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RNA was isolated from subribosomal particles of the malaria parasite Plasmodium
knowlesi. The nucleotide composition (mole fraction) of the principal species was ob-
tained (S-rRNA, 0.295A, 0.36U, 0.25G, 0.105C: L-rRNA, 0.326A, 0.31U, 0.228G,
0.144C). Ribosomal RNA was also isolated from Drosophila melanogaster. Optical
properties of these A + U-rich species were measured. In all four cases analysis of the
hypochromic effect revealed that adenine and uracil residues tended to form clusters along
the polynucleotide chain. A substantial fraction of residues was located in bihelical
regions of approx. 50% G.C base pairs or in regions of approx. 30-35% G.C base pairs.
The possible evolutionary significance of these results was considered on the basis of
comparison with properties of rRNA from bacteria (Escherichia coli) and a mammal
(rabbit reticulocyte).

The nucleotide composition of the major RNA
species (L-rRNA) of the larger subparticle of cyto-
plasmic ribosomes ranges from approx. 37% G + C
(protozoa) to approx. 67% G + C for mammals
(Lava-Sanchez et al., 1972; Attardi & Amaldi, 1970).
Rabbit L-rRNA (67% G + C) contains long tracts
(approx. 0.4 x 106 daltons mass) that are G + C-rich
(approx. 78% G + C) and which amount to approx.
40% of the total mass. This clustering of guanine and
cytosine residues was revealed by spectrophotometric
measurements (Cox, 1966a, 1970) and by partial
nuclease-digestion studies (for review, see Cox et al.,
1973a).
The aim of the present work is to show that L-

rRNA with a low percentage ofG + C isolated from
a protozoan (Plasmodium knowlesi) and from Droso-
phila melanogaster both have clusters of adenine and
uracil residues, as judged by spectrophotometric
measurements. A similar result was found for S-
rRNA (the rRNA species of the smaller subparticle).
Although rabbit L-rRNA differs appreciably from
L-rRNA of P. knowlesi and D. melanogaster in
percentage content of G + C (67, 37 and 42%
respectively) all three species have a 'core' of 0.5 x

106-0.7 x 106 daltons mass with a nucleotide com-

position of 50-55% G + C.
The evolutionary significance of these findings is

discussed on the basis of the notion that L-rRNA
comprises a region of approx. 0.5 x 106_0.7 x 106
daltons mass that has been conserved throughout the
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evolution of eukaryotes, whereas the remainder of
the molecule has diverged to a much greater extent
(Cox et al., 1973a; Godwin et al., 1974).

Theoretical

In principle three kinds of information may be
derived from 'melting' studies. These are (i) the
fraction of residues involved in secondary structure;
(ii) the nucleotide composition of the bihelical parts;
(iii) an estimate of N, the number of base pairs per
bihelical segment. The basis of the method has been
described earlier (Cox, 1970).

Fraction ofresidues involved in secondary structure

The increase in extinction found for the transition
from the native molecule to a single-stranded amor-
phous form depends mainly on the fraction ofrA.rU
and of rG.rC base pairs and to a lesser extent on the
fraction of residues that 'stack' in single-stranded
regions. On the basis of reference data for 'melting'
rA*rU and rG*rC base pairs, the sum ofthe fraction of
base-paired residues (fbh) and the fraction of 'stacked'
residues (fQ) may be calculated. The data used are
As260 = 4500 1[ mol-' -cm-', As280 = 0 1 *mol-I *cm'1
for the 'melting' of an A.U base pair, and As260 =
1500 [ mol-' cm-l, A280= 3800 1mol-h cm1
for 'melting' a G.C base pair.
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Estimation of the nuckotide composition of bihelical
regions

The difference in the spectrum of native rRNA and
the amorphous single-stranded form can be fitted by
two standard spectra, one representing the 'melting'
of an rA-rU base pair, and the other the 'melting' of
an rG.rC base pair. There is an empirical relation
between the increments found in Eat 260 and 280 nm,
AE260 and AE280 respectively, and the nucleotide
composition of the base-paired regions 'mnelting' over
the temperature range under study (see eqn. 1).

