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Physicochemical Studies on the 5s Ribonucleic Acid-Protein Complex 
from a Eucaryote, Saccharomyces cerevisiae? 

Gordon E. Willick,* Ross N.  Nazar,t and Nguyen T. Van 

ABSTRACT: A physicochemical study of the 5 s  ribonucleic 
acid-protein complex from a eucaryote, Saccharomyces cer- 
euisiae, has been made with sedimentation velocity ultracen- 
trifugation, gel electrophoresis, circular dichroism spectroscopy, 
thermal denaturation, and fluorescence enhancement of 
ethidium bromide as probes of the structure of the complex 
and its components. The 5 s  RNA-protein complex isolated 
from S. cerevisiae contains, in addition to 5 s  RNA, one acidic 
protein with a molecular weight of 38000 [Nazar, R. N., 
Yaguchi, M., Willick, G. E., Rollin, C. F., & Roy, C. (1979) 
Eur. J .  Biochem. 102, 573-5821. Sedimentation velocity and 
gel electrophoresis studies as a function of potassium chloride 
concentration showed that this complex was stable at low ionic 
strength but was dissociated by ionic strengths of this salt 
greater than about 150 mM. At low ionic strength (10 mM 
KC1) circular dichroism studies showed that the 5s RNA had 
a greater secondary structure in the complex than when free 
in solution. Difference circular dichroism studies between the 

T h e  5s RNA-protein complexes have been isolated from the 
ribosomes of both procaryotic and eucaryotic organisms and 
appear to be universal in existence. In general, the isolation 
procedure simply consists of depleting the large ribosomes of 
Mg2+, which liberates a complex consisting of 5 s  RNA plus 
two to three proteins in procaryotes, or one protein in eu- 
caryotes. The size of the 5 s  RNA is highly conserved, with 
a molecular weight of about 38 000. In addition, the total mass 
of the protein appears to be also highly conserved, with a 
molecular weight also of about 38 000, and thus the complex 
has a molecular weight of 78 000-80 000. The actual function 
of this complex is unknown, but the very fact that it appears 
to have been rather highly conserved through evolution sug- 
gests that its function is likely to be an important one. 

We have been carrying out a general study of 5s RNA- 
protein complexes, not only to establish as much as possible 
just how real the apparent similarities are but also because 
we believe these complexes, easy to isolate in large quantities, 
serve as simple prototypes of the much more difficult general 
problem of ribosomal RNA-protein interaction. Considerable 
previous work has been carried out on the procaryotic com- 
plexes derived from Escherichia coli (Monier, 1974; Erdmann, 
1976) and the extreme halophile, Halobacterium cutirubrum 
(Smith et al., 1978). More recently, we have isolated (Nazar 
et al., 1979b), and initiated a detailed study of, the complex 
from Saccharomyces cereuisiae. To this point we have carried 
out studies on the yeast complex compatible with those pre- 
viously carried out on the procaryotes in order that'a consistent 
comparison be made with the two procaryote complexes. This 
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complex and free 5 s  RNA in 10 mM KC1 and 500 mM KC1 
implied the protein also gained some secondary structure on 
complexing with the 5 s  RNA. The protein had little sec- 
ondary structure in either case, with an apparent increase from 
10 to 14% a helix having occurred. Thermal denaturation 
curves were almost monophasic for free, but clearly biphasic 
for complexed, 5s RNA at low ionic strengths, and were 
biphasic for both at the highest ionic strength (100 mM KCI). 
The data were interpreted in terms of a model in which the 
protein stabilizes a structure of the 5 s  RNA in the complex 
which is probably similar but not equivalent to that of free 
5 s  RNA in moderate concentrations of salt. In clear contrast 
to the procaryote complexes previously studied, the complex 
bound almost as much ethidium bromide as free 5 s  RNA, as 
evidenced by the fluorescence enhancement as ethidium 
bromide was added. This implied the protein had little effect 
on the accessibility of this dye to its sites on 5 s  RNA. 

has included partial information on the sequence of the protein 
component, YL3l (Yaguchi et al., 1978; Nazar et al., 1979b) 
and on the region of 5 s  RNA binding to YL3, as inferred from 
partial nuclease digestion studies (Nazar, 1979). In this paper 
we present some physicochemical studies for comparison with 
the procaryote data and will show that, while these properties 
are broadly similar, there are some important differences 
between the complexes that, in turn, imply differences at the 
structural level. 

