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ABSTRACT: The first models of translation described protein synthesis in terms of two oper-
ationally defined tRNA binding sites, the P-site for the donor substrate, the peptidyl-tRNA,
and the A-site for the acceptor substrates, the aminoacyl-tRNAs. The discovery and analysis of
the third tRNA binding site, the E-site specific for deacylated tRNAs, resulted in the allosteric
three-site model, the two major features of which are (1) the reciprocal relationship of A-site
and E-site occupation, and (2) simultaneous codon-anticodon interactions of both tRNAs present
at the elongating ribosome. However, structural studies do not support the three operation-
ally defined sites in a simple fashion as three topographically fixed entities, thus leading to
new concepts of tRNA binding and movement: (1) the hybrid-site model describes the tRNAs’
movement through the ribosome in terms of changing binding sites on the 30S and 50S subunits
in an alternating fashion. The tRNAs thereby pass through hybrid binding states. (2) The α-ε
model introduces the concept of a movable tRNA-binding domain comprising two binding
sites, termed α and ε. The translocation movement is seen as a result of a conformational
change of the ribosome rather than as a diffusion process between fixed binding sites. The
α-ε model reconciles most of the experimental data currently available.
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Abbreviations: EM, electron microscopy; IEM,  immuno electron microscopy; SAS, small angle scattering;
SANS, small angle neutron scattering; XSAS, X-ray small angle scattering; PRE state, pre-translocational
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I. INTRODUCTION

Protein synthesis is a key step in realiz-
ing the genetic information. In all living or-
ganisms this is performed by ribosomes. These
translate the genetic information, which was
previously transcribed from DNA to a mes-
senger RNA, into the amino acid sequence
of a protein. The substrates of a ribosome
are not merely amino acids but aminoacylat-
ed tRNA molecules that fulfill two essential
functions. First, they bring the amino acids in
an activated form to the ribosome, because
the amino acids are bound via phosphodies-
ter bonds to the 3′-CCA ends of the tRNAs.
The energy content of these chemical bonds

is sufficient to allow peptide bond formation.
Second, the tRNAs link the information cod-
ed in the nucleotide sequence of the mRNA
into the amino acid sequence of the growing
peptide. An essential prerequisite for this spe-
cific linkage is the correct aminoacylation of
the tRNAs, which is performed by the ami-
noacyl-tRNA synthetases. One aminoacyl-
tRNA synthetase exists for each amino acid
(for exceptions see Ibba et al., 1997). Signif-
icant progress has been made in resolving
the tRNA-synthetase interaction at the mo-
lecular level (for reviews see Cusack, 1995).
In turn, the correct interaction of the ribo-
some with the tRNA is crucial for the selec-
tion of the aminoacyl-tRNA and for the main-
tenance of the reading frame. It follows that
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an understanding of the functional and struc-
tural aspects of this interaction is of pivotal
importance for an appropriate description of
protein biosynthesis.

Ribosomes can dissociate into two sub-
units, each consisting of both proteins and
ribosomal RNA (rRNA). Ribosomes from the
three domains bacteria, eukarya and archea
vary considerably in size and number of con-
stituents (Wittmann, 1986). However, they
exhibit a number of common features as re-
flected by the degree of sequence conserva-
tion of rRNAs and proteins (Noller, 1991;
Wittmann-Liebold et al., 1990). The eubacte-
rial ribosome from E. coli is the most exten-
sively characterized to date. The small sub-
unit (30S subunit) consists of 16S rRNA and
21 proteins (S1 to S21), the large subunit (50S
subunit) contains two rRNA molecules (5S
and 23S rRNA) and 33 different proteins (L1
to L36). The primary structure of all compo-
nents is known (for reviews see Noller, 1991;
Wittmann-Liebold et al., 1990). The total com-
plex amounts to about 2.3 million Da, with
a maximal diameter of 250 Å. Compared to
ribosomes tRNA molecules are relatively
small, with molecular masses ranging from
25.000 to 30.000 Da. They are highly modi-
fied molecules, L-shaped in three dimensions.
The functional regions of the tRNA, name-
ly, the anticodon and the acceptor ends lo-
cated at the tips of the L-shape, are separat-
ed by approximately 75 Å.

Protein biosynthesis can be divided into
three functional phases: initiation, elongation
and termination. All three phases are guided
and controlled by additional factors, that is,
the initiation factors (IFs), the elongation fac-
tors (EFs) and the termination/release fac-
tors (RFs). The translation machinery en-
sures the accurate decoding of the messenger
RNA (mRNA) leading to protein synthesis.

Translation initiation by bacterial ribo-
somes is primarily a function of the small
ribosomal subunit together with three IFs
(Gualerzi et al., 1990; Hartz et al., 1990).

The 30S subunit binds mRNA in the pres-
ence of IF-1 and IF-3. The conserved Shine-
Dalgarno sequence on the mRNA (located
7-12 nucleotides upstream of the start codon)
base-pairs to the anti-Shine-Dalgarno sequence
at the 3′-end of 16S rRNA. IF-2 together with
GTP promotes the binding of fMet-tRNAf

Met

to the start codon, usually AUG. This com-
plex associates with a free 50S subunit to form
a 70S ribosome, programmed with an mRNA
and an fMet-tRNAfMet at the ribosomal pep-
tidyl site (P site). GTP is hydrolyzed on IF-
2 and the factor is released from the initia-
tion complex.

Elongation of the nascent peptide begins
when an aminoacyl-tRNA enters the ribosome
acceptor site (A site) in the form of a ternary
complex aminoacyl-tRNA⋅⋅⋅⋅⋅ EF-Tu ⋅⋅⋅⋅⋅ GTP.
After GTP hydrolysis and dissociation of
EF-Tu ⋅⋅⋅⋅⋅ GDP peptidyltransfer occurs.
Completion of the cycle involves an EF-G-
dependent translocation event, resulting in
the movement of the peptidyl-tRNA from
the A to the P site. EF-G is released after GTP
hydrolysis.

The final step of protein synthesis is sig-
naled by a stop codon in the A site and recog-
nition by RF-1 (UAA, UAG) or RF-2 (UAA,
UGA; Tate and Brown, 1992). A third fac-
tor RF-3 enhances the activity of RF-1 and
RF-2 (Grentzmann et al., 1994; Mikuni et
al., 1994; Freistroffer et al., 1997). The pepti-
dyl-tRNA bond is hydrolyzed and the synthe-
sized protein leaves the ribosome. The tRNAs
and mRNA dissociate from the ribosome,
which in turn dissociates into the two sub-
units. The last step is guided by EF-G and
the ribosome recycling factor RRF (Janosi
et al., 1996; Pavlov et al., 1997).

The kernel of translation is the elonga-
tion cycle. Its formal outline was thought to
be understood more than 30 years ago (Watson,
1963, 1964; Lipmann, 1963). However, with
the discovery of a third tRNA binding site,
the E site, in addition to the classic A and P
sites, it became evident that the classic two-
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site model is incomplete (Rheinberger et al.,
1981; Grajevskaja et al., 1982; Rheinberger
and Nierhaus, 1983). It is clear now that the
whole process is much more complex than
originally believed. We still do not under-
stand the basic principles of tRNA selection
during the decoding process, the peptidyl-
transferase reaction, and the translocation at
the molecular level. Nevertheless, several
leaps have been made in recent times to-
ward a detailed understanding of the elon-
gation cycle. In this review we summarize
the functional and structural achievements
and critically discuss different three-site
models reflecting the current views of elon-
gation (for a detailed description of the func-
tions of the ribosomal elongation factors
see the recent review of Czworkowski and
Moore, 1996).

II. CONCEPTS OF THE
TRANSLATION PROCESS

A. From Two to Three Sites

In the early 1960s, Watson (1963, 1964)
and Lipmann (1963) suggested similar mod-
els for the elongation cycle with two tRNA
binding sites. Such models encompassed the
minimal requirements of the peptidyltransfer-
ase reaction, that is, the existence of a bind-
ing site (P site) for the donor substrate pepti-
dyl-tRNA, and a binding site (A site) for the
acceptor substrate aminoacyl-tRNA. With the
unraveling of the so-called puromycin reac-
tion (Traut and Monroe, 1964), the two-site
model became generally accepted. The anti-
biotic puromycin is a structural analogue of
the aminoacyl end of an aminoacyl-tRNA.
It can bind to the A-site region of the pepti-
dyltransferase center and accepts the peptidyl
residue from peptidyl-tRNA via formation
of a peptide bond. This puromycin reaction

should take place only if the peptidyl-tRNA
is present in the P site, and not in the A site.
Consequently, the site location of a peptidyl-
tRNA is defined operationally by the puro-
mycin reaction: a positive puromycin reac-
tion indicates P-site location, whereas a
negative puromycin reaction is evidence for
an A-site location. It is clear that charged
tRNAs only can be localized with the help
of the puromycin reaction.

If the peptidyl-tRNA analogue AcPhe-
tRNAPhe is bound directly to poly(U) pro-
grammed ribosomes, it is reactive with puro-
mycin, and thus is located in the P site. If a
deacylated tRNAPhe is bound to a poly(U) pro-
grammed ribosome followed by an AcPhe-
tRNAPhe to create a pretranslocational com-
plex (PRE complex), the AcPhe-tRNAPhe is
bound to the A site, as indicated by a nega-
tive puromycin reaction. Therefore, the de-
acylated tRNAPhe was thought to be in the P
site, that is, to be in the same ribosomal
binding site as the puromycin-reactive
AcPhe-tRNAPhe directly bound to vacant ri-
bosomes. Although a puromycin reaction
with an AcPhe-tRNAPhe present at the A site
was detected (Semenkov et al., 1992), the
operational definition of the A site still holds,
as this reaction is extremely slow (more than
200-fold slower than the corresponding P-site
reaction; Semenkov et al., 1992; A. Potapov,
C. M. T. Spahn, and K. H. Nierhaus, unpub-
lished observation) and thus allows an un-
equivocal discrimination between an A- and
P-site location of a peptidyl-tRNA.

In the beginning of the 1980s it was dis-
covered that poly(U) programmed 70S ribo-
somes from E. coli can bind up to three mol-
ecules of deacylated tRNAPhe (Rheinberger
and Nierhaus, 1980; Rheinberger et al., 1981;
Grajevskaja et al., 1982). As Phe-tRNAPhe can
occupy no more than two sites (Rheinberger
et al., 1981), there must be a third ribosomal
binding site in addition to the A and P sites,
that exclusively accepts deacylated tRNA.
The new site was termed the E site (E for exit)
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according to an early suggestion by Wettstein
and Noll (1965). Only the number of bound
deacylated tRNAs could be determined in the
course of a saturation experiment. For this
site, localization with the puromycin reac-
tion is unsuitable, as it requires a charged
tRNA.

In order to determine the site location of
the deacylated tRNA during a saturation ex-
periment, an “indicator reaction” was devel-
oped. It is based on the addition of a small
amount of Ac-aa-tRNA, whose site location
can be followed as a function of the preoc-
cupation state of the ribosome with deacy-
lated tRNA. During occupation by the first
deacylated tRNAPhe of poly(U) programmed
70S ribosomes, the indicator AcPhe-tRNA
was shifted from the P to the A site, because
tRNAPhe bound first to the P site as expected
(Rheinberger et al., 1981). During occupa-
tion by the second tRNA the binding level
of the indicator AcPhe-tRNA at 37°C was
not affected. Only when the binding level of
the deacylated tRNAPhe exceeded two does
the subsequent AcPhe-tRNA binding decrease,
showing that the E site is occupied before
the A site (Rheinberger et al., 1981). In a
more complete analysis the apparent asso-
ciation constant of AcPhe-tRNA was deter-
mined, dependent on the amount of pre-bound
tRNAPhe (Rheinberger and Nierhaus, 1986a).
The same picture was observed: a binding
level of tRNAPhe between one and two per
ribosome barley affected the association con-
stant of AcPhe-tRNA to the A site (37°C).
The association constant was strongly de-
creased after binding a third tRNAPhe. There-
fore, tRNAPhe occupies the binding sites of
poly(U) programmed ribosomes in a sequen-
tial manner. First the P site is occupied, then
the E site, and only at a high excess of tRNA
the A site. Alternatively, if we assume that
the second tRNA can bind either to the E
site or to the A site, the cogant conclusion is
that the affinity for the third tRNA is re-
duced compared with that of the second

tRNA (Rheinberger et al., 1981; Schilling-
Bartetzko et al., 1992a), and that the affinity
of deacyl-tRNA for the E site is at least as
high as for the A site and probably even
higher (Schilling-Bartetzko et al., 1992a).

The existence of a third tRNA binding
site was initially disputed (for review see
Rheinberger, 1991), but later it could be con-
firmed by other groups (Grajevskaja et al.,
1982; Kirillov et al., 1983; Lill et al., 1984).
As there is now also structural evidence for
the E site by cross-linking experiments (e.g.,
Wower et al., 1993a; Döring et al., 1994),
footprinting experiments (Moazed and Noller,
1989a), neutron scattering (Nierhaus et al.,
1998), and electron microscopy (Agrawal
et al., 1996; Stark et al., 1997), the existence
of three tRNA binding sites on E. coli ribo-
somes is now generally accepted. Moreover,
three tRNA binding sites could be shown for
ribosomes from the archeon Halobacterium
halobium (Saruyama and Nierhaus, 1986),
mammalian ribosomes from rabbit liver
(Rodnina et al., 1988), and human placenta
(Graifer et al., 1992), and yeast ribosomes
from Saccharomyces cerevisiae (Triana-
Alonso et al., 1995). A report of a fourth site,
the S site on mammalian ribosomes (Rodnina
and Wintermeyer, 1992) could not be con-
firmed (El’skaya et al., 1997). Thus, three
tRNA binding sites seem to be a universal
feature of the ribosome.

B. A Functional Model
for the Elongation Cycle:
the Allosteric Three-Site Model

The classic two-site model predicts that
the ribosome in the pretranslocational state
(PRE state) contains two tRNAs, a peptidyl-
tRNA in the A site and deacyl-tRNA in the
P site, but only one tRNA in the posttrans-
locational state (POST state), namely, a P-site
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bound peptidyl-tRNA. In contrast, during
poly(U) translation the ribosome binds
2.13± 0.06 tRNAs on average, although at
least 70% of the ribosomes are in the POST
state (Rheinberger and Nierhaus, 1983).
Furthermore, in a translocation experiment
an uncoupling of translocation and tRNA
release was observed. The deacyl-tRNA re-
mained on the POST-state ribosomes and
could be even pelleted with the complex. For
this, it was concluded that translocation of the
peptidyl-tRNA from the A to the P site was
accompanied by a co-translocation of deacyl-
tRNA from the P to the E site (Rheinberger
and Nierhaus, 1983).

