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ABSTRACT. Three tRNA binding sites have been found in organisms of all domains (former kingdoms)
with only one exception: Four binding sites have been reported for cytoplasmic 80S ribosomes from
rabbit liver. Therefore, the issue was reconsidered, and the data revealed that rabbit liver ribosomes
contain three tRNA binding sites, underlining the universal character of this ribosomal feature. Furthermore,
a first analysis of the role of the ribosome intrinsic ATPase was performed. This ATPase is found in
ribosomes of higher eukarya but not in lower eukarya such as yeast or ribosomes of the domains archea
and bacteria. The results suggest that the intrinsic ATPase fulfills the same function as the essential third
elongation factor EF-3, an ATPase in higher fungi (yeast etc.), that facilitates the release of the deacylated

tRNA from the E site.

The mechanism of protein synthesis is explained in the
frame of models which comprise three tRNA binding sites,
the Al P, and E sites, since three tRNA binding sites have
been found on ribosomes of eubacterial organismg,(3)
as well as archaebacterid) @nd lower eukaryotic organisms
(yeast,5).

However, in higher eukaryotes (rabbit liver), four tRNA
binding sites were reporte@)( This observation rejects the
view that three tRNA binding sites are a universal feature
of ribosomes. However, a reconsideration of this issue seem
to be justified, since only three sites for ribosomes from the
same organism were previously reportéy] &nd again three
tRNA binding sites were observed in 80S ribosomes derived
from another mammalian organism (human place8}a,

Here we reexamine the issue and, furthermore, analyze

the importance of the ATPase activity which is an intrinsic

feature of 80S ribosomes from higher organisms. Arguments

have been raised again®)) @nd in favor of the view X0)
that this activity might fulfill a role similar to the third

elongation factor (EF-3) in lower eukaryotes such as yeast:

S

more, ATP hydrolysis by the 80S ribosomes facilitates the
release of deacylated tRNA from the E site.

EXPERIMENTAL PROCEDURES

Poly(U), ATP, GTP, AMPP[NH]P, GMPP[NH]P, puro-
mycin, DTT, alkaline phosphatase, and polynucleotide kinase
were purchased from Boehringer; HEPES, creatine kinase
(CPK), and creatine phosphate (CP) from Calbiochem;
spermine and spermidine from Fluka. Venom phosphodi-
esterase was from Worthington, and T7 RNA polymerase
andSsp were obtained from Biolabs. Nitrocellulose filters
were from Sartorius; GF/C glass microfiber filters were from
Whatman, and radioactively labeled compounds were from
Amersham. Chemicals were of analytical grade and pur-
chased from Merck.

In order to obtain a consistent and reliable set of data, the
biological components used should be of the same origin.
Therefore, 80S ribosomes and their subunits, elongation
factors, crude tRNA preparation, total aminoacyl-tRNA

EF-3 is a ribosome-dependent ATPase that facilitates theSynthetase fraction, highly purified phenylalanyl-tRNA syn-

release of the deacylated tRNA from the E si&. (The

thetase (PheRS), and several individual tRNAs were isolated

data reported here demonstrate that rabbit liver ribosomesTom rabbit liver.

