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INTRODUCTION
It is some 15 years ago since it was shown that ribo- 

somal protein from Escherichia coli resolved into mul
tiple bands when electrophorized on starch gels (Waller 
and Harris, 1961). With the development of new techniques 
spectacular progress has been made during the past few 
years towards an understanding of the structure and func
tion of the ribosomal proteins of prokaryotic cells 
(Kurland, 1972; Wittmann et al.., 1973). Only recently 
there has been an appreciable increase in our knowledge 
of the structure and formation of ribosomes in eukaryotes 
(Martini et al., 1973; Perry, 1973; Warner et al., 1973).

Eukaryotic ribosomes are composed of 3 rRNA molecules 
and at least 70 different proteins (Sherton and Wool, 
1974; Leister and Dawid, 1974; Rodgers, 1973; Delaunay 
et al., 1972; Welfle et al., 1972; Bickle and Traut,
1971; King et al., 1971; Martini et al., 1971). The ana
lysis of ribosomal proteins was tremendously facilitated 
by the development of two-dimensional polyacrylamide gel 
electrophoresis (Kaltschmidt and Wittmann, 1970a). The 
technique was used by Huynh-Van-Tan et al. (1971) and 
Delaunay et al. (1972) to study the proteins of ribosomes 
from rabbit reticulocytes, liver, kidney, and caecal ap
pendix; a number of differences were found between the 
proteins of reticulocytes and those of other tissues. 
Rodgers (1973) observed differences in the ribosomal pro
teins among different mouse tissues, as well as an addi
tional protein in brain ribosomes. Mouse tumor ribosomes 
had a number of unique proteins and lacked some present 
in the ribosomes of normal tissues (Rodgers, 1973).

Whereas it has been possible to map several ribosomal 
protein genes in bacteria (Davies and Nomura, 1972), less
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progress has been made in eukaryotes. However, Steffen- 
sen (1973) has found evidence for the presence of ribo- 
somal protein genes in the proximal end of the X-chromo- 
some in D. melanogaster by using hybrids between D. me- 
lanogaster and D. simulans.

Although a great deal is known about the role of ri
bosomes in protein synthesis, our knowledge is meagre 
as to whether ribosomes are able to exert regulation of 
gene activity at the translational level or not. In ho- 
lometabolous insects as Drosophila melanogaster compre
hensive changes in gene activities should accompany the 
dramatic larval-pupal-adult transformation which confers 
this material extraordinary potentials for studies of 
developmental genetics. It has seemed to be of consider
able interest to examine if the transition from larval 
to adult tissue is accompanied by changes in the trans
lational apparatus.

The present thesis deals with developmental changes 
in the protein complement of ribosomes from one wild- 
type (I-IV) and one mutant (V) stock of D. melanogaster 
as studied by polyacrylamide gel electrophoresis. The 
results from these analyses provide evidence for a qua
litative and quantitative change in the protein compo
sition of the total population of ribosomes which occurs 
mainly during the third larval instar in wild-type. In 
the mutant this transition takes place during puparium 
formation at 25°C while it appears to be fatally de
layed at 30°C.

SURVEY OF METHODS USED
a) Preparation of Ribosomes. Unwashed ribosomes were 

originally prepared by differential centrifugation in 
buffers of low salt concentration (I, II). High-salt
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washed ribosomes were obtained by pelleting ribosomes
through 15 ml of 1.0 M sucrose, 0.50 M NH.C1, 0.01 M ++Mg . The pelleted ribosomes were then suspended in 0.50 
M NH^Cl, 1 mM Mg++, clarifying the suspension by low- 
speed centrifugation, and finally sedimenting the par
ticles by high-speed centrifugation (III-V). The ^ 6 0 ^
A280 and A260^235 rat -̂os washed ribosomes were in no
case below 1.95 and 1.60, respectively.

The introduction of the detergent Triton X-100 into 
the homogenizing buffer considerably increased the 
yield of ribosomes (II-V). The polyacrylamide gel pat
terns of proteins from ribosomes isolated with and with
out Triton X-100 in the homogenozing buffer were iden
tical .

b) Extraction of Ribosomal Proteins. The ribosomal 
proteins were at first extracted with 0.25 N HC1 and 
precipitated with acetone; the precipitate was then 
washed with acetone, ethanol, and ether, and dried in 
vacuo (I). Later, the acetone precipitated protein was 
dissolved in a small volume of formic acid and freeze- 
dried (II, III). It was then found that extraction of 
the ribosomal proteins with 67 % acetic acid in the pre
sence of 33 mM Mg++ (Hardy et al., 1969) yielded more 
complete protein extracts (IV, V).