AE260/AE280 = 1.38 (3fA.u/fG.c) + 0.45 (1)

In eqn. (1) MA.u and 5fG.c are the mole fractions of
rA-rU and rG-rC base pairs respectively 'melting'
over the temperatUre range over which E260 increased
by AE260 and E280 increased by AE280. The ratio
AE260/AE280 provides a convenient index for the
differential melting of rA'rU and rO-rC base pairs,
because the melting of at rA'rU base pair has little
effect on E280, whereas the increment inE is maximum
at this wavelength for 'melting' an rG-rC base pair;

'melting' of rA-rU and rG-rC base pairs both lead
to an increase in E260-

Estimation ofN, the number ofbasepairsper bihelical
segment
The 'melting' temperature, Tm, is defined as the

midpoint of the transition from a bihelical to an
amorphous form. When N < 20, the Tm is less than
the T. [Tm(0)] of a bihelix of equivalent nucleotide
composition but of 'infinite' length. Ignoring imper-
fections in the short bihelical regions and the effect
of non-base-paired residues, Tm, N and Tm(Oo) are
related by eqn. (2) (see Cox, 1970, for discussion).

Tm= Tm(oo) - 172/N (2)

Experimental
Isolation ofrRNA from D. metanogaster
Whole flies were homogenized in a phenol/water

mixture (Hastings & Klirby, 1966) and the rRNA
fraction was isolated by the phenol method as de-
scribed by Hastings & kiby (1966). The rRNA

O 75 25 50 75 25
Temperature (GC)

Fig. 1. 'Melting' profiles ofD. melanogaster S-rRNA

100

(a) Solvent O.1mM-MgC92/0.01M-Tris/HCI, pHi.6; (b) solvent A4 (0.25M-sucrose, 0.025M-KCI, lmM-MgCI2, 0.05M-
Tris/HCI, pH7.6). Ribosornes and subparticles retain their activity in both solvents (a) and (b) (cf. Cox et al., 1973b); (c)
solvetit O.01 M-potassiuin phosphate buffr, pW7.0. o, AE260; Li, AE280. In each case F266o1.0 at 250C. AEis the difference
in the extinction of a treated sample and a sample kept at 25°C (see the Experimental section for details);
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RIBOSOMAL RNA SECONDARY STRUCTURE AND EVOLUTION

fraction was separated into S-rRNA and L-rRNA
by zone centrifuging. Polyacrylamide-gel electro-
phoresis by the method of Loening (1968) confirmed
that the fractions were homogeneous.

Isolation ofrRNA from P. knowlesi.

The malaria parasite P. knowlesi was isolated from
rhesus monkeys. The parasites were isolated free of
host-call material by a modification (Shakespeare &
Trigg, 1973) of the method of Williamson & Cover
(1967). Ribosomes were isolated by the method of
Arnstein et al. (1964) and subparticles were prepared
by tteatment with heparin as described by Pratt &
Cox (1971). Isolation of rRNA from other sources
was described by Cox (1966b).

Nucleotide analysis
The nucleotide composition of P. knowlesi was

measured by the method of Katz & Comb (1963).

Spectrophotometry
A Unicam SP.700 instrument was used. The

sample-cell holder was an electrically heated copper

block. In each cae the difference in the spectrum
between a heated sample and a sample kept at 25°C
was measured over the range 210-330nm. The
extinction measured above 25°C was corrected for
changes in the concentration of RNA due to the
thermal expansion of water.

