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Using a sensitive pH-difference spectroscopic method in combination with a three-column 

procedure of ion-exchange chromatography (overall yield 94%) the levels of cytochrome c in the 
large white butterfly, Pieris brassicae, were determined from the last larval instar to the adult 
insect. In the larva cytochrome concentration reached a maximum at mid instar and sub­
sequently decreased to very low values in the pupa. During adult development the level of 
cytochrome c increased 50-fold in males and 43-fold in females; this sexual difference was 
expressed only after adult emergence. Biliverdin IXy which occurs as a specific biliprotein 
complex was accumulated during the last larval instar and also in young butterflies. De novo 
synthesis of heme c, biliverdin IX y and the corresponding apoproteins was demonstrated in 
newly emerged butterflies by injections of radiolabeled 5-aminolevulinate, lysine, leucine, and 
succinate, respectively. Cycloheximide inhibited labeling of both apoproteins and of heme c to 
90% but that of the bilin to only 25%. This suggests that in cytochrome c but not in the biliprotein 
formation of the holoprotein depended on a coordinated synthesis of both constituents. In­
corporation of 5-aminolevulinate into the biliprotein exceeded that into cytochrome c sevenfold 
indicating that biliverdin IXy is the major product of the heme pathway in P. brassicae. The 
results are discussed in relation to the formation of mitochondria and flight muscles during 
postembryonic development of insects.

Introduction
Heme plays a m anyfold role in all cells by its 

function as the prosthetic group o f a num ber o f 
enzymes as well as a regulator o f p rotein  synthesis 
now established in various cell types (for review 
see [1]). The form ation o f hem e and hem oproteins 
has been extensively studied in vertebrates in ­
cluding man to elucidate cellular and endocrine 
mechanisms involved in the regulation o f the hem e 
pathway.

Among the hem oproteins o f wide in terest are the 
mitochondrial cytochromes as com ponents o f the 
respiratory chain. In vertebrates biosynthetic studies 
on cytochromes are ham pered by the com paratively  
low rates of synthesis and by excess form ation o f 
other hem e-containing proteins such as hem o­
globins. Insects, in general, offer at least two ad ­
vantages in this field: they have no need for hem o­
globins but, on the other hand, contain  high con­
centrations o f m itochondrial cytochrom es which are 
built up during the relative short period of flight 
muscle development.
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The insect flight muscle displays the highest 
metabolic activity of any known tissue. This activity  
is strictly aerobic and based on the high n u m b er o f 
mitochondria known as sarcosomes for th e ir  ex­
ceptional size and specific arrangem ent betw een the 
muscle fibers [2]. Flight muscles are absent a t the 
larval stage; they develop during transform ation  to 
the mature insect [3]. The final d ifferentiation  o f the 
muscle fibers is characterized by the accum ulation  
of large amounts o f sarcosomes with a h igh con­
centration of cytochromes. This offers ideal cond i­
tions for studies on the biosynthesis o f these hem o­
proteins and on control mechanism s involved. N o 
detailed work has been published in this field.

Our interest concentrates on cytochrom e c w hich 
is the only soluble com ponent of the resp ira tory  
chain and relatively easy to purify. F urtherm ore , it 
represents the principal cytochrom e o f our experi­
mental insect, the large white butterfly  Pieris 
brassicae [4]. We choose this species for several 
reasons: development is synchronous and co m p ar­
atively rapid, endocrinology has well been stud ied  
[5 -8 ] and com parative work on d iapausing  and 
non-diapausing pupae is possible. In add ition , 
P. brassicae, as many other lepidopteran species [9],
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produces rem arkable am ounts o f a bile p igm ent 
identified as biliverdin IXy [10]. So, we can also 
examine the metabolic significance of hem e d e­
struction in insects devoid o f hem oglobins w hich 
represent the principal source for bilins in verte­
brates.

The present paper describes a micro m ethod for 
the determ ination of cytochrom e c in colum n 
eluates and basic results on the variation o f the 
levels o f cytochrome c and the biliprotein  during 
larval-pupal-adult transform ation of P. brassicae. 
In addition, de novo synthesis o f these two m ajor 
heme products in the butterflies has been dem on­
strated. This work is continued in an accom panying 
paper [11] to correlate the synthetic activities with 
the hem olym ph titer o f ecdysteroid horm ones. 
Some prelim inary results have been presented 
previously [12, 13]. O ur further aims are to study 
form ation o f hem e products at the levels o f trans­
lation, transcription and gene expression during 
postembryonic developm ent o f insects.

