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Cations and Ribosome Structure. 11. Effects on the 50s 
Subunit of Substituting Polyamines for Magnesium Ioni 

Brian W. Kimest and David R.  Morris* 

ABSTRACT : Purified 50s ribosomal subunits of Escherichia 
coli were dialyzed to equilibrium against Tris buffers con- 
taining different levels of spermidine (NH6+(CH&NH2+- 
(CH&NHS+) or putrescine (NH3&(CH&NH3+) relative to  
MgCI2. In this way particles with defined ratios of bound 
magnesium ion to RNA-phosphate (Mg2+/RNA-P) could 
be isolated. Examination of the polyvalent cation content 
of these particles demonstrated that there was essentially a 
stoichiometric charge replacement of Mg2- by polyamines. 
Neither spermidine nor putrescine could totally replace 
Mg2. with maintenance of structural and functional integ- 
rity of the 50s subunit. In both cases, the ability of these 
particles to polymerize phenylalanine in the presence of 
poly(uridy1ic acid) was completely abolished as the Mg2- 
RNA-P was reduced from approximately 0.10-0.05. Loss of 
activity observed during the replacement of Mg2- by poly- 
amines was accompanied by conformational changes in the 
50s subunit. Spermidine particles showed a decrease in sed- 

A recent report from this laboratory suggested that the 
stoichiometric replacement of ionically bound Mg" by the 
polyamines putrescine (NH3+(CH,),NH,') and spermidine 
(NH3f(CH2)3NH2'(CH2)4NH3+) induced irreversible confor- 
mational alterations in the 70s ribosomes from Esclierichiu 
coli (Weiss and Morris, 1970). Since polyamines appear to 
bind to nucleic acids through electrostatic interactions as 
does Mg'- (Felsenfeld and Huang, 1960, 1961 ; Hirschman 

a/.,  1967; Choi and Carr, 1967), this system offers an oppor- 
tunity to investigate the effects of removing Mg2+, while 
still maintaining the level of polyvalent cations bound to 
the rRNA. In the preceding paper, polyamines by them- 
selves were shown to be ineffective in maintaining the in- 
tegrity of the 30s subunit (Weiss and Morris, 1973). The 
purpose of the following work is to define the level of ribo- 
somally bound Mg2- specifically required to maintain the 
structural and functional properties characteristic of native 
50s subunits from E. coli. 

Methods 

Unless otherwise noted, all preparations and methods 
were identical with those in the preceding paper (Weiss and 
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imentation coefficient to 42 S, a 2-fold increase in sensitivity 
to pancreatic ribonuclease, and a 40% increase in reduced 
viscosity. Formation of putrescine particles resulted in species 
of 30 and 20 S concomitant with a sevenfold increase in 
reduced viscosity. Partially active particles were unstable 
despite the fact that the Mg2-/RNA-P remained constant, 
the rate of decay increasing with lower Mg*+/RNA-P. 
Loss of activity could not be attributed to components in 
the buffering system other than Mg2+ and polyamines. In 
addition, inactivation was not due to loss or major degrada- 
tion of any of the ribosomal proteins or of the 5s or 23s 
RNA species. The original structural and functional proper- 
ties of the 50s subunit could not be regained after restoring 
Mg2+ by dialysis. It was concluded that replacement of a 
critical level of Mg2+ by polyamines resulted in an irrevers- 
ible unfolding and loss of polymerizing activity of the 50s 
subunit of E. rd i .  

Morris, 1973). Preparations of 50s subunits contained not 
more than 4z cross-contamination by 30s subunits as judged 
by analytical ultracentrifugation and activity assays. In the 
protein synthesis assays, approximately a 50% exces of 
30s subunits was maintained at  all times. 

The buffers used in these expeiments are defined as follows: 
TK buffer: 10 mht Tris-HC1 (pH 7 . 9 ,  60 mht KCI? and 6 
m M  2-mercaptoethanol; buffer TK6: TK buffer plus 0.6 
m v  magnesium acetate; buffer TK1: TK buffer plus 1 mbi 

magnesium acetate; buffer TK10: TK buffer plus 10 mht 

magnesium acetate; buffer S: TK buffer plus 2.0 mht 
spermidine-3HC1; buffer P :  TK buffer plus 4.0 mx4 putrescine- 
2HC1. 

Viscosir~, Measurements. These were made after further 
purification of the 50s subunits, Preparations of 50s subunits, 
isolated by sucrose gradient centrifugation, in buffer TKlO 
(see above) were dialyzed for 8 hr against a buffer containing 
10 mar Tris-HC1 (pH 7.4), 1 M NHaC1, 2 mM magnesium 
acetate, and 6 mhi 2-mercaptoethanol. A 0.6- to 0.8-ml sample 
was layered over 4 ml of 5Oz sucrose (Mann, ribonuclease 
free) in the same buffer and centrifuged at 48,000 rpm for 
20 hr in an SW 50.1 rotor. The supernatant solution was 
discarded and the ribosomal pellet was resuspended in buffer 
TKlO and frozen in appropriate aliquots at  -60". This 
procedure resulted in a 40% loss of the original material 
absorbing at 260 nm. Reduced viscosities were then deter- 
mined as previously described (Weiss and Morris, 1970). 

Preparution and Electrophoresis of 5s RNA.  A 2-m1 sample 
containing 8 mg of 50s subunits was dialyzed to equilibrium 
(12 hr) against the indicated buffer. In the following steps. 
sterile technique was used throughout. After dialysis, the 
sample was separated into pellet and supernatant fractions 
by centrifugation at  l50,OOOg for 6 hr. The upper 80% of the 
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supernatant fraction was stored frozen a t  - 60" (fraction A). 
The pellet fraction was resuspended in 2 ml of 5 mM Tris 
(pH 7.5), 2 M LiC1, and 0.1 mM MgCl? and allowed to sit 
at 0" for 3 hr with occasional stirring. This procedure has 
been shown to remove the 5s  RNA from the 50s subunit 
(Morell and Marmer, 1968). The suspension was then centri- 
fuged at 150,OOOg for 6 hr and the upper 80% of the super- 
natant solution was saved (fraction B), the pellet being dis- 
carded. Fractions A and B were extracted two times with 
buffer-equilibrated phenol at 23". The residual phenol in 
the remaining aqueous phase was removed by sparging with 
nitrogen. The final preparations were dialyzed against several 
changes of lo-' M Tris-HCI (pH 7.0), to remove salts, and 
then concentrated by lyophilization. Dialysis tubing was 
prepared according to the procedure of Stanley and Bock 
(1965). The lyophilized samples were resuspended in 30 p1 
of running buffer for electrophoresis (see below) containing 
10% sucrose. 

