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. art1f1c1a1 hemolymph in the presence of

ABSTRACT .

Sheets of dorsal abdomﬁnalgeiniegpment, ligated tubes of midqut,
sheets of fat body and suspended hemocytes from mid fifth instar larvae

of Calpodes ethlius (Lepidoptera: Hesperiidae) were 1néubated in
[35

S] methionine to investigate
protein synthesis and secretion. Eptdermws secretes' at ‘teast 13
- polyp;ptides ba§a11y and 15 apfca11y . F0ur basa11y secreted
polypeptides ‘were ident1f6ed 1n the heﬁb]yMph Tabe11ed in vivo © M+dqut
secretes at least eight poﬂypep;ides.basglﬂy and seven apjca11y.' Two
basally secpeted pglypeptides.wefe'simt{a% to those in the héunlymph.
Fat body releases more thén‘i4 poi}pept§ée§ 1ﬁt6athe incubation medium
and'12 of ;hich arg. found in the hemolymph Hemocytes secrete .11
polypeptides and seven of which could be 1dentif1ed in the hemolymph.
Antibodies made aéainst hemo]Jmph proteins reé;dhized five
epidermal, eight midpﬁi ten fat body and six hemocyte secretOry
polypeptides indicatiag that these four tissues contr#bute at” Jeast 29
polypeptides to the hemolymph protein pool. Arylpbonin (Ar) is the’
major hemolymph protein secreted “by- all four tfssqge. _'Ary]phorin
. syntheeized and secrefed -in__vitro by all ?o;r tissué has . been
identified througb its- precipitation with antibodies. made. against
hemolymph Ar. - '
Fifth stage Calpodes larvae have thpee'ﬁhajor hemolymph proteins

SP1 (720 K), SP2 (580 K) and Ar (470 K). "The 470 ¥ protein is 1dent1f1ed

as Ar because it is rich 1p aromatic amino acids. Electron m1croscopy_

LY

of negatjvely ;;ijned preparatﬂons show that each polymer has a
L] ‘ - ‘. ‘T

‘ : : ~ 194
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different geomefrical arrangemeﬁt of subunits. SP1 is a cube made from
eigﬁ% subunits. SP2 is a hexémer in the form of a pentahedral prism.
. Ar i;'probably an octahedron made from six subunits. _
. . .- Eort} six hemo\ymph'pq1ypeptides are stage specific in addiFion to
' ten p61ypeptide§kthat are present throughout the fourth, .fifth stage
larval and pupal hemolymph. Each growth phase is characterized by the
presence of many m1nor polypept1des that are either absent at a11 other
times or present dur1ng only one other phase. ggme of the most abundant
-polypeptjdes also change with de!elopment. Ar is present.froff early in
the stadium and continues into the pupa. SP1 is synthesized from 66 hr

and SP2 appears- two ' days later. Both storage ‘proteins ‘start to

disappqﬁF\?t the beginning of bupation and are absent in the pupa.
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CHAPTER 1
INTRODUCTION

1.1 General- Introduction

-

'Insect hemolymph circulates freely around aII;;tissues in the

hemocoeT and is therefore involved in the chemical exchanges” which

'\'
> -

occur between them. Hemolymph transports nutrien;s:for Assi fat&oq

and storage and carries mobilized re%erves to tissues for theiéfgroith

and differentiation. These processes requrre the présence

{
macromolecules including proteins, 11p1ds and carbohydrate:i Thé/

protein components of Bgmolymph comprise a functionally and
structura][y heterogeneous array of macromolecules such as sto?age
proteins, arylphorins, lipophorins; enzymes (JH esterases, trehalase,
pheno] oxidases etc.), hormone binding,proteins, po]yaébijde hormones,

clotting proteins, immunqg proteins, tapning prbteins, lysozymes etc.

For example. thev proteins in fifth larval Calpodes ethlius
(Lepidoptera: Hesperiidae) hemolymph can be resolved into
approximately 25 bands by one-dimensional sodium dodecy] ;ulfate
pol;acrylamide gel electrophoresis (SDS-PAGE)..and 60 spots by
two-dimensional gel electrophoresis (non-equilibrium pH gradient gel
. elecirophoresis in the‘ first dimension anﬁ sodium dodecyl §u1fatg
;po1yacry1amide gel electrophoresis in the second dimension
(NEPHGE-SDS-PAGE, Fig. 1). The insect hemolymph thus contains a

variety of protein; compirab]é to those in mammalian blood.
As shown in Table 1, most of the siudies on the origin of

hemolymph_proteins were 1imited to a few major proteins. Although

¥ many:;
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Figq. 1. Calpodes ethlids larval hemolymph proteins are resolved into

*

approximately 25 bands by one-dimensional and 60 spots by

two-dimensional gel electrophoresis. Approximately 100 ug of hemolymph

proteins were separated by two-dimensional gel electrophoresis (NEPHGE

in the: first dimeson and 3-15% SDS-PAGE gradient in the osecond“ S0

—

.dimension; NEPHGE-SDS-PAGE) and  stained with silver nitrate a%s

.Lr-

described in Materials and - Hethpds The relative mobiLity,édf

polypeptides with known - mo1ecu1ar masses (M ) 15 shown dg?g,e Ieft

—

."J‘-"
side of the figure and the hemolymph separ&ted Only;mn SOS PAGE 1is

/- - o

shown on the right side of the f1gure
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Table 1 Studies on the Origin of Hemolymph Proteins

Name of Insect Order Observation Referen .
—- ------------ - = * ---::r-------------*---* ------- M ereeoe - &‘
v Bombyx Lepidoptera Fat body secretory proteins Shigematsu,
.mori - ' co-migrate with hemolymph 1958 - .
- proteins ‘on SDS- gels .
Hyalophora Lepidoptera Hemocytes synthesize Berry et al.,
cecropia injury protein ) 1964 '
Rhodnius Hemiptera Hemocytes.synthesize "ﬂ“ Coles, 1965(:?\\~/
Qrolixus - . injury protein_
Calliphora _Diptera Tsolated fat body releases Price, 1966
erythrocephala proteins into the medium
Calliphora biptera Fat body secretory.proteins Price and
- . erythrocephala“ co-migrate. with- hemolymph ~ Bosman, 1966
! , ' proteins on gels
’ Calliphora Diptera Fat: body secretes - ~Martin et
* stygia | ) major hemolymph protein al., 1969
c ) ta1l? héra Dipféra Fat body syntheéizes and  Munn et al.,
* erytﬁrocépha[q secretes calliphorin 1969 . .
. Diatraea Lepidopteraw'Fat body énd midgut but not fh1ppéndale.
" grandioselia - hemocytes could contribute 1970
. - - ‘.ﬂa hemolymph proteins ' .
, Pieris ~ lLepidoptera Fat'bedy'and midgut but not Chippendale
brassicaé * =+ hemocytes.could contribute and Kilby,
R T hemolymph proteins. 1970 \
T ©° . Galleria Lepidoptera Hemocyfes synthesize Marek, 1970
. mellonella ) . cooling protein .
" Calli hora Diptera Fat ‘body secretory proteins Kinnear et
: st!gia are’ électrophoretically al. 19N
- simflar to hemo]ypph protefns
L - s ’ N . .
Leptinotaréa Coleopfzra Three diapause specific De Loof, .
_ deceml Theata - proteins are synthesized in 1972 '—\\\\
. r : ‘ fat body. o
Blaberus ':Dictyoptera -Hemocytes synthésize Anderson et

craniifer .= hemagglutinin al,,1972

]




Name of Insect Order

P I T Ty rr P T Y P Y P PR PR L L P Y LR ¥ L P R P T R

L 4
Hyalophora Lepidoptera
cecrog?a'

-~

Leucophaea Dictyoptera
maderae .

Calg%des Lepidoptera
.ethiius

Manduca Lepidoptera
sexta :

Hyalophora 'Lepﬁdoptera
cecropfa . ' . |

Locusta Orthoptera

migratoria

Sarcoghaga Diptera

a ta

Lucilia Diptera
cuprina

Plodia Lepidoptera
Interpunctella

Periplaneta Dictyoptera
americana _

Calliphora Diptera
vicina

Drosophila Diptera
melanogaster

-

Calliphora Diptera
vicgna .

Observation

Reference

Isolated abdomens (without Ruh gt 51.,'

midgut) secrete major
he@olymph proteins

Fat body synthesizes

Tipoprotein

proteins into the medium
hd »

Fat oody secretes three.
major hemolymph proteins

Fat body synthesizes high

-1972

Thomas, 1972

'?at body releases labelled Ny§§-Huber
- and Luscher,

1972

Collins,
1975

Nowock et al.,

affinity JH binding protein 1975

Proteins secreted by °

Turner and .

fat body and heart but not Loughton,

midgut co-migrate with
hemolymph proteins

Hemocytes contribute
protyrosinase /’*

. Fat body is the source of

Tucilin (Storage pretein)

Fat body secretes JH
binding protein »

Hemocyte proteins are

transported to the cuticle

1375

' Hughes and

Pice, 1976

Thomson et
al., 1976

?Eerkovich et
al., 1977

Geiger et al.,

1977

mRNA jsolated from fat body Sekeris et

‘code for calliphorin

al., 1977

mRﬁA fsolated from fat body Sekeris et

code for calliphorin like
protein

al., 1977

mRNA isolated from fat body Kemp et al.,

code for calliphorin.

1978

o



Table 1 Cont... -

N . 2
Name of Insect Order Observation Referengce .
"""""""""""""""""""""""""""""""""" :;‘:"b
Locusta Orthoptera Fat body secretes ~ Harry et’
miggatoria lipoprotein | al.,1979

Bombyx mori  Lepidoptera mRNA isolated from fat‘body Tzumi et al.,
«ode for two storage proteins 1980

Diatraea Lepidoptera Fat body secretes diapause Tu;ﬁnen and
grandiosella ) associated protein Chippendale,
J980 - -
Locusta Orthoptera Fat body secretes lipophorin Gellissen and
migratoria Wyatt, 1981

Trichoplusia Lepidoptera JH esterase present in fat winé et .,
n , body and hemolymph have 1981
similar activity

-~

Calpodes Lepidoptera Fat body is the source of Locke, et al., .
ethliuy two storage proteins and 1982 .
lipoprotein T .

~

S -
Galleria Lepidoptera  Fat body synthesizes four’  Miller and
metonella major hemolymph proteins Silhacck,
: ' 1982a
Sarcophaga Diptera mRNA iso1ated from fat body Tahara et al.,
geregrina code for one storage protein 1982
¢ . )
Calpodes Lepidoptera Fat body secretes two - Webster, . e
ethTius . storage proteins and 1982
lipoprotein ' "o
Ceratitis Diptera mRNA isolated from fat body Mintzas et
" capitata code for four major al., 1983
) hemo1ymph proteins . -
Drosophila Lepidoptera Fat body synthesizes larval Sato and :
me lanogaster storage proteins 1 and 2 .Roberts, 1983
Rhynchosciara Diptera Fat body synthesizes one ~ De Bianchi and

americana storage protein Maripotti,
1984

.




. Manduca

Table 1 Cont...
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Sarco~ha a Diptera
Egregrina '

Diatraea Lepidoptera

qrandiosella

Lepidoptera
sexta

Phormia
terranovae

Diptera

Diatraea Lepiddptera

grandicsella

Calpodes
ethTius

Lepidoptera

Fat body secretes two
injury proteins

Fat body secretes
JH binding protein

mRNA isolated from fat body
code for three major
hemolymph proteins

Fat body is the source of
antibacterial hemolymph
protein

Fat body contributes
lipophorin and-one diapause
associated protein

Pericardial cells secrete
arylphorin and two other
hemolymph proteins

Takahashi et
al., 1984

Dillwith et
al.,, 1985

Riddiford and
Hice, 1985°

Keppi et al.,
1986

Venkatezﬁ ard
Chippendale,
1986

Fife et al.,
1987



there are a variety of proteins in “%the hemolymph, the origin and
function of only a few of these are known. Most of the work on
hemolymph proteins was reviewed in Wyatt and Pan (1978), Riddiford and
Law (1983) and Levenbook (1985).

1.2 Epidermis as a Source of Hemolymph Proteins

Epidermal cells incorporate labelled amino acids into the cuticle
in vitro showing that they have the capacity to synthesize cuticular

proteins (Marks and Sowa, 1976). Manduca sexta epidermis maintained

in_vitro deposits larval cuticle at near--normal rates without the
addition of hormones or exogenous proteins and without the presence of
nutritive sources such as fat body (Mitsui et alt, 1980). Hyalophora
cecropia larval epidermis maintained in vitro synihesizes most if not
all cuticular prgteins in the absence of all exogenous. factors or
organs (Willis et al., 1981). The above studies shew that the
epidermis synthesizes the cuticular proteins. In addition it has

been proposed that the hemo1ympﬁ\{?y provide some of the protein

matrix for the cuticle. At least two Periplaneta americana hemo1ymph

proteins are.antigenically similar to cuticular proteins (Fox et al.,

1972). In Manduca sexta ‘Koeppe and Gilbert (1973). demonstrated that
proteins extracted from cuticle are ,imhunologica11y similar to
hemolymph- proteins. The above authors postulated that haemo 1 ymph
proteind are incorporated into the cuticle unchanged. Several

proteins extracted from Astacus légtodbctylus cuticle exhibit total or

partial immunochemical identities with the hemolymph proteins (Durliat
et al., 1980). However, épidermal cells may secrete proteins at both

@



their basal and apical faces (Locke and Kfiigafn, 1971), and proteins
common to hemolymph and cuticle could have been synthesized only in

the epidermis. Support for this idea came from Riddiford and Hice

(1985) who found mRNA coding for arylphorin in Manduca sexta
epidermis. Thqy/a1so reported the presence of a polypeptide that
cross reacted with hemolymph arylphorin antibodies in both cuticle’ and
epidermis.

' K
1.3 Midqut as a Source of Hemolymph Proteins

A1thoh§h there are a ﬁpy reports of heﬁo1ymph protein synthesis by
the miggut, none of them have solid evidence to prove the point. On
the basis of autoradiographic and ultrastructural observations of the
fat body, ovary and midgut of bloe?-fed mosquitoes, it was suggested
that the midgut might be the site of yolk proteiﬁ synthesis (Roth and

Porter, 1964). In Diatraea grandiose]]é, Chippendale and Kilby (1970)

studied the - relative protein synthetic . capacity ([14C] “leucine
incorporation into proteins) of the larval midgut, fat body and

hemocytes. They concluded that the midgut could be contributing

'protéins to the hemolymph pool. On the other hand Turner and Loughton

(1975), investigating protein synthesis by the heart, fat body and

Bﬁdgut of Locusta migratoria, did not find any hemolymph proteins

released by the midgut. With the help of disc electrophoresis seven

esterase and two lipase-like enz§mes were detected in the midgut cells

" of Diatraea grandiosella larvae (Turunen and Chippendale, 1977).

"These cobservations (eicept Turner and Loughton, 1975) support the.idea

that the midgut can synthesize proteins but whether it Synthesizes

hemolymph proteins is unknown. *



1.4 Fat body as a Source of Hemolymph Proteins

By using labelled aming acids, Bombyx mori fat body was observed
to svnthesize and secrete proteins into the in vitro incubation
medium. With the hetp of paper electrophoresis a similarity between
the mobilities of the released and the native‘hemo1ymph proteins was
noticed, suggesting that tﬁe latfg‘ were being synthesized by the fat

. body (Shigematsu, 1958). Munn et al (1969), using
immunoe1ectrophor!§;;, immunodiffusion and starch gel e1ectr0p%oresis.

identified the p}oteins secreted by Calliphora erythrocephala fat body

as hemolymph proteins. In Calpodes ethlius, the fat body of fifth

instar larvae synthesize and secrete three major hemolymph proteins
(Collins, 1975; Locke et al., 1982). Isolated fat body of Galleria
mei]&ﬁe]la released four major proteins into the incubation medium
(Miller and Silhacek, 1982a). In Bombyx mori {Izumi et al., 1980) and

Manduca sexta (Riddiford and Hice, 1985), mRNA isolated from the fat

body was translated into three or‘four major polypeptides.

Hemolymph proteins for which the fat body was identified as a
source.-netude storage proteins (Locke et al., 1982), arylphorins
-(Riddiford and Law, 1983), lipophorins (Gellissen and Wyatt, 1981), JH

binding proteins (Nowock et al., 1975), JH esterases (Wing et al.,

1981), diapause associated proteins (Venkatesh and Chippendale, 1986)

. ]
and defence proteins (Keppi et al., 1986). Most of these studies have
shown that the fat_Bbdy secretes particular major hemolymph proteins.
Due to the nature of the questions asked and also due to the limited

resolution of the techniques used, almost all the above studies were

To
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limited to one or two proteins. We still do not know how many

proteins the fat body may contribute to the hemolymph for even one
insect species.

1.5 Hemocytes as a Source of Hemolymph Proteins

Earlier studies in Bombyx mori suggested that hemocytes may

synthesize hemolymph proteins (Sissakian and Kuvajeva, 1957 .cited by

Crossley, 1979). Hyalophora cecropia pubal hemocytes collected from

previouly injured pupae and implanted‘ into actinomycin D treated
'hgstg, released one injury protein presumably utilizing the mRNA they
had made beforé they were exposed to actinomycin D in the hemolymph of

host (Berry et al., 1963). The injury proteins in Rhodnius prolixus

did not co-migrate with fat bedy proteins in electrophoretic gels.
So they were thought to be synthesized by the hemocytes (Coles, 1965).
However, ChippeEda1e and Kilby (19705 who measured the relative rate

o¥ ‘incorporation aof [14C] 1eucine into hemocvtej/,/$at body and

5
midgut proteins'}of Diatraea grandiosella under identrical condationSA

showed that the rate of protein synthesis ([ C] Teucine¢

incorporation into proteins; counts/min/mg) by hemocytes was only

. , [ 4
one-tenth that of fat body or midgut. They concluded that hemocytes .
‘ are of minor 1mpo§tancé; in- the synthesis of"hemolymuﬂx'proteins.

Since then several studies have shown that hemocytes Nhave the capacity.

to synthesize and secrete proteils (reviewed in Cross]ey, 1979; Gupta,

1§85) Tn the cockroach Nauphoeta cinerea. hemocytes take up labelled

*

amino acids and synthesize vitellogenins and ‘other proteins {Buhimann,

" 1974), Sarcophqga barbata Iarval hemocvtes synthesize protvrosinase

11



(Hughes and Price, 1976). It 1is not known whether hemocvtes
synthesize and secrete any of the major hemolymph proteins such as

storage proteins, arylphorins, lipophorins etc. There is also no

information on ‘the role of Calpodes ethlius hegocytes in hemolymph

protein synthesis.

1.6 The Storage Proteins

During the last larval stadium holometabolous insects synthesize
large amounts of a few abundant polypeptides. Munm and Greville

(1969) first identified such a class of polypeptides in Calliphora

erythrocephala. Later, severdl workgrs identified two to four such
proteins in many insects [sée Wyatt and Pan, 1978; Riddiford and Law
1983; Levenbook,. 1985 for ?gyﬁeﬁé). ﬁoberts aqd Brock (1981)
suggegied that the hemolymph b?oteiﬁé which are i?) few .in number and
occur onl}'in 1arv?1 }tages, (?) preddmina8t1y synthesized by. the fat
_body and (3) increase in cdnceﬁtratién enormously .durfng ‘the last
Tarval stadium: be. caTled st5rége proteins. Levenbook (19855 added
three additionaft biochemical criteria; They"shqyld (1) have
molecufar weigﬁt of about 500,000, (2) be coﬁposed of six'subunit; and

(3) should cantain high propértions of phenylalanine and. fyrosine.

Lepidop;era ;ynthe51ze at least three storage protéin; during their

Jast larval stadium. . ‘In Calpodes ethlius there are three major

hemolymph pratéins. Locke et al (1982) called two of them storage . .

proteins and the.other lipoprotein, There are ;?150 three major

hemo1ymph ﬁgoteins in Hyalophora cecropia two of which are storaga7

proteins (Riddiford and Law, 1983). 1In Calpodes ethlius and Hylophora

-
’
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tecropia all storage proteins are present in both sexes. On the other

hand Bombyx mori and Manduca sexta have three storage proteins, of

which one is found only in females (Tojo et al., 1980; Riddiford and

. law, 1983}). In Galleria mellonella, Miller and Silhacek (1982b)

reported four maior hemolymph proteins and called all of them storage
proteins.

Telfer et al (1983) suggested that the insect storage proteins
resembling calliphorin in structure and aromatic amino acid
composition be called arylphorins (Ar), to signify thgt they bear the
aryl (aromatsc) groups and also to distinguish them from other storage

& ‘ . . .
proteins. One of the major hemolymph proteins of Bombyx mori,

Calliphora vicina, Hyalophora cecropia and Manduca sexta fall into

this category (Telfer et al., 1983). Whether any one of the three

Calpodes ethlius major hemolymph proteins belong to this class is not

known. The ‘sfngle major hemolymph protein in Heliothis zea was

identified as Ar (Haunerland and Bowers, 1986).. Papilio polyxenes
hemolymph has three major proteins, one Ar and two storage proteins

(Ryan et al., 1986) .

L " -

1.7 Developmental Changes of Hemolymph Proteing

. [ N
The developmental changes of storage proteins are similar in most

holometabolous insects. These proteins are usually detected during
larval growth and the titFe increases markedly during the last larval

stadium. They are ‘taken out of circulation during pppatton or

continue.td be present in the pupa and adult depending on the protein'

and the insect spécies involved. Munn and Greville (1969) studied the

L] v
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developmental profiles of the storage. prétein calliphorin in

Calliphora erythrocephala by immunodiffusion, immunoelectrophoresis,

ultracentrifugation and electron microscopy ' and showed that
calliphorin was present from two day old larvae to the adult. In

Calliphora stygia Kinnear and Thomson- (1975) measured the

developmentd]l changes in four major hemolymph proteins A, B, C, D,
Protein A was synthesized in both larval and adult tissues. Proteins
B and C were synthesized during the larval period only and protein D
was found only in adults. Changes in the titre of three major

hemolymph proteins during the development of Calpodes ethlius were

recorded by Locke et al (1982). Lipoprotein (470 K) was present in
the hemolymph at all times but not synthesizeﬁ either very early in
the fifth stadium or after the second critical period (156 hr after
ecdysis). The two storage proteins were synthesized between the first
(66 hr after ecdysis) and the second critica1'pe¥iods of the last
larval stadium. Sim{lﬁr developmental profiles were repbrted for
other Lepidoptera such as Bombyx mori (Tojo et al., 1978;° 1980) ,

Manduca sexta (Kramer et al., 1980) and Hyalophora cecropia (Telfer et

al., 1983). Manduca sexta fat body mRNA" translated in a rabbit
reticulocyte 1y§ate system coded for three major hemolymph proteins,
each having a different developmental péofi\e. A1l of th appear
some time during the phase of Ia;;a1 syntheses ‘and dis€Ppear during
pupation (Riddiford and Hice, 1985). A1l the above studiés considered
the develdbmental profi]gs of only a few major hemolymph proteins and
fgnored all others.