Experimental Section

Materials

All chemicals were purchased from M erck 
(Darm stadt) in the purest grade available unless 
stated otherwise. TEAE-cellulose No. 134 (0 .6 3 -  
0.75 m equiv/g) was obtained from Schleicher- 
Schüll (Dassel), CM -cellulose W hatm an CM  32 
(1 m equiv/g) was purchased from Bender-H obein 
(Karlsruhe). Chloram phenicol was from  Serva 
(Heidelberg), cycloheximide and horse heart cyto­
chrome c (type VI) were from Sigma (M unich). 
Prosil-28 was a product o f PCR Research Chem icals 
(Gainesville, USA) obtained from Ventron (K arls­
ruhe). Precoated thin-layers o f silica gel type Poly­
gram Sil-G were a product o f M acherey-N agel 
(Düren). The chrom atographic columns (1.5 and 
0.9 cm i.d.) were from Pharm acia (Freiburg); the 
micro columns (0.6 cm i.d.) were those from  
Om nifit w ith adjustable plungers and polyester 
filter supports.

5-Amino[4-14C]levulinic acid (ALA) hydrochlo­
ride (spec. act. 2.15 G B q/m m ol), L-[U-14C]lysine 
hydrochloride (spec. act. 13.1 G Bq/m m ol), [2,3-14C]- 
succinic acid (spec. act. 0.81 G B q/m m ol) and 
L-[4,5-3H]leucine (spec. act. 1.70 T B q/m m ol) were 
all obtained from A m ersham -Buchler (B raun­

schweig). A qualum a was purchased from  Baker 
Chemicals (G roß-G erau).

All glassware that had to com e into contact w ith 
cytochrome c was siliconized using Prosil-28 or 
dim ethyldichlorosilane to avoid ionic adsorp tion  o f 
this protein.

Insects

The insects, Pieris brassicae L. (L epidoptera), 
were taken from an established laboratory  colony. 
The larvae were fed an artificial d iet based on the 
formulation of D avid and G ard iner [14]; som e 
essential m odifications had to be introduced, how ­
ever, which will be reported elsewhere. The larvae 
were exposed to a light-dark cycle o f 16:8 h to 
prevent pupal d iapause [15]. All experim ental 
insects were kept at 21 (±  0.5) °C ; they had  entered 
their developmental stage w ithin a 4 h period 
typically.

Isolation o f  cytochrome c

The procedure for quantita tive extraction and 
chrom atographic purification  on analytical scale is 
based on the m ethod o f K adenbach and U rban  
[16, 17] with some essential m odifications to be 
described in detail.

Extraction. A pproxim ately 2 - 4  g o f frozen larvae 
or pupae (6 -3 0  insects depending on size) or 
0 .5 -0 .9 g  of butterflies (3 insects) were hom ogen­
ized in 5 - 7  ml o f prechilled 0.2 m  potassium  phos­
phate buffer, pH 7.2, using an U ltra-T urrax  TP 18 
for two cycles o f 1 m in each. A few crystals o f 
phenylthiourea had been added  to the buffer to 
block phenoloxidase activity. The hom ogenate was 
sonicated for 6 x 15 s at m axim al intensity using a 
Sonifier B12 (Branson) equipped  w ith the norm al 
tip. The whole procedure was perform ed in an ice 
bath and interm itting periods were allowed for 
cooling. The final hom ogenate was centrifuged at 
200000 x g  (rotor Ti 70, 1) for 45 m in in a Beckm an 
ultracentrifuge at 0 ° C  and the supernatan t im ­
m ediately used for chrom atography or stored at 
-  20 °C for later processing.