Results

Both S-rRNA and L-rRNA are believed to com-
prise a large number of hairpin loops stabilized by
base-paited residues (Cox, 1966a) and the 'melting'
profile is thesum ofthe 'melting' ofall these individual
bihelical regions and also includes a contribution
from residues that are 'stacked' in single-stranded
regions. For L-rRNA of 1.3 x 106-1.7 x 106 daltons
mass there oould be 80-120 hairpin loops (Cox,
1970), each stabilized by at least one bihelical region.
Each bihelical region has a characteristic Tm governed
mainly by its nucleotide composition (i.e. by percent-
age of G.C base pairs in the bihelical segment) and
by N, the number of base pairs/bihelical segment.
The increments A8260 and A,280 found on heating
over a particular 'melting' range reflects the fraction
of base-paired residues 'melting' over this range, and

50 75
Temperature (°C)

Fig. 2. 'Melting' profiles of D. melanogaster L-rRMA
(a) Solvent 0.1 mMMgCl2/0.01 M4tis/4Cl, pH7.6; (b) solvent 0.25 msucrO/0.025M-KCI/0.05M-Tris/HCl, pH7.6, (c)
solvent 0.01 m-potassium phosphate buffer, pH 7.0. o, AE260; [, AE280. In each case E260 =1.0 at 250C.
Vol. 155
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Table 1. Summary ofthe 'melting' properties ofD. melanogaster andP. knowlesi rRNA

Solvent
0.1 mM-MgCl2/0.01 M-

Tris/HCI, pH7.6

A4 (see legend to
Fig. 1)

0.01 m-potassium
phosphate buffer,
pH7.0

0.1 mM-MgCI2/0.01 M-
Tris/HCI, pH7.6

A4

0.01 M-potassium
phosphate buffer,
pH7.0

P. knowlesi 0.01 M-potassium
S-rRNA phosphate buffer,

pH7.0
P. knowlesi 1 mM-MgCl2/O.01 M
L-rRNA potassium phos-

phate buffer, pH
7.0

0.01 M-potassium
phosphate buffer,
pH7.0

'Melting'
range
(OC)
25-95
25-50
60-95
25-90
25-50
60-90
35-80
30-45
45-80
25-95
25-50
60-95
25-95
25-55
65-95
25-70
25-40
45-70
25-90
25-40
40-90
25-95
25-55
60-95

25-85
25-35
40-85

Tm measured
at 260 and
280 nm (°C)

54-58

58-60

41-41

55-60

58-62

46-49

39-48

58-62

40-44

%Y rG.rC base pairs
of bihelical parts

(eqn. 1)
38
33
48
38.5
32
48
40
37
51
38
24
50
39
29
51
39
30
53
43
25
55
42.5
33
49

45
38
49

Approx. Approx. N
fbh (eqn. 2)
0.8
0.41 6
0.32 4-10
0.8
0.21 6
0.39 4-10
0.62
0.41 6
0.27 4-10
0.77
0.25
0.35
0.81
0.32
0.33

0.28
0.29
0.67
0.3
0.38
0.85
0.3
0.4

0.64
0.18
0.31

6
4-10

6
4-10

6
4-10

6
4-10

6
4-10

6
4-10

0.24

0. 16

0.08 _

o ~ /-a
I

30 so 70 90

Temperature (°C)

Fig. 3. 'Melting' properties ofS-rRNA ofP. knowlesi

Solvent 0.01 M-potassium phosphate buffer, pH7.0. o,

AE260; Ca, AE280: E260 = 1.O at 250C.

the corresponding ratio AC260/AC280 (or AE260/AE280)
is a measure of the nucleotide composition of all the
bihelical regions 'melting' over this range. For rRNA
of approx. 40% G + C a value of AE2601AE280- 2.5
would be predicted for most of the 'melting' range
provided that the nucleotide sequence is near-to-
random. A marked deviation from this predicted
behaviour indicates the presence of clusters of par-
ticular nucleotides. The major feature of the 'melting'
of both S-rRNA and L-rRNA of P. knowlesi and
D. melanogaster is the evidence that a high proportion
of adenine and uracil residues are clustered together.