Electrophcresis of the 5 s  RNA was conducted on poly- 
acrylamide gels as described by Morell and Marmer (1968), 
except for the omission of sodium dodecyl sulfate, which 
interfered with the staining procedure. Acrylamide and N,N'- 
bisacrylamide were recrystallized by the procedures of Loen- 
ing (1967). Buffers in the upper and lower chambers (running 
buffer) contained 0.05 M Tris-acetate (pH 7.5), 0.025 M sodium 
acetate, and 0.0025 ht EDTA. A 30-111 sample (see above) 
was layered on a gel measuring 0.5 x 9.0 cm which contained 
10% (wlv) acrylamide and 0.25% (w/v) bisacrylamide in 
running bufer. Buffer was layered over the sample and 
electrophoresis was carried out for 3-3.5 hr at 15" and at a 
constant current of 5 mAigel. The gels were removed and 
stained according to  Peacock and Dingman (1967). The 
tRNA used as marker in these gels was tRNAf31et originally 
prepared at Oak Ridge National Laboratory and kindly 
provided by Dr. M .  P. Gordon. 

Isolation of 23s RNA.  With the exception of a few modifica- 
tions, total RNA was extracted from preparations of 50s 
subunits by the phenol-cresol procedure of Pigot and Midg- 
ley (1968). In our hands, other procedures previously re- 
ported for the extraction of rRNA (Kurland, 1960; Stanley 
and Bock, 1965) were satisfactory for the 30s subunit, but 
resulted in very poor yields with the isolated 50s subunit 
(20-30%). The procedure outlined below gave better than 
80% recovery. Samples were brought to 0.1% macaloid 
(National Lead Co.; Mandeles and Bruening, 1968) and 0.1 % 
sodium dodecyl sulfate and extracted two times a t  23" with 
the phenol-cresol mixture. Macaloid was also included in 
the second phenol extraction. RNA was precipitated from 
the aqueous phase with two volumes of absolute ethanol. 
The precipitate was lyophilized to dryness, resuspended in 
0.05 M sodium acetate (pH 5.4), and stored a t  -60". 

Disc Gel Electrophoresis of Ribosomal Protein. Ribosomal 
proteins were extracted from preparations of 50s subunits 
by treatment with 67 % acetic acid (Waller and Harris, 1961 ; 
Hardy et al., 1969). The RNA precipitate was discarded 
and the supernatant fraction containing the protein was 
dialyzed against distilled water supplemented with 6 mM 
2-mercaptoethanol. The protein was then concentrated by 
lyophilization. Acrylamide gels were prepared according to 
the specifications delineated by Traut (1966), except for the 
use of 6 M rather than 8 M urea. The urea was deionized with 
mixed-bed resin (Bio-Rad) and recrystallized before use. 
The buffer used in the upper and lower reservoirs contained 
15.6 g of p-alanine (Calbiochem) and 4.0 ml of glacial acetic 
acid per I .  (pH 4.5). Approximately 50 pg of ribosomal pro- 

tein in 0.1 ml was applied to each gel and electrophoresed for 
3.5-4 hr a t  15" and a constant current of 4 mA/gel. For stain- 
ing, gels were removed from their glass tubes and transferred 
to a solution containing 0.25 % (w/v) Coomassie Brilliant Blue 
in methanol, deionized water, and glacial acetic acid in a ratio 
of 5 : 5 : 1. After 1 hr, gels were destained electrophoretically in 
a mixture of methanol, glacial acetic acid, and deionized 
water (2 : 3 : 35) using a Canalco horizontal destaining ap- 
paratus. 

For the preparation of proteins released during magnesium 
depletion, approximately 3 mg of 50s subunits, at a concen- 
tration of 0.5 mg/ml or less, were dialyzed against buffer P or 
buffer S. After dialysis, the preparation was centrifuged at 
100,OOOg for 6-8 hr. The pellet fraction was discarded and the 
upper 80% of the supernatant solution was saved. Salts were 
removed from the supernatant fraction by dialysis against dis- 
tilled water and the proteins were concentrated by lyophiliza- 
tion. Disc gel electrophoresis of this fraction was carried out 
as outlined above. Generally, from one-half to three-fourths 
of the total sample was analyzed by electrophoresis for the 
presence of ribosomal proteins. 

Preparation of Radioactice Ribosomal Subunits. E. coli 
K12 (strain A19) was grown in the Tris.salts medium of Wata- 
nabe (1957) using a procedure similar to that reported by 
Otaka, et al. (1968). The medium was supplemented with 5 
pg;ml of [14C]lysine (specific activity 0.04 Ci/g, Volk) or [3H]- 
lysine (specific activity 0.3 Ci/g, New England Nuclear), 15 
pg each of the other amino acids/ml, 0.3 mg of yeast extract/ 
ml, and 0.4% (wlv) D-glUCOSe. Cultures of 200 ml were grown 
for approximately nine doublings and then harvested in ex- 
ponential phase at an absorbance of approximately 1.5 at 540 
nm. Cooled cells were concentrated by low-speed centrifuga- 
tion and washed two times with buffer TK10. The frozen pel- 
lets were ground with alumina and S30 extracts prepared as 
previously described (Weiss and Morris, 1970). Ribosomes 
were pelleted by centrifuging the S30 (final volume equal to 2 
ml) at 150,OOOg for 12 hr in an angle-head 50 rotor using 2-ml 
tubes and adaptors. The pellets were resuspended in 0.4 ml 
of buffer TK1 and dialyzed against the same buffer for 12 hr at 
3". Samples of 0.15-0.20 ml were layered on 10-30% sucrose 
gradients and centrifuged at 25,000 rpm for 14 hr in an SW 
25.3 rotor. Gradients were monitored for radioactivity and 
the peak 30s and 50s fractions were pooled separately and 
centrifuged for 24 hr at 50,000 rpm in an SW 50.1 rotor. The 
pellets were resuspended in buffer TKlO and frozen a t  -60". 
The final yields for the 200-ml culture were approximately 4 
mg of 50s subunits and 2 mg of 30s subunits. Cross-con- 
tamination was less than 5% in each case as determined by 
analysis of these preparations on sucrose gradients. The 3H- 
labeled 50s subunits were found to have full polymerization 
activity with [14C]phenylalanine when compared to nonradio- 
active subunits prepared in the conventional manner. 