Chromatography. Purification o f cytochrom e c 
was achieved by ion exchange on TEAE-cellulose 
and CM-cellulose perform ed at 6 °C. The celluloses 
were always fully precycled according to standard  
procedures. Usually, 4 ml o f the extract were 
diluted with 2 ml o f water and applied  to a colum n
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of TEAE-cellulose (1 .5 x 2 5  cm) equ ilib rated  with 
10 mM Tris/HCl, pH 7.5 at 6 °C . The sam ple was 
rapidly introduced into the cellulose by air pressure 
and chrom atographed with the sam e Tris buffer. 
Large amounts o f red om m ochrom e pigm ents were 
adsorbed at the top o f the TEAE-cellulose colum n. 
The eluate was led through two pho tom eter units 
(Uvicord II, LKB) for m onitoring transm ission at 
280 nm and 410 nm, respectively, and then d ilu ted  
1:1 via a 3-way fitting w ith 0.02 m  phosphate 
buffer, pH 6.5, containing 0.1 m M  K3[F e(C N )6] to 
oxidize cytochrome c before reaching the colum n of 
CM-cellulose (0.9 x 27 cm) which was equ ilib rated  
with 0.02 M phosphate buffer, pH 6.5. T he flow 
speed was 20 m l/h  in the TEAE-cellulose and 
40 m l/h in the CM-cellulose. W hen all cytochrom e c 
and biliprotein had reached the second colum n 
(as monitored at 410 nm) this was detached  from 
the TEAE-column and re-equilib ra ted  w ith 0.02 m 

phosphate buffer. Cytochrom e c rem ained bound at 
the top of the CM -cellulose colum n as a red band, 
whereas the blue biliprotein was ob tained in the 
flow-through. Com plete oxidation o f cytochrom e c 
was assured by addition o f 1 ml o f a 1 m M  solution 
o f K3[Fe(C N )6] in equilibration  buffer. E lution o f 
the CM-cellulose column was perform ed w ith a 
linear gradient o f phosphate buffer concentration  
(0.02-0.3 m ; pH 6.5). Again, transm ission o f the 
eluate was monitored at 280 nm and 410 nm and 
60 fractions (1.5 ml each) were collected. Flow 
velocity was 30 m l/h.

Concentration o f  cytochrome c

Fractions containing cytochrom e c were pooled, 
diluted 1:5 with water and pum ped onto a m icro 
column of CM -cellulose (0.6 x 2 cm) equ ilib ra ted  as 
before. The cellulose was successively w ashed with
1 ml of 1 mM K3[Fe(C N )6] in 0.02 m phosphate 
buffer pH 6.5, 5 ml o f the buffer alone and 5 ml of 
water. Then, cytochrome c was slowly eluted with
0.02 N NaOH as a sharp red band into a graded
5 ml tube. At least 2.5 ml were collected and used for 
pH-difference spectra.

In radioisotopic studies possible contam ination  o f 
cytochrome c by other labeled proteins was avoided 
by differential elution after replacem ent o f phos­
phate by cacodylate, which does not b ind to cyto­
chrome c [18], as follows: after oxidation o f the

cytochrome the micro colum n was successively 
washed with 5 ml of 0.02 m sodium cacodylate 
buffer pH 6.5, 15 ml of 0.08 m  cacodylate buffer 
pH 7.5, and 5 ml of water prior to elution o f cyto­
chrome c.

Radioisotopic studies

The tracer solutions were injected into the thorax  
with a 50 (il Hamilton microsyringe in com bination  
with a PB 600-1 repeating dispenser. Each insect 
received 2 - 4  (il o f the tracer solution depending  
on the labeled compound. Insects which leaked 
were discarded. Cycloheximide and chloram phenicol 
were dissolved in water and 1 (il, containing the 
desired amount, was injected prior to the labeled  
compound. Controls were injected the same volum e 
of water and kept under identical conditions. T he 
insects were killed by im m ersion into liquid n itro ­
gen. Extraction and chrom atographic purification  o f 
radioactive samples were perform ed as in the 
routine method; some m odifications were necessary 
in the concentrating step as detailed there.

Chrom atographic experiments were run to con­
firm that the proteins under study were ob ta ined  
free from any non-incorporated radioactivity.