'Melting' properties ofrRNA of D. melanogaster

The data of D. melanogaster S-rRNA and L-rRNA
are summarized in Figs. 1 and 2 respectively. In
0.01 M-potassium phosphate buffer, pH7, part of the
native structure had already 'melted' at 25°C.
However, the complete transition was observed when
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RNA species
D. melanogaster
S-rRNA

D. melanogaster
L-rRNA

10-6 x
Approx.
mass of
rRNA

(daltons)
0.7
0.36
0.28
0.7
0.18
0.34
0.7
0.27
0.28
1.4
0.5
0.6
1.4
0.6
0.6
1.4
0.5
0.5
0.7
0.26
0.33
1.4
0.52
0.7

1.4
0.31
0.54

A,468
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25 50 75 25 50 75 100
Temperature ((C)

Fig. 4. 'Melting' properties ofL-rRNA ofP. knowlesi
(a) Solvent 1 mM-MgCI2/0.01 M-potassium phosphate buffer, pH7.0; (b) solvent 0.01 M-potassium phosphate buffer, pH7.0.
°, AE260; El, AE280. In both cases E260 = 1.0 at 250C.

the solution was made 0.1mM-MgCl2 and then the
ratio AE26o/AE280- 2.5 was found for the tempera-
ture range 25-94°C. This value is close to that pre-
dicted for 40% G.C base pairs of bihelical parts.
However, the 'melting' profile of both S-rRNA and
L-rRNA is biphasic. For L-rRNA, AE260 increased
far more rapidly than AE280 over the range 25-50°C
(AE260/AE280 = 4.7), whereas above 600C AE260/
AE280 was 1.9. It was estimated by means of eqn. (1)
and by using the data of the standard reference
spectra for rA-rU and rG*rC base pairs (Cox, 1970)
that at least 25% of residues are located in bihelical
regions of approx. 24% G.C base pairs, and at least
35% of residues form bihelical regions of approx.
50% G.C base pairs. Biphasic 'melting' was also
reported for A + U-rich rRNA of the mitochondria
of fungi (Edelman et al., 1970, 1971) and for G + C-
rich mammalian L-rRNA (Cox, 1966a, 1970).

Vol. 155

Fractions of residues forming base pairs in the native
state

The total increment in E260 (approx. 36%) is
approx. 80% of the increase noticed for bihelical
RNA of comparable nucleotide composition (Cox
et al., 1970). This finding suggests that approx. 80%
of residues participate in organized secondary
structure comparable with estimates for Escherichia
coli S-rRNA and L-rRNA. Analysis of the c.d.
(circular-dichroism) spectrum (Cox et al., 1976)
showed that approx. 65% of residues appear to form
base pairs and approx. 15% ofresidues tend to 'stack'
in single-strand regions.

Length, N, ofindependently 'melting' bihelical regions
The A-U-rich bihelical regions 'melt' first at about

40°C below the T. of their bihelical analogue.
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Fig. 5. Comparison of the differential 'melting' properties
ofseveralL-rRNA species

The nucleotide composition of bibhlical regions 'molting'
over a 50C range was calculated by means of eqn, (1);
fA.u and fG.c respectively are the mole fraction of A.U
and G*C base pairs 'melting' over the temperature range,
were calculated from the eqn.

fbh = fA.U + fG0C = £260 X Ae26o/(4500 fA.u+ 1500 fG.c)
Hence no. of base-palred residues 'melting/molecule per
°C is equal to

f,, x (MW/333)16T(0C)
wbere MW is thw molecular weight of the particular L-
rRNA (see Tablo 2) and 333 is taken as the average mass
of a nucleotide; a5T(0C) is the temperature range studied
(50C in this case). The solvent was 0,1 mM-MgCl2/0.01M-
Tris/HCI, pH 7.6 (cf. Cox et al., 1973b). The Figure illu-
strates the possibility of there being features of secondary
structure (namely 50-55%/ G-C, Tm 50-75°C) conmon to
all three species. (a) - , E. coil LrRNA; -

D. nmelagaster LPrR.NA. (b) - -, E. coll L-rRNA;
.- ,rnbbit reticulocyte L-rRNA.

40

a0) (b)