Materials and Methods 
Ribosomal 50s Subunits. Saccharomyces cerevisiae, strain 

5288C, was grown aerobically in 0.3% yeast extract, 0.5% 
Bacto-peptone, and 2% glucose at 28 "C and harvested in late 
log phase. Ribosomes and ribosomal subunits were prepared 
essentially by the method of Torano et al. (1974), as described 
by Nazar (1979). 

5s RNA-Protein Complex. All procedures were carried 
out at 4 "C. The 60s subunits (10000-20000 A2@ units) were 
suspended in 72 mL of water, and 8 mL of EDTA (250 mM, 
pH 7.0) was added to the suspension. The ribosomes were then 
centrifuged at 165000g for 18 h. Essentially the only material 
left in the supernatant was the 5 s  RNA-protein complex 
(RNP) (Nazar et al., 1979b). 

Gel Electrophoresis. RNA and RNP were fractionated on 
8% slab gels in a manner similar to that previously described 
(Nazar et al., 1975). In experiments with ethidium bromide 
(British Drug House), the drug was incorporated into both 
the gel components before polymerization and the running 
buffer. The experiment in 200 mM KC1 was run for 16 h at 
3 V/cm. The electrophoresis in 500 mM KCl was carried out 

' Abbreviations used: RNP, S. cereuisiae 5s RNA-YL3 complex; 
EthBr, ethidium bromide; YL3, 5s RNA binding protein from S. cere- 
cisiae; EDTA, ethylenediaminetetraacetic acid. 
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FIGURF. 2: Slab gels of R N A  and RNP with 0, 200, and 500 mM 
potassium chloride added lo the gel buffer. The running temperature 
of the gels was in the range 2-10 OC. 

I ., I 

i I  I 

42t  

10 50 250 IO00 

K C I  m M 1  

FIGURE 1: Sedimentation coefficients of yeast RNA (0) and RNP 
(0) as a function of potassium chloride wncentration. The remaining 
solvent was IO mM Tris-HCI and I mM EDTA, pH 7.8. All runs 
were at 20 'C, and the wncentration of the samples was 1-1.5 
units/mL. 

for 24 h a t  3 V/cm, with one change of reservoir buffer, and 
was cooled with 2 "C water. 

Fluorescence Spectroscopy. The fluorescence enhancement 
of ethidium bromide on binding to free or bound 5s RNA was 
measured at 21 OC using a Hitachi Perkin-Elmer spectro- 
photofluorometer. Excitation and emission wavelengths were 
500 and 605 nm, respectively. 

Circular Dichroic Spectroscopy. Circular dichroic spectra 
were obtained on a Cary 61 circular dichrograph operated at 
27 "C. RNA concentrations were determined by using a value 
of 23.4 cm-'.(mg/mL)-' for the extinction coefficient at 260 
nm. Spectra are reported in units of degcm2.(decimean 
residue weight).'. A value of 320 was used as the mean residue 
weight for the RNA and a value of 120 for the binding protein 
calculated from its amino acid composition (Nazar et al., 
1979a). The spectrum of the protein in the complex was 
calculated as previously described (Nazar et al., 1979a). 

Thermal Melts. Circular dichroic melts were carried out 
in the Cary 61 instrument externally thermostated with a 
Haake water bath. The samples ( I  mL) were contained in 
a jacketted 1 cm path length cell (Hellma, Inc.) with the outer 
jacket filled with silicone oil (Beckmann Instruments). The 
temperature, which was increased in increments of about 2 
'C, was monitored with a thermistor probe (Yellow Springs 
Instrument Co., Yellow Springs, OH) placed on the cell block 
beside the cuvette. Light absorption thermal melts at 260 nm 
were performed as previously described (Van et al., 1976). 

