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Treatment of 30S-5SRNP with 1 M CsjSO, at 2'C overnight followed by sucrose density-
gradient centrifugation yielded particles smaller than 30S-5SRNP, designated as CsS-
particles. CsCl density-gradient centrifugation of CsS-particles showed the homogeneity
of the particles containing about half the amount of proteins in 30S-5SRNP particles.
The particles contained 18SrRNA, 5SRNP and about half the number of proteins in 30S-
5SRNP. The ATPase activity of freshly prepared CsS-particles was about half the origi-
nal 30S-5SRNP level although it was unstable even at 2'C. Poly(U) slightly enhanced the
activity, and phe-tRNAphe stimulated it concentration-dependently. EF-la alone
enhanced it, and in combination with poly(U) and phe-tRNAphe stimulated it markedly.
EF-2 alone markedly increased it. The activity with the full components for elongation
described above became very high, being comparable to that of the original 30S-5SRNP
and twice that of 40S subunits. A two-dimensional electrophoretogram of the protein in
CsS-particles revealed 9 small subunit protein species, in addition to L5, which included
proteins interacting with mRNA and two elongation factors. Taken together with the
results of our preceding study indicating the participation of ATPase of 80S ribosomes
in peptide elongation, the present results indicate CsS-particles may be a part of the
ATPase centre of 80S ribosomes.
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It is known that mammalian ribosomes and both subunits
contain intrinsic ATPase {1-7), although the role in peptide
elongation only began to be clarified recently (3-5). In our
preceding paper (6), it was shown that the ATPase activity
of rat liver 30S-5SRNP particles, which were prepared by
EDTA treatment of 80S ribosomes and consisted of
5SRNP-bound 40S subunits (8), was higher than that of
40S subunits. PolyCU), TMV RNA, tRNA, EF-la, or EF-2
alone enhanced the ATPase activities of both 30S-5SRNP
particles and 40S subunits. With combinations of these
peptide-elongational components, the ATPase activities of
these two particles were enhanced additively or synergisti-
cally. The extents of stimulation by elongation components
were always higher for 30S-5SRNP particles than 40S sub-
units. Therefore, we considered that the individual compo-
nents for polypeptide elongation induced positive conforma-
tional changes in different regions of the ATPase centre of
these particles through the interaction with them. Further-
more, the ATPase activities of the two kinds of particles
alone or those observed with combinations of the elongation
components mentioned above were inhibited by several
kinds of translation inhibitors. The extents of inhibition

1 To whom correspondence should be addressed Tel: +81-0899-31-
1804, Fax: +81-0899-31-1478
Abbreviations: AMP-P(NH)P, 5'-adenyl imidodiphosphate; GMP-
P<NH)P, 5'-guanyl imidodiphosphate; ATA, aunntncarbaxyhc acid;
DTT, dithiothreitol; TMV, tobacco mosaic virus, 5SRNP, 5SrRNA-L5
protein particles; phe-tRNA"**, phenylfllanyl-tRNAf**, tRNA'**,
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were generally higher for 30S-5SRNP particles than 40S
subunits.

From these results we concluded the following, (i) The
intrinsic ATPase of 30S-5SRNP particles or 40S subunits
may be correlated in some way with peptide bond elonga-
tion, although the actual mode of correlation should be de-
termined by use of 80S ribosomes. (ii) The 5SRNP moiety
existing at the subunit interface (10) plays an important
role in the ATPase activity of 30S-5SRNP particles. In this
respect, in our preceding study (7), using rat liver 80S ribo-
somes, we showed that the intrinsic ATPase activity of SOS
ribosomes was also enhanced by componente for peptide
bond elongation by themselves or in combination. Further-
more, after showing that GTPase of EF-la or EF-2 is strin-
gent as to GTP, it was found that two kinds of ATPase
inhibitor, AMP-P(NH)P and vanadate, depressed the activ-
ity of poly(U)-dependent polyphe synthesis, suggesting that
this ribosomal ATPase plays a role in peptide elongation
through positive conformational changes of 80S ribosomes
induced by binding the elongational components. Since the
protein topographies of mammalian ribosomal subunits,
the subunit interface, and ribosomal proteins interacted
with mRNA, tRNA, EF-la, and EF-2 were already known,
we assumed an ATPase centre of 80S ribosomes, which is
localized to a limited area including the interface between
two subunits, and contains 5SRNP and a limited number of
ribosomal proteins.

As the first step to find this ATPase centre, we tried to
remove a part of the protein moiety from 30S-5SRNP parti-
cles, their ATPase activity remaining intact. At first, we
treated 30S-5SRNP with high concentrations of KC1. How-
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ever, we could not accomplished our purpose. For example,
the pattern on sucrose density gradient centrifugation
showed that treatment of 30S-5SRNP with 0.8 or 1.2 mM
with 5 or 10 mM MgCLj did not result in the appearance of
a sharp A ^ peak in the molecular weight region lower
than that of the original 30S-5SRNP. We thought that this
might be due to the instability of 5SRNP with high concen-
trations of KC1. It must be added that at higher KC1 con-
centrations, RNA was removed from 30S-5SRNP, as shown
by the low A ^ to A ^ ratio of the resulting A ^ peak. Since
it was reported that Cs^O^ density-equilibrium centrifuga-
tion of 60S subunits releases intact 5SRNP (10), we tried to
use CsjSO,, for this purpose. When 30S-5SRNP particles
were treated with 1 M CsjSC^ at 2*C overnight, followed by
fractionation by sucrose density-gradient centrifugation,
the resulting particles had lost about half the number of
ribosomal proteins in 30S-5SRNP particles, sufficient
ATPase activity being retained. We tentatively designated
them as CsS-particles.

In this report, we describe (i) the purification procedures
for CsS-particles, (ii) the homogenity of the particles shown
on sucrose and CsCl density-gradient centrifugation, (iii)
analysis of their RNA and protein moieties, (iv) some prop-
erties of their ATPase activity, especially stimulation of the
activity by the components for polypeptide bond elongation,
which were compared with those observed of the original
30S-5SRNP particles and 80S ribosomes, and (v) identifica-
tion of the ribosomal proteins in CsS-particles by two-di-
mensional PAGE and their schematic representation in Cs-
particles, showing the protein topography and the individ-
ual proteins interacting with peptide bond elongational
components.