If the deacyl-tRNA is not released from
the ribosome during translocation, but rather
is transferred and stably bound to the E site,
there are three possibilities for release of the
tRNA. It can be released during the next
A-site occupation, during the following
peptidyltransferase reaction, or during the
immediately following translocation. The
addition of the ternary complex was found
to release the deacyl-tRNA from the E site
(Rheinberger and Nierhaus, 1983). Because
the addition of a ternary complex containing
the non-cleavable GTP analogue GMP-PNP
(preventing peptidyltransfer and dissocia-
tion of EF-Tu) induced the liberation of the
E-site bound tRNA, the A-site occupation
could be identified to be the trigger for the
release (Rheinberger and Nierhaus, 1986a).

A corresponding release of deacyl-tRNA
from the E site by the A-site ligand Phe-tRNAPhe

or AcPhe-tRNAPhe could also be observed,
when two deacyl-tRNAs were pre-bound to
the P and E sites, respectively (Rheinberger
and Nierhaus, 1986a). Interestingly, AcPhe-
tRNAPhe could bind in this case only at 37°C,
but not at 0°C. Obviously, some activation
energy is needed for a conformational change
of the ribosome. Apparently, at low temper-
ature, the occupied E site prevents the A-site
ligand AcPhe-tRNAPhe from binding. The
ternary complex is the physiological A-site

ligand and can even bind at 0°C, accompa-
nied by a corresponding release of deacyl-
tRNA, although with a lower binding effi-
ciency than at 37°C. EF-Tu catalyzes the
conformational change of the POST to PRE
transition of the ribosome and thus allows
A-site occupation also at low temperature.

If three tRNAs were pre-bound, the
A-site binding of one equivalent of ternary
complex was able to release two equiva-
lents of deacyl-tRNAs from the ribosome
(Rheinberger and Nierhaus, 1986a). This is
an important control, because the site loca-
tion of tRNAs with poly(U) as mRNA is
always ambiguous and one could argue that
tRNA release is due to chasing from the A
site. If, however, one ternary complex re-
leases two deacyl-tRNAs, only one can be
removed by direct chasing from the A site,
and the other must be removed from the E
site by an indirect mechanism. A tRNA re-
lease triggered by an A-site occupation rather
than by a translocation reaction could be
also demonstrated in a system with a
heteropolymeric mRNA (Gnirke et al.,
1989). Because in that case unique codons
were present at the A, P, and E sites, alter-
native explanations such as tRNA release
after translocation and quantitative rebinding
to the A site, or chasing of the E-site bound
tRNA by a deacyl-tRNA contamination of
the A-site ligand, could be ruled out.

These observations founded and substan-
tiated the allosteric three-site model for the
ribosomal elongation cycle (for reviews see
Nierhaus, 1990; Rheinberger, 1991). Each
tRNA passes through the ribosomal binding
sites in the sequence A→P→E in the course
of two elongation cycles. The A and E sites
are coupled by a negative allostery. Occu-
pation of either the A or E site lowers the
affinity of the other site. Therefore, the elon-
gating ribosome exists in two different con-
formations, each displaying two high-affinity
tRNA binding sites, namely, A and P sites
in the PRE state, and P and E sites in the
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POST state. During elongation the ribosome
oscillates between these two conformations.
A schematic picture of an elongation cycle
is depicted in Figure 1. An elongation cycle
begins with the POST ribosome: the peptidyl-
tRNA is bound at the P site and the deacyl-
tRNA at the E site. A ternary complex en-
counters the low-affinity A site. A correct
codon-anticodon interaction triggers the allo-
steric transition POST→PRE. As a conse-
quence, the tRNA from the E site is released
and the ternary complex now binds with high
affinity. GTP is hydrolyzed by EF-Tu, and
EF-Tu·GDP leaves the ribosome. This state
with an aminoacyl-tRNA at the A position
and a peptidyl-tRNA at the P position has a
short lifetime, because peptidyltransfer takes
place immediately. A peptide bond is formed,
and the peptidyl-tRNA, extended by one ami-
no acid, is bound at the A site. The deacyl-
tRNA generated is bound at the P site. This
PRE ribosome is the substrate for EF-G⋅⋅⋅⋅⋅GTP,
which triggers the translocation reaction: the
peptidyl-tRNA moves from the A to the P
site and the deacyl-tRNA from the P to the
E site. GTP is hydrolyzed and EF-G⋅⋅⋅⋅⋅GDP
leaves the POST ribosome.

The allosteric three-site model disting-
uishes two types of A-site occupation, with
respect to the occupation state of the E site.
A-site occupation with a free E site occurs
only in the first elongation cycle after initia-
tion and is called A-site occupation of the
i-type (i for initiation). All following A-site
occupations are of the e-type (e for elonga-
tion) and occur on POST ribosomes with a
filled E site. When AcPhe-tRNAPhe was used
as A-site ligand and the ribosome had one or
two tRNAPhe pre-bound to either the P site,
or the P and E sites different activation en-
ergies were measured (Schilling-Bartetzko
et al., 1992b). At 15 mM Mg2+ in a conven-
tional buffer system (Table 1) the activation
energy of the A-site occupation for the i-
type was 47 kJ/mol and increased to 87 kJ/
mol for the e-type. At a low Mg2+ concen-

tration of 3 mM in a polyamine-containing
buffer system (Table 1) the difference was
even more pronounced. A-site occupation
from the i-type showed an activation energy
of 40 kJ/mol, while the activation energy for
the e-type was 118 kJ/mol.

The allosteric three-site model provides a
framework, within which the action of sever-
al antibiotics can be better understood
(Hausner et al., 1988; for reviews see Spahn
and Prescott, 1996). Aminoglycoside antibi-
otics, including streptomycin, hygromycin
B, kanamycin A, and gentamycin C, all bind
close to the decoding center of the ribosome.
Although exibiting different interference pat-
terns (e.g., only hygromycin and neomycin
inhibit translocation), they are all in accord
in blocking the A-site binding of the e-type.
If the E site is free (A-site occupation of the
i-type), only small effects are observed. Simi-
larly, the translocation inhibitors viomycin
and thiostrepton interfere strongly with A-
site occupation of the e-type but have only
a negligible effect on A-site occupation of
the i-type.

The features of the allosteric three-site
model have been demonstrated also with ribo-
somes from organisms other than E. coli, viz.,
ribosomes from both the archaeon H. halobium
(Saruyama and Nierhaus, 1986) and the yeast
S. cerevisiae (Triana-Alonso et al., 1995). More-
over, in the latter system the role of the elon-
gation factor EF-3 could be clarified. EF-3
is a ribosome-dependent ATPase, unique and
essential in higher fungi (for reviews see Triana
et al., 1993, and references therein). An
exceptionally strong difference between A-
site occupations of the i- and e-types was
observed. A-site occupation of the i-type
was possible without EF-3, whereas in the
case of a filled E site (e-type) a ternary com-
plex could not bind to the A site, thus strik-
ingly demonstrating the reciprocal linkage
between the A and E sites. EF-3 and ATP
were necessary for efficient ternary complex
binding. Because EF-3 enhances chasing of
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the E-site bound tRNA in an ATPase-depen-
dent manner, EF-3 was termed an E-site factor
as it helps to release the E-site bound tRNA
during the A-site occupation (Triana-Alonso
et al., 1995).

C. Properties of the E Site

It is generally accepted that tRNA is not
directly released from the P site during trans-
location but is transferred to the E site
(Nierhaus, 1990; Wintermeyer et al., 1990).
Disagreement exists on several points con-
cerning the properties of the E site, that is,
the stability of the E-site bound tRNA and
the importance of the codon-anticodon in-
teraction (e.g., Rheinberger, 1991; Nierhaus,

1993; Wintermeyer et al., 1990; Semenkov
et al., 1996). Furthermore, the importance of
the E site is disputed. Wintermeyer and co-
workers favor the view that the E site only
facilitates the release of deacylated tRNA from
the P site in the course of the translocation
reaction, whereas Nierhaus and colleagues
assign a prominent role to the E-site bound
tRNA and suggest a reciprocal interaction
between A and E sites. In the following sec-
tion we review this issue.

1. Stability of the E-Site Bound
tRNA

The affinity of the E site for deacyl-
tRNA was estimated to be around 1× 107 M–1

TABLE 1
Concentrations of Ions and Polyamines Important
for Ribosomal Functions  In Vitro  in Various Buffer Systems
and In Vivo

Mg2+ K+, NH4
+ a Polyamines

[mM] [mM] [mM]

spermd. sperm. putr.

Conventional 7–20 100 None None None
systeme

Polyamine 3–6 150 2b 0.05b Nonec

systemf

In vivog ∼4 ∼150 1–4 ∼0.03d 20c

(free Mg2+)

Note: sperm., spermine; spermd., spermidine; putr., putrescine.

a K+ and NH4
+  are nearly equivalent in in vitro systems of protein syn-

thesis due to their similar ionic radii.
b We used 0.4 mM spermidine and 0.6 mM spermine before 1990. 2

mM spermidine and 0.05 mM spermine were found to achieve the
same results concerning rate, accuracy, and active fraction. There-
fore, we have preferred the latter concentration set since 1990, due
to their correlation with the corresponding in vivo data.

c Putrescine has no effects on protein synthesis in vitro as have
additions of cadaverine and agmatine (B. Lewicki and K. H. Nierhaus,
unpublished) that also are present in significant amounts in vivo.

d 1/100 the concentration found for spermidine; Kamekura et al. (1987).
e Semenkov et al. (1996).
f Rheinberger and Nierhaus (1987); Bartetzko and Nierhaus (1988).
g Lusk et al. (1968); Tabor and Tabor (1985); Kamekura et al. (1987).
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(Rheinberger et al., 1981; Schilling-Bartetzko
et al., 1992a). Wintermeyer and co-workers
could also confirm the existence of the E site
(Lill et al., 1984), although they initially ruled
out that a third tRNA binding site could be
stronger than 5× 105 M–1 (Wintermeyer and
Robertson, 1982). Dependent on the buffer con-
ditions they found the binding constant for
the E site to be 0.4× 107 M–1 to 4× 107 M–1

(Lill et al., 1986). There is no contradiction
concerning the binding constants, that is, in
the binding energy and the binding stability
in a thermodynamic sense. In order to test
the site location of deacyl-tRNA, Lill et al.
(1984) used an “indicator reaction” similiar
to that of Rheinberger et al. (1981), in which
the binding of AcPhe-tRNAPhe or of a ter-
nary complex was exploited to measure the
availability of the P and A sites. In agree-
ment with Rheinberger et al. (1981), they
confirmed a sequential binding. First the P
site was occupied and then the E site, prior
to, or concomitantly with, the A site (Lill et
al., 1984). In contrast, the A site was occu-
pied as the second site in a heterologous sys-
tem with E. coli ribosomes and yeast tRNA.
Furthermore, E-site binding could be detect-
ed by nitrocellulose filtration only when the
sample was spotted directly on the filter, where-
as E-site binding of the homologous tRNAPhe

from E. coli could be detected also by filtra-
tion with prior dilution, at least at Mg2+ con-
centrations of 15 mM and above (Lill et al.,
1984). This demonstrates that results obtained
with a heterologous system may not be valid
for the homologous situation.

Despite the agreement in the association
constant of the E site, differences in the amount
of E-site bound tRNA after translocation were
reported. Nierhaus and colleagues observed
that only little deacyl-tRNA was released
when translocated from the P to the E site
(e.g., Rheinberger and Nierhaus, 1983, 1986a;
Gnirke et al., 1989). In contrast, Wintermeyer
and colleagues observed a significant release

of the deacyl-tRNA after translocation un-
der equilibrium conditions (Robertson et al.,
1986; Robertson and Wintermeyer, 1987;
Semenkov et al., 1996). Obviously, differ-
ent kinetic stabilities of the E-site bound
tRNA account for the different binding lev-
els in the enzymatically derived POST state.
Three main factors give rise to this discrep-
ancy: (1) the source of the tRNA, (2) the
preparation of ribosomes, and (3) the buffer
conditions.

1. In some studies a heterologous system
was used to exploit the fluorescent prop-
erties of yeast tRNA or some deriva-
tives of yeast tRNA in the presence of
E. coli ribosomes (e.g., Robertson et
al., 1986; Robertson and Wintermeyer,
1987). However, the affinity of yeast
tRNA for the E site is approximately
one order of magnitude lower than that
of E. coli tRNA (Lill et al., 1986).

2. The preparation of ribosomes can also
influence the stability of the E-site bound
tRNA. Ribosomes isolated under low-
salt conditions (Rheinberger et al.,
1988) have a more stable E site than
high salt-washed ribosomes (Robertson
et al., 1984; Robertson and Wintermeyer,
1987). Washing the 70S ribosomes
with, for example, 500 mM NH4Cl is a
step of the ribosome isolation procedure
by Wintermeyer and others intended to
remove impurities from the ribosome.
Such a procedure has the drawback that
it can partially remove up to 14 riboso-
mal proteins (Gnirke et al., 1989) and
thus gives rise to a heterogeneous popu-
lation of ribosomes.

3. The buffer composition is important con-
cerning the occupation of the E-site after
a translocation step. Standard systems
for in vitro translation or for preparation
of ribosomal complexes contain mainly
Mg2+ as divalent cations and K+/ NH4

+

as monovalent cations. The optimal Mg2+
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concentration for poly(U) dependent
poly(Phe) synthesis is 10 to 12 mM at
150 mM NH4

+  (Chinali and Parmeggiani,
1982; Bartetzko and Nierhaus, 1988).
Lowering the Mg2+ concentration leads
to an increasing loss of the deacyl-tRNA
during the translocation reaction
(Robertson et al., 1984; Robertson and
Wintermeyer, 1987). At 20 mM or
15 mM Mg2+ most of the tRNA stayes
on the ribosome, whereas the E-site
affinity at 4 mM Mg2+ is estimated to
be below 4× 105 M–1. The Mg2+ con-
centration is around 4 mM in vivo (Lusk
et al., 1968; Table 1). However, the
results obtained in standard buffer sys-
tems cannot be extrapolated to the in
vivo situation, because a low Mg2+ con-
centration produces additional effects
beyond inactivation of the E site. It was
found that the overall poly(U) directed
Phe incorporation as well as the extent
of tRNA binding to P and A sites de-
creases in a manner parallel to the in-
activation of the E site, when the Mg2+

concentration is lowered below 10 mM
(Rheinberger and Nierhaus, 1987).
Thus, conventional buffer systems
(Table 1) are not sufficient to mimic
the environment of the ribosome within
a cell and to allow protein synthesis to
proceed with in vivo-like characteris-
tics in terms of speed and accuracy.
Especially important for protein bio-
synthesis at physiologic Mg2+ concen-
tration is the presence of polyamines,
which are found in the cytosol (Tabor
and Tabor, 1985; Kamekura et al.,
1987; see Table 1).

