 61 of EBP was mutated to serine.

The mutant EBP-C61S construct showed enhanced solubility in the bacterial expression

system and during purification, relative to EBP. Both wt EBP and mutant EBP-C61S

were expressed and purified in tandem, in order to make comparisons at each stage

of the process. Highly purified preparations for both proteins were obtained follow-

ing hexa-histidine tag removal and second stage IMAC. In addition, gel-permeation

chromatography was performed to remove any remaining contaminants.

Gel-permeation chromatography resulted in the separation of wt EBP into two peaks,

both of which were found by 1-D PAGE to contain EBP. The peaks corresponded to

monomeric and dimeric EBP, with the dimer most likely forming through an inter-

molecular disulfide bond. The dimeric form of EBP was found to have greatly reduced

solubility relative to the monomeric form. The C61S mutation prevented cross dimers

from forming in mutant EBP-C61S samples and only one gel-permeation peak was

observed.

The three dimensional structure of EBP was analysed and prediction algorithms were

used to make inferences about secondary and tertiary structure. A consensus secondary

structure prediction was obtained, which predicted that the EBP sequence contained
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10 short β-strand and two short α-helix motifs. This is consistent with the secondary

structure which is characteristic of the FABP family, with which EBP shares sequence

homology. The ab initio secondary structure prediction was consistent with CD mea-

surements, which predicted very similar secondary structures, with high proportions of

β-sheet for both EBP and EBP-C61S.

Template-based homology modelling was used to construct a tertiary structure model

for EBP, based upon an experimentally determined structure of FABP-I. Members of

the FABP family are known to exhibit very similar tertiary structures, in which the

10 β-strands are folded into a β-barrel (Flower, 1996; Storch and McDermott, 2009).

The two ends of the barrel are closed off by the position of turns, which connect the

β-strands, at one end and the two helices at the other. This structure was observed

in the EBP homology model, which also indicated that the binding site formed by

the β-barrel was large enough to accommodate a carotenoid molecule. Furthermore,

Cys61 was modelled with the sulfhydryl functional group solvent exposed which was

consistant with the formation of the disulfide bonded dimers which were experimentally

observed.

Although the homology model of EBP provided a useful structural overview, detail

at the atomic level was not possible. Therefore, in order to validate the structural

predictions EBP-C61S crystallisation trials were performed. Although protein crystals

were not successfully produced, useful foundation information has been obtained. In

addition, 9′-cis-echinenone has subsequently been reincorporated into EBP-C61S which

may provide a greater chance of obtaining crystals with the ligand stabilising the

binding site. Furthermore, an X-ray crystallography structure of the holo-protein would

provide important information on the protein-ligand interactions.
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Conclusions and future directions

6.1 Conclusions

The New Zealand sea urchin Evechinus chloroticus, is harvested to supply roe (gonad)

to domestic and potentially to international markets. However current export success

is limited by variation in colour which is an important factor in determining the market

quality of sea urchin roe. In this project the contribution of carotenoids and proteins

to gonad colour and the potential of carotenoid-protein interactions was considered in

an investigation into gonad colour variation.

Gonad colour variation was compared in E. chloroticus and Heliocidaris erthrogamma,

two species of sea urchin commercially harvested in New Zealand and Australia respec-

tively. Quantitation of the colour of light, medium and dark gonads was attempted

through the spectrophotometric analysis of colour parameters using the CIE L∗a∗b∗

reporting scale. However poor differentiation of the L∗a∗b∗ parameters was observed

between gonad colour groups. Carotenoid and proteomic profiles from extracts of light,

medium and dark coloured gonads of both species were prepared by reversed phase-high

performance liquid chromatography and 2D-polyacrylamide gel electrophoresis respec-

tively. The major carotenoid present in all gonads was 9′-cis-echinenone, followed by
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(iso)zeaxanthin and all-trans-echinenone in E. chloroticus and H. erthrogamma respec-

tively. However few significant differences in the carotenoid or protein profiles were ob-

served between the gonad colour groups. This suggested that although they are known

contributors to sea urchin gonad colour (Griffiths and Perrott, 1976; Tsushima and

Matsuno, 1990, 1997; Borisovets et al., 2002; Symonds et al., 2007, 2009), carotenoids

do not account for all of the variation observed. It now appears likely that sea urchin

gonad colour variation is due to a complex combination of factors, which potentially

involves subtle differences in the composition of carotenoids, proteins and lipids as well

as other unknown factors.

Echinenone, and in particular 9′-cis-echinenone has been reported to be the major

carotenoid present in the gonads of many different sea urchin species (Tsushima and

Matsuno, 1990; Symonds et al., 2007, 2009). The assimilation of echinenone in the

gonad is thought to require the involvement of specific carotenoid binding-proteins

(CBP), which may facilitate carotenoid transport, importation and storage. Proteins

involved in such processes would likely have significant effects on both gonad coloration

and reproductive viability.

An echinenone-binding protein (EBP) was identified in this project and partially puri-

fied from the gonad of the New Zealand sea urchin Evechinus chloroticus. The protein

was found to have shared homology with members of the fatty acid-binding protein

(FABP) family. FABPs are members of the calycin structural superfamily, which are

renowned for their roles in the binding and transport of small hydrophobic molecules

(Flower et al., 1993; Flower, 1996; Flower et al., 2000; Storch and Thumser, 2000;

Storch and McDermott, 2009). Other CBPs previously reported in the literature, have

generally been classified to the lipocalin sub group of the calycin superfamily (Flower,

1996). FABPs are known to bind retinoids, which are derivatives of apocarotenoids,

and the transport of carotenoids by FABPs has been previously hypothesised (Hol-

lander and Ruble, 1978), however this is the first report of a carotenoid bound to a

FABP-like protein.

The availability of the de novo assembled E. chloroticus transcriptome (Gillard et al.,

2014) provided a means for obtaining the EBP cDNA sequence and enabled the op-

portunity to produce EBP in a recombinant protein expression system. Recombinant

production of EBP allowed the production of large quantities of purified protein, which
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was found to be difficult to achieve from the native source of E. chloroticus gonads.

An expression construct also enabled the production of a mutant form of the protein,

EBP-C61S, which was more soluble and stable. The production of large quantities

of purified protein enabled preliminary structural characterisation experiments to be

performed. In addition, availability of the EBP amino acid sequence allowed a bioin-

formatic approach to investigate sequence and structural relationships to other groups

within the calycin protein superfamily. This strongly supported the identification of

EBP as a FABP, from which a 3-D structural homology model was created. The ho-

mology model enabled a prediction of the orientation of 9′-cis-echinenone in the ligand-

binding site and provided insights into the probable function of EBP as a transporter

of 9′-cis-echinenone.

Although the exact function and mode of operation of the EBP in the sea urchin gonad

remains to be elucidated, the identification of EBP is a step towards understanding

the mechanisms contributing to sea urchin gonad coloration. In future, a greater

understanding of the biochemistry related to sea urchin gonad coloration may enable

the colour variation to be reduced through aquaculture methods. Hence the consistent

production of high quality E. chloroticus roe would contribute to the establishment of

a valuable export market.

6.2 Publication of this research

A manuscript reporting the identification of the echinenone-binding protein has been

published.

Pilbrow JL, Sabherwal M, Garama D and Carne A. (2014). A novel fatty acid-binding

protein-like echinenone-binding protein from the gonad of the New Zealand sea urchin

Evechinus chloroticus. PLoS One. 9(9): e106465. doi:10.1371/journal.pone.0106465

(appendix R).

An additional manuscript is currently in preparation for publication: Comparison of

gonad colour variation in the sea urchins, E. chloroticus and H. erthrogamma. This

manuscript will report the major findings of the quantitative analysis of gonad colour
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and carotenoid content of light, medium and dark gonads of E. chloroticus and H.

erthrogamma as detailed in Chapter 3 of this thesis.

6.3 Future directions

Due to time constraints for the project limited characterisation of the recombinant

EBP complex was able to be performed. Therefore future work should be aimed at the

characterisation of the ligand-protein interactions to obtain both kinetic and structural

information.

6.3.1 Investigation of the brown-pigment in carotenoid-extracted

pellets

Following solvent extraction of gonad tissue, it was observed that a brown coloration

was retained in the pellet, which was proportional to that of the starting material. It

was hypothesised that the brown-pigment may contribute to dark coloration of gonads.

Therefore further investigation of the brown pigment in carotenoid-extracted pellets,

may provide insights into sea urchin gonad colour variation.

The nature of the dark pigment remains unknown, however potential hypotheses to

explain the dark pigment include; a build-up of lipid peroxides, transition metal com-

plexes or other metabolic by-products, such as dopamine, which darken in colour as

they oxidise (Richter and Waddell, 1983). For analysis of this compound it would

first need to be isolated. The dark pigment was unable to be extracted by aqueous

or organic solvents and therefore it is likely to be incorporated into sub-cellular com-

partments, such as vesicles or perhaps tightly-bound in protein aggregates or fibrils.

If the dark-pigment was able to be solubilised with high concentrations of reducing

agents and denaturants, it may allow further exploration. In addition, techniques such

as proteolysis and lipolysis may be effective for release of the compound enabling it

to be extracted. Once extracted, isolation by fractionation and identification by mass

spectrometry may be possible.
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6.3.2 Kinetic analysis of ligand-protein interactions

Initially difficulties were encountered with trying to achieve the binding of 9′-cis-

echinenone with recombinant EBP-C61S, due to the contrasting solubilities of the two

compounds. As carotenoids are highly hydrophobic aggregation will occur in even low

percentage aqueous solutions (Britton, 2008). Conversely in the presence of organic

solvent the protein will be denatured and unable to bind the carotenoid. This presents

a challenging prospect for measuring the interaction between protein and ligand.

The method used for the recombination of 9′-cis-echinenone with EBP was unsuitable

for an accurate quantitation of the protein-ligand interaction, which was not easily mea-

sured. However the method may be adapted to use isotopically labelled carotenoids. A

known amount of protein is incubated with equal quantities of the isotopically labelled

carotenoid of interest and an unlabelled competitor carotenoid. Labelled carotenoid

recombination with protein can then be measured by a scintillation counter, which

allows for the calculation of stoichiometry and dissociation constant. This method has

been reported previously for the characterisation carotenoid-protein interactions (Rao

et al., 1997; Vogel et al., 1999; Tabunoki, 2002), however obtaining isotopically labelled

carotenoids may present difficulties and would be costly.

A method which has been trialed on a preliminary basis is the solubilisation of carotenoid

in lipid vesicles to form carotenoid-containing liposomes (CCL). The CCL are soluble

in an aqueous environment and it is hypothesised that incubation of CCLs with EBP

would result in carotenoid transfer from liposome to protein. With the inclusion of ap-

propriate controls carotenoid transfer could be monitored by thermal-shift assay and

isothermal titration calorimetry experiments, which could yield kinetic data. Alter-

natively, a recent publication useing of surface plasmon resonance (SPR) to measure

carotenoid-protein interactions, through solubilisation of carotenoid in dimethyl sulfox-

ide (Vachali et al., 2012), could be investigated. The technique of SPR is available in

the Department of Biochemistry at the University of Otago. However SPR materials

are also costly, in which case prior optimisation of experimental conditions through the

use of thermal-shift assays could be applied.
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6.3.3 Crystallography of EBP-C61S

The construction of a 3-D homology model of EBP enabled a tantalising glimpse of how

9′-cis-echinenone may be positioned in the ligand-binding site. However the model did

not allow the prediction of detailed protein-ligand contacts and the hypotheses require

experimental validation. Therefore efforts to obtain EBP-C61S protein crystals for X-

ray crystallography structural analysis will be continued. Late in this research project

attempts to recombine 9′-cis-echinenone with recombinant EBP-C61S were successful.

This will enable crystallisation trials to be performed using holo-EBP-C61S. Greater

success in obtaining EBP-C61S crystals is likely with the holo-protein as the ligand

may stabilise non-polar amino acids in the hydrophobic ligand-binding site, promoting

crystallisation (Bergfors, 2009). The small number of diverse CBP structures avail-

able renders any new information of great interest and importance. Furthermore a

carotenoid-binding FABP is not represented among the previously reported structures

and a holo-EBP structure would contribute new information to the field of CBP re-

search.