MATERIALS AND METHODS

Materials—fy-^PJATP (10 Ci/mmol) and h ^ J G T P (10
Ci/mmol) were purchased from the Institute of Isotopes,
Hungarian Academy of Science, which were purified as
described in Re£ 6, Cesium sulfate from Nacalai Tesque,
Kyoto, and Pyronine Y from Wako Chemicals. Other chemi-
cals were described in our preceding papers (6, 7).

Medium—Medium A: 0.25 M sucrose, 5 mM MgCLj, 50
mM KC1, and 50 mM Tris-HCl, pH 7.6.

Preparation of CsS-Particles—30S-5SBNP particles pre-
pared from rat liver 80S(PM) ribosomes were used
throughout this study (6); 3.7 M Cs2SO4 was added slowly
with constant stirring to give a final concentration of 1 M
and then the mixture was left standing at 2*C overnight.
The mixture was then layered onto a 15-30% sucrose den-
sity-gradient containing sucrose-minus Medium A and 0.1
mM DTT. Centrifugation was carried out at 2*C in a Hita-
chi SRP28SA rotor at 28,000 rpm for 18 h or in a RPS 40T
rotor at 40,000 rpm for 5 h. The latter centrifugation was
used for assaying the ATPase activity. The absorbance at
254 nm was constantly monitored with an ISCO automatic
density-gradient fractionator. The fractions containing CsS-
particles (Fig. 1) were diluted twofold with sucrose-minus
Medium A minus sucrose and then concentrated with a
Diaflow membrane. The particles thus obtained were
stored in small portions in liquid nitrogen.

Cesium Chloride Density-Gradient Centrifugation—After
formaldehyde fixation (11), the CsS-fraction, 30S-5SRNP,
and 40S subunits were subjected to CsCl density-gradient

centrifugation (11-14) after dialysis of the samples against
0.02 M triethanolamine at 2'C for 24 h. After centrifuga-
tion in a RPS55T2 (Hitachi) at 50,000 rpm for 16 h, 10 drop
fractions were collected, and then A ^ and A ^ of each frac-
tion were measured. The CsCl density was calculated from
the refractive index, using the table given in Re£ 15. The
percentage of protein was calculated with the empiric for-
mula presented in Re£ 14: protein % = 1.85 - p (buoyant
density )/0.006.

PAGE of RNA and Protein Moieties of CsS-Particles—
RNA of CsS-particles was prepared by the SDS-phenol
method described previously (16). PAGE of 5SrRNA was
carried out by a slight modification (16) of the method of
Loening (17). PAGE of 18SrRNA was carried out by a slight
modification of the agarose-acrylamide gel electrophoresis
method of Peacock and Dingman (18), using a 1% agarose-
3% acrylamide gel. The RNA bands were stained with
ethidium bromide (0.5 jig/ml).

SDS-PAGE of protein was carried out by the method of
Laemmli (19). Silver staining of protein on the gel was car-
ried out with a reagent purchased from Daiichi Pure
Chemical (Tokyo), using the procedures recommended by
the manufacturer.

ATPase Assay—The standard incubation mixture con-
tained 0.5 pmol of RNA of CsS-particles, 75 mM Tris-HCl
(pH 7.6), 2.5 mM DTT, 7.5 mM MgCLj, 12.5 mM KC1, and
usually 0.062 mM [-y-^lATP (1 jxCi), in a total volume of
20 |xl. In the experiments for comparison of the ATPase
activity of CsS-particles with that of 30S-5SRNP particles,
0.125 mM fy-32P]ATP was used. Incubation was carried out
at 37'C for 30 min. Hydrolysis of [ T - ^ J A T P was followed
by determination of the amount of inorganic ^PO,, released
during the incubation time, by a slight modification of the
isobutanol-benzene method described in the preceding
paper (6). The ATPase activity was expressed as pmol of
inorganic 32PO4 per pmol particles per minute. In this work
we assumed that 1 ng RNA was equal to 0.6 pmol of 30S-
5SRNP particles and 1.7 pmol of CsS-particles from the
compositions, molecular weights of the proteins (20, 21),
and RNA (22) of the particles.

Micro-Scale Two-Dimensional PAGE of Ribosomal Pro-
teins of CsS-Particles—1) Extraction of ribosomal proteins:
Ribosomal proteins were extracted from CsS-particles with
acetic acid according to a modification (23) of the procedure
of Hardey et al. (24), as follows. One molar MgCl̂  was
added to the CsS-particles to give a final concentration of
20 mM, and then an equal volume of cold ethanol was
added. The mixture was kept overnight at 0*C and then the
particles were sedimented by centrifugation at 237,600 Xg
for 70 min The precipitated particles were suspended in
100 mM MgCl̂ . After the addition of 2 volumes of glacial
acetic acid, the mixture was stirred at 0*C for 48-72 h.
Ribosomal proteins were obtained by centrifugation of this
mixture in a microcentrifuge tube (1.5 ml) at 15,000 rpm
for 30 min at 0*C. After the addition of 10 volumes of ace-
tone, the mixture was stored at — 30'C overnight. After cen-
trifugation at 11,000 rpm for 30 min, the pellet was
dissolved in a minimal volume (5 \il) of 6 M urea and then
subjected to the following procedures.

2) Microscale two-dimensional PAGE: Two-dimensional
PAGE of ribosomal proteins was carried out using an appa-
ratus from TEF Corporation (1 mm, 15 wells). The same
media as described in our previous report (23) were used:
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an 8% acrylamide gel (pH 8.6) for the first dimensional gel
with cytochrome c as a marker, and a 15% acrylamide gel
(pH 4.6) for the second dimensional gel with pyronine Y as
a marker. In the first-dimensional gel electrophoresis, 8 mA
was applied for 21 h, and in the second-dimensional gel
electrophoresis, 6 mA for 17 h. The gel was subjected to sil-
ver staining as described above.