40 ~ ~ ~ C

C)

o20

00

30 40 50 0 70 80 90 10o
Temperature ((b

Fig. 6. Comparison of the diff7erential 'melting' profiles of
several S-PRNVA species

The number of base-paired residues 'melting' in a single
molecule/IC rise in temperature was calculated by means
of the emprquion:

f%,h-MW
333-6T

where MW/333 = no. of nucleotides/molecule and fbh =
fraction of rcsiducs in.volved isn b w.-pairing, 'melting'
Over an increase in temperature of AT. f,,, was calculated
for V°C increments in temperature fro 254C to 95'C.
The solvent was 0.1MM-MgC:12/0.01m-Trls/HCl, pH7.6.
(a) --,E. coli S-rRNA;- ~, D. melanogaster S-
rRNA. (b) -

, E. coli S-.rRNA ; rabbit reticulo-
cyte 8w-rRNA.

bihelical parts contain imperfections, Similar con-
clusions were reached for the value ofN for tho bi-
helical domains of approx. 50% G.C base pairs (see
Table 1).

Meltingproperties ofP. knowlesl rPRNA

The properties of this species were not studied in
the sarnm detail as wern those of 1). mwlanogaster, but
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According to eqn. (2) this signifies that either N, the
number of ba pairs per bihelical sgment, is
unlikely to be much gater than six or so, or that the
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evidence for A-U-rich bihelical regions was noted in
both cases, although the phenomenon was less
pronounced in the protozoa (see Figs. 3 and 4). This
does not necessarily mean that there is less tendency
for adenine and uracil residues to cluster in P.
knowlesi than in D. melngaster rRNA. The
'melting' properties ofthe two species are summarized
in Table 1.

Comparison of the 'melting' of D. melanogaster and
other rRNA species

The differential 'melting' properties ofthe L-rRNA
species of D. melanogaster and rabbit reticulocytes
are compared in Fig. 5 with those of E. coli LPrRNA.
The principal result is.that in each case there are a
number of common features? thus: the number of
base pairs/molecule 'melting' over the temperature
range 50-750C is comparable in each case, the
percentage of G-C base pairs is approx. 50-55 over
this same temperature range, and by inference N is
likely to be comparable in each case. Although
differential melting of A.U and G.C base pairs is

apparent for prokaryotic L-rRNA, the trend is much
more pronounced in the other species. The evidence
reveals that approx. 0.5 x 106 daltons mass of these
L-rRNA species comprise features of bihelical secon-
dary structure that have much in common (cf. God-
win et al., 1974). Similarly approx,, 0.3 x 106 daltons
mass of the S-rRNA species studied appear to have
features of secondary structure in common (Fig. 6).
This suggests that particular features of secondary
structure have been conserved throughout evolution,
possibly because they are important to ribosome
function. This notion is elaborated in the Discussion
section.

Discussion

The main result ofthis study is that the adenine and
uracil residues of the A + U-rich rRNA species
studied are unevenly distributed throughout the
S-rRNA and L-rRNA molecules. The analysis of the
'melting' profiles of partly bihelical molecules the size
of rRNA is a technique that is more akin to the
bludgeon than the rapier because there are probably

Table 2. Comparison Qf the properties ofIL-rRN4 of different specisillrstrating evidence for seqnice homologies 4s well
asfor evolutionary divergence

References: ILava-Sancbez etat,(1972); 2 (1968; 3 Marinet at, (1970); 4 Sinclai & Brown (1971): these authr
found that rDNA-rRNA hybridswere formed between X. laevis rDNA and rRNA of a wide range of ukaryotes including
P. melanogaster.

