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A Comparison of the Primary Structures of 28s and 18s 
Ribonucleic Acid from HeLa Cells and Different Human Tissues* 

Francesco Amaldit and Giuseppe Attardil 

ABSTRACT: The primary structures of 28s and, respectively, 
18s RNA from HeLa cells have been compared to those of 
the high molecular weight rRNA species from different human 
tissues by several methods at different levels of resolution: 
base composition analysis, oligonucleotide mapping after 
pancreatic RNase digestion, analysis of the pattern of degrada- 
tion by mild digestion with pancreatic or T1 RNase, and 
RNA-DNA hybridization. 

A redundancy in the genetic information for the two high 
molecular weight rRNA components and for 5s rRNA has 
been demonstrated by RNA-DNA hybridization in bacteria 
and, of two or more orders of magnitude greater, in eukary- 
otic cells (see review by Attardi and Amaldi, 1970). In HeLa 
cells, a line of human origin, the number of genes has been 
found to be about 1000,'cell for each of the two high molec- 
ular weight components, 28s and 18s RNA (Jeanteur and 
Attardi, 1969), and about 7600 for the 5s RNA (Hatlen and 
Attardi, 1971). This redundancy of information raises the 
problem of the possible variability of the rRNA genes. 

The existence of such variability in a higher organism could 
result either in heterogeneity of the populations of each of the 
rRNA components within the same cell, or, if all rRNA genes 
are not equally expressed in different cell types of the same 
organism, in differences between rRNA preparations from 
different tissues or developmental stages of the same organism. 

-~ 
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By all these methods no significant difference 
could be detected between homologous ribosomal RNA 
components from HeLa cells and various human tissues. It 
is concluded that the 28s RNA and, likewise, the 18s RNA 
preparations from different human sources analyzed in the 
present work are very similar, if not identical. The significance 
of these results with respect to the problem of the heterogeneity 
of rRNA genes is discussed. 

Reich et al. (1963) had reported substantial differences in 
base composition between samples of unfractionated rRNA 
from different tissues of the same animal species, more so than 
between RNA samples prepared from the same tissues of 
different animal species. These results, however, were not con- 
firmed by Hirsch (1966), who found the same base composi- 
tion in 28s RNA, and, respectively, in 18s RNA, purified 
from various rat and rabbit tissues, Likewise, other investiga- 
tors could not detect any difference in base composition 
between preparations of the two high molecular weight rRNA 
components or of unfractionated rRNA isolated from differ- 
ent developmental stages of the same organism (Lerner et al., 
1963; Henney and Storck, 1963; Brown and Gurdon, 1964; 
Slater and Spiegelman, 1966; Tata, 1967; Grummt and Bielka, 
1968). Gould et al. (1966) analyzed by polyacrylamide gel 
electrophoresis the products of limited digestion by T1 ribonu- 
clease of rRNA (unfractionated) prepared from different 
organisms and from two cell types, reticulocytes and liver 
cells, of the same organism (rabbit): while they found differ- 
ences in the pattern of degradation of the rRNA from different 
organisms, the rRNA from the two rabbit cell types analyzed 
gave identical results. Similarly, RNA-DNA hybridization 
experiments failed to show any difference in sequence between 
high molecular weight rRNA components prepared from 
rabbit reticulocytes and liver (Di Girolamo et a/ . ,  19691, or 
from different developmental stages of sea urchin (Mutolo and 
Giudice, 1967). 
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The above-mentioned negative results could conceivably 
reflect the insensitivity of the analytical methods employed. 
In order to approach the problem at a finer level of analysis, 
in the present work, the method of oligonucleotide mapping 
previously described (Amaldi and Attardi, 1968) has been 
used to compare the distribution of nucleotide sequences 
released by pancreatic RNase in 28s and 18s RNA prepared 
from HeLa cells and from different human tissues. The results 
obtained by this method as well as by other methods (base 
composition studies, sedimentation analysis after limited 
RNase digestion, and RNA-DNA hybridization) indicate 
that, even at the highest level of resolution employed here, 
there are no detectable differences between the 28s RNA and, 
likewise, 18s RNA preparations analyzed. 
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Materials and Methods 

Cells and Tissues. Reference is made to a preceding paper 
(Amaldi and Attardi, 1968) for the method of growth of HeLa 
cells. 