RESULTS

The Pattern on Sucrose Density-Gradient Centnfugation
of CsjSO^-Treated 30S-5SRNP Particles—The pattern on
sucrose density-gradient centrifugation of Cs^SCytreated
30S-5SRNP particles (PM) is shown in Fig. 1(1). A sharp
A2Bi peak was present in a molecular weight region (frac-
tions 15-17) lower than that of the original 30S-5SRNP
particles (fractions 22—24). The fractions in this region were
collected and concentrated with a Diaflow membrane. The
resulting fraction was used as CsS-particles throughout the
present experiments. It must be added that the intactness
of 18S rRNA m 30S-5SRNP particles was necessary to ob-
tain homogeneous CsS-particles, since when 30S-5SRNP-
(H) (6) was used, a diffuse distribution of A2M was observed
in the molecular weight region lower than that of 30S-
5SRNP particles.

CsCl Density-Gradient Centnfugation of CsS-Particles—
The homogenity of CsS-partdcles was further examined by
CsCl density-gradient centrifugation. The main peak at
Agj,, of CsS-partdcles was situated at p = 1.71 [Fig. 1(2)]. It
was shown that p of 30S-5SRNP and 40S subunits were
1.58 and 1.6, respectively (data not shown).

Judging from these results together with the pattern on
sucrose density-gradient described above, CsS-particles

were thought to be homogeneous. From these p values, pro-
tein % of CsS-partdcles, 30S-5SRNP and 40S subunits were
calculated to be 23, 45, and 47%, respectively. Thus, the
protein content of CsS-partdcles is about 50% of that of 30S-
5SRNR

Basic Properties of CsS-Particles—The A^j/A^ ratio of
CsS-partdcles was about 1.9, indicating that RNA is abun-
dant in these partddes. As shown in Fig. 2(1), the pattern of
RNA prepared from CsS-partides on agarose-acrylamide
gel electrophoresis (18) showed the presence of 18SrRNA
[lane 3 in Fig. 2(1)].

Electrophoretograms obtained on SDS-PAGE of RNA
from CsS-partides are presented in Fig. 2(2X3). As shown
in lanes 1 and 3 in Fig. 2(2), similar band patterns were
observed for RNA of CsS-partides and that of 30S-5SRNP,
although the SSrRNA bands were faint. When a large
amount of RNA of CsS-partides was applied, as shown in
lane 1 in Fig. 2(3), a distinct 5SrRNA band was observed,
which was different from the tRNA bands observed for
marker 5SrRNA [see lane 2 in Fig. 2(2)], and from the
5.8SrRNA band observed for marker rRNA [see lane 4 in
Fig. 2(2)]. It must be added that 5SrRNA prepared from
CsS-partddes mainly gave one band corresponding to the
slower moving 5SrRNA band of marker 5SrRNA [lanes 1,
3, and 4 in Fig. 2(3)]. Since two bands of 5SrRNA were
reported to be due to different conformations of 5SrRNA
(25, 26), conformatdonal changes of 5SrRNA occurred dur-
ing the preparation of CsS-partddes. Sudi a phenomenon
was observed previously on PAGE of RNA prepared from
the methionyl-tRNA synthetase complex which was puri-
fied from the macromolecular aminoacyl-tRNA synthetase
complex (27).

Figure 3(1) shows a silver staining pattern of protein on

Fig 1 (1) Sucrose density-gradient centrifugation of
30S-5SRNP particles treated with Cs^3O4.30S-5SRNP-
(PM) particles (250 ng of RNA) were treated with 1 M
CsjSO4 at 2*C overnight and then subjected to sucrose den-
sity-gradient centnfugation, with monitoring with an ISCO
automatic density gradient fractionater (2) CsCl density-
gradient centrifugation of CsS-particles. CsS-particles
(19 (ig RNA) were used.

FrtctloB unbar
10

rrtctioa ooabar

(1)

m •
Fig. 2. (1) Staining pattern with ethldium bro-
mide of RNA on 1% agarose-3% acrylamide gel
electrophoresis, and (2) and (3) staining pat-
tern with ethidium bromide of RNA on 7.6%
PAGE. (1) Lane 1,18SrRNA (5 (ig); lane 2, 5SrRNA
(5 |ig); lane 3, RNA of CsS-particles (5 ng); lane 4,
RNA of CsS-partides (2 ng), and lane 5,28SrRNA (5
jig). (2) Lane 1, 30S-5SrRNA (10 pig), lane 2,
SSrRNA (5 ^g); lane 3, RNA of CsS-particles (10 (ig);
and lane 4, marker rRNA (19 jig). The dot shows
SSrRNA. (3) Lane 1, RNA of CsS-particles (38 v%);
lane 2, RNA of CsS-particles (8 ng); lane 3, 5SrRNA
(2 (jLg); and lane 4, 5SrRNA (0 4 (ig). The dot shows
5SrRNA.
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SDS-PAGE of CsS-particles. While about 20 protein bands
were detected for 40S subunits [lane 3 in Fig. 3(1)], about
10 were observed in addition to a sharp band located at the
position of L5 for CsS-particles [lane 2 in Fig. 3(1)]. It must
be mentioned that the protein species in the lowest molecu-
lar weight region on sucrose density-gradient centrifuga-
tion of C&jSCVtreated 30S-5SRNP showed a different band
pattern from that of CsS-partdcles on SDS-PAGE, as shown
in lanes 3 and 4 in Fig. 3(2), indicating that CsjSO, treat-
ment selectively removed protein species from 30S-5SRNP
particles.

From these results, it is reasonably assumed that CsS-
particles contain 18SrRNA, 5SRNP, and about half the
number of proteins in 30S-5SRNP particles.

The ATPase Activity of CsS-Particles—Since we intended
to prove that CsS-particles are an ATPase centre of the
30S-5SRNP particles, the following experiments were car-
ried out. When the ATP-hydrolyzing activity was measured
under our standard conditions with 0.125 mM ATP, the
activity of freshly prepared CsS-particles by themselves
was 0.51 pmol inorganic P per pmol particles per min
(average of eight independent experiments). It was about
half that of the original 30S-5SRNP particles (PM) and
somewhat higher than that of 40S subunits, which were 1.1
pmol and 0.4 pmol inorganic P per pmol particles per min,
respectively. It must be added that the activity varied (from
0.82 to 0.27 pmol inorganic P per pmol particles per min)
among individual preparations owing to the instability of
the ATPase activity of CsS-particles, as described later.