After quantification of cytochrom e c by pH - 
difference spectroscopy two aliquots of the solu tion  
were counted with 10 ml A qualum a in a Packard  
T n-carb scintillation spectrometer. The proteins in 
the flow-through of the CM -cellulose colum n w ere 
precipitated with 7% perchloric acid (PCA). T he co- 
precipitating KC104 facilitated sedim entation and 
resuspension of the proteins. After standing over­
night at 5 °C the precipitate was collected by 
centrifugation, washed twice w ith 7% PCA and then 
dispersed in 3 ml of water with an U ltra-T urrax . 
Two aliquots of each the precip itate suspension, 
with the biliprotein as the m ain constituent, and 
the first supernatant, containing the precursor, w ere 
counted for radioactivity as described above. An 
aliquot o f the extract (200000 x g  supernatant) was 
also counted for total soluble radioactivity. C o u n t­
ing efficiencies of 85% were obtained with 14C and 
of 45% with 3H.

The distribution of radioactivity on th in-layer 
chromatograms was recorded with a windowless gas 
flow counter (scanner system BF 210-23; Berthold 
and Frieseke).
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Absolute and pH-difference spectroscopy 
o f  cytochrome c

UV/VIS spectra were recorded with a Zeiss 
DM R 21 photom eter using quartz cuvettes with a 
light path o f 1 cm or 2 cm. Absolute spectra o f 
cytochrome c were recorded in phosphate buffer 
( 0 . 1 - 0 . 2 m; pH 6 .5 -7 .2); for quantitative de ter­
minations the extinction coefficients for horse cyto­
chrome c [19] were used. The purity of cytochrome c 
was calculated from the quotient Am  nm/A 2so nm ° f  
the oxidized protein; a value o f 4.75 has been 
obtained for highly purified cytochrom e c from 
P. brassicae [4].

For quantification of micro am ounts o f cyto­
chrome c a sensitive m ethod was developed w hich 
is based on difference spectra o f the Soret band at 
acidic and basic pH values. The procedure is as 
follows: 1 ml o f the concentrated cytochrom e so lu­
tion in 0.02 n  N aO H  (eluate o f the micro colum n o f 
CM-cellulose) was pipetted into each o f two ph o to ­
metric cuvettes; 10 |il o f 5 n  HC1 were added to one 
cuvette and 10 ^1 o f 0.02 n  N aO H  to the o ther one. 
The difference spectrum of the acidic against the 
basic solution was recorded in the range o f 4 5 0 -  
360 nm. For the extinction difference between the 
m axim um  at 409 nm and the m inim um  at 392 nm 
a Jfi-value of 160 mM“ 1 x cm -1 was established with 
horse cytochrome c. A m olecular weight o f 12 500 
was used for calculations on a weight basis.

Extraction and determination o f  bilin

Biliverdin IXy was extracted from freeze-dried 
insects and finally dissolved in m ethanol containing 
HC1 as described [20]. P igm ent concentration was 
determ ined from  the absorption at 696 nm by using 
the coefficient o f 30.8 m M -1 x cm -1 o f the a-isom er 
[21].

Cleavage o f  in vivo labeled cytochrome c 
and biliprotein

The hem e group o f cytochrom e c was easily 
obtained by a reaction [22] designed to cleave the 
tryptophanyl peptide bond o f the apoprote in  w here­
by hem e is quantitatively rem oved as a side reac­
tion. In the biliprotein (purity 77-82% ) the chrom o­
phore was quantitatively rem oved with acetone at a 
final concentration o f 66% (with 50% about 15% o f 
the apoprotein rem ained in the supernatant; see

Table II and [23]) or, alternatively, w ith 5% HC1 in 
methanol as described above. The precip ita ted  
apoprotein was once washed with acetone respec­
tively m ethanol and redissolved in 0.25 ml o f 0.25 n  

NaOH containing 2% SDS. A liquots o f the bilin  
and apoprotein solutions were counted for rad io ­
activity.