Two polyamine-containing buffer sys-
tems have been described that allow poly(U)
directed poly(Phe) synthesis to be performed
at a rate and accuracy close to the correspond-
ing in vivo values: the polymix system (Jelenc
and Kurland, 1979), and the less complex poly-

amine system (Bartetzko and Nierhaus, 1988;
see Table 1). A complete uncoupling of trans-
location and tRNA release could be observed
in the latter system with a Mg2+ concentra-
tion of 6 mM, or even 3 mM (Rheinberger
and Nierhaus, 1987). Recently, the lack of
tRNA release after translocation in the poly-
amine system could be confirmed even with
salt-washed ribosomes, whereas a nearly com-
plete release was observed with convention-
al buffer systems at 7 mM Mg2+ (Table 1;
Semenkov et al., 1996). An almost com-
plete, albeit slower, release was also seen in
the polymix system. Therefore, it is clear that
the release of the deacyl-tRNA after translo-
cation from the P to the E site strongly de-
pends on the buffer system. Note that the poly-
amine system closely matches the in vivo
concentrations of monovalent cations, Mg2+,
spermine, and spermidine (see Table 1).

The question of whether a deacylated
tRNA is bound at the E site in a stable fashion
in vivo is considered below. The allosteric
three-site model predicts that the POST state
contains two occupied high-affinity tRNA
binding sites, the P site and the E site. The
stability of the E site was deduced from the
lack of tRNA release after translocation (e.g.,
Rheinberger and Nierhaus, 1983; Rheinberger
and Nierhaus, 1986a; Gnirke et al., 1989).
Because the E-site occupation was observed
under equilibrium conditions, it reflects thermo-
dynamic stability. In contrast, Wintermeyer
and co-workers have stated that a tRNA at
the E site is bound in a kinetically labile fash-
ion and dissociates passively from the ribo-
some during the translocation reaction and
before A-site occupation occurs (Robertson
et al., 1986; Robertson and Wintermeyer, 1987).
In this view the E-site bound tRNA charac-
terizes a short-lived kinetic intermediate of
the translocation reaction. These authors’
argument is based on the observations that
the E-site bound tRNA dissociates rapidly
from the POST ribosome and can be easily
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chased with a large excess of non-labeled
deacyl-tRNA. Furthermore, a low stability
was seen by nitrocellulose filtration with
prior dilution of the sample, especially when
yeast deacyl-tRNA was used or a Mg2+ con-
centration below 15 mM (Lill et al., 1984).
In contrast, under the conditions of the poly-
amine system (Table 1) the E-site bound tRNA
was kinetically stable enough to survive ni-
trocellulose filtration with prior dilution. Fur-
thermore, the POST complex could be pellet-
ed by centrifugation and resuspended without
significant loss of deacyl-tRNA (Gnirke et
al., 1989). During this procedure the POST
complex was treated at far from equilibrium
conditions for several hours, albeit at low tem-
perature. A higher chaseability of the E-site
bound tRNA when compared with that of A-
or P-site bound tRNAs was also observed by
Nierhaus and co-workers (Rheinberger and
Nierhaus, 1986b; Rheinberger et al., 1986).
If the chaseability is defined as kinetic labil-
ity, then tRNA binding at the E site is labile
indeed. However, the relevant biochemical
question is not whether the E-site bound tRNA
can be chased, but rather whether the dissoci-
ation of the tRNA from the E site occurs fast
enough to proceed passively (i.e., without in-
volvement of an allosteric mechanism) with-
in one elongation cycle.

The dissociation rate constant for the E
site was measured to be 0.5 s–1 or 0.1 s–1,
and the speed of poly(Phe) synthesis was
given to be 5 s–1 under the same conditions
(Robertson et al., 1986). According to these
data the E-site bound tRNA remains on av-
erage for 2 to 10 s on the ribosome, a time
sufficient for 10 to 50 elongation cycles. It
follows that within 0.2 s, the time needed for
one elongation cycle, only 2 to 10% of the
E-site located tRNA could be released by
passive diffusion. Therefore, the kinetic data
reported by Wintermeyer and colleagues ar-
gue against a release of tRNA before A-site
occupation and imply that the E site is oc-
cupied during A-site occupation, as pro-
posed by the allosteric three-site model (Fig-

ure 1). This consideration suggests that an
active mechanism for tRNA release is re-
quired. We note that the values mentioned
previously represent a lower limit for the kinet-
ic E-site stability. A higher E-site occupation
is seen after translocation in the polyamine
system (Table 1; Rheinberger and Nierhaus,
1987; Semenkov et al., 1996) and is evi-
dently caused by a lower off-rate. This
tendency contrasts with the faster rate of
poly(Phe) synthesis per ribosome in this
buffer system (Bartetzko and Nierhaus,
1988).

The situation in vivo is even more pro-
nounced. The speed of protein biosynthesis
is 20 amino acids per second (Dennis and
Bremer, 1974), that is, the deacyl-tRNA must
fall off the ribosome within 50 ms. There is
practically no pool of deacyl-tRNA inside the
cell, and therefore no equilibrium of E-site
occupation can be established. A similar non-
equilibrium situtation was realized in vitro,
by the addition of aminoacyl-tRNA synthe-
tase, which resulted in an increased release of
deacylated tRNA after translocation (Robertson
and Wintermeyer, 1987). If this scenario prop-
erly reflects the in vivo situation, that is, the
tRNA binds only transiently to the E site and
falls off the ribosome during translocation, it
should not be possible to isolate POST poly-
somes containing an occupied E site. Howev-
er, in fact at least 75% of the POST ribosomes
in vivo carry a deacylated tRNA (Remme et
al., 1989). Moreover, E-site specific protec-
tions of 23S rRNA are found in polysomes,
also arguing for an occupied E site (Brow and
Noller, 1983; Moazed and Noller, 1989a).
Also, Wintermeyer and colleagues reported
an occupied E site in native disomes after an
incubation with EF-G for 10 min at 37°C at
6 mM Mg2+ without polyamines (Stark et al.,
1997). The E-site bound tRNA is not re-
leased, even under these conditions that re-
sult in a very labile E site in vitro (Robertson
et al., 1986; Rheinberger and Nierhaus, 1987).
It follows that the E sites of POST-state ribo-
somes are stably occupied in vivo.
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2. Codon-Anticodon Interaction
at the E Site

In the absence of mRNA no more than
one deacyl-tRNA could be bound to the ribo-
some, that is, at the P site, whereas in the
presence of cognate mRNA the E and A sites
could also be occupied (Rheinberger et al.,
1981). This was taken as evidence that there
is a codon-anticodon interaction at the E site.
In contrast, other groups reported deacyl-
tRNA binding to the P and E sites of unpro-
grammed ribosomes (Kirrilov et al., 1983;
Lill et al., 1984).

A possible explanation is the difference
in the filtration technique applied; for exam-
ple, Lill et al. (1984) filtered the sample with-
out prior dilution, applied a low vacuum dur-
ing the filtration process, and could therefore
also detect binding sites with lower affinity.
In any case, the observation of a binding to
unprogrammed ribosomes is not an argument
against codon-anticodon interaction, as, for
example, the P site of unprogrammed ribo-
somes can be occupied, however, codon-anti-
codon interaction at the P site is a well-estab-
lished fact in the presence of a cognate codon
(Lührmann et al., 1979; Peters and Yarus,
1979; Wurmbach and Nierhaus, 1979;
Ofengand and Liou, 1981).

To investigate codon-anticodon contacts
more carefully, two strategies were used:
(1) direct binding of cognate vs. non-cognate
tRNA, and (2) chasing of labeled bound tRNAs
by an excess of unlabeled cognate or non-
cognate tRNAs. In the case of poly(U) pro-
grammed ribosomes, only tRNAPhe could quan-
titatively fill the E site, whereas negligible
binding was seen with the non-cognate tRNALys

(Rheinberger et al., 1986). If poly(A) was
used as template the opposite binding behav-
ior of the tRNAs was seen: the cognate tRNALys

quantitatively filled the E site, while the non-
cognate tRNAPhe

 exhibited a low binding lev-
el. A similar influence of the codon on the
binding of deacyl-tRNA to the E site was

observed with a heteropolymeric mRNA
(Gnirke et al., 1989).

In addition, chasing experiments also
revealed an interaction between codon and
anticodon in the E site (Rheinberger et al.,
1986; Rheinberger and Nierhaus, 1986b).
In poly(U) and poly(A) systems the cor-
responding chasing efficiencies were par-
ticularly pronounced: when cognate instead
of non-cognate chasing substrates were ap-
plied, the difference was larger than one
order of magnitude, as revealed by the chas-
ing factor. The chasing factor was defined
as the amount of labeled tRNA chased by
the cognate competitor divided by the
amount chased by the non-cognate one
(Rheinberger and Nierhaus, 1986b; note
that the chasing factor so defined is not
equal to the ratio of the affinities). A more
exhaustive analysis by Lill and Wintermeyer
(1987) led in principle to similar figures.
At 20 mM Mg2+ they found on average a 4-
fold stabilization of binding to the E site by
codon-anticodon and at 10 mM Mg2+ even
a 20-fold stabilization, with a maximum of
about 45-fold. At 10 mM Mg2+ the ratio of
the affinity constants between the cognate
tRNAPhe and near-cognate tRNAs was on
average 11 when two basepairs could be
formed between codon and anticodon of
the near-cognate tRNA in the E site, 24
with one basepair, and 35 when a basepair
could not be formed. It follows that the
codon-anticodon interaction significantly
contributes to the binding affinity at the E
site (Lill and Wintermeyer, 1987). How-
ever, these authors stated that the contribu-
tion of the codon-anticodon interaction to
E-site binding is much smaller than its con-
tribution to binding to the A or P sites.
Nierhaus and colleagues have not quanti-
fied the influence of codon-anticodon
in terms of affinity (Rheinberger and
Nierhaus, 1986b; Rheinberger et al., 1986),
but in their experimental system the influ-
ence of codon-anticodon interaction is
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higher than that measured by Lill and
Wintermeyer (1987). This follows from a
comparison of the chasing abilities of
tRNAPhe compared with tRNALys in a ex-
periment with poly(A) as mRNA. tRNALys

is among the tRNAs having a very low in-
trinsic affinity for a non-programmed ribo-
some, whereas tRNAPhe exhibits a strong
intrinsic affinity (Lill and Wintermeyer,
1987; Gnirke et al., 1989). However, in the
poly(A) system efficient chasing of labeled
tRNALys from the E site occurs only with
the cognate tRNALys and not with the non-
cognate tRNAPhe (Rheinberger and Nierhaus,
1986b; Rheinberger et al., 1986). We note
that even a weak codon-anticodon interac-
tion is difficult to explain by structural
models, in which the anticodon has been de-
scribed as distant from the codon (Agrawal
et al., 1996; Stark et al., 1997).

In line with the importance of codon-
anticodon interaction is the observation that
a cross-link between an E-site located
[2N3A76]tRNAPhe and the 23S rRNA could
be found only when the tRNAPhe was cog-
nate for the E-site codon (Wower et al., 1995).
Accordingly, no cross-link to the 23S rRNA
was found when tRNAPhe was bound to poly(A)
programmed ribosomes (Wower et al.,
1993a). Wintermeyer and co-workers have
found that an intact 3′-CCA end is an essen-
tial feature for the specific binding of deacyl-
tRNA to the E site and is important for
efficient translocation from P to E site (Lill
et al., 1989). The cross-linking studies
(Wower et al., 1993a; Wower et al., 1995)
imply that the 3′-CCA end is in different
positions, dependent on the presence or
absence of codon-anticodon interaction. A
proper contact of the 3′-CCA end with its
ribosomal binding site might therefore re-
quire codon-anticodon interaction.

It has been speculated that two continu-
ous codon-anticodon interactions in the A
and P sites in the PRE state and in the P and
E sites in the POST state are involved in the
stable fixation of the mRNA (Rheinberger

and Nierhaus, 1983). This hypothesis has
been questioned, one argument being that
disruption of codon-anticodon interactions
takes place during translocation from the P
to the E site (Kirillov and Semenkov, 1986),
and the other, that codon-anticodon interac-
tions might be too weak and take place only
transiently (Lill and Wintermeyer, 1987). A
recent report supports the importance of codon-
anticodon interaction in vivo (Horsfield et
al., 1995): a common source for (–1)frame-
shifts are so-called slippery sequences of
seven nucleotides within the translatable re-
gion of mRNAs. Previously it was thought
that these frameshifts occur in the PRE state
of the ribosome with a simultaneous slip-
page of A- and P-site bound tRNAs. In
contrast, Horsfield et al. (1995) have shown
that such a frameshift event takes place in
the POST state. The fact that the slippery
sequence comprises seven nucleotides pro-
vides evidence for the existence of codon-
anticodon interaction at the E site in vivo; in
the absence of such an interaction, the slip-
pery sequence would consist of four instead
of seven nucleotides. Obviously, the possi-
bility of codon-anticodon interaction must
be maintained even after the frameshift in
order to allow frameshift to occur. This im-
plies that codon-anticodon interaction at the
E site should be involved in the maintenance
of the reading frame, as proposed previously
(Rheinberger et al., 1986). Furthermore, this
observation indicates that E-site binding in
vivo is more stable than expected from a mere
kinetic intermediate (see Section II.C.1).