Baste Properties of ATPase of CsS-Particles—The time
course of ATP hydrolysis by CsS-partdcles is shown in Fig.
4(1). The reaction proceeded almost linearly at least for 30
min at 37'C. The effect of the MgCLj concentration on ATP
hydrolysis is shown in Fig. 4(2). The optimal MgCl̂  concen-
tration was 7.5 mM, in agreement with that in the case of
30S-5SRNP particles. The ATPase activity was highest
with 12.5 mM KC1 [Fig. 4(3)]. The addition of NH4C1 to the
standard reaction mixture at the final concentration of 50
and 100 mM markedly decreased the ATPase activity to 63
and 53% of the control level, respectively. The ATPase activ-
ity was unstable, decreasing to about 25% of the original

level after standing at 2°C for 2 h.
Effects of Components for Peptide Bond Elongation—

While poly(U) markedly stimulated the ATPase activity of
30S-5SRNP particles (6), the extent of its stimulation of the
activity of CsS-partdcles was lower and somewhat variable.
One microgram of poly(U) increased the hydrolysis of ATP
by 114% (average of twelve independent experiments). Fig-
ure 5(1) shows a dose-response curve for the effect of phe-
tRNA''11'' on the ATPase activity of CsS-parbdes. It stimu-
lated the ATPase activity markedly up to 15 ng, depending
on the concentration. The extent of stimulation by phe-
tRNA"he was greater than that by tRNA"1" (Fig. 6, Exp. 3).

Effects of Elongation Factors on the ATPase Activity of
CsS-Particles—To examine the correlation of ATPase of
CsS-particles with polypeptide elongation, we investigated
the effects of elongation factors on the ATPase activity of

Fig 3. (1) SDS-PAGE of CsS-particles and (2) of the lowest
molecular weight fraction released from 30S-58RNP on
Cŝ SO4 treatment and of CsS-particles. (1) Lane 1, 5SRNP (0 6
(ig of RNA), lane 2, CsS-particles (2 3 ng, RNA), lane 3, 40S sub-
units (2 (ig, RNA); and lane 4, markers (0 5 ng of each), phosphory-
lase b (Mr 94,000), bovine serum albumin (Mr 69,000), ovalbumin
(Mr 43,000), carbonic anhydrase (Mr 30,000), and soy bean trypsin
inhibitor (M, 20,100). (2) Lane 1, 5SRNP (0.6 ng of RNA); lane 2,
40S proteins (2 |ig of RNA), lane 3, CsS-parbcles (5 jjig of RNA), and
lane 4, low molecular weight fraction (2 (ig of protein).

Fig 4. Basic properties of ATPase of CsS-par-
ticles. (1) Time course, (2) effect of the MgCL. con-
centration, and (3) effect of the KC1 concentra-
tion. The results are expressed as pmol P, per
pmol particles per 30 min.

Fig. 5. Effects of (1) phe-tRNA"1-, (2) EF-
la, and (3) EF-2 on the ATPase activity
of CsS-particles. Dose response curves for
the effects of (1) phe-tRNA'*', (2) EF-la, and
(3) EF-2 The ATPase activity of CsS-parti-
cles themselves is set as 100%, which is 0 32,
0 54, and 0 75 pmol P, per pmol particles per
mm in (1), (2), and (3), respectively
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CsS-particles, using highly purified preparations of EF-la
(28) and EF-2 (29) from pig liver, which were found to be
free from contamination by ATPase (6). The dose-response
curve for the effect of EF-la is shown in Fig. 5(2), EF-la
stimulated the ATPase activity up to 10 pmol, depending
on its concentration. It must be added that the extent of
stimulation somewhat varied among the preparations of
CsS-particles, as described later. As shown in Fig. 5(3), EF-
2 markedly stimulated the ATPase activity of CsS-particles,

depending on its concentration, at least up to 30 pmol. It
must be mentioned that EF-2 enhanced the ATPase activ-
ity of partially inactivated CsS-particles, as shown later in
Fig. 8.

The effects of combinations of elongation components
were then investigated. Since it is well-known that EF-la ,
phe-tRNA"1", and GTP form the ternary complex which
binds to poly(U)-containing ribosomes, the effects of the
combination of polyflj), EF-la, and phe-tRNA1*" on the
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Fig. 6. Effect of the combination of EF-la, poly-
(U), phe-tRNA'*', and tRNA1^ on the ATPase ac-
tivity of CsS-particles. The ATPase activity of CsS-
parbcles alone is set as 100%, which is 0.32,0 06, and
0 32 pmol P, per pmol particles per mm in Exp 1,
Exp 2, and Exp 3, respectively
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Fig 7 (Exp. 1) Effects of the
full components for transla-
tion on the ATPase activity
of CsS-particles and (Exp. 2)
ATPase activities of CsS-par-
ticles freshly prepared and
after storage in liquid nitro-
gen, and the effect of the full
components for translation.
Exp 1 The ATPase activity of
CsS-particles themselves is set
as 100%, which is 0 07 pmol P,
per pmol particles per min.
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ATPase of CsS-particles were examined. The results are
shown in Fig. 6. The extent of stimulation by each of
poly(U), EF-la and phe-tRNA1*0 alone was small, especially
in Exp. 1 in Fig. 6. However, when polydJ) plus EF-la, or
polyflJ) plus EF-la plus phe-tRNApbe were added, they
markedly increased the ATPase activity and the extent of
stimulation was greater than the sum of that observed
with each component alone (Exp. 1 and 2 in Fig. 6), as in
the case of 30S-5SRNP (6). Furthermore, phe-tRNA1** pro-
moted the ATPase activity more markedly than tRNApb° in
the absence and presence of polydJ) plus EF-la , as shown
in Exp. 3 in Fig. 6. Such cooperative stimulation by the
combination of poly(U), EF-la, and phe-tRNAph* was also
observed for the original 30S-5SRNP particles (6).