6.3.4 Animal and tissue distribution of EBP

Characterisation of the tissue distribution of EBP within E. chloroticus may aid in

the determination of the functional role of EBP in sea urchin gonad coloration. Tissue

distribution could be analysed through obtaining an antibody to EBP and comparing

the levels of protein present in gonad, visceral tissue and coelomic fluid through 1-D

PAGE and western blot analysis. Analysing for the presence of EBP in the visceral

tissue, the proposed site of echinenone production from β-carotene within the sea

urchin (Tsushima and Matsuno, 1990; Symonds et al., 2007, 2009), and the coelomic

fluid may suggest a transport role between tissues. However if EBP is found to be

present only in the gonad it may indicate a role in carotenoid storage or transport

within the reproductive organ.
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6.3.5 Conclusion

This research has identified a FABP in complex with 9′-cis-echinenone, which may

have a potentially important role in sea urchin gonad coloration. A foundation for

the future characterisation of the complex has been laid. In the published literature

there are numerous reports of CBP identification, however this translates to only a

few complexes for which the protein-ligand interaction has been characterised. The

availability of structural information for CBP complexes from animals is rarer still, with

only crystal structures of crustacyanin (Cianci et al., 2001, 2002) reported. Therefore

future research of the EBP complex will contribute valuable information to limited

knowledge in this field.
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Küpper, F. C., Schweigert, N., Gall, E. A., Legendre, J.-M., Vilter, H., and Kloareg,

B. (1998). Iodine uptake in Laminariales involves extracellular, haloperoxidase-

mediated oxidation of iodide. Planta, 207 (2), 163–171.

Laegdsgaard, P., Byrne, M., and Anderson, D. T. (1991). Reproduction of sympatric

populations of Heliocidaris erythrogramma and H. tuberculata (Echinoidea) in New

South Wales. Marine Biology , 110 (3), 359–374.

235



REFERENCES

Lamare, M. D. and Hoffman, J. (2004). Natural variation of carotenoids in the eggs

and gonads of the echinoid genus, Strongylocentrotus : implications for their role in

ultraviolet radiation photo-protection. Journal of Experimental Marine Biology and

Ecology , 312 (2), 215–233.

Landrum, J. T., Bone, R. A., Moore, L. L., and Gomez, C. M. (1999). Analysis of zeax-

anthin distribution within individual human retinas. Methods in Enzymology , 299,

457–467.

Lapko, V. N., Smith, D. L., and Smith, J. B. (2000). Identification of an artefact in

the mass spectrometry of proteins derivatized with iodoacetamide. Journal of Mass

Spectrometry , 35 (4), 572–575.

Lasker, R. and Giese, A. C. (1954). Nutrition of the sea urchin, Strongylocentrotus

purpuratus . The Biological Bulletin, 106 (3), 328–340.

Lawrence, J. (Ed.) (2007). Edible Sea Urchins: Biology and Ecology. Oxford, UK:

Elsevier.

Lawrence, J. and Klinger, T. S. (2007). Digestion in sea urchins. In J. Lawrence (Ed.),

Edible Sea Urchins: Biology & Ecology, 103–114. Elsevier.

Lederer, E. (1938). Echinenone as a provitamin A. In Bull. Soc. Chim. Biol. (Paris),

554. Masson.

Levin, A. A., Sturzenbecker, L. J., Kazmer, S., Bosakowski, T., Huselton, C., Allenby,

G., and Speck, J. (1992). 9-cis-retinoic acid stereoisomer binds and activates the

nuclear receptor RXRα. Nature, 355 (3), 359–361.

Levin, G. and Mokady, S. (1994). Antioxidant activity of 9-cis compared to all-trans-

β-carotene in vitro. Free Radical Biology & Medicine, 17 (1), 77–82.

Levitt, M. and Chothia, C. (1976). Structural patterns in globular proteins. Na-

ture, 261 (5561), 552–558.

Li, B., Vachali, P., and Bernstein, P. S. (2010). Human ocular carotenoid-binding

proteins. Photochemical & Photobiological Sciences , 9 (11), 1418–1425.

Li, H.-B., Xu, X.-R., and Chen, F. (2009). Determination of iodine in seawater: meth-

ods and applications. In V. R. Preedy, G. N. Burrow, and R. R. Watson (Eds.),

236



REFERENCES

Comprehensive handbook of iodine: Nutritional, biochemical, pathological and thera-

peutic aspects, 3–13. Academic Press.

Liaaen-Jensen, S. (1965). Studies on allylic oxidation of carotenoids. Acta Chemica

Scandinavica, 19 (5), 10.

Liaaen-Jensen, S. and Lutnoes, B. (2008). E/Z isomers and isomerisation. In G. Brit-

ton, S. Liaaen-Jensen, and H. Pfander (Eds.), Carotenoids. Volume 4: Natural Func-

tions, 15–36. Birkhäuser.
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APPENDIX D. REPRESENTATIVE RP-HPLC CHROMATOGRAMS FOR
LIGHT, MEDIUM AND DARK GONADS OF E. CHLOROTICUS AND H.

ERTHROGAMMA
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Figure D.1: Representative chromatograms for E. chloroticus and H. erthrogamma light, medium and

dark gonads. A 100 µL aliquot of carotenoid extract in methanol, equivalent to 30 mg gonad (d/w),

was analysed by RP-HPLC on a C30 column, carotenoid was eluted over a gradient of increasing TBME

concentration from 0-60% between 5 and 35 min at a flow rate of 1 mL.min−1 and column effluent

was monitored at 445 nm. Carotenoids were identified by comparison of retention times (RT ) to

commercial standards and chromatograms reported in the literature for chromatography conducted

under the same conditions (appendix E.1); a. fucoxanthinol, b. fucoxanthin, c. astaxanthin, d.

canthaxanthin, e. lutein, f. (iso)zeaxanthin, g. all-trans-echinenone h. 9′-cis-echinenone, i. α-

carotene, j. all-trans-β-carotene and k. 9′-cis-β-carotene. Only 0-150 mAu is shown for the y-axis

scale.
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APPENDIX E. RP-HPLC OF CAROTENOID STANDARDS
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Figure E.1: Identification of carotenoids by RP-HPLC comparison to commercial standards and data

reported in the literature. A 50 µL aliquot of each commercial standard a.-f. was injected onto a

C30 column for analysis by RP-HPLC. The column effluent from a TBME gradient (diagonal line)

was monitored at 445 nm. Each standard was analysed in triplicate to obtain an average retention

time to be used for carotenoid identification (sections 2.2.5.1 and 3.3).a. fucoxanthin, b. astaxanthin,

c. ii. canthaxanthin, c. ii. unknown peaks, d. i. all-trans-echinenone, d. ii. 9′-cis-echinenone,

e. α-carotene and f. all-trans-β-carotene. An example of a chromatogram, from the literature

(Symonds et al., 2007), which was used to aid carotenoid identification is shown in g.; i. lutein,

ii. (iso)zeaxanthin, iii. all-trans-echinenone and iv. 9′-cis-echinenone. Figure reproduced with

permission from Symonds et al. (2007).
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APPENDIX F. ECHINENONE STANDARD CURVES
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Figure F.1: Echinenone Standard curves. An echinenone standard curve was constructed for the

estimation of carotenoid amount, from RP-HPLC peak height data (section 3.4.2.1). 9′-cis-echinenone

was purified from E. chloroticus roe tissue by carotenoid extraction followed by RP-HPLC with a C30

column. Purified echinenone was evaporated to dryness under oxygen-free nitrogen gas and then

residual solvent was removed by overnight vacuum desiccation. The resulting powdered echinenone

was weighed and dissolved in 1 mL methanol. The molar quantity of echinenone in 1 mL was calculated

from the mass and the molecular weight of echinenone, 550.8 g.mol−1. The purity of the sample was

analysed by RP-HPLC, by injection of a 100 µL aliquot onto a C30 column. Carotenoid was eluted by

a TBME gradient from 0%-60% over 30 min at a flow-rate of 1 mL.min−1 and the column effluent was

monitored at 445 nm. The purified 9′-cis-echinenone was found to contain ∼10% all-trans-echinenone.

Therefore standard curves of 9′-cis and all-trans-echinenone could be constructed in tandem. The

echinenone solution was analysed by RP-HPLC in undiluted form followed by serial dilutions at 1 in

2, 1 in 4, 1 in 8, 1 in 16 and 1 in 32 fold of the original sample. Each concentration was analysed in

triplicate and the mean peak height graphed with standard deviation expressed as error bars. Curves

were constructed in Prism and trendlines were calculated by linear regression, equations and p-values

are shown. a. Standard curve for 9′-cis-echinenone. b. Standard curve for all-trans-echinenone.
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APPENDIX G. AN EXAMPLE OF E. CHLOROTICUS DARK FEMALE GONAD
2-D PAGE PROFILE AFFECTED BY INTERFERING MOLECULES
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Figure G.1: An example of an E. chloroticus female gonad 2-D PAGE profile affected by interfer-

ing molecules in the sample. Gonad tissue, 0.5 g from a combination of 2 different animals, was

homogenised in phosphate buffer, pH 8.0, and centrifuged for 10 min at 8,000 g. The supernatant

fraction was treated twice with the chloroform-methanol lipid extraction procedure and then the pro-

tein was resuspended in rehydration buffer. A 1
8 of the sample was subjected to a 2-D clean up

procedure for 2-D PAGE, resuspended in a total volume of 360 µL of rehydration buffer and then

adsorbed into a pH 3-10 NL IPG strip overnight. IEF was conducted for a total of approximately

80,000 V.h−1. Proteins were then reduced and alkylated for second dimension electrophoresis on a

12.5% w/v large-format SDS polyacrylamide gel. Gels were fixed in a solution of 10% v/v methanol

and 5% v/v acetic acid then stained overnight with colloidal Coomassie. Gels were destained in a

solution of 5% v/v orthophosphoric acid and 10% v/v ethanol (section3.5.2.2).
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APPENDIX I. AMOUNTS OF CAROTENOID PRESENT IN THE GONAD
HOMOGENATE FRACTIONS OF E. CHLOROTICUS
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Figure I.1: Amounts of carotenoid present in the gonad homogenate fractions of E. chloroticus.

Carotenoids were extracted from E. chloroticus pellet, lipid and ultra-centrifuged subnatant (UFS)

gonad homogenate fractions (section 4.1.2). A 100 µL aliquot of carotenoid extract in methanol,

equivalent to 0.1 g (w/w) gonad tissue, was analysed by RP-HPLC on a C30 column. Carotenoid

was eluted over a gradient of increasing TBME concentration from 0-60% between 5 and 35 min at a

flow rate of 1 mL.min−1 and column effluent was monitored at 445 nm. Amounts of each carotenoid

were calculated by comparison of peak heights to an echinenone standard curve. Statistical tests were

performed by 2-way ANOVA, including a Tukey’s test for multiple comparisons, in GraphPad Prism R©

version 6.0a, with a significance threshold of p≤0.05.
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APPENDIX J. MASS SPECTROMETRY OF EBP
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J.1. MASS SPECTROMETRY SEQUENCE COVERAGE OF EBP VARIANTS.

J.1 Mass spectrometry sequence coverage of EBP

variants.
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APPENDIX J. CONCLUSIONS AND FUTURE DIRECTIONS

         .         .         .         .         .         . 
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         .         .         .         .         .         . 
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         .
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Figure J.1: Mass spectrometry sequence coverage of EBP variants. EBP, apo-rEBp and apo-rEBP-

C61S were subjected to in-gel digestion with trypsin (T). In addition apo-rEBP-C61S was also sub-

jected to in-gel digestion with Glu-C endoproteinase (GC). The peptides were analyzed by MALDI-

TOF/TOF mass spectrometry and identified by a Mascot search against a user database containing

the predicted EBP(Ec) amino acid sequence. The peptides identified for each protein were mapped

onto the EBP(Ec) sequence and are indicated by the coloured lines beneath the sequence. The po-

sition of the mutation, C61S, is indicated in large bold type and the identity of the amino acid at

position 61 is indicated for each peptide.
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Appendix K

Full results of BLASTp searches of

EBP(Sp) and EBP(Ec) against the

NCBI-non-redundant database
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APPENDIX K. FULL RESULTS OF BLASTP SEARCHES OF EBP(SP) AND
EBP(EC) AGAINST THE NCBI-NON-REDUNDANT DATABASE
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Appendix L

Gel-permeation chromatography

standard curve
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APPENDIX L. GEL-PERMEATION CHROMATOGRAPHY STANDARD CURVE
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Figure L.1: Gel-permeation chromatography standard curve. A standard curve was constructed

for the estimation of the molecular weight of proteins eluting off a Sephacryl R©-100 gel-permeation

column (section 4.2.3). Gel-permeation chromatography was conducted using an ÄKTA-Purifier (GE

Healthcare), 1 mL of sample was injected onto a 16/60 Sephacryl R©-100 column (GE Healthcare) at

a flow rate of 0.5 mL.min−1. Five compounds of known molecular weight: Vitamin-B12 - 2 kDa,

cytochrome c - 12 kDa, myoglobin - 17.7 kDa, ovalbumin - 45 kDa and BSA - 66.4 kDa, were analysed

in triplicate 2.4.3.3. A curve was constructed by plotting the log10 of the molecular weight (kDa)

of the standards versus the average elution volume in (mL). The trend-line was calculated by linear

regression using GraphPad Prism R© version 6.0a. The equation of the trend-line and R2 value are

displayed on the graph. Horizontal error bars were plotted as 1 standard ± of the mean, but are not

visible on this scale due to low standard deviations.
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Appendix M