14




1.8 Thesis objectives

1. To develope an in vitro system for maintanance of the midgut,

epidermis, fat body and hemocytes.

2. To study protein synthesis and secretion by the midqut,

epidermis, fat body and hemocytes under in vitro and in vivo

conditions.

o
[y

3. To determine whether. there is a bi-directional vectorial secretion

- L ]

in the midgut and epidermis.

A ]
.

4, To find the originﬁbf as many hemolymph proteins as possible.
5. To purify and characterize the three major hemolymph proteins.

6. To study developmental changes of pemolymph proteins during

L]
the larval-pupal transformation.



v - CHAPTER 2

1

MATERIALS AND METHODS

2.1 Test Animals

'
*

® Larvae of Calpodes ethlius (Lepidoptera: Hesperiidae) were reared

on a diet of Canna leaves in our greenhouse until ecdysis to the fifth

stadium when they were transferred to an incubator set at 220

C with
a 12 hr light/dark cycle. Mid fifth instar larvag (approximately 90
hr after ecdysis) were used in this study because at this

“post-connﬁtnent 'stage many tissues are involved in msssive larval
syntheses {Locke, 1970). To eliminate the variation due to sex only
male larvae wéve used for all experiments.

2.2 Chemicals |

— A1l chemicals wused in this. study were _purchased from Bin-Rad
(Mississaugg, Ontario) or Fisher. Scientific (Toronto) or J.T. Baker
Chemical C6. Phillipsburg, N.J.) or Sigma Chemical Company (St.lLouis, .
M.0) uniess otherwise indicated. IgSBrb was purchased from The Enzyme
Center Inc., Malden, M.A, [355] methionine, .A;uasol-z cocktail,

3 Hance and Triton X-100 were purchased from New England Nuclear,

EN
Bosfon, M.A. Grace's insect medium was from GIBCO, Grand Island, N.V,
Ampholines were from LKB Instruments Inc., Rockville, N.J. Nonidet
p-40 (NP-40) was from BDH Chemibals, Poole, England. Molecular weight
standards were from Pharmacia Fine Chemicals Inc., Piscataway, N.J.
Peroxidase conjugated goat anti rabbit I9G was from Jackson Immuno

Research Qaboratories Inc., West Grove, P.A.
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2.3 Determination of an Optimal Incubation Medvum

‘ To 1déhtify the hemo1ymph proteins contributed by the ep1derm1s,
midgut, fat body and hemocytes separately, it 'was necessary to
develope an‘in:vitro‘medium.. The performance of these tissues was
comﬁéred in three different media. (1) Grace's insect medium. (2)
. Calpodes Ringer Solution made by copyirg ‘the ion composition of
Calpodes hemolymph determined by‘ft!ine (1969). 1t contains {7 mM
NaCl, 40 mM KC1, 6 mM CaCl, and 33 mt MgC1, with an osmolority of
é32 'nﬁ. (3) Artificial hemolymph made by copying the compasition of
aIQode hemolymph with respect to ion and amino acid concentrat1ons
The artificia1 hemonmph has the following composition in grams/liter
based on the analysis of hemolymph by Irvine (1969), xc1 (1.87),
Na,HPO,  (0.71), MgCl,.6H,0 (2.03), CaCl, (0.44), -trehalose
(10.26), gqlucose (0.898), alanine (0.50), _glutamic acid (0.37),
glycine (2.26), histidThe (2.03), 1lysine (1.04), serine (1.90),
threonine (0.26)e  To this antibiotics and pH indicator,
streptomycin sulfate (0.30), penici11iﬁ (0.03) and phenol ;ed (0.06)
weré added. The pH was adjusted to 7.1 and passed through a
Nalgene sterile filter unit. Three criteria including (1) contraction
and expansion of hidgut muscles, (2) dye (Trypan blue) exclusion and
(3) visual appearance (general health) were used to determine the
viability of tissues. A1l the tissues peFformed better in'a;tificial
hemolymph. The cells 1live for at least 24 hr in thig medium,
Artificial hemolymph was therefore chosen as the incubation medium for

the in vitro experiments which usually lasted for on1y 2 hr.
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2.4 Antiserum Preparation

A One milliliter of early fifth instar larval hemolymph containing
aﬁproximate1y 5 mg of protein was mixed with 1 ml of Freund's adjuvant
and injegfed into a rabbit. Second and third injections were given
four and six weeks after the firgt with 2 mg of protein and 1 ml of
incomplete Eruend's.bdjuvent. The rabbit was bled seven days after
the third dinjection and the serum tested for antibodies by the-
-Quchterlony double diffusion method. The same immunijzation and™
bleeﬁing procedures were followed to make antibodies against
arylphorin (Ar) eluted from SDS-gels following the method of Hager and
Burgess (1980).  About 0.5 ml of mid fifth instar larval (90 hr
after ecdysis) hemolymph containing 5-10 mg protein was loaded on
.3-15% N-PAGE into a long stacking well made by invert%ng the regular »
comb. After é]ectrophoresis the gel was stained for 10 min (0.}%
Coomassie blue R250) and destained for 10 mir each in primary (50%
methanolhin 10% acetic acid) and secondary (10% methanol in 10% acetic
acid) destain, The~¢r band at 470 K was identified and excised from
the gel viewed over a light box. The band was equilibrated in SBA for
15 min, boiled for 3 min and loaded into a long well of 3-15% SDS-PAGE
-geT:,_After electrophoresis the sides of the gel were cut, stained,
destained and used as markers for: the rest of the gel.. Appropri&ie .
argaé of the gel-containing Ar (470 K dissociates into 82 K subunits
in .presence of SDS) were excised and homogenized in 2 ml of elution
buffer [0.1%2 SDS, 0.05 M Tris-HC1 (pH 7.9), 0.1 mM EDTA
. (ethylenediamfnetetraacetic acid), 5 mM DTT (dithiothreitol) and 0.2



M NaCl]. The homogenate was mixed on a rotary shaker for 10-15 hr at
4°é and centrifuged in an Eppendorf microfuéé (15,000g) for 5 min.
The supernatant was then concentrated to 200 ul (Minicon concentrator,..
type-B 15). Protein concentrations‘wefe estimated and the purity
checked by SDS-PAGE kFig.‘14a; b). About 1 mg of protein was mixed
with 1 ml of.complete Freund's adjuvent and'injected into a rabbit.
Second and thi;s injections wére given four and six weeké.after the
first with 0.5 mg of protein and 1 ml of incomplete Fruend's adjuvent.
Crude 1g6 was prepared by “repeated precipitaiion with 33%
(NH4)2504 and d;g1yzed against _phosphatg buffered ;§a1ine.' The.
antibodies made against hemolymph préteins' as well as arylphorin
subunits recdgnize native arylphorin (Appendix41)

2.5 Tissue Preparation

L4

2.5.1 Intequmertt Preparation

The iarvae were opened by ventral dissection in artificial
hemolymph. The adhering fat body, heart, pericardial cells, Verson's
glands and muscles were removed. The dorsal integument of " four
abdominal §egments was cut with a razor blade from the rééf,of the
animal, This integument sheét was then washed in artificial bemolymph
and transferred to 2 1.5 ml Eppendorf qicrofuge tube containing 0.5 ml
of artificial hemolymph and a small piece of @lass wool. As
determined by visual appearance and dyé exclusion the cells live for
at ieast 24 hr when the integument sheet is floating in the artificial
hemolymph supported by glass wool. In othér experiments contamination
from the cut edges of the integument was avoided by mounting the sheet
of integument as a diaphragm, with the epidermis facing into the

medium inside a cut down microfuge tube.



2.5.2 Preparation of Midgut Tubes

To prepare the midgut tubes, Tarvae were inflatéd with
artifictal hemolymph and cut at the jbnction between the midgut and
the hindgui. The qut was detached from the rest of the animal by
making a cut at the Junction between the foregut and the midqut with a
‘'razor blade. The gut and contents then came out intact.‘lt was washed

free from contents with medium, cleaned, tied at both ends with dental

floss and filled with artificial hemolymph by injection through the -

ligature. Midqut tubes with an inverted orientation were prepared by
injecting 20 ml of artificial hemolymph through the head capsule.

This resulted in the gut breaking at the front end and inverting

through the rectum like the eversion 6f a finger of a rubber glove.

being blowp'up. These tubes were then ligatured and inflated as
abové. To match the apical and basal environments glucose --(8.98
grams/liter) alone, and trehalose (10.26 grams/liter) with glucose
(0.898 grams/li?er) were used in apical and basal media respectively.
Even though the pH of ihe midgut is about 8.0, midguf tubes survived
well in 7.1 pH medium. After 2 hr incuSation the medium in the lumen
usually becomes dark pink due to an increase in pg, 1ndicatjng that

the midgut regulates pH, at least on the luminal face.

2.5.3 Fat body

, The larvae were opened by ventral dissection in artificfal.

hemolymph. The sheets of fat body were separated from the rest of the

,animé1, washed in artificial hemolymph and transferred %o a 1.5 ml

Eppendorf microfuge tube containing 0.5 ml of artificial hemolymph and
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a small piece 6f glass wool. As determined by visual appearance and
dye exclusion the cells live for at least 24 hr when the fat body
sheets float in the artificial hemolymph supported by glass wool.
2.5.4 Hemocytes

Hemocytes were prepdred by collecting the hemolymph from a
pricked proleg of mid fifth instar larvae into a sterile conical
centrifuge tube containing 1.0 m! of artificial hemolymph. The
degree of melanization varied with the dilution. Hemolymph from one

Jarva (0.1 ml) diluted with 1.0 ml of arf?ficjal hemolymph containing

1 mM PTU_ kept the melanization at minimum level and gave enough

hemocytes for in vitro labelling studies.

2.5.5 Hemolymph

Hemo1ymph from a pricked proleg’ was .collected on a sheet of

parafilm sprinkled with PTU (pheny1thioﬁrea)chjta]s. The hemolymph.

was pipetted ‘into conical centrifuge tube and centrifuged in a Sorvall
GLC-1-at 2,000g for § min to EemoVe hemocytes. An_equal volume of
non-denaturing solubilizing solution: [the soluBilizing s§1ution of

Laemmli (1970) but with 2% SDS and 5% mercaptoékhqnp1Jre§1aced by 0.1%

"Triton..X-100 and 10 mM PMSF (phenyl methyl sulfoayl f1uoridef] was

added to the subernatanf. The mixturé was either dsed immediately or

e

stored 3tc-;0°C;

-

2.6 Lébe]ligg and Sample Preparation
2.6.1 Integument :
Sheets‘of11ntegUMent were incubated for 2 hr {in an fincubator

maintained at 220C in the culture medi@m containing 0.05 mCi of.
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’ [355] methionine (specific activity 1086 mCi/m mole; New Enaland
Nutlear, Boston, M.A.) for in vitro protein secretion studies. At the
end of the labelling period the integument shéet was washed in fresh
artificial hemolymph and kept on ice for 5 min. The epidermis was
separated from the cuticle under a microscope. The prniejns present
in the epidermis, cuticle and medium were solubilized in
ron-denaturing solubilizing so]ution.. Proteins present in the cdt1c1e
-are presumed to be fram apical secretions while proteins in the meaium
are from basal secretions.
2.6.2 Midgut

Ligated midgut tubes were incubated for 2 hr in the culture
medium containing 0.05 mCi of [3557 \methiom‘ne for in vitro
protein secretion 'studies.' In a typ%téﬁ ipcubation, the midqut,
weighing 150 mg, was injected with 0.5 ml medium to make the ligated
tubes. The ligated tube was incubated in 1 ml of medium in sterile 15
ml tissue éq]ture tubes. quer these conditions the ligated tube is
completely covered by and floats in the medium. The incubation tube
was éapped with paréfilm leaving an air inlet. "The preparation was

kept at ZZOC for the incubation‘pe?iod. The proteins‘present in tﬂb

media and the tissues were solubilized in non-denaturing solub¥lizing

solution. Proteins”'present inside normally oriented tubes are

presumed tq be fwom apical secretions while proteins in the medium are

¢

from basali secretions." In tubes with an - inverted or1entation.’

proteins in the medium are from apfcal secretions while protefns on

the inside afe ffom basal secretions.
r ' .
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2.6.3 Fat body - ~
For in vitro protein secretion studies sheets of fat body were
incubated for 2 hr at 22% in culture medium containing 0.05 mCi of

[3551 methionine. At the end of the labelling operiod the fat

bod; sheet was washed in fresh artificial hemolymph. The proteins
present in the fat body and medium were solubilized in non-denaturing
solubilizing solution,

2.6.4 Hemocytes

Hemocytes suspended in dilute hemolymph were 1labelled with
[355] methionine ‘for 2 hr in an incubator maintained at géoc.
‘For solubilizing hemocyte proteins, the incub;tion medium (dilute
hemolymph) was spun at 2,000g in a Sorvall GLC-1 for 5 min. The
hemocyte pellet was washed by resuspending gnd recentrifuging it in a
large volume of artificial hemo1ymph. One hundred microliters of
non-denaturing solubilizing solution was added to the pellet and
sonicat using a picrou]trasonfc cell d%sruptor (Kontes Glass
Company, Vineland, N.J.) with five ten second pulses at power and tune
setfings of etght and four respectivel). -

2.6.5 In vivo Labelling

[355] methionine was injected

For_in vivo studies 0.1 mCi of
into tge feeding larvae. After 2 hr of incorporation the proteins
" from the hemolymph, ﬁemocytes; cuticle, epidermis, gut lumen, midgut
and fat body were-solubilized in non-denathf}ng solubilizing solution.

2.7 Protein and Radioactivity Determination

Protein concentrations were determined by the method of Bradford

2
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{1976) with bovine serum albumin as a standard., Radioactivity of
[355] methionine labelled proteins was measured in the trichloroacetic
acid (TCA) precipitable macromgﬁbcules. Five microliters of samﬂ1e.
10 ul of bovine serum albumin (10 mg/m;) and 10 ul of 10 mM meth{onine
were added to 1.5 ml distilled wate;._ To this 0.5 ml of ice cold 50%
(W/V) TCA w;s added. The sample was mixed thoroughly on a vortex
mixer and kept on ice for 2 hr, The mixture was filtered through
Whatman filter Qiscs (GF/C) using a suction filter. The filter discs
were washed with 5% TCA and air dried. Thé filters were then placed
in a vial containing 10 ml of Aquasol-2 scintillant (New England
_ Nuclear, Boston; M.@.).'The radicactivity of [355] was measured in a

Beckman LS-225 scintillation counter,

2.8 Polyacrylamide Gel Electrophoresis

One-dimensional gel electrophoresis in the presence of SDS was
performed accordina to the method of Laemmli (1970) exéept that the
separating gel consisted of a 3-15% or 5-15% poiyacry1amide gradient
oyerIaid with a 3% polyacrylamide’ stacking gel (Atkinson, 1981)., The
samples in the non-denaturing buffer were made up to 2% SDS and boiled
for 3 min Jjust before loading. The molecular weidhrs of
electrophoretically separated polypeptides were determined by
co-electrophoresing - marker proteins from a Pharmacia low nmieculan
weight calibration kit (Phosphorylase-b, 94,000; albumin, 67,00);
ovalbumin, 43,000; carbonic-'anhydrése, 30,000; trypsin i{inhibitor,
20,100 and lactalbumin, 14,400). Gels were Statned with 0.7%

Coomassie brilliant blue R250 in 50% methanol and 10% acetic acid and
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destained routinely in 50% methanol containing 10% acetic acid and
.~
finally in 5% methanol containing 10% acetic acid. The destained gels

were -gtored in 7% acetic acid. N-PAGE was performed following the

e same procedure except that the SDS was left out from gel and buffer

solutions (Locke et at., 1982). . The molecular weights of

electrophoretically separated proteins were determined by

‘\

co»electrophoresxng marker: proteins from a Pharmacia h1qh molecu1ar

_’“4—‘.

weight calibration kit (Thyroglobulin, 6§9,000; ferritin, 440 OQQ
cata1ase; 232,000; lactate dehydrogenase, 140,000 and bovine serum
albumin, 67,000). . |

Gels were also stained with silver nitrate. (Morrissey, 1981).

Immediately after electrophoresis the gels .were prefixed in 50&

methanol, 10% acetic aeid for 30 min, followed by 5% methanol, 10%

-

acetic acid “for 30 min. Thén the gels were fixed in 10%
«
glutaraldehyde for 30 min and washed with several changes of distilled

water for 10 hr. The.gels were soaked in 5 ug/ml DTT for 30 min prior

‘to staining in 0.1% 511ver nitrate solution for 30 min.- Aftér

rin51ng rapidlv .in distilled water the gels were placed in develeper
solution (50 ul of 37% forma1dehyde in 100 ml 3% sod1um carbonate)

until the desired level. of staining was obta1ned. Staining was

stopped by adding 5 ml of 2.3 M citrichtid directly to the developer

and Ieaving for & further 10 min. Fina?]y the gels were washed
several times in distiTled water for‘so min and stored in distilled
water.

' .%lycqproteins were stainéd with the perio&ic acid-Schjiff method
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(Clarke, 1964).," Immediately after: e1ectroohorésis‘ the gqels re

2

oxidised in 1% periodic acid in 3% acetic acid for 1 hr, washed in
distilled water for another hour pkior to staining with PAS for Y hr,
The gels were stored in 1% sodium meta bishlphite. Lipoproteins were
stained with 0.5% Sudan black B (SB, Chippendale and -Beck, 1966) in
7.5% acetic acid and 70% ethanol and destained in 70° ethano1; 7.5%

acetic acid.

r

2.9 Two-Dimensianal Gel Electrophoresis

O'Farrell's (1975) two-dimgnﬁ?onql gel electrophoresis method was
used with the modififétions¥_§uggested by Jopes (1980). First
diﬁension‘ge1s containina 3:51 acrvlamide, 1.8% NP-40, 9M urea, 2%
ampholinés (pH < 3.5-10 amphokﬁrg:thKB instruments, inc., Rockville

M.D), 11 ul of TEMED (tetrameéh}]ethy]enediamiﬁé) ahd 13 ul of 10% APS

(ammonium persulfate) were prepared in glass tubes aéi tube gels

apdroximately 10.5 X 0.47cm‘in diameter. After allowing the gels to
poiymerize for 6 hr, the bottom ends of the, tubes were covered with a
two bmz piece ofidialys{s membrane aﬁd mounted in a ﬁio-Rad model
_ 150A electrophoresis tank. The uaper ard lower tanks were filled with

0.01 M phosphoric acid and 0.02 M NaOH resoegtiveiy. The samples were

prepdred to a final volume of 90 ul with 5% NP-40, 5% mercaptoethanol, .

5% ampholines and 9 M urea and loaded on the tops of the gels.

Proteins were elektrpohoresed by applying 500 volts for 6 hr. The

gels were extruded from glass tubes with a water filled“syringe. The

first dimension tube gels were stained in 0ﬂ25%fCoomassie blue R250.1n

40% ethanol and destained in 35% methanol containing 10% acetic acid.
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The tube gels were washed with three changes of 35% methanol prior 6

[ ]
transfer to the second dimension (Gower and Tytell, 13985). The second

dimension 'gel slabs consisted of a 3-15% or 5-15¢ polyacrylamide

gra&ient overlaid with 3% polyacrylamide stacking gel. The fiwst
dimensian gels were fixed to the stacking gel with a thin layer of
melted:agar (1% agar in 1% SDS). To compare the relative mobility of
the_qlectrqphoretically separated proteins, those proteins with known
isoelectric point (P.) and molecul;r mass (Mr) were co-electrophoresed
(éio-Rad IEF standards, phycocyanin, 4,65 (pi)’ 232,000 (Mr\;
lactoglobulin, 5.10, 15,4QQ; bovine ca;bonic anhydrase, 6.00, 29,000;
human carbonic anhydfase, 6.50, 29,000; equine myoglobulin, 7.00,
17,500; whale myoglobulin, 8.05, 17,500; chymotry®sin, 8.80, 25,000
and‘ cytochrome ¢, 9.60, 12,200 and Pharmacia low molecular weight
'standa;ﬂs). In addition, the pH gradients established in the first
dimension gels were measured by siicing the _companion' gels and
determining the pH of the water‘extract (Sa]eiz aﬁdzAtkinson, 1976).

2.10 Fluorography Lo -

Destained gels were washed in 1% DMSO (dimethyl sulfoxide) in
10% acefic acid, impregnated with EN3 Hance {New England Nuclear,

Boston, M,A,), washed in excess cold water and dried on Whatman 3MM

filter paper with a Bfo-Rad model 224 slab gel &rier. Fluoroqrams

_/ o
were prepared by apposing dried gels at -700C to pre-flashed Kodak
X-omat AR film (Laskey and Mills, 1975),

2.11 Immunoprecipitation : .

.

The immunoprecipitation method of Ivarie and Jones (1979) was
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followed with the modifications suggested by Riddiford (1982). 1In a
typical procedure 100 ul of labelled protein solution was incubated

with 20 ul of 10% heat inactivated Staphylococcus aureus Cowan type-!