The effects of the full components for peptide bond elon-
gation on the ATPase activity of CsS-particles were exam-
ined. As shown in Fig. 7, Exp. 1, when the particles were
incubated with the combination of polydJ), EF-la, EF-2,
and phe-tRNApb", the latter markedly stimulated the
ATPase activity of the particles and the extent of stimula-
tion was greater than the sum of that observed with each of
the components alone (synergic stimulation).

Since the ATPase activity of CsS-particles was unstable,
we compared the activity of freshly prepared CsS-particles
with that of freshly prepared particles kept in liquid nitro-
gen overnight and then thawed at 2*C. The results are pre-
sented in Exp. 2 in Fig. 7. The ATPase activity of the
thawed particles by themselves was about half that of the
freshly prepared particles. However, when these two kinds
of particles were incubated with polydJ), phe-tRNAphe, EF-
la, or EF-2 alone, the extent of stimulation by each of
them, especially that by EF-la or EF-2, was greater in the
case of the thawed particles. Furthermore, the ATPase
activity of the two kinds of particles in the presence of the
full components for elongation became almost the same for
the two types of particles and their activity, 0.8 pmol inor-
ganic 32PO4 released per pmol particles per min with 0.062
mM fy-^JATP, was comparable to that of the original 30S-
5SRNP particles, 1.6 pmol with 0.125 mM [y-^WTP,
under similar assay conditions, considering the concentra-
tion of [•Y-32PJATP used [Tables I and IV in Ref 6] (6). The
results indicate that although the ATPase activity of CsS-
particles is unstable, the activity of the partially inacti-

TABLE I Effects of ATA, ammonium vanadate, and tetracy-
cline on the ATPase activity of CsS-particles.

Activity

None ATA
100 (iM

Ammonium vanadate Tetracyclin
0 1 mM 0.5 mM 0.7 mM

CsS-partacles 100 85 40 24 87

vated particles is able to react well with the components for
peptide bond elongation, and the restored activity is the
same as that of freshly prepared particles and comparable
to that of the original 30S-5SRNP particles.

Effects of Translation Inhibitors on the ATPase Activity of
CsS-Particles—As shown in Table I, ATA, ammonium van-
adate and tetracyclin inhibited the ATPase activity of CsS-
particles, as in the case of 30S-5SRNP particles (6).

Effects of GTP on the ATPase Activity and ATP on
GTPase Activity of CsS-Particles—CsS-particles showed
both ATPase and GTPase activities, like 30S-5SRNP parti-
cles and 40S subunits. As shown in Fig. 8(1), the ATPase
activity of CsS-particles was strongly inhibited by GTP and
somewhat less efficiently by GMP-P(NH)P. Figure 8(2)
shows that the GTPase activity was strongly inhibited by
ATP and somewhat less efficiently by AMP-P(NH)P The
results indicate the wide substrate specificity of ATPase of
CsS-particles, as also shown for 30S-5SRNP particles (6)
and 80S ribosomes (3, 7). It is of interest that the inhibition
of ATP hydrolysis by GTP was stronger than that of GTP
hydrolysis by ATP with the same competitor/substrate
ratio.

Identification of Ribosomal Proteins in CsS-Particles—
Recently, many reports have been available concerning the
topography and functions of mammalian ribosomal pro-
teins, as described later. Therefore, it was thought to be
important to identify the protein species in CsS-particles.
For this purpose, two-dimensional PAGE of ribosomal pro-
teins of CsS-particles was carried out, using the basic-acidic
system. The electrophoretogram is shown in Fig. 9(1). In
comparison with the electrophoretogram of proteins of 30S-
5SRNP particles [Fig. 9(2)], which is the same as that of
40S subunits, except for L5, the following nine proteins
were identified; S2, S3/3a, S4, S6, S8, Sl l , S16, S17a, and
S24, while 23 kinds of 40S proteins were detected in the
electrophoretogram of 30S-5SRNP proteins [Fig. 9(2)]. The
spot of protein L5 detected was faint, probably owing to the
extremely poor solubility of this protein. It must be added
that the L5 spot was also faint in the electrophoretogram of
30S-5SRNP [Fig. 9(2)]. There have been several reports
indicating the extremely poor solubility of L5. Previously,
using a 5SrRNA immobilized Sepharose 4B column (47) or
the nitrocellulose membrane assay (48), the binding of L5
to 5SrRNA was not detected. Later, the failure to detect the
binding was concluded to be due to the notorious insolubil-
ity of L5 (49). The insolubility of L5 was also reported by
Isoda et al. (10). We also encountered difficulties in detect-
ing the L5 protein on SDS-PAGE of the methionyl-tRNA
synthetase-5SRNP complex, which was prepared from the
macromolecular aminoacyl-tRNA synthetase complex,
owing to the adhesion of L5 to the dialysis membrane, to a

4 8 16
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Fig. 8. (1) Inhibitory effects of GTP and GMP-
P(NH)P on the ATPase activity of CsS-parti-
cles. (2) Inhibitory effects of ATP and AMP-
P(NH)P on the GTPase activity. (1) o, inhibitory
effect of GTP; •, inhibitory effect of GMP-P(NH)P
(2) o, inhibitory effect of ATP; •, inhibitory effect of
AMP-P(NH)P.
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TABLE II. The individual ribosomal components of CsS-par-
ticles, (1) their localization and (2) interaction with compo-
nents for peptide bond elongation.

(la) Interaction with
60S proteins (9)

(lb) Interaction with
28SrRNA (34)

(lc) A site (35)
(Id) P site (36)

S2, S3a, S4, S6,

S2.S3,

S3

S4, S6

S3a, S6,

5SRNP

5SRNP
(2) mRNA (37-41)

phetRNA (42)
EF-2 (44-46)
EF-la (43)

S2,
S3a,
S3a,
S3a,

S6, Sll ,
S€
S€,

S24
S24
S24

5SRNP

5SRNP

(la) Subunit interface shown by cross-linking with 2-inunothiolane,
and (lb) crosshnked to 28SrRNA by diepoxybutana

Fig. 9. Two-dimensional electrophoretograms of liver riboso-
mal proteins. (1) Proteins from CsS-partides (4 (ig of protein). (2)
Proteins from 30S-5SRNP particles (21 |xg of protein). The arrow in-
dicates L5

Diaflow membrane and to the lyophiHzing vessel (27).
When serum albumin was added to the sample, followed by
concentration with a microconcentrator, L5 was detected as
a distinct band [Fig. 3B(1) in Re£ 27].