Ultracentrifugation. Sedimentation velocity experiments 
were performed in a Beckmann Model E ultracentrifuge using 
the photoelectric scanner a t  280 nm. 

Results 
Salt-Induced Dissociation oJRNP. The R N P  is normally 

isolated in a very low ionic strength solvent, in which it is quite 
stable. Because many of the experiments to be described below 
were carried out in solvents of higher ionic strength, we decided 
to investigate the stability of this R N P  as a function of in- 
creasing potassium chloride concentration (Figure 1 ) .  At low 
ionic strengths (0-100 mM KCI), the R N P  has a sedimen- 
tation coefficient about 20% greater than that of the 5s RNA 
(Figure 1 ). At a b u t  150 mM potassium chloride, the complex 
apparently dissociates, since its sedimentation coefficient be- 
comes virtually identical with that of the 5s RNA. 
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FIGURE 3: The CD spectra of yeast RNP (---) and 5s RNA (-) 
with the calculated difference spectrum in the lower panel. The solvent 
was 10 mM potassium chloride, 10 mM Tris-HCI, and I mM EDTA, 
pH 7.8. The runs are at the instrument ambient temperature, 21 'C. 

This conclusion was confirmed by running the RNP and free 
5s RNA in slab gels at increasing ionic strengths (Figure 2). 
With no added potassium chloride, almost all of the 5.9 RNA 
is in the form of the complex, whereas with 200 mM added 
salt, most of the sample is seen as free 5s RNA. In 500 mM 
salt, only the RNA band is observed? 

Circular Dichroism in the 250-320-nm Region. The cir- 
cular dichroism spectrum in this region is a good measure of 
conformational changes that may occur when the protein 
becomes complexed to the 5s RNA, since the protein con- 
tribution is negligible here in comparison to the RNA. In 
Figure 3, the circular dichroism spectra of the R N P  and the 
free 5s RNA in the IO mM KCI solvent are shown. The large 
positive maximum undergoes a small increase in magnitude 
and a shift of 1 nm (from 265.5 to 264.5 nm) when the 5s 
RNA is complexed as opposed to free in solution. Similarly, 
the small negative maximum is increased slightly and blue 
shifted by about 2 nm. This result indicates the 5s RNA is 
more ordered in the complex than when free in solution. 

Circular Dichroism in the 200-240-nm Region. The dif- 
ference spectrum between the R N P  and the free 5s RNA in 

The trailing band seen in the 5s RNA samples is not nucleic acid. 
although it stains with methylene blue (R. N. Nazar. unpublished ex- 
periments). This material is not isolated with the RNP under the present 
conditions of isolation. 
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FIGURE 4: CD spectra of protein YL3 calculated from the complex 
minus 5s RNA difference spectrum in 10 mM potassium chloride 
(- - -) or 500 mM potassium chloride (-). The remaining solvent 
was 10 mM Tris-HCI and 1 mM EDTA, pH 7 . 8 .  
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FIGURE 6: CD thermal melt at 300 nm of yeast 5s RNA (A) and 
R N P  (0). The remaining solvent was 1 mM Tris-HCI and 1 mM 
EDTA, pH 7 . 8 .  
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FIGURE 7 :  Thermal denaturation profiles of yeast 5s RNA and RNP 
at 260 nm (0) and 278 nm (0). The solvent was 10 mM KCI, 10 
mM Tris-HCI, and 1 mM EDTA, pH 7 . 8 .  

stabilized and destabilized the RNA with respect to its thermal 
melt properties. At a higher ionic strength, 100 mM potassium 
chloride, the RNP and RNA have similar biphasic curves. An 
example of a CD melt, monitored at 300 nm, is shown in 
Figure 6. This result, in 10 mM potassium chloride, was 
consistent with the results obtained when the change in ab- 
sorption was used as a monitor. The RNP gave a clearly 
biphasic curve, and the RNA was monophasic except for a 
slight inflection occurring at about 30 "C. 