Disc Gel Electrophoresis of Radioactice Ribosomal Protein. 
Samples of 0.10-0.15 ml of radioactive 30s or 50s subunits 
(60-120 pg of ribosomal protein) were dialyzed against buffer 
S (plus MgC12, where mentioned) or buffer TK1 for 12 hr. 
These samples of aH- or 14C-labeled subunits were centrifuged 
separately on 10-30Z sucrose gradients (in the appropriate 
buffer) in an SW 50.1 rotor (50,000 rpm) for 2.5 hr in the case 
of 30s subunits and 1.5 hr in the case of 50s subunits. Frac- 
tions with maximal radioactivity were pooled. Fractions con- 
taining 3H- and 14C-labeled subunits were mixed and the ribo- 
somal protein was prepared as described above. After electro- 
phoresis, the gels were removed and divided into l-mm slices. 
The slices were treated with NCS reagent (Nuclear-Chicago) 
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I K U R E  1 : The change in polymerizing activit) of the 50s subuni t  
during the replacement of Mg*- b) putrescine (A)  and spermidine 
(B). Solutions of 50s subunits (4.0 mgiml) in  buffer TK10 were 
dialyzed for 12 hr at 3 ' against buffer I-' or buffer S supplemented 
with 0 to 2.0 mv MgCli. Activity and Mg?-/RNA-P Rere deter- 
inined b) methods previous11 described (Weiss and Morris. 1973). 

and analyzed for radioactivity as described by others (Tishler 
and Epstein, 1968; Basch, 1968; Zaitlin and Hariharasub- 
ramanian, 1970). The 3H and content of each slice was 
analyzed in a Beckman CPM-100 liquid scintillation counter. 

Results 

Stoicliiomerry oj' Replacement of Magnesium Ions by Pol),- 
utiiines. Suspensions of 50s riboscmal subunits were dialyzed 
against buffers containing spermidine (buffer S) or putrescine 
(buffer P) in the presence of varying concentrations of MgCI?, 
to produce particles having different ratios of bound Mg2+ to 
RNA phosphate (Mg2+IRNA-P). The time of dialysis required 
to reach a constant Mg2-/RNA-P ranged from 4 to 8 hr and 
appeared to be partially dependent on the sample size, ribo- 
some concentration and the particular preparation of dialysis 
tubing. The results in Table I show that as the MgCh con- 
centration in polyamine buffers was reduced, Mg'&,'RNA-P 
ratios were lowered. In the case of spermidine, it appears that 
bound Mgz+ is replaced by an equivalent level of bound poly- 
amine, the ratio of total polycationic charge to  RNA phos- 
phate (+/'RNA-P) remaining constant within the experimental 
error of the determinations. In similar experiments with 
putrescine, the same trend was observed, however, the stoi- 
chiometry was somewhat less than one to one (Table I). 
Nevertheless, under the conditions of these experiments, at  
least 80 of the vacant Mgf- sites were filled with putrescine. 

Acricirj, LIS a Function cf Mg2'IRNA-P. 50s particles, with 
defined amounts of bound Mg?' exchanged for putrescine or 
spermidine by equilibrium dialysis, were assayed for their 
capacity to synthesize poly(phenyla1anine) in the presence of 
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TABLE I : Stoichiometry of Mg*+ Replacement by Polyamines." 
~ 

Free 
Mg2 + I> 

(pmoli Mg2-/ Spd3+ Putl- 
Buffer ml) RNA-P RNA-P RNA-P 

~ _ . _  ~ 

S 2 00 0 124 0 138 
S 0 568 0 076 0 160 
S 0 372 0 042 0 170 
S 0 232 0 037 0 180 
S 0 005 0 012 0 188 
P 1 00 0 180 0 131 
P 0 214 0 081 0 174 
P 0 005 0 010 0 217 

7 - 1  

RNA-P 
- 

0 65 
0 63 
0 5Y 
0 61 
0 59 
0 62 
0 51 
0 1s 

'2 All preparations dialyzed for 12 hr at 3" and a ribosome 
concentration of 4 0 mg ml * Concentration of Mg? mea- 
sured by atomic absorption spectroscopy ' Abbreviations 
used are: SpdT , spermidine; Put2+, putrescine, + RNA-P 
total charge of bound polyvalent cations per rRNA-P residue 

poly(U) and fully active 30s subunits. Full activity was defined 
as that displayed by 50s subunits dialyzed against buffer 
TKlO for 12 hr in the absence of added polyamines. Neither 
putrescine (Figure 1A) nor spermidine (Figure 1B) could 
totally replace Mg2+ without inducing a total loss of polym- 
erizing activity. This loss of activity could not be attributed 
to components in the buffering system other than Mg?+ and 
polyamines. When KC1 was removed from polyamine buffer 
or phosphate buffer used instead of Tris, identical inactiva- 
tion profiles were observed. Furthermore, it could be demon- 
strated that the observed inactivation was not due to u dis- 
placement of the Mg?+ optimum for protein synthesis or to 
misreading of the message, since neither leucine nor isoleucine 
were incorporated in the presence or absence of phenylalanine. 