have only three tRNA binding sites, suggesting that three

sites are a universal characteristic of ribosomes. Further-
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Highly active ribosomal subuniteere obtained according
to (10). In short, polysomal fractions were incubated in a
complete translation system for 45 min at 32 and then
for 10 min at 37°C in the presence of 0.2 mM puromycin.
KCI was added to reach a final concentration of 0.66 M
monovalent cations (KCI plus Nj&l), and the subunits were
separated by zonal centrifugation in a+3& % (w/v) sucrose
gradient containing 20 mM Tris-HCI, pH 7.5 (C), 3.5 mM
MgCl,, 0.35 M KCI, and 6 mM 2-mercaptoethanol. 80S
ribosomes were obtained by reassociation of 40S and 60S
subunits with a 1.2-fold molar excess of 60S subunit.
Reassociation was confirmed by analytical centrifugation in
an SW60 rotor. The ribosome concentrations were calculated
assuming the following ratios: 56 pm&bso for 40S subunits,
27 pmolPAyeo for 60S subunits, and 18 pmals, for 80S
ribosomes.
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Elongation Factors Were Isolated as Follov&:-1o. was
isolated using a combination of gel-filtration and ion-
exchange chromatographies according 1d).( EF-2 was
obtained by a procedure described ih2)( with slight
modifications. The purity of both factors was about 95%
as judged from the SDSpolyacrylamide gel electrophoresis.
The factors were highly active in stimulation of poly(Phe)
synthesis. EF-d was also assayed by stimulation of Phe-
tRNAPPe binding to the ribosomal A site and EF-2 by
stimulation of AcPhe-tRNA™ translocation from the A to
the P site determined by puromycin reaction. The factors
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ribosomes, 5@ig of poly(U), and amounts of{PJtRNAPhe
(1650 pmolAs0) as indicated. The incubation time was 15
min at 37°C. Binding of labeled tRNA to ribosomes was
measured by nitrocellulose filtration.

Translocation AssayTo form a pretranslocated complex,
the ribosomal P site was occupied by incubating 2.0 pmol
of 80S ribosomes with 14 pmol of MF-mRNA (or MVF-
mRNA) and 3 pmol of PPJtRNA"®" in 25 uL of buffer A
for 10 min at 37°C. Then the A site was filled by adding
4 pmol of Ac[“C]Phe-tRNA" (or Ac[*H]Val-tRNAV&) and
incubating for 10 min at 37C. Translocation was performed

were free of cross-contamination according to these assaysby adding 4 pmol of EF-2 and 0.2 mM GTP and incubating

The total aminoacyl-tRNA synthetase preparatiose of
tRNA was obtained by chromatography of the S-100 fraction
on DEAE-cellulose as detailed i1g). PheRS was highly
purified from the polyribosomal fraction by ion exchange
chromatography as described 4.

Crude tRNAfrom rabbit liver was isolated according to
(13). Individual tRNA"®, tRNAY@, and tRNAhe from
rabbit liver and their aminoacyl and acetylaminoacyl forms

were obtained by reversed phase HPLC purification on a

Nucleosil C4 column in a methanol gradient as outlined in
(5). tRNAiMe‘ was purified in the form ofN-formylmethio-
nyl-tRNAMet obtained by using formylase in the S-100
fraction fromE. coli and formyl donor K'°-formyltetrahy-
drofolic acid); deacylated tRN’YS\et was obtained using a
peptidyl-tRNA hydrolase isolated from. coli as described
in (15). The B-ends of deacylated tRNA¢ and tRNA"
were labeled with $P]phosphate according td &), after
which the 3-ends were labeledl1y). After separation
in a sequencing gel, the pure radioactive tRRAand
tRNAiMet were diluted with corresponding cold tRNA to a
specific activity of 3000-5000 cpm/pmol as described in
(16).

Heteropolymeric MF-mRNAs 46 nucleotides long with
the sequence GGG-(G);-AAA-AUG-UUC-(A ,G)s-AAAU

and was obtained in large-scale transcription assays wher<=Th

the UTP concentration was 0.1 of that of the ATP concentra-
tion in order to increase the yield of correct transcrigis (
18). The MVF-mRNA is 42 nucleotides long and contains
the sequence AUG-GUC-UUC-Gg and was chemically
synthesised as describes).(

Poly(Phe) synthesisvas performed in an incubation
mixture of 25uL containing 20 mM HEPESOH, pH 7.6
(0 °C), 100 mM NHCI, 0.6 mM spermidine, 0.8 mM
spermine, 5 mM MgG| 1 mM ATP, 0.4 mM GTP, 2 mM
2-mercaptoethanol, 10 mM CP, gjuL CPK, 50 g poly-
(U), 2.3 pmol of 80S ribosomes, 10 pmol of EF-1, 5 pmol
of EF-2, and 47 pmol of fC]Phe-tRNAM In some
experiments, no charge#'C]Phe-tRNA" was added, but
instead tRNA" was preincubated with PheRS, ATP, and
[**C]Phe for 10 min at 37°C in conditions optimal for

the mixture for 20 min at 37C. The level of translocation
was determined by a puromycin reaction for 10 min at 30
°C (under these conditions, the amount of puromycin-reactive
acetylaminoacyl-tRNA before translocation did not exceed
10% of that after translocation).