Results

Evaluation o f  the methods applied to cytochrome c

A tandem -com bination o f colum ns of TEAE- 
cellulose and CM -cellulose was successfully applied  
for the isolation o f small am ounts o f cytochrom e c 
from insects. However, when the hom ogenate 
(which contained pieces o f cuticle and a lot o f 
scales) was directly loaded onto the TEAE-cellulose, 
as perform ed with different extracts [16, 17], solvent 
flow was blocked and the yields o f cytochrom e c 
were very low. Therefore, the hom ogenate was 
subjected to high speed centrifugation which also 
removed much of the proteins. W ith purified  horse 
cytochrome c reproducible recoveries o f 94% (n =  4) 
were obtained after passage over the com bined 
TEAE- and CM -cellulose columns. The losses were 
largely due to ionic adsorption to the TEA E-cellu­
lose as shown by high salt elution. In a th ird  
chrom atographic step perform ed after g rad ien t 
elution o f the CM -cellulose colum n cytochrom e c 
was again concentrated on a m icro colum n of CM - 
cellulose for quantitative determ ination . F or this 
step mean recoveries o f 100 ±  2% (n = 5) were 
obtained with am ounts o f cytochrom e c ranging 
from 9 to 300 (ig. The purity  o f the grad ien t-elu ted  
cytochrome c from Pieris depended on the develop­
mental stage of the insects. W ith extracts from  
butterflies typical purities were abou t 9 0 -95%  
when calculated from  the quotien t ^ 4 0 9  n m /^ 2 8 0  nm o f  

the oxidized protein. In the radioisotopic studies 
essentially pure cytochrom e c was achieved by 
increasing the cation concentration in cacodylate 
buffer as described in the Experim ental Section.

The pH-difference spectroscopic m ethod applied  
in this study is about eightfold m ore sensitive than 
the classical redox difference spectroscopy using the 
wavelengths range above 500 nm. The pH -m ethod  
allows quantification o f cytochrom e c down to 1 ng 
or less depending on the sensitivity o f the spectro­
photometer. Furtherm ore, the chrom atographic
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Fig. 1. Developmental variation of cytochrome c levels (A, B) and of insect wet weight (B) in Pieris brassicae. The 
inset in A displays days 3 - 9  of pupal life with an enlarged ordinate to show minor but statistically significant variations 
of the cytochrome level. Mean values (±S .E .M ., not shown if too small for drawing) from 4 -1 0  extracts. E -  ecdysis; 
G — spinning of the girdle. Peaking ecdysteroid titers during pupal stage are at days 4 - 5  (see reference [11]).

procedure placed before elim inates o ther com ­
pounds (e.g. chrom oproteins) tha t m ight also ex­
hibit pH-sensitive spectra and hence could in terfere 
with this method.

The small basic cytochrom e c was the first 
protein to m igrate along the TEAE-cellulose colum n 
followed by the biliprotein. On reaching the CM - 
cellulose cytochrome c was bound at the top o f the 
column whereas the b iliprotein  was ob ta ined  in the 
flow-through of this colum n (cf. [23]).

Cytochrome c levels during development

The variation of cytochrom e c concentration  from  
the beginning of the last larval instar to the devel­

oped adult insect is shown in Fig. 1. In the larva 
a maximum of 5 |ig per insect was reached on day  3,
i.e. one day before the end o f the feeding period  
and the maximum of larval weight. T hereafter, 
cytochrome c levels rapidly decreased below  1 ng 
per insect. At days 5 and 6 o f pupal life a sm all b u t 
significant ( />< 0.01 ; student’s M est) increase was 
recorded (inset in Fig. 1 A); this was followed by a 
steep rise which continued up to day 2 o f the ad u lt 
insect.

Male butterflies contained m ore cytochrom e c 
than females. This feature developed only after 
adult emergence since significantly d ifferent cyto­
chrome concentrations between the sexes w ere not
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found during the pharate phase and in newly 
emerged butterflies. In the course o f adu lt develop­
ment cytochrome c accum ulated 50-fold in m ales 
and 43-fold in females. A bout 90% o f the to tal 
cytochrome was concentrated in the thorax (details 
not shown).

Bilin concentration during development

In P. brassicae b iliverdin IX y form s an equim olar 
non-covalent complex with a specific protein  [23]. 
Extraction and quantification o f the pigm ent th e re ­

D E V E L O P M E N T  [D ay s]

LARVA 5 PUPA " ADULT
Fig. 2. Developmental variation of biliverdin IX y levels in 
Pieris brassicae. Mean values (±S.E.M .). from 5 -1 5  ex­
tracts. E — ecdysis; G — spinning of the girdle.

fore provided a measure for the concentration o f the 
biliprotein.