Human tissues were mainly autoptic material, and in a few 
cases surgical material, derived from male and female individ- 
uals (from 6 months to 67 years in age). The tissues were 
frozen as soon as possible and kept at -70" until used for 
RNA extraction. 

Labeling Conditions. The method utilized to label HeLa cell 
rRNA to a high specific activity with [32P]orthophosphate has 
been described previously (Attardi et al., 1965b). 

RNA Extraction. 32P-labeled 28s and 18s RNA were 
extracted from the purified 50s and 30s ribosomal subunits, 
respectively; nonradioactive HeLa rRNA was isolated from 
total cells; rRNA of human tissues, on the contrary, was 
extracted from the monomer-polysome fraction. The methods 
of isolation of ribosomal subunits, extraction and fractiona- 
tion of rRNA into the 28s and 18s components have been 
previously described (Amaldi and Attardi, 1968). 

Base Composition and Sequence Analysis. The procedure 
utilized for base composition analysis and oligonucleotide 
mapping after pancreatic RNase digestion have been reported 
in detail in a preceding paper (Amaldi and Attardi, 1968). 

Hybridization Experiments. RNA-DNA hybridization and 
isolation of the hybrids have been carried out by RNase 
digestion and Sephadex chromatography as described pre- 
viously (Attardi et al., 1965a). In some experiments, the RNA- 
DNA hybrids were collected directly on Millipore membranes 
after RNase digestion (30 pg/ml, 30 min at 37') and washed 
with 100 ml of 0.5 M KCl-O.01 M Tris buffer (pH 7.0) at 
60'. 

Partial Degradation of RNA by Mild Digestion with Pan- 
creatic or TI  Ribonuclease. The nonradioactive RNA to be 
analyzed (about 100 pg) was mixed with a small amount of 
32P-labeled HeLa 28s RNA in a volume of 0.4 ml of SSC 
(SSC: 0.15 M NaC1-0.015 sodium citrate). Treatment with 
pancreatic RNase (five-times crystallized, Sigma ChemicalCo., 
heated at 80' for 15 min) was carried out at 2' for 20 min 
with 0.005 pg of enzyme; in some experiments, the limited 
digestion was carried out with 1 unit of T1 RNase (Sankyo 
Co., Ltd., Tokyo). At the end of the digestion, sodium dodecyl 
sulfate was added to a final concentration of 0.5%, and the 
sample was layered on a 5-20% sucrose gradient in SSC and 
centrifuged in the SW25.3 rotor of the Spinco L ultracentri- 
fuge at 25,000 rpm for 20 hr at 2'. The collected fractions were 
analyzed for ultraviolet absorption and for 32P acid-precipit- 
able radioactivity, as previously described (Attardi et al., 
1966). 
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FIGURE 1 : Sedimentation pattern of rRNA extracted from the mono- 
mer-polysome fraction of human liver. The RNA was extracted 
from this fraction with sodium dodecyl sulfate-phenol (Attardi et 
al., 1965b) and separated into 28s and 18s components by two 
cycles of centrifugation in 5-20z (w/w) sucrose gradient in 0.01 
M acetate buffer (pH 5.0)-0.1 M NaCl(l6 hr at 23,000 rpm, 2", in the 
SW 25-1 Spinco rotor). 

Results 

Isolation of 28s and 18s rRNA from HeLa Cells and from 
Human Tissues. The isolation and the criteria of purity of 28s 
and 18s RNA (32P labeled and nonlabeled) from HeLa cells 
have been discussed previously (Amaldi and Attardi, 1968). 