When MVF-mRNA was used, the A site of the posttrans-
locational complexes was occupied by incubating the mixture
with ["“C]Phe-tRNAM¢in a ternary complex (4 pmol of Phe-
tRNAP" 8 pmol of EF-I, and 0.4 mM GTP were
preincubated for 3 min at 37C) for 15 min at 37°C.

Chasing Experiments [3PJtRNA"®" was chased from
the E site of the posttranslocational complexes by adding a
10-fold molar excess of nonlabeled deacylated tRRIA
and incubating the mixture for 5 min at 3T.

ATPase Assay The standard incubation mixture for the
ATPase assay contained 5 pmol of 80S ribosomes are30.6
mM [y-32P]JATP in 50uL of buffer A. Incubation time was
15 min at 37°C. The extent of ATP hydrolysis was
determined by measuring the amounéf released accord-
ing to (19). The ribosomes used hydrolyzed 10 pmol of
ATP/min per ribosome, similar to the ribosomal activity
described in 10).

RESULTS

The ionic conditions were optimized for poly(Phe) syn-
esis and for tRNA binding to programmed ribosomes from
rabbit liver. Figure 1A,B shows examples of the dependence
of poly(Phe) synthesis on the concentrations ofMgnd
spermine, respectively; further conditions are as described
under Experimental Procedures. The optima found in both
systems [poly(Phe) synthesis and tRNA binding] were very
similar: 100-150 mM NH,CI, 4—5 mM MgCl,, 0.6 mM
spermine, and 0.8 mM spermidine in the presence of 20 mM
HEPESKOH, pH 7.6 (0°C). All further experiments were
performed under these conditions.

Maximum Number of tRNA Binding Sites on Rabhitki
Ribosomes The determination of the number of tRNA
binding sites requires knowledge of the fraction of ribosomes
active in tRNA binding. We assessed the active fraction of
ribosomesvia saturating the ribosomes with AcPhe-tRNA.
In the absence of poly(U), up to 0.9 molecule could be bound

aminoacylation. Poly(Phe) synthesis was performed at 37 per 80S ribosome, whereas the saturation curve leveled off
°C for the time periods indicated. The reaction was at1.66 AcPhe-tRNAs per 80S ribosome (Figure 2A) in the
terminated by the addition of 1 mL of 10% trichloroacetic presence of poly(U) Since a maximum of 2 AcPhe-tRNAs
acid, and unreacted aminoacyl-tRNA was destroyed by can be bound per 80S ribosome from rabbit liv&r7), 83%
incubation at 9C°C for 10 min. of the input ribosomes participate in tRNA binding.
[32P]tRNAPM® binding to 80S ribosomeas carried out in AcPhe-tRNA can occupy A and P sites, whereas deacy-
a mixture of 30uL containing 20 mM HEPE&OH, pH lated tRNA can bind to all available site§)( Saturation
7.6 (0 °C), 100 mM NHCI, 4 mM MgCh, 0.6 mM of poly(U)-programmed ribosomes with deacylatééP]-
spermidine, 0.8 mM spermine (buffer A), 3.2 pmol of 80S tRNAP"should therefore give the maximal number of tRNA
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Ficure 1: Optimization of poly(Phe) synthesis of 80S ribosomes 40 80 120 160

from rabbit liver. (A) Dependence on MgCtoncentrations. (B)
Dependence on spermine concentrations.

[32P]tRNAPhe, pmol per assay
binding sites. In the presence of poly(U), about 2.9 tRI¢A 30— C

can be bound peactive 80S ribosomes, in the absence about
1.25 tRNA® (Figure 2B). Saturation is achieved at a 25-
molar excess of tRNAs over ribosomes. Kinetics at the
corresponding concentration of tRNAs over 80S ribosomes
demonstrate that the same maximal binding numbers are
found (Figure 2C), indicating that the observed maximal
binding numbers are indeed representing the extent of
reaction.