3. Reciprocal Coupling between
A and E Sites and Implications
for Accuracy of Decoding

The allosteric three-site model proposes
a process of at least two steps for the A-site
occupation during elongation. In the POST
state of the ribosome the A site has low
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affinity for ternary complexes. Recognition
of codon-anticodon occurs at the low-affin-
ity A site (first step) and a successful recog-
nition induces a conformational change of
the ribosome (second step). As a result the
affinity for the E-site bound deacyl-tRNA is
reduced and the tRNA leaves the ribosome,
while the aminoacyl-tRNA is bound with high
affinity at the A site. Such a mechanism has
implications for the accuracy of tRNA se-
lection (Nierhaus, 1993). The principle of
such a two-step A-site occupation had already
been proposed by Ninio (1974). Principally,
mainly codon-anticodon interaction should
contribute to the binding energy at the A
site in its low-affinity state, in contrast to the
high-affinity state, in which contacts between
the whole ternary complex, including EF-Tu,
and the ribosome can also contribute to the
binding energy. Note that the presence of
EF-Tu within the ternary complex increases
the affinitiy for the A site by more than two
orders of magnitude as compared to naked
aminoacyl-tRNA (Schilling-Bartezko et al.,
1992a). All such contacts, apart from codon-
anticodon interaction, are non-discrimina-
tory, that is, they are essentially the same
for the cognate ternary complexes and for
the non-cognate ones. In a high-affinity A
site these non-discriminatory contacts will
slow the dissociation of the non-cognate
ternary complexes. Subsequent steps of the
elongation cycle must be slow enough to
allow the dissociation of incorrectly bound
ternary complexes. However, if decoding
takes place on a low-affinity A site, disso-
ciation will be fast, and the subsequent steps
can also proceed faster.

The discrimination energy ∆∆G between
incorrect and correct substrates will be un-
changed, regardless of whether reciprocal
coupling between A and E sites exists. There-
fore, such a mechanism cannot improve the
accuracy beyond what would be expected from
the thermodynamic mechanism, but rather
reduce the time that is needed to exploit the

discrimination energy. Such a mechanism is
principally compatible with ribosomal proof-
reading. The idea of ribosomal proofreading
started from the observation that the stabil-
ity of codon-anticodon interactions of appro-
priate tRNAs could explain an accuracy of
the decoding process of little better than 1/10
(i.e., one error per 10 incorporations; Grosjean
et al., 1978), whereas an accuracy of about
1/1000 is observed in vivo. Therefore, it was
suggested that the accuracy potential of codon-
anticodon interaction must be exploited more
than once (for reviews see Kurland et al.,
1990). Kinetic proofreading can provide an
accuracy that is higher than the thermodynam-
ic limit by coupling the reaction to an en-
ergy-supplying reaction such as GTP cleav-
age: in this case, EF-Tu-dependent cleavage
of GTP (Hopfield, 1974; Ninio, 1975). The
increased GTP consumption observed dur-
ing the incorporation of near-cognate amino
acids was taken as a proof for the existence
of a proofreading mechanism. However, al-
ternative explanations exist (Nierhaus, 1990,
and references therein). Furthermore, the de-
termination of the crystal structure of a ter-
nary complex aminoacyl-tRNA⋅⋅⋅⋅⋅EF-Tu⋅⋅⋅⋅⋅GTP
revealed that EF-Tu interacts with the tRNA
about 50 Å away from the anticodon at the
T and acceptor stems (Nissen et al., 1995),
which provides no simple explanation as to
how EF-Tu and the EF-Tu-dependent cleav-
age of GTP could fulfill a possible proof-
reading function.

An alternative concept has been suggest-
ed, according to which the ribosomal decod-
ing center recognizes the correctness of the
stereochemistry of the partial Watson-Crick
structure formed by codon-anticodon inter-
action (Potapov, 1982) rather than “sens-
ing” the stability of codon-anticodon inter-
action several times. This alternative concept
can explain the observation that a desoxy-
ribo-codon at the A site severely interferes
with A-site binding, although the mere stabil-
ity of codon-anticodon interaction is virtu-
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ally unchanged by the removal of the 2′-OH
groups (Potapov et al., 1995). Furthermore,
DNA polymerases use a stereochemical rec-
ognition mechanism (Echols and Goodman,
1991) and can achieve an accuracy of 10–5

without proofreading, although the stability
of a correct base pair versus an incorrect one
can only account for an accuracy of 10–1 to
10–2.

More recently, a two-step mechanism
for A-site occupation was also proposed by
Powers and Noller (1994a,b). Based on pro-
tection of bases in the 16S rRNA, they in-
ferred that the 530 loop might exist in two
conformations, an open one with low affini-
ty for EF-Tu⋅⋅⋅⋅⋅GTP and a closed one with high
affinity. Successful recognition of codon-anti-
codon interaction shifts the conformation from
the open to the closed conformation, and EF-
Tu⋅⋅⋅⋅⋅GTP is consequently bound with high af-
finity. According to their model, a low-affin-
ity A site does not require an occupied E site.
Furthermore, ribosomes carrying only AcPhe-
tRNAPhe in the P site exist in two different
conformations, as evident from the differen-
tial effects of puromycin, tetracycline, viomy-
cin and thiostrepton on two subpopulations
of ribosomes (Kutay et al., 1990). Finally,
even the empty ribosome can adopt two dif-
ferent conformations, one resembling the PRE,
the other the POST conformation, as judged
by synergistic effects of EF-Tu and EF-G on
their respective uncoupled GTPases (Mesters
et al., 1994). The allosteric three-site model
suggests that tRNA-binding to the E site shifts
the equilibrium toward the low-affinity A site
due to the reciprocal interaction between these
sites and can therefore have an effect on tRNA
selection. Indeed, it has been found that ribo-
somes with an occupied E site discriminate
much better against non-cognate ternary com-
plexes than do ribosomes with an empty E
site (Geigenmüller and Nierhaus, 1990). Cor-
rect codon-anticodon interaction in the E site
is necessary for this effect, because a near-
cognate deacyl-tRNA in the E site did not
improve accuracy.

Recently, Semenkov et al. (1996) consid-
ered “the allosteric three-site model of elon-
gation untenable”. Repeating several of their
older findings, albeit in a more defined sys-
tem with a heteropolymeric mRNA, they inter-
preted some of their data as evidence against
the existence of stable E-site binding and of
negative cooperativity between E and A sites.
Furthermore, they claimed that none of the
features of the allosteric three-site model “with-
stood experimental scrutiny in other labora-
tories”. The latter statement is incorrect,
because Semenkov et al. (1996) have con-
firmed stable E-site binding in the polyamine
system (Table 1) and have neglected in vivo
observations that support stable binding and
codon-anticodon interaction at the E site
(Nierhaus et al., 1997; see also Sections
II.C.1. and II.C.2.).

In the following we concentrate on discuss-
ing the crucial experiment (Figure 4 in Semenkov
et al., 1996), which was thought to disprove
the allosteric three-site model. Semenkov et
al. (1996) constructed a POST complex in
the polyamine buffer system (Table 1). fMet-
[14C] tRNA f

Met  was bound to the P site of ribo-
somes that were programmed with an MFF-
mRNA carrying the three defined codons
AUG-UUU-UUC in the middle. In the next
step [3H]Phe-tRNAPhe⋅⋅⋅⋅⋅EF-Tu⋅⋅⋅⋅⋅GTP was add-
ed. After an EF-G-dependent translocation,
EF-G was removed. The deacylated [14C]
tRNA f

Met  was translocated to the E site, where
it remained quantitatively bound during the
following manipulations. Thus, the tRNA f

Met

was stably bound at the E site in agreement
with the allosteric three-site model. Finally,
a second ternary complex [3H]Phe-tRNAPhe⋅⋅⋅⋅⋅
EF-Tu⋅⋅⋅⋅⋅GTP was quantitatively bound to the A
site, while most of the tRNA f

Met  remained at
the E site. The binding of three tRNAs simul-
taneously was considered to disprove the allo-
steric three-site model.

However, the allosteric three-site model
does in fact allow the binding of three tRNAs
simultaneously in the POST state: a deacy-
lated tRNA at the E site, a peptidyl-tRNA at
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the P site, and an aminoacyl-tRNA at the low-
affinity A site during the decoding process
(Geigenmüller and Nierhaus, 1990). This state
probably exists as a short-lived intermediate
during the decoding process. The hybrid-site
model (Moazed and Noller, 1989b) also
allows the binding of three tRNAs for a
POST ribosome: a deacylated tRNA at the E
site, a peptidyl-tRNA at the P/P site, and an
aminoacyl-tRNA within a ternary complex
at the A/T site. A similar although not iden-
tical case was described in an experiment, in
which the programmed ribosomes were satu-
rated with deacylated tRNAs. The first tRNA
occupied the P site and the second the E site,
thus establishing the POST state, to which a
third tRNA could be bound only in the pres-
ence of a high excess of tRNAs (Rheinberger
et al., 1981), thus indicating a low-affinity
state of the A site (Schilling-Bartetzko et
al., 1992a). In contrast, only two tRNAs can
be bound to ribosomes in the PRE state ac-
cording to both models. A deacylated tRNA
at the P site and a peptidyl-tRNA at the A site
prevent the binding of a third tRNA to the E
site (reciprocal linkage; allosteric three-site
model). Similarly, the hybrid-site model
predicts a peptidyl-tRNA at the A/P site and
a deacylated tRNA at the P/E site leaving no
site for a third tRNA. Therefore, the critical
question concerning the experiment de-
scribed by Semekov et al. (1996) is, whether
a ribosome, carrying three tRNAs, is in the
PRE or in the POST state. However, this
question cannot be answered, because
Semenkov et al. did not include appropriate
controls, revealing the state of the ribosome.
A peptide analysis—in order to demonstrate
a quantitative tripeptide formation indica-
tive for a PRE state—was not shown. Fur-
thermore, a puromycin reaction as control
was only performed before, and not after,
the addition of the ternary complex
(Semenkov et al., 1996), leaving undeter-
mined the A- or P-site location of the
peptidyl-tRNA. Therefore, no conclusion can
be derived either in favor of or against the

allosteric three-site model. However, fol-
lowing the interpretation of the authors, the
experiment argues not only against the allo-
steric three-site model, but also against the
hybrid-site model with the same stringency;
this point was not considered by the authors
(for further discussion see Nierhaus et al.,
1997).

Some evidence for the reciprocal inter-
action between A and E sites can also be
extracted from in vivo studies. Native poly-
somes contain on average 1.9 tRNAs per
ribosome, and about 40% of the ribosomes
are in the PRE and 60% in the POST state
(Remme et al., 1989). In the case of labile
E-site binding, 1.4 tRNAs would be expect-
ed to be on the ribosome, whereas in the case
of stable E-site binding in the absence of a
reciprocal interaction up to 2.4 tRNAs would
be expected per ribosome. The observed
number 1.9 therefore implies that two high-
affinity sites are always present on the elon-
gating ribosome. A second line of evidence
comes from a study of tRNA mutations. It is
known that a base substitution at the univer-
sal 3′-CCA end of tRNAs weakens the af-
finity of the tRNA for the E site (Lill et al.,
1989). An analysis of the in vivo effects of
a tRNAVal that had an altered 3′-CCA end
revealed a depression of accuracy during the
decoding of the next but one codon down-
stream (O’Connor et al., 1993). Obviously,
a disturbance of the interaction of the tRNA
with the ribosomal E site provoked an error
increase in the selection process at the A site.
This is precisely the effect that has been in-
ferred from the reciprocal coupling of the A
and E sites and has been demonstrated in
vitro (Geigenmüller and Nierhaus, 1990; see
above).

4. Is There More Than One State
of the E Site?

Wintermeyer and co-workers have stud-
ied the translocation reaction with fast kinetic
methods. They measured the fluorescent sig-
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nals from dyes that were attached to deacyl-
tRNAPhe or AcPhe-tRNAPhe and followed the
time-resolved change of the fluorescent sig-
nal during the translocation of tRNAs from
the P to the E site and from the A to the P
site (Robertson et al., 1986). They also mea-
sured the kinetically resolved fluorescence
energy transfer of dyes attached to the anti-
codon loops of the tRNAs during the trans-
location reaction (Paulsen and Wintermeyer,
1986). The change of the fluorescence signal
could be described by three exponentials. The
fast step had a rate between 1 s–1 and 5 s–1,
the intermediate step a rate between 0.1 s–1

and 0.3 s–1 and the slow phase occurred with
a rate between 0.01 s–1 and 0.02 s–1. The fast
step was assigned to the simultaneous move-
ments of the two tRNAs from A and P sites
to P and E sites. The intermediate kinetic
step was taken to represent a rearrangement
of the E-site bound tRNA and the slow step
was not assigned. During translocation, the
distance of the two anticodon loops did not
change significantly, being 23± 6 Å before
and 25± 6 Å after (Paulsen and Wintermeyer,
1986). Therefore, the anticodon of the E-site
bound tRNA should be in contact with the
mRNA. In the course of the following re-
arrangement the distance between the anti-
codon loops increased to 34± 8 Å. The
tRNA is supposed to dissociate during or
after this process. Thus, the kinetics moni-
tored during translocation of a tRNA from
the P to the E site indicated two states of
the E-site bound tRNA that the authors called
E′ and E (Robertson et al., 1986). In E′, the
first state reached after translocation, the
anticodon is still in contact with the mRNA,
and the mutual arrangement of the tRNAs
is probably the same as before transloca-
tion. Thereafter, the codon-anticodon base
pairs are disrupted during the subsequent
rearrangement, and the tRNA reaches a po-
sition, that the authors call the E site; from
this site the tRNA easily dissociates from
the ribosome.

Such a rearrangement could not be ob-
served under the experimental conditions of
Nierhaus and colleagues. Analysis of PRE
and POST complexes by neutron scattering
revealed that the mutual arrangement of the
two tRNAs does not change after transloca-
tion (Nierhaus et al., 1998). Probably, the
kinetic intermediate state of Wintermeyer and
colleagues (their so-called E′ state) is identi-
cal to the POST state of Nierhaus and col-
leagues. With this assumption, the different
findings of the two groups concerning stabil-
ity, codon-anticodon interaction, and the mutu-
al arrangement of the P- and E-site located
tRNAs in the POST state can be resolved.