(SAS; IgSorb, The Enzyme Center, inc., Malden M.A.) for 10 min. in an
tppendorf microfuge tube on ice. . The SAS .was. removed by

centrifugation for 5 min in an Eppendorf mierofuge (15,000g). The

. supernatant was incubated with 50 ul of antiserum (approN‘)Z.OO
units at 280 nm) on ice for 30 min, 20 ul of SAS was added r an

additional 15 min, The mixture was centrifuged\in an Eppendorf
wnicrofuge for 3 min and the resultant pellet washed t_hric.g with PBSE
[0.625 M potasstum phosphate (pH 7.6), 0.1 M NaCl containing 0.0bl M
EDTA and 0.25% NP-40]. The washed pellet was dissolved in 100 ul of

Laemmli "~ (1970) solubilizing solution and the radioactivity was

EN

_méasured as described in section 2.7. In control experiments <the

antiserum was replaced with the equal quantity of preimmune s'erum.
Unde;‘ the above described conditions the raéioai:tivity .in the control
samples. was equal to or less than—that in the blank (Aquasol-2
scintillant, New Englend Nuclear, Boston, M.A.) for all the data
presented in this thesis. Prior to electrophoresis the sample was
boile:d for 3 min and centrifuged in the Eppendorf microfuge for 2

minutes to remove the SAS, \ .

. 2.12 Immunoblotting [

Immediately after electrophoresis the proteins were transferred
from gel to nitrocéllulose by the method described by Towbin et al
(1979) with the follpwing modifications. . The proteiné were

transferred electrophaoretically 1"6r 2 hr at 60 vqlts and approximate}y;
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®
0.5 Amps current with cool water ci;culating through the coil and with
constant stirring of transfer buffer. After the transfer the blot was
incubated for 6 hr at 4°C in2 blocking buffer [140 mM NaCi, 10 mM
KPO, {pH 7.5) containing 10 mg BSA per ml (fraction V)]. The blot was
then incubated in 50 ml of primary ant1body buf?@r [PAR;140 mi NaCl,
10 mM KPO, (pH 7.5), 10 mg BSA per ml, 0.1% Triton X-100 and
0.82% SDS] containing 0.05 ml of either hemolymph or Ar crude IgG for
12 hr at 4°C and washed for 3 hr with three changes of PAB. After
washing the blot was soaked in S0 ml of-secondary antibody buffer
[SAB;560 mM NaCl, 10 mM KP04 (pH 7.5), 0.1% Triton 5—100 and
0.02% SDS] containing 0.005 ml of peroxidase conjugated goat anti
rabbit 1gG (Jackson Immuno Research Laboratories Inc., West Grove
P.A.) for 12 hr at 4°C and washed for 6 hr with six changes of SAB.
The peroxidase  was A visualized by staining  with 0.062
4-chloro-naphthol, 0.02% hydrogen peroxide and 10 mM Tris-HC} (pH
filZ) prepared in 20% methanol (Hawkes et al., 1982).
2.13 Apino acid Analysis

One ﬁundred micrograms of Ar and two storage proteins (SP1 and
SP2) "were hydrolysed in one milliliter of ,6 N HC1 containing 5%

0C (Houstor.,, 1971), The

mercaptoéthanol for 18 hr at 115
hydrolysates were analysed 6n a Beckman model 119 CL single column
analyzer, Cystéine was determined as cysteic acid after plrformic
acid oxidation (Moore, 1963) and tryptophan was determined by
hydrolysis of proteins with p-toluene sulfonic acid as desaribed in Liu

and Chang (1971).
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2.14 Electron Microscopy

Ar, SP1 and SP2 samples were obtained from unfixed unstained
non-denaturing gels. Five hundred microliters of hemolymph containing
5-10 mg of protein was separated in a 3-15% non-dena&uriné gel with a
long well made by inverting the reqular comb. The sides of the gel
were cut, stained briefly, destained and used as markers for unstained
areas of the gels. Appropriate areas of the unstained gel containing
Ar, SP1 and SP2 were excised and the’bands suspended in 2 ml distilled
water agjitated in a rotary shaker for 10 hr in a cold room (4°C).
The liquid was centrifuged in an Eppendorf microfuge (15,000g) for S
min and the supernatant containing protein was concentrated to 100 ul
in a concentrator (Minicon, Type B 15)1 A drop of protein solution
was placed on a grid wifh a carbon coated formvar film and blotted off
by touching the edge of the grid with filter paper. Proteins were
nagatively stained with phosphptungstic acid (PTA) by placing a drop
of PTA (1.5 %, pH 7.4) on the grid and blotting with filter paper.
The grids were dried and viewed at 80 KV with a Philips 300 electron
microscope. Although I learned the technique, took many pictures and
prepared all the material Qsed in figures 30-32, these actual
photographs were taken by Dr. Locke for publicat{on in Archives of

Insect Biochemistry and Physiology.

A
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CHAPTER 3
BI-DIRECTIONAL SECRETION IN THE EPIDERMIS

-

‘ -
3.1 Introduction

Although our knowledge of insect hemo1ymph proteins Gas advdnced
greatly during the last decade we still. know the origin and function
of only a few of the major proteins (see Wyatt and Pan, 1978;
Riddffor;j and Law 1983; Levenbook, 1985 for reviews). " For example,
the proteins of fifth Yarval Calpodes hemolymph can be resolved into
approximately 25 bands by SDS-PAGE and 60 spots by NEPHGE-SDS-PAGE
(Fig. 1), but we only know the origin of three major ones (Lacke et
al., 1982).

The incorporation of labelled amino acids into cuticle by the
integument in vitro showed that epiderm?l qe]ls have. the capacity to
synthésize cuticutar proteins (Marks and Sowa, 1976). By using tissue
culture and electrophoresis the epidermis was confirmed as the site of
cuticular protein synthesis (Willis et al., 1981). It has also been
proposed that\cuticujar matrix proteins may come from the hemolymph,
since immunological studies indicated that certain cuticular and
hemolymph proteins were s%mi]ar. It was therefore postu1ated'that
hqemolymph proteins are incorporated into the cuticle unchanged (Fox
et al., 1972; Koeppe and Gilbert, 1973; Durliat et al., 1980).
However, epidermal cells may secrete proteins at.both their basal and
apical faces (Locke and Krishanan, 1971), and an alternative
expTaqation supposed that the epidermis synthesizes proteins common to
both hemolymph and cuticle. I have investigated this.possibility under

in vitro and fn vivo conditions. .

D

‘31



’

.

3.2 Results

3.2.1 Protein Synthesis In vitro

‘Sheets of integument kept in vitro survived for at least 24 hr,
Cells kept for short periods in vitro should .therefore behave in a

similar way to those in vivo. Prosgins released on the apical surface
- [ 3

will be deposited into cuticle wheﬁgas those released on the basaf
‘surface will accumulate in the medium, making it possible to determine

“whether the epidermis secretes proteins on both faces. When sheets of

[35

integqument weire incubated in.grtificial hemolymph in the presence of
S] methionine for 2 hrﬁ

approximately 30 polypeptides in the

molecular weight range of 10-200 K were labelled in the epidermis

(Fig. 2. integument sheeg.‘E)" Thirteen polypeptides (235, 107, 89,

82, 71, 62, 53, 38, 26, 22, 19, 14 and 11 K) were released from the
Basal surface (Fig. 2, integument Sheet, B)'and fifteen (230, 180,
. 135, 107, 89, 82, 71, 62, 55, 42, 31, 23, 17, 15 and 11 K) from the
apical. surfacé (Fig. 2, integugent Sheet, A). When -sheets of.

' intequment were mounted as digphragms ‘inside cut down microfuge tubes:

thre were no cut ends of integument exposed to the medium which only

faced the  epidermis. Labelling then occurred in all 137 basally

32

secreted polypeptides and 15 apically secré;ed polpeptides as well as .

almost all 30 polypeptides in the tissue (Fig. 2, Diaphragm
preparation). ATthough tﬁere are some quantitative differences,
qualitatively the polypeptides are similar under both conditions
indicating that the cut ends of integument do not contribute

polypeptides to the medium. Since the polypeptides present in the



-

Fig, 2. Bi-directional secretion by the epidermis. Sheets of dorsal
? .

. abdominal dintegument were incubated in atrtificial hemolymph in the

. - ‘
presence of 0.05,mCi of [3SS] methionine for 2 hr, The proteins

present in the epidermis, cuticle and medium were separated on a 5-15%
SDS-PAGE g?adient. Approximately 10,000 counts/min were loaded in each
well and the f]uorograﬁs were devéloped for 15 days at -700C.
Thirteen [355] methiqgjne labelled polypeptides Wvere secreted in vitro
basally and 15 ‘apically. Tﬁe same polypeptide pattérn occurred Qhen
integument was mounted as 'diaphragm with -the gpider&is facing the.
medium in a cut off microfuge tube. Since the 13 basal po{ypeptides
occur in the absence of cut edgés and there is no evidence for ;ell
breakdown, these polypeBtides*are probably normal basal secretioné.

Similarly the 15 apical sgcretions are probably normal cuticular

proteins. Hho\e larvae wére 3lso injected with [355] methionire and

after 2 hr of incorpovagion in vivo the proteins'Iabe11ed fn cuticle,
epidermis and hemolymph were electrophoresed. Note the correspondence
between polypeptides labelled in vitro and in'ino in their respective
compartments. The left side of each panel shows the Hr of apical
secretions and the right side of each panel shows thg Hrvof the basal

secretions. .
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cuticle and basal medium are generally specific for tﬁe respectiQe

surfaces and do not include the main ‘polypeptides ladelled in thé

cells themselves but do include a known secretory protein

(Ar), it is most 1ikely that there is little or no contamination from®
tissue breakdown or cell death. Since 13 polypeptides are secréted

f;om the basal surface into the medjum without acces;‘to-thé‘cut edges

of the integument. or apical gurface (diaphragm preparat{ons) these-13
are probably normally secreted by the epidermis into the hemocoel.

Similarly, the secretion of 15 po]}peptides occurs in the cuticle

without access to any other t¥ssues, so these are probably secrbted by
the epidermis into the cuticle. Thége experiments show that Calpodes

epidermis has bi-direcliona1 secretion in vitro. 1 therefore wished
to know 1f there might be si&%]%r bi-directional secretion in vive.

3.2.2 Protein Synthesis In vivo

Protein synthesis and secretion by the epidermis were siudied in
vivo to determine whether the in vitro results represent normal

(353 _methionine was injected into mid fifth instar

behaviour.
Calpodes larvae and allowed to incorporate for 2 hr before sampling
the epidermis, cuticle and the. hemolymph.. App}oximatety 30
\polypeptides were{"laben;ed in the epidermis (Fig. 2, In vivo E)

compared to 15 in éﬂé apical cuticular compartment (Fig. 2, In vivo

C) and more than 25 in the basal compartment=hemolymph (Fig. 2, In .

vivo-H). The polypeptides labelled in the epidermis -under in vivo and
in vitro conditions shew similar patterns on these SDS gels. The

similar labelling of cellular proteins under in vitro and in vivo
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conditions suagests that the in vitro system closely mimics the
natural conditions, at least as far as protéin synthegis is concerned.
Since the cellular proteins synthesized in vitro and in vivo “are
simi{a}, it was of interest to determine whether proteins secreted in
vitro are also present 1in their respective compartment§ after

labelling in vivo .

3.2.3 The Similarity betwéen Apical 'Secretions and Naturally

Occurring Cuticular Proteins -

If the pattern of protein secretion observed in vitro is a
natural process, the [355] methionine labelled proteins in the
apical secretions should match the cuticular proteins labelled in
vivo, Cuticular.proteins labelled in vitro and in vivo were separated
on SOS-PAGE and NEPHGE-SDS-PAGE. One-dimensional SDS-PAGE anatysis
shoawed that all of the 15 polypeptides synthesized énd secreted
apically in_vitro are present among the cuticular polypepti€es
labelled in_vive (Fig. 2). Two-dimensional separation of labelled

proteins from the ingvitro and in vivo apical compartments showed that

post of the apical polypeptides synthesized and secreted into the
cuticle in vitro are also pre§ent in the cuticle 1abelled in vivo
although not necessarily in identical propoffions (Fig. 3). These
experiments showed that all apical protein ‘secretions labelled in

3

vitro are similar to those labelled*in vivo, confirming the suggestion

that the in vitrd Bystechlosbly mimics the naturat condttions for'

protein synthesis.

3.2.4 The Similarity between Basal Secretions and Naturally Occurring

Hemolymph Proteins .

Y
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Fig. 3. The similarity between epidermal apical secretions labelled
71n vitro and in vivo. Proteins from the cuticle (apical compartment)
after [BSS] methionine labelling in vitro and from cuticle labelled

in Q#vo were Separated by NEPHGE-SDS-PAGE employing 5-15% SDS

polyacrylamide gradient gels in the second dimension. Approximately

50,000 counts/min were loaded onto each gel and the fluorograms were
‘: developed for 28 days. pH and Mr weré, determined as described in
.Materials and Methods. The arrows point to 15 of the most pronounced

spots that are -present in both fluorograms.
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The degree of correspondence between basa} secretions. ¥$3e11ed in
!lEIé and hemolymph labelled in vivo was also determined by SDS-PAGE
and NEPHGE-SDS-PAGE. Mgst bands in the basal secretion co-migrated
with similar bands from hemolymph (Fia. 2,B; H). Four of “these
polypeptides (Fig.l 4, 1-4) could be identified in the 'hemo1ymph

NEPHGE -SDS - PAGE get. There is élsb corrgspondenée between some bther

3

spots but because of the overcrowding many spots coﬁ1d not beg
separateTy 1deng1fjed. Since there are so many polypeptides in the

hemolymph it becomes very difficult to bojnt unequivocally to those
that are secreted bi the epidermis. [ therefore used an immunological
] i .\ i -
approach to demonstrate the presencé of epidermal basal secretions in
) i .

the hemolymph.

39

3.2.5 The Immunological Simi1arity_between Epidermal Basal Secrétions -

and Naturally Occurring Hmolymph Proteins

Antibodies were made againgt whole hemoTymph from earlynfifth
instar larvae. Tge rabbit magde antibodies to almost..all hemolymph
. s . Y
proteins (details are presented in Chapter 4, Fig. 12a; b).

Antibodies were thereforg. probably madg ‘against 4ep1dérma1 bilal

. S T
recognjze ‘those in_vitro labelled basa) secretions that are normal

. conStituents'of hemolymph. To verify this, in vigro ]aberfea'proteins

from the cuticle, epidarmis and wmwedfum were precipitated using

‘hhtibodies"to the ‘hemofymph. .The resultant- precipitates were
. skparated -on SDS-PAGE and the gels processed for fluorography.

Antibodies made against hemolymph proteins recognized at least five

) Ce . . B ,
.secretions present in the hemolymph. These antibodies should
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'Fig'..‘4.- The, simi'lar;ity between proteins secreted by the epidermis

and those occurring r-xatura"ny' in< the hemolymph. }(oteins ‘frocm the
' ' 35

S1 methionine - ip vitro and
C - \ .

_"basaf Icompartment labelled with
. femblymph labelled ‘¥n vivo wéve resplved -on NEPHGE-SDS-PAGE empolying
., 152152 SDS polyacfylamide gradient gels’ in the second. . dimension.
Approximately 50,000 ,co_unts/m.in wei;e-’tg;:aded ‘oAta 'éa_ch' gel and « the
. fluoregrams ‘were devetoped for 28. 'déys;-'f‘pn. and @Y';yere Hegemﬁned as
.c}escr.ibed in Materials and Methods. The arvows point to thespogs that

.dre present ir both fluorograms. .
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polypeptides (235, 89, 82, 53 and 38 K) present in the epidermis and

the same five polypeptides present in the basal medium: The single

apically secreted polypeptide recognized co-miqrated with polypeptides
'Fron;/bm‘h the epidermis and basal medium (Fig. 5). The proteiin sample
was pretreated \;vith SAS (IgSorb) and a non-ionic detergent (NP-40) was
included in the assay to reduce the background, These precautions
make it likely that the antibodies to the hemolymph proteins were
recognizing basally secreted polypeptides because ‘of immunological
similarity. The results obta.ined by immunoprecipitation were
confirmed with immunoblotting. Hemolymph antibodies also recognized
most of the same polypeptides present in epidermis, medium and cuticle
on immunoblots (Fig. 5). Although the epidermis secretes 13
polypeptides basally only five major polypeptides were recognized by
antibodies prepared against whole hemoi’ymph. The remaining
poﬁpeptides which appear .as minor bands may be at too low a
concentration in the hemolymph, so that antibodies might not have been
made to them. The absence of antibodies to all the basally secreted
polypeptides could also be due to the stage of development. The
hemolymph used to prepare antibodies was deliberately taken from
larvae just prior to commitment, when the larval storage.prpteins
secreted by the fat body are not the main component (Chapter 8).
Mi.‘nor hemolymph components from the epidermis might alse not have been
secreted at that time. Whatever may be the case, thes;e results
established that at least five of the polypeptides present in the

hemolymph can be synthesized and secreted by epidermal cells.
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Fig. 5. The immunological similarity between epidermal basal

secretions and naturally occurring hemolymph proteins.

Immunoblot: One hundred micrograms of protein from cuticle, epidermis
and basal medium were separated on a 5-15% SDS-PAGE gradient and
transferred to nitrocellulose. The blot was stained with ;ntibodies
prepared against the hemolymph proteins. Five bésally secreted
polypeptides and one apically secreted polypeptide were recognized by
antibodies prepared adainst the hemolymph proteins. The relative
“mobility of co-electrophoresed Pharmacia low molecular weight standards

is shown on the left side of the figure.

Fluorogram: The proteins from cuticle (100,000 counts/min), epidermis
(500,000 counts/min) and basal medium (500,000 counts/min) labelled
with [3551 methionine -in vitro, were precipitated with antibodies to
hemolymph (see Materials and Methods for details). Immunoprecipitates
of cuticle, epidermis and basal medium were separated on a 5-15%
SDS-PAGE gradient. The f1uq§pgram was develpped for two weeks at
© -70%C.  Five basally secreted polypeptides anJ one apically secreted
polypeptide were reéognized by antibodies prepared égainst the

hemolymph proteins.

]

.
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3.2.6 The Sequential Appearance of Basal Secretions in the Epidermis

Prior to their Appearance in the Hemolymph

"™~

The disadvantage with in vivo labelling is that the epidermis

might have taken up proteins newly synthesized by other tissues during

the 2 hr of labelling, The comparison between in vitro and in vivo

protein synthesis and secretion could be in error unless it can be

shown that the proteins in question are synthesized first by the

epidermis. Tissues were exposed to [35

ST methionine in vivo for 20
and 60 min to show the relative times of appearance of the basal
secretion in the epidermis and hemolymph. Labelling the mid fifth
instar Calpodes larvae with [355] methionine for 20 and 60 min
showed that labelled po1yp§ptides appeared in the epidermis after 20

min at a time when neither hemolymph nor cuticle was labelled (Fig.

6). By 60 min labelled polypeptides also occurred in the hemolymph

(which has Ar and other basal sezrétions) and cuticle (which has Ar
and other apical secretions). This agrees with earlier
autoradfographic studies, where a .variety of amino acids were
incorporated either‘in.]ayers or diffusely into the cuticlé after 2 hr
(Condoulis and Locke, 1966). Since most of the bands corresponding to
secretory polypeptides appeared in the epidermis 20 min after the
beginning‘of'IabeIling, when nothing was_iabe1led in the hemolymph,
the epidermis must be the source of such polypeptides.

3.2.7 The Secretion of Arylphorin by the Epidermis

Previous studies on Calpodes (Locke et al,, 1982) showed that
one of ‘the three major hemolymph prﬁteins is a lipoglycoprotein with a
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Fig. 6. The sequential appearance of epidermal secretory proteins,
first in the tissue and later in the cuticle (apical compartment) and
hemolymph (basal compartment). Epijermis was labelled In vivo by

[355] methionine into mid fifth instar larvae. After

injecting
incorporation for Zd and 60 min proteins were sofubilized from cuticle,
epidermis and hemolymph, Approximately 20,000 counts/min were 1loaded
onto each well.(except in the case of C and H at 20 min where the
incorporation was so low that, 10Q ul of samples were loaded, which are
at least 5X more than that loaded for 60 min) and the fluorograms were
developed for a week at -70°C. Both apical. (cuticle) and- basal
(hemolymph) secretions appear first in the epidermis before either
cuticte or hemolymph are labelled (20 min). By 60 min labelled
polypeptides also appear in the cuticle énd hemolymph. The relative
mobility of Pharmacia low molecular weight standards is showﬁ on the

left side of the figure and the Mr of the basal sectgtions are shown

on the right. The Mr of apical secretions are shown in the middle.
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molecular weight of 470 K and dissociating into six similar subunits
each with a molecular weight of 82 K in the pggsence'of SDS. This

protein is now called as arylphorin (Ar, details are presented in
‘ Chapter 7). Arylphorin was present in epidermis (Fig. 2, E), cuticle
(Fig. 2, A) and 'medium (Fig. 2, B) 1labelled in vitro, and in
epidermis (Fig. 2, E), cuticle (Fig. 2, C) and hemolymph (Fig. 2, H)
labelled in vivo. The experiments in‘which fifth instar larvae were

[355] methianine for 20 and 60 min showed that Ar

exposed to
occurred in the epidermis (by 20 min), prior to its appearance in the

hemolymph and cuticle (Fig. 6). Arylphorin was also labelled in

epidermis, cuticle and basal medium in vitro (Fig. 2) in the absence.

of other tissues. To check the possibility that Ar from either
hemolymph or medium might be sticking to cuticle, larvae were skinned
to -obtain a cuticle sample without exposing it to hemo1ymbh;
Arylphorin was also present in this skinned cuticle. The cuticle

separated from epidermis was stained with feulgen (Thompson, 1966) and

bismuth (Locke and Huie, 1977) to check: for contamination. Neither

nuclei nor nucleoli are present in this cuticle. Isolated cuticle was
incubated with [355] methionine for 2 hr, proteins were solubilized,
separated on gels and the gels processed for fluorography. : None of
the cuticular proteins were~1abeiled, indicating that the cuticle 1§
neither contaminafed with a few epidermal cells nor is [3SS]
methionine sticking to cuzicu1$r proteins, = Similar results were
observed when the isolated cuticle was incubated in the p}gsence of

[3551 methionine labelled hemolymph proteins. These results
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Fig.7. The immunological evidence that arylphorin is secreted by the

eptdermis.