Evidence for evolutionary divergenoe of
L-rRNA Evidence for conserved sequences

Species
Fungi

S. cereviseae
N, crassa

Plants
Pea
Wbeat

Protozoa
T. pyriformis
P. knowlesi

Arthropoda
P. melanogaster

Amphibia
X, laevis

Mamrnals
Mou
Rabbit

Nucleotide composition
(mol %

C A U G G+C

19.2 26.4 26.0 28.4 47.6
21.9 24.8 23.9 29.4 51.3

22,6 23.6 21.6 31.2 54.7
28.0 21.2 16.9 33.7 61.7

16.1 34.7 32.1 16.8 32.9
14.4 32.6 30,9 22.8 37.2

19.6 30.8 27.1 22.5 42.1

27.9 19.7 17,4 35.0 62.9

27.8 19.5 18,2 34.5 62.3
31,7 16.9 15.5 35.9 67.6

10-6 x Observed homology
Mol. wt.2 (%) with S. cereviseae3

L-rRNA

1,3
1.3

1.27-1.31
1.27-1.31

1.3
1.3

1.4

1.5

1,7
1.7

100
73

s0
48

38

10-5 x Mass of
L-rRNA homologous
with S. cereviseae
L-rRNA (daltons)

1.3
0.954

0.65
0.63

0,494
*

t4

t4
40 0.52

t
* To be compared with data for T. pyriformis.
t rRNA forms hybrid with X. laevis rDNA.
I To be compared with data for mouw rRNA.
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(a) Rabbit reticulocyte
55% G + C 78% G + C

(b) X. luevis

(c) D. melanogaster

(d) P. knowlesl

(e) Bacterial(e.g. E. colt)

55%G+C 77%G+C

51%G+C 25%G+C

51%G+C 33%G+C

5.%.C..............

(f) Pea

(g) Yeast

(h) X. iaevis mitochondrial rRNA j j

0 0.5 * .0 '1 .5

10-6x Mass (daltons)

Fig. 7. Summary ofthe properties ofL-rRNVA and their possible evolutionary significance

(a) Schematic presentation of rabbit reticulocyte L-rRNA based on analysis of the 'melting' profile and on analysis
of the products of partial digestion with T, ribonuclease. (b) Data for X. laevis L-rRNA based on analysis of the
'melting' profile and on analysis of the products of partial T, ribonuclease digestion. The scheme does not conflict with
the secondary-structure maps of Wellauer & Dawid (1973). (c) Scheme for D. melanogaster based on analysis of the
'melting' profile. (d) Scheme for P. knowelsi based on analysis of the 'melting' profile. (e) Scheme for E. coli L-rRNA
based on the analysis of the 'melting' profile. [, 'Conserved', indicates the region ofL-rRNA that apparently has features
of secondary structure in common irrespective of its origin. g, Indicates the uncertainty in the estimation of the size of
the conserved regions. 0, Non-conserved, this denotes that part of the RNA moiety that may vary from one class to
another, yet may be similar for species within a single class. (f) and (g) Proposed scheme for pea and yeast L-rRNA, based
on the general hypothesis outlined above. (h) X. laevis mitochondrial L-rRNA. This species is included for comparison.
According to our tentative hypothesis most of this species should form secondary structure corresponding to the conserved
regions in eukaryotic cytoplasmic L-rRNA and prokaryotic L-rRNA, although there are no data relating to the secondary
structure of this species.

so many overlapping transitions that any differential
'melting' that is observed is likely to arise from major
structural features. We conclude that rA + rU-rich
regions are a major structural feature of rRNA of
P. knowlesi and D. melanogaster. The results (e.g.
Figs. 5 and 6) further support the notion that as both
S-rRNA and L-rRNA evolved, a substantial part
appears to have been conserved while another part
has diverged more rapidly.

Possible evolutionary significance of the structure of
L-rRNA revealedby spectrophotometric measurements

Table 2 summarizes the evidence that cytoplasmic
L-rRNA has not only diverged in some respects (e.g.
mass and overall nucleotide composition) during
evolution but also has conserved sequences as judged
by hybridization studies (Martin et al. 1970; Sinclair
& Brown, 1971; Birnstiel & Grunstein, 1972).