It must be noted that while Mge+'RNA-P ratios were de- 
termined in polyamine buffers, the protein-synthesizing 
capacity of magnesium-deficient particles was measured in a 
buffer containing 16 mh$ magnesium acetate. The temperature 
of the assay (25 or 37"), together with the high level of Mg2+, 
might be expected to promote a rapid replacement of bound 
polyamines with Mg"~. Thus, the results in Figure 1 may more 
appropriately suggest the point at  which inactivation on re- 
placement of Mg2r by polyamines became irreversible under 
the assay conditions. This point is particularly relevant in 
light of the monovalent cation-dependent changes in the ac- 
tivity of the 50s subunit observed by Miskin ef a/. (1970) which 
could only be detected in low-temperature assays. 

Neither totally inactive nor partially active particles on 
which magnesium ion was replaced by putrescine or spermi- 
dine could be reactivated by dialysis into buffers containing 
Mg2+. This dialysis procedure effectively removed over 98 
of the bound polyamines and restored the Mg2','RNA-P of 
the 50s subunit to approximately 0.22. Other methods em- 
ploying high temperature and ionic strength (Nomura and 
Erdmann, 1970) or sequential dialysis (Maruta cf ( I / . ,  1969) 
have been equally unsuccessful in restoring activity. 

Striicrural Propwries 01j' Magnesium-De~icii.nt Parricks. 
Ribonuclease sensitivity and sedimentation behavior were ex- 
amined (Figure 2) during Mg?- replacement by spermidine. 
At values of Mg'-/RNA-P greater than 0.1, there was no de- 
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FIGURE 2: Changes in sedimentation coefficient (0) and ribonu- 
clease sensitivity (0) of the 50s subunit during the replacement of 
Mgr+ by spermidine. Solutions of purified 50s subunits were dia- 
lyzed to equilibrium against buffer S containing 0 4 . 3  mM MgCL. 
After dialysis (12 hr at 3"). MgVRNA-P, sedimentation coefficient, 
at 20" and sensitivity to pancreatic ribonuclease at 37" were mea- 
sured as previously described (Weiss and Morris, 1973). 

tectable change in either parameter. However, as the Mg"/ 
RNA-P was reduced from approximately 0.1 to 0, the sedi- 
mentation coefficient of the 50s subunit continuously de- 
creased from 50 to 42 S and the ribonuclease sensitivity of the 
particles continually increased. While neither of these changes 
in the 50s subunit paralleled the loss of activity seen in 
Figure 1, they were both initially manifested close to the point 
where activity was first seen to  decay. Spermidine particles 
generally appeared as a single, sharp boundary in the analytical 
centrifuge (Figure 3A). Occasionally, a 74s species was ob- 
served which accounted for 5510% of the material and could 
increase to levels as high as 30% on aging for 72 hr at 3". 
Diluting buffer S in half showed no effect on the sedimenta- 
tion coefficient of these particles. Extrapolation of the sedi- 
mentation coefficient of fully depleted particles to zero con- 
centration yielded a value of 44.5 s. 

If inactive spermidine particles were dialyzed against TK 
buffer containing 4, 1, and 0.6 mM magnesium acetate, their 
sedimentation behavior was distinctly different from control 
particles. In all three buffers, the control 50s subunit showed 
a sedimentation coefficient of 47-48 S. On the other hand, 
spermidine particles sedimented at 46 S in 4 m Mg*+ and 
in 1 m M  Mg2+ both 42s and 46s species were observed. In 
TK buffer containing 0.6 mM Mg2+ (buffer TK6) only a 40s 
species was observed. When Mgz+ was displaced by spermidine 
to give partially active particles and then further dialyzed 
against buffer TK6, two distinct species were produced, one 
sedimenting at 40 S and the other at 4748 S (Figure 3B). 
Under these conditions, the decrease in the amount of 48s 
species paralleled the loss of activity (Figure 4). In addition, 
the increase in ribonuclease sensitivity measured in buffer 
TK6, is coincident with the decay of activity. These results 
suggest that a partially active preparation contains active 
and inactive species which sediment at 48 and 40 S, respec- 
tively, after dialysis into buffer TK6. This conclusion was 
confirmed by separation of the two species by sucrose gra- 
dient centrifugation. The 40s particle was totally inactive, 
whereas the 48s species showed the same specific activity as 
control particles. 

When Mgz+ was completely replaced by putrescine, the 
native 50s species disappeared and a 305 particle plus a 

PIGURE 3: Sedimentation patterns of 50s subunits after replacement 
of Mg'+ by polyamines. Sedimentation is from right to left. Frame A 
represents a sample dialyzed against buffer S;  Mgr+/RNA-P 
<O.M2, per cent activity <2%, sao = 43.2 S. The sample in frame B 
was dialyzed against buffer S supplemented with MgCL to produce a 
preparation with 50% activity and then the Mgr+/RNA-P was re- 
stored to 0.22 by dialysis against buffer TK6 for 24 hr at 3"; szo = 
39.3 and 47.2 S. Frame C represents a sample dialyzed against buffer 
P; Mg*+/RNA-P <0.005, per cent activity <2%, s20 = 20.5 and 
and 30.2 S. The sample in frame D was dialyzed to equilibrium 
against buffer P to produce a preparation with 40% activity; SM = 
20.1, 30.3, 42.6, 47.5 S .  Sedimentation coefficients were determined 
as previously described (Weiss and Morris, 1973). 

smaller amount of a 20s component were observed (Figure 
3C). While totally inactive preparations contained only these 
two components, partially active preparations contained 
47S, 42% 30S, and 20s species (Figure 3D). These changes 
in sedimentation behavior were accompanied by an increase 
in sensitivity to pancreatic ribonuclease. These structural 
alterations of the particles in putrescine buffer were coincident 
with the loss of activity (Figure 5). When totally inactive or 
partially active particles were dialyzed back into buffer 
TKI, the sedimentation velocities of the various components 
and the ribonuclease sensitivity of the preparations were 
very dose to those obtained in buffer P. Sucrose gradient 