Does the rearrangement of the E-site bound
tRNA take place within an elongation cycle?
A comparison of the rate constants of this
rearrangement, 0.1 s–1 to 0.3 s–1, with the rate
of poly(Phe) synthesis under identical condi-
tions, 5 s–1 (Robertson et al., 1986; Robertson
and Wintermeyer, 1987), indicates that such
a rearrangement with the reported rates is too
slow to occur during one elongation cycle.
The rate of the rearrangement is reminis-
cent of the rate reported for the dissociation
of the E-site bound tRNA (see above), which
was also one order of magnitude slower than
a complete round of an elongation cycle. It
follows that the ternary complex encounters
a POST ribosome with occupied P and E sites
and continuous codon-anticodon interactions
in both sites, also in the experimental sys-
tem of Wintermeyer and colleagues, as de-
scribed by the allosteric three site model. The
labile equilibrium state of the E site that was
observed by Wintermeyer and colleagues (we
term it the E2 site in the following, accord-
ing to a suggestion by Valery Lim, personal
communication) might represent an interme-
diate state of the tRNA, as it exists on the way
out of the ribosome, that occurs as a short-
lived intermediate during A-site occupation
according to the allosteric three-site model.
Different cross-linking patterns related to the
presence or absence of codon-anticodon in-
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teraction under conditions similar to those
of the Wintermeyer group (Wower et al., 1995)
provide evidence for two different locations
of a tRNA reflecting the E and E2 positions.
The E2 site is probably related to the posi-
tion of the third tRNA found in an experiment
where three deacylated tRNAs were bound to
programmed ribosomes (Agrawal et al., 1996).

In summary, what we call the E site dif-
fers in three features from the E site observed
by the Wintermeyer group: stable tRNA bind-
ing, codon-anticodon interaction at this site,
and a mutual arrangement of the tRNAs at
the P and E sites that is more or less identi-
cal to the arrangement in the pretransloca-
tional state. These discrepancies concerning
the features of the E site may be explained by
the assumption that, after translocation, the
ribosome is shifted back toward its PRE-
state conformation as a result of the conven-
tional buffer conditions and the ribosome prep-
aration used by the Wintermeyer group. The
attainment of a stable POST state is prevent-
ed, and instead a state is established that pos-
sibly represents a short-lived intermediate
during the A-site occupation, viz., the state
after the decoding process and before tight
binding at the A site. Such a shift would neg-
ligibly affect the P-site bound tRNA with re-
spect to the puromycin reaction. In this view
the tRNA position at the E site, which is
characterized by a stable binding, is differ-
ent from the tRNA position E2, in which the
tRNA easily falls off the ribosome. What
we call the E site is obviously identical to
the E′ site of Robertson et al. (1986), as both
groups agree that codon-anticodon interac-
tion is maintained at that site. The major dif-
ference is that in our case the features of the
E site are stably realized, whereas those of
the E′ site are not under the conditions used
by Wintermeyer and colleagues. Recently,
the stable E site and the labile E2 position
could be directly visualized by cryo-EM
using the polyamine system and the con-
ventional system, respectively (Table 1). The

E site provides a well-defined “envelope”
covering the whole tRNA as does the P site.
The mutual arrangement of the tRNAs in
the P and E sites is very similar to that
observed in the PRE state (Agrawal et al.,
1998). In contrast, the tRNA in the E2
position seems to have only loose contacts
with the ribosome and clings with its inner
bend to L1 protein. This position was erro-
neously assigned as the E site in Agrawal et
al. (1996) and Stark et al. (1997).

III. GENERAL TOPOGRAPHY
OF THE TRNA BINDING SITES

Along with the functional characteriza-
tion of the different ribosomal tRNA bind-
ing sites, the questions have been posed as to
where these sites may reside within the ribo-
somal complex and which components of the
ribosome may contribute to each site. Ribo-
somal components neighboring the tRNA in
each site have been identified mainly by cross-
linking and chemical protection analysis (sum-
marized in Section III.A). The results in com-
bination with other biochemical constraints
have been used for modeling the tRNAs with-
in ribosomal models (Sections III.B.1 and B.2).
Recently, newer developments in electron mi-
croscopy and neutron scattering allowed for
the first time direct determinations of tRNA
positions in functional ribosomal complexes
(Section III.B.3).

A. Defining the Ribosomal
Components of Binding-Site
Neighborhood

The most powerful tool for determining
the ribosomal components that comprise the
neighborhoods of the RNA ligands in defined
functional states has been the cross-linking
approach, which has been used exhaustively
(for reviews see Wower and Zimmerman,
1991; Bogdanov et al., 1993; Brimacombe
et al., 1993; Brimacombe, 1995). A whole
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network of neighborhoods could be estab-
lished, as summarized in Figures 2 and 3.
The cross-links of the rRNA ligands to
the ribosomal RNAs are resolved at the
nucleotide level (Figure 2). In contrast, in
the case of protein cross-links, only the
identity of the ribosomal protein is known

but not the exact site of interaction (Figure
3).

Native tRNA may be directly cross-
linked by far-UV irradiation (∼254 nm).
Nevertheless, this application is disadvanta-
geous in that it induces damage to the ribo-
somal RNA and may therefore produce

c
FIGURE 2. Microenvironment of RNA ligands on the ribosome as determined by cross-linking. a,
b, Locations of cross-link sites from tRNAs on the 23S rRNA (a) and on the 16S rRNA (b). The
sketch of a tRNA molecule indicates the positions from which cross-linking data are available (N
denotes the aminoacyl residue). Cross-links are specified with a letter A, P, or E according to the
binding site at which the tRNA is located (capital letters stand for major cross-links, small letters
for minor cross-links and those not always seen) and a number that indicates the corresponding
nucleotide position in the tRNA. c, Locations of cross-link sites from the mRNA on the 16S rRNA.
In the center a generalized mRNA sequence (AUGNNN …) is shown. The arrows indicate the
corresponding cross-link sites on the mRNA and on the 16S rRNA. Helices of the 23S and 16S rRNA
are numbered according to Leffers et al. (1987) and Brimacombe (1991), respectively. (Repro-
duced with permission from Rinke-Appel et al., 1995, and Sergiev et al., 1997.)
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artifacts. Hence, it is preferable to use tRNA
derivatives that can be photoactivated with
near-UV light (300 to 360 nm) without dam-
age to rRNA. Essentially two types of cross-
linking studies have been performed to estab-
lish the above-mentioned network. The first
method uses naturally occurring modified bas-
es in the tRNA or the tRNA termini for the
attachment of photoreactive reagents. Con-
sequently, the cross-linking distance can be
varied by the choice of appropriate cross-
linking reagents (typically in the range from
8 to 15 Å). An alternative approach uses re-
combinant RNA techniques, which entail the

random or site-directed incorporation of pho-
toreactive nucleotide residues directly into the
RNA structure (for reviews see Wower et al.,
1994). Cross-links from the first method are
less well defined than those obtained by the
second method, but the number of cross-link-
ing partners is higher. The second approach
specifically establishes close neighborhoods
since the cross-links are short ranged (2 to
4 Å). Thus, the two methods complement
each other and are ideally suited to be com-
bined in a molecular modeling process.

Figure 2 summarizes the available data
concerning cross-linking between riboso-

FIGURE 3. Microenvironment of tRNAs at the ribosome as determined by cross-
linking. Cross-links from defined nucleotide positions in the tRNA to ribosomal
proteins are shown. Proteins were differentially cross-linked depending on the
location of the tRNA (A site, (triangles); P site, (circles); E site (squares). (Repro-
duced with permission from Wower et al., 1994.)
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mal RNA and the functional RNA ligands,
tRNAs and mRNA. Data from chemical
protection studies (“footprints”) are highly
correlated with the cross-linking results
(Moazed and Noller, 1989a and 1990; for
further discussion see Section IV and
Brimacombe, 1995).

The equivalent information concerning
cross-links to ribosomal proteins is depicted
in Figure 3, except that here only cross-links
from the tRNA in either binding site are con-
sidered (Wower et al., 1994). We note that a
cross-link to the same protein does not neces-
sarily mean that the same region of this pro-
tein is cross-linked. Because a ribosomal pro-
tein (molecular mass in the range of about
5 kDa to 30 kDa; S1 with a molecular mass
of 61 kDa is exceptional) might be rather ex-
tended, the information provided by the pro-
tein cross-links is more important for estab-
lishing the general location of the tRNA binding
site, rather than for allowing fine-tuned mod-
eling as has been performed on the basis of
the RNA cross-links (e.g., Brimacombe, 1995).
However, cross-links to ribosomal proteins
can also be refined to the amino acid level
(e.g., Urlaub et al., 1995). Thus, amino acids
neighboring the tRNAs in their binding sites
will likely be characterized in the near future.

B. Models of tRNA Arrangement
within the Ribosome

1. Models of the Ribosome

An essential prerequisite for revealing
the spatial topography of the tRNA binding
sites is a reliable and detailed knowledge
about the structural framework, that is, the
architecture of the ribosomal complex. Our
current knowledge about the shape of the com-
plex as well as the three-dimensional distri-
bution of the different protein and RNA com-
ponents has resulted essentially from studies
applying electron microscopy (EM) and small
angle scattering (SAS). Further refinement

of the models was achieved by incorporat-
ing microtopographical data obtained by cross-
linking and footprinting experiments. The re-
sulting combined models display the structure
in part already in molecular detail, although
the reliability of the models has not yet reached
that level of resolution. Thus, the incorpora-
tion of further experimental data may give
rise to partial remodeling.

The basic structural features of the ribo-
somal subunits were revealed by visual in-
spection of negatively stained specimens us-
ing electron microscopy in the late seventies
(see, e.g., Boublik et al., 1982; Oakes et al.,
1986; Stöffler and Stöffler, 1986; Vasiliev
et al., 1983). Accordingly, the 30S subunit
appeared as a bipartite entity. The unequal-
sized segments, assigned as head and body,
are connected via a cylindrical element, called
the neck. A characteristic extension, called
either the platform or the lobe, projects from
one side of the body almost parallel to the
main axis of the subunit. As a result, a cleft
is formed, bordered on either side by the plat-
form extension and the neck element. In con-
trast, the 50S subunit appeared as a compact
entity that is characterized by three cylindri-
cal protuberances arranged along one side of
the complex: the L7/12 stalk, the central pro-
tuberance, and the L1 protuberance. In the
70S ribosome the subunits are arranged in a
way that the platform of the 30S subunit re-
sides in close proximity to the L1 protuber-
ance of the 50S subunit.

Two major drawbacks of the early EM
studies limited the reliability and the resolu-
tion of the resulting models, that is, (1) the
harsh conditions of specimen preparation,
including extreme pH milieu as well as final
air drying, and (2) the visual evaluation of
the resulting electron micrographs. Both limi-
tations were overcome, at least to some extent,
by the introduction of cryo-EM and image
reconstruction techniques, which, respec-
tively, allow investigation of the ribosomal
particles in an aqueous surrounding, that is,
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in a hydrated state, and enable a statistical
analysis of the electron micrographs (Frank,
1996). The improved methodology has been
applied to a variety of ribosomal particles
from different organisms (Frank et al., 1990).
In 1991 Frank and co-workers presented the
first cryoelectron microscopic reconstruc-
tion of the 70S ribosome from E. coli (Frank
et al., 1991). The resulting model had a
resolution of about 40 Å and attributed a
rather spherical shape to the 70S ribosomal
complex. Details of the envelope resembled
the known features of the ribosomal sub-
units and thus allowed a tentative separa-
tion of the 70S volume into the putative 30S
and 50S moieties. The striking feature of the
model was a large cavity localized between the
subunits and appears ideally suited to accom-
modate the ribosome-bound tRNA molecules.

In the latest refinements a resolution level
of 20 to 30 Å was achieved. Two competing
models of that quality, proposed by J. Frank
and by M. v. Heel, are currently discussed
(Frank et al., 1995a/b; Stark et al., 1995).
Besides differences in a number of details,
the major discrepancy resides in the structur-
al organisation of the model volume. Frank’s
reconstruction (Plate 1a*) confirms the con-
ventional view of the ribosome being essen-
tially a compact entity. In contrast, v. Heel’s
model (Plate 1b) suggests a sponge-like organ-
ization of the ribosomal particle character-
ized by numerous internal solvent cavities.

Independent information about the archi-
tecture of the 70S ribosome and its isolated
subunits was provided by small angle-scat-
tering studies, essentially X-ray and neutron-
scattering experiments (e.g., Crichton et al.,
1977; Stuhrmann et al., 1977, 1978; Svergun
et al., 1994a,b,c, 1997a,b). First of all, the
scattering data allow a fairly direct validation
of various discrepant models. Theoretical scat-
tering curves corresponding to the different
models can be calculated unequivocally. The

deviation between the two calculated and the
experimental curves quantifies directly the dis-
crepancy among the two suggested models, as
well as the discrepancy between either mod-
el and the solution structure of the ribosomal
particle represented by the experimental curves.
For the competing 70S models deduced from
electron cryomicroscopy a validation of this
kind was performed with respect to neutron
solution scattering data (Svergun et al., 1997a).
It turned out that neither of the two models
agreed with the experimental scattering data
in a comprehensive way. However, of the
two, Frank’s conventional compact repre-
sentation fitted the data significantly better
than v. Heel’s sponge-like model, indicating
that the former provides a better description
of the solution structure of the 70S ribosome.
As a control, a modified form of v. Heel’s
model containing matter in all internal sol-
vent cavities was also evaluated. The theoret-
ical scattering of the modified model met the
experimental values as well as and in some
cases even better than Frank’s suggestion,
indicating (1) that the sponge-like character
of v. Heel’s model was in fact decisive for
the deviation of the theoretical scattering
curves and (2) that the overall proportions
of that model describe the solution structure
of the 70S ribosome quite properly, in ten-
dency even better than does Frank’s model.

Besides the validation of models de-
rived from other studies, neutron and X-ray
SAS data allow independent model build-
ing (Stuhrmann et al., 1977, 1978; Svergun
et al., 1994a,b; Svergun et al., 1997b). For
the 50S subunit as well as for the 70S com-
plex, models were deduced with respective
resolutions of 40 Å and 35 Å (Svergun et al.,
1994b; Svergun et al., 1997b). As one may
expect from the direct validation of the two
EM models, the solution scattering struc-
ture of the 70S complex (Plate 1c) was found
to confirm the solid-body character of Frank’s
model, but it resembled v. Heel’s shape with
respect to its proportions.* Plate 1 appears following page 122.
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However, the major contribution of mod-
el building from solution scattering is in pro-
viding the internal protein-RNA distribution,
which is difficult to deduce from electron
microscopy. For the 70S ribosome, the parti-
cle volume could be divided into four phases
representing the respective protein and RNA
compartments of each subunit (Svergun et
al., 1997b). Following the scattering analy-
sis the total volume of the 70S complex was
determined to be 4.0× 106 Å3, of which
2.4× 106 Å3 was attributed to the RNA moie-
ties. Comparing these data to the model vol-
umes of Frank’s and Stark’s EM-reconstruc-
tions of 3.9× 106 Å3 and 3.0× 106 Å3,
respectively, one may rationalize that the
differences of the models are, at least to
some extent, caused by a higher threshold
chosen in v. Heel’s reconstruction, resulting
in the representation of the dense regions of
the particle essentially composed of rRNA.
Similar discrepancies of EM models for the
50S subunit could previously be resolved in
this way (Svergun et al., 1994b).