In contrast to cytochrome c the bilin was m ainly 
accum ulated during the last larval instar as shown 
in Fig. 2. After pupation the pigm ent level re­
mained fairly unchanged until a small bu t signif­
icant (P < 0.0001) increase at the end o f the pupal 
stage. Adult emergence coincided w ith a rapid  
decrease in the bilin. This loss was due to excretion 
of the pigment with the m econium  by the newly 
emerged butterflies as dem onstrated by ch rom atog­
raphy. A further accum ulation of b iliverd in  took 
place in young butterflies w ith a m axim um  at day 2.

Incorporation o f  labeled precursors into cytochrome c 
and biliprotein

Newly emerged butterflies were injected [14C]5- 
aminolevulinate, [l4C]lysine, [14C]succinate, and 
[3H]leucine, respectively, and the incorporation o f 
radioactivity into cytochrome c and b ilip ro tein  was 
determined. Cytochrome c was ob tained in pure 
form from the micro colum n of CM -cellulose. The 
biliprotein was determ ined in the flow -through o f 
the long CM-cellulose column. In this eluate rad io ­
activity from ALA paralleled the specific absorption 
of the biliprotein indicating that no other [14C]labeled 
proteins were present. S im ilar results were ob ta ined  
with respect to 3H.

The results of the incorporation studies are sum ­
marized in Table I. Radioactivity from  ALA was 
recovered to 0.47% in cytochrom e c and to 3.4%

Table I. Incorporation of radiolabeled precursors into cytochrome c and biliprotein in adult 
Pieris brassicae. The butterflies were injected 4 h (±  2 h) after emergence.

Precursor 
(dose and period)

Number 
of exp.

Incorporation
(mean values and ranges in % of
injected radioactivity)
into

Quotient
B/C

Cytochrome c (C) Biliprotein (B)

[14C]5-aminolevulinate 
(2 . 2  x 1 0 5 dpm/ 1 2 0  min)

7 0.47
(0 .2 2 - 0 .8 8 )

3.4
(1 .4 -6 .8 )

7.1
(6 .6 -7 .9 )

[l4C]L-lysine
(4.4 x 105 dpm/90 min)

3 0.26
(0.17-0.31)

6 . 2

(4 .4 -7 .3 )
25.2

(23.5-26.1)
[3H]L-leucine
(2 . 2  x 1 0 6 dpm/ 1 2 0  min)

4 0.13
(0.11-0.17)

3.7
(3 .0 -4 .2 )

29.3
(24.2-34.2)

[!4C]succinate
(5.9 x 105 dpm/120 min)

1 0.03 1 .6 54.7
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in the biliprotein. The corresponding values for 
lysine were 0.26% and 6.2% respectively. Incorpora­
tion of leucine was about half of that o f lysine. 
Succinate labeled cytochrome c to 0.03% and the 
biliprotein to 1.6% only.

The specificity o f the labeled com pounds as 
precursors to the tetrapyrrolic prosthetic groups and 
their apoproteins respectively was m ainly exam ined 
in the biliprotein since this was m ost labeled and 
the chrom ophore was much easier to rem ove than  
in cytochrome c. As sum m arized in Table II rad io ­
activity from ALA was almost exclusively confined 
to the bile pigment, as determ ined with d ifferen t 
methods, and to the hem e group o f cytochrom e c. 
Lysine and leucine on the other hand were in ­
corporated into the apoprotein of the b ilip ro tein  
with high specificity. R adio TLC o f the bilin di- 
methylesters revealed that there was essentially no 
radioactivity from either lysine or leucine in the 
pigment; by the sam e m ethod it was also confirm ed 
that label from ALA was associated with the bilin. 
Radioactivity from succinate was about equally  
distributed between the chrom ophore fraction and 
the protein moiety of the biliprotein.

Effects o f  translational inhibitors

Cycloheximide and chloram phenicol were ex­
am ined for their effects on incorporation o f labeled 
ALA and lysine into cytochrome c and b iliprotein .