M ~ ~ * I R N A - P  

FIGURE 4: The structural and functional properties of spermidine 
50s subunits after restoration of Mg*+. Solutions of 50s subunits 
were dialyzed to equilibrium at 3" against buffer S supplemented 
with varying amounts of MgCI. and the Mg2+/RNA-P determined. 
Each sample was then dialyzed into buffer TK6 for 24 hr at 3". 
After this time, per cent activity, sedimentation behavior and sen- 
sitivity to pancreatic ribonuclease were determined as previously 
described (Weiss and Morris, 1973). The per cent 48s species was 
estimated by calculating the areas under the 40s and 48s schlieren 
peaks with the aid of a duPont curve analyzer. No corrections were 
made for radial dilution. 
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TABLE 11 : Summary of Physical Properties of the 50s Subunit after Mg2- Replacement by Polyamines 
- _ _ _ _ _ _ _ ~ _  ~ - - _________ - - 

Vlscoslt) 
RNase Sensi- - 

ti\ity ( %  min) mg/ml 17 Red (cm'  g) 
___ __ -~~ 

Buffer" Mgn+ b/RNA-P Act. S?O (SI 
- -- 

S 0 15 100 49 2 3 0  0 88 h b  
S 0 05 <2 45 1 7 0 0 85 I!, 
S 0 001 <2 42 1 10 7 2 05 9 8  
S 0 001 <2 1 10 Y h  
S -+ TK6 (0 1 3  100 47 8 4 0  0 97 6 8 
S -+ TK6 (0 001) < 2  39 4 17 0 1 95 15 0 
S -* TK6 (0 001) <2 0 98 13 5 
P 0 15 100 46 9 5 0  1 04 7 0 
P 0 05 <2 30 5 ,  20 4 33 0 0 98 17 5 
P 0 004 <2 31 2, 21 1 33 0 1 91 19 1 
P 0 004 <2 1 02 16 I 
P -+ TK1 (0 15) 100 47 2 4 0  1 00 6 5  

16 1 
P -+ TKl (0 004) <2 31 6, 21 7 26 0 1 92 16 I 
P -+ TKl (0 004) <2 

___ __-_ - _- 0 X8 
-____-___ -- 

Abbreviations used are: S -+ TK6, dialysis of particles from buffer S into buffer TK6; P-, TKI, dialysis of particles from buffer 
Numbers in parentheses indicate Mg2+/RNA-P of preparation before dialysis into buffer TK6 or buffer P into buffer TKI 

T K l .  

analysis demonstrated that the 30s and 20s species were 
totally inactive. Unfortunately, the 47s and 42s components 
could not be resolved sufficiently to assess the functional 
state of the 42s particle. 

To confirm that the observed structural changes of the 
50s subunit in polyamine buffers were a true reflection of a 
change in shape of these particles, reduced viscosities were 
determined. The results of viscosity studies are provided in 
Table I1 along with a summary of other relevant data re- 
flecting conformational alterations of the 50s subunit. It 
can be seen that replacement of Mg2f by spermidine and 
purtrescine resulted in increases in the reduced viscosity of 
40 and 120%, respectively. Values obtained for solutions 
of control 50s subunits (100% active) were essentially identical 
with those independently found by Hill et al. (1970). When 
Mg?-+ was restored (S -TK6 or P --+ TK1 in Table 11) by 
dialysis into Mg2+--containing buffers, the reduced viscosities 
remained higher than comparable controls. These viscosity 
data were consistent with the results obtained for ribonuclease 

V q 2 +  / F L A - P  

FICJUKF- 5 :  Senaitiiity of the 50s subuni t  t o  pancreatic ribonuclease 
after replacement of Mg?- bq putrescine. Solutions of 50s subunits 
were dial>zed for 12 hr at  .i against buffer P containing 0-2.0 mhi 
MgCI,. At the  end of this t ime, each sample was measured for 
Mg2+-!RNA-P a n d  sensitivity to ribonuclease (0) as previousl) 
d e w i b e k  ( W e k  and  Morris. 1973). The per cent activitq (---)was 
taken from Figure I ,  
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sensitivity and sedimentation behavior; when viscosity in- 
creased, ribonuclease sensitivity increased and sedimenta- 
tion coefficient decreased. 

Chemical Conrposition. By analogy to the work of others 
(Siddiqui and Hosokawa, 1968; Morel1 and Marmer, 1968) 
it was considered a strong possibility that replacement of 
Mg"- by spermidine or putrescine might involve a lcss 
of the 5s RNA. 50s subunits, dialyzed against buffer TK10, 
were compared to subunits which had their ionically bound 
magnesium totally removed by dialysis against buffers S 
and P. The particles were removed from solution by ultra- 
centrifugation and the supernatant fractions saved for anal- 
ysis. The ribonucleoprotein pellets were extracted with LiCI. 
After concentration, equivalent amounts of these two samples 
were analyzed for 5s RNA by electrophoresis in polyacryl- 
amide gels (Figure 6). It can be seen that 100% of the 5s 
RNA in the case of spermidine and greater than 80% with 
putrescine remained in the pellet fraction and did not appear 
in the supernatant solution. Thus, replacement of MgsL 
by polyamines did not result in a significant loss of 5s RNA. 

We have also investigated the possible degradation of the 
23s RNA during removal of Mg2+. RNA was prepared from 
untreated subunits and from magnesium-free particles which 
had been dialyzed for 24 hr against several changes of buffers 
S and P. These preparations were indistinguishable when 
analyzed for material absorbing at 260 nm after sucrose gra- 
dient centrifugation. Since it was possible that a break in one 
strand of a double-helical region in the rRNA might not be 
detected by the above analysis, rRNA preparations were 
also incubated for 1 5 min at 65" in 0.1 M sodium phosphate 
buffer (pH 7.7) and 1.1 M formaldehyde and then analyzed 
on sucrose gradients in the same buffer. This procedure 
effectively converts structured polynucleotides into random 
coils and the 23s and 16s RNAs sediment as 14s and 11s 
species (Boedtker. 1968). Analysis of the 23s RNA isolated 
from totally inactive putrescine and spermidine particles or 
totally active control particles showed identical distributions 
of ultraviolet-absorbing material. 
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5s - 
4s - 