ATPase Actiity Strongly Associated with the 80S Ribo-
some Facilitates tRNA Dissociation from the E Sifepoint
of controversy is the functional importance of the ATPase -
strongly associated with 80S ribosomes of higher eukaryotes. : ; : 1'0
We tested the possibility that the intrinsic ATPase of time [min]
ribosomes of higher eukarya fulfills a function equivalent Ficure 2: tRNA binding to 80S ribosomes. (A) Saturation curve
to that of EF-3, an essential elongation factor and ATPase jth Ac[24C]Phe-tRNA (940 cpm/pmol; AcPhe-tRNA pémput
in higher fungi such as yeast, and analyzed the diagnostic80S) in the presence and absence of poly(U). (B) Saturation curves

feature of the ATP-dependent EF-3 functione. the with [32PJtRNAPe (4800 cpm/pmol; tRNA peactive 80S). (C)

improved accessibility of the E site in the presence of EF- K]jnetzi%s of ?ZP]tRNAPhe(fA':g)'S /fpm/ pm_gl) binding in the presence
3‘TP. The increased accessibility is revealed by an increase’’ & <> Molar €xcess o t OVer rbosomes.

of the chasing efficiency of E site bound tRNB)( posttranslocational complex where the MF-mRNA carrying
To this end, a posttranslocational complex was enzymati- the AUG-UUC codon in the middle was used (Figure 4A,B).
cally constructed in the presence of the heteropolymeric GTP had also a significant but lower effect, whereas the
MVF-mRNA which contains three unique codons, AUG- noncleavable analogues AMPPNP and GMPPNP even
GUC-UUC, in the middle. The codons code for methionine, reduced the chasing efficiency from 15% (no nucleotide
valine, and phenylalanine. The posttranslocational complextriphosphates) to 5% (Figure 4C). No effect of ATP
carried [*2P]tRNA,-Met at the E site and AéH]Val-tRNA at hydrolysis was found on tRNiWt dissociation from the P
the P site (Figure 3A). No more than 20% of the tRNA site before translocation. In control experimentsiaBeled
could be chased from the E site upon addition of a 10-molar [32P]tRNAM" was also used to be sure that the terminal A
excess of nonlabeled tRI\'}"/i’\t over ribosomes. However, of the acceptor end is preserved. Equivalent results were
in the presence of 3 mM ATP, the chasing efficiency obtained.
increased to about 50% (Figure 3B; AcVal-tRNA at the P A second translocation round was performed with the
site could not be chased at all; not shown) The dependenceposttranslocational complex shown in Figure 3A by adding
on the ATP concentration is shown with an equivalent a ternary complex containingC]Phe-tRNA. After the

3.1 tRNAPhe per active ribosome
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A Starting complex A Starting complex
EPA v PM-reaction of the EPA v PM-reaction of the
tRNA (tRNA/80S)  bound AcVal-tRNA tRNA (tRNA/80S)  bound AcPhe-tRNA
tRNA et ('+’) 0.46 tRNA K ('+' ) 057
Ac[3H]Val-tRNA (f) 0.56 80% Ac[24C]Phe-tRNA ( i’ ) 0.69 78%
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100

[32PJtRNAMet bound to E-site [%)

un
(=4

[32P]tRNAMet hound to E-site, %

i | 1 | I | I | L I 1 2 3
5 10 ATP [mM]
time [min]
C
C Starting complex A plus [14C]Phe-tRNA (%‘) ® EF-1 ® GTP (+ EF-2 + GTP) 50
Final complex .g' 40
. °
EP A PM-reaction < 30
of the bound “Z
tRNA v AcVal-Phe-tRNA = 20
A% (9) 008 10
Ac[3H]Val-[14C]Phe-tRNA ( T') 0.43 75% control  ATP GTP  AMPPNP
or GMPPNP

FIGURE 3: Chasing experiment. (A) Start complex: the posttrans- FIGURE 4. Dependence of the chasing efficiency of the tRNA

locational complex was enzymatically prepared in the presence of Present at the E site on various nucleotides. (A) Start complex:
MVE-mRNA and carried ;.[ZP]tRNAiMet at the E site and A&H]- the posttranslocational complex was enzymatically constructed in