Sinclair & Brown (1971) found that Xenopus laevis
rDNA would hybridize with the rRNA of rat,
Tetrahymena pyriformis (33% G + C), P. knowlesi,
Neurospora crassa, spinach and D. melanogaster.
Birnstiel & Grunstein (1972) showed by hybridization
with excess ofDNA that highly conserved sequences
in X. laevisrRNA and HeLarRNA were also present
in sea-urchin rRNA.
The data obtained from the spectrophotometric

studies, which are summarized in Fig. 7, provide an
estimate of the minimum size of the conserved
regions (0.5 x 106-0.7 x 106 daltons mass) and also
suggest that these sequences have an overall nucleo-
tide composition of approx. 50-55% G + C. Among
the species studied the wide variation in both the size
and nucleotide composition of the non-conserved
sequences (approx. 24% G + C in D. melanogaster
and approx. 78% G + C in rabbit) is also revealed.

In mammals the G + C-rich sequences are clustered
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(a) Rabbit reticulocyte ..........

50%G+C 67% G+C

(b) X. laevis(cytoplasmic)
50%G+C 65%G+C

(c) P. knowlesi

55%oG+C 25%G+C

(d) D. melanogaster
50%G+C 33% G+C

(e) E. coli m hIIIIIl
54% G+C

(F) X. Iaevis (mitochondrial) ?50% G + C

0 0.25
I 0

0.50 0.75

10-6x Mass (daltons)

Fig. 8. Summary ofproperties ofS-rRNA and theirpossible evolutionary significance

Schematic presentation based on analyses of 'melting' profiles for: (a)rabbit S-rRNA (e.g. Cox, 1970); (b) X. laevisS-rRNA;
(c) P. knowlesi S-rRNA (see Table 1); (d) D. melanogaster S-rRNA (see Table 1); (e) E. coli S-rRNA (the analysis reveals
that the percentage of G.C base pairs of bihelical region ranges from approx. 50-60% (cf. Cox, 1966a); (f) X. laevis mito-
chondrial rRNA. El, Conserved region; @, indicates uncertainty in the estimates of the conserved and non-conserved
regions; E, non-conserved region.

in a few regions as judged by the products of T1
ribonuclease partial digests (Cox et al., 1973a) and
by electron micrographs of partly denatured rRNA
(Wellauer & Dawid, 1973; Schibler et al., 1975). The
tendency to form long stretches of A + U-rich
sequences is also apparent in D. melanogaster rRNA.
It was reported previously (Kirby et al., 1962;
Hastings, 1964) that fragments of D. melanogaster
r-RNA (unfractionated), which sedimented in the
range 4-15S (mainly 6-8S, approx. 100000 daltons
mass), could be separated by counter-current distri-
bution into fractions ranging in nucleotide compo-
sition from 28% G + C to 54% G + C. These data
not only support our analysis ofthe 'melting' profiles
but also suggest that the tracts of base compositions
approx. 28% G + C and approx. 54% G + C extend
to at least approx. 300 nucleotides.

It appears that the nucleotide composition of the
'non-conserved' region is similar to that of those
regions of pre-rRNA that are lost during processing.
The regions removed from mammalian and X. laevis
pre-rRNA during the maturation process are G + C-
rich (Birnstiel & Grunstein, 1972; Wellauer &
Dawid, 1973; Schibler et al., 1975) and are compar-
able with the G + C-rich regions of the mature
L-rRNA. The evidence for A + U-rich tracts in
D. melanogaster L-rRNA is in accord with Green-
berg's (1969) observation that its pre-rRNA has a
high A + U content.
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The estimated mass of the conserved region
approaches the mass of the RNA moieties of the
smallest ribosomes, the ribosomes of vertebrate
mitochondria (Bartoov et al., 1970; Dawid & Chase,
1972). We infer that the 'conserved' sequences of
L-rRNA are likely to be essential to the active centre
of the subparticle because the same basic mechanism
for the sequential formation of a peptide bond
applies to both eukaryotes and prokaryotes (for
review, see Cox & Godwin, 1975). The functions that
appear common to all species include the binding
of the smaller subparticle, peptidyl-tRNA, amino-
acyl-tRNA, and peptidyl-transferase and -translocase
activities. There is no evidence for extensive sequence
homologies between L-rRNA of eukaryotes and
bacteria or between mitochondrial L-rRNA and
cytoplasmic L-rRNA. However, the possibility that
these are homologous features ofsecondary structure
remains.