+ 
A B C D E  F G  

F ~ G U R E  6: Location of 5s RNA after replacement of Mg2+ by 
polyamines. Solutions of 50s subunits were dialyzed for 20 hr at 3" 
against several changes of buffer TKIO, buffer S or buffer P. After 
dialysis, each preparation was divided into supernatant and pellet 
fractions and each was analyzed for 5s RNA by acrylamide gel 
electrophoresis (see Methods). The patterns shown are as follows: 
(A) 15 pg of purified tRNArrret, 4s RNA; (B) TKIO supernatant 
fraction; (C) TKIO pellet fraction plus 4s RNA; (D) S supernatant 
fraction plus 4.5 RNA; (E)  S pellet fraction; (F) P pellet fraction; 
(GI P supernatant fraction. The direction of electrophoresis is from 
- to +terminals. 

It was important to test for the possible loss of ribosomal 
proteins. Subunits labeled with either ['C!l- or ['Hllysine 
were prepared at two different stages of magnesium deple- 
tion by dialysis against spermidine-containing buffers. All 
50s ribosomal proteins contain significant amounts of this 
amino acid (Kaltschmidt et a/., 1970). The dialyzed particles 
were centrifuged to the middle of sucrose gradients to remove 
released proteins and particles from two separate gradients 
were mixed and protein extracted. The relative levels of the 
various protein components in these preparations were com- 
pared by monitoring the aH/'4C ratio after disc gel electro- 
phoresis. It can be seen from Figure 7A that there was no 
apparent loss of protein during the inactivation phase of 
Mg2+ replacement (Mg2+/RNA-P between 0.10 and 0.05). 
However, on further replacement of Mg2+ (Mg'+/RNA-P 
less than 0.05) proteins were lost in regions 3, 6, and 12-13 
of the electrophoretic gels (Figure 7B). Identical results were 
obtained if the 8H and I4C labels were reversed. Furthermore, 
when similar experiments were conducted with radioactive 
30s subunits, no change in the PH/'C! ratio was observed, 
supporting the conclusions of the previous paper that 30s 
subunits do  not lose any proteins after total exchange of 
polyamines for Mgz+ (Weiss and Morris, 1973). We con- 
firmed the loss of proteins from both spermidine- and putres- 
cine-dialyzed particles by electrophoresis of proteins in the 
supernatant fraction after removal of the ribonucleoprotein 
particles by centrifugation. These studies clearly showed the 
appearance in the supernatant of multiple bands near region 
3 and 6 of the electrophoretic pattern. When Mgz+ was re- 
stored to these polyamine particles, the supernatant proteins 
disappeared. Thus, it appears that raising the Mg*+/RNA-P 
to  high values induces the reabsorption of these proteins to 
the ribonucleoprotein complex. 

It was possible that those proteins which were lost on 
complete replacement of bound MgZ+ with polyamines were 
not truly of ribosomal origin. To test this possibility, 50s 
subunits were further purified by methods which are known 

FIGURE 1:  Comparison of total ribosomal proteins from active and 
inactive 50s subunits by polyacrylamide gel electrophoresis. 50.3 
subunits labeled with ["IJlysine and ['Hllysine were dialyzed 
against buffer S supplemented with varying amounts of MgCI?. In 
part A the proteins from 14CC-labeled active subunits (Mg*+/RNA-P 
= 0.10) are compared to the proteins from JH-labeled inactive 
subunits (MgS+/RNA-P = 0.05). In part B the proteins from I C -  

labeled inactive subunits (Mg'+/RNA-P = 0.05) are compared to 
3H-labeled inactive subunits (Mg*+/RNA-P = <O.Ol). The dotted 
line represents the W counts per minute and the solid line is the 
8H/'4C ratio. Direction of electrophoresis is from + to - terminals. 
For details. see Methods. 

to remove absorbed soluble proteins and membrane frac- 
tions which often copurify during conventional isolation 
procedures (Siekewitz, 1962; Kurland, 1966). When 50s 
subunits were washed with high concentrations of salt (1 
M NH4CI), or treated with 0 2 x  deoxycholate, and then 
centrifuged through 50% sucrose, the pellet fractions were 
6WlOOx active. After complete exchange of spermidine 
for Mg2+, the supernatant fractions from these purified par- 
ticles still showed the presence of stained hands near regions 
3 and 6 and sometimes in region 12-13. Thus, there is reason 
to have confidence that at least some of the proteins lost 
from the 50s subunit upon complete Mg2+ replacement 
were of ribosomal origin. It should be emphasized that 
with both putrescine and spermidine, proteins were released 
only after inactivation had already occurred. Therefore, 
this protein loss was not a component of the inactivation 
process. 

Instability of 50s Subunits in Polyamine Buffers. The 
experiments that have been described were designed to  pro- 
duce 50s subunits of defined Mg2+ content. While this was 
achieved, it was discovered that partially active preparations, 
at constant MgP+/RNA-P, were unstable when observed 
by both physical and functional measurements. Upon dialysis 
of 50s subunits against buffers supplemented with different 
amounts of M g G ,  two phases of inactivation were observed 
(Figure 8). The first stage occurred very rapidly and appeared 
to correspond to the time during which Mgz+ was equilibrating 
across the dialysis membrane. However, once equilibrium 
was achieved, a slow, apparently first-order decay occurred 
which was characteristic of the Mg2+/RNA-P of the prepara- 
tion. The stability of the particles clearly decreased with 
lower Mg*+/RNA-P (Figure 8). 

The previous paper in this series showed that 30s par- 
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SCHEME I: Structural Transitions of Spermidine Particlesca 

Mg2+ RNA-P In Spermidine In MgZ+ 
-47 s 50 s --_ 0.1  

-47 S + 40 S ( I )  

45 S (I)--------+40 S ( I )  
J. 
i 

0.05 

0.00 42 S (1)------+40 S (1) 
Inactive particles are indicated by (I). 