_ val i i it the presence of MF-mRNA and carri(-ﬁélF[]tRNAIV'\’Iet at the E site
\l/geli(t)RZlﬁm/p?;grersszgi.ﬂ\"r‘;;S|(o§)mfll(cinae(t:it(|:\gtlg? \évr(]eégi:gﬁt?];ng and Acf“C]Phe-tRNAMeat the P site. (B) Chasing efficiency (25-
site bound tRNA caused by a 10-molar excess of nonlabeled molar excess of nonlabeled tRI¥A) at various ATP concentra-
tRNAiMet in the presence and absence of 3 mM ATP. The AcVal- tions. (C) Chasing efficiency as in (B) but in the presence of 3
tRNA was not chased at all. (C) Final complex after a second MM ATP, GTP, or their noncleavable analogues.
translocation: a ternary complex containingd]Phe-tRNAhe- ) ] -

EF-1:GTP was added to the start complex (A), and a translocation S sites were considered to be specific for deacylated tRNA.
was performed with EF-2 and GTP. Theé(]Phe-tRNA"had a Since poly(U) was used as the mRNA, the bound deacylated
SpECIfIC aCthlty of 1200 dpm/mel For more deta”s, see Experi- tRNAS Could not be unequ|v0ca”y ass|gned to the Va”ous
mental Procedures. sites. The assignment followed qualitative criteria: The E
site binding was described as labile and being independent
of codon—anticodon interaction, which were thought to be
features of the E site of prokaryotic ribosomes. In contrast,
the S site binding was described as stable and also being

second translocation, 75% of tH€-labeled material reacted
with puromycin, indicating that at least this amount of the
bound Phe-tRNA was present at the P site presumably in
m?sfoé:;tgnAsrc:gt-iiggl-t;%Allelr(lgi ITPeO;tg;]trlggl[gslfzatlrrlr?ést independent of coderanticodon interaction; it was thought
b Met plex Fg that this site did not participate in the tRNA turnover during
all the FPJRNA"™ (v = 0.08) which was so stably bound o elongation phase of protein synthesis.
in the starting posttranslocational complex< 0.46; Figure Here we show that 80S ribosomes from rabbit liver contain
3A,B). only three tRNA binding sites. Saturation experiments do
not reveal any evidence for a fourth site (Figure 2A), and

DISCUSSION kinetics demonstrate that we achieved the maximal extent
Three tRNA Binding Sites on Ribosomes of Higher of the tRNA binding reaction (Figure 28).32[3]tRNA1-'\"‘Et at

Eukaryotes (Rabbit lier). Ribosomes from bacterid (2, the P site of pretranslocational ribosomes was translocated

3), archaead), lower eukarya (yeas§), and mammals8g) to the E site where it was stably bound (Figure 3A,B), but