Full results for LTQ-orbitrap mass

spectrometry analysis of potential

75 kDa CBP
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APPENDIX M. FULL RESULTS FOR LTQ-ORBITRAP MASS
SPECTROMETRY ANALYSIS OF POTENTIAL 75 KDA CBP
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Appendix N

Sequencing confirmation of the

C61S amino acid change by site

directed mutagenesis (SDM) of

EBP
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APPENDIX N. SEQUENCING CONFIRMATION OF THE C61S AMINO ACID
CHANGE BY SITE DIRECTED MUTAGENESIS (SDM) OF EBP

!"#$

!"#%&'()$

Figure N.1: Sequencing confirmation of the C61S amino acid change by SDM of EBP. Plasmid DNA

was extracted from 4 mL of overnight bacterial liquid culture, using a plasmid mini-prep kit (Roche

Applied Sciences). DNA sequencing of EBP and EBP-C61S was performed by Genetics Analysis

Services, at the University of Otago and the results were analysed with 4Peaks software (Makentosj)

(section 2.5.3). Position 61, the amino acid targeted by SDM (section 5.2.2), is circled in red.
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Appendix O

Circular Dichroism Spectroscopy
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APPENDIX O. CIRCULAR DICHROISM SPECTROSCOPY
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Figure O.1: CD spectra of recombinant apo-EBP. Specta were collected in the presence of 5 mM

phosphate, pH 7.5, at 18◦C. Each spectrum is the average of 5 datasets collected with an aver-

age baseline subtracted (section 2.8.2.1). Error bars are ± standard deviation (SD) calculated by√
(SDsample)2 + (SDbaseline)2. Apo-EBP is shown in black and apo-EBP-C61S mutant shown in red

(section 5.4.2).
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Appendix P

Secondary Structure Prediction

P.1 Secondary structure predictions from CDPro
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APPENDIX P. SECONDARY STRUCTURE PREDICTION

Table P.1: Secondary structure predictions for EBP and EBP-C61S made from the SP43, SDP48 and

SMP56 data sets using the CDPro algorithms

Secondary Structures*

Construct Reference set Algorithm H(r) H(d) β(r) β(d) T U RMSD† NRMSD†

EBP SP43 CDSSTR .004 .011 .331 .212 .169 .265 .292 .101

CONTINLL .014 .036 .452 .114 .261 .123 .689 .238

SELCON 3 - - - - - - - -

Average .009 .024 .392 .163 .215 .194 - -

STDV§ .007 .018 .086 .069 .065 .100 - -

SDP48 CDSSTR .014 .021 .303 .176 .195 .293 .167 .058

CONTINLL .051 .017 .418 .123 .250 .142 .460 .158

SELCON 3 .110 .083 .279 .134 .199 .164 1.721 .593

Average .058 .040 .333 .144 .215 .200 - -

STDV .048 .037 .074 .028 .031 .082 - -

SMP56 CDSSTR .013 .006 .343 .165 .263 .205 .119 .041

CONTINLL .055 .000 .466 .146 .180 .153 .435 .150

SELCON 3 .022 .036 .459 .137 .177 .190 1.033 .356

Average .030 .014 .423 .149 .206 .183 - -

STDV .022 .019 .069 .014 .049 .027 - -

C61S SP43 CDSSTR .015 .011 .347 .169 .202 .240 .290 .107

CONTINLL .036 .010 .296 .103 .260 .294 .280 .103

SELCON 3 .067 .032 .269 .107 .147 .334 1.833 .674

Average .039 .019 .304 .126 .203 .289 - -

STDV .26 .012 .040 .037 .057 .047 - -

SDP48 CDSSTR .025 .016 .286 .167 .250 .248 .316 .116

CONTINLL .031 .018 .303 .118 .242 .287 .296 .109

SELCON 3 .035 .045 .358 .183 .276 .142 1.379 .507

Average .030 .026 .316 .156 .383 .226 - -

STDV .005 .016 .038 .034 .018 .075 - -

SMP56 CDSSTR .007 .019 .421 .131 .203 .215 .194 .071

CONTINLL .031 .009 .466 .122 .185 .187 .151 .056

SELCON 3 .028 .014 .421 .123 .179 .239 .644 .237

Average .022 .014 .436 .125 .189 .213 - -

STDV .013 .005 .026 .004 .012 .026 - -

* Regular helix - H(r), distorted helix - H(d), regular sheet - β(r), distorted sheet - β(d), Turns - T and Unorderd

- U.
†

RMSD - Root-mean-square deviation and NMRSD - Normalised root-mean-square deviation.
§

STDV - Standard deviation.
Refer to sections 2.8.2.2 and 5.4.2.1.
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Table P.2: Statistical analysis of secondary structural elements in EBP and EBP-C61S

Secondary Structures* % in EBP† % in C61S† P value¶

H(r) 3.40 1.90 0.60

H(d) .50 1.40 0.26

H(T) 3.70 3.30 0.89

β(r) 40.50 44.35 0.61

β(d) 15.55 12.65 0.11

β(T) 56.00 57.00 0.89

T 22.15 19.40 0.58

U 17.90 20.10 0.53

* Regular helix - H(r), distorted helix - H(d), Helix total - H(T),

regular sheet - β(r), distorted sheet - β(d), β-sheet total - β(T),

Turns - T and Unorderd - U.
†

Mean calculated from CDSSTR and CONTINLL predictions for

SMP56 protein reference set.
§

Statistical significance calculated by multiple row unpaired T-

tests using Prism.
¶

p<0.05 represents a significant difference in the proportion of

an element.

Refer to sections 2.8.2.2 and 5.4.2.1.
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Appendix Q

Optimised screens for the

crystallisation of EBP-C61S

Q.1 Screen of conditions with PEG 400 and propan-

2-ol as the precipitants

Table Q.1: Crystallisation optimisation 96 well screen

Well [Protein] pH [MgCl2] Precipitant

(mg.mL−1) (M)

A1 7 7 0.1 25% PEG 400

A2 7 7 0.1 30% PEG 400

A3 7 7 0.1 35% PEG 400

A4 7 7 0.1 40% PEG 400

A5 7 7 0.2 25% PEG 400

A6 7 7 0.2 30% PEG 400

A7 7 7 0.2 35% PEG 400

A8 7 7 0.2 40% PEG 400

A9 7 7 0.3 25% PEG 400

A10 7 7 0.3 30% PEG 400

A11 7 7 0.3 35% PEG 400

A12 7 7 0.3 40% PEG 400

B1 7 8 0.1 25% PEG 400

B2 7 8 0.1 30% PEG 400

B3 7 8 0.1 35% PEG 400

B4 7 8 0.1 40% PEG 400

B5 7 8 0.2 25% PEG 400

*Continued on next page

287



APPENDIX Q. OPTIMISED SCREENS FOR THE CRYSTALLISATION OF
EBP-C61S

Table Q.1: Crystallisation optimisation 96 well screen

B6 7 8 0.2 30% PEG 400

B7 7 8 0.2 35% PEG 400

B8 7 8 0.2 40% PEG 400

B9 7 8 0.3 25% PEG 400

B10 7 8 0.3 30% PEG 400

B11 7 8 0.3 35% PEG 400

B12 7 8 0.3 40% PEG 400

C1 9 7 0.1 25% PEG 400

C2 9 7 0.1 30% PEG 400

C3 9 7 0.1 35% PEG 400

C4 9 7 0.1 40% PEG 400

C5 9 7 0.2 25% PEG 400

C6 9 7 0.2 30% PEG 400

C7 9 7 0.2 35% PEG 400

C8 9 7 0.2 40% PEG 400

C9 9 7 0.3 25% PEG 400

C10 9 7 0.3 30% PEG 400

C11 9 7 0.3 35% PEG 400

C12 9 7 0.3 40% PEG400

D1 9 8 0.1 25% PEG 400

D2 9 8 0.1 30% PEG 400

D3 9 8 0.1 35% PEG 400

D4 9 8 0.1 40% PEG 400

D5 9 8 0.2 25% PEG 400

D6 9 8 0.2 30% PEG 400

D7 9 8 0.2 35% PEG 400

D8 9 8 0.2 40% PEG 400

D9 9 8 0.3 25% PEG 400

D10 9 8 0.3 30% PEG 400

D11 9 8 0.3 35% PEG 400

D12 9 8 0.3 40% PEG 400

E1 12 7 0.1 25% PEG 400

E2 12 7 0.1 30% PEG 400

E3 12 7 0.1 35% PEG 400

E4 12 7 0.1 40% PEG 400

E5 12 7 0.2 25% PEG 400

E6 12 7 0.2 30% PEG 400

E7 12 7 0.2 35% PEG 400

E8 12 7 0.2 40% PEG 400

E9 12 7 0.3 25% PEG 400

E10 12 7 0.3 30% PEG 400

E11 12 7 0.3 35% PEG 400

E12 12 7 0.3 40% PEG 400

F1 12 8 0.1 25% PEG 400

F2 12 8 0.1 30% PEG 400

F3 12 8 0.1 35% PEG 400

F4 12 8 0.1 40% PEG 400

F5 12 8 0.2 25% PEG 400

F6 12 8 0.2 30% PEG 400

F7 12 8 0.2 35% PEG 400

F8 12 8 0.2 40% PEG 400

*Continued on next page
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Table Q.1: Crystallisation optimisation 96 well screen

F9 12 8 0.3 25% PEG 400

F10 12 8 0.3 30% PEG 400

F11 12 8 0.3 35% PEG 400

F12 12 8 0.3 40% PEG 400

G1 9 7 0.1 5% Propan-2-ol

G2 9 7 0.1 10% Propan-2-ol

G3 9 7 0.1 15% Propan-2-ol

G4 9 7 0.1 20% Propan-2-ol

G5 9 7 0.2 5% Propan-2-ol

G6 9 7 0.2 10% Propan-2-ol

G7 9 7 0.2 15% Propan-2-ol

G8 9 7 0.2 20%Propan-2-ol

G9 9 7 0.3 5% Propan-2-ol

G10 9 7 0.3 10% Propan-2-ol

G11 9 7 0.3 15% Propan-2-ol

G12 9 7 0.3 20% Propan-2-ol

H1 9 8 0.1 5% Propan-2-ol

H2 9 8 0.1 10% Propan-2-ol

H3 9 8 0.1 15% Propan-2-ol

H4 9 8 0.1 20% Propan-2-ol

H5 9 8 0.2 5% Propan-2-ol

H6 9 8 0.2 10% Propan-2-ol

H7 9 8 0.2 15% Propan-2-ol

H8 9 8 0.2 20%Propan-2-ol

H9 9 8 0.3 5% Propan-2-ol

H10 9 8 0.3 10% Propan-2-ol

H11 9 8 0.3 15% Propan-2-ol

H12 9 8 0.3 20% Propan-2-ol
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Q.2 Screen of conditions with PEG 3350 as the pre-

cipitant

Table Q.2: Crystallisation optimisation 96 well screen

Well [Protein] Salt, pH Precipitant

(mg.mL−1) Conc. (M)

A1 6 (NH4)2SO4, 0.1 6 20% PEG 3350

A2 6 (NH4)2SO4, 0.1 6 25% PEG 3350

A3 6 (NH4)2SO4, 0.1 6 30% PEG 3350

A4 6 (NH4)2SO4, 0.2 6 20% PEG 3350

A5 6 (NH4)2SO4, 0.2 6 25% PEG 3350

A6 6 (NH4)2SO4, 0.2 6 30% PEG 3350

A7 6 (NH4)2SO4, 0.4 6 20% PEG 3350

A8 6 (NH4)2SO4, 0.4 6 25% PEG 3350

A9 6 (NH4)2SO4, 0.4 6 30% PEG 3350

A10 6 MgCl2, 0.2 6 20% PEG 3350

A11 6 MgCl2, 0.2 6 25% PEG 3350

A12 6 MgCl2, 0.2 6 30% PEG 3350

B1 6 Li2SO4, 0.1 6 20% PEG 3350

B2 6 Li2SO4, 0.1 6 25% PEG 3350

B3 6 Li2SO4, 0.1 6 30% PEG 3350

B4 6 Li2SO4, 0.2 6 20% PEG 3350

B5 6 Li2SO4, 0.2 6 25% PEG 3350

B6 6 Li2SO4, 0.2 6 30% PEG 3350

B7 6 Li2SO4, 0.4 6 20% PEG 3350

B8 6 Li2SO4, 0.4 6 25% PEG 3350

B9 6 Li2SO4, 0.4 6 30% PEG 3350

B10 6 MgCl2, 0.2 6 20% PEG 3350

B11 6 MgCl2, 0.2 6 25% PEG 3350

B12 6 MgCl2, 0.2 6 30% PEG 3350

C1 6 (NH4)2SO4, 0.1 8 20% PEG 3350

C2 6 (NH4)2SO4, 0.1 8 25% PEG 3350

C3 6 (NH4)2SO4, 0.1 8 30% PEG 3350

C4 6 (NH4)2SO4, 0.2 8 20% PEG 3350

C5 6 (NH4)2SO4, 0.2 8 25% PEG 3350

C6 6 (NH4)2SO4, 0.2 8 30% PEG 3350

C7 6 (NH4)2SO4, 0.4 8 20% PEG 3350

C8 6 (NH4)2SO4, 0.4 8 25% PEG 3350

C9 6 (NH4)2SO4, 0.4 8 30% PEG 3350

C10 6 MgCl2, 0.2 8 20% PEG 3350

C11 6 MgCl2, 0.2 8 25% PEG 3350

C12 6 MgCl2, 0.2 8 30% PEG 3350

D1 6 Li2SO4, 0.1 8 20% PEG 3350

D2 6 Li2SO4, 0.1 8 25% PEG 3350

D3 6 Li2SO4, 0.1 8 30% PEG 3350

D4 6 Li2SO4, 0.2 8 20% PEG 3350

D5 6 Li2SO4, 0.2 8 25% PEG 3350

D6 6 Li2SO4, 0.2 8 30% PEG 3350

*Continued on next page
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Table Q.2: Crystallisation optimisation 96 well screen