DISCUSSION

The purpose of the present experiment was to find an
ATPase centre of 30S-5SRNP particles by removing par-
tially ribosomal proteins, leaving 18SrRNA and 5SRNP
intact. At first we did not succeed with high concentrations
of KC1, probably owing to the instability of 5SRNP in 30S-
5SRNP particles. Next, we accomplished the purpose by
using CsjSCv In this respect, it has been reported that
CSjSO,, density-gradient equilibrium centrifugation of 60S
subunits released intact 5SRNP from the particles (10).
Treatment of 30S-5SRNP with 1 M CsjSO, at 2*C over-
night, followed by sucrose density-gradient centrifugation
resulted in the separation of CsS-particles in the molecular
weight region lower than that of 30S-5SRNP as a sharp
Agn peak. It was important that intact 18SrRNA was nec-
essary to obtain this sharp peak. The homogeneity of the
CsS-particles and their protein content were further ana-
lyzed by CsCl density-gradient centrifugation. The CsS-
particles sedimented at p = 1.71 while 30S-5SRNP sedi-
mented at p = 1.58. From these values, the protein content
of CsS-particles was assumed to be about 50% of that of
30S-5SRNP. Analysis of the RNA moiety of CsS-particles
by PAGE showed that they contained 18SrRNA and
SSrRNA, like the original 30S-5SRNP particles. SDS-
PAGE of the particles showed that, in addition to a sharp
protein band at the same position as L5, about half the
number of the protein bands in the case of 40S subunits
was detected, in agreement with the results obtained on
CsCl density-gradient centrifugation of both types of parti-
cles described above. It was important that SDS-PAGE of
the materials in the lowest molecular weight region on
sucrose density-gradient centrifugation of CSjSCytreated
30S-5SRNP showed a different pattern of protein bands
from the band pattern of CsS-particles, indicating the
release of specific kinds of 40S proteins on CsjSO4 treat-

ment of 30S-5SRNP.
It was found that the ATPase activity of CsS-particles

was stimulated by the elongation components by them-
selves and in combination, as in the case of the original
30S-5SRNP particles. It is important that the combination
of the elongation components necessary for ternary com-
plex formation, polyCU), EF-la, and phe-tRNAph*, synergi-
cally stimulated the ATPase activity and that a higher
degree of promotion of the ATPase activity was observed
with phe-tRNA1*" than tRNA1*0 alone, and especially in the
presence of polyCU) and EF-la. Furthermore, the ATPase
activity became very high in the presence of the full compo-
nents for poly(U)-dependent polyphe synthesis and even
partially inactivated CsS-particles showed a similar value
to the original particles or 30S-5SRNP. These results may
indicate that a positive conformation of CsS-particles for
ATPase is induced by the translational components, result-
ing in synergic stimulation of the ATPase activity. Such
stimulation of ATPase by the full elongation components
has been observed for the ATPase of 30S-5SRNP (6) and
80S ribosomes (7).

In the case of 80S ribosomes, because two kinds of
ATPase inhibitor, AMP-P(NH)P and vanadate, which did
not inhibit the GTPase activity of EF-la and EF-2, inhib-
ited poly(U)-dependent polyphe synthesis, we implied that
ribosomal ATPase plays a role in peptide bond elongation
(7). Therefore, it is possible that the ATPase of CsS-parti-
cles may participate in peptide elongation.

Many reports are available concerning the ribosomal pro-
teins of mammalian cells, as follows: (i) a topographical
map of ribosomal proteins of 40S subunits (30-33), (ii) pro-
tein localized at the subunit interface (9, 34), (iii) proteins
localized at the A site (35) and P site (36), and (iv) proteins
interacting with elongabonal components; mRNA (37-41),
tRNA (42), EF-la (43), and EF-2 (44-46, 50). To clarify the
function of CsS-particles, we identified ribosomal proteins
in the particles by two-dimensional PAGE. Nine species of
40S proteins were identified in addition to L5. The localiza-
tion and interaction with elongation factors are presented
in Table II. It is important that CsS-particles contain pro-
teins localized at or near the subunit interface, and at the A
site and P site, and interacting with mRNA, tRNA, EF-la,
and EF-2. We further constructed a schematic representa-
tion of CsS-particles, which is shown in Fig. 10. The follow-
ing points may be important: (i) mRNA interacts with
5SRNP, and S3a, S6, and S l l localized at or near the sub-
unit interface, (ii) tRNA interacts with S2, S3a, S6, and S24
(42), (iii) EF-la interacts with S24, which also interacts
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60S subunit
Fig 10 Schematic representation of proteins in CsS-partl-
cles. (see also Table II)

with tRNA, since both components are essential for ternary
complex formation, (iv) EF-2 interacts with S3a, S6, S24,
and 5SRNP, (v) S24 is an overlapping protein that interacts
with both EF-la and EF-2, and (vi) proteins of CsS-partd-
cles form a network by connecting with each other, except
for S17a, the function of which has not been reported. Con-
sidering these facts, the stimulation of the ATPase activity
of CsS-particles by peptide elongation components may be
explained by the positive conformational changes of the
CsS-particles induced by the interaction of different riboso-
mal proteins with elongation components, as in the cases of
30S-5SRNP particles (6) and 80S ribosomes (7).