A further refinement of the shape mod-
els discussed so far resulted from the local-
ization of the different ribosomal proteins
achieved by immunoelectron microscopy
(IEM) and small angle neutron scattering
(SANS), respectively (Stöffler-Meilicke and
Stöffler, 1990; Capel et al., 1987; May et
al., 1992). Within the 30S subunit all pro-
teins could be localized, and in most cases
IEM and SANS provided consistent results.
The protein positions were then used as
reference points within the ribosomal shape
in order to incorporate further microtopo-
graphical data obtained from crosslinking
and footprinting experiments. In this way,
RNA segments could be included, and, fi-
nally, rather comprehensive models for the
30S moiety—approaching in certain parts
even molecular resolution—were con-
structed (Brimacombe et al., 1988; Stern et
al., 1988; Malhotra and Harvey, 1994;
Hubbard and Hearst, 1991). However, some

problems arose in regions where IEM and
SANS provided inconsistent protein posi-
tions, as in the cases of S12, S16, S19, and
S20. Furthermore, a significant range of dis-
cretion remains for positioning the microto-
pographical evidence when the RNA is
modeled with respect to the protein mass
centers (discussed in Brimacombe, 1995).
For that reason an alternative approach was
used to refine the shape models by means of
the cross linking and foot-printing data. This
approach makes use of the recently achieved
resolution level of the EM models in the
range of 20 to 30 Å, which is compatible to
the dimensions of the RNA double helix
diameter (about 20 Å). Thus, the details of
the model envelope suggest the position and
orientation of helical segments of the ribo-
somal RNA. Combining these pieces of in-
formation with a number of highly resolved
internal RNA crosslinks, a 16S rRNA model
within the 30S moiety of the 70S complex
was constructed (Stark et al., 1995;
Brimacombe, 1995). In a second modeling
step, the protein positions resulting from
IEM and SANS were introduced and evalu-
ated with respect to the location of the pro-
tected or cross-linked RNA segments. For
most of the proteins, the data coincide rather
well. In fact, in the cases of S19 and S20 the
IEM positions were confirmed, whereas for
S12 and S16 the positions provided by SANS
fitted the 16S rRNA model much better
(Brimacombe, 1995).

Unfortunately, the data on the spatial ar-
rangement of the protein and RNA compo-
nents within the 50S subunit are not nearly
as complete as for the 30S subunit. Neverthe-
less, the growing wealth of information (May
et al., 1992; Stöffler-Meilicke and Stöffler,
1990; Noller, 1991) have allowed first model
building attempts (Walleczeck et al., 1988;
Mitchell et al., 1990).

The shape of the ribosomal particle sug-
gested from most of the experimental evidence,
taken together, converges and allows refine-
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ment to near-molecular resolution for the
30S moiety via incorporation of microtopo-
graphical data.

2. Molecular Modeling

The data from numerous biochemical
studies (see Section III.A.) have been used
to model tRNAs in the ribosome in combi-
nation with additional information from EM,
neutron scattering, ribosomal models, and ste-
reochemical constraints. At least for the tRNAs
bound to A and P sites in the PRE state, there
are severe restrictions for the relative tRNA
arrangement. It is generally accepted that tRNAs
in both the A and P sites simultaneously un-
dergo codon-anticodon interactions with ad-
jacent codons of the mRNA. On the other
hand, the CCA ends of both tRNAs must to
be neighboring to allow peptidyltransfer from
the P to the A site. Thus, both tips of the
L-shaped tRNA molecule must be in close
proximity to the corresponding tips of the
second tRNA.

Stereochemical considerations allow to
discriminate two principal—and mutually ex-
clusive—configurations of the two neighbor-
ing tRNAs in the elongating ribosome. In the
first, the D-loop of the A-site bound tRNA
faces the T-loop of the P-site bound tRNA
with an enclosed angle between the two
tRNA planes of about 90° (originally pro-
posed by Sundaralingam et al., 1975; there-
fore, called the S configuration). In the R
configuration (proposed by Rich, 1974) the
situation is reversed in that the T loop of the
A-site tRNA faces the D-loop of the tRNA
in the P site, with an enclosed angle of about
100° (Lim and Venclovas, 1992). The R
configuration has been favored on the basis
of stereochemical arguments (Lim et al.,
1992; Lim, 1997) premised on the crystal
structure of free tRNAs (Kim et al., 1972,
1974; Robertus et al., 1974), but the S con-
figuration may also be adopted, assuming
that ribosome-bound tRNAs deviate slightly

from their crystal structure. Evidence is
available for conformational changes of the
tRNA after binding (Möller et al., 1979;
Dabrowski et al., 1995; Rodnina et al., 1995).
Both configurations are depicted sche-
matically in Figure 4, including the possible
arrangements within the ribosome. It is obvi-
ous that the two configurations differ drastic-
ally in many biochemical aspects, for exam-
ple, contacts of tRNAs with either subunit,
tRNA elbows pointing either toward the 30S
head (S) or the bridge region (R), and the rel-
ative position of the mRNA.

Besides stereochemistry, three further top-
ographical constraints have been used for the
arrangement in the ribosome as shown in
Figure 4.

1. Codon-anticodon interaction takes place
in the neck region of 30S subunit within
the cleft formed by the platform, body,
and head as revealed by IEM (Gornicki et
al., 1984; Olson et al., 1988; Podkowinski
and Gornicki, 1989).

2. The peptidyltransferase center of the ri-
bosome is believed to be located at the
base of the central protuberance, where
antibiotics interfering with the peptidyl-
transferase activity have been localized
by IEM and affinity labeling (e.g., Olson
et al., 1982, 1985; Cooperman et al.,
1990). This view is supported by the
results of cross-linking studies (Wower
et al., 1989).

3. The ternary complex aminoacyl-tRNA⋅⋅⋅⋅⋅
EF-Tu⋅⋅⋅⋅⋅GTP, which brings the tRNA
to the A site, enters the ribosome from
the L7/L12 side (Girshovich et al.,
1986), and thus the A site is assumed
to be nearer to L7/L12 and the P-site
bound tRNA to be more inside the ribo-
some. The crystal structure of the ter-
nary complex has been solved recently
(Nissen et al., 1995; Plate 2a*), allow-
ing further evaluation of both models.

* Plate 2a appears following page 122.
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The crystal structure revealed that EF-
Tu binds the tRNA mainly at its 3′ and
5′ ends and at its T stem.

Consequently, a simple way of guiding
the tRNA to the A site would result in a sit-
uation where the D side of the tRNA in the
ternary complex faces the P-site tRNA (S
configuration; see Plate 2c). However, two
further points must be considered: (1) the
footprint on 16S rRNA is almost identical
for tRNA in the ternary complex and for A-
site bound tRNA (Moazed and Noller, 1990),
and in both cases the tRNA is protected by
the ribosome in a similar manner (Dabrowski
et al., 1995). (2) Domains III to V of EF-G
have a striking morphological similarity to
the aminoacyl-tRNA within the ternary com-
plex (Nissen et al., 1995), thus representing
the first demonstrated instance of protein mim-
icry of an RNA molecule. Even the path of
negative charges arising from the phosphate
groups at the T side of the anticodon stem is
mimicked by domain IV of EF-G (Liljas et al.,
1995; Plate 2b). We assume that the tRNA-
mimic of EF-G interacts with the decoding
center after translocation, thus preventing a
back-translocation, as long the factor lowers
the activation energy barrier between the PRE
and POST states (Nierhaus, 1996). If this as-
sumption is correct, the location of the path of
negative charges strongly argues in favor of
the view that the tRNA contacts the decoding
center at the anticodon arm from the T side.
This would suggest that the T side of a tRNA
is its side of contacts both with EF-Tu at the
acceptor arm (T stem and loop plus accep-
tor stem) and with the ribosomal decoding
center at the anticodon arm.

The seemingly divergent observations can
be reconciled as follows: the A-site occupa-
tion is separated into at least two steps. The
first step comprises the interaction of the anti-
codon arm with the decoding center at the A
site. It is an interaction of the ternary com-
plex with the low-affinity A site and repre-

sents the decoding reaction sensu strictu. At
this stage EF-Tu does not interact with the
ribosome and thus does not cause a steric con-
flict. When the decoding reaction has been
completed successfully, the second step can
be initiated, comprising two events that are
probably coupled: the EF-Tu-dependent GTP-
ase is triggered, leading to a release of this
factor, and the A site is converted into its high-
affinity state, in which the ribosome can also
interact at those tRNA regions that were pre-
viously occupied by the elongation factor.
This high-affinity binding is a prerequisite
for the subsequent peptidyltransfer.

Arranging tRNAs within the ribosome by
modeling approaches depends on the avail-
ability of reliable, highly resolved riboso-
mal models. Detailed knowledge about the
distribution of the components is needed to
fully exploit the information about neigh-
borhoods. The available models (compare
Section III.B.1) have been used for propos-
ing structural models of the tRNA arrange-
ment within the ribosome based on biochem-
ical data about neighborhoods (Section III.A).
Most of the newer models show an S-type
configuration (e.g., Wower et al., 1989, 1993b;
Figure 5a; and Noller et al., 1990; Figure 5b),
whereas older models tended to assume an
R-type configuration (e.g., Lake, 1977;
Spirin, 1983).

Previously, in a combinatorial approach
taking into consideration the stereochemis-
try and biochemical data the R configuration
had been favored (see discussion in Lim et
al., 1992). More recently, crosslinks from the
mRNA to 16S rRNA nucleotides probably
located in the 30S body (Rinke-Appel et al.,
1994) were taken to favor the S configura-
tion, and a model for the tRNA arrangement
was proposed (Figure 5c; see discussion in
Brimacombe, 1995). In fact, the tRNA loca-
tions in the three different models depicted
in Figure 5 are quite similar and differ only
in minor details. On the other hand, V. Lim
put forward stereochemical arguments for an
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R configuration of the codon-anticodon du-
plex on the ribosome (Lim, 1997).

Recently, the tRNA nucleotides protect-
ed by either subunit have been analyzed using
iodine cleavage at phosphorothioated resi-
dues. Most of the tRNA is shielded by the
50S subunit, and only the anticodon loop
and part of the stem is protected by the 30S
subunit (M. A. Schäfer and K. H. Nierhaus,
manuscript in preparation). This finding is
unexpected from the models shown in Fig-
ure 5, because in these the tRNA runs in paral-
lel with the 30S subunit, with mainly the ac-
ceptor stem pointing toward the 50S subunit.
The protection results could be explained more
easily if tRNAs were arranged in the R con-
figuration (Figure 4) assuming that the bridge
region belongs to the 50S subunit. In that case,
the tRNA would mainly contact the 50S sub-

unit. Indeed, the four-phase model derived from
neutron scattering (Section III.B.1, Plate 1c)
assigns this region to be part of the 50S subunit.

3. Direct Determinations

Because modeling of tRNAs in defined
sites based on biochemical constraints de-
pends on detailed knowledge about the lo-
cation of ribosomal components, it would
be particularly advantageous to have direct
information on the tRNA location indepen-
dent of the distribution of ribosomal compo-
nents. Only recent developments in physical
methods such as electron microscopy and neu-
tron scattering have made it possible to ac-
quire this kind of direct information. In the
following we summarize some of the main

FIGURE 5B

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material

without the consent of the publisher is prohibited.

125

FIGURE 5C

progress in these technologies and discuss
their first contributions to the question of lo-
calizing tRNA binding sites.

As already discussed (see Section III.B.1),
new developments in electron microscopy
have resulted in major improvements both
in measuring native states of the biological
specimen (samples in vitreous ice; low elec-

tron doses necessary) and in the level of res-
olution. Using techniques of three-dimensional
image reconstruction, electron microscopy-
derived ribosome models have achieved a
resolution of about 20 to 30 Å (Frank et al.,
1995a/b; Stark et al., 1995). In principle, this
level of resolution allows the visualization
of tRNA molecules that have an overall size
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of about 75 Å (Kim et al., 1974). To achieve
this direct visualization, the three-dimension-
al density map of ribosomes carrying tRNA
molecules is compared with the density dis-
tribution of empty ribosomes, and the differ-
ence density is calculated in each point. This
difference mass can be attributed mainly to
the ligands (tRNAs and mRNA) but may
also be partially caused by structural changes
of the ribosome after functional complex
formation, leaving some uncertainties in the
interpretation. This type of analysis has been
used recently to localize tRNAs in poly(U)
programmed ribosomes saturated with
deacylated tRNAPhe (Agrawal et al., 1996)
by comparison with a model obtained from
vacant 70S ribosomes (Frank et al., 1995a/
b). Three tRNA molecules could be fitted to
the difference density found in the interface
cavity and were assigned to the ribosomal
binding sites A, P, and E (see Section II)
according to biochemical constraints. In this
model (herein referred to as the EM-Frank-
model; Plate 3a-c*) the A- and P-site bound
tRNAs enclose an angle of about 160° with
their anticodons and CCA ends in close
proximity. Further processing revealed that
the enclosed angle between A and P site
tRNAs is probably smaller, in the order of
110° (J. Frank and S. Harvey, personal com-
munication). The anticodon ends are located
at the neck region of the small subunit, but
on the L7/L12 side of the channel within
this neck (Frank et al., 1995; Lata et al.,
1996), rather than on the platform side where
codon-anticodon interaction has been placed
in previous studies (Gornicki et al., 1984;
Olson et al., 1988; Podkowinski and
Gornicki, 1989). The CCA ends point to-
ward the entrance of a tunnel, located at the
bottom of the interface canyon, which has
been proposed to provide the exit path for
the nascent peptide chain (Frank et al.,
1995b). The E-site assigned tRNA is found

in a position dislocated from the two other
tRNAs, with its anticodon distant from A-
and P-sites anticodons, thus excluding the pos-
sibility of codon-anticodon interaction from
this site. We note, however, that the complex
containing three deacylated tRNAs does not
represent a native state during ribosomal func-
tion (see Sections II and IV). Nevertheless,
the so-called E site in this model may be relat-
ed to the E2 site (Section II.C.4.) in a com-
plex that is suggested to be a short-lived inter-
mediate during the transition to the PRE state
containing three tRNAs (an aminoacyl-tRNA
(A site), a peptidyl-tRNA (P site), and a de-
acylated tRNA (E site, exiting the ribosome
in the course of the A-site occupation).
Therefore, the third tRNA seen by Agrawal
et al. (1996) probably does not represent the
E-site location in a POST elongation com-
plex, when the A site is free.