FIGURE 8 :  Decay of polymerizing activity during the dialysis of 50s 
subunits against buffer S. Solutions of 50s subunits (4.0 mg/ml) in 
buffer TKlO were dialyzed at 3"  against buffer S supplemented with 

MgCI? (2). At various times during dialysis, small samples were re- 
moved from the dialysis bags and their polymerizing activity was 
measured (see Methods). Another solution of 50s subunits in buf- 
fer TKlO was dialyzed against bufer S and the concentration of 
Mg*+ inside the dialysis bag measured as a function of time (A). 
The Mg*'/RNA-P and half-life of polymerizing 
preparation were as followi: (0) Mg"/RNA-p = 0.080, r l  I ,  = 

0.6 m~ MgCll (0); 0.5 m ~ f  MgClr ( A ) ;  0.4 m~ MgC12 (0) ;  0.35 mh, bound Mg2T cannot be by polyamines without 
loss of activity and extensive structural changes in the par- 
ticles. The critical level of Mgz+ amounts to 18-24% of the 
total available sites, and depends on whether spermidine or  
putrescine is used. This range of values is exceedingly close 
to that obtained for the 30s subunit (Weiss and Morris, 
1973). The structural changes leading to  inactivation are not 

for 

28 h r ;  (A) Mgz"/RNA-P = 0.067. f l  , =  9.5 hr; (0)  MgZCRNA-P = 
0.057. / I ,  = 3.5 h r ;  ( e )  MgZi/RNA-P = 0.050. r l , !  = 2.0 hr. 
Points a and b represent isoactivity points at different values of 
Mg"-/RNA-P. 

ticles exhibited a similar instability. It was suggested that 
particles which decayed to low activity at a relatively high 
Mg*-/RNA-P were structurally similar to particles of equiv- 
alent activity but a t  low Mg*+/RNA-P arrived at  by short 
periods of equilibrium dialysis (Weiss and Morris, 1973). 
Identical results could be obtained for 50s subunits and it 
could be clearly shown by the criteria of ribonuclease sensi- 
tivity and sedimentation behavior that a particle at  point a in 
Figure 8 was indistinguishable from a particle at point b. 
When dialysis was performed against spermidine-contain- 
ing buffers, particles a t  points a and b in Figure 8 not only 
showed identical sensitivities to ribonuclease but also showed 
identical percentages of 48s and 40s species when Mg*+ was 
restored to each preparation by dialysis against buffer TK6. 
It would appear that the final particles produced by Mg2+ 
replacement of spermidine and by the instability process 
were indistinguishable by both structural and functional 
criteria, despite the fact that during decay the ionically 
bound Mg2- remained constant. 

Discussion 

The studies reported here indicate that, at  least qualita- 
tively, the conclusions reached in the previous paper with 
regard to the interaction of polyamines and magnesium ion 
with the 30s ribosomal subunit (Weiss and Morris, 1973) 
also apply to the 50s particle. The basis of these conclusions 
has been discussed extensively elsewhere (Weiss and Morris, 
1970, 1973) and the important facets, as they apply to the 
50s subunit, will be listed only briefly here. Polyamines com- 
pete effectively for Mg2+ binding sites on the 50s subunit 
and replacement of Mg2+ by spermidine is stoichiometric 
and by putrescine nearly so. Therefore, the degree of binding 
of polyvalent cations to rRNA phosphate groups is essentially 
constant throughout the experiments described here. As 
was the case with the 30s subunit, there is a critical level of 
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due to loss or detectable modification of the protein and RNA 
components of the particle. Unfortunately this conclusion 
could not be confirmed by reconstitution, as was possible 
in the case of the 30s subunit. The conformational altera- 
tions in the 50s particles were much more extensive when 
Mg2- was replaced by putrescine than with spermidine. 
This was also true with the 30s subunit and was used to argue 
that the changes observed were due to a structural property 
of the polyamines which rendered them unable to interact in 
an appropriate manner with the ribosome at  approximately 
20% of the total potential cation binding sites. Thus, the 
cation requirements for the maintenance of structurally and 
functionally intact particles are very similar for both the 30s 
and 50s ribosomal subunits. However, there is one distinct 
difference which resides in the quantitative dependence on 
Mg*+/RNA-P of the structural change leading to inactiva- 
tion. With the 50s subunit, this change occurs over approx- 
imately a twofold replacement of bound Mg2- with poly- 
amines. On the other hand, activity loss with the 30s subunit 
begins at  a critical level of bound Mg2+ and continues grad- 
ually to the point where all of the Mg2' has been replaced. 
This result could indicate that the interactions between the 
components of the 50s subunit are stronger and more co- 
operative than is found in the 30s particle. 

The structural changes which the 50s subunit is observed 
to undergo during replacement of magnesium ion with sper- 
midine are summarized in Scheme 1. From the point where 
loss of activity begins (Mg*-/RNA-P = 0.1) there is a con- 
tinual decrease in sedimentation coefficient which proceeds 
through the point of full inactivation (Mg2+/RNA-P = 0.05) 
to a sedimentation coefficient of 42s at  full magnesium re- 
placement. Paralleling this decrease in sedimentation coeffi- 
cient is a continual three- to fourfold increase in sensitivity 
to ribonuclease. Additional information as to the mechanism 
of this structural transition is gained on returning the parti- 
cles to a buffer containing magnesium ion. Partially active 
preparations are seen to consist of a mixture of fully active 
47s particles and a totally inactive 40s component. Therefore, 
the continuum of structural states observed in the spermidine- 
containing buffer during inactivation must consist of either a 
mixture of inactive and active particles of very similar sedi- 
mentation behavior or, alternatively a homogeneous popu- 
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lation of particles which can follow two routes of refolding 
upon returning magnesium ion. 

The structural changes observed on replacing magnesium 
ion with putrescine are in distinct contrast to the situation 
with spermidine. Instead of the apparent progression of 
conformational states observed with spermidine, the putres- 
cine particles show a discrete structural change coincident 
with the loss of activity (Scheme 11). The resultant 30s and 

SCHEME 11: Structural Transitions of Putrescine Particlesa 

Mg"+/RNA-P 
0.12 41 S 

0.06 

I 
.1 

42 S (?) 
I 
I 
I 
J. 
30 S (I) + 20 S (I) 

1 
J 

0.00 30 S (I) + 20 S (I) 
a Inactive particles are indicated by (I). 