The RNA of human tissues was mainly prepared from 
autoptic material; for this reason it was expected that in many 
cases it might have undergone some degradation. As criteria 
to distinguish intact from slightly degraded RNA prepara- 
tions a ratio of 28s to 18s RNA in the first sucrose gradient 
centrifugation of about 2.5 and the lack of material between 
the 18s and the 4-5s peaks were used (Amaldi and Attardi, 
1968). Only those tissue RNA preparations which satisfied 
these criteria have been utilized in the present work. As an 
example, Figure 1 shows the sedimentation pattern of an 
undegraded rRNA preparation from human liver. 

Base Composition. Table I summarizes the results obtained 
for the base composition of the two rRNA components ex- 
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FIGURE 2 :  Tests of competition for sites in HeLa DNA between 
32P-labeled HeLa cell 2 8 s  RNA and unlabeled 2 8 s  RNA from HeLa 
cells and different human tissues. Each incubation mixture con- 
tained, in a volume of 3 ml of 2X SSC, 50 pg of HeLa DNA, 1.0 
pg of 32P-labeled HeLa 2 8 s  RNA, and variable amounts of un- 
labeled 28s RNA from different source. The incubation was car- 
ried out at 70" for 4 hr and the RNA-DNA hybrids collected on 
Millipore membranes after RNase treatment and washed as de- 
scribed in Materials and Methods. (0) E. coli 235 RNA; (0)  Hela 285 
RNA; (M) human liver 285 RNA; (A) human spleen 285 RNA; (A) 
human kidney 285 RNA; (V) human pancreas 285 RNA; (V) hu- 
man brain 285 RNA. 

TABLE I :  Nucleotide Composition of 28s and 18s RNA from 
HeLa Cells and Different Human Tissues: 

___ 
No. of 
Deter- 
mina- 

Moles % 
RNA Source Cp Ap Up + $p Gp  tions 

. 

28s RNA 
HeLa cells 32.1 15 .8  17.0(1.1)35.1 2 
Human liver 32.3 15 .6  16 .4  35.7 2 
Humanspleen 32.2 15.9 16.7 35.2 2 
Humankidney 32.6 15 .6  16.9 34.9 2 
Humanpancreas 32.6 15 .6  16.6 35.2 2 
Human brain 30.8 16 .6  17 .0  35.6 1 

18s RNA 
HeLa cells 27.8 19.9 21.3(1.5)31.0 5 
Human liver 28.0 19.9 21.6 30.5 2 
Human spleen 28.5 20.5 21.5 30.5 2 
Human kidney 27 .9  19.7 21.4 31.0 2 
Human pancreas 28.1 19 .8  21.5 30.6 2 
Humanbrain 28 .2  19.9 21 .5  30.4 1 

a The nucleotide composition of the unlabeled rRNA 
components from HeLa cells and different human tissues was 
determined from the optical density measurements on the 
basis of the extinction coefficients of the four 2',3'-nucleotides 
(The extinction coefficients reported by Beaven et a/. (1955) 
were utilized here, after correction for the different pH of 
the individual elution media.) 

tracted from different human tissues and from HeLa cells. 
It appears that the base compositions of all the 28s RNA and, 
respectively, all the 18s RNA preparation analyzed are, within 
experimental error, identical. 

The amount of pseudouridylic acid in the rRNA from 
human tissues has not been precisely determined, but it 
appears to be present in about the same proportion as in 
HeLa cells (Amaldi and Attardi, 1968). 

Partial Sequence Analysis. The analysis of frequencies of 
mono-, di-, and trinucleotides released by pancreatic RNase 
digestion has been carried out as described in detail in a pre- 
ceding paper (Amaldi and Attardi, 1968). The method of the 
relative specific activity has been utilized here. In brief, this 
method consists in carrying out the RNase digestion and 
DEAE chromatography on a mixture of a relatively large 
amount of an unlabeled RNA species and a small amount of a 
32P-labeled RNA species and in determining the specific 
activity of the individual RNase digestion products (up to 
trinucleotides), and then normalizing it to the average specific 
activity (thus obtaining the relative specific activity). By using 
either the unlabeled or labeled RNA as an internal standard, 
one can compare different labeled or, respectively, unlabeled 
RNA samples. Although this method does not give absolute 
values but only relative values for the frequencies of the prod- 
ucts of RNase digestion, it is very accurate and can reveal 
small differences between various RNA preparations. 