More recently, functional ribosomal com-
plexes have been examined representing the
two main elongation states, the PRE and the
POST states. An assignment of the two tRNA
molecules present in both states would in prin-
ciple allow description of the movement of
a tRNA through the ribosomal binding sites
A, P, and E and would thus be a milestone
in our structural understanding of ribosomal
function. Similar studies have been performed
by two groups independently (Stark et al.,
1997; Frank and Nierhaus, unpublished), al-
though differently prepared complexes were
analyzed. In the first one, PRE complexes
prepared in vitro have been compared with
native disomes taken as representing the POST
state. In the respective difference masses rela-
tive to a vacant ribosome model (Stark et al.,
1995) or relative to the second elongation
state, two tRNAs could be fitted in either state
(Stark et al., 1997), interpreted as A- and P-
sites or P- and E-sites bound tRNAs, respec-
tively (Plate 3d-f; herein referred to as the
EM-van-Heel-model). The P site is found to
be identical in PRE and POST, lying direct-
ly above the bridge that connects the sub-* Plate 3 appears following page 122.
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units. The A site is located at the L7/L12
side of the P-site tRNA with an angle be-
tween the tRNAs of about 50°, and with the
elbows of both tRNAs pointing toward the
30S head (S configuration). The anticodons
of both tRNAs meet in the 30S neck region,
and the CCA ends are directed toward the 50S
subunit. The E-site tRNA is situated such that
the anticodon tip lies above the side lobe of
the 30S subunit, resulting in a distance be-
tween the anticodon loops of the P- and E-
site tRNAs of about 54 Å. The elbow of the
E-site bound tRNA is proximal to the L1 pro-
tuberance, with the CCA end near that of the
P-site bound tRNA.

The data evaluation in the second EM
study is yet not completed (J. Frank and
K. H. Nierhaus, unpublished). Here a PRE/
POST pair was examined that had been pre-
pared in vitro starting from a single biochem-
ical preparation (for preparation details see
Wadzack et al., 1997). At the present state
of data analysis some conclusions can al-
ready be drawn. The differences masses were
found to be very similar in PRE and POST,
with a shift of about only 10 Å toward the L1
protuberance from PRE to POST. Further-
more, it follows that no tRNA is lost during
translocation and that translocation is not
accompanied by a gross conformational
change of the tRNA arrangements relative
to each other. A detailed discussion is pre-
sented elsewhere.

Besides EM, the second physical tech-
nique allowing the direct assessment of
tRNA positions in the functioning ribosome
is neutron scattering. Its application in
biological structure research relies on the
different scattering behavior of hydrogen
when compared with the other main ele-
ments found in biological samples, includ-
ing deuterium, the heavier isotope of hydro-
gen. This difference provides the basis for
specifically labelling defined components by
isotopic exchange of hydrogen vs. deuterium.
Neutron scattering has been applied suc-

cessfully in the last decades to localize ribo-
somal proteins either in the 30S (Capel et al.,
1987) or in the 50S subunit (May et al.,
1992), although different procedures for
sample preparation had to be used for the two
subunits (for discussion see Nierhaus et al.,
1983). In contrast, mapping of RNA ligands
in the 70S ribosome has not been possible
because of the sheer size of the 70S ribosome
and the low contrast of RNA ligands in the
neutron beam. RNA molecules contain only
about 33% hydrogen (when compared with
about 50% of all atoms in proteins), and hence
the experimental variability of the contrast
by hydrogen-deuterium exchange is limited.
Therefore, the question of RNA ligand loca-
tion could only be addressed by neutron scat-
tering after the development of an improved
method, the proton-spin contrast variation
(Stuhrmann, 1989, 1991; Knop et al., 1991).
This technique exploits the dependence of hy-
drogen scattering length on the nuclear spin
orientation relative to the spin of the incom-
ing polarized neutrons. By an alignment of
proton and neutron spins, the signal of small
protonated components embedded in a deu-
terated matrix can be selectively amplified
by more than one order of magnitude, and
thus small ligands such as the RNA ligands
in the functioning ribosome become detect-
able (Stuhrmann et al., 1995; Wadzack et al.,
1997; Jünemann et al., 1997). Only limited
information like the radius of gyration or
the distances between mass centers of the
protonated ligand and the deuterated ribo-
some can be determined directly without us-
ing any knowledge about the ribosomal or the
ligand structure. More sophisticated interpre-
tations, for example, the localization of the
ligand complex or the determination of inter-
nal arrangements, are most easily extracted
from the scattering data by referring to a model
for the ribosome and for the ligand complex.

The method of proton-spin contrast vari-
ation has been applied to determine the po-
sition, orientation, and mutual arrangement
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of the two tRNAs simultaneously present on
the elongating ribosome in the PRE and the
POST states. As a model for the ribosome the
EM model of J. Frank and co-workers was
used (Plate 1a; Frank et al., 1995a/b). The
mass center of the RNA ligand complex was
found to be located in the interface cavity near
the neck of the 30S subunit. After transloca-
tion from the PRE to the POST state the mass
center is shifted by 12± 4 Å toward the head
of the 30S subunit and slightly toward the
platform side of 30S (Wadzack et al., 1997).
For the data processing a simple eight-
spheres model describing the two L-shaped
tRNA molecules was introduced. This model
allowed us to extract the orientation and the
mutual arrangement of the two tRNAs within
the elongating ribosome (Nierhaus et al., 1998).
The deduced model for the tRNA arrange-
ment is depicted in Plate 3g-i. As in the EM
studies described above, the two tRNA mole-
cules are indistinguishable, and thus the as-
signment of the tRNAs to the ribosomal
binding sites relies solely on considerations
based on information from other studies.
The tRNA molecule painted green is pro-
posed to reside in the A site in the PRE state
(Plate 3g,h) and in the P site in the POST state
(Plate 3i). Correspondingly, the red tRNA
should be in the P or E site, respectively.
The translocational movement necessary to
proceed from the PRE to the POST state is
rather small when compared with the huge
displacements inferred from the EM stud-
ies. It can be described mainly by a rota-
tional movement by about 18°, shifting the
mass center by only about 12 Å toward the
head of the 30S subunit. The mutual ar-
rangement of the two tRNAs remains con-
stant after translocation: the anticodon tips
and the CCA ends of both tRNAs are in
close proximity in either state, with an
angle between the tRNA planes of about
110° ± 10°. However, using another 70S
model for data processing an angle of ~50°
is found before and after translocation
(Nierhaus et al., 1995). It follows that the

angle between the tRNA planes is model
dependent and thus cannot be extracted from
the neutron scattering data at this stage of
processing, whereas the model-invariant
finding of a constant mutual arrangement of
the tRNAs before and after translocation
can be considered as solid information.

A further interesting aspect of the model
inferred from neutron scattering is that, un-
expectedly, the P-site bound tRNA is locat-
ed at strikingly different positions in the PRE
and the POST states (compare the red tRNA
in Plate 3h with the green in Plate 3i), sug-
gesting that the “P site” is not a topographi-
cally consistent site, despite reflecting the op-
erational criterion of puromycin reactivity.
This might be taken as a first indication that
the three operationally defined sites might not
correspond to three topographically fixed en-
tities (further pieces of evidence are dis-
cussed in Section IV).

Taken together, three detailed proposals
for the tRNA arrangement in the functioning
ribosome derived from direct physical meth-
ods (two EM studies and one neutron scatter-
ing study) are presently available. All three
proposals show consensus on the assign-
ment of three tRNA binding sites on the
E. coli ribosome (A, P, and E sites), in
agreement with functional studies (see Sec-
tion II). Also, the general location of the
tRNAs within the interface cavity, with the
anticodons pointing toward the 30S neck re-
gion and the CCA ends directed to the base
of the 50S central protuberance, is consis-
tent among them. Nevertheless, the models
are conflicting in a number of important
details as discussed below.

tRNA configuration. An important point
of controversy is whether the tRNAs are bound
to the ribosome in the R or the S configura-
tion (see Section III.B.2; Lim et al., 1992,
1997). The neutron scattering analysis can-
not distinguish between R and S configura-
tion. Both EM studies favor an S configura-
tion. Nevertheless, the difference map, on
which the EM-Frank-model is based, leaves
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some freedom for interpretation, also allow-
ing an R-type configuration (V. Lim, person-
al communication).

Angle between tRNA planes. The angle
between the two tRNAs in the PRE state is
about 50° in the EM model of v. Heel and
co-workers (Stark et al., 1997) and also in a
model derived from a recent reconstructon
by the Frank group (J. Frank, personal com-
munication).

Site of codon-anticodon interaction. In
all models codon-anticodon interaction takes
place in the neck region of the 30S subunit.
The neutron scattering model and the EM-van-
Heel-model propose codon-anticodon inter-
action at the platform side of the neck but
significantly closer to the head of the 30S
subunit in the neutron scattering model. The
site of the anticodons is shifted to the side of
30S facing the L7/L12 stalk in the Frank
model.

Translocational movement and E-site
properties. A major discrepancy between the
different models is the proposed translocation-
al movement and the resulting arrangement
of the E-site bound tRNA. In the neutron-
scattering model the mutual arrangement of
the two tRNAs is maintained after transloc-
ation, whereas both EM models assume a dis-
jointed E site, although the amount of dis-
placement varies. In the van-Heel-model
mainly the anticodon region of E-site bound
tRNA is shifted by 54 Å from the anticodon
loop of the P-site bound tRNA. The translo-
cational movement is described by a rela-
tively small rotation combined with a lat-
eral translation toward the L1 protuberance.
The E site in the Frank model is attained by
a rotation of 145° from the corresponding P
site combined with an shift by approximately
20 Å. This results in a situation where the
anticodon, as well as the CCA end of the E-
site bound tRNA, is distant from the respec-
tive ends of the tRNA in the P site. Although
the two EM models are incompatible with
respect to the position of the E-site bound
tRNA, both exclude codon-anticodon inter-

action at this site. In contrast, the neutron-
scattering model implies that both tRNAs are
shifted en bloc and thus easily maintain simul-
taneous codon-anticodon interaction with the
mRNA, in agreement with considerable bio-
chemical evidence (Section II. C.2).

There are a number of possible reasons
for the discrepancies described above.

1. The nature of the biological samples is
strikingly different in all three studies.
The EM-Frank-model was based on
one preparation of poly(U)-pro-
grammed ribosomes saturated with
deacyl-tRNAPhe. This resulted in ribo-
somes with three tRNAs bound simul-
taneously. Consequently, the discussion
of PRE to POST transition is necessar-
ily rather speculative and relies on the
assumption that the state examined por-
trays native binding sites that are as-
sumed to be topographically constant
after translocation. The other two stud-
ies compared two sets of complexes
assumed to represent either the PRE or
the POST state. In the second EM study
(van-Heel-model) the PRE state was
prepared in vitro by succesive filling
of P and A sites and was compared
with native polysomes (in vivo disomes),
which were treated with EF-G in vitro
in order to maximize the fraction of
POST-state complexes. The buffer con-
ditions used (6 mM Mg2+, no poly-
amines) are known to inactivate
ribosomes (Rheinberger and Nierhaus,
1987). For the neutron scattering study
the PRE state was prepared rather simi-
larly (despite different buffer conditions
and different tRNAs used), but the
POST state was achieved by incubat-
ing half of the prepared PRE state with
EF-G to establish the POST state (PRE
and POST states were verified by the
puromycin reaction). Thus, in this prepa-
ration both elongation states were
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derived from the same biochemical
preparation.

2. The methods used for structure deter-
mination are different. This is obvious
when comparing EM with neutron-scat-
tering techniques, but even the two EM
studies themselves are different with
respect to data collection, contrast trans-
fer function correction, and reconstruc-
tion approach, which may cause signif-
icant discrepancies (Zhu et al., 1997).
We note, however, that all methods dis-
cussed here allow the sample to be mea-
sured in a frozen state in aqueous envi-
ronment. This is a particular advantage,
as samples can be kept in a defined na-
tive state during measurements.

3. At the present level of resolution neither
technique allows direct visualization of
the individual tRNAs, thus leaving room
for interpretation. The difference mass
obtained by subtracting vacant ribosomes
from the functional complex (or by sub-
tracting functional complexes from each
other) is not well enough defined that the
tRNA molecules can be fitted unambig-
uously. Peaks in the difference map may
be due to the mRNA, which is not con-
sidered in the present models (includ-
ing that derived by neutron scattering),
or to conformational changes of the ribo-
some after tRNA binding or transloca-
tion, and may thus be misleading for a
straightforward interpretation of tRNA
location. On the other hand, the neutron
scattering analysis strongly depends on
the precision with which biochemical
and physical parameters have been de-
termined (compare Wadzack et al., 1997)
and on the quality of the models used
for data processing.

The conflicting features ascribed to the
ribosomal tRNA binding sites in the differ-
ent models argue for the need for further
studies. Currently, an EM analysis of an au-

thentic PRE/POST pair derived from one prep-
aration and biochemically very similar to the
PRE/POST pair analyzed by neutron scatter-
ing using the polyamine system is under-
way (J. Frank and K. H. Nierhaus, unpub-
lished. The results so far obtained can be
summarized as follows: (i) The difference
masses allow an unequivocal assignment of
the tRNA positions in the various sites. (ii)
An E site is observed at a position not seen
before, that provides a mold for the overall
shape of a deacylated tRNA. Codon-antic-
odon interaction is possible at this site, and
the mutual arrangement of the tRNAs is not
significantly changed before and after trans-
location. This E site position provides all
the features ascribed to the E site by the
allosteric three-site model. (iii) Under con-
ventional buffer conditions an E2 site is
observed (erroneously described as “E site”
by Agrawal et al., 1996, and Stark et al.,
1997, see Section II.C.4). At the E2 position
the tRNA clings with its inner bend to the
mushroom-like structure of the L1 protu-
berance probably in a labile fashion. The E
and the E2 positions are obviously mutually
exclusive, that is to say, a tRNA is found
either in the E site or in the E2 position. It
follows that the E2 site marks a transient
tRNA position on the way out of the ribo-
some after the tRNA has left the E site. The
E2 position has all the features ascribed by
Wintermeyer and co-workers to the “E site”
using conventional buffer conditions, i.e.,
easy drop off, labile binding and the ab-
sence of codon-anticodon interaction
(Wintermeyer et al., 1990). Obviously, the
authentic E site escaped their attention, be-
cause the unfavorable conventional buffer
system and washed ribosomes were used
(see Section C.1). A model of the functional
complexes including the tRNAs at atomic
resolution must await crystallographic analy-
sis. Progress in this direction has been made
(e.g., Eisenstein et al., 1991; Franceschi et
al., 1993), but probably it will be at least
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several more years before such data become
available.