c) Polyacrylamide Gel Electrophoresis. In the ini
tial studies (I) the ribosomal proteins were separated 
by one-dimensional polyacrylamide gel electrophoresis 
(split gels, 15 % acrylamide, 2.5 M urea). At pH 3.0 25- 
28 bands of different color intensities were resolved 
(I). Using the two-dimensional technique developed by 
Kaltschmidt and Wittmann (1970a) (6-8 % acrylamide, pH 
8.6 in the first dimension; 18 % acrylamide, pH 4.6 in
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the second dimension) 50-53 spots were detected in the 
electropherograms of proteins extracted from unwashed 
ribosomes (II). The less satisfactory quality of these 
fingerprints (tailing phenomena and retardation of large 
amounts of protein at the origin during electrophoresis 
in the first dimension) is believed to be caused by con
taminating supernatant proteins bound to the ribosomes 
factitiously during preparation.

Two-dimensional electrophoresis of HCl-extracted pro
teins from high-salt washed ribosomes revealed at least 
69 protein spots, including 8-12 proteins moving towards 
the anode (III). The latter stained very weakly and are 
barely detectable or cannot be seen on the photographs. 
Otherwise the electrophoretograms show a good separation 
of the proteins.

As shown in Papers IV and V, the acidic proteins stain 
more intensively when extracted with acetic acid, even 
if some are still lightly stained.

It should be made explicit that two proteins having 
different amino acid sequences might migrate together 
on two-dimensional gel electrophoresis provided they 
have the same net charge and the same molecular size.

d) Enumeration of the Ribosomal Proteins. In order to 
facilitate the comparison of the ribosomal proteins in 
the electropherograms presented in the different papers 
the spots reproducibly appearing in the same position 
were numbered along horizontal lines commencing at the 
top left (Fig. 1 in II; Fig. 2 in III; Fig. 2 in IV). 
However, due to methodological improvements (III, IV) 
and additional proteins found in early larvae (IV) these 
enumerations are not comparable. The enumeration given 
in Paper IV will be used by this laboratory until the 
definite numbering of the Drosophila ribosomal subunit
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proteins is made.
The number of proteins is estimated to be 69 in pupae 

and adult flies, and 74 in early larvae (IV). This is in 
good general agreement with recently published estimates 
of the number of proteins in eukaryotic ribosomes (Sher- 
ton and Wool, 1974; Leister and Dawid, 1974; Rodgers,
1973). On the other hand, it was observed by Sherton and 
Wool (1972) that some proteins, probably supernatant pro
teins and protein synthesis factors, are removed from ri
bosomes during the preparation of subunits. Since the in
vestigations presented here depended on proteins extracted 
from whole ribosomes, not only may the number of proteins 
given here be changed but the number of differences bet
ween developmental stages may be reduced as well when a 
definite enumeration of the Drosophila ribosomal proteins 
can be made (cf. Paper IV).

PROPERTIES OF PARTICLES
The ribosomes of Drosophila melanogaster were found 

to have diameters in the range of 240-250 Å, to have a 
sedimentation coefficient of 82S, and to contain approxi
mately equal amounts of protein and RNA (protein/RNA = 
0.96) (I). These few data indicate that the ribosomes
are typically eukaryotic (Spirin and Gavrilova, 1969).

Incubation of the ribosomes with 0.75 M NH^Cl, 1 mM 
Mg++ leads to the detachment of 64 % of the ribosomal 
protein (I). Under these conditions the splitting off of 
proteins occurs rapidly, within 15 min, and the amount 
of detached protein is not changed in one hour. The loss 
of protein molecules was reduced to 11 % by a five-fold 
increase of Mg++ ions (I). In the light of these obser
vations the concentration of NH.C1 was kept at 0.50 M

++when washing the ribosomes at 1 mM Mg in subsequent
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studies (III-V).

RIBOSOMAL PROTEIN PATTERNS OF A DEVELOPING 
WILD-TYPE STRAIN

The wild-type strain Käs (Karsnäs) of D. melanogaster 
used in the present investigations has been inbred for 
several years by pairmating, and could be supposed to be 
nearly homozygous.

One-dimensional electrophoresis of the HCl-extracted 
ribosomal proteins revealed 3 additional proteins in lar
val (third instar) ribosomes compared with those of a- 
dult flies (I). This was a striking finding since previ
ous studies on Neurospora crassa (Rotschild et al.,
1967) and chicken (Mutolo et al., 1967) had revealed no 
differences among the ribosomal proteins during develop
ment of these organisms.