Cycloheximide inhibited incorporation  o f lysine 
into the two proteins at fairly identical dose-depen­
dent rates (Fig. 3). Free lysine, as m easured in the 
PCA supernatant o f the colum n flow -through, in­
creased concomitantly up to 470% (inset in Fig. 3B), 
corresponding to approx. 70% of the injected dose, 
due to a general inhibition of cytoplasm atic protein 
synthesis. About 10% or less of incorporation  were 
resistant to cycloheximide which had been ad ­
ministered 80 min prior to the labeled precursor. 
Incorporation of ALA into cytochrom e c was about 
equally inhibited by cyclohexim ide as tha t o f lysine 
(Fig. 3A). However, labeling of the b ilip ro tein  by 
the heme precursor was m uch less affected: m axi­
mal inhibition was only about 25% w ith 20 |ig o f 
cycloheximide per insect. R adioactivity  in the PCA 
supernatant was only slightly increased (up to 130%) 
in this experiment; it indicated tha t in contrast to 
lysine most o f ALA had been further used up in the 
presence of the inhibitor. W hen ALA and cyclo­
hexim ide were injected sim ultaneously m axim al in ­
hibition was only about 65% in cytochrom e c 
(60 min incorporation). This suggested tha t the 
agent required some tim e to express its full activity.

Chloramphenicol, an inh ibitor o f m itochondrial 
protein synthesis, exerted no significant effect on 
the incorporation of lysine and ALA, respectively, 
into either protein (details not shown); inh ib ito r 
doses of up to 20 ng per insects were injected 60 m in 
prior to the labeled com pounds.

Table II. Distribution of radioactivity between heme c respectively bilin and their apoproteins after in vivo labeling by 
various precursors in adult Pieris brassicae. The butterflies were injected 4 h (± 2  h) after emergence.

Precursor Incorporated dpm 
per sample

Recovery after 
cleavage

Distribution of radioactivity 
(% o f total recovered)

Cleavage 
method for 
biliprotein 
(see Exp. Sect.)

[%]
Heme c 
resp. bilin apoprotein

[l4C]5-aminolevulinate cytochrome c 
6  990 104.7 95.3 4.7 _

biliprotein 
151 022 123.0 98.7 1.3 6 6 % acetone
476 044 124.9 98.2 1 .8 6 6 % acetone

64 274 101.4 94.5 6.9 5% HCl/MeOH
55 576 99.9 93.8 6 . 2 5% HCl/MeOH

[l4C]L-lysine 10 030 107.3 19.3 80.7 50% acetone
27 942 108.4 13.5 86.5 50% acetone

[?H]L-leucine 31 750 1 0 0 . 0 4.5 95.5 6 6 % acetone
21 744 1 0 0 . 2 3.3 96.7 6 6 % acetone

[l4C]succinate 12 163 98.2 42.7 57.3 6 6 % acetone
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2 5 10 20

CYCLOHEXIMIDE [p g  p e r  in s e c t ]

Fig. 3. Effect of cycloheximide on the incorporation of 
[l4C]5-aminolevulinate (A) and [l4C]L-lysine (B) into cyto­
chrome c and biliprotein in adult Pieris brassicae. The age 
of the butterflies was 4 h ( ± 2 h )  after emergence. Cyclo­
heximide was injected 80 min prior to the radioactive 
compounds (doses and periods as specified in Table I). 
A — mean values (±S.E.M .) from 3 - 4  experiments, 
B -  mean values from 2 experiments. The symbols refer
to: • ---- •  cytochrome c (per insect); o __ o cytochrome c
(spec, act.); a --------A  biliprotein (per insect). The inset
in B shows free [14C]lysine as a function o f the dose of 
cycloheximide.

Discussion

This paper provides the first descrip tion  o f cyto­
chrome c levels during la rva l-pupal-adu lt trans­
formation of a butterfly and the dem onstration  of 
de novo synthesis o f both hem e c and the ap o ­
protein in emerged adults. C orresponding studies 
were also perform ed on a biliprotein ; biosynthetic 
work on such an insect protein  has no t been re­
ported before.