It has been shown previously (Van et al., 1976) that com- 
parison of melt curves at 260 and 278 nm provides an indi- 
cation of the relative proportion of A-U and G-C base pairs 
giving rise to the thermal transitions. An experiment in 10 
mM potassium chloride is shown in Figure 7. The principal 
transition at 43 "C seen in 5s RNA alone has a substantially 
greater hyperchromicity when measured at 278 nm than at 
260 nm, indicating the melting of a relatively G + C rich 
structure. In contrast, the curves for the RNP at the two 
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FIGURE 8: Fluorescence enhancement of EthBr on addition to yeast 
5s RNA (0) or RNP (0). The solvent was that of the slab gel in 
Figure 9. The temperature was 20 "C, and the concentration of RNA 
or RNP was 2.5 PM. 

wavelengths are almost identical and are suggestive of a less 
G + C rich structure. 

Experiments were also carried out to determine whether 
dissociation of the R N P  was associated with the thermal de- 
naturation of the 5s RNA. Aliquots were removed from a 
R N P  sample subjected to an increasing temperature gradient. 
After the aliquots were quick-cooled on ice, they were applied 
to a polyacrylamide gel as in Figure 2 (left). The results 
showed that the RNP dissociated at 4 3 4 5  "C in 100 mM KCI 
under the solvent conditions shown in Figure 6 and a t  ap- 
proximately 50 OC in 10 mM KCI under the solvent conditions 
of Figure 7. Therefore, the 100 mM KCI R N P  thermal de- 
naturation curve is simply that of the 5s RNA, whereas in 
IO mM KCI the R N P  does not hegin to dissociate until the 
thermal denaturation is almost complete. The corresponding 
thermal denaturation profiles shown in Figures 6 and 7 rep- 
resent those due to the intact RNP. 

Binding of Ethidium Bromide. The 5s RNA-protein 
complexes of both E. coli (Feunteun et al., 1975) and H. 
cuiirubrum (Nazar et al., 1979a) have been found to hind 
much less EthBr, as measured by the fluorescence enhance- 
ment, than the corresponding free 5s RNAs. The corre- 
sponding data in the case of this eucaryotic complex showed 
that the binding of EthBr to the complex was only slightly less 
than to that of the free 5s RNA (Figure 8). There was a 
possibility that this negative finding was a result of the EthBr 
simply dissociating the complex. A sample of R N P  and 5s 
RNA was electrophoresed under the standard conditions, with 
15 pM EthBr added to the gel and running buffer (Figure 9). 
The R N P  clearly binds EthBr, although comparison of Figures 
2 (middle) and 9 suggests there has been some dissociation 
of the RNP. This implies a competition of some of the EthBr 
for the protein binding site has occurred. 

Discussion 
The eucaryote complex of yeast studied here has some 

general properties which are roughly comparable in many 
respects to the procaryote complexes previously reported. 
Formation of the complex results in a conformational change 
in both the 5s RNA and the protein. Similar conformational 
changes in the 5s R N A  have been reported for both the E. 
coli (Bear et al., 1977; Fox & Wong, 1978; Spierer et al., 
1978) and H. cutirubrum (Nazar et al., 1979a; Willick et al., 
1979) complexes. We have also shown a similar conforma- 
tional change in the principal binding protein of H. cuiirub- 
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FicunE 9: Slab gel of yeast RNP and 5s R N A  in 15 #m ethidium 
bromide. In A the fluorescence of the EthBr was photographed, B 
is the same gel after staining with methylene blue. The conditions 
of the gel are eqaivalent to the 0 mM potassium chloride experiment 
in Figure 2. 

rum, but the E. coli complex has not been studied in this detail. 
However, Allen & Wong (1978) have reported overall con- 
formational changes of the E. coli ribosomal proteins occurring 
as a result of ribosome formation. We therefore suggest that 
ribosomal protein-RNA interactions commonly involve an 
induced fit mechanism. 