32P-labeled HeLa 28s RNA has been used in the present 
work as an internal standard to compare the nonradioactive 
preparations of 28s RNA (and 18s RNA) from HeLa cells 
and from different human tissues. Table I1 summarizes the 
results obtained by this analysis. In the table the results are 
expressed as ratios between the relative specific activities 
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obtained in experiments utilizing a2P 28s RNA from HeLa 
cells and nonradioactive 28s RNA (or 18s RNA) from dif- 
ferent human tissues and the relative specific activities ob- 
tained in experiments utilizing 32P 28s RNA both and 
nonradioactive 28s RNA (or 18s RNA) from HeLa cells. 
The values thus obtained give the frequencies of the oligo- 
nucleotide sequences in the HeLa cell RNA relative to those 
found in the tissue RNA. It appears that the frequencies of 
the oligonucleotides (up to trinucleotides) released by pan- 
creatic RNase digestion are very similar in all the 28s RNA 
preparations analyzed and, likewise, in all the 18s RNA prep- 
arations. The data for 18s RNA show a somewhat higher 
variability than those for 28s RNA, but always within the 
experimental error. This is probably due to the difficulty to 
obtain a completely undegraded rRNA from human tissues ; 
as a consequence the 18s RNA from this source is slightly 
contaminated by fragments of 28s RNA (to a different extent 
in different preparations). 

Hybridization Experiments. 4 s  a different approach to the 
problem of the relationship between rRNA from different 
cell types of the same organism, RNA-DNA hybridization 
experiments were performed between HeLa cell DNA and 
32P-labeled HeLa 28s RNA (or 18s RNA) in the presence of 
an excess of nonradioactive 28s RNA (or 18s RNA) from 
HeLa cells (as a control) or human tissues. 

Figure 2 shows one of these experiments utilizing 28s RNA. 
It appears that the 28s RNA from all the tissues analyzed 
competes with 32P HeLa 28s RNA for hybridization with the 
rRNA sites in the DNA to the same extent as unlabeled HeLa 
28s RNA. 

Similar results have been obtained in hybridization competi- 
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FIGURE 3: Sedimentation analysis 
in sucrose gradient of 28s RNA 
from HeLa cells (a), human liver 
(b), and human spleen (c) after 
mild digestion with pancreatic 
RNase. A mixture of nonradioac- 
tive RNA from different source 
(about 100 pg) and 32P-labeled 
HeLa 28s RNA (<1 pg) was di- 
gested with pancreatic RNase 
and analyzed in sucrose gradient 
as described in Materials and 
Methods. (0---0) ODnao and 
(0-0) cpm of 32P. 
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tion experiments carried out with a2P HeLa 18s RNA and an 
excess of nonradioactive 18s RNA from HeLa cells or differ- 
ent human tissues. 

KN.? Degrcidation bj* Mild RNnse Digestion. Another ap- 
proach has been attempted to reveal small differences between 
28s RNA preparations from various human sources. It was 
reasoned that minor differences in nucleotide sequences of these 
RNA molecules could give rise to significant differences in 
iecondary structure, such as to be revealed by changes in 
sensitivity to RNase. For this reason, the RNA samples were 
treated, under very mild conditions, with pancreatic or T1 
RNase. and the partially degraded material was analyzed by 