were shown to contain three ribosomal binding sites. Only this tRNA was almost completely in the next round of
in rabbit liver was a fourth site, the “S” site, postulated in elongation (Figure 3C)j.e, the E site behaves as the
addition to the canonical A, P, and E sit&.( Both E and corresponding site in prokaryotic ribosome) and the
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existence of an “S” site keeping its tRNA during several dependent manner and thus enables the occupation of the A
rounds of elongation could not be confirmed. site. EF-3 hydrolyzes GTP almost as well as ATH). (
Several points involved in this misassignment can be These observations are fully compatible with the features of
identified: (1) The authors6j did not perform saturation the allosteric three-site model first derived from functional
experiments which, together with an assessment of the activestudies withE. coliribosomes (for review, se2f)). Recently
fraction of the ribosome preparation, should have given a published data were interpreted as a refutation of the features
clean-cut answer. (2) The criteria for the E site assignment of the allosteric three-site model B. coli (25). However,
did not take into consideration published data from other the interpretation did not withstand a closer inspection; a
groups. For example, stable E site binding was observeddetailed analysis will be published elsewhere (K. H. Nier-
when more physiological conditions were applied &gt haus, Ralf Juemann, C. M. T. Spahn, and F. J. Triana-
6 mM or lower concentrations in the presence of polyamines); Alonso, manuscript submitted for publication).
under these conditions, quantitative occupation of the E A number of observations were taken as evidence arguing
site with tRNA requires codonanticodon interaction. (3) against the view that the ATPase EF-3 of yeast ribosomes
tRNAs and ribosomes from heterologous sources wereand the intrinsic ATPase of 80S ribosomes from higher
frequently used which can produce artifacts (for discussion eukaryotes (pig liver) fulfill the same functions: The kinetic
and references, see redf, 21). parameters of ATPases from these two sources were found
The maximal binding of two peptidyl-tRNA analogs to be different, tRNA binding to programmed 80S ribosomes
(AcPhe-tRNA) per ribosome represents a new quality of stimulated only the EF-3-dependent ATPase, and AMPPNP
ribosomal tRNA binding, since ribosomes from bacte?ig) ( did not reduce the poly(Phe) synthesis from pig liver 80S
archaea4), and lower eukaryote$) bind up to one AcPhe-  ribosomes ). The results of another study did not agree
tRNA, which can be present either at the A site or at the P with these findings: The binding of cognate tRNA to
site. The question of whether bacterial ribosomes flem  programmed 80S ribosomes from higher eukaryotes (rabbit
coli can bind one or two AcPhe-tRNA is still controversial liver) was reported to stimulate the intrinsic ATPase, and,
(an example of a report of two AcPhe-tRNAs bound per furthermore, AMPPNP impaired the enzymatic occupation
ribosome is found in reB). These discrepancies have been of the A site. The extent of occupied E sites in the latter
analyzed in a series of papers, and several points to be takemxperiments could not be assessed since poly(U) was used
into consideration concerning tRNA saturation experiments as mRNA displaying the same codons in P and E sité} (
have been identified (see Discussion in 22fand Experi- Possible explanations of these controversial results are the
mental Procedures in r&). following: (i) Pig liver ribosomes were not washed in high-
Ribosomes from bacteria, archaea, and lower and highersalt buffers and thus might contain still other ATPases which
eukarya contain three tRNA binding sites, supporting the mask the effects of the ribosome-intrinsic ATPase. (ii) The
conclusion that three tRNA binding sites, A, P, and E, are a poly(Phe) synthesis of pig liver ribosomes in the presence
universal feature of the translational machinery. of AMPPNP may just reflect the “promiscuous” character
Role of the Intrinsic ATPase Aetly of 80S Ribosomes of the ribosome-intrinsic ATPase to accept and cleave GTP
from Higher Eukaryotes It is well documented that 80S nearly as well (Figure 4C).
ribosomes from higher eukaryotes possess a firmly associated Here we demonstrate that the diagnostic effect of the EF-
ATPase activity 23, 24), whereas purified prokaryotic 70S  3-dependent ATPase is also observed with the ATPase
ribosomes or totally reconstitutdgl coli ribosomes do not  activity intrinsic to higher eukaryotic 80S ribosomes, namely,
contain any NTPase activity (R. Adlung and K. H. Nierhaus, to stimulate the chasing efficiency of the tRNA present at
unpublished results). The analysis presented here sheds somthe E site. This finding makes it likely that both ATPases
light on the functional role of the intrinsic ATPase of 80S fulfill the same function during protein synthesise.,
ribosomes from higher eukaryotes. enabling tRNA release from the E site, thus facilitating A
Deacylated tRNA is remarkably stable when bound at the site occupation. The obvious equivalence between the ATP
E site of 80S ribosomes from rabbit liver: Only about15 requirements of lower (yeast) and higher eukaryotes (rabbit
20% of the tRNA present at this site can be chased by liver) suggests that EF-3 has become a ribosomal protein in
cognate nonlabeled tRNA (Figures 3 and 4). Three observa-the course of evolution or, alternatively, at least a ribosomal
tions characterize the effects of nucleotides on the stability component has taken over the function of EF-3.
of the tRNA present at the E site: (1) The presence of ATP
improves the chasing efficiency-3-fold, raising the chasing ACKNOWLEDGMENT
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