Immunoblot: One hundred micrograms of protein from cuticle, epidermis
and basal medium were separated on a 5-15% SDS-P@GE gradiept and
transferred to 61troce11u1ose. T@e blot was stained with antibodies‘to
hemolymph Ar. The Ar present in cuticle,'epidermis and basal medium
was recognized by éntibodies prepared against hemolymph Ar. ° The
relatiié mobility of co-electrophoreseq Tow molecular weight stadards

is shown on the left side of the figure. .

Fluorogram: fBSS] methionine labelled proteiné from cutiélq.(lO0,00Q
~~—__counts/min), -epidermis (500,000 counts/min) and basal medium (500,000
cgunts/min) "we;e precipitated_ with antibodies ‘tol,hemo]ymph‘-;r.
Immunopcec1p1t;tes of .cuticle, epidermis and basal medium’ containing
approximately 10,000 counts/min were separated on a 5-15% SDS-PAGE
gradient. F1uorograms.we;e developed for two weeks at -7Q°C. The Ar

present in. the. cuticle, epidermis and basal - medium has - been

precipitated by antibadies preparéd against hemolymph Ar,

A
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suggested that Ar might arise in the epidermis as well as in the

51

fat body, where it had previously been showon_to be made. The

synthesis of Ar by the epidermis has been confirmed by immunological
studies. Antibodies to the hemolymph proteins recognized Ar present
in ‘epidermis, cuticle and medium (Fig. 5). Antibedies to Ar itself

(purified by .electrophoretic separation from hemolymph, Chapter 2,

Fig. 14a; b) recognized the Ar from epidermis, cuticle and basa1'

medium (Fig. 7)." A1l these findings suggest that the epidermis

'synthesizes and secretes Ar on both apical and basal surfaces.

3.3. Discussion

3.3.1 Hemolymph Protein Secretion by the Epidermis

"The main finding is that Calpodes epidermis secretes certain
hemolymph proteins® from the basai surface as well as others in the
expected apical‘,cuticle direction. In ppeparations where the
integqument was mounted as a diaphragm, the basally iepreted proteins
accumulete inside the tube where there is no contamination from cut
edges, Sinte the epidermis normat]y releases these proteins basally
f{ is reasonabfa\ytn__éiiume that they contribyte directly to the

hemolymph. Sources of erpor such as cell breakdown, mémbrane blebbing

..or transepithelial leakage are unlikely, since: (a) all in, vitro

apical secretions occur in the in_vivo cuticular proteins, (b) at
least “four .basally secreted epidermal polypeptides occur naturally in
‘the hemo]ymph, (c) there are few bands in the medium compared to many

in the tfssue, and (d) five polypeptides secreted basally and one,

~secreted apically are immunologically similar to naturally occurring
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hemolymph proteins. It may also be significant that electron
microscopy shows epidermal Golgt rcomp}exes often orient their
secretory faces  towards the hemoiymph surface (the orientation is
easily recognizable by the position of the GC beads, Locke, 1984).
These observations strongly suggest ‘that the protein secretion
observed in the in vitro system‘is natural. The data éuggest that
this insect epidermis secretes hemolymph 3?o;eins from the bhasal
surface as well as cuticular proteins from the apical surface. ‘The
epidermis wa jbin§ a ﬁengtheninq 1i;t of tissues (fat body, he$ocytes

and pericardial cells) that contribute to the- hemo Pymph pool of

proteins,

3.3.2 Bi-directional Protein Secretion in the Epidermis

. The second finding is that Calpodes epidermis secretes
proteins from both apical and basal surfaces.‘ Proteins seen in the
basal - medium* are not due’ to 1gakéqe from the cuticle since
" two-dimensional analysis shows that most of the cuiicu1ar nolypeptidés
are different from those in the medium. Although six polypeptides
from apicygl and basal secretions co-miqrated on SDS gels (107, 89, 82,

11 K, Fig. 2). only one of %82 K) has matching spots on

two-Jimefisional gels (parts of medium.ald hemolymph two-dimensional

gels were é]iminated for clear camparison). The remain}ng polypeptides

" could be different but migrating at the same position on SD$ gels.

« Almost all‘apica1 secretions match Ehe cuticu1ar'ptote1ns labelled in "~

vivo (Fig. 3) and }ive basally secreted p91ypept1des and only one
cut1c91ar.p01ypept1de showed immunological similarity with hemolympﬁ

) \\ ®



: haéo?zferal surfaces

<

oolypeptides'(Fig. 5). The‘bi-directional_secretidn could come about

by reg?onal or temporal localization, by cell specific directional

4

secrétion, by bi-directional secretion in individual cells.

Ultrastructural obserlations on the orientation of epidermal Golgi

qomoleies (Locke, 1964)~suggest‘the later interpretation. In other

polarized epithelial cells that have d#stinct apicat and basolateral

L4

L3 .
surfaces, jt has been shown th&t the viral protein hemagglutinin is

drected to the apical surface, whereas the G protein of vesicular

L

stomafitis virus is directed preferentially towards the basolateral

P

surface (Rindler et al., 1985{5‘Madin;0arby.canine k{dney (ﬁDCK) cells
have also been shown,to secrete differeot proteins oh their apical and
<Zz1;§;lan et al., 1989). -The presepce of apical

‘and basolateral membrane domains in eprtheIiai ce11s, itself implies

vectorial membrane secret1on (Locke 1984). B ]

The observation of bi-directional secretion in:Calpode epvdermis

~gives clyes to another lomgs tandihg prob1em the-purported transport®of

hemo 1 ywph proteins into cuticle. Immupologioal evidence suggests an

anttoenic similirity between hemolymph and cuticular proteiné (Fox et

53

al., 1972; xoep}}e and Gilbert, 1973; Durliat et al., 1980) and it was °

postulated that those hemolymph proteins are 1ncorporated into the

cuticle unchanged These results show that the epidermis can ‘secrete

7the sake protein (Ar?*bn goth surfaces. Proteins common to the

hemglymph and cuticle might therefore be synthesi;yd in the epidermis’

0

itself as suggested by Locke and Krishnan (1971).
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3.3.3 Synthesis and Secretian of Arylphorin by the Epidermis -

o The third finding is that the epidermis secreies Ar on both
faces. Arylphorin (470 k protein’with 82 K sub units on SDS gels) is
oresent in cuticle, epidermis and basal medium (Fig. -2).and is
precipitated by_ antibodies to hemolympi'n‘Ar (Fiq. 7). Arylphorin is
synthesized by the fat body in many insects (Riddiford an& Law, 1983;
Riddifprd and Hice, 1985). Since proteins can be 1abeF1;d in

epidermis isolated in vitro the possibility, that the Ar has been

taken up from the fat bodj is excluded. It is also unlikely that the

epidermal Ar is an error due to contamination by a few fat body cells.
. R .
The epidermis was carefully cleaned from all fat body. The

two-dimensional gels of medium from the fat body and epidermis are

'very different‘(Figs. 4; 17), so it is most unlikely that thé presence

of Ar is due to fat bodi'contamﬁnation. The idea that tissues othér

than the fat body may make Ar' is not entirely new. The mRNA for

[ —

Ar in Manduca sexta are found in the epidermis (Riddiford and MHice,

1985). The synfhesis and secretign ‘of Ar was demonstrated in

Calpodes perica;p*ﬁl cells (Fife et al., 1987). From these

(514

observations it appears that hemolymph Ar may be synthesized by many-

tissues. The surprising result is the presence of Ar in the cuticle.

Riddiford and Hice (1@85) also reporied the preseﬁce.of a polypeptide

in the cuticle *that reacts with Ar antibodies. The functional

.significance of this.observation is not clear; but based on its high

aromatic‘_émiho’ acid content,- one may speculate that: Ar could be

concerned with the stabiifzation of cuticlé and perhaps cuticular



répairs. including the stabilization of hemolymph clots. It seems
unlikely that Ar is merely concerned with the supply of phenolics,
since massive amounts of tyrosine are accumeiated in fat body vacuoles ~—-

prior to new cuticle formation (McDermid and Locke, 1983).

L]
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CHAPTER 4
BI-DIRECTIONAL SECRETION IR THE MIDGUT

4.1 Introduction

The hemolymph of holometabolous insects, comprise a functionally .
and structurally heterogeneous array of macromolecules such as
proteins, carbohydrates and lipids. (see Wyatt and Pan, 1978; Riddiford
and Law, 1983; Levenbook, 1985 for reviews).- For example, the
protein components of fifth larval Calpodes hemolymph can be separated
. into approximately 25 banps by one dimens{Bnal and 60 spots by two
dimensional gel electrophoresis (Fig. 1). Although, there many
proteins in the hemolymph, the origin aﬁd function of only a few of:
these are known (Wyatt and Pan, 1978),

There is general agreement that fat body is a main source of
hemolymph proteins (Dean et al., 1985) and others may come from
hemocytes (Hughes and Price, 1976). Fluorograms of proteins
syn!he%ized by fifth larval Calpodes fat body detected only the main
storaée proteins and lipoprotein (Locke et al., 1982). Most of the
other proteins do not appear to be synthesized by the fat body, at
least at the age of the larvae used in the experiments. Other
tissues such as midgut and epidermis ‘may therefore contribute‘proteins
to the hemolymph. Except . for the attempts by Chippendale
(Chippendale, 19703 Chippendale and Kilby, 1970) and\ Turner and
Loughton (1975),‘ there , is no 1nfprmation on hemolymph protein

synthesis by other tissues. The structure of larval midgut with
» .

a6
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abundant RER (CGioffi, 1979; Locke and Leung, 1984), suggests that it
is capable of synthesizing proteins for secretion that might be
destined for the hemolymph as well as the gut lumen. 1 have

investigated this possibility under in vitro and in vivo conditions.

4.2 Results

4.2.1 Protein Synthesis In vitro

Ligated tubes of midgut kept in vitro sur:/ived for at least 24
hr and therefore the cells should behave normally for the few hours of
the expériments. Prloteins released from either surface of_the tube
can be collected from the lumen without cross contamination, or from
the medium with minimal contaminétion of the ligated ends, ma‘k'ing it
possible to determine whether the midgut secrefes proteins on both

faces. When ligated tubes of midgut with normal orientation (i.e.

. apical secretions into the lumen and basal into "thé medium) were

»

fncubated 1in artificial hemolymph in the presence of [355]
lpéthionine for 2 hr, approximately'ZS polypepﬁdes in the molecular
weight range of 10-200 K were labelled in the midgut cells (Fig. 8,
T). Efght polypeptides (8%, 56, 47, 36, 30, 27, 19, and 16 K) were.
released from the basal surface (Fig. 8, B) and _seven (65, 56, 47, 30,
27, 22, and 16 K): from the apical surface (Fig. 8, A). The same

paffern of po]ypeptides occurred when 1nverted tgbes (i.e. apical

4
secretions 1nto the medium and basal into the 1umen) were used in

place of those with normal orientation. 1t can be concluded that the

ligated ends of the tubes, where short sections of both surfaces are

-



Fia. 8. Bi-directional secretion by the midqut. Liqated tubes of
midgut with either normal (i.e.apical secretion into the lumen basal
into the hemocoel) or inverted orientation (i.e.ﬂasal into the lumen
and apical into the hemocoe1).were incubated in artificial hemolvmph in -
th€ presence of 0.05 mCi of [355'_1 methionine for 2 hr. The proteins
present in the tissue and in the media at the api+cal and basal sbrfaces
were separated on a 5-15 % SDS-PAGE gradient. Approximately 10,000
counts/min were loaded for each well and the f]uorogram was developed
for 15 days at -70°C. Eight [>°S) methionine 1abeTled polypeptides
were secreted in vitro basally and seven apically in tubes with normal
orientation. Additional [3553 methionine labelled polypeptides which
do not appear at e{ther surface were present in the tissue, The same
peptide pattern occurred in midqut tubes with inverted orientation.
Sincé the eight basal polypeptides occur in the abseﬁce of an apical
surface and there is no evidepce for cell breakdown, these p;1ypeptides
are grobﬁbly normal basal secretions. Similarly the seven apical
secretions are normal 1umina1' proteinms. Whole 1arvae. were also
injected, with [355] methionine *in_vivo and “the labelled proteins
present in lumen, midgut'and hemolymph were electrophoresed. Note the
correspondence between polypeptides lsbelled in vi}ro and in vivo in
their respective compartmenfs. The relative mobility of polypeptides
with known.l"lr i; shown on the left side of the figure and the Mr of

the basal secretions is shown on the right side. ,
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exposed to the medium, do not result in detectable contamination of

the outer incubating medibm in experiments with either epithelial
orientation. The absence of almost all tissue proteins from both
apical and basal secretions suggests that there s also no
contgmination from tissue breakdown or cell death, confirming the
cytochemical tests for cell survival (contraction and expansion of
muscles and dye exclusion). Sinc® eight polyggptides are secreted
from the basal surface into the lumen of tubes with an inverted
epithelia] orientation, these eight are probably normally secreted by
the midgut‘ into the hemocoel. Similarty the secretion of seven
polypeptides across the apical surface of tubes with normal epithelial
orientation, suggests that this is mnormal luminal secretion. These
experiments show that Cngodes-midgut has bi-directional secretion ¥n
vitro. 1 therefore wished to know if there might be similar
Bi-directional secretion in vivo.

8.2.2. Protein Synthesis In Vivo

Protein synthésis and secretion bx the midgut were studied in
vivo by injecting [355] methionine into mid fifth instar Calpodes
larvae and allowing to incorporate for‘2.hr before sampling the midgut
Jumen, midgut and the hemolymph. Approximately 25 polypeptides were
labelled in the midgut cells (Fig. 8, In vivo T) compared to ten in
the apical luminal compartment (Fig. 8, In vivo A) and more than 25

in the basal compartment=hemolymph (Fig. 8, In_ vivo B). The

polypeptides labelled in the midgut cells under in vivo and in vitro
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Fig. 9. The similarity between midéut proteins labelled in vitro and

in vivo. [355] methfonine labelled midgut proteins from in vitro and

in vivo experiments were separated on NEPHGE-SDS-PAGE employing 5-15%

SDS-PAGE gradient in the second dimension. Approximately 100,000
counts/min were loaded onto each gel and the fluorograms were deyelopbd
for two weeks. pH and Mr were dgtermined‘;s described in Materials and
Methods. The an(gzi_ggint Eo 28 of the most pronounFed spots present

-

in both fluorograms.
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conditions showed simi1§r patterns on these SDS gels. Two-dimensional
gels 'of midqut proteins labelled in vivo and in viéro confirmed the
similarity and showed that 70 out of 80 of the most distinct ;pctﬁ
were common to both gels (Fig. 9). The similar labelling of cellular
proteins'under in vitro aq‘ in_vivo conditions suggests that the in

vitro system functions normatlly.

4,2.3 The Similarity between Apical Secretions and Naturally

Occurring Luminal Proteins

In vitro lablled apical secretions and luminal proteins Pbelled

in vivo were separated on SDS-PAGE and NEPHGE-SDS-PAGE. All seven

.

- polypeptides secreted apically in vitro were present in the

i

co-electrophoresed in vivo luminal secretions (Fig. 8, In vitro A and

In vivo A). Three additional polypeptides in the in vivo Yuminal '

secretions presumably arisg from tAssues upstream from the midgqut,
such as sa]tvary glands. Two-dimensional gels of labelled proteins
from in vitro and in vivo apical comparthents‘shohed that ten out of
18 apical polypeptide§ discernible in vitro were also present in the
Tumen 1n vivo (Fig. 10). The additional 1luminal polypeptides
occurring in vivo . presumably arise from ﬁpstream regions not present
in 1§o1ateq midgut tubes, as mentioned abéve. These experiments show

that all apical protein secretions Tabelled in vitro are similar to

those labelled in vivo, confirming the suggestion that the in vitro

system functions normalTy. .



Fig. 10. The similarity between midgut apical secretions labelled in

vitro and in vivo . Proteins from the apical compartment after:

[355] methionine labelling in vitrd and from the lumen labelled

in vivo were separated by ,NEPHGE-SDS-PAGE employing 5-15% SDS-PAGE
gradient in the second dfmension. Approximately 50,000 ;obnts/min were
1oade& onto each gel and the fluorograms were developed foroa month,
pH and Mr Qere determined as described in Materials and Methods.
The‘arrows point to ten‘qf the most pronounced spots,that are present

in both fluorograms.
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4.2.4 The Similarity between Basal Secretions and Naturallv Occurring

Hemo 1 ymph Proteins

Basal secretions labelled i pitro and hemolymph “abelled in
vivo were analysed by SDS-PAGE and NEPHGE-SDS-PAGE to determine the
degree of correspondence between them... Most bands iﬁ' the basal
setretion’ co-migrated with similar bands from hemolymph (Fig. 8, B).
Two of. these polypeptides (82 K migrates on the acidic end, Fig. %\.1;
56 K dissociates.into three spots, Fig. 11, 2-4) could be identified
in the hemolymph NEPHGE-SDS-PAGE gel. Other basal secretions may a}so
be there bu¥ they could not be distinguished  because ~of the
ove;crowding of spots. 1 there%ore used immBnoprecipitation to
demonstrate the presence of_ﬁidgut basal secretiﬂﬁzkin the hemolymph,

4,2.5 The Immunological Similarity between Midgqut Basal Secretions

and Naturally Occurring Hemolymph Proteins

\ X

The hemolymph collected from early fifth instar larvae was used
to m@}e antibodies (Fig. 12a). The rabbit made antibodies to almost
all 25 polypeptides (Fig. 12b). Antibodies had therefore probably

been made against all .the midgut basal secretions present in the

hemolymph and should recognize them. To verify this, in vitro
verit in _vitro

labelled proteins from the lumen, tissue and basal medium.gwere

precipitated using antibodies to the hémo]ymph. The resultant’

prec;pitates were séparéted on SDS-ﬁAGf and - the gels processed for .

- X ‘ ) ;
fluorography. Antibodies mdde against hemolymph proteins gécoqnized

"almost all basal secretions present in the tissue and basal! medium
. A N ) . - f . M
(Fig. 12c). No ap1‘a1 secretibns were precipitated by antibodies to

¢

-

Y . v’
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. - 'Fig. 11. The' sini]arity between proteins sécreted by the midgut - ’
‘ - and those oocurring naturally in the hemolymph. Proteins from the. \

- basal coupartlent labeT1ed »ith [355] methidﬁ?ne “in vitro .and.
% heloly-ph 1abe11ed in Vivo were resolved on NEPHGE SDS-PAGE employ1ng
oo 5-15% gradient 16 the - second dimension. Approximately 50,000
couats/ain wege | loaded onto each gel amd’ the fluorogram§‘ were
k.: ) developed for -a month. pH and M -are determined as described in

ﬂateria\s and Hethods. . The arrows point to the spots that are

L) \

. 3 present in botn f1uorog?ams and indicate polypeptides 82 K (1) and 56 °
- LK f2-4). Arylphbrfn does not enter NEPHGErSDS PAGE gel very well so,
. "." [ 2R
S Y {t was resolved as a ninor spot instead of an expected major spot. . ' i
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right sides of the figure. . o v

Fig. 12. The immunological sjmilarity between midgut basal secretions
and naturally occurring hemolymph proteins. 3 b
(e) The hemoiywph proteins used as antigens. Ten microliters of early
fifth instar- larval hemolymph (which was used for ;rteking antibodies)
was separated on a 3-15% SDS-PAGE gradient and stained with Coomassie
blue R250. Hemolymph was separated into approximately 25 bands.

(b) The immunoprecipitate of( hemo]ymph [355] methionine labelled
fift‘h- instar .larval -henolymph was precipitated vnth hemo1ymph
antibodies and separated on a 3-15% SDS-PAGE gradf.ent. Approximdtely

20,000 counts/min were loaded and the f‘l‘uorogram was developed for a

week at -70°C. Antibodies were made to almost all 25 polypeptides
- -4

present in the hemolymph. ° -

(¢) The immunological similarity between midgut proteins and hemolymph
proteins.j . The.. protein; from 'midgut and the apical and basal
compa.rtments were 1abeﬂed with [355] methionine in vit;o. They were
precipitated with anttboﬂjesr to hemolymph proteins. Ilmundpre.ci’pitates
of midgut tissue (T) and basal medium (M) contaidfng *approximately
1'0,.000 .counts'/min were separated on a 5-15% SDS-i’AGE ‘gradient. The
fluorogram was developed for two weeks at _:70°C. Note the presence of
all ejgﬁt midgut basal secretions in both the tissue (T) and basal
medium (M). Although Ar is a major protei'n secreted into the basal
wmedium, ft did not show ug as a mgjor band in 1nmnoprec1p1tation
probably due to cmpetition be tween 1abe1'led and unlabel]ed Ar present
in the medium~¢\nd t'he @roportion of Ar antibody fn the whole hemolymph
aptibodies. The retative mobility of Phaéa Tow molecular weight

standards and the H of basa'l secretions are shown on the left .and’



’

-3

MIX10 S MrXio Mr10 >

. N

H . " 67-
Ar*-- o . -
"‘E e

20 8-

14_ k <V
Ar-AryIphorin S

’ .-
. .
- .
14 .- L)
.
s .
¢ .
.
L
.

.}. ) \\ 94-
. : .

o

T=Midgut tissue

~ - B=Basal medium

c




Q

the hemolymph. The protein sample was pretreated with SAS (IgSorb) and
a non-ionic detergent (NP-40) was included in the assay to reduce the
background. These precautions make it likely that the antibodies to
the hemqumph proteins were recognizing basally secreted polypeptides
because of immunological similarity.