20s particles are considerably more unfolded than the sper- 
mine particles, as indicated not only by sedimentation co- 
efficient but also by ribonuclease sensitivity and by reduced 
viscosity. Upon returning magnesium to the putrescine 
particles, there is very little observable change in their struc- 
ture. This is in clear contrast to the spermidine particles. 
The nature of the 42s species observed in partially active 
preparations is not clear. It may represent an intermediate 
in the unfolding process or it may be an alternate molecular 
form of the active 47s particle. 

It is apparent from the studies reported here, as well as 
those of others, that the ribosomal particles can exist in a 
variety of stable or quasi-stable conformations, depending 
on the type of treatment they have received. Meaningful 
comparison of the various unfolded species with one another 
and with the native forms requires careful studies of the inter- 
convertibility of the different particles and also awaits more 
sensitive probes of the molecular interactions within the 
ribosomal particle. However, it is interesting to note that 
in contrast to other types of unfolded 50s subunits, the sper- 
midine particles and even the extensively unfolded putres- 
cine particles still largely retain their 5s RNA. Removal of 
Mg2+ from the 50s particle through treatment with EDTA 
or high salt, results in the loss of 5 s  RNA concomitant with 
unfolding of the particle. For example, Morell and Marmer 
(1968) showed that on treatment of 50s particles with high 
concentrations of cesium chloride, the 5 s  RNA could only 
be retained in the presence of moderate concentrations of 
Mg2+. The present studies demonstrate that Mg2+ is not 
unique in stabilizing the interaction between 5s RNA and 
the 50s particle. However, although the 5s RNA is clearly 
associated with the unfolded polyamine particles, it is known 
that this RNA species can exist in more than one molecular 
configuration (Aubert et al., 1968). It is conceivable that at  
least one facet of polyamine inactivation of the 50s particle 

is a change in conformation of the 5 s  RNA. Furthermore, 
despite the fact that inactivation does not appear to involve 
the loss of 50s ribosomal proteins, it is possible that during 
the exchange of polyamines for Mg2+, some proteins redis- 
tribute to new positions as suggested by Traub and Nomura 
(1969) for EDTA-treated 30s subunits. If these proteins 
formed stable, but incorrect, interactions in the unfolded 
ribonucleoprotein complexes, then restoration of Mg2+ 
by simple dialysis might not be sufficient for redistribution 
to the native structure. 

References 

Aubert, M., Scott, J .  F., Reynier, M., and Monier, R. (1968), 
Proc. Nut. Acad. Sci. U .  S. 61,292. 

Basch, R. S. (1968), Anal. Biochem. 26,184. 
Boedtker, H. (1968),J. Mol. Biol. 35,61 . 
Choi, Y .  S., and Carr, C. W. (1967), J .  Mol. Biol. 25,331. 
Felsenfeld, G., and Huang, S. (1960), Biochim. Biophys. Acta 

Felsenfeld, G., and Huang, S. (1961), Biochim. Biophys. Acta 

Hardy, S .  J. S., Kurland, C. G.,  Voynaow, P., and Mora, G. 

Hill, W. E., Anderegg, J. W., and Van Holde, K. E. (1970), 

Hirschman, S. Z., Leng, M., and Felsenfeld, G. (1967), 

Kaltschmidt, E., Dzionara, M., and Wittmann, H. G. (1970). 

Kurland, C. G. (1960),5. Mol. Biol. 2,83. 
Kurland, C. G. (1966),J. Mol. B i d .  I8,90. 
Loening, U. E. (1967), Biochem.J. 102,251. 
Mandeles, S., and Bruening, G. (1968), Biochem. Prep. 12, 111. 
Maruta, H., Natori, S., and Mizuno, D. (1969), J .  Mol. B i d .  

Miskin, R., Zamir, A., and Elson, D. (1970), J .  Mol. Biol. 

Morell, P., and Marmer, J .  (1968), Biochemistry 7, 1141. 
Nomura, M., and Erdmann, V. A. (1970), Nature (London) 

Otaka, E., Takuzi, I., and Osawa, S. (1968), J .  Mol. Biol. 33, 

Peacock, A. C., and Dingman, C. W. (1967), Biochemistrj! 

Pigot, G. H., and Midgley, J.  E. M. (1968), Biochem. J .  110, 

Siddiqui, M. A. Q., and Hosokawa, K.  (1968), Biochem. 

Siekewitz, P. (1962), Methods Enzymol. 5,61. 
Stanley, W. M., Jr., and Bock, R. M. (1965), Biochemistry 4 ,  

Tishler, P. V., and Epstein, C. J .  (1968), Anal. Biochem. 22, 89. 
Traub, P., and Nomura, M. (1969), J .  Mol. Biol. 40, 391. 
Traut, R .  R. (1966), J .  Mol. Biol. 21, 571. 
Waller, J.-P., and Harris, J .  I. (1961), Proc. Nat. Acad. Sci. 

Watanabe, I.  (1957),J. Gen. Physiol. 40,521. 
Weiss, R. L., and Morris, D. R. (1970), Biochim. Biophys. 

Weiss, R. L., and Morris, D. R. (1973), Biochemistry 12, 435. 
Zaitlin, M., and Hariharasubramanian, V. (1970), Anal. 

37,425. 

51,19. 

(1969), Biochemistry 8,2897. 

J .  Mol. Biol. 53,107. 

Biopolymers 5,227. 

Mol. Gen. Genet. 109,292. 

46,513. 

54, 355. 

228,744. 

93. 

6, 1818. 

251. 

Biophys. Res. Commun. 32, 1 .  

1302. 

u. s. 47,18. 

Acta 204,502. 

Biochem. 35,296. 

B I O C H E M I S T R Y ,  VOL. 1 2 ,  N O .  3, 1 9 7 3  449 