rose gradient centrifugation. A similar approach, involving 
the analysis of  the clectrophoretic pattern of the resistant 
fragments after limited r l  RNase digestion, has been utilized 
IC) cuinpare rRNA samples from karious sources (Gould et (11.. 
1066; Pinder p r  d., 1969). In the present work, all the cxperi- 
merits have been performed by mixing, before the enzyme 
trcatnieni? a small amount of 3?P HeLa 28s RNA with the 
nonradioactil i‘ RNA under study. The :”P-labeled internal 
standard was necessary as a control for variations in the 
degree of RNase digestion in different experiments. The 28s 
RNA preparations from various human tissues were com- 
pared hy this method with 28s RNA from HeLa cells and 
with each other. In most cases, no obvious differences in 
susceptibility to RNase were found among human liver, 
spleen, pancreas, kidney and HeLa 28s RNA preparations 
(Figure 3). Some preparations of human liver 28s RNA 
showed reproducibly ;I somewhat higher resistance to the 
KNase digestion than HeLa 28s; the reason for this behavior 
i\ not known and has not been investigated further. 

Discussion 

The purpose of this work has been to compare the primary 
structures of 28s and, respectively, 18s RNA preparations ob- 
tained from different human tissues. Critical to the results of 
this analysis was the purity of the RNA preparations utilized 
and the intactness of the molecules (such as to exclude the 
loss of any piece caused by degradation). The purity of the 
>?F‘-labeled 18s and 28s RNA components, as isolated in the 
present work, has been discussed previously (Amaldi and 
:\rtardi, 1968). As to the unlabeled HeLa cell rRNA species, 
which were purified from total RNA, the only significant 
bource of contamination was presumably the heterogeneous 
nuclear RNA and cytoplasmic mRNA sedimenting in the re- 
gions of 28s and 18s RNA, and the mitochondrial 16s RNA 
(Attardi e, d.. 1970). Since the heterogeneous nuclear RNA 
Iwprcsents in toro about 2z of total cell RNA, and the mRNA 
about 3 7: (Soeiro et nl., 1968), it can be estimated that the pos- 
sible fraction of these heterogeneous RNA species cosediment- 
ing with either 28s or 18s RNA would correspond to less than 

woulci not a t k t  appreciably the results obtained here. Some- 
ivhat more significant. although still low, would be the pos- 
sible contamination of the 18s RNA by the 16s mitochon- 
drial RNA (,estimated to be at most 5 7 3 .  The unlabeledrRNA 
species f rom human tissues, which were isolated from the 
riic,noii~cr~~polysome fraction, were presumably not appreci- 
ab11 contaminated by either heterogeneous nuclear RNA or 
mitochondrial RNA. 

4 s  coiicerns the requirement of intactness of the rRNA 
molecules for a meaningful analysis of primary structure, in 
the present work it has been reasonably well satisfied by 
iitilizing only RNA preparations which showed a normal 

- ‘1 y , ,, ” oi‘ each rRNA component; this level of contamination 
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sedimentation pattern with the expected ratio of 28s to 18s 
RNA (about 2.5) and without any indication of slower sedi- 
menting degradation products. 

The comparison among the various 28s RNA and, respec- 
tively, 18s RNA preparations has been carried out with various 
methods at different levels of resolution: (1) base composition; 
( 2 )  analysis of the frequencies of mono-, di-, and trinucleo- 
tides released by pancreatic RNase digestion; (3) RNA-DNA 
hybridization; and (4) pattern of degradation by mild diges- 
tion with pancreatic or T1 RNase. 

The first three methods proved unable to discriminate be- 
tween 28s RNA and, respectively, 18s RNA samples from 
various sources. The fourth method, utilized only with the 
28s RNA, gave similar results in most cases. A few liver 28s 
RNA preparations showed a higher resistance to the RNase 
digestion: however, the lack of reproducibility makes the 
interpretation of these results very difficult. 

From the data presented in this work it can be concluded 
that all the 28s and, likewise, 18s RNA preparations analyzed 
are very similar, if not identical. This conclusion, which re- 
inforces the available evidence from other eukaryotic systems, 
can be interpreted in different ways. (1) The genes coding for 
rRNA in each cell are heterogeneous, and differentially ex- 
pressed in various cell types or stages of development, so that 
the RNA preparations studied here are indeed different from 
each other; however, the differences are smaller than the 
resolving power of our methods of analysis; (2) the rRNA 
genes are heterogeneous, but they are equally expressed in 
different cell types; as a consequence, equally heterogeneous 
populations of molecules would have been analyzed in this 
work; and (3) there is in the cell a special mechanism to keep 
all the rRNA genes homogeneous or nearly so during evolu- 
tion. 