4,2.6 The >equential Appearance of Basal Secretions in Midgut Cells

L]

Prior to their Appearance in $he Hemolymph

.
‘A source of error with .in vivo

labelling is the possibility that the midgut might take up proteins

newly synthesized and secreted by other tissues during the 2 hr of-

‘1abelliflg. The comparisom between in vitro and in vivo protein
. synthesis and secretion could be in error u'ﬁi'é%s it. can be shown that

the proteins in question are synthesized first by the midgut. Tissues '

were exposed to [355] ‘methionine in vivo for 20 and 60 min to show
the relative times of appearance of the basa} 'se'cretibn in the midgut

/ . .o Y ¢ ,
tissue and hev’o’lymph. Labelling the mid-fifth instar Calpodes larvae

. with (355] methionine for 20 and 60 min showed that- labelled

polypeptides appeared in the midgut. cells after 20 min when neither

‘hemolymph .nor lumen were labelled (Fig. 13). By 60 min labelled
polypeptides also .ovccurredsin the hemolymph and lumen. -Since all

bands corresponding to basally secreted polypeptides appeared in the
midgut by 20 min after the beginning of labelling, when nothing .wis

labelled in the hemolymph, the midgut fs probably the source of such

- polypeptides.: ™

o " .
N
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Fig. 13. The sequential appearance of midgut secretory proteins first

3

in thé tissué and later in the apical and basal compartments. Miggut

proteins were labelled in vivo by injecting [355] methionine into mid

fifth instar larvae. After incorporation for 20 and 60 min proteins

~

were extracted from the midqut tissue and \{ts apical and bésal.
compav_‘tme.nts. _Approximately 20,000 counts/min were (Jpaded onto each
well (except.-in th\e—case of L and H at 20 min vghe'r'e the incorporation
was. minimal, 100 ul of sample were loaded) and the fluorogram was
developed for a week at -7_0°C. ‘. Note the appearance of both apical
a{d basal secretions in the midgut “tissue when n'either lumen _nor
hemplymph are labelled (20 min). By 60°min labelled polypeptides also
occb’rned in the ‘lumen and hemolymph. The relative mobﬂ:ify‘of loW

-~ / . -
molecular weight standards is showf on ‘the left side and the M_ of the

" basal secretions are shown on}(e right side. .
- /o o |
- "ll
J‘ - \S
’
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4.2.7 The Secretion of Arylphorin by the Midgut

One of the three major larval hemolymph proteins of Calpodes is
a lipoglyCpprotein with a molecular weight of 470- K and dissociates
into 82 K subuntts’ in presence of SDS (Locke et al., 1982). This ~
protein is now called as arylphorin (Ar; Chapter f). Arylphorin was
present in midgut tissue (Fig. 8, T) and basal medium (Fig, 8,lB)
labelled in vitro, and in midgut tissue (Fig. 8, T) and heﬁo1ymph;

(Fig. 8, B) Tlabelled in vivo ¢Fig. 11). The experiments in which

. fifth, instar larvae were eiposed to [355] methionihe_for 20- and 60

min showed that Ar 6ccurred‘in;the midgut cells by 20 min, prior to
its appearamte in the hemolymph (Fig. 13). It was also labelled in
both midgut cells and basal medium in vitro”(Fig. 8,.T: B) in the
absence of other tissues. The synthesis and secretiqn of Ar by
midgut was confirméd by . immunological studies. Antibodies to the
hemolymph proéeins recognized Af present in ﬁidgut cells and basal
medium - (Fig. 12¢c). Antibodies to Ar itself (purified by
electrophoret g eparation from hemo1ympm£.Figs;14 a;i b) recognized
the Ar -from midgut cells and basal medium (Fig. l4c), A1}

these findin\f suggest that the midqut contributes Ar té the hemolymph

- . —
pool. ' '

4.3 Discussion '
The main finding" is that Calpodes midgut secretes certain

hemoiymph proteins from the basal surface as well as others in the

expected apical luminal direction. -In Jinverted tubes the basally -

>

secreted proteins accumulafe-luminallj where there is no contamination

.



Fig. 14. The immunological evidence that arylphorin is secreted by the

aa——

midgqut. '

(a) The purification of Ar from hemolymph. Twenty microliters of
hemo1ymph of‘mia'f1fth instar Jarvae were separated on a 3.15% N-PAGE
gradient and stained with Coomassie blue RZ250. The 470 K A; band
was exciséﬁ and run on an SDS gel to obtain Ar. The relative mobility
of Pharmaéia high molecular weight standards is shown on the left side

of the figure.

A

-

.{b) The Ar used as an antigen. The 470 K bands excised from

non-denaturing gels were-run on SDS gels. Arylphorin dissociates into
subunits with a molecular weight of 82 K. The 82 K bands from SDS gels
were excised, ‘the protein eluted and u;ed fer .immunization. Fifty .
microliters of eluted‘ pro§e1n ‘as ‘seﬁarated on a 3;15% SDS-PAGE
gradient an& stakned with Coomassie blue R250 to show the burity)&f/the

polybeptide used as an antigen. Tﬁe relative mopility of Pharmacia

low molecular weight standards is showr. on the left side of the figure.

-

(c) * The immunological similarity between midgut and hemolymph
[35

Ar. S} methionine Tabelled proteins {100,000 counts/min) from

midgut tissue, basal medium aqd hemolymph were precipitated with

- antibodfes to hemolymph Ar. Immunoprecipifates of. midgut tissue (T),

basal medium (M) and hemolymph (ﬂf were separated on a 5-15% ‘SDS-RAGE

- gradient. Fluorograms were developed for two weeks at -70°C. The Ar

present in the midgut tissue, \Pasal medium and hemo1ymph udk\\\//
precipitated by the hemolymph Ar antibodies. '

-

|
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from apical surface. Since the midgut normg}1y releases these

proteins basally it is reasonible to assume that they contribute.

directly to the hemolymph. Sources of error such as cell breakdown,
membrane ‘blebbing or transepithelial leakage are unlikely, since: (a)
protein synthesis is similar in vivo and in vitro, (b) a}i in vitro

apical secretions occur in the in vivo luminal proteins but not in the

hemo lymph, (c) basally secreted midgut proteins occur naturally in thé™

hemolymph,'(d)*there are few bands/spots in the media compared to many,

in the tissue, and (e) ﬁidgut basal secretions are immunologically
s}milar to naturally occurring hemolymph proteins. These observations
strongly suggest that the protein secretion observed in vitfo is
natural and the midgut secretes hemolymph proteins from the basal
surface as well as proteins from the apical surface. |

" Chippendale (1970) and Chippenda1e and K11by (1970) conc]uded

that the midgut could be contributing prote1ns to the hemolymph

pool mainly based on the re1ative incorporation of'T] €] leucine by'

. hemocytes, fat body and midgut of Pieris brassicae and Diatraea .

grandiosella.  However,. Turner and Looghton (1975) could find. only

" luminal prdfein synthesis in Locusta migratoria midgut maintained in

[ 4 Lo,
vitro. The inability of those authors to demonstrate .hemolymph

protein synthesis by the midgut may have been due to the technical.

limitation of labe111ng with [ H] leucine.

The second finding is that Calggdes midgut secretes a different‘

set of proteins ﬁrom each aurface. Proteins found outside the l.gated

tubes‘are not due to leakage since two-dimensional analysi;.showed

g , . ., * -
. 4 .. 1
. 4
-

7
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‘that the apical and;basa] proteins are different. Almost all apical
secretions match the luminal proteins labelled in vivo (Fig. 10} and
almost all 'basa1 secretions ;howed immunb]ogical 'simi1arity with
hemolymph proteins (Fig. 12¢c). As in the epidermis it is not known
how the bi-direcfiona] secretion *is achieved. The midqut has a few
veryb fine muscles embedded with tracheae. - These cells have very

little RER.and are unlikely sources of ‘secretory protein. However,

_they have not been excluded a® protein source. A more likely

candidate for midgut hemolymph.protein secretion is a ‘fourth cell type
(in addition tp the coTumnar, goblet and regenetative cblls)rin the
midgut epithelium which does have a structure appropriate for

secreting proteins into the hemocoel. These tcells are similar to the

endocrine celts described in the midgut of Lepidopteran larvae by Endo

and Niéﬁiitsutsuji-Uwo (1981) and they could be secreting polypeptides -

into the . 1hemo]ymph. | However, preliminary rgsu]ts from
immunoflorescence staining of midgut sections. with antibodies to
hem@lymph show that staining is éeneralized rather than specific o a
few ce]]s,- suggesting the presence of hemolymph proteins in most

cells.  The observation of bidirectional secretion in Calpodes

' migqut @ay'provide another system (other systems for studies related

to protein sorting are discussed in Chater 3) for studies related to
protein qérting.

The third finding is that the midgut secretes Ar. Arylphorin

‘ (470 k protein with, 82 K subunits on SDS gels) is the major band in

the midgut basal mediym (Fig: 8, B) and is precipitaied%by the

78
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antfbodi;s to hemolymph Ar (Fig. 14c). Arylphorin is synthesized by
. . L
the fat body in Calpodes and many other insects (Locke et al., 1982;

Riddiford and Hice, 1985). Since the proteins are labelled in midgut

isolat:d in vitro, the possibility that the Ar has been taken'up from

the fat body is\ excTuded. 1t is also unlikefy that the midgut.

Ar is an error due to contamination by a few fat body cells sticking

t4 midgut or tracheoles. The midgut was carefully cleaned from fat

body and 1ar§e tracheae before making the tubes. The absence of other:

major fat body secretory proteins (stérqge proxeiné and others) also
makes it most unlikely that the presence of Ar is due to fat body
contamination. These observations suggest that hemolymph Ar may be

synthesized by the midgut-as well as fat boay'and epidermis.

EY

‘.
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et al., 1987) .contribute to the hemolymph protein pool The present

e CHAPTER 5 Lo
“HEMOLYMPH PROTEIN SYNTHESIS BY .THE FAT BORY

5.1 Introduction - : R

¢

Ever since Shigematsu (1958). reported that fat body synthesizes
and secretes hemolymph proteins, the fat body has been,the‘ center of

attention for researchers studying hemolymph -protein ‘syn'thesi's.

resulting, in many pulglitat1ons (see Hyatt and Pan 1978 Roberg -and .

Brock, 1982; R1dd1ford and Law 1983; Dean et al., 1985~~ree1ey, 198’5-,

Levenbook, 1985 for rev1ews) Most studwes have concentrated on'a few "

major hemolymph proteins such as storage proteins (Munn et al., 1969),

-~ arylphorins (Kramer et "al., ]580; Telfer et #., 19835, 1ipophorins

(GeTlissen and wyatt, 1981), diapause proteins (Venkatesh and _

Chippendale, 1986), UH binding proteins (Nowock et al., 1975) andsH

1o

1

esterases (Wing et al., 1981), There hd been no estimate of the: |
- - : . \ . ¢

3 L ’
relative role of the fat Pody contributing to the many proteins known
to_be in the . 'hemoiymph, ' A1though there are many~ proteins in the.

Qode hemolymph only three major hemolymph proteins were shown to

4

To understand the role qf hemolymph proteins in metamorphosis, it

be secreted by the fat body (Locke et al_.,?982)_.

¢

is necessary to construct a halance sheetr for a1l hemolyinph prote"ins' :

throughout an insect's: life. We do not know the source of 'all
» |
hefholymph proteins for even a single 1nsect aTthough pe Wu know that .

ry

epidermis (Chapter 3), midgut (Chapter 4) and pericardial cells (Fife

3 Wi

Pl
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study aimed to identify the proteins secreted by larval fat body.
Comparison m‘th. hemolymph proteins synthesized by the whole animal
would then show not only the role of the fa't body but also the
proteins that are synthesized and sgcreted Sy other tissues.

5.2 Results

5.2.1 Protein Synthesis In vitro

Sheets of fat body were incubated in artificial hemolymph in the
presence of [355] methionine for 2 hr. The proteins presenE in the
fat body and medium were solubilized in non-denaturing solubilization
solutfon, separated on SDS-PAGE and the gels processed for
fluorography  to identify  newly synthesized  polypeptides.
Approx'imate1y 30 polypeptides in the rﬁolecu1ar weight range of 2_0-270
K .were .lqbe'l'led in the f?t body (Fig. 15, in vitro F). Fourteen
polypeptides (235, 90, 86, 82, 74, 63, 59, 52, 48, 46, 33, 28, 23 and
20 K) were released into the medium (Fig. 15, in vitro M). Since the
po1ypeptide§ presenf in the mediuﬁ are consistent during many
repgtitions \a\nd-inc'lude a known secretory protein (Ar) but not the
main polypeptides labelled in the cells, there 1s-no‘er.11hood of
contamination Ffrom tissue breakdown or cell death. Since these

hy
polypeptides are secreted into the bathing medium it fis reasbnatﬂe to

assume that they are normally secreted by the fat body into the.

hemocoel.

5.2.2 Protein Synthesis In vivo -
[35

S] methionine was injected into mid fifth instar Calpodes

larvae and allowed ta fncorporate for 2 hr. Proteins were solubilized

§1




Fig. 15. Secretion of hemolymph prgteins by the fat body. Sheets of
fat body were incubated in artificial .hemolymph in the presence of
0.05 mCi of [355] méthionine for 2~hr. The proteins present in the
fat body and medium were separated on a 5-15% §DS-PA§F gradient.
‘. _Approximately 20,000 courits/min were loaded in each well and the
fluorograms were developed for seven days at -1%. Fourtéen.[3ss]
methionine labelled polypeptides were secreted in vitro into the
medium. Since these 14\polypeptides are- secreted in abseqce of other
tissues and there is no evidence for cell breakdown, these polypeptides
are probably normally secreted by fat body into the hemolymph. Whole
larvae were also injected with [355]‘methi;nine and after 2 hr of
incorporation in vivo the proteins'1abe11ed in fat body and hemolymph
were electrophoresed, Note the correspondence between polypeptides
labelled in vitro and in vivo in their respective . compartments. The‘
relative mobility of Pharmacia low molecular weighf stand;rds is shown
on the ‘ﬁft side. of the figure. The M. of fat body secretory
polypeptides are shown in the middle and ‘the M_ of non-fat body

hemo1ymph po1ypept1de§ are shown on the right side of the figure.

L 4



F=Fat body
M=Medium

H=Hemolymph - L
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F'Ig. 16, + "The simﬂariti between fat ‘body proteins labelled in vitro

and 1n vivo Proteins from the fat body after [ S] methaomne

label'ling in vitro and from fat body labelled in vivo were separated by

NEPHGE-SDS-PAGE emplioying 5-15% SDS polyacrylamide gradient gels in the
. .
setond dimension. Approximately 100,000 counts/min were l'oaded onto-

- each gel and the fiuorograms wer‘e developed for 15 days. pH and M

were determined as described in Materials and Methods. The arrows

v oo . 2 o
point to 20 of the most pronounced spots that are present in both

f1 uorogram_}. o ' -
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from the fat body and hemolymph and separated on SD;-PAGE and the gels
processed for fluorography to identify the newly synthesized proteins.
Approximately 30 polypeptides were abelled in ‘the fat body (Fig. 15,
In vivo F) and more than 25 in the hemolymph (Fig.. 15, In vivo H).
The po'l_ypeptides labened in the fat body under in vivo and in vitro
conditions show similar patterns /6n these SDS geTs There are a few
quantitative differences pethapz due to- shock or the absence of
hormonés and oth;r contmlling- factors, but the overall po]ypeptide
pattern- appears ‘sihmar. Two_-diumsionﬂ analysis of-the fat body
proteins labelled in- vitro‘ and - inevivo - con’r‘irmed the ‘similarity and

showed that 45 out éf 50 of thg* most- distinct spots were common to

_both the gels (Fig. 16). The similar 1abe11ing of cellular proteins
) under in vitm and in vivo conditions Suggests that the in vitro

ot - -—
system functions ‘normally. - Lo -

5.2.3 The Simill-a'rity' between Fat body Secretory proteins and Naturally

Occurring Hemolymph Proteins ) et

The fat body seeretdry proteins Iabelled §nVitro and hemo]ymph
:*

proteins labelled in vive were analysed by two.-dimensionaI ge1 -
electrophoresis to determine the degree of cdrrespondence between
them. Most of  the bands in thq fat body medium co-migrated with
similar bands from hemolymph (Fig. 15, in vitro M; in_vivo H).
Twelve of these polypeotidés (Fig, 12, 1-12) could be identified in
the henoiymph NEPHGE SOS-PAGE gel. Additiona] spots in the fat body

medium are. probably at too low a concentration to "be wesoived among

the background of na’ny hemolymph polypeptides. A_nti'bodies, prepared

Y
N L -

. . .
- R
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Fig. 17. The similarity between prot'e_ip.s secreted by -the fat “body
" and those occurring naturally in the hemofymph . Protei_ns.‘from the
medium :after [355] methionine _labelling in vitro‘and .hemolymph‘
labelled in vivo were resolved on NEPHGE-SDS-PAGE empolying 5-15% 5S
po‘lyacr-y~ amide gradient gels- in the second dimension. Approx’imately
100, 000 c unts/min were loaded onto each gel and “the ﬂuorograms were
deve'!oped for 15 days. pH and M were determined as described in
Mater‘féls “and 'Methodéi The numbered solid arrows point to spots

present in both f'(uorograms.' Unnumbered open arrows point to non-fat‘
(9 . "

body h\amo'lymph ‘proteins.
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againét hemolymph proteins ere therefore used to 1dentify the fat
body proteins secreted into the hemolymph, -

At least 12 hémolymph polypeptides (340, 210, 190, 180, 165, 53,
38, 37, 34, 30, 26 and 22 K) labelled in vivo do not Have co-migrating
bands in the fat.body medium {Fig. 15, in vitro M; in vivo H). These
polypeptides are therefore not synthesized by the fat body.
-Two-dimensional analysis of fat body medium and hemolymph proteins
showed that there are at least 17 spots in the hemolymph that are not
present in fat body medium (Fig. 17; ;pots 1ndicateq with unnumbered
open‘ arrows). The results show that a£ “least half l(about 10% by
quantity) of the hemolymph pe]ypeptides are not‘secteted Sy the fat
body and must therefore be contributed by other tissues.

5.2.4 The Immuuolagicel Simi1an1§1 between Fat body Secretory proteins

—

and Hemo1ymph Proteins

In vitro labelled proteins from the fat body and: medium were
. precipitated using antibodies made against hemolymph proteins. The
resultant precipitates wefe' separateg on §DS-PAGE and the gels
processed fori fluorogrephy.‘ Antibodies ~made agwinst hemolymph
proteins recognized at 1east 11 polypeptides (235 90, 86, 82 74,
63, 59, 46, 33, 28 and 20 K) present both in fat body and medium (Fig.

‘18). Precautions 1ike pretreating the _protein sample with SAS

(1gSordb) and inclusion of a non-ionic detergent'(ﬂ?-40) in the assay,

make 1t like1y that the antibod1e§ to theghemolfﬁph proteins were

recognizing these po1ypept1des ‘because of their 1mhunologica1

similarity.- The results show that the fat body contributes at least

n polypept18e§ to the hemolymph protefn pool.

89




"
Fig. 18. Tpe «immunological similarity between fat body secretory
proteins and hemolymph proteins. The proteins from fat body {500,000
counts/min), and medium (500,000 counts/min) labelled with [3553
methiﬁnine in_vitro, wére precipitated with antibodies to hemolymph
(see Hater1a1;iand Methods for details). Immunoprecipitates of fat
body and medium were separated on a. 5-15% SDS-PAGE gradient.' The
' fluorogram were developed for a week at -70°C. Eleven polypeptides
secreted by fat body were recognized by antibodies prepared against the
hem‘/ymph proteins. The relative mobilities of Pharmacia low molecular
weight standards and the M of fat body secreted hemolymph po1ypept1des

- are shown on the 1eft and right sides of the figure.

’
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5.2.5 The Sequential Appearance of Secretory Proteins in the £at body

Prior to their Appearance in the Hemo1 ymph _
To verify whether the fat body emight have taken up”proteins

hewly synthesised by other tissues during the 2 " hr of in vivo

labelling, the tissues were exposed to [355]'methionine_in vivo for‘

15, 30 and 60 min, proteins solubilized, separated on gels and fhe
gels processed, for fluorography. The labelTed poljbeptides appeared
“in the fat body after 15 min of labell¥ng at a time when the hemo1ymph
1s not 1abe11ed (Fig. '9). By 30‘min labelled polypeptides started
appearing in the hemo1ymph and by 60 min the hemdlymph is strongly
labelled. Since 1abe11ed polypeptides (which includes Ar) appeared in
the fat body within 15 min after the beginning of 1abe11ing, at a time
"when nothinhg wa§ 1a$e11e& in the hemolymph, the fat body isjpnobably
the source of such polypeptides. ’ |

5.2.6 The Secretion of Arylphorin by the Fat bsdy

The 470 K protein present in larval henolymph of Calpodes is a

1ipoglycoprotein that dissociates into six’ similar subunits each with'

a moletular weight of 82 K in the presence of, SDS (Locke et al.,
o )

1982). This protein now called as arylphorin (Ar, Chapter 7) was

present in fat body (Fig. 15, in vitro F), medium (Fig. 15, in vitro"

M) and hemolymph (Fig.'ls. in vivo #). Experiments in which fifth
instar larvae were exposed to [355] methionine for 15, 30 and 60 min
showed that Ar occurred in the fat body by 15 min, prior to its
appearance in the hemolymph (Fig. 19).. It was also Tabelled in vitro

. ——

in fat body ‘and medfum in the absence of other tissues (Fig. 15).
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Fig. 19. The sequential appearance of secretéry proteins in the fat
body, prior to their appearance in the hemolymph.. Fat body was 1a6e11}ed
in vivo by injecting t355] methionine into -mid f_ift.h instar larvae.
After incorporation for 15, 30 ahd 60 min proteins were solubilized
from fat body and hemo1ymph._ Approximéte'ly 20,000, counts/min were
loagled onto each well (except in the case of H at 15 min where the
incorporation was so low that, 100 u’l of sam;.ﬁ‘e were 1oaded thc‘:h is at
least 5X the volume loaded for 30 and 60 min labelling) and the
fluoroi;rams were developed for a week at -70%¢. Labelled po'lypeptiaes
appear first in the fat body (15 min) beforé they appear in the

hemolymph (30 min). The relative mobility of Pharmacia low mo?ec»ﬂar

weight standards is shown on the left side of the figure.
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Fig. 20. The immunological evidence that Ar is secreted by the Fat

[355] methionine 1labelled proteins from fat body (500,000

body.
counts/min) and medium (500,000 counts/min) were precipitated with
antibodies to hemolymph Ar. iImmunoprecipitate§”of fat body and medium
were separated on a 5-15% SDS-PAGE gradient. Fluorograms were
developed for a week at -70°c.  The Ar present in the fat body and
medium has been precipitatéd by.antibodies prepared against hemolymph
Ar. The relative mobility of Pharmacia low molecular weight standards

is gﬁﬁyn on the left side of the figure. :

°
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Antibodies prepared ‘against hemolymph proteins recognized Ar present
in the fat body and medium (Fig. 18). Antibodies made against
hemd1ymph Ar itself (purified by electrophoretic separation from
hemo\ymphz Chapter 2) recognized the Ar from both fat body and medium

(Fig. 20). These findings confirm that the fat body synthesizes and

—

secretes Ar. .