The thermal denaturation data also suggest that the protein 
stabilizes enhanced secondary and tertiary structures of the 
5s RNA in the complex. The melt curve is almost monophasic 
for the free 5s R N A  at low ionic strength, but becomes bi- 
phasic in the complex (Figures 6 and 7). This implies that 
a relatively uniform secondary structure of the 5s R N A  at 
low ionic strength (for example, a hairpin structure) is replaced 
by a more complicated secondary structure. Neither of the 
thermal denaturation curves shown for R N P  and RNA in IO 
mM KCI (Figure 7) is consistent with proposed models 
(Nazar, 1979), which may simply reflect the presence of a 
tertiary structure not included in the models. Analysis of the 
hyperchromicity data of Figure 7 in terms of a linear com- 
bination of poly(A-U) and poly(G-C) hyperchromicities 
(Coutts, 1971; Riesner & Romer, 1973) indicated that all 
transitions were relatively rich in G.C base pairs. The low- 
temperature region (28-38 "C) was calculated to have 75-80% 
G.C base pairs, whereas the high-temperature transition was 
calculated to have 80% G C  for the R N P  and 87% for the 
RNA. This is in contrast with G.C estimates of the order of 
50-60% based on current models. 

The presence of the protein in the complex had little effect 
on the extent of EthBr binding as shown by the fluorescence 
enhancement curve (Figure 8), and this was not due to a 
dissociation of the R N P  (Figure 9). This result was somewhat 
surprising since both the E. coli (Feunteun et al., 1975) and 
H. cuiirubrum (Nazar et al., 1979a; Willick et al., 1979) 
complexes hind EthBr much less than the free 5s RNAs. 
However, it agrees with the partial nuclease digestion studies 
on the yeast complex (Nazar, 1979). There it was found that 
the protein gave little protection to the 5s RNA against either 
T I  or pancreatic RNase attack. The protein binding site was 
inferred from the sequence of two fragments that remained 
hound to YL3 after the nuclease digestion. Both sets of data 
support the view that the YL3 binding site on the 5s R N A  
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leaving a larger remaining mass of protein free for an as yet 
unknown function. These 5s RNA-protein complexes should 
continue to provide a fruitful system for obtaining a detailed 
understanding of ribosomal protein-RNA interactions, and 
most especially in  following the evolution of such an inter- 
action. 
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FIGURE 10: A schematic showing the conformational changes in S .  
cereuisiae 5s RNA and binding protein YL3 as a result of complex 
formation or addition of salt. Form B of the 5s RNA is suggested 
to be similar, but not identical, to form C. 

of yeast is probably physically somewhat smaller than the sites 
of the two procaryotes previously studied, although all of the 
sites are in the same general region of the 5s RNA molecule. 
Despite the reduction in size of the site, the equilibrium con- 
stant of YL3 binding is of the same order of magnitude as that 
of either HL 13 from H. cutirubrum or EL1 8 from E. coli for 
their cognate 5 s  RNAs. Although we have not been able to 
directly measure the equilibrium constant for the S.  cerecisiae 
complex, an estimate can be made based on the gel data. The 
sample applied to the gel in Figure 2 with 0 mM added KC1 
had a total concentration of about 2 X 10” M, and the sample 
was at  least 90% in the form of the complex, thus giving a 
minimal estimate for the association constant in the gel buffer 
of 5 X lo7 M-’, Values for the association of EL18 or HL13 
to their 5s RNAs have been reported to be about lo8 M-’ 
(Spierer et al., 1978; Willick et al., 1979). 

The outline in Figure 10 summarizes our interpretations of 
the data presented above. This includes the salt effect on the 
stability of the complex. It suggests that 5s RNA in the 
complex in low salt has a similar, but not necessarily identical, 
conformation to 5s RNA in moderately high salt concentra- 
tions. The CD curve of 5s RNA in these two cases was found 
to be very similar (G. E. Willick, unpublished experiments). 

To date, three 5s RNA-protein complexes have been 
studied in detail. They include the procaryote complexes from 
E. coli and H .  cutirubrum and the eucaryote complex from 
S. cerecisiae, which is the subject of this paper. Much of the 
structure of the complex has been retained throughout evo- 
lution. However, if the S. cereuisiae complex proves to be 
representative of eucaryote complexes, then there appears to 
have been a lessening of the protein-nucleic acid contact area, 
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