Evolution ofS-rRNA

Both S-rRNA and L-rRNA appear to have evolved
in parallel (see, for example, Birnstiel & Grunstein,
1972) as may be expected because both species are
derived from the same pre-rRNA (see, for example,
Wellauer & Dawid, 1973). Although the features ofa
conserved part and non-conserved part are more
pronounced for L-rRNA, the same trends are found
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Table 3. Comparison of the properties of S-rRNA of different species illustrating evidence for sequence homologies as well
asfor evolutlorwry divergence

References: ' data from review by Lava-Sanchez et al. (1972); 2 data from review by Cox (1968); 3 Martin et al. (1970);
4 Sinclair & Brown (1971). t The mol. wt. of these S-rRNA species is 0.7 x 106 as determined by polyacrylamide-gel electro-
phoresis (Loening, 1968).

Evidence for evolutionary
divergence of S-rRNA*

,_._K______________________.. Evidence for conserved sequences
Nucleotide composition I

(mol %)1. 2 Observed homology (Y.) 10-6 x Mass of S-rRNA
-^-------.---.-- with S. cereviseae S-rRNA homologous with S. cere-

Species C A U G G+C viseae S-rRNA (daltons)
Fungi

S. cereviseae 26.5 23.5 25.0 25.0 51.5 100 0.7
Plants
Pea 20.1 23.7 25.1 31.1 51.2 63 0.44
Wheat 25.0 22.0 20.2 32.8 57.8 61 0.43

Protozoa
T. pyriformis 15.8 31.9 31.7 20,5 36.3 48 0.34
P. knowlesi 12.5 29.5 36 25 37.5 t t

Arthropoda
D. melanogaster 20.3 28.8 27.4 23,5 43.8 *4 *4

Amphibians
X. lqevis 24.1 24.1 22.9 28.9 53 *4 *4

Mammals
Mouse 24.7 23.5 29.9 21.9 54.8 42 a.s
Rabbit 28.8 20.5 30.7 20.0 59.3 t t
* Evidence for formation ofrRNA rDNA hybrid between X. laevis rDNA and D. melanagaster rRNA.
t Cf. data for T. pyriformis, which may be regarded as an analogue.
t Cf. data for mouse S-rRNA, which is likely to be closely related to rabbit S-rRNA.

in S-rRNA (for summary, see Fig. 8), The evidence
for evolutionary divergence and for conserved
scquenes among eukaryotes based on hybridization
studies is summarized in Table 3. The sequcnce close
to the 3' hydroxyl terminus of eukaryotic S-rRlNA is
apparently conserved (Dalgarno & Shine, 1973), e.g.
yeast, D. melanogaster and rabbit S4rRNA aJl termi-
nate with tho sequence pGpApUpCpApUpAQH.
The estimate of the mass (approx. 0.3 x 106 daltons)
of the conserved sequences approaches that of the X.
laevis mitochondrial S-rRNA. There are no data rela-
ting to the secondary structure of X. (aevis mitochon-
drial S-rRNA, but the, known nucleotide composition
allows the possibility that most of the molecule has a
nucleotide composition of approx. 50Q% 0 + C. Thus
there remains the possibility that there are common
features of secondary structure between the mito-
chondrial and conserved parts of cytoplasmic rRNA-
This is to be expected ifcertain regions ofrRNA are of
particWlar importance and so would be more highy
conserved than others. The function of the non-
conserved sequences remains a mystery,

We are most grateful to Dr. 0. G. Fabiy and Dr.
M. J. Fahmy, Pollards Wood Research Station, Chester
Beatty Research Institute, for kindly supplying the
Drosophila flies.
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