5.3 Discussion

. -

5.3.1 Hemolymph Protein Secretion by the Fat'body

The main finding is that Calpodes fat body secretes more than

11 hemolymph polypeptides. Since the fat body normally releases
thése proteins into the bathing medium it is reasonane to assume that
they contribute directly to the hemolymph. Sources of error such as
cell breakdown or membrane blebbing are unlikely, since: (a) protein
syntﬁesis is similar in vivo and in vitro, (b) at least 12 fat body
secretory polypeptides occur ndturally in the hemgiymph, (c) there are
few bands in the medium compared to many in the tissue, and {d) at
least 11 polypeptides secr?ted into the medium are immunologically
similar to naturally occuring hemolymph proté?ns. These results
strongly suggest that the protein secretion observed 1n“the in vitro
system is natural. The contrxibution of a few specific p:oteins to the
hemolymph- by the fat body has been reported in several insects.(Dean
et‘a1.. 1985; Keeley, 1985). The three ﬁajor ﬁeﬁoiyph polypeptide;
and the 235 K polypepgiéé together make up approximately 901 of the

hemolymph protein pool and are all synthesize& and secreted by the fat‘-

body. Quantitatively the fat body is the major source of hemolymph
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proteins. The new findings presented hepe show that fat body
contributes at least 11 polypeptides to the hemolymph. Qualitatively
also the fat body is a major hemolymph contributor of hemolymph

proteins, .

8.3.2 Synthesis and Secretion of Arylphorid by the Fat bddy

-\.

The second finding confirms  that the- fat ‘dy\ secretes

Ar. Arylphorin is present irf the fat .body and medium. (Ff qg. ?5) and j&

X..

precipitated by~ antibodies to hem}ynph Ar  (Eigd ' 18). sun&;ﬂ.»"

polypeptides are labelled in the ;at body 1s;lated1 g v%fio the
possibility that Ar'pas been taken up by the fat body.1s axcluded.
Fat body synthesizes and secretes Ar in many insects (Riddiford ‘and
Law.’1983). The synthesis-and secretion of Ar by epiderm%s:(Chapter
3), midgut (Chapter 4) and pericardial cells inm aﬂggde (Fife et al.,
1987) has therefore not evolved in conJunct1on with a 1o§s of
synthesis ty the fat body. Hemolymph Ar is made by several tissues.

- Although Ar. synthesized By different tissues réact with antibodies’
to hemolymph Ar, this does not prove identity, since aptibpdies were K
made against'theomixture of all Ar 1ﬁ’tbé hemolymph. The central'
question yet to be answered concerns the ;1gn1f1cance of Ar synthesis

and secretion by so many tissues.

5.3.3 Non-Fat body Hemolymph Proteins

The third finding is that the fat body does not contribute all
hemolymph proteins. Approximater half (12 polypeptides; about 10%
. by quantity) of the hemo1ymph polypeptides Tabelled in the whole

-animal are not made by the fat body. These polypeptides are probably




secreted by other tissues such as epidermis, midgut, hemcytes,
- . .

pericardial cellgg etc. Some of the non-fat body hemolymph

polypeptides can be carfelated with polypeptides secreted by the _

; epidermis (53, 38, 26 and 22 K, Chap—ier 3), midqut (30 I&. Chaptel: a) -

~—and hemocytes (37, 34 and 26 K; Chapter 6). ’
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- CHAPTER 6
' HEHOLYMPH PROTEIN SYNTHESIS BY THE HENOCYTES

6 1 Introduction ' ‘ - -

Insect hematologists studying the structure and function
of ﬂéﬁocytes and 1nseCt'b16chemists studying hemolymph proieins, have.
paid relatively little attentioh to hemocytes as sites for hemolymph
protein synthésis There is therefore little 1nformat1on abdﬁt the

role of hemocytes, if.any, in the orig1n,of hemoiymph proteins (Gupta,

1985). In Diatraea grandiasella Chippendale and Kilby (1970) measured

the rélit1ve protein synthetic capability of larval midgut, fat body
and hemocytes. The rate of [14C] leucine %ncorporation into the
hemocyté proteins was only one-teﬁth of that in either midéut or fat
bddy They concluded thai hémocytes. ate. of minor imporiance for
hemonmph protein synthesis. -However, more recently. severa1 workers
have reported that the hemocytes are active sites of protein synthesfs

(reviewed in Crossley. ]979) Periplaneta americana hemocytes'

1ncorpor$te [‘4C] ieucine injected into the hesocoel into hemocyte
pro;gins. Label1ed hemocyte proteins- reinjected into ‘the -hemocoel’
reach - the cuticle in one to two hours (Gieger et.. al.. 1977)

qumno]ogica1 s1m11ar1ty 'hetween hemo]ymph proteins arid cuticular

protejns has been reported- in Periplaneta americana (Fox - et’ aI..‘

-

1972) and Manduca sexta (Koeppe and Gilbert, 1973). We have observed

that Ar s wide?y distr1buted and present in tissdes sucH as fat body
(Chapter 5}, midgut - (Chapter ~4), epidérmis {Chapter 3). .cuticle
{Chapter 3) and pericardial cel\s (Fife et alx, 1987) These
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observations suggest that the similarity between hemolymph/hemocyte
proteins and cuticular proteins could probabiy.be due to the presence
of the same_protein (Ar) in both compartments. To tedksthe above
hypothesis and tq,c]arify the role of the hemocytes 1in pemol}mpﬁ

protein synthesis, protein syﬁthesis by Calpodes hemocytes was

investigaied-under in wvivo and in vitno conditions.

6.2 Results | ' (:?“"

6.2.1 Protein Synthesis In vitro-

_Hemocytes were maintained in vitro ¥n dilute hemoiymph

(hemoﬂymﬁh was diluted 10X with artificial hemoiymph) in the presence
[355] methionine for 2 hr as described in Materials and Methods,

At the end of the ipcubation period the hemocytes were centrifuged

gown and the proteins solubilized in non-denatyring soiubilization

solution. The proteins were’ seperited on SDS-PAGE ~and the. gels -

processed, for fidoroéraphy to identify the newly synthesized
‘g - . :

Vpolypepgjdes. Under these coﬁdition§ the hemocytes synthesize

approximateiy 20 [ Si methionine 7abe11ed polypeptides (Fig. 21 in
vitro HC) . At least 11 of fhose polypeptides (82, 78, 69, 64, 60, 48,
44, 37, 34, 26 and 18 K) are synthesized for secretion.and released
into the 1incubation ‘mediuﬁ (Fig. " 21, in_vitro M). Since the

'pojypepti&es .present: in the medium do not include tﬁe' main

L] \

bolypeptides labelled in the celishthemselves but do include a known
. - .

_§egretqry _protein (Ar), it is most 1likely that there 1s no

contamination from tissue breakdown or cell’ death. Since these

~‘polypept1des are secreted into the bathing medium, it i{s reasonable
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Fig. . 2}. ".Synthesis and secretion of hemolymnh proteihs by the’
hemocytes: Hemocytes were 1ncubated in dilute hemo\ymph in the
presence of 0.05 -mC+ ‘of [355] methionine for 2 hra “The proteins
present in the ‘hemocytes and medium were -sbparated on a 5-15%
SDS-PAGE gradient. Approximately 20,000 counts/mio were loaded in each
well and the fluorograms were developed for a week at -700C.

Approiimetely 20 [355] methionine 1abe11ed ponpeptides were retained
:1n the tissue and ‘1 of tnem were secreted into the medium, Qince
these polypeptides ire labelled in vitro and there is go evidence for
cell breakdown, these are ;rooob1y normally secreted nyhemocytes into
the hemolymph. Whole larvae were also ,4?jecté! with. [3551
methionine and after 2 hr of incorporation in vivo " the proteins
Tabelled in ﬁemocytes and hemolymph were e1e2trophoresed. Note the
correspondence between polypeptides labglled in xifro gnd in vivo 1@
their respective compartments. The relative mob¥11t1es of Pharmacia
Tow molecular weight standards and the M of hemodyte eecretory

polypeptides are shown on the left and right sides of the figure.
o !
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to assume that these are normally secreted by the hemocytes into the
hemocoel. The results show that Calpodes hemogytes secrete at least
11 polypeptides into the medium in vitro.

6.2.2 Protein Synthesis In vivo

To study protein synthesis and secretion by the hgmocytes in
vivo [355] methionine w;s injected into mid fifth instar
(approximately 90 hr after ecdysis) Calpodes larvae and allowed to
incorporate for 2 hr. Proteins from the hemocytes and hemolymph were
solubilized, separatéd on SDS-PAGE and the gels processed for
fluorography " to identify the newly synthesized polypeptides.
Approximately 20 polypeptides were labelled in the hemocytes (Fig. 21,
In_vivo HC) and more than 25 in_ the hemo)ymph (fig. 21, In vivo H).
The polypeptides labelled in the hemocytes unde€r in vivo and in vitro
conditions show similtar patterns on these SDS gels. There are a few
quantitative differénces, probably due.to the absence of hormones and
other controlling factors, but the general polypeptidé pétterns are
similar. The similar labelling of cellular proteins under in vitro
and in vivo conditions suggests that the in vitro system functions
normally.

- 6.2.3 The Similarity between Hemocyte Secretory grotekns and

naturally occurring hemolymph proteins

To 1dent1fy the- hemocyte secreted proteins in \hemolymph the

hemocyte secretory proteins labelled in vitro and hemolymph labe11éd
N ' )

in_vivg were analysed b% one-dimensfonal and two-dimensgonal gel

¢lectrophoresis. Most of the bands in the hemocyte medium (Fig. 21,

10¢%
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Figq. 22. The simifarify between proteins secreted by the hemocytes
and those occurring naturally in the hemo1ymgh. Proteins from the
.me:dium after [355] methi'o:ine labelling in 'vitro -and hemolymph -
labelled in_ viwo were resolvéd ‘on NEPHGE-SDS-PAGE emploving 5-15%
SDS-PAGE . gradient 1in the second dimension, ‘Approximately 100,000
counts/min were Tloaded onto each gel and the f1uorograhs . were
developed for 30 days. pH and\ws were' determined as describéd in
Materials and Methods. The arrows potnt to the Ar and six other spots

present in both medium and hemolymph fluorograms.
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in vitro M) had corresponding bands in the hemolymph (Fig. 21, in vivo

H}. Arylphorin and six other polypeptides (Fig. 22) could be

identified in the hemolymph NEPHGE-SDS-PAGE Qel. The identification

of hemolymph proteins secreted by hehOcytes received further support

" from the immunological studies described below.

6.2.4 The Immunological Similarity between Hemocyte Secretions and

Naturally Occurri"r’zk Hemolymph Proteins o

Hemecyte secretory proteins labelled in vitro were precipitated

with aﬁii;odies made against hemolymph. The resultant precipitates
were separated on SDS-PAGE and the gels processed for fluorography.

Antibodies made aga1nst hemolymph proteins recognized at least gpx
polypeptides .ncluding Ar (82, 78, 60, 44, 34 and 26 K) present both
in the hemocytes and medium \?}ig. 23). . Precautions such as
pretfeafing the protein sample with SAS (IgSorb) and the inclusion of
a }on-ionic detergent (NP-40) in tﬁe assay to reduce the background,
make it likely that the hemolymph antibodies were recognizing these
polypeptides because oé their immunological simifarity. The.results

establish that hemocytes contribute at least six polypeptides preseﬁt

.—;—~h\ the hemolymph. | C

6.2.5 The Sequential Appearance of Secretory Proteins in the

Hemocytes Prior to their Appearance in thg Hemo 1 ymph

To verify whether hémocytes might have taken up proteins newly

synthesised by other tissues during the é hr of labelling, hemocytes
were exposed to [355] methionine in vivo for 20 and 60 min, the

proteins from hemocytes and hemolymph*so1ub111zed and separated on
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o Fig. 23. The immunological similarity between hemocyte secretory

proteins and hemlqu proteinos. The proteins from hemocytes (500,000
com;t’s/min). and medium {500,000 counts/min) labelled wit.h [355]
methionine in vitro, were precipitated with antibodies to hemolymph.
Iqunépreqipitates were separated on a 5-15% SDS-PAGE gradient. The
.f'luorogram was developed for seven days at -70%.  Six hemocyte . _' .

. secretory polypeptides v'tere. récoghized by antibodies prepared agair;'st ‘. .

Ly

the hemolymph proteins. The’ re'l'at*lve mobilities of’ Phpm'acia .-low
!\& < . . L

. molecular . weight  standards and the Mr of hef'noc'yte" secfétory

polypeptidés are given on the left and right side of f.l:qe figure.

<
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Fig. 24. The.'sequential appearance of secretory proteins First in the
h‘emcytes and later ip the hemolymph. Hemocytes were labelled in vivo
by injecting [355] methionine into mid fifth instar larvae, After
incorporation for 20 and 60 min proteins were solubilized from
hemocytes and hemolymph. Approximately 20,000 counts/min were loaded
onto each well ('éxcept in the. éase of H at 20 min where th;
incorporation was so Tow that, 100 u}of sample was.loaded which is at
;least 5X the volume loaded for 60 min labeiling) and the fluorogram was

‘developed for a week at -70°C. Labelled polypeptides appear first in

the hemocytes (20 min) before they appear in the hemolymph (60 min).

The relative -mobiltty of Pharmacia low moIeéplar weight standards is

gtven on the left side of the figure.
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SDS-PAGE and the gels processed for fluorography. Labelled
polypeptides appeared in the hemocytes after 20 min of labelling at a
time when the hemolymph is not labelled (Fig: 24).. By 60 min the
hemolymph is completely labelied. Since labelled polypepti;es (which
includes Ar) appeared in the hemocytes 20 minutes Sftgr the beginning
of labelling, when nothing was 1labelled in the hemolymph, the
hemocytes must be the source of such polypeptides.

6.2.6 The Secretion of Arylphorin by the Hemocytes

A polypeptide with Mr similar to thag of Ar {470 KX
dis§0c1éting inéo six similar subunits each with a mo1ecu1ar weight of
82 K {n the .presence of SDS (Chapter 7)] was present in hemocytes
(Fig. 21, 4r vitro HC) and medium (Fig. 21, in vitro M) labelled in
vitro and’in hemocytes (Fig. 21, in vivo HC) and hemolymph (Fig. 21,
in_vivo H) labelled in vivo. The experiments in which fifth instar

larvae were exposed to [355] methionine for 20 and 60 miq_showed

‘ that Ar occurred’'in the hemocytes (by 20 min), prior to its appearance

in-the hemolymph (Fig. 24). "The synthesis and secretion of Ar by
hemocytes was confirmed by immynologlgal studies. Antibodies made
[4

against %emolymph proteins recognized Ar present in the hemocytes and

medium (Fig. 23). Antibodies made against purified hemolymph Ar’

recognized Ar present in the hemocytes and medium (Fig. 25). Due to
the competition between unlabelled Ar-present in the incubation medfiumr
(hemocytes were incubated in dilute hemolymph for in witro studies)

and labelled Ar released by hemocytes, it becomes Qery'difficult to

precipitate the hemocyte Ar sebarately. Usually a 1ighi band is seen

-
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Fig. 25. The immunological evidence that Ar is sec}eted, by the
hemocyfés. The proteins from hemacytes (500,000 co;nts/min) and medium
(500,000 counts/min) labelled with [?SSI metﬁ;pnipe “in_ vitro were
precipitated with antibodies made against purified hemolymph -Ar.
Immunoprecipitates of hemocytes and medium were separated on a 5-15%
SDS-PAGE gradient. The .gel was stained with Coomassie blue R250. The
fluorogram was developed for 15 days at -70%. Tﬁe Ar present in the
hemocytes and medium ‘hqs been‘ precipitatea by antibodies prepared
against hemolywbh Ar. Due to the competition between unlabelled Ar
present in the incubation medium (hemocyteg.were incubated” in dilute
hemolymph) and labelled Ar secreted by hemocytés. it becomes difficult
‘to precipitate the hemocyte Ar. Usually a liéht band is seen, in the
medium lane of the fluorogram when comparéh ;d a dense band in the
. tissue. However, both lanes are stained well in the gel indicating
{hat there is move unlabelled than labelled Ar in’ the medium. . The
relative mobility of Pharmacia low molecular weight.standards is given

on the left side of the figure.
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in the medium lane of the fluorogram when compared to a dense band in

the tissue. However, both bands stained well in the gel (Fig. 25) -

indicating that there is more unlabelled than labelled Ar 1in the
emedium. The above gvidencé suggest that hemocytes can synthesize and
secrete Ar. .

6.3 Discussion

6.3.1 Hemolymph Protein Secretion by the Hemocytes
The main finding is that Calpodes heﬁocytes secrete at Jéast six
hemolymph polypeptides. Observations like similar in v1v6 anﬁ in
vitro 15be11ing, the presence of at least seven - hemocyte secretory
polypeptides in. the hemolymph and precipitation of six hemocyte
Secretory pdlypeptides by hemelymph antibodies suggest that the
protein secretion observed in the in vitro system is natural and is
not due to the breakdown of cells or membrsng blebbing. There is no
direct evidence for hemocyte profein contribution to the hemoymph
' qrotein pool (Gupta 1985).  These are the first direct experiments
to shﬁw that hemocytes make hemolymph protqins. Although the
contribution of hemocytes may be insignificant quantitdtively
(only about 5% that of the fat body) they could be functionally
important, perhaps enzymes involved 1in varioug metabolic activities
(Hughes and Price, 1976). Hemocytes now join an ever lengthening 1ist
of tissues (fat body, epidermis, midgut and pericardial cells) that
make hemo]ymﬁh proteins.

6.3.2 Synthesis'and Secretion of Arylphorin by the Hemocytes

Immunoprecipitation of in vitro labelled proteins pfesent in

" . T, ‘
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hemocytes and medium{with Ar antibodies shéwed that Ar is synthesized
by the hemocytes. Omly a light Band-in the medium lane of fluorogram
raised some doubt about Ar secretion. However, other observations
like fhe presence of Ar both in the hemocytes and medium 1a6e11gd in
vitro (Figs. 21, 22) and its prefipitation by hemqum;h antibodies

(Fig. 23) suggest that hemocytes secrete Ar. These results along with

thé peesence of a .dense band in the stained gel support. thee

. interpretation that the 11ght' band 1in the medium 1lane of the

fluorogram is due to the competition between labelled and unlabelled

‘Ar (Figs 25). The results show that hemocytes synthesize and may ’
_ secrete Ar. The synthesis-. and sec}etiop of Ar has already been

.demonstrated,in Calpodes epidermis, midgut, Fat body and pericardial

cells,

6.3.3 Transport of Hemo1ymph/Hehocyte Proteins to the Cuticle

The suggestion that some hemolymph/hemocyte proteins are

transported to the cuticle Qas based'on two observations.(1) there is

an 1mmunologicaf similarity between certain cuticular proteins and

certain hemolymph proteins (Fox et al., 1972; Koeppe and éifbert,
1973; Durliat et al., 1980)." (2) labelled hemolymph/hemocyte proteins

injected into the hemocoel reach the cuticle in one or two hours .(Fox

présence of Ar' in cuticle, - epidermis (Chapter 3), 'hemocytes' and

hemolymph of Calpodes ethlfus as well as cuticle, epidermis and-

. hemolywph of Manduca sexta (Riddiford and Hice, 1985) suggest that the

immunological similarity between cuticular proteins and hemolymph or
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hemocyte proteins (Fox et al., 1972 and Roeppe and Gjlbeﬁt, 1973) was
probably due to the presence of the same protein (Ar) in both
compartments, rather -than the transport of hemolymph or hemocyte

proteins to the cuticle.



CHAPTER 7
PURTFICATION AND CHARACTERIZATION OF THE THREE MAJOR HEMOLYMPH PROTEINS

7.1 Introduction

The hemolymph of holometabolous insects contains 2-4 abundant
proteins called storage proteins, whose concentration increases with
time during the laet larval stadium, becoming 80-90% of the total
soluble protein. Stqgage proteins were first deseribed in Calliphora

erythrocephala (Munn etta1.,31?62). Although the storage proteins
have been'characterized from nuﬁ;rous species {reviewed in Wyatt and
Pan 1978, Riddiford and Law, 1983; Levenbook 198%), there is Tittle
informatton on their funttion..a Mostiauthors suggest'that‘they are
amiro acid‘storeg (eg.vlevenhobk and Bauer, 1984) others: speculate
-that: they may function in transpert (Sé. Mil]er and Silhacek, 1982b).

alggde hemo ] ymph has three major hemolymph proteins Locke et

. al (1982) identified .one of . them as. lipoprotein (470 K on

non- denatur1ng gels) and the otﬁer two 3s storage proteins (58C¢ K and
720 K on non-denaturing gels}.” The 470_ K » protein is widely
distributed and ‘synthesized by many :£1§sues 1nc1ueing' fat body
uﬂdgut epidermis, hemocytes and pericard1a1 cells and is also present
in the cuticle. The two storage proteins, on the other hand, are
synthegized only by the fat body. To find out whether .any of these
““proteins fall into the class of arylphorins described by TeTfer et al
(1983), I have purified and characterized them.

N
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7.2 Results

7.2.1 The Three Major Hemolymph Proteins

The protein components of  Calpodes 1larval hemolymph were
resolved into approximately 15 bands by 3-15% N-PAGE (Fig. 26, C; S).
Three of these 15 proteins make up more than §0% gf the total. Their
molecular masses are 470, 580 and 720 K. AN three proteins stained
with the PAS for carbohydraFes with 1:Z qlycol groups fFig. 26, PAS).
Only the 470 K band stained with SB (SB) for lipids (Fig. 26, S8).
Analysis of'hgmo1ymph by SDS-PAGE resulted in approximately 25 bands
with major bands in the B80-30K region (Fig. 27, C; S)}. Previous
studies (Locke et al., 1982) resolved the 720 K protein on SDS gels as

.: douSlet with molecular weights of 86 and 90 K. The 580 and 476 K
proteins were resolved -into sjngJe bands of‘86 and 82 K respectively.
The major‘banas between 80 ad§“§o K consist of the subunits for all
three'major hemo]ymph'protgins. A1l stained with PAS (Fié. 27, PAS)
Qut only the 82 K band stained with SB (Fig. 27, SB). To Jjustify
calling the 470 K protein Ar according to the criteria of Telfer et 51
(1983) and the other two proteins as storage proteins (SP1, 720 K;
SP2, 580 K) the three proteins were further purified and
. ) oy (,-'

~

“characterized.