Analysis with two-dimensional gel electrophoresis of 
the ribosomal proteins from two larval and two pupal 
stages (within 24 h before and after pupation, respec
tively) , and adult flies displayed further differences 
between larval and imaginai ribosomes (II). Despite the 
fact that some proteins were found only in one stage or 
the other it was not possible at that time to classify 
these proteins as stage-specific due to the possibility 
that they might be of non-ribosomal origin (II).

However, two-dimensional analysis of HCl-extracted 
proteins from high-salt washed ribosomes from virtually 
the same developmental stages shed new light on the 
matter (III). These electropherograms show a good sepa
ration of the ribosomal proteins, and reveal a transi
tion from a larval to an adult ribosomal protein comple
ment. Being completed at the time of pupation, this 
change involves the disappearance of 8 larval specific
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proteins and the appearance of 8 imaginai specific pro
teins. Apart from 1-3 major proteins the alterations 
comprise medium and minor spots.

The results from two-dimensional electrophoresis of 
the ribosomal proteins from nine postembryonic develop
mental stages of D. melanogaster are described in Paper 
IV. These protein patterns constitute reliable control 
patterns against which any mutant can be compared (see 
Paper V). The results furthermore provide increased 
evidence for a qualitative and quantitative change in 
the protein composition of the total population of ri
bosomes which occurs mainly during the third larval in
star .

The apparent improvement in extracting the ribosomal 
proteins with acetic acid is especially notable for the 
acidic protein spots (IV, V). Two of these proteins, 33 
and 43, migrate in an apparently identical manner to rat 
liver ribosomal proteins L40/L41 (Sherton and Wool,
1974) and to E. coli proteins L7/L12 (Kaltschmidt and 
Wittmann, 1970b); L40/L41 and L7/L12 have been shown to 
be functionally and structurally homologous (Stöffler 
et al., 1974). Therefore, it seems reasonable to antici
pate a similar homology for the Drosophila proteins 33 
and 43. Two other acidic proteins, 1 and 11, appear to 
have approximately the same electrophoretic properties 
as ribosomal proteins S1/S2 of E. coli (Kaltschmidt and 
Wittmann, 1970b). In addition, protein 1 gives one of 
the most heavily stained spots of acidic protein so far 
found in eukaryotic ribosomes.

Ribosomal proteins 5 and 25 are exclusively found in 
first and second instar larvae (IV), and are therefore 
designated as highly stage-specific marker proteins for 
early larvae. For analogous reasons ribosomal proteins
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17 and 39 are designated as highly stage-specific marker 
proteins for pupae and imagos (IV). Moreover, protein 17 
shows, beyond comparison, the most rapid increase in 
spot size and intensity per unit of time, occurring from 
puparium formation to prepupae.

Proteins 61, 72, and 73 (IV) were previously charac
terized as larval specific (III, proteins 58, 62, and 
63). Extracting the proteins with acetic acid did reveal, 
however, that these proteins were present (weakly stained) 
in the protein extracts of pupal and adult ribosomes (IV).

The three larval instars in D. melanogaster involve 
the growth of imaginai tissues with no apparent differ
entiation. Thus the imaginai disks grow by cell multi
plication throughout larval life (Nöthiger, 1972), at 
the time of puparium formation being packed with free 
ribosomes (Ursprung, 1972) . The imaginai disks then form 
almost the complete external structure of the adult in
sect in a 12 h period. The fact that the ribosome re
quirement for disk differentiation is met during larval 
life suggests the attractive hypothesis that the imagi
nai disk cells contain most, if not all, of the ribo
somes transferred to the adult stage while part of the 
larval ribosomes are destroyed and part are preserved, 
changed or unchanged, during histolysis.

As suggested in Paper IV, the reproducible changes 
during growth in staining intensity of a number of spots 
may reflect the fact that ribosomes of different stages 
have quantitatively different sets of these proteins in 
vivo, the molar amounts of these proteins/mol of ribo
somes being changed during development, and/or that var
ious organs and tissues being different with respect to 
the content of ribosomal proteins. Since the ribosomes 
were isolated from whole animals it is at present not
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possible to tell whether the observed changes are due to 
one or the other of the alternatives. It should be fea
sible, however, to test the abovementioned hypothesis in 
a near future since there are methods for the preparative 
isolation of imaginai disks (Fristrom, 1972) and larval 
organs (Zweidler and Cohen, 1971).