D7 6 Li2SO4, 0.4 8 20% PEG 3350

D8 6 Li2SO4, 0.4 8 25% PEG 3350

D9 6 Li2SO4, 0.4 8 30% PEG 3350

D10 6 MgCl2, 0.4 8 20% PEG 3350

D11 6 MgCl2, 0.4 8 25% PEG 3350

D12 6 MgCl2, 0.4 8 30% PEG 3350

E1 10 (NH4)2SO4, 0.1 6 20% PEG 3350

E2 10 (NH4)2SO4, 0.1 6 25% PEG 3350

E3 10 (NH4)2SO4, 0.1 6 30% PEG 3350

E4 10 (NH4)2SO4, 0.2 6 20% PEG 3350

E5 10 (NH4)2SO4, 0.2 6 25% PEG 3350

E6 10 (NH4)2SO4, 0.2 6 30% PEG 3350

E7 10 (NH4)2SO4, 0.4 6 20% PEG 3350

E8 10 (NH4)2SO4, 0.4 6 25% PEG 3350

E9 10 (NH4)2SO4, 0.4 6 30% PEG 3350

E10 10 MgCl2, 0.2 6 20% PEG 3350

E11 10 MgCl2, 0.2 6 25% PEG 3350

E12 10 MgCl2, 0.2 6 30% PEG 3350

F1 10 Li2SO4, 0.1 6 20% PEG 3350

F2 10 Li2SO4, 0.1 6 25% PEG 3350

F3 10 Li2SO4, 0.1 6 30% PEG 3350

F4 10 Li2SO4, 0.2 6 20% PEG 3350

F5 10 Li2SO4, 0.2 6 25% PEG 3350

F6 10 Li2SO4, 0.2 6 30% PEG 3350

F7 10 Li2SO4, 0.4 6 20% PEG 3350

F8 10 Li2SO4, 0.4 6 25% PEG 3350

F9 10 Li2SO4, 0.4 6 30% PEG 3350

F10 10 MgCl2, 0.4 6 20% PEG 3350

F11 10 MgCl2, 0.4 6 25% PEG 3350

F12 10 MgCl2, 0.4 6 30% PEG 3350

G1 10 (NH4)2SO4, 0.1 8 20% PEG 3350

G2 10 (NH4)2SO4, 0.1 8 25% PEG 3350

G3 10 (NH4)2SO4, 0.1 8 30% PEG 3350

G4 10 (NH4)2SO4, 0.2 8 20% PEG 3350

G5 10 (NH4)2SO4, 0.2 8 25% PEG 3350

G6 10 (NH4)2SO4, 0.2 8 30% PEG 3350

G7 10 (NH4)2SO4, 0.4 8 20% PEG 3350

G8 10 (NH4)2SO4, 0.4 8 25% PEG 3350

G9 10 (NH4)2SO4, 0.4 8 30% PEG 3350

G10 10 MgCl2, 0.2 8 20% PEG 3350

G11 10 MgCl2, 0.2 8 25% PEG 3350

G12 10 MgCl2, 0.2 8 30% PEG 3350

H1 10 Li2SO4, 0.1 8 20% PEG 3350

H2 10 Li2SO4, 0.1 8 25% PEG 3350

H3 10 Li2SO4, 0.1 8 30% PEG 3350

H4 10 Li2SO4, 0.2 8 20% PEG 3350

H5 10 Li2SO4, 0.2 8 25% PEG 3350

H6 10 Li2SO4, 0.2 8 30% PEG 3350

H7 10 Li2SO4, 0.4 8 20% PEG 3350

H8 10 Li2SO4, 0.4 8 25% PEG 3350

H9 10 Li2SO4, 0.4 8 30% PEG 3350

*Continued on next page
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Table Q.2: Crystallisation optimisation 96 well screen

H10 10 MgCl2, 0.4 8 20% PEG 3350

H11 10 MgCl2, 0.4 8 25% PEG 3350

H12 10 MgCl2, 0.4 8 30% PEG 3350

Refer to sections 2.9.1.2 and 5.6.2.
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Abstract
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Introduction

For over 100 years the sea urchin has been established as an

important biological model organism. A simple body plan and the

relative ease of reproductive manipulation have made the sea

urchin a popular animal for the study of reproduction and

development [1,2,3]. In addition to this service to biology, sea

urchins have also provided a valuable food resource to coastal

populations around the world since prehistoric times [4]. Sea

urchins continue to be fished for their edible gonads (known as roe

or uni), which are considered a culinary delicacy that is popular in

parts of Asia, Europe and South America [4,5].

The sea urchin Evechinus chloroticus (Kina) is endemic to

coastal New Zealand waters, from which it is harvested on a small

scale to supply gonads to domestic and potentially, international

markets. Although the relatively large size of E. chloroticus gonads

is a desirable market attribute, current export success is limited by

variability in gonad color between animals [5,6]. Export market

values of the product are dependent upon taste and texture but

with particular importance placed on color for attractive culinary

presentation [7]. Yellow/orange colored gonads are the most

desirable [7] and can attain up to US$400/Kg [8], however

undesirable shades such as brown and black are also common

amongst E. chloroticus [5,6], which adversely affects the market

value.

Sea urchin gonad color appears primarily to be due to

carotenoid pigment molecules deposited within the tissue

[9,10,11,12,13]. Other than two notable exceptions in the

American cockroach [14] and pea aphid [15], animals are unable

to synthesize carotenoids de novo [16]. However, sea urchins are

able to obtain precursor carotenoids form the diet that may be

modified in the viscera and then transported to the gonads

[12,17,18]. The assimilation of carotenoids in the gonads suggests

that they play an important role in sea urchin reproduction. In

support of this hypothesis, it has been observed that gonad

carotenoid concentrations fluctuate in accordance with the annual

reproductive cycle [9,19]. Furthermore, it has been demonstrated

that carotenoids are incorporated into oocytes and may provide

anti-oxidant protection to spawned eggs and juveniles during early

development [20,21,22]. The interconnected role of carotenoids in

sea urchin reproduction and gonad coloration provides both a

biological and economical incentives to gain a better understand-

ing of carotenoid biochemistry in the sea urchin gonad.

Echinenone has been found to be the major carotenoid present

in the gonads of many species of sea urchin, accounting for up to

85% of total carotenoid [9,10,11,12,13,23]. Detailed analyses

resolving geometric isomers have indicated that 99-cis-echinenone

(99Z-b-echinenone) predominates over the all-trans-isomer (all-E-

b-echinenone) [12,24]. However, echinenone isomers represent

only a small proportion of total gut carotenoids [12,24], suggesting
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that they are selectively taken up and assimilated by the gonad.

Such selectivity is likely to be mediated through interactions with

specific carotenoid-binding proteins (CBP).

Carotenoids in complex with proteins (carotenoproteins) have

been isolated from both prokaryotic and eukaryotic organisms.

The well-researched involvement of carotenoids in light-harvesting

processes has led to the identification of many carotenoprotein

complexes from plants and photosynthetic microorganisms.

Conversely the number of complexes identified from the animal

kingdom is disproportionately low. A b-carotene-binding protein

isolated from rat [25] and ferret liver [26] and a zeaxanthin-

binding protein from human macula and retinal tissue [27,28,29],

represents the exiguous information from vertebrates. Although a

greater number of complexes have been reported from inverte-

brates, including several from marine animals, many have received

very little additional characterization. Crustacyanin, the lobster

carapace protein that forms a complex with astaxanthin, is one of

few well characterized CBPs. Furthermore, crustacyanin remains

the only CBP of animal origin for which a structure has been

experimentally determined [30,31]. The X-ray crystal structure of

the holo-b-crustacyanin complex revealed a heterodimer of A1 and

A3 crustacyanin subunits with two astaxanthin molecules inter-

penetrating the dimer interface [31].

The X-ray crystal structure of crustacyanin indicated that the

complex belonged to the lipocalin family [30,31], which also

includes other CBPs from photosynthetic organisms [32,33].

Lipocalin proteins form a sub-group of calycin protein family,

which is characterized by a common tertiary structural fold; an 8

or 10 stranded b-barrel. The b-barrel fold forms a cup-shaped or

‘‘calyx’’ binding-pocket, which is able to accommodate a wide-

variety of small hydrophobic ligands [34,35]. In addition to

lipocalins the calycin superfamily also encompasses avidins,

triabins, metalloproteinase inhibitors and fatty acid-binding

proteins (FABPs) [34,36]. However, despite commonality of

tertiary structural fold, members of the lipocalin sister families

are not known to interact with carotenoids. FABPs are likely

candidates for CBPs, as although they are named for their role as

intracellular lipid carriers, FABPs are known to bind a diverse

range of small hydrophobic ligands [37]. Furthermore, cellular

retinol, retinal and retinoic acid binding protein classes of FABPs

are specialist carriers of their respective carotenoid metabolites

[38].

The accumulation of carotenoids in sea urchin gonads is likely

to play an important role in reproduction and contributes to the

coloration of the tissue. It appears that the assimilation of

carotenoids is a selective process that is likely to be mediated

through interactions with proteins. This research aimed to identify

a carotenoid-protein complex from the gonad of the New Zealand

sea urchin Evechinus chloroticus. A small protein, of approxi-

mately 15 kDa in size was identified and purified in complex with

99-cis-echinenone from the gonad of E. chloroticus, and has

therefore been called an echinenone-binding protein (EBP).

Spectroscopic analysis of wild type recombinant EBP (apo-rEBP)

and of a recombinant cysteine61 to serine mutant (apo-rEBP-

C61S), in conjunction with ab initio secondary structure predic-

tions and sequence analysis suggests that the protein belongs to the

FABP sub-group of the calycin protein superfamily. Therefore the

EBP may represent the first report of a FABP in complex with

carotenoid.

Materials and Methods

Ethics statement
No ethical approval was required for the use of E. chloroticus for

this research. However, sea urchin specimens were obtained and

used for scientific research with permission from and with respect

to the beliefs of the local Māori Iwi.

Native purification
E. chloroticus specimens were provided by Campbell McMan-

away at Cando Fishing NZ, where the animals were dissected and

tissues were stored at 220uC until required. The method for the

purification of carotenoid-binding proteins (CBPs) from gonad

tissue was adapted from Jouni and Wells [39]. Defrosted gonad

tissue was weighed and blended with an equal w/v of homoge-

nization buffer (0.05 M dibasic sodium phosphate, 50 mM sodium

chloride pH 8.0, containing cOmplete-mini EDTA-Free protease

inhibitor cocktail, Roche Applied Sciences, Penzberg, Germany)

using a Sorvall Omni-Mixer (DuPont Instruments, CT, USA) at

2,500 rpm until homogeneous. The homogenate was centrifuged

at 4uC and 8,000 g for 30 min and the supernatant fraction was

removed and retained.

Delipidation of the sample was performed by density-adjusted

ultra-centrifuging, based on protocols modified from Redgrave et
al. [40] and Havel et al. [41] and Aviram [42]. The density of the

supernatant was adjusted to 1.2 g.mL21 by the addition of

crystalline sucrose and then ultra-centrifuged at 4uC and

435,000 g for 1 h in a TL-100 ultra-centrifuge (Beckman, CA,

USA). Following ultra-centrifuging the sample was extracted from

beneath a lipid layer with a needle and syringe and then dialyzed

at 4uC overnight against ion-exchange chromatography buffer A

(0.05 M dibasic sodium phosphate, pH 8.0).

The dialyzed sample was passed through a bed (150 615 mm)

of DEAE Sepharose resin (pre-equilibrated with anion-exchange

buffer A), under gravity flow, to remove additional lipid from the

sample. Bound proteins were eluted with 0.5 M NaCl and

collected in 3 mL fractions. Yellow-colored fractions were buffer

exchanged to ion-exchange chromatography buffer A and re-

concentrated using a Vivaspin 10 kDa MWCO centrifugal-

concentrator (GE Healthcare, Uppsala, Sweden). The sample

was then extruded through a 0.45 mm PTFE filter (Sartorius,

Goettingen, Germany) and 3 mL was injected onto a pre-

equilibrated 5 mL HiTrap Q-Sepharose fast-flow column (GE

Healthcare), connected to an ÅKTA-Explorer 900 FPLC (GE

Healthcare). The column was washed with 25 mL of buffer A, at a

flow-rate of 5 mL.min21. Bound protein was eluted with a 0–

100% gradient of buffer B (buffer A + 1 M NaCl), over 100 mL.