7.2.2 Purification of Three Hemolymph Proteins

In initial experiments column chromatography using Sepharose 68
S

(Gellissen and Hyatt 1981) and low i6nic strength precipitation of

hemolymph (Chino and Dowrer, 1982) did not give encouraging results,

We therefore turned to preparative N-PAGE and SDS-PAGE as methods to




Fig. 26. The three major proteins of Calpodes. larval hemolymph.
Approximately 10 ul of hemolymph containing 50 ug of protein Qere
loaded into eafh well of a 3-15iA N-PAGE gradient. After
electrobhoresis the gel was cut into four pieces longitudinaliy and
stained with Coomassie blue R250 (C), silver nitrate (S), peripdic
acid-Schiff method (PAS) and Sudan black B (SB). The hemolymph
separated into at least 15 bands and three of them (Ar, SP1 and SP2)
constitute\most of the protein. Arylphorin is stained both with PAS
and SB. Storage protein 1'and.SP2 are stained only wit{ PAS. The
relaf{ve mobility of cé-é]ectrobhoresed ﬁharmacia high molecular

weight standards {is given on the left side of the figure.
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Figq. 27. The subunits of major hemalymph préteins. Approximately 10
ul of hemolymph containing 50-ug'protein}wgre 1o§ded into each well of
3 3-15% SDS-PAGE gradient. After electrophoresis the gel was cut into
four pfeces longitudinally and stained with Coomassie blue R250 (C),
* silver nitrate (S}, perfodic acid-Schiff method (PAS) and Sudan black 8

{58). The hemolymoh resolved into at least 30 bands with major bands

‘between 80-90 K which’probably 1ncldde§ all subunits (82, 86 and 90 K)
of -three major ﬁenolynpﬁ proteins (Locke et al., 1982). PAS stains alt
bands whereas SB stains unly the 82 K band. M_on the left side of the

Yigdre represent the relative -mobility of Pharmacia low molecular

weight standards. e
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obtain pure fractions of Ar, SP1 ‘and SP2. About 0.5 ml.df mid fifth
instar 1arva1 hemo 1 ymph conta;ning 5-10‘59 protein was loaded on 3-15%
N-PAGE into a long stacking well made'ﬁy inverting the regular comb.
After electrophoresis the gel was stained for 10 min (621 ¥ Coomassie
‘blue R250) and destained fog 10 min each in primary and secondary
destain. The three bands at 720, 580 and 470 K were identified and
excised from the ge!h vibwed over a light box. Each band was
equilibrated. in SBA for 15'min, boiled for 3 min and lgaded into long
wells of three separate 31}5% SDS-PAGE gels. After electrophoresis
the gels were stained with ice cold solution containing 0.25 % KC1 apd
1 mM DTT (Hager and Burgess, 1980) and destained in 1 mM DTT. The
stained areas of the gel (86-90 .for 720 1(, 86 for 580 K and 82 for 470
»X) were excised and homogenized in 2 ml elution buffer [0.1 % SDS, 50
mM Tris-HC1 (pH 7.9), 0.1 mM EDTA, 5 mM DTT and 0.2 M NaCl]. The
homogenate was mixed on a rotary shaker for 10-15 hr at ‘4°C and
centrifuged in an Eppendorf mifrofdﬁi (1%,0009) for 5 min. The
'supernatant was then concentrated to 200 ul (Minicoh concentrator,
type-B 15). Protein concentrations were estimated and the purity was
checked by SDS-PAGE. Gels showed purified proteins-in the same
discrete bands as before, a siggle band at 82 K (Ar), a doublét at 86
and 90 K (SP1) and a single band at 86 K (SP2;.Fig. 28a; b). All

three purified proteins continued to contain carbohydrate (PAS stain

Fig. "28c) but only Ar contained lipid (SB stain Fig. 28d). This-

fdentification received further support from the amino acid analysis

below.
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Fiq. 28. The purity of jsqlated majior \Cem01ymph proteins.

Approximately 1Q ug of purified Ar, SP1 and SPZ were sepérated on a

' 3.15% SDS-PAGE gradiént which was .divided into four pieces

longitudinally. Each piece was stainéd with Coomassie blue R250 (a),
si1vér‘nitrate (bY, periodic acid-Schiff method (cs and sudan black 8
(d). A1l three p;oteins are resolved into single bands at appropriate
positions iﬁdicating the purity of the sample. Periodic ac%d-Scﬁiff

method stained subunits of all three proteins whereas SB only stains

subunits of Ar. The relative mebility of Pharmacia low molecular

weight standards fs given on the left side of the figure.
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7.2.3 Amino Acid Composition of the Three Major Hemolymph Proteins

The amino acid composition of the three major hemolymph proteins
is given in Table 2. Arylphorin (470 K) is rich in aromatic amino
acids (21.1 % compared to 8.1 and 13.7% for $P1 and SP2). Storage
protein 1 and SP2 are ri;h in g]y;ine (23.2 and'18.1% compared to 7.3%
for Ar). Other amino acids (for example isoleucine and leucine) are
similar in SP1 and SPZ but different from Ar. The 470 K protein falls
into the class of Ar described by Telfer et al (1983) for the
following reasons: (a) it is a hexamer dissociating into similar
subunits with a molecular weight of 82 K in the presence of SDS [Figs.
27; 28 and Locke et al (1982)1; (b) its aromatic amino acids account
for 21% of the total (Table 2); (c) it has lipid¢ and carbohydrate
1ike Manduca Ar [Figs. 26; 27 and Kramer et al (1980)].

7.2.4 Subunits of the Three Major Hemolymph Proteifs -

» To characterize these three major hemolymph proteins further and
to know ‘the ionic forms of their subunits, purified proteins were
analyzed by two-dfmehsiona1.ge1 electrophoresis. Initial attempts to
separate the proteins by isoelectric focussing (IEF) were
unsuccessful, since they did not enter the gel from the basic end.

We therefore used NEPHGE (0'Farrell, 1975) with the modifications

suggested by Jones (1980). Even tnough the polypeptides in the

NEPHGE gels aré not at equilibrium, the pH profiles are consistent and
the polypeptides running at a given distance and time along the gel
are. reproducible. Two-dimension;I analysis (NE?HGE in the first
dimension and 3-15% SDS-PAGE gradient in the second dimensfon)

127
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Table 2
Amino acid composition of arylphorin and storage proteins 1 and 2
Amino acid . % composition’

Pl . SP2 Ar
Alanine . 3.3 3.2 3.9 e
Arginine 4.8 4.2 3.2
Aspargine/Aspartic acid  11.5 1.4 10,0
Cysteine ‘ 1.3 0.8 N.D.
Glutamine/Glutamic acid . 6.9 - 2.5 . 7.2
Glycine 23.2 18.1 7.3
Histidine 2.0 3.3 2.5
Isoledcine 4.5 4.6 3.2
Leucine 8.0 8.5 7.0
Lysine 5.0 . 6.6 ’ 9.8
Methionine 4.0 2.6 1.5 A
Phenylalanine . 3.9. 5.8 8.4 -
Proline 2.4 3.7 5.8
Serine 5.0 4.9 5.9
Threonine 5.3 ° 5.2 4.9
Tryptophan N.D. N.D. N.D.
Tyrosine ' 4.2 7.9 12.7
valine 4.7 6.7 7.7
Total | ' 100.0 100.0  100.0

N.D.= Not detectable. * Each value is average of three determinations.
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- Fig. 29. The Subunits of isolated major hemo]ymph.proteins Purified
Ar, SP1, SP2 (20 ug) and whole hemolymph (50ug) are analysed by
NEPHGE-SDS-PAGE emp]oy1ng 3-15% SDS-PAGE gradient in the second
" dimension. pH gradients were determined as expfained in Materjals and

Methods. A1l three major hemolymph proteins show multiple .subunits '

across the pH gradient. Major isoforms are indicated by arrowheads and

.
-,

. several minor isoforms .by arrows. , ' \F\\\\\\\
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resolved purified Ar, SP1 and SP2 into-multiple minor spots and two or -

more major spots (Fig. 29). Two dimensional analysis of whole

hemolymph gives a_ big band across the

tn the 80-90 K region,
N on.

fhis was at first thought to be an artifaft, but many repetitions with
various pH gradients and running times ga&e results similar to that
shown in figure 29. The two-dimensional gels of purified proteins
explain the result for whofe' hemolymph. Multiple sﬁots for each
~pr‘:tein overlap into the smear shown in fiqure 29. The results
suggest that Ar, SP1 and SP2 are composed of‘mu1;1p1e dubunits of

similar size but different charge.

.7.2.5 The Stiucture of the Larval Storage Proteins and Arylphorin
7.2.5.1 Storage Protein 1 ' .

The larger storage protein (SP1) has a molecular ma;s of about
720 K (Fig. 26) and it is made from two kinds of subunit of mass .86
an& 90 K (Fig. 28). If these occur in'equal proportions then e}ght‘of
them woJ1d ﬁave‘a cpmbined mass of 704 K, within two bercent of the
estimate for the polymer. This suggested that SP1 might be an:

octamer. [ therefore prepared negatively stained samples of -the

A

purified proteiﬁ for transmission electron microscopy, ‘looking for . .

profiles that would be eﬁpected for an octamer.
Figure 30 shows that the profiles of many molecules are

square or rectangular. More rarely, others are roughly circular. The

H

most probable three dimensional structure to give these profiles is a -

cube, thch would give a square as tﬁe most frequently seen profile.

Where the structure is tilted on an edge it would appear rectangular,

\Y
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"Fig. 30. A cubic structur¥ for SP} deduced from the profiles seen in
negatively stained preparations. The diagrams show the appearance of a
cube seen 1in profile from various directions and the é]ectron

:nicrographs show some of the' shapes actually observed. The ‘survey

picture shows that the most common profile is a square, as would be

expected if eight subunits form the vertices of a cube. Scale marker =

10 nm.

0
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More rarely, tilting on a vertex wou]d‘give a six-sided figure.tending

- to become symmetrical and roughly circular, Measurements of the long
- and short dimensions of squares tending to rectangles gave the unit
dimension of the cube as 8.8:0.8 nm (S.D.). The iong dimensions .were
all values between 8.8 and 2(8.8 cos 45°) = 12.4 nm, as would be
expected if the rectahgular p}ofiles are due to the tilting of a cube
on an edge. The diameter of the roughly circular profiles was
measured to. be 11.3 mm. fhis is close to the value of 12.4 nm
calculated for a cube of unit dimension 8.8 nm viewed in the direction
of edge to most djsfant edge. No other geometrical figgres give
profiles with these appearances and dimensions. I conclude that the
most probable arrangement of polypeptides to make SP1 is that of a
cube with eight 52gun1ts forming the eight vertices. This woﬁld allow

touching subunits to be about 4.2 nm in diameter.

/) ) 7.2.5.2 Storage Protein 2
The smaller storage.protein (SP2) has a molecular mass of 580~

K (Fig. 26) and is made from a single size of polypeptide of molecular
mass 86 K (Fig. 28). Six subunits would give a combined mass of 516
K, 11% less than’that estimated for the polymer from its Easition on
the non:denaturing gel, a close enough match to suggest that the
native protein might be a hexamer. .

Electron microscopy of the negatively stained molecule shows
trﬁangular. sﬁuare and rectangular prqfiles yith an occasional

pentagonal trapezoid. These profiles are most easily gxp1a1ned if the

polymer is a pentahedral prism with three square and two equilateral

*
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Fig. 31. A pentahedral prism structure for SP2 deduced from the

profi1e§ seen i; negativeYy stained preparations. The diagrams show
the appearance of the prism seen in profile from various di;ections and
the electron micrographs show some of the shapes observed. The most
common profiles are triangular and square as would be expected if six
subunits form the vertices of a prism with threé square and two

-

triangular faces. Scale marker = 10 nm. -






triahgut_i}'r' faces. The . profiles expected for 'this geometrical. shape

are aﬁ”-‘ioumf in the negatively stained images' of SP2 (Fig. 3A1). In

© .agreement 'Qith this interpretation the 1length of tﬁe sides: of the -
.jtt"'iang‘le were measw.]red to be 13.6:1,1 nm ($,0.), indistinguishable

. trm those of the square, 13.2:1.5 nm (S.D.}.. It can be concluded -
L that the six .subunits of SP2 are arranged at the ver'-'ti‘cesv of- a

L _."'.:‘bentahedrﬂ prism.. The distance between vértices ‘is'greater than in

subunits are asymnetmcﬂ mth 2. d1mension of abeu!‘ 6 7 nm, This

’ observatwn could ace_ount for the H" '/aater esﬁmate of the mqss of

the polywmer than expected frocn thp sum of the subumcts. .

7,2.5,3. rz‘lgﬁorm CL

o Arylphorm has a molecﬂar mass of about 470°K (F:q 26) and .
'15 made from a singTe lnrsd of- subumt of m1gCu'Lafmass 82K (Fiq.
l'28) Snt subunits worﬂd gi'\fa a. mass of 49? K 51 mre than thaft:
) observed for the po'iymer. £1eetrmr micrdscopy >of the palymer gave
. f‘profﬂe.s quité d)ff’erent from r,hc;;b 'of the s‘toragg proteins. < The

.‘ fiimages ]atkpd angular‘ out1ines. They were aH roughly c.ircular or‘

137

';:'SPI although the subumts have a srmﬂar pass, sugg,e’siwg that SP2 :

shghtly élongated uith a suggestmn of sixfold symnetry ‘A possible.

mterpretation nmﬂd suppese tﬁat -the ; structure is, ihat of a

triangular. intiprism. that- i an- octahedron with eight’ 1dentical

l'tr‘langu‘lar faces (Flg 32) Such a figure would tend to rest on one

'of tbeim&giving 1dentic.a'l views ' for a‘l'l ‘thqt of a s‘ix-sided

figure d'ifficult to separate from a rough circle. Tilting of such 2

-

figure shortens the profﬂe in one direction but common orientat1ons :

i

-

Cala
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Fiq. 32.A An octahedral structure for Ar deduced from the profiles seen
'iﬁiﬁegative1y stained preparations. The diagram shows the appearance
~_,t:.ir‘l1:lf|e".'octahe'«-h-on viewed thrbugh any of its eight triangular faces.
The profiles seen in electron micrographs hav; no sharply angled
outines as’ would be expected for this geomecrical figure with six
subunits at thé v;rtices of a triangu{ar antiprism (i.e. like SP2 but
with one tffqngular face rotated through 60°). Some preparations have

s1ightly separated subunits suggesting a six-fold symmetry. Scale

ﬁarkgr s 10 nm.
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_9ive no easily resolvable angular images different from ‘the most
common one, The mean diameter of the ﬁ}ofiles was 9.5+0.6 nm (S.D.),
giving a unit dimengion for each triangular side of 8.2 nm.  This
would allow touching subunits to be about 4.1 nm in diameter. I
conclude that Ar may have its six subunits arranged at the vertices of
an octahedron.

7.3 Discussion

7.3.1 ldentification of Arylphorin and Storage Proteins 1 and 2

There are three major proteins in Calpodes larval hemolymph with
molecular weights of 470, 580 and 720 K as estimated by 3-15 % N-PAGE.

. Other~Lepidoptera such as Hyalophora cecropia (Riddiford and Law,

1983), Bombyx mori (Tojo et al., 1980) and Manduca sexta (Riddiford

and Law, 1983) also have 2-3 major hemolymph proteins with apparent
mo]ecular_neight; between 480-530 K. The 470 K protein stain§ both
with PAS and SB indicating that it contains lipid and carbohydrate
Tike Manduca sexta Ar [Figs. 26;27;28 and Kramer et al., (1980)]. The

470 K protefn has a high aromatic amino acid content (21%) similar to

the Ar of Hyalophora cecropia [18.8%,; Telfs, et al (1983)]. This 470

K protein is therefore similar to the Ar.described in other insects
¥Telfer et al., 1983). The 580 and 720 K proteins stain with PAS but
not.with SB 1ndicgt1ng that they have only carbohyra attached to
them. Locke et al (1982) and Collins (1974) also founrthe three PAS
stainableé bands in Calpodes hemolymph. -The 580 and 720 K proteins are

rich in the amino acid glycjne (18.1, 23.2%). No other major

hemolymph proteins have been reported to be .so high in glycine

150




(Levenbook, 1985). Calpodes hemolymph is also high in glycine [23.7%

Y

of free amino acids (Irvine, 1969)]. The possibility of contamination

141

of these proteins with glycine from the electrophoresis running buffer -

has been eliminated, since all three proteins were washed thoroughly
with TCA and ether prior to aming acid estimation and the 470 K

protein contained very tittle glycine (7.3%). The 580 and 720 K

proteins of Calpodes larval hemolymph fit into the class of storage

proteins described by Roberts and Brock (1981) and Levenbook (1985).

Roberts and Brock (1981) suggested that hemolymph storage proteins are

(a) few in number and occur only in the larval stages, (b) synthesized
predomipant1y by fattbody and (c) increase in concen}ration enormously
in the last larval instar {Locke and Collins, 1968). Levenbook
(1985) added "three more criteria, (d) they should have a molecular
weight of about 500,000, (e) be composed of six subunits and (f)
should contain high proportions of phenylalanineg and tyrosine. The
resu1ts presented here and in Locke et al., 1582 indicate that the 580
and 720 K protein; have all the characteristfcs suggested by Roberts
and Brock (1981) but not criteria e and f of Levenbook (1985).  SP
has a molecular wéight of 720,060 and is compésed of eight subunits,
They also have aromatic amino'aéid contents of only 8.1 and 13,3%.
The general similarity between Calpodes SP1 and SP{ and other insect
stOragei proteins suggests that ihe definition of this-. class of
protetns shoﬁ]d be less exclusive rather than that Calpodes fis

exceptignal.
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7.3.2 Purification of Arylphorin and Two Sto}age Proteins

- Several methods for purification of Ar and storage proteins are
suggested in the literature (Levenbook 1985, Ryan et al., 1985). In
almost all procedures the purification is limited to only one protein.
The main problem with the purification of these proteins, especially
Ar, §s that once they are precipitated it is very difficult to
redissolve them.*-The procedure we developed with preparative N-PAGE
and SDS-PAGE does not have this problem and all three major hemolymph

proteins can be purified in a single procedure. In a typical

purification experiment 0.5 mt of hemolymph from mid fifth instar

larvae containing 5-10 mg protein yielded about 0.5 mg of Ar and 0.2

mg each of the two storage proteins. Figure,2§ éhowsgthe purity -

obtained with little effort and high yield. Since the. procedure
involves breaking down the prétein in the presence of SDS and
jsolating the subunits, one might suppose that some of the brotein
would be lost. However when the 720, ‘SQQ and 470 K bands from
non-denaturing gels are re-electrophoresed in the presence of SDS,
more than 90 ? of the protein is recovéred in the subunit bands (Locke
et al., 1982). |

7.3.3 Shape, Size and éubunit Compositionﬂr

" _Two-dimens®onal analysis of purified Ar, SP1 and SP2 indicate

that these proteins are composed of multiple subunits hév1hg the same
molecular weight but with different charge. Levenbook (1985) reported
at least nine subunits with the-same molecular'weight but differing

charge for LHP1 of Calliphora.

»
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The common structural feature.shown by these three proteins is
_that their subunit arrangement could enclose a central space. This
could enable them to be vessels for the transp&rt of other melecules
shielded from the hemolymph in the manner that ferritin sequesters
iron., It mSy be significant that the largest molecules accumulating
in the hemolymph are all in the same size range of 8-15 nm in
diameter. If the function were to be purely storage, one might have
expected giant macromolecules restricted in their hemolymph movement.
The size rénge obsegsed may reflect the functional need to move across
ihe basal lamina, which can certainly be a barrier to large particles.
The term storage protein may be an inappropriately restrictive
description for such easily transportable molecules. The
reconstruction of polymer shape from negatively'stained whole mounts
may'be énother tool for estab]ishjng homology between molecules. It
will be interesting to see if the putative Ar and storage proteins

from other insects also have these geometrical arrangements.
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CHAPTER 8
DEVELOPMENTAL CHANGES OF HEMOLYMPH PROTEINS

8.1 Introduction

" In preparation for the non-feeding pupal stadium, the larvae of
holometabolous - insects accumulate a variety of proteins in
the hemolymph (see Wyatt and Pan, 1978; Riddiford and Law, 1983;
Levenbook, 1985 for revjews). In Calpodes, the hemolymph
concentration increases after the first critical perigh, 66 hr after
ecdysis, when the prothoracic glands no longer need the brain to
initiate pupal deve]opmént. This time marks the end of intermoult
preparation and the beginning of intermoult syntheses. Hemolymph
protein concentfatioﬁ.reaches 2 maximum by the second critical period
at 156 hr after écdysis, when the prothoracic glands are no longer
needed for pupitiop and there is a switch from larval sjﬂ!%eses to
pupation-(Locke;v1970). Hemolymﬁl proteins then‘dec1ine due to their
sequestration b# the pr?pupa1 fat body (Locke and Collins, 1968; Dean
et a1..,1985).: Similar gross hemolymph protein -changes have been
reported for several Lepidoptera (Tojo et al., 1978; Kramer et al.,
1980;. Miller “and Silhacek, 1982b; Locke et al., 1982; Telfer et al.,
1983; Riddifordiand Hice, 1985) and Diptera (Roberts et al., 1977;

Levenbook and\Biqer. 1980). 1In most of these studies only one or two

.-major hemolyﬁph,protein; were observed. Quantftative changes in many
other.prptedns ﬂhring development weré jgnored. 1 therefore examined

“the hemolymph Qf Calpodes ethlius (Lepidoptera: Hesperiidae) during

the fifth larva1 aid pupal stadia, looking for stage specific

-
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protein; as a preliminary to relating them functionally to the many
precisely staged activities in development that have already been

recorded. Hemolymph samples collected MNom timed fourth, fifth larval

1&S

N
and pupal stadia were analysed by N-PAGE and NEPHGE-SDS-PAGE to study

the changes in abundance of particular proteins, looking for their
appea?ance and loss with phases of deve1opﬁént during the larval-pupal
transformation. 1 have found that out of 56 hemolymph polypeptides
only ten are present throughout the fourth, fifth and pupal stadia.
The others can be grouped into nine categories according ‘to their
presence or absence during intermoult preparation, intermoult
syntheses,.pupation and the pupal stage. The origin of some of tﬁese
has been determined by correlation with proteins synthesized by

particular tissues in vitro.