Taking the situations described above together, it may be
reasonably considered that CsS-particles are the ATPase
centre of 30S-5SRNP. We considered that 30S-5SRNP rep-
resents the small subunit part of 80S particles containing
5SRNP although it is unfolded on EDTA treatment of 80S
ribosomes. On the other hand, high KC1 (and puromycm)
treatment of 80S ribosomes or polysomes breaks the inter-
action of 5SRNP with 40S subunits, 5SRNP remaining
bound to 60S subunits. Therefore, it may be assumed that
80S ribosomes consist of 60S subunits-5SRNP-40S sub-
units and that CsS-particles are the ATPase centre of
5SRNP containing small subunits, although further study
involving 80S ribosomes must be performed to confirm the
assumptions described above.

We wish to thank Dr S Kubota, Dobashi Kyoritsu Hospital, for his
interest in this study, and Drs. Y. Kaziro and K. Iwasaki for pro-
viding the pig liver elongation factora

REFERENCES

1 Felcetti, L. and Lapmann, F (1968) Comparison of amino acid
polymerization factors isolated from rat liver and rabbit rebcu-

\ocyte. Arch. Biochwi Bwphys. 126,548-557
2 Grummt, F and Speckbacher, M. (1975) GTP degradation to

guanme catalyzed by nbosomal subunits and microsomal-wash
factors. Eur J Bwchem. 57, 579-585

3. Rodonina, MV, Serebryanik, A.I, Ovcharenko, G.V., and
El'skaya, A.V. (1994) ATPase strongly bound to higher eukary-
otic ribosoma Eur J. Bwchem. 225, 305-310

4. Kovalchuke, O and Chakraburtty, K. (1994) Comparative anal-
ysis of nbosome-asbociated adenosine-tnphosphate (ATPase)
from pig liver and ATPase of elongation factor 3 from Saccharo-
myces cerevusiae. Eur. J Biochem. 226,133-140

5. El'skaya, A.V., Ovcharenko, GV., Palchevskn, S.&, Petrush-
enko, ZM, Tnana-Alonso, F.J., and Nierhause, K.H (1997)
Three tRNA binding sites in rabbit liver nbosomes and role of
the intrinsic ATPase in 80S nbosomes from higher eukaryotes.
Biochemistry 36, 10492-10497

6 Ogata, K., Ohno, R, Terao, K, Iwasaki, K., and Endo, Y. (1998)
ATPase associated with nbosomal 30S-5SRNP particles and
40S subunits of rat liver. J Biochem 123,294-304

7 Ogata, K., Ohno, R , Terao, K., Iwasaki, K., and Endo, Y. (2000)
Some properties and the possible role of intrinsic ATPase of rat
liver 80S nbosomes on peptide bond elongation. J Bwchem.
127, 221-231

8. Terao, K., Uchiumi, T, and Ogata, K (1982) Interaction of
5SrRNA-L5 protein complex with 40S subunits in rat liver
nbosomes. J Biochem 92, 1663-1666

9 Uchiumi, T, Kikuchi, M , and Ogata, K. (1986) Cross-linking
study on protein neighborhoods at the subunit interface of rat
liver nbosomes with 2-irmnothiolane. J Biol. Chem 261, 9663-
9667

10. Isoda, N, Tanaka, T, and Ishikawa, K. (1981) Isolation of
5SRNA-protein L5 complex from 60S subunits of rat liver nbo-
somes by cesium sulfate density-gradient equihbnum centnfu-
gation. J Bwchem. 90, 551-554

11 Spinn, A.S, Behtsina, NV., and Lerman, MI (1965) Use of
formaldehyde fixation for studies of ribonudeoprotein particles
by cesium chlonde density-gradient centrifugation J Mol Bwl
14, 611-615

12. Perry, R P and Kelley, D.F. (1966) Buoyant densities of cyto-
plasmic nbonucleoprotein particles of mammalian cells, dis-
tinctive character of nbosome subunits and rapidly labeled
components. J Mol Bwl. 16, 255-268

13 Brunk, C.F and Leick, V (1969) Rapid equihbnum isopycmc
CsCl gradient. Bwchim. Bwphys. Acta 179, 136-144

14. Spinn,A.&(1969)Informosomes.£ur. J Bwchem 10,20-35
15. Perbal, B (1988) A Practwal Guide to Molecular Cloning, pp

300-301, J Wiley & Sons, New York
16. Ogata, K., Kurahashi, A., Tanaka, S, Ohsue, H., and Terao, K

(1991) Occurrence of 5SrRNA in high molecular weight com-
plexes of aminoacyl-tRNA synthetase in a rat liver superna-
tant J Bwchem, 110,1030-1036

17 Loening, U.E (1967) The fractionation of high-molecular-
weight nbonudeic aad by polyacrylamide-gel electrophoresis.
Biochem, J 102, 261-257

18. Peacock, A.C and Dingman, C W (1969) Molecular weight and
separation of ribonucleic and by electrophoresis in agarose-
acrylamide composite gels. Biochemistry 7, 668-674

19 Laemmh, UK (1970) Cleavage of structural proteins during
the assembly of the head of bactenophage T4. Nature 227,680-
685

20. Terao, K and Ogata, K. (1975) Studies on structural proteins of
the rat liver ribosomes. I. Molecular weights of the proteins of
large and small subunits. Bwchim. Bwphys. Acta 402, 214-229

21. Wool, LG, Chan, Y-L., and Gltick, A. (1995) Mammalian nbo-
somes: the structure and the evolution of proteins. Bwchem,
Cell Bwl 73, 933-947

22. Chan, Y-L., Gutell, R., Noller, H.F., and Wool, I.G (1984) The •
nucleotide sequence of a rat nbosomal ribonucleic aad gene
and a proposal for the secondary structure of 18S nbosomal nu-
cleic acid. J. Biol. Chem, 259, 224-230

23 Ogata, K. and Terao, K. (1979) Analytical methods for nboso-
mal proteins of rat liver 40S and 60S subunits by "three-dimen-

J Biochem,

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


ATPase Center of Rat Liver 30S-5SRNP Particles

sionaT acrylamide gel electrophoresis in Methods in Enzymol-
ogy (Moldave, K. and Grossman, L, eds.) Vol. LJX, pp 502-515,
Academic Press, New York 38.