Very little is known about the degree of homogeneity of the 
high molecular weight rRNA population within a given bac- 
terial or eukaryotic cell. The available evidence points to  
homogeneity in sedimentation and chromatographic prop- 
erties. Furthermore, homogeneity in primary structure of the 
high molecular weight rRNA has been suggested, in Escheri- 
chia coli, by the molar yield of unity or a multiple thereof of 
methylated sequences (Fellner and Sanger, 1968), and, in 
rabbit reticulocytes, by the near to unity molar yield of RNA 
fragments obtained by mild digestion with T1 RNase (Gould, 
1967). A limited degree of heterogeneity in primary structure 
has, on the contrary, been shown to exist in 5s RNA from 
E. coli and strongly hinted at in 5s RNA from human source 
(Hatlen ef a/., 1969). 

As concerns the question of the possible heterogeneity of 
the rRNA genes, it should be mentioned that the rapid initial 
rate with which rRNA hybridizes with rDNA (Birnstiel er a/., 
1968), the apparently regular and complete hydrogen bonding 
of rRNA molecules to rDNA sites in these hybrids (Jeanteur 
and Attardi, 1969), and the renaturation kinetics of rDNA 
(Birnstiel et a/., 1969) suggest a close similarity in sequence, 
if not an identity of rRNA genes. As to the mechanism which 
may operate in keeping low the variability of the highly re- 
dundant rRNA genes in eukaryotic cells, one may think of a 
mechanism like that proposed by Callan (1967), involving one 
“master” gene and multiple “slave” copies, which are matched 
against the master and corrected for mistakes due to mutation 
or recombination once per life cycle of the organism or even 
per cell division. Alternatively, one can postulate that game- 
les represent a “bottleneck,” where replication of a new 
family of rRNA genes proceeds from a master gene with 
destruction of the old replicas. Experimental evidence speaks, 
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on the contrary, against a selective replication of a master 
gene at each cell division (Amaldi et al., 1969). 
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Role of Ferrichrome as a Ferric Ionophore in 
Ustilago sphaerogena" 

Thomas Emery 

ABSTRACT: The smut fungus, Ustilago sphaerogena, possesses 
a highly specific iron transport system in which the trihydrox- 
amic acid-iron chelate, ferrichrome, serves as an iron carrier, 
or ferric ionophore. Intracellular removal of the metal fromthe 
chelate permits egress of the ligand, desferriferrichrome, which 
can then sequester extracellular iron and again shuttle the 
metal into the cells. In the presence of excess iron, ferrichrome 
is concentrated by the cells. The transport system has an 
optimum pH of 7 and optimum temperature of 30°, and it is 
inhibited by azide, N-ethylmaleimide, or anaerobiosis. Growth 

A fundamental problem of cellular biology is the mecha- 
nism by which water-soluble extracellular nutrients enter the 
cell through lipophilic membranes. Specific transport systems 
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of the cells in medium containing 10 PM iron suppresses the 
iron transport system. Ferrichrome is a specific iron carrier 
for Ustilago. No other iron chelates tested, including natural 
hydroxamic acid analogs of ferrichrome, can substitute. Con- 
versely, many other di- and trivalent metals chelated with the 
ligand, desferriferrichrome, are not taken up by the cells. The 
aluminum and gallium chelates, however, are active in the 
system. The specificity data indicate that conformation of the 
chelate, rather than charge or solubility, is the basis for rec- 
ognition by the transport system. 

appear to be present in most cell membranes. The transport 
of amino acids and sugars has been investigated, but the 
mechanism of the process remains unsolved. According to 
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