Similar differences between ribosomal proteins of 
larvae and adult flies have been observed in D. hydei 
and Calliphora er ythrocepha1a (Lambertsson, unpublished 
results). In a recent paper DeWitt and Price (1974) re
port differences in the protein composition of ribosomes 
from immature erythrocytes of pre-metamorphic and adult 
bullfrogs, Rana catesbeiana. During the fruiting body 
construction in the cellular slime mold most, if not all, 
of the ribosomes present in the vegetative cells are de
stroyed being replaced by ribosomes made during the mor
phogenetic sequence (Cocucci and Sussman, 1970) . Fort- 
nagel and Bergmann (1973) described alterations of the 
protein complement during the spore formation in Bacillus 
subtilis which affected the translatio mechanism. These 
results and the ones presented in this thesis could con
ceivably reflect the appearance of new classes of ribo
somes which match mRNAs needed for new developmental pro
grams .

RIBOSOMAL PROTEIN PATTERNS OF A DEVELOPING TEMPERATURE-
SENSITIVE LETHAL MUTANT

The possibility that the ribosomes of the temperature- 
sensitive lethal allele of suppressor of forked,
1 ( 1 ) su (f )--S — ( ts67 ) , contain a mutated protein, as hy
pothesized by Dudick et al., 1974), was studied by two- 
dimensional electrophoresis (V). However, the analyses per-
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formed did not lend any support to this hypothesis. It 
was, on the other hand, found that the transition from 
the larval to the adult ribosomal protein complement, 
which occurs during the third instar in wild-type ani
mals (IV), in ts67 animals takes place during puparium 
formation at 25°C while it appears to be fatally delayed 
at 30°C. Thus mutant larvae shifted up to 30°C at 70 h 
after oviposition fail to form puparium but reach the 
third instar, and they show an adult ribosomal protein 
pattern after 4 days (V). It was furthermore found that 
larvae collected within 50 h of transfer back to 25°C, 
after a 5 day, 30°C treatment, showed a reversion to a 
ribosomal protein pattern identical with that of Käs 
late third instar larvae (IV). A similar but less pro
nounced delay in the transition from larval to adult 
protein pattern is observed in f su(f) at 25°C (Lam- 
bertsson, unpublished). Here the early larval pattern 
persists up to and including stage L-96 compared with 
stage L-116 in ts67. This observation may explain the 
fact that f ts67/f su(f) larvae are lethal at 30°C, 
that is they behave as homozygous ts67 larvae (Dudick 
et al., 1974). The results suggest that the gene pro
duct of the su(f) locus might be involved in the synthe
sis of imaginai ribosomes in some way.

Temperature-sensitive mutants in yeast affecting ri
bosome formation are believed to be due to alterations 
in the ribosomal proteins, causing them to be tempera
ture-sensitive until they are given the additional sup
port of a fully formed ribosome (Warner et al./ 1973).

su(f) maps immediately adjacent to the rRNA genes in 
D. melanogaster at the proximal end of the X-chromosome 
(Schalet and Lefevre, 1973). Evidence for ribosomal pro
tein genes in the same region of the X-chromosome has
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been presented by Steffensen (1973), which points to the 
possibility that the £u(f) locus might code for a ribo- 
somal protein. For the present moment, however, it is 
impossible to link the su(f) gene with the synthesis of 
a ribosomal protein. Provided that the gene is involved 
in ribosome manufacturing the mutation may with equal 
probability affect the RNA polymerases, the méthylation 
enzymes, or the cleavage enzymes, all of which play vi
tal roles in the biosynthesis of ribosomes. Nevertheless, 
the experimental results are challenging as they indicate 
that mutations at the su(f) locus affect the ribosomes 
in some way.

In this connection it should be mentioned that seve-
cl 3 clral mutants (f, f &u(f), gt w— , w cv sn , w— su(f) ,

y ec ct v f , and y sc w^£) and wild-type strains (For
mosa, Hikone-R, Salvador, and San Miguel) have been ana
lyzed for genetic variation among the ribosomal proteins. 
So far the results of these analyses have been negative.

CONCLUDING REMARKS
Being by far the best genetically characterized eu

karyotic organism, D. melanogaster should be the animal 
of choice for developmental and genetic studies on ri
bosomes and ribosomal proteins. The series of investiga
tions presented in this thesis have revealed dramatic 
changes in the ribosomal protein complement during devel
opment of D. melanogaster, and the importance of using 
adequate methods and well-established control patterns 
in this kind of study. The implications of these find
ings of course need further studies at the functional 
and molecular level.

However, the unique possibility of applying a highly 
sophisticated genetics to the study of ribosomal proteins
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of Drosophila melanogaster has as yet not been possible 
to make full use of; simply because of the difficulty 
of finding appropiate mutants. The results from the 
studies on the ts67 mutant suggest, however, that future 
investigations of temperature-sensitive mutants may be 
fruitful.

The present results expose a number of challenging 
problems for future research on ribosomes and ribosomal 
proteins of Drosophila, and I look forward to observing 
and participating in the future unravelling of these 
problems.
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