24 Hardey, SJ S, Kurland, C G, Voynow, P, and Mora, G (1969)
The ribosomal proteins of Eschenchia coli I. Purification of the
30S nbosomal proteins. Biochemistry 8, 2897-2905

25. Forget, BG and Weissmann, C. (1967) Low molecular weight
RNA components from KB cells. Natum 213, 878-882 39

26 Weinberg, RA and Penman, S (1968) Small molecular weight
monodisperse nuclear RNA. J Mol Biol. 38, 289-304

27 Ogata, K., Ohno, R., Monoka, S., and Terao, K. (1996) Further
study on association of 5SrRNA-L5 protein complex and meth- 40
wnyl-tRNA to methionyl-tRNA synthetase in the macromolecu-
lar aminoacyl-tRNA synthetase complex J. Biochem 120, 869-
880 41.

28. Nagata, S., Iwasaki, K., and Kajiro, Y (1977) Purification and
properties of polypeptade chain elongation factor-la from pig
liver J Biochem. 82,1633-1646 42.

29 Mizumoto, K., Iwasala, K., Tanaka, M., and Kajiro, Y (1974)
Studies on polypeptide elongation factor 2 from pig liver. I
Purification and properties. J Biochem. 75, 1047-1056 43

30 Terao, K, Uchiumi, T, Kobayashi, Y, and Ogata, K. (1980)
Identification of neighbouring protein pairs m rat liver 40S
nbosomal subumts cross-linked with dimethyl subenmidate. 44
Bwchim. Bwphys. Acta 621, 72-82

31 Uchiumi, T, Terao, K., and Ogata, K. (1981) Identification of
neighbouring protein pairs cross-linked with dimethyl 3,3-<h- 45
thiobispropiommidate in rat liver 40S ribosomal subunits. J
Biochem. 90,185-193

32. Tolan, D.R and Traut, RR (1981) Protein topography of the 46
40S nbosomal subunit from rabbit reticulocyte shown by cross-
hnking with 2-iminothiolane. J Biol. Chem 256, 10129-10136

33 Gross, B., Westermann, P., and Bielka, H (1983) Spacial
arrangement of proteins with the small subunit of rat hver 47.
ribosome by cross-linking. EMBO J 2, 225-260

34 Nygard, O and Nika, H (1982) Identification by RNA-protein
cross-linking of nbosomal proteins located at the interface be- 48.
tween the small and the large subumts of mammalian nbo-
somes. EMBO J 1, 357-362

35 Reboud, A.M., Dubost, S , Buisson, S D.M , and Reboud, J.P.
(1981) Photoincorporataon of puromyan into rat liver nbosomes 49
and subumta Biochemistry 20, 5281-5288

36. Westermann, P and Nygard, O (1984) Cross-linking of mRNA
to initiation factor eIF3,24 kDa cap-binding protein and nboso-
mal proteins SI, S3/3a, S6 and Sl l within the 80S-preinitiation 50.
complex. Nucleic Acids Res. 12, 8887-8897

37 Stahl, J. and Kobets, N D (1981) Affinity labeling of proteins at
the mRNA binding by an analysis of octaundylate containing

an alkylating group attached to the 3' end. FEBS Lett 123,
269-272
Terao, K. and Ogata, K. (1979) Proteins of small subumts of rat
hver nbosomes that interact with polyCU) (l)Effects of preincu-
bation of poly(U) with 40S subumts on the interactions of 40S
subunit proteins with aunntncarboxyhc acid and with NJ*J'-p-
phenylenedunaleunide. J Biochem. 86, 597-603
Terao, K. and Ogata, K. (1979) Proteins of small subunits of rat
hver ribosomes that interact with polyTU) II. Cross-links be-
tween polyCU) and nbosomal proteins m 40S subunits induced
by UV irradiation. J Biochem. 86, 605-617
Takahashi, Y and Ogata, K. (1981) Ribosomal proteins cross-
linked to natural mRNA by UV irradiation of rat hver poly-
somes. J Biochem 90,1549-1552
Takahashi, Y and Ogata, K. (1985) Attachment of the 5'-terau-
nal portion of globin mRNAs to 5SRNA-L5-protein in the 80S
initiation complex Eur J Biochem 152, 279-286
Rebould, A.-M , Dubost, S and Rebould, T.-P. (1983) Identifica-
tion of the proteins interacting with tRNA in rat hver small
subumts. FEBS Lett 158,285-288
Uchiumi, T and Ogata, K. (1986) Cross-linking study on local-
ization of the binding site for elongation factor la on rat liver
nbosomes. J Biol Chem 261, 9668-9671
Uchiumi, T, Kikuchi, M , Terao, K., Iwasaki, K., and Ogata, K.
(1986) Cross-linking of elongation factor 2 to rat hver nbo-
somes by 2- lminothiolane. Eur J Biochem 156, 37—48
Nygard, O. and Nilsson, L (1987) The nbosomal binding site
for eukaryotic elongation factor EF-2 contains 5SRNA. Bio-
chim. Bwphys. Acta 908, 46-53
Nygard, O., Nilson, L., and Westermann, P (1987) Character-
ization of the nbosomal binding site for eukaryotic elongation
factor 2 by chemical cross-linking. Biochim. Bwphys. Acta 910,
245-253
Ulbnch, N and Wool, I G (1978) Identification by affinity chro-
matography of the eucaryotic nbosomal proteins that bind to
5S nbonucleic acid J Bwl Chem 253, 9049-9052
Ulbnch, N, Todokoro, K., Ackerman, E.J, and Wool, IG. (1980)
Characterization of the binding of rat liver nbosomal protein
L6, L7 and L19 to 5S nbosomal nbonucleic acid J Bwl Chem.
255, 7712-7715
Huber, PW and Wool, IG (1986) Use of the cytotoxic nudease
a-sarcin to identify the binding site on eukaryotic 5S nbosomal
nbonucleic acid for the protein L5 J Bwl Chem 261, 3002-
3005
Nygard, O and Nilsson, L (1990) Translataonal dynamics.
Interactions between the translational factors, tRNA and nbo-
somes during eukaryotic protein synthesis. Eur J Bwchem.
191, 1-17

Vol. 128, No. 1,2000

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