A dram atic increase o f cytochrom e concentration  
takes place during the late phara te  ad u lt stage in

P. brassicae. Similar results have been ob ta ined  w ith 
other insects such as the m oths Platysamia cecropia
[24] and Samia cynthia [25], the flies Phormia regina
[26] and Lucilia cuprina [27], the honey bee [28, 29], 
the Colorado beetle [30] and the locust, Locusta  
migratoria which has been very well studied  [31]. 
The increase in cytochrome c reflects the form ation  
of mitochondria which is a quantita tive im portan t 
aspect of insect flight muscle d ifferen tia tion  [2, 3]. 
As demonstrated in some species [28, 30] also the 
other respiratory cytochromes increase sim ilarly  in 
the thoraces during flight muscle developm ent. C or­
responding results were also obtained w ith P. bras­
sicae [4],

The postemergence m aturation of the respira tory  
system seems to be rather short in P. brassicae, 
taking only about two days. This agrees w ith o ther 
results which show that norm al flying activity and 
associated mating behaviour is observed not before
2 to 3 days after emergence in this insect [32, 33]. 
Furtherm ore, male Pieris butterflies are know n to 
be more active in flight than females; this obviously 
is related to the higher concentration o f cyto­
chrome c in m ature males (the o ther cytochrom es 
have not been measured in this respect).

The variation of cytochrom e c levels during the 
last larval instar o f P. brassicae parallels both  the 
respiratory activity of intact larvae and the am ounts 
of mitochondrial protein [34, 35]. The decrease in all 
three parameters, as observed at the end o f the 
feeding period, may be due to degeneration  o f 
typical larval m itochondria and the ir possible 
replacement by a population with d ifferen t p ro p ­
erties [36, 37], This would account for the develop­
mental changes in respiratory and A TP-synthesizing 
capacities which have been reported  for isolated 
m itochondria from Pieris larvae [34, 35].

The low cytochrome c level in the pupa is charac­
teristic for this developm ental stage. It has long 
been known from several m oths species th a t m ost o f 
this cytochrome disappears at pupation  and will 
remain at nearly undetectable levels in d iapausing  
pupae until resynthesis occurs w ith the te rm ination  
o f diapause [38]. The resulting typical U -shaped  
respiratory activity has also been established in 
P. brassicae pupae [35]; its increase is in good 
accord with the accum ulation o f cytochrom e c in 
pharate adults as reported in the present paper.

Histological studies in Pieris revealed [4] tha t the 
release of ecdysteroids at m id pupal instar is soon
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followed by the begin o f flight muscle developm ent. 
The accum ulation of respiratory cytochrom es, how ­
ever, begins 3 days later as part o f the term inal 
differentiation. It seems therefore tha t cytochrom e 
synthesis in the muscle cells is not directly stim ulated 
by ecdysteroids but is part o f a sequence o f events 
triggered by these hormones. The small early in­
crease in cytochrome c at begin o f adu lt d iffe ren tia­
tion may nevertheless be a direct horm onal effect 
taking place in a different cell type to m atch the 
increased dem and for energy supply.

Apart from the m itochondrial cytochrom es Pier is 
synthesizes a b iliprotein as a m ajor product o f the 
heme pathway. The Chromophore, biliverdin  IX y 
[10], is mainly accum ulated during the last larval 
instar as already shown earlier [20]. F u rthe r in­
creases in the bilin concentration are observed at 
the late pharate adult stage, when hem e synthesis is 
expected to be high, and in young butterflies w hich 
have lost a considerable am ount o f bilin by excre­
tion with the m econium  at emergence.

In emerged butterflies m ost radioactivity  from 
ALA, which specifically labeled both the b ilin  and 
hem ec, was recovered in the b ilip ro tein  fraction 
though cytochrome synthesis was m axim al at tha t 
tim e (see [11]). This dem onstrates tha t the bilin 
represents a m ajor product o f the hem e pathw ay in 
Pieris. Both the bilin and the apopro te in  are syn­
thesized de novo in young butterflies; corresponding 
results were also obtained for cytochrom e c in 
Pieris. De novo form ation o f the polypeptide chain 
of cytochrome c during the tim e o f its d ram atic  
accum ulation has also been dem onstrated  in o ther 
insects [25, 27, 29, 39].

Label from succinate was abou t equally d is­
tributed between the bilin and the apoprotein . This 
is explained by the precursor role o f succinate for 
the heme precursor ALA via succinyl-CoA on one 
hand [1] and its transform ation into am ino acids via 
Krebs cycle interm ediates on the o ther hand. Lysine 
was about twice effective as leucine in labeling 
both cytochrome c and the biliprotein. This is in 
accord with the relative abundance o f these am ino
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