Column effluent was monitored at 280 nm and 445 nm and 2 mL

fractions were collected. Fractions with absorbance at both

280 nm and 445 nm were pooled from across multiple runs and

re-concentrated.

Glycerol was added to the re-concentrated sample to achieve

20% v/v and then an aliquot was separated under non-denaturing

and non-reducing conditions by 1D native-PAGE on a 7.5% v/v

acrylamide, continuous Tris-glycine (pH 8.8) mini-gel, using a

Mini-Protean 3 electrophoresis system (BioRad, CA, USA).

Following electrophoresis, the yellow/orange band was excised,

diced into 1 mm3 cubes and incubated on ice with 200 mL of

anion-exchange buffer A for 30 min, during which the tube was

vortexed several times. The buffer was then pipetted off the gel

pieces and the process was repeated twice more to extract as much

protein as possible from the gel.

A Carotenoid-Binding Protein from Sea Urchin Gonad
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Carotenoid analysis
Extraction and analysis of carotenoids was performed under red

light conditions to minimize photo-oxidation and isomerization.

Carotenoids were either extracted from gonad tissue with acetone,

according to the methods of Symonds et al. [12] and Garama et al.
[23] or from solution by a chloroform:methanol:H2O

(0.15:0.4:0.3 v/v/v) phase partition method described by Bligh

and Dwyer [43]. Carotenoid extracts were evaporated to dryness

under oxygen–free N2-gas and re-dissolved in 1 mL of methanol.

For analysis by RP-HPLC, carotenoid was extruded through a

13 mm, 0.22 mm Acrodisc GHP membrane syringe-filter (Pall

Corporation, NY, USA).

Chromatography was performed according to the methods of

Symonds et al. [12] and Garama et al. [23] using a Gilson 215-

liquid handler/injector module coupled to a 321-tandem pump

and UV/Vis-156 detector (Gilson incorporated, WI, USA).

Carotenoids were separated over a Develosil C30-UG column

(Phenomenex Inc. CA, USA) 250 mm 6 4.6 mm internal

diameter, 5 mm silica bead packing (140 Å pore size) and fitted

with a guard-column (Security Guard, Phenomenex). The mobile

phase consisted of a gradient of A, methanol with 1% v/v ddH2O

and 0.01% w/v ammonium acetate and B, tert-butylmethylether

(TBME).

The sample was injected onto the column, pre-equilibrated with

solvent A, at a flow-rate of 1 mL.min21. Carotenoids were eluted

with a gradient of increasing solvent B concentration from 0%–

60%, over a volume of 30 mL at a flow-rate of 1 mL.min21.

Carotenoids were identified through the comparison of retention

times to commercial standards (DHI, Hørsholm, Denmark) and by

comparison to the chromatography separation reported in

Symonds et al. [12].

Protein identification
Protein eluted and re-concentrated from 1D native-PAGE (see

native purification) was analyzed under reducing (5% w/v b-

mercaptoethanol) and denaturing conditions (3% w/v SDS) on a

12.5% acrylamide, Tris-glycine pH 8.8, 1D mini-gel (1D SDS-

PAGE). The protein-stained band of interest was excised from the

gel for analysis by mass spectrometry.

Mass spectrometry for native and recombinant protein identi-

fication was performed according to the following procedure.

Protein bands from 1D SDS-PAGE were subjected to in-gel

digestion with either sequencing grade modified trypsin (Promega,

WI, USA) or endoprotienase Glu-C derived from Staphylococcus
aureus V8 (Sigma-Aldrich, MO, USA), performed using an

automated protein digestion robot (DigestPro Msi, Intavis AG,

Cologne, Germany), according to the method of Shevchenko et al.
[44]. Eluted peptides were evaporated to dryness in a Savant

Speed Vac SC 100 vacuum concentrator (Thermo Scientific, MA,

USA) and re-dissolved in 30% v/v acetonitrile and 0.1% v/v

trifluoroacetic acid (TFA). A 1:2 mixture of sample:matrix

(10 mg.mL21 a-cyano-4-hydroxycinnamic acid, 10 mM ammo-

nium dihydrogen phosphate, 0.1% v/v TFA and 65% v/v

acetonitrile) was applied to a 384 position Opti-tof mass

spectrometry sample plate (Applied Biosystems, MA, USA).

Analysis was performed on a 4800 MALDI TOF/TOF analyzer

(Applied Biosystems), with spectra acquired in positive ion mode

and 800 laser pulses per sample spot. The 20 strongest signals were

isolated for collision-induced dissociation analysis, which was

conducted in 2 kV mode with 4,000 laser pulses per spot. Air,

pressurized to 1x26 torr, was used as the collision gas.

Peptide-mass peak data were submitted to the Mascot server

(Matrix Science, www.matrixscience.com Accessed 29 December

2012) [45] and an MS/MS ion search was performed. Files were

searched against the NCBI-Echinodermata and NCBI-non-

redundant databases which contained the Strongylocentrotus
purpuratus genome [46]. Peptide and mass tolerances of

75 ppm and 0.4 Da respectively were used for the Mascot

searches. In addition, up to three missed cleavages were allowed

and the variable modifications of oxidized methionine, carbami-

domethyl cysteine, pyroglutamate/glutamine were included. The

S. purpuratus amino acid sequence, identified through MAS-

COT, was searched against the NCBI-non-redundant database

using PSI-BLAST (http://www.ncbi.nlm.nih.gov Accessed 5

January 2013) [47], to identify homologous sequences. Additional

peptide matching was performed by Mascot search against a user

database containing the E. chloroticus EBP (EBP(Ec)) amino acid

sequence.

Sequence alignments
Amino acid sequences for alignments were obtained from the

Universal Protein Resource Knowledge Base (Uniprot Kb, www.

uniprot.org Accessed 10 July 2013) [48]. Global and local pair-

wise sequence alignments were performed using EMBOSS-Needle

and EMBOSS-Matcher respectively provided by EMBL-EBI

(www.ebi.ac.uk/Tools/psa/. Accessed 15 November 2013) [49].

Multiple sequence alignments were performed using Multiple

Sequence Comparison by Log Expectation (MUSCLE), provided

by EMBL-EBI (www.ebi.ac.uk/Tools/msa/muscle/. Accessed 2

December 2013) [50,51]. Shading of alignments was done using

TEX shade version 1.24 (a LATEX package, www.ctan.org.

Accessed 4 December 2013) [52]. Thresholds were set to 50%

for similar residues and 80% for identity.

Cloning, expression and purification of apo-rEBP and
apo-rEBP-C61S

The EBP cDNA sequence was obtained from the de novo
assembly of the E. chloroticus transcriptome [53]. EBP cDNA was

synthesized from E. chloroticus gonad mRNA, obtained from

Gillard et al. [53], using a Transcriptor High Fidelity cDNA

Synthesis kit (Roche Applied Science) with forward and reverse

primers 59 CTGATACTCATATGCCTACCGACTTCAGCG

39 and 59 GACTCGAGGGGTCGGTTCTGTATATCTTA-

GAC 39 respectively.

EBP cDNA was cloned into a pET-28 plasmid (Novagen

Merck-Millipore, Darmstadt, Germany), site directed mutagenesis

was performed as described by Liu and Naismith [54] using the

forward and reverse primers 59 TGCGCGAAGCAATGAATA-

CAGCTTCGTGGTCGGGTC 39 and 59 CATTGCTTCGCG-

CAGCTGCTTGGCTCTTGATTGTG 39, respectively.

Plasmid vectors containing either mutant or wild type EBP were

transformed into Escherichia coli BL21(DE3) (Stratagene, La Jolla,

USA), which was confirmed by DNA sequencing performed by

Genetic Analysis Services, University of Otago, Dunedin, New

Zealand. The cell cultures were grown to OD600 nm = 0.6 and

induced with 0.125 mM isopropyl-b-D-1-thiogalactopyranoside

(IPTG, Sigma-Aldrich) and transferred to 27uC. The cells were

harvested by centrifuging 6 h post-induction. Apo-rEBP and apo-

rEBP-C61S were purified according to protocols adapted from

Bornhorst and Falke [55] and Tropea et al. [56]. Cell pellets were

resuspended in buffer containing 20 mM HEPES pH 8.0, 0.1 M

NaCl, 20 mM imidazole, 10 mM b-mercaptoethanol, with

inclusion of cOmplete mini EDTA-free protease inhibitor tablets.

Cell lysis was performed by sonication in an ice-bath, using a

Sonifier cell disruptor (Qsonica, CT, USA) set to pulse mode at

40% power out-put. Three, 4 min sonication cycles with a 2 min

recovery period between each cycle were performed. Cellular

debris was pelleted by centrifuging for 15 minutes at 8,000 g,
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following which the supernatant was decanted and filtered through

a 25 mm 0.45 mm PTFE filter.

Filtered lysate was injected onto a 5 mL His-trap Ni2+-

nitrilotriacetic acid (NTA) column (GE Healthcare), at a flow rate

of 5 mL.min-1. The column was washed with 25 mL of IMAC

buffer A (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES) pH 8.0, 20 mM imidazole and 0.5 M sodium

chloride) and then bound protein was eluted over a 100 mL

gradient from 0-100% buffer B (buffer A and 0.5 M imidazole)

and monitored at 280 nm. Fractions containing apo-rEBP were

pooled and dialyzed overnight at 4uC against IMAC buffer A,

which contained Tobacco Etch Virus Protease (TEVpro) at a

TEVpro:sample ratio of 1:30 w/w.

The dialyzed sample was re-passed through the His-Trap

Ni2+-NTA and the column effluent was collected and spin-filter

concentrated to a volume of 5 mL. The concentrated sample was

filtered through a 0.22 mm syringe filter and injected onto a

HiPrep 16/60 Sephacryl S-100 HR gel-permeation column (GE

Healthcare), pre-equilibrated with 50 mM HEPES pH 8.0, 0.1 M

NaCl and 10% v/v glycerol. Proteins were eluted with 120 mL

isocratic flow at 0.5 mL.min-1.

Secondary structure prediction
Ab initio secondary structure predictions for the EBP amino

acid sequence were made using five different web servers YASPIN

[57] (www.ibi.vu.nl/programs/yaspinwww/Accessed 21 August

2013), SPINEX [58] (http://sparks.informatics.iupui.edu/SPINE-

X/. Accessed 21 August 2013), NetSurfP [59] (http://genome.cbs.

dtu.dk/services/NetSurfP/. Accessed 21 August 2013), PSIPRED

[60] (http://bioinf.cs.ucl.ac.uk/psipred/. Accessed 21 August

2013) and PHD [61] (www.predictprotein.org/. Accessed 21

August 2013). The proportions of helix, strand and coil were

calculated for each program and the mean of all five predictions

produced a consensus assignment for each amino acid.

Protein samples for circular dichroism spectroscopy (CD) were

dialyzed overnight at 4uC against 5 mM NaH2PO4/Na2HPO4,

pH 8.0 and then the concentration of the protein sample was

adjusted to 0.3 mg.mL-1. All measurements were conducted at

18uC in a 0.2 mL cylindrical CD quartz cuvette with a 0.1 cm

path-length, using an Olis CD module (On-Line Instrument

Figure 1. Isolation of a putative CBP by 1D native-PAGE. E.
chloroticus gonad-soluble protein extract was fractionated by anion
exchange chromatography, A. Gonad protein extract corresponding to
1 g wet weight gonad was loaded onto a 5 mL HiTrap Q-Sepharose
column and bound protein was eluted by a 0–100% gradient of 1M
NaCl (green line). The absorbance of the column effluent was
monitored at 280 nm (blue) and 445 (red). Fractions absorbing at both
280 nm and 445 nm (grey zone) were pooled concentrated. B. A 20 mL
aliquot of the concentrate was analyzed on 1D native-PAGE, shown
prior to staining. C. A duplicate loading on 1D native-PAGE was stained
with Coomassie blue R-250. D. The yellow/orange band visible on the
pre-stained gel in B. was excised and the protein was eluted and then
analyzed by 1D SDS-PAGE and stained with Coomassie blue R-250.
doi:10.1371/journal.pone.0106465.g001

Figure 2. RP-HPLC of carotenoids extracted from EBP and from
E. chloroticus gonad tissue. Carotenoids extracted from native-PAGE
eluate (Figure 1) A and from lyophilized whole gonad tissue B, were
separated by RP-HPLC. Each carotenoid extraction corresponded to a
whole gonad, of the same weight, taken from a single animal. For RP-
HPLC analysis a 100 mL aliquot of carotenoid was injected onto a C30

RP-HPLC and carotenoids were eluted with a methanol/TBME gradient.
Column effluent was monitored at 445 nm and carotenoids were
identified by comparison of retention times (RT) to commercial
standards. The carotenoids identified were a. fucoxanthinol, b.
fucoxanthin, c. astaxanthin, d. canthaxanthin, e. lutein, f. isozeaxanthin,
g. all-trans-echinenone, h. 99-cis-echinenone, i. a-carotene, j. all-trans-b-
carotene and k. 99-cis-b-carotene.
doi:10.1371/journal.pone.0106465.g002
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Systems Inc. CA, USA) with oxygen-free N2-gas flow through the

lamp, monochromator and sample chamber at 10, 25 and 10

L.min-1 respectively. Elipticity data were collected between

260 nm and 190 nm with a 2 nm bandwidth and integration

time set as a function of high voltage. Five scans were collected per

sample with the calculated mean reported as mean residue

elipticity [h]MRE (deg.cm2 dmol-1) [62].