- -

8.2 Results

; .
8.2.1 Changes in Total Hemolymph Protein Concentration During

Development

The total protein concentration was measured in hemolymph
collected from stages between the fourth larval and pupal stadia as in
Figure 33. Tire prote5n concentration was low (9-16 ug/ul) ungil 48
hr. 1t fhen increased linearly until 144 hr (105 ug/ul). By 168 hr
the protein concentration ﬁad declined to 64 ug/ul and decreased
further to reach 43 ug/ul in pupal hemo1ymph. The results show that
the 1ncrease- in  hemolymph Proteins (secret{on/dilution and
.destruction) begins at the end of the phase of 1ntgrmoult.preparation‘

and is maintained throughout the phase of intermoult syntheses.



Fig. 33. Changes in the totdl hemolymph protein concentration during
development. Total protein concentration was measured in the hemolymph
collected from all stages between fourth larval and pupal stadia. Each
potnt represents the averaée éf five determinations. Dotted line shows
the ecdysteroid concentration peasured by Dean et al .,.]980. Like
mahy_otﬁer secretioﬁs the hemolymph protein secretioq_fwitched to 5

faster rate at 66 hr &fter ecdysis to fifth stadium,
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Protein concentration then declines during pupation when the fat body

is known ta sequester proteins. Hemolymph protein secretion is thus

like many other secretions (wax, 1a:§J1ate cuticle, fat body protein,

l1ipid, glycogen etc, Dean et al 80) in suddenly switching to a

faster rate at 66 hr.

8.2.2 Changes in the Abundance of the *hree Major Hemolymph Proteins

During Dévelopment

HémoTymph collected from aﬁ stages between the fourth' larval

and pupal stadia was analysed by N-PAGE. The protein components were

resolved into apcrogﬂmate1y 15 bands. Three of these made up more
than 80 % of the total. The molecular masses are 470 K (Ar), 580 K
(SP2) and 720 K {SP1; Chapter 7). Except during the first few hours,
Ar (470 K) wds-present throughout the fifth stadium and into the pupa
(Fig. 34).° Storagc protein 1 appeared by 72 hr and was increasingly

abundant until its disappearance by 168 hr. Storage protein 2

. appeared after SP1 and was present from 120 hr, declining at the same

time as SP1. Both storage proteins disappeared completely by the end
of pﬁpation and were absent in the pupa. The results show that the

secret¥6:\pnd£qn‘appearance of these proteins in the hemolymph is

non-coordinate. Arylphorin particular!} differs from the other two

storage proteins. The appearance of the 580 K and 720 K proteins

. after commitment (66 hr), the initiation of their disappearance at the

P

time of pupation (156 hr) and' their absence in pupae, are
characteristics of larval storage proteins as defined by Roberts and
L §

Brock (1981) and Levenbook (1985). ' :
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Fig. 34. Changes Jin thé abundance of three major hemo ] ymph p.roteins
during development. Approxim.ately 50 ug of protein from all stages
‘between fourth larval and pupal stadia were separated on a 3-15 %
N-PAGE gradient and stained with Coomassie blue R250. Arylphorin is °
present thraugh the final larval stadium e_xce’pt duri;vg first few hours.
Storage protein 1 appears 72 hr aftier ecdysis and start:s to decliine 168 -
hr after ecdysis, SP2 also starts to decline at the_same time but
.apbears only 120 hr after ecdysis. The relative mobility of protei'ns

with known M_ is shown on the left gof the- figure.
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‘ 8.2,3 Changes in the Abundance of Minor Hemolymph Proteins Duriml

Development

To study the qualitalive changes in the abundance of minor

hemolymph proteins during development, I used’ high reso1ution"

two-dimensional gel electrophoresis followed by &ighly sensitive

silver staining. Hemolymph samples collected between the fourth '

1'arva1 and pupal stadia were analysed by two-dimensional gel

electrophoresis to resolve the proteins into approximately 60 spots

(Figs. 35a3 b; c). Developmental events such as ecdysteroid titre, '

wax secﬂetion', laemellate cuticle deposition etc. divide the. fifth
larval stadium into three phases of development  (intermoult
preparation, intemoult'syntheses and pupation, Locke, 1970). 1
attempted %o classify the hemolymph proteins resolved on
two-dimensional gels accorfiing to their presence or absence during
these developmental phases (Fig. 36). There were no dif%erences in
t;\e hemo1ymph proteins (resolved by two-dimensiona): gel
electrophoresis) ,betﬁeen the laté fourth stage and early fifth stage.
The late fourth was therefore 1nc1uded.with the intermoult preparation
in hthe< fifth., This gave four developmental .stages differing in the
coﬁpositidn of their hemlynph-(fourthﬁntermoﬂt» preparation in the
fifth, intermouit syntheses, pupatioh;'early pupa). As shown in
figuvje' 36 ‘the .hemolyuq')h proteins separ.?ted by two-dimensional gel
electropho;‘esis can be d‘lvided- into four groups based on their
presence at the beginning 01‘ each of the four deve]opmental phases.

The groups can be. further d'ivided into 11 possible categories



LY

depending on the disappearanc; of polypeptides at the end 6f each
developmental phase. Detectable polypeptides were present in nine\bf
these 11 possible categories (Fig. 36). ~
fhe first group includes 31 polypeptides present at the beginning
of fourth+intermoult preparation in the fifth stage: Ten of these

pélypeptides including Ar:were present in all stages studied (category

1, F1§. 35a; b; ¢, fourth-pupa), 13 of them disappeared at the end of .

pupation and were absent in pupal hemolymph (category 2, Fig. 35a; b;
c, féurth-192 hr), four of them disappeared after the phase of
intermoult syntheses (category 3, Fig. 35a; b, fourth-144 hr) and four
other ;;lypeptides were present only during fourth+intermoult

preparation stage (category 4, Fig. 35a, fourth-48 hr). The second

~ group 16clddes three polypeptides which appeared at the beginning of

the phase of intermoult syntheses. One of them disappeaged at the end

" of pupation (category 6, Fig. 35b; ¢, 72-192 hr) and two of them. (SP1

and SP2) occurred during the phase of intermoult syntheses and

disébﬁeared during pupation (category 7, Fig. 34). Eighteen

polypeptides which appeared at the beginning of pupation were included

in the third g;oup; One polypeptide occurred during pupation and
remained in the pupa (cétegory-Q, Fig. 35c, 168 hr-pupa) and the other
17 wefe present only during pupation in the last two days o} the'fifth
larval stadium (category 10, Fig. 35c, 168 and 192 hr). The \fourth
graup includes four polypeptides th;t were present oﬁly in the bupa
(category 11, Fig. 35c, pupa). The results show that some hemolymph
polypeptides are present througho:nt larval and pupal 1ife but most are

A}
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Fig. 35a. Changes in the abundance of ﬁinor hemolymph proteins during
development. . Approximately 100 ug of hemolymph proteins from fourth
and upto 48 hr into fifth stadium were separated by two-dimensional gel
electrophoresis (NEPHGE in the first dimension and 3-15% SDS-PAGE
gradient in the second dimension) and stained with silver nitrate. Ten
po\}peptides are continous]j present throughout Tarval and pupal life
and .46 other polypeptides are stage specific. See Fig. 35¢c - for

explanation of numbers.
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Fig. 35b. Changes in the abundance of minor hemolymph proteins during
develobment. Approximately 100 ug of hemolymph proteins frem larvae

72-144 hr into fifth stadium were separated by two-dimensional gel

electrophoresis (NEPHGE in the first dimension. and 3-15% SDS-PAGE

gradient in the second dimension) and stained with silver nitrate. Ten

polypeptides are continously present throughout larval and pupal life

. * . . \
and 46 other polypeptides are stage specific. See Fig. 35¢c_for

explanation of numbers.

Q.
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Fig. 35¢. Changes in the abundance of minor‘hemolymph proteins during
development. App%oximately 100 ug of hemolymph proteins from larVQéel
168 and 192 hr into fifth stadium and pupa were separated by -
two-dimensional gel electrophoresis (ﬁEPﬁGE in the first dimensio; and
“3-15% SDS-PAGE gradient in the second dimension) and stafned with
si]ver nitrate. Ten po1xpept3des are continously present throughout

larval and pupal life and 46 other polypeptides are stage specific.
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Fig. 36. ‘Chanqes in the abundance of hemolymph broteins during
development. The hemo1ymph.po\ypept%des separated by one-dimensional
(Fig. 34) and two-dimensional {Fig. '35) gel electrophoresis were
lc1assif1ed'based on their appearance and loss with deveiopment. No
polypeptngs declined to reappear later, this gaQe 11, possible
‘;atggories of polybeptides during the four developmental st{gggfogngb
+ early fifth, larval syntheses, pupation and qual,, Ohi} two of th;;i

- A
11 categories were absent. Detectable polypeptides occurred in all the

nine other categories.

I
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present only for limited periods. Many hemolymph polypept¥des are

therefore stage specific, the four developmental phases characterized

by "other developmental events each have po]ypeptides'jhat-are absent

~a

at other times. There is a particularly striking increase in relatfon

to pupation (Fig. 36). *

8.2.4 The Origin o; Hemo 1ymph Proteins

A ;;terminatioq of the origin of some hemolymph proteins has
been attempted by comparing hemolypmh proteins separated by
NEPHGE-SDS-PAGE with fluorograms of media in which isolated fat body,
midgut, epidermis, pericardia]‘ ce1i§+heart and hemocytes had been
incubated in the -presence of [3551 methionine. The results ére
) summarised in Table 3. Fat body secretes at ]east 14 polypeptides,
12 of them occur naturally in the hemolymph (Fig. 17) two of them are
always present (cétégory 1, M. 52 K; bH'G:S; M. 52 K; pH 7.0) and
three of them are present in the larval hemolymph_(categoty ZE:Hr 69
K: pH 5.2, M_ 63 Ki pH 5.2, M_ 14 K; pH 7.8). Fat bod‘)" is the
only .source of the two storage proteins that are present duriﬁé the
phase of larval syntheses (Fig. 34, SP1; SP2, category 7). Fat bady
as well as other tlissugsfgocb\a‘iepidermis, midgut, pericardial cells

and . hemocytes secrete Ar whi 1 is almost always present in the

hemolymph (Fig. 34, Ar, categony 1). The epidermis secretes at least

13 polypeptides on the basal surface of which four océur in the
hemo1ymph (%19. 4) and one of them is present in the hemelymph at all
stages (catégory 1, M. 22; pH 6.7). Out of e{ght polypeptides
secreted by the midgut, two are detectable in the hemolymph (fig. 1)
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‘ A
Pericardial cells+heart secrete six polypeptides, five of Qn{ch

occur in the hemolymph (Fig. 9, Fife et al., 1987) an¢ une polypeptide ~

is present\ only in the larval hemolymph (category 2, Mr 26 K; pH

4.9), Out of N po1ypep5}des secreted by hemocytes, seven occur T
naturally in the hemolymph (Fig. 22) two are present in the larval
hemolymph (category 2, M. 37; pH 5.1, M. 185 pH-5.0). At least 11
polypeptides that are always present or present in all ldrval
pemolymph.originate in fat body, epidermis, pericard4a1 ceils+heart
and hemocytes. Fat body is the only source of - two hemolymph storage
proteins present during larval syntheses.

© 8.3% [piscussion : /

8.3.1 Stage Specific Proteins in the Hemglymph

~ .

The results confirm the expectation” that there are stage
specific proteins in the hemo]ymphiﬁ Thts work\is a first step in ’
ané]ysiné hemolymph protein composition in Pe\ation to pupa?
metamorp;psis. It confirms the Validity of separating the fifth
larval stadium into three phases of qevelopment and shows a greater
complexity than might have been expectea. Onlf‘spots Phat could be

“identified with fair certainity have beeﬁ-includep in the?analysis

(which -include at Yeast half of the resolvable spotss. The-end of

e

intermoult preparation marks the appearance of four new polypeptides

-~

that disappear at the end of 1ntermoult syntheses together with &he

four pp]ypeptides present since ecdysis. The work also underl1nes the

intense new activity in relation to pupation, when no fewer than .17

polypeptides are seen for the first time altWough none of tneh survive

- -

a
‘ ’ ’
.
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. in‘to-ou\e pupa. The pupa also differs Srom thé™darva not just in the
.o loss of ‘25 polypeptides but alse by 'the pnesence of four fhew ones

(Figs. 35 36) Sjnce there 1{s little o°¢ no difference in the

polypeptide pattern betueen the fourth and £ifth larval hemolynph the
polypeptide changes between :the fifth larval and pupal hemolymph are

———

. presu-obly rehted to netaqnorphosis rather tham to multmg. Such

° :
*

changes and -ore would be expected in tissue prbteins as observed for
_ the develop-enul profﬂes of ep1dem'l prot&ins in ‘Ma.nduca sexta

(Kiely and Riddiford 1985). Secretion .into’ the hemolymph is ‘
' presunb'ly in relation to acti;'i&es occurrind durir\g each stage. --
Tne Fesults in ngre 36 only indicate presence or absence This may
’ " be achieved by changed synt.hesis and ne1ease, b_y.‘ secretion of stored.
| p’rotei%ndfor I\y changed degrodat1on. The two Storage protems are
l. probably -typical in their pre,sence being due to enhanced synthesis ,f,,‘,\_
7 with secreticn and their absence due to endocytosis. but these events

SR need to be estabhshed for each of the 46 polypeptides . Hemolymph'

_....———-

~-polmtides tlnt are not s,tage specif'ic but preset\t through several
stages_ are presuulny re\ated to continuing fur)qtions such as

- . ‘

. s nnsport. - o’ B 1,
e L 8.3. 2 The Thne uor _J-!" Proteins Fo]h:u Different Temrﬂ

oL A &'g_tm of m'o_ rance cnd Msamar,ance

~

s R ., Ancther finding is that the 'three- ‘major hemolywph’ proteins are -
‘:' _ Jndepdudo\lt in their ;1& of synthesis during developllent. * The major ° ,'
V‘. >, .MIM protdns of Lepiddbtem larvu are made up of subunits '
Q‘ ﬂ‘th;ﬂoﬂve mléuhr nsses l;etneen 80-90.K (82, 86 and 90 K

vE o N . ’ ‘a
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. Calpodes) that may be difficult to resolve into single bands on SDS
gels. Different storage proteins may even have subunits with similar
molecular masses that resolve as single bands on SDS‘ge1s as in the 86
K polypeptides forming SP1 and "SP2 in Calpodes (Chapter 7).
Developmen‘ta1 stpdies‘ that have used SDS-PAGE concluded that both

storage proteins appeared “after- the first critical period and

_disappeared after the second critical per1od (Locke et al., 1982).
Resolution of native proteins by N-PAGE into distinct bands (Fig. 34)
shows that‘Ar is present through the larval and pupal periods jike the
Ar of other Lep.idopter_ap insects (Kramer et al., T1980; Telfer et al.,
?983). Storage protein v appears immediately after the first critical

period and SP2 two days later. Both start to decline.at the second

critical period and disappear by the end of pu'pation. The eppearance

of these proteins may be under the -influence of dec]ining JH titre 'and.

. the disappearance the {ineéreasing eccfysone titre as in Manduca sexta

(B

(Riddiford and Hice, 1985) and Bombyx mori (Tojo et al., 1981).
8.3.3 The Origin of Hemolymph Proteins -

.Fat body, epidermis, midgut, hemqcytes and pericardial
cells+heart together secrete 50 ‘palypeptides ‘and half of them were
'detecteo in the hemolymph. Of these 11 polypeptides are always
_present or present in ail larval hemolymph. Most of the polybepﬁdes

whose orfgin could be determined are present in all stages -(category

. . L ]
l) or present throughout _the larval .stages (category 2). None

present only during one” developmenta) stage (catagories 3-11) could be

.idbntiﬂed 19 the media: of\the t1ssues There gre.se_vera] Mnita.tions
" a * * -
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to these observations. Bri'ef’ly present |5o'lypeptides are the most'

“1ikely ones to need hormonal induction. The tissues used to study
secretfon were all isolated ffom mid-fifth instar larvae., The
comparision between.sﬂver stained gels and fluorograms might be
another 11'mitation. Most of the secretory polypeptides could
be identified in the hemolymph fluorograms but only a few are present
'1n'sﬂ\fer stait{ed géis. Some of the polypep'tides‘ are not clear enough
to be 1nc‘1udg-d:in the ana]y;si.s. Future stu&ies :hohld correlate
| 'Iabe;l]ed secretory pozljypeptides of the tissues at all stages with the
| labelled hemolymph bolypept'ides at all sta‘ges.
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CHAPTER 9
SUMMARY AND CONCLUSIONS

1 B8i-directional Secretion An the Epidermis

—~——
-~

Epidermis secretés at least 13 po\ypebtides pasally and 15

" apically.

A1l polypeptides secreted apically in vitro occur in normal
- . . ‘.

cuticle.

At least four polypeptides secreted baéally can be detected in
' P

hemolymph labelled i vihd.

’

Five basally Secreted polypeptides and one apically secreted

polypeptide are fmmunologically similar to hemolymph polypeptides.

. Epidérmis-sec?etes Kr immunolobical]y similar to that in.

hemo]ymph from both Surfaces

€a1gg Iarval ep1dermis has bi- directiona1 secretion, Cuticular

proteins are carried to the apical face and a different set of

" .prote#ns are carr{sd basa!ly to the bemo]ymph.

‘e '90

I
2.

4

o«
- -

2 Bi-directional Sécretion in the Midgut . -

[

.151dgut,secrete§ at least 8 pol}peptides pasaiiy and 7 ap1c$lly.

A1l po1ypept1de§j§écketed apically in-vitro occur natursily in the

midgut lymen. ) ;. _ T - .
] " . - . . ¢
, 1 Y
' \
- - 167
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3. At least two polypeptides secreted.basally can be detected in
hemolymph labelled in vivo. "

4. A1l basally secreted poTypeptides are iunuﬁb1ogica\ly similar to _
hemolymph polypeptides. _

5. Midgut secretes Ar that is immunologically similar ta
hemolymph A.. ‘ _

6. Calpodes midgut has bi-directional secretion. HemoTympﬁ proteins are
carried to the basal face and a diffefent set of_ﬂ?étééns are

carried to the tuminal face. ~

9.3 Hemolymph Protein Synthesis by the Fat body
. - | \

1{’ Fat body secretes at least 14 polypeptides into the 1ncubation_}
 medium. - ‘ o )

2. At least 12 fat body secretory pelypeptides occur naturally in the

hemolymph. e '\
3. At least half (about 10% by quantity) of the hemolymph

polypeptides are not secreted by fat body.

. 4. Antibodies made against hemolymph prote1n§ recognize ten fat body.

secretory polypeptides.

5. 1Egt body synthesizes and secretes Ar.

-
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9.5

-

Hemolymph Protein Synthesis by the Hemocytes

Hemocytes secrete at least 11 po]ypeptidéﬁlinto the incubation
medium,

Ary]phorin'and six other polypeptides secreted by hemocytes occu'r
{n normal hemolymph. .

Antibodies made against hemolymph broteins recognize six
polypeptides secreted by hemocyte;.

Hemocytes synthesize and secrete Ar,

Purification and Characterfzation of the Three Major Hemolymph

Proteins _ 2\

\

. Fifth stage CaIEbdes hemolymph has three major proteins with Mr

470, 580 and 720 K.

s |

A1l three. maJor hemolymph proteins are associa!@d with carbohydrate

but only arylphorin (470 K) has lipid. ' ‘

. The three major hemolymph proteins: have been purified by prepa?at1ve

N-PAGE and SDS-PAGE. - S o

. 470 K proteit/Xs rich in.aromatic amino acids and is identified as

Ar. 580 apd 720 K proteins are rich in-glycine and are .

{deftifiéd as storage proteins SP1 (720 K) and SP2 (580 K).

5.

- e
Avylphorin dissocjates into 82 K subunits, SP2 into 86 K subunits
£ s .
and SP1- into both 86 K and 90 K subunits.

’ ’ - -
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6. Electron microscopy of negatively stained preparations shows that

“each pfotein has a different geometrical -arrangement ofisubunits.
Arylphorin is an octahedron made from six subunits. Storage

protein 1 is a cube made from eight subunits and SP2 is a hexamer

in the form of a pentahedral prism,,

’

-9.6 Developmental Changes of Hemolymph Proteins

.

1. The fifth larval stadium of Calpddes can be divided into three
ghases: of development; larval growth, larval synthese's and
pupation. o o

2. Ten hemolymph polypeptide’s are present throughout fourth, fifth stage
larval and pupal stadia and 46 oPher polypeptides are stage -
specific. '

3. Each_growth.pﬁase is characteriz;d by the presence of many
polypeptides that are either absent at alt other times or present ~
during only.pne other stage. - . .

4, Major hemolymph protéins also cpange with development. Arylphorin is
present from early in fhe stadium and contdnues into the pupa:f?\\\N\;
Storabe protein 1 is ;ynfhesized from 66 hr and SP2 appears two

.days later, but-both start to d%sapgear at thé.beginning of

-

pupatiog and are absent ‘in the pupa:
. ’ ’ /’—

i -
v



Appendix 1.. The antibodies made against hemolymph proteiss as well as
arylphorin _-s'ubum'ts ‘recogniz'e native arylphorin (470 K), [355]
methionine labelled hemolyinph 'proteins ‘were" precipitated with
antibodies wmade against hemolymph (He) amd ar}lphor'iq, (Ar).

Immunoprecipitates were separated on a 3-15% N-PAGE. The fluorogram

was developed for two weeks- at -70°C. . The relative mobility of

Pharmacia high molecular weight standards gre shown on the left side of

the figure.
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