Protein secondary structure was predicted from the CD data

using the CDPro software package (http://lamar.colostate.edu/

,sreeram/CDPro/main.html. Accessed 5 September 2013) [63],

which included the algorithms CDSSTR [64,65], CONTINLL

[66,67] and SELCON 3 [64,68,69]. Structure prediction was

performed using SMP56, SDP48 and SP43 reference sets for each

algorithm, final predictions for apo-rEBP and apo-rEBP-C61S are

reported as an average across each reference set and algorithm

combination.

Reconstitution of echinenone with apo-rEBP and apo-
rEBP-C61S

Echinenone used for reconstitution experiments was extracted

from E. chloroticus gonad tissue and purified by RP-HPLC, as

previously described. A 0.5 mL aliquot of carotenoid extract was

injected on to a C30-UG RP-HPLC column and fractions were

collected between 25 and 30 min. Fraction volume was set to

200 mL within peaks and 1.5 mL for non-peaks, with a A445nm

peak detection limit of 40 mV. Fractions from the central portion

of the 99-cis-echinenone peak were pooled across multiple RP-

HPLC runs and the solvent was evaporated under oxygen-free N2-

gas. All traces of moisture were removed by overnight desiccation

in a Savant Speed Vac vacuum concentrator. Powdered

echinenone was dissolved in 1 mL methanol and the purity of

99-cis-echinenone was evaluated by RP-HPLC, to verify that there

was ,10% all-trans-echinenone in the sample.

Incorporation of echinenone into recombinant protein was

based on a method described by Rao et al. [26]. The

concentrations of purified apo-rEBP and apo-rEBP-C61S were

determined by A280nm measurements and then adjusted to

2 mg.mL-1. Bovine serum albumin (BSA, NZ sourced from

Invitrogen, Auckland, NZ) at a concentration of 2 mg.mL-1 was

used as a positive control. A 0.5 mL aliquot of each protein was

incubated with 10 nmol and 100 nmol of RP-HPLC purified 99-

cis-echinenone for 1 h at 37uC, with rotation. Samples were then

dialyzed overnight in 10 kDa MWCO tubing against S-100 gel-

permeation buffer at 4uC and then centrifuged at 10,000 g for

10 min with retention of the clarified supernatant.

The reconstituted holo-rEBP-C61S was passed through a 16/60

S-100 gel permeation chromatography column (GE Healthcare),

to remove any remaining unbound carotenoid and then recon-

centrated to 1 mg.mL21. The absorbance spectrum was then

measured between 260 nm and 700 nm in a Cary 100 UV-Vis

spectrophotometer (Aligent Technologies, CA, USA), with gel-

permeation chromatography buffer (20 mM HEPES, pH 8.0) as

the reference solution. Spectra were also obtained for apo-rEBP-

C61S (diluted with buffer to 1 mg.mL21) and purified 99-cis-

echinenone (0.9 mg.mL21 in methanol, which was also used as the

reference solution for 99-cis-echinenone).

Results and Discussion

Partial purification of a carotenoid-protein complex from
E. chloroticus gonads

A CBP complex was extracted and purified from the gonad

homogenate of the sea urchin E. chloroticus and represents a novel

addition to the protein class. The approach to purification was to

successively fractionate the homogenate and at each step select for

fractions that exhibited absorbance at both 280 nm and 454 nm,

indicative of the presence of protein and carotenoids respectively.

Due to the high lipid content of sea urchin gonad tissue, which

comprises approximately 28% of the dry gonad tissue weight [70],

the homogenate required extensive pre-processing steps prior to

chromatography.

Removal of lipid also appeared to result in loss of some

carotenoids, due to the association of carotenoids with lipoprotein-

like complexes [71]. The lipid-depleted CBP-containing sample

was fractionated by Q-Sepharose anion exchange chromatogra-

phy (Figure 1.A) and single–peak fractions exhibiting absorbance

at both 280 nm and 454 nm were pooled.

The re-concentrated Q-Sepharose peak was yellow/orange in

color, indicating the presence of chromophore. An aliquot of the

material was analyzed by 1D native-PAGE. It was hypothesized

that under the non-reducing and non-denaturing conditions of 1D

native-PAGE the interaction between the chromophore and

protein would be preserved. Following 1D native-PAGE a

yellow/orange band was observed, which was equivalent in color

to the amount of sample applied to the gel (Figure 1.B). Staining

the gel with Coomassie blue resulted in the yellow/orange band

staining blue (Figure 1.C), indicating the presence of protein.

Elution of the yellow/orange colored band from the native PAGE

followed by analysis by 1D SDS-PAGE and staining with

Coomassie blue displayed a prominent protein band with an

apparent molecular weight of between 10 and 15 kDa. Other

faintly stained contaminant protein bands were also visible

between 15 kDa and 20 kDa (Figure 1.D).

Identification of an echinenone-binding protein (EBP)
The yellow/orange chromophore was extracted from the eluted

native PAGE protein, analyzed by C30 RP-HPLC and was found

to consist almost entirely of the carotenoid 99-cis-echinenone.

Trace amounts of other carotenoids, including astaxanthin,

isozeaxanthin, all-trans-echinenone, 99-cis-b-carotene and all-

trans-b-carotene were also detected (Figure 2.A). The yellow/

orange chromophore-protein complex was therefore named

echinenone-binding protein (EBP), for the primary ligand associ-

ated with the complex when extracted from the native source of

sea urchin gonad tissue.

Detection of multiple carotenoid species apparently present with

the EBP raised the question of the binding specificity of the EBP.

Identification of 99-cis-echinenone as the primary carotenoid

Table 1. Identification of EBP by mass spectrometry.

Identity Accession Mass (Da) Peptide Scorea

Predicted; uncharacterised protein, LOC762462
from S. purpuratus

Gi:390363640 18688 EIIDGQMVTTVSK 63

aScores . 56 indicate a significant match (p,0.05).
doi:10.1371/journal.pone.0106465.t001
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associated with the EBP does not necessarily indicate binding

preference, relative to other carotenoids. The ligand composition

may merely be a reflection of the high concentration of 99-cis-
echinenone in the sea urchin gonad (Figure 2.B) [12,24], with

carotenoid incorporation into complexes in proportion to

concentrations present in the tissue. However, if that were the

case, it would be expected that the composition of carotenoids

extracted from EBP would be proportional to that of total

carotenoids present in extracts of E. chloroticus gonad.

RP-HPLC analysis of total gonad carotenoid extract from the

same animal, resolved up to 20 different carotenoids, 11 of which

could be identified in comparison with carotenoid standards

(Figure 2B). Consistent with previous studies on sea urchin gonad

carotenoids, 99-cis-echinenone was the major carotenoid identi-

fied, in addition to small amounts of all-trans-echinenone,

isozeaxanthin, lutein, astaxanthin and a-carotene [12,24]. The

carotenoid profiles of EBP extract and total gonad extract were

observed to differ significantly with respect to the carotenoid

composition and relative proportions. The ratio of 99-cis to all-

trans-echinenone in the total gonad carotenoid extract was found

to be approximately 3:1. This ratio was not consistent with the

carotenoid extracted from EBP, for which the ratio was

approximately 11:1. In addition, other major gonad carotenoids,

lutein and a-carotene, were not detectable in the EBP carotenoid

extract. Therefore EBP appeared to exhibit a degree of binding

specificity for 99-cis-echinenone but may also be able to bind other

carotenoids.

Previous reports of calycin family CBPs have indicated a

tendency towards ligand binding promiscuity. Glutathione-S-

transferaseP1 from the human macula was co-purified with

zeaxanthin but was also able to bind lutein with a similar affinity

[27] and carotenoid extracts from a lutein-binding protein,

purified from Bombyx mori, were found to contain 90% lutein

with the remainder consisting of a-carotene and b-carotene [72].

Carotenoids are derivatives of polyisoprenoids and although over

700 have been identified in nature [73], many exhibit very similar

structures. Commonly both ends of the carbon chain are cyclized

to form ionone rings and diversity is achieved through differences

in a single atom or bond position. Therefore, considering the

general similarity of carotenoid size and shape, in addition to the

miscellaneous groups of ligands reported to be able to be

accommodated by the large binding pocket of calycin proteins

[34,74], ligand promiscuity amongst CBPs is not surprising.

The identification of a protein-carotenoid complex, which

appears to bind mainly 99-cis-echinenone, the major gonad

carotenoid, has implications for contribution to gonad color.

The low abundance of the protein in the gonad suggests that the

protein is not likely to be involved in maintaining the carotenoid in

a stored state within the gonad. It may be involved in the transport

of carotenoid from the viscera into the gonad, or trafficking within

the gonad tissue leading to deposition in lipid complexes in the

gonad.

Protein characterization by mass spectrometry
The protein stained band suspected to be the EBP apo-protein

was excised from a 1D SDS-PAGE gel (Figure 1.D) for in-gel

tryptic digestion and analysis by MALDI TOF/TOF mass

spectrometry. The peptide mass data were searched using the

Mascot server, against both the NCBI non-redundant and

Echinodermata databases, which contain sequences from S.
purpuratus [46], a Northern hemisphere sea urchin. The peptide

mass search resulted in the identification of a hypothetical protein

(accession number gi39036640) of 168 amino acids in length (491

base pairs) with an estimated molecular weight of 18.69 kDa

(Table 1).

The hypothetical status of the matched sequence indicated that

although it had not been annotated in the S. purpuratus database,

it corresponded to a predicted open reading frame. The release of

the S. purpuratus genome sequence in 2006, represented the first

whole genome sequence of a motile, free-living marine inverte-

brate [46]. Gene prediction software estimated the number of

genes at approximately 23,300 and a subsequent in-depth analysis

by the sea urchin research community resulted in the functional

annotation of approximately 9,700 (42%) of the identified genes

[75]. Furthermore, the recent publication of an S. purpuratus
transcriptome identified transcripts for the majority of the

predicted genes, approximately 21,000, including gi39036640

(http://www.spbase.org/SpBase/wwwblast/blast-run.php. Ac-

cessed 5 May 2014) [76]. However, since the publication of the

genome sequence no significant advancements have been reported

toward functional annotation, leaving a large proportion of the

genome assigned as predicted hypothetical gene sequences.

Multiple attempts to characterize EBP by mass spectrometry

resulted in repeated matches to the S. purpuratus gi39036640

sequence. However, this identification was consistently the result

of a single, significant (p,0.05) peptide match (Table 1). Only

Figure 3. Global pairwise alignment of EBP(Ec) and EBP(Sp) amino acid sequences. A global pairwise alignment of EBP(Sp) and EBP(Ec)
amino acid sequences was performed using EMBOSS Needle. The peptide sequence derived by mass spectrometry of an in-gel digest of EBP(Ec) is
highlighted in green.
doi:10.1371/journal.pone.0106465.g003
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identical peptides, of minimally 5 amino acids, will result in a

match between two sequences using the Mascot program [45].

Therefore the absence of other peptide matches may be due to

insufficient sequence identity between E. chloroticus and S.
purpuratus at this locus. However, the single peptide identified

was sufficient to obtain the E. chloroticus EBP (EBP(Ec)) cDNA

sequence, through a BLASTx search against a recently reported

E. chloroticus transcriptome assembly [53]. The mass spectrom-

etry peptide mass data was then searched against the EBP(Ec)

cDNA sequence, which resulted in an additional 10 peptide

matches (Table S1) and 66% sequence coverage (Figure S1).

The EBP(Ec) open reading frame (ORF) cDNA sequence was

predicted to be 396 base pairs in length, resulting in a translated

sequence of 131 amino acids (Figure S2). The molecular weight of

the protein product was calculated to be 14.45 kDa from the

amino acid sequence, which was significantly smaller than the

predicted ORF of EBP S. purpuratus homologue, at 18.69 kDa.

Therefore the possibility was considered that only a partial

EBP(Ec) sequence had been identified and the sequence upstream

of the ATG was analyzed for the presence of an alternative start

codon. However, none were identified, although an in-frame up-

stream terminator codon, at -72 bp (Figure S2), limited the search

to that point. The completeness of the E. chloroticus transcriptome

assembly was validated and an average of 8.2-fold sequence

coverage was established [51], therefore the EBP(Ec) sequence

prediction is likely to be correct. In addition, a molecular weight of

14.45 kDa for EBP(Ec) is consistent with the protein stained band,

which had an apparent mass of between 10 and 15 kDa on 1D

SDS-PAGE (Figure 1.D).

A global pairwise sequence alignment of EBP(Ec) and EBP(Sp)

indicated a 45% sequence homology between the two species, with

greater homology exhibited towards the C-termini (Figure 3). The

molecular weight difference between the two protein products was

also made apparent; a large (41 amino acid) N-terminal truncation

of EBP(Ec) with respect to EBP(Sp) (Figure 3). In addition the

alignment highlighted a curiosity. Location of the mass spectrom-

etry peptide matched to the S. purpuratus sequence by Mascot

search (highlighted in Figure 3), indicated a 2 amino acid

mismatch between the two species. The sequence of the 13 amino

acid peptide from S. purpuratus was EIVEGQMVTTVSK

(Table 1), however in the E. chloroticus peptide sequence the

3rd and 4th amino acids V and E are substituted for I and D,

respectively. The change from V to I resulted in a +14.0 Da mass

difference but conversely the change from E to D resulted in a

214.0 Da mass difference. Therefore, although the peptide

sequences were not identical, the two substitutions resulted in

compensatory mass changes and hence identical peptide masses

that resulted in peptide identification by Mascot.

Recombinant production of EBP
Attempts to purify the EBP complex in E. chloroticus gonad

tissue resulted in low protein yield, which limited further

characterization experiments. In addition, the EBP complex was

unable to be obtained highly purified from the gonad tissue, with

several minor contaminant species ,20 kDa apparent on 1D

SDS-PAGE (Figure 1.D). However, the identification of the EBP

cDNA sequence from the E. chloroticus transcriptome [53]

enabled EBP to be produced recombinantly (apo-rEBP). Further-

more, recombinant protein production also overcame factors such

as the high lipid content of sea urchin gonads [70], which was

problematic when purifying EBP from its native source.

The expression of apo-rEBP was analyzed by 1D SDS-PAGE

(Figure 4.A). Following induction of BL21(DE3) E. coli liquid

cultures with IPTG, a prominent protein stained band, that was

Figure 4. Expression and purification of recombinant apo-EBP
and apo-EBP-C61S. Apo-rEBP and apo-rEBP-C61S were produced
using E.coli expression strain BL21(DE3), Expression levels were
evaluated on reducing 1D SDS-PAGE, prior to induction and 6 h post-
induction, A. Soluble (S) and insoluble (I) fractions of bacterial cell lysate
are indicated. Arrowhead indicates the position of EBP and EBP-C61S
bands, the identities of which were confirmed by mass spectrometry
(Figure S1). Apo-rEBP and apo-rEBP-C61S were purified from the soluble
fractions of the bacterial cell lysates. Gel-permeation chromatography
was performed under non-reducing conditions for the final stage of
purification on a 16/60 Sephacryl S-100 column, with the effluent
monitored at 280 nm, B. Apo-rEBP is shown on the left y-axis (red) and
apo-rEBP-C61S on the right y-axis (blue). The molecular weight of the
eluting species was estimated with reference to the manufacturers
Sephacryl S-100 column standard curve. The fractions within each peak
were pooled and a 10 mL aliquot of each was analyzed on reducing 1D
SDS-PAGE, C. The positions of the monomeric and dimeric forms of
protein are indicated by black arrowheads.
doi:10.1371/journal.pone.0106465.g004
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not present prior to induction, was observed to migrate at an

apparent mass of between 10 and15 kDa (Figure 4.A arrow). The

appearance of the protein in the expected size range enabled

putative identification as apo-rEBP, which was confirmed by

MALDI TOF/TOF mass spectrometry (Figure S1 and Table S1).

The large protein-stained bands on 1D SDS-PAGE, correspond-

ing to apo-rEBP, indicated that the protein was over-expressed in

significant quantity. However, approximately 80% of the protein

appeared to be insoluble upon cell lysis (Figure 4.A) and it was

likely that the majority of the protein was present in inclusion

bodies.

Recombinant production of apo-proteins may result in solubility

issues as the ligand helps to stabilize the protein in the correct

conformation, particularly if the ligand is hydrophobic [77]. As

carotenoids are highly hydrophobic, the EBP would be expected

to have a reasonable proportion of non-polar amino acids for

interacting with the carotenoid ligand. These residues are usually

buried, but in the absence of the ligand may become solvent

exposed, resulting in hydrophobic patches on the surface of the

protein causing aggregation. However, numerous lipocalins and

FABPs have been successfully expressed as apo-proteins

[29,72,78,79,80]. Although various conditions for the expression

of apo-rEBP were trialed no improvements upon the initial

proportion of soluble protein could be achieved.

Reduced solubility amongst recombinant proteins may be due

to incorrect disulphide bond formation [77,81]. The EBP(Ec)

amino acid sequence contains a single cysteine residue at position

61 (Figure S2), therefore no intramolecular disulphide bonds were

possible. However, the formation of cross-links between the

cysteines of two separate apo-rEBP molecules was a possibility

[82]. Strain placed upon the dimer through the formation of a

non-nascent disulphide bond, may result in conformational

changes that expose hydrophobic amino acids and promote

aggregation at the high protein concentrations produced by

recombinant over-expression. Although reducing agent was

included in the lysis buffer, it appeared that this was not effecitve

for the recovery of soluble protein from what was likely inclusion

body aggregates. To test the hypothesis that inter-chain disulfide

formation contributed to the low solubility of apo-rEBP, site

directed mutagenesis was used to replace the cysteine at position

61. The pairwise sequence alignment of EBP(Ec) and EBP(Sp)

indicated that the cys61 was not conserved between the two sea

urchin species, with a serine present at the corresponding position

of EBP(Sp) (Figure 3). This suggested that mutation of the cysteine

to serine might result in minimal perturbation to protein structure

and function.

Expression of the recombinant EBP cysteine to serine mutant

(apo-rEBP-C61S) produced a protein that on 1D SDS-PAGE

migrated with apparent mass of between 10 and 15 kDa

(Figure 4.A). The C61S mutation was confirmed by DNA

sequencing the mutant in the plasmid construct (Figure S3) and

by MALDI TOF/TOF mass spectrometry of the protein product

(Figure S1 and Table S1). In contrast to apo-rEBP, apo-rEBP-

C61S was recovered exclusively from the soluble fraction of the E.
coli cell lysate, with none detected in the insoluble fraction on 1D

SDS-PAGE (Figure 4.A). Despite the low solubility of apo-rEBP,

both mutant and wild type proteins were purified in order to assess

the effects of the mutation on protein structure and function.

Gel-permeation chromatography was conducted under non-

reducing conditions as the final step in the purification of each

protein. Two peaks were observed on the chromatogram of apo-

rEBP, corresponding to the expected molecular weights of

monomeric and dimeric forms of the protein (Figure 4.B). 1D

SDS-PAGE supported the dimer hypothesis; in addition to the

protein band migrating at an apparent mass of between 10 and

15 kDa, a faint band was observed migrating at approximately

30 kDa (Figure 4.C), likely the result of incomplete reduction of

disulphide bonds prior to PAGE. The apo-rEBP dimer is not likely

to be a physiologically important state, as no evidence of

dimerization was observed during the native purification of the

holo-protein. Instead dimerization appears to occur as result of

high concentrations of the apo-protein. In the holo-protein

complex C61 may be interacting with the ligand, or otherwise

shielded from adjacent proteins. In contrast a single peak,

corresponding to the monomeric protein was observed on the

Figure 5. Absorbance spectra of apo and holo-rEBP-C61S.
Following protein-ligand reconstitution and removal of unbound
carotenoid the absorbance spectrum of holo-rEBP-C61S (1 mg.mL-1)
was measured between 260 nm and 700 nm, against a reference
solution of 20 mM HEPES pH 8.0 (yellow line). Spectra of 1 mg.mL-1

apo-rEBP-C61S in 20 mM HEPES pH 8.0 (blue line) and purified 99-cis-
echinenone at 0.9 mg.mL-1 in methanol (red line) are shown for
comparison.
doi:10.1371/journal.pone.0106465.g005

Table 2. Top five significant results from BLASTP search of EBP(Ec) homology.

Identification Organism Accession no. E-value % Identity

Predicted Uncharacterised protein S. purpuratus XP_00119808.2 (GI:390363640) 2e-51 65%

Predicted FABP intestinal-like S. purpuratus XP_789999.1 1e-25 41%

Predicted FABP-2 liver-like S. purpuratus XP_782066.1 7e-22 35%

Predicted FABP liver-like S. purpuratus XP_785180.2 2e-10 35%

FABP Intestinal Bos taurus NP_001020503.1 1e-9 34%

doi:10.1371/journal.pone.0106465.t002
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gel-permeation chromatogram of apo-rEBP-C61S. In addition, no

other protein-stained bands were visible on 1-D SDS-PAGE,

indicating the purity of apo-rEBP-C61S.

Apo-rEBP-C61S binds echinenone in vitro
RP-HPLC-purified 99-cis-echinenone was incubated with apo-

rEBP and apo-rEBP-C61S in an attempt to effect ligand binding.

Reconstitution of protein and carotenoid was visually assessed by

the intensity of the yellow coloring following the removal of

unbound carotenoid. Apo-rEBP appeared to retain very little color

even at the highest concentration of 100 nmol 99-cis-echinenone

(Figure S4). However the EBP-C61S solution was light yellow and

proportional in color to the BSA positive control (Figure S4),

which was included as albumins are known to bind and transport

carotenoids in the serum [83].

The C61S mutation did not appear to inhibit the ability of apo-

rEBP-C61S to bind the carotenoid ligand. However, the apparent

inability of apo-rEBP to bind 99-cis-echinenone may be due to the

observed tendency of the protein to dimerize and aggregate, which

may result in changes to the protein structure or obscured access to

the ligand-binding pocket.

The formation of holo-rEBP-C61S was confirmed by measuring

the absorbance spectrum between 260 and 700 nm. Prior to

reconstitution, apo-rEBP-C61S exhibited a single peak at 280 nm

corresponding to aromatic amino acid side chains (Figure 5),

whereas purified 99-cis-echinenone exhibited the characteristic

absorbance spectrum of carotenoids. A broad two-shouldered

peak was observed between 400 nm and 500 nm, which is due to

an electronic transition to the first excited state affected by low

energy visible wavelengths of light [73,84]. The broad peak

observed below 300 nm is not due to the presence of protein but is

most likely a cis-peak, which occurs due to the decreased symmetry

of cis-geometric isomers, relative to all-trans isomers [84]. The

decrease in molecular symmetry lowers the energy required to

effect the usually forbidden electronic transition from the 1Ag

orbital to that of 2Ag [84]. Both protein and carotenoid elements

were observed in the spectrum of holo-rEBP-C61S, indicating

successful reconstitution of protein and ligand. However the cis-
peak was obscured by absorbance at 280 nm, although an additive

Figure 6. Multiple sequence alignment of EBP(Ec) and EBP(Sp) with members of the FABP family. A multiple sequence alignment of
EBP(Ec) and EBP(Sp) with five members of the FABP family was performed using MUSCLE. The five FABP sequences used in the alignment were;
intestinal-FABP-2 (FABP2), liver-FABP-1 (FABP1), adipocyte lipid-binding protein (ALBP) from Rattus norvegicus, retinol-binding protein-1 (RBP1) and
cellular retinoic acid-binding protein (cRABP) from Homo sapiens. Positions where $50% of residues are similar are shaded yellow. Positions where
residue identity is $80% are shaded blue. Positions with $80% residue identity are shaded green. SCR1 ($80% identity) is shaded magenta and the
three regions of clustered $80% amino acid identity are labelled R1, R2 and R3. Amino acid position numbering is with respect to EBP(Sp), for which
the first 20 amino acids are not shown.
doi:10.1371/journal.pone.0106465.g006
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effect may account for a small increase in peak height relative to

apo-rEBP-C61S.

The absorbance spectra of 99-cis-echinenone and holo-rEBP-

C61S indicated an approximately 8 nm bathochromic shift (red-

shift) upon ligand binding. In methanol the carotenoid peak of

purified 99-cis-echinenone was centered at 450 nm with shoulders

at 429 and 466 nm, which were observed to be red-shifted to 458,

437 and 475 nm in holo-rEBP-C61S. The observed spectral shift

is consistent with reports of other CBPs for which small

bathochromic shifts of between 4 and 38 nm are most common

[29,39,85,86].

EBP is a member of the FABP family
An NCBI-BLASTp search [47] of the EBP(Ec) amino acid

sequence was performed to obtain more information about the

previously uncharacterized protein. The conserved domain

function of BLASTp predicted that the protein belonged to either

the lipocalin or FABP protein families. As expected EBP(Sp) was

identified as the most closely related sequence. However the next

highest scoring alignments, with sequence identities of 41-35%

corresponded to intestinal and liver FABP-like proteins, from S.
purpuratus and intestinal FABP FABPI) from Bos taurus
(Table 2).

A multiple sequence alignment (MSA) was performed in order

to further explore the relationship of EBP(Ec) and EBP(Sp) to

members of the FABP family. Sequences used in the alignment

represented several different sub-classes of FABP including:

intestinal type (FABP2), liver type (FABP1) and adipocyte lipid-

binding protein (ALBP) from Rattus norvegicus and retinol-

binding protein (RBP) and cellular retinoic acid-binding protein

(cRABP) from Homo sapiens.

From the MSA it was apparent that at 168 amino acids,

EBP(Sp) is considerably larger in size than not only EBP(Ec) but

the other FABPs analyzed as well (Figure 6). ALBP is the next

largest FABP at 150 amino acids, however the other proteins,

including EBP(Ec), clustered within a uniform size rage of 127 to

138 amino acids, which is typical of FABP [87]. The larger size of

EBP(Sp) appears primarily to be due to three short N-terminal

proximal insertions of 19, 12 and 5 amino acids, relative to the

other FABP sequences analyzed (Figure 6).

The MSA also indicated a number of highly conserved amino

acids ($80% conserved), which generally appear to cluster into 3

regions (R1, R2 and R3; Figure 6). The first region includes the –

GXW- (where X is any amino acid) sequence motif (Figure 6,

magenta shading), which is conserved within the calycin protein

superfamily [88]. The motif is situated within a greater region of

structural similarity, known as structurally conserved region 1

(SCR1), which encompasses an N-terminal short 310-like helix and

b-strand A [34,35,88]. However, other than the three regions with

clusters of .80% conserved amino acids, the overall sequence

similarity between the proteins was low. Sequence homology

amongst members of the FABP family can vary from 70% to as

low as 20% [87], and the relationship of EBP(Ec) to sequences

analyzed was consistent with the lower end of this range. Pairwise

local alignments between EBP(Ec) and the FABPs indicated

sequence homology between 29.8% and 21.1% (Table S2),

however this is reflective of a comparison between evolutionarily

distant species such as invertebrate and mammalian sequences.

FABP are known as intracellular lipid transporters, however

they have also been reported to bind an array of other small

hydrophobic molecules [37,38,87]. The ellipsoidal binding cavity

of FABPs is well suited for elongated molecules such as fatty acids

Figure 7. Ab initio secondary structure prediction of EBP. Comparison of secondary structure predictions for EBP from five different web-based
servers; YASPIN, SPINEX, NetSurfP, PSIPRED and PHD. Blue shaded regions indicate b-strand structures, red shaded regions helical structures and
unshaded regions, coils. The consensus prediction, defined as the prediction made by 3/5 or more of the servers, is displayed above the sequence.
Blue arrows represent b-strand structures SA-J, red coils represent helical structures labeled H1-2 and gaps indicate coil regions. Black boxes indicate
the amino acids that were $80% conserved between FABP sequences included in the MSA (figure 6).
doi:10.1371/journal.pone.0106465.g007
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and retinoids. Although C40 ionone-ring carotenoids are larger

than the 14-16 carbon fatty acids, the FABP calyx provides a

larger volume than required and is known to accommodate larger,

bulkier ligands [37,82]. Fatty acids are orientated with the

carboxylate group buried deep within the calyx [87] and stabilized

by interactions with proximal arginine side chains [89]. An

analogous mode of binding can be envisaged for 99-cis-
echinenone, with the mono-keto group of the xanthophyll, buried

within the pocket. Identification of EBP(Ec) as an intracellular

transport protein is also consistent with the low yields observed

when purifying the complex from the native source. In tissues

containing high proportions of lipid FABPs are reported to only

contribute 1–5% of the soluble cytosolic protein [90].

The configuration of secondary structural elements in the

EBP(Ec) amino acid sequence was investigated using ab intio
prediction methods. Five freely available, web server algorithms:

YASPIN [57], SPINEX [58], NetSurfP [59], PSIPRED [60] and

PHD [61] were used for structure prediction, from which a

consensus was obtained. The consensus predicted 10 b-strands

linked by short loop regions, with two N-terminal proximal a-

helices situated between strands A and B (Figure 7). This

positioning of the predicted secondary structural elements in the

EBP(Ec) sequence is consistent with the conserved structure of

FABPs; a 10 stranded antiparallel b-barrel with two a-helices

which cap one end of the barrel to enclose the ligand-binding site

[87,88].

The positions of the highly conserved residues ($80%)

identified by MSA were mapped onto the secondary structure

prediction (Figure 7 black boxes), to determine whether they

corresponded to particular features. Three of the conserved amino

acids are glycine residues that are predicted to be situated within

turns, between SB–SC, SD–SE and SF–SG. Glycine is common in

protein loops and turns as the absence of a side chain allows for

flexibility [91,92]. The turns in EBP(Ec) are predicted to be tight,

2–3 amino acids in length, therefore small flexible amino acids are

likely to be conserved. The majority of the other highly conserved

residues are predicted to lie within the b-strands and previous

analysis of FABP crystal structures suggests that they are likely to

contribute to stability of the tertiary structure and formation of the

hydrophobic pocket [87].

In order to attempt to experimentally validate the ab initio
secondary structure predictions, circular dichroism spectroscopy

(CD) measurements were made on both recombinant apo-EBP

and apo-EBP-C61S. No significant differences were observed

between the mutant and wt CD spectra (Figure 8.A and Figure

S5), suggesting that the mutation causes little or no perturbation to

secondary structure. Both spectra exhibited characteristics of

proteins dominated by b-sheet structures (Figure 8.A), with local

maxima and minima centered at 195 nm and 220 nm respectively

[62]. The CD data were then input into a suite of algorithms

provided by CDPro [64,65,66,67,68], for secondary structure

prediction for comparison to the ab initio methods.

CDPro predicts the proportions of secondary structural

elements based on the comparison of spectral features to a

reference protein set. There are six secondary elements recognized

that consist of a-helix and b-strand, which are both subdivided

into regular and distorted structures, where ,4 residues and ,2

residues considered distorted helix or strand respectively, and coil

which encompasses both turns and disordered structure

[64,65,66,67,68]. The predicted proportions of each secondary

structural element were consistent between apo-rEBP and apo-

rEBP-C61S (Figure 8.B). The total b-strand content was predicted

to be 56–57%, which was equivalent to the 55.1% from the ab
initio consensus prediction (Table 3). However, the CD data

resulted in a lower predicted proportion of helix 3.3–3.7%,

compared to an average of 10.8% from the ab initio methods,

Figure 8. CD spectra of recombinant apo-rEBP and apo-rEBP-
C61S. Spectra were collected in the presence of 5 mM phosphate,
pH 7.5 at 18uC. A. CD spectra of apo-rEBP is shown in red and apo-rEBP-
C61S is shown in blue. Predictions of secondary structural elements in
apo-rEBP and apo-rEBP-C61S. B. The De data derived from CD spectra
were analyzed using CDPro and percentage averages of each element,
predicted by CDSSTR and CONTINLL, are shown for the SMP53 protein
reference set. Regular helix - H(r), distorted helix - H(d), regular sheet
- b(r), distorted sheet – b(d), turns - T and unordered – U.
doi:10.1371/journal.pone.0106465.g008

Table 3. Proportions of secondary structural elements predicted by ab initio methods and CD.

Secondary structure prediction method % Helix % Strand % Coil

Ab initio consensus: EBP 10.8 55.1 29.0

CD: EBP 3.7 56.0 40.5

CD: EBPC61S 3.3 57.0 39.5

doi:10.1371/journal.pone.0106465.t003
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which was offset by the prediction of a higher percentage of coil

(Table 3). The discrepancy in the prediction of helical content

between the two methods may reflect structural flexibility in this

region of the protein, resulting in an increased prediction of

disordered residues during dynamic solution based CD measure-

ments. This is consistent with the observed lack of definition in the

helix motifs of previous apo-FABP solution-state structures

[89,93]. Therefore, the CD data are considered to be consistent

with the ab initio secondary structure prediction and amino acid

sequence homology analyses, suggesting that EBP(Ec) is a member

of the FABP family.

Conclusion

This report provides evidence for the existence of a novel

carotenoid-binding protein (CBP) present in the gonad of the New

Zealand sea urchin E. chloroticus. The CBP was found to bind

mainly 99-cis-echinenone and has therefore been called an

echinenone-binding protein (EBP) and appears to be involved in

selective accumulation of echinenone in the gonad. The existence

of the EBP was supported by analysis of a recently reported E.
chloroticus transcriptome [53] and by identification of an EBP

homologue in the S. purpuratus genome [46] that has not

previously been identified, and thus provides annotation of these

genes.

The EBP and C61S mutant, which exhibited enhanced

solubility, were produced recombinantly. Analysis of the mutant

and wild type recombinant proteins by CD, together with ab initio
secondary structure prediction, suggested that EBP adopts a 10 b-

stranded structure with a low helical content. The predicted

arrangement of the secondary structural elements is consistent

with the antiparallel b-barrel topology that is characteristic of the

FABP family.

Although it has been previously hypothesized that FABP may

bind carotenoids, aiding digestion and absorption [94], to our

knowledge none have been characterized. Therefore the EBP may

represent the first report of a FABP in complex with a carotenoid.

The highly conserved tertiary fold of the FABP family provides

some tantalizing clues to the structure of EBP and ligand binding.

However, these results now prompt the determination of the

structure of this novel CBP. A holo-EBP structure elucidating the

interactions of the carotenoid in the FABP pocket may suggest a

mechanism by which the protein achieves the selective accumu-

lation of echinenone in the sea urchin gonad.

Supporting Information

Figure S1 Mass spectrometry sequence coverage of EBP
variants. EBP, apo-rEBp and apo-rEBP-C61S were subjected to

in-gel digestion with trypsin (T). In addition apo-rEBP-C61S was

also subjected to in-gel digestion with Glu-C endoproteinase (GC).

The peptides were analyzed by MALDI-TOF/TOF mass

spectrometry and identified by a Mascot search against a user

database containing the predicted EBP(Ec) amino acid sequence.

The peptides identified for each protein were mapped onto the

EBP(Ec) sequence and are indicated by the colored lines beneath

the sequence. The position of the mutation, C61S, is indicated in

large bold type and the identity of the amino acid at position 61 is

indicated for each peptide.

(TIFF)

Figure S2 EBP(Ec) cDNA sequence. The cDNA sequence of

the EBP was obtained by searching the S. purpuratus sequence

against the E. chloroticus transcriptome de novo assembly. The

cDNA sequence is shown above the amino acid translation.

Initiator and terminator codons are shown in red text and the

ORF in black text. Parts of the 59 and 39 UTRs, flanking the ORF

are shown in blue text and the mass spectrometry matched peptide

is shown in green text.

(TIFF)

Figure S3 DNA sequencing confirmation of C61S site
directed mutagenesis. DNA sequencing of plasmid isolates

containing either the EBP (A) or the EBP-C61S (B) sequence was

performed by Genetic Analysis Services, University of Otago,

Dunedin, New Zealand. Sequencing results were viewed in

4Peaks; red circles indicate the location of the codon change.

Only nucleotides 156–201 are shown.

(TIFF)

Figure S4 Apo-rEBP-C61S associates with 99-cis-echine-
none in vitro. A 500 mL aliquot of each of apo-rEBP, apo-rEBP-

C61S and BSA at a concentration of 2 mg.mL21 were incubated

for 1 h at 37uC with 10 and 100 nmol of HPLC-purified 99-cis-
echinenone in 10% v/v acetone. Unbound carotenoid was

removed by dialysis in 10 kDa MWCO tubing overnight against

50 mM dibasic sodium phosphate pH 8.0, followed by centrifug-

ing at 13,000 g for 10 min. The supernatant was removed and

photographed against a white background, under indoor light

conditions, using a Cannon PowerShot A2500 digital camera with

flash. Scale bar represents 10 mm.

(TIFF)

Figure S5 CD spectra of recombinant apo-EBP and apo-
EBP-C61S. Spectra were collected in the presence of 5 mM

phosphate, pH 7.5 at 18uC. Each spectrum is the average of 5

datasets collected with an average baseline subtracted. Error bars

are 6 standard deviation (SD) calculated by !(SDsample
2 +

SDbaseline
2}. Apo-EBP is shown in black and apo-EBP-C61S

mutant shown in red.

(TIFF)

Table S1 MALDI TOF/TOF mass spectrometry pep-
tides sequence coverage of EBP, apo-rEBP and apo-
rEBP-C61S.

(DOCX)

Table S2 Water local pairwise sequence alignment
summaries of FABP sequences against E. chloroticus
EBP.

(DOCX)
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