IV. MICROTOPOGRAPHY OF
tRNA BINDING SITES AND
EVOLUTION OF THE BINDING
SITE CONCEPT

On the basis of tRNA binding studies
three sites, namely, the A, P, and E sites, could
be distinguished, which show different prop-
erties with respect to the various tRNA spe-
cies, viz., deacyl-, aminoacyl-, or peptidyl-
tRNA (Sections II.A, II.C). Functional studies
revealed an intimate interplay between the
sites as for instance described in the allosteric
three-site model (Section II.B). The tRNA bind-
ing sites were thought to be characterized by
distinct topographies within the ribosomal com-
plex. During protein synthesis the tRNAs oc-
cupy these sites in the order A→P→E. Ac-
cordingly, the translocation movement from
one binding site to another was rationalized
as an unidirectional diffusion process medi-
ated by the affinities for the different tRNA
species (e.g., Spirin, 1985).

Hardesty and co-workers provided the first
experimental evidence suggesting that the view
of the tRNA binding sites as being spatially
fixed entities may be an oversimplified de-
scription (Hardesty et al., 1986). Using the
fluorescence energy transfer method they could
demonstrate that the position of a P-site bound
deacyl-tRNA is significantly different from
that of a P-site bound peptidyl-tRNA ana-
logue (AcPhe-tRNA). The distances to the
ribosomal proteins L11 and S21 were used as
reference values in this study. The non-equiv-
alent position of the two tRNA species was
unexpected at that time, but it could be dis-
cussed as being compatible with the general-
ly accepted view of an operationally defined
P site. A further study suggesting an E site
(stable binding) and an E2 site (labile bind-

ing) has already been discussed in Section
II.C.3 and 4.

In order to characterize tRNA binding
within the structural framework of the ribo-
some, comprehensive RNA-footprinting stud-
ies were performed. The investigation of the
micro-environment of the tRNAs during elon-
gation yielded detailed insights about the bind-
ing mode of these ligands and allowed mech-
anistic models for the tRNA’s translocation
movement to be developed.

In the following, we summarize footprint-
ing experiments on the ribosomal RNAs that
led to the hybrid state concept for tRNA bind-
ing (Section IV.A., the hybrid-site model).
Then, a complementary study focusing on
contact patterns on the tRNAs, which defined
the dynamic domain concept (Section IV.B.,
the α-ε model), is outlined.

A. The Hybrid-Site Model

Most of the footprinting experiments on
the ribosomal RNAs were performed by Noller
and co-workers (summarized in Moazed and
Noller, 1989b). As tRNAs bind specifically
to the A, P, and E sites, the rRNAs receive
different protections against modification.
Thus, the various tRNA binding states can be
correlated with characteristic protection pat-
terns on the 16S and 23S rRNA. An AcPhe-
tRNA bound to the P site defined the “P-site
pattern”, while binding of a ternary complex
Phe-tRNA⋅⋅⋅⋅⋅EF-Tu⋅⋅⋅⋅⋅GTP to the A site after pre-
filling the P site with a deacylated tRNA
resulted in the “A-site pattern”. The “E-site
pattern” — not so well defined in the
poly(U)-dependent system used — was de-
rived from the binding of deacylated tRNA
requiring an intact 3′-CCA terminus.

The major conclusion was derived from
a comparison of the protection patterns be-
fore and after the peptidyltransferase reaction.
In the case of a P-site bound AcPhe-tRNA, the
protection pattern on the 23S rRNA changed
from a pattern characteristic for the P site to
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a pattern characteristic for the E site after pep-
tide-bond formation with puromycin, where-
as the pattern on the 16S rRNA remained
unaltered. The selective change of the 23S
rRNA pattern was taken as indication that
the acceptor end of the tRNA already reaches
the E-site position after peptidyltransfer, and
before translocation. This tRNA location was
called a hybrid binding state, abbreviated P/E
state; the binding state before peptidyltrans-
fer was termed the P/P state. (In this nota-
tion, the letter before the slash refers to the
16S rRNA pattern and that after the slash to
the pattern on the 23S rRNA, indicating the
localization of the bound tRNA on the 30S
and on the 50S subunit, respectively.)

In a related experiment, a ternary com-
plex was added to ribosomes carrying an
AcPhe-tRNAPhe at the P site. Peptide bond
formation is expected to occur spontane-
ously, resulting in a complex with an
AcPhe-Phe-tRNA bound at the A site and
a deacylated tRNA at the P site. The
footprinting analysis of the final complex
revealed an A plus P pattern on the 16S
rRNA and a P plus E pattern on the 23S
rRNA. The same pattern was obtained when
an AcPhe-tRNAPhe was present at the A site
along with a deacylated tRNA at the P site;
here no peptide bond formation could fol-
low the occupation of the A site. Extending
the concept of the hybrid binding state, the
authors described the peptidyl-tRNA ana-
logue as being bound in the A/P state and
the deacylated tRNA in the P/E state. After
translocation of the tRNAs, P/P and E pat-
terns were observed, respectively. Since no
characteristic 16S rRNA pattern could be
defined, the E site was concluded to be
located essentially on the 50S subunit in
accordance to earlier studies (Kirillov et al.,
1983; Gnirke and Nierhaus, 1986).

The derived hybrid-site model for the elon-
gation cycle is shown in Figure 6. Follow-
ing that scheme, each tRNA moves through
the ribosome in an alternating fashion, that is,

with one extremity (the acceptor end or the
anticodon tip) fixed while the other is mov-
ing. On the 30S subunit the scenario follows
the classical scheme, that is, a movement is
seen only during translocation (Section II.B).
On the 50S subunit the corresponding shift
precedes translocation. The acceptor ends
already move during the peptidyltransferase
reaction, while the anticodon is fixed on the
30S subunit.

The hybrid-site model describes three dif-
ferent PRE elongation complexes with a tRNA
at the A site, namely, a tRNA in the A/T, A/A
or A/P state (the classical scheme compris-
es only two states, related to A/T and A/A;
T referring to the specific protection pattern
of the ternary complex on the 23S rRNA,
which do not overlap with the A-site pattern
induced by the tRNA alone, that is, after the
release of EF-Tu). Furthermore, due to the
alternating nature of the movement, the tRNAs
are always in a binding contact with the ribo-
some. Thus, translocation attains the char-
acter of a guided replacement rather than a
random, diffusion-like movement as in the
classic models. Because high precision in
translocation is essential for maintaining the
reading frame, this step should be carefully
controlled by the ribosome.

In an alternative presentation of the hy-
brid-site model (the “ratchet model”), the shift
of the 23S rRNA protection pattern accom-
panying the peptidyltransfer is attributed to
a rearrangement of the two subunits, that is,
a relative movement of the 30S with respect
to the 50S subunit that reverses during trans-
location. This alternative view postulates a
conformational change of the ribosome as be-
ing possibly the major event during translo-
cation and, if correct, would provide the first
hint as to why ribosomes require the univer-
sal two-subunit structure.

Note that according to the hybrid-site mod-
el the peptidyl residue is in the P-site region
after peptidyltransfer (peptidyl-tRNA in the
A/P state), but it does not react with puro-
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mycin. Consequently, two P-site positions
on the 50S subunit must be distinguished in
the framework of the model, one puromy-
cin-reactive and one puromycin-non-reac-
tive in contrast to the classic definition.

Furthermore, the hybrid-site model pre-
dicts that a posttranslocational elongation com-
plex with a peptidyl-tRNA in the P site and
a deacylated tRNA in the E site releases the
latter after puromycin treatment (that is, the

FIGURE 6. The hybrid-site model for the elongation cycle. According to this model the tRNAs
move through the ribosome in such a way that they change binding sites on the 30S and 50S
subunit in an alternating fashion. tRNAs thereby pass through hybrid binding states, that is, states
in which they are bound on the 30S and 50S subunits at different sites. 1, A-site occupation; 1a,
selection of the cognate ternary complex aminoacyl-tRNA⋅⋅⋅⋅⋅EF-Tu⋅⋅⋅⋅⋅GTP (A/T binding state); 1b,
fixation of the cognate aminoacyl-tRNA (A/A binding state) and release of EF-Tu⋅⋅⋅⋅⋅GDP. 2, Peptidyl-
transfer (PTF); rearrangement of the acceptor ends of the A- and P-site bound tRNAs (switch from
A/A and P/P to A/P and P/E binding states, respectively). 3, translocation; 3a, EF-G dependent
switch of the tRNAs from A/P and P/E to P/P and E binding states, respectively; 3b, release of EF-
G⋅⋅⋅⋅⋅GDP and of the E-site bound tRNA (for further explanations see text; adapted from Moazed and
Noller, 1989b).C
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P-site bound tRNA changes from the P/P to
the P/E state, thus chasing the deacylated
tRNA at the E site). However, this predic-
tion could not be confirmed experimentally:
when POST state ribosomes within native
polysomes were subjected to a puromycin
reaction, most of the E-site bound tRNA re-
mained bound (Remme et al., 1989).

A closer inspection of the protection data
reveals that the protection patterns on the
23S rRNA mainly reflect the position of the
extreme acceptor end of the tRNA, as the
protection of 16 out of 17 bases was depen-
dent on the A-3′ or CA-3′ of the universal
3′-CCA tRNA terminus (Moazed and Noller,
1989a). The described tRNA movement pre-
ceding translocation should therefore be un-
derstood as a local displacement of the 3′-
CCA ends rather than a relocation of large
parts of the tRNA body. The same reasoning
implies that the structural rearrangement sug-
gested by the hybrid-site model is a local
ribosomal event rather than a gross confor-
mational change of the ribosomal complex.
This view is in good agreement with the re-
sults of an X-ray small angle scattering study
comparing PRE and POST elongation com-
plexes, which revealed no significant shape
differences between the two states (Svergun
et al., 1997b).

A further limitation of the experimental
data is seen in the fact that a huge range of
Mg2+ concentrations, ranging from 5 to 25 mM,
was applied in various experimental settings
(Moazed and Noller, 1986, 1989a,b). It is well
known that the binding properties and the inter-
dependencies of the various sites are extreme-
ly sensitive to changes of the Mg2+ concen-
tration (Rheinberger and Nierhaus, 1987). This
sensitivity probably reflects an increasing
distortion of the ribosome with increasing
Mg2+ concentration, which may well affect a
fine-structure analysis such as the chemical
probing of the rRNA bases.

One of the major aspects of the hybrid-
site model, namely, the continuous binding

contact of the tRNAs to the ribosome, was
confirmed and further extended by footprint-
ing experiments on the tRNAs, which is out-
lined in the following section.

B. The a-e Model

For examination of the contact patterns of
ribosome-bound tRNAs, a recently introduced
footprinting technique was applied (Schatz et
al., 1991; Dabrowski et al., 1995, 1998). tRNA
transcripts were prepared in vitro containing
a few phosphorothioated nucleotides, A, G,
U, or C, at random positions. For probing
the transcribed tRNAs, iodine (I2) was used
to cleave the accessible thioated phosphodi-
ester bridges with low efficiency. Due to the
small size of the I2 molecule, this method
exclusively reveals those phosphates that are
very closely protected, and thus are good
candidates for an intimate contact to the
ribosome.

The tRNA contact patterns were exam-
ined in PRE and POST elongation complex-
es carrying a deacylated tRNAPhe and an
AcPhe-tRNAPhe at A and P sites and at P
and E sites, respectively (Dabrowski et al.,
1995, 1997). The two PRE complexes were
made by (1) binding thioated AcPhe-tRNAPhe

to the A site of poly(U)-programmed ribo-
somes carrying a native tRNAPhe in the P
site, and (2) filling the P site with thioated
tRNAPhe and binding native AcPhe-tRNAPhe

to the A site. The corresponding POST
complexes were made from the respective
PRE complexes via EF-G-dependent trans-
location. The authenticity of the complexes
was confirmed by the puromycin reactivity
of the AcPhe-residue, that is, by making use
of the operational definition of the riboso-
mal binding sites.

The footprinting analysis of the PRE
complexes revealed strikingly different pro-
tection patterns of the A-site bound and
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P-site bound tRNAs. About 60 positions
covering the whole tRNA molecule (ex-
cept for a small number of nucleotides at
the 3′- and 5′-ends) could be monitored in
either site, and 41 of these differed be-
tween the A-site and the P-site bound
tRNAs (Dabrowski et al., 1995). The
corresponding analysis of the POST com-
plexes provided contact patterns for the P-
and E-site bound tRNAs, which — unex-
pectedly — closely resembled those of the
A- and P-site bound tRNAs of the PRE
complexes, respectively. In a comparison
of the patterns of the thioated AcPhe-
tRNAPhe at A and P sites, one finds that
only 7 out of 63 positions differed in ac-
cessibility. In the case of the deacylated
tRNAPhe at P and E sites, only one out of 61
positions was identified as reacting signif-
icantly differently. Obviously, as a rule the
nucleotides in contact with the ribosome
hardly change during translocation.

The type of pattern observed on the AcPhe-
tRNAPhe at the A site before translocation and
at the P site after translocation was termed
α (α, because at the A site only α-like pat-
terns are found). Correspondingly, the pattern
revealed on the deacylated tRNAPhe at the P
site before translocation and at the E site after
translocation was named ε (ε, because at the E
site only ε-like patterns are found). Because
close contact is necessary for protection against
iodine cleavage, it was proposed that the α and
ε patterns might reflect the ribosomal micro-
environment of the tRNAs, that is, the bind-
ing sites or, more generally, the ribosomal
components responsible for tRNA fixation.
This interpretation seems to be justified by a
recent study in which the contact pattern of
a thioated tRNA bound to its cognate amino-
acyl-tRNA synthetase was analyzed (Schatz
et al., 1991). The crystal structure of that com-
plex solved shortly afterwards confirmed that
the contact pattern obtained from iodine cleav-
age is directly related to the pattern of molec-
ular contacts between tRNA and the protein
(Biou et al., 1994). Making use of this obser-

vation, the fact that the protection patterns
of the ribosome-bound tRNAs, α and ε, re-
main unaltered, was taken as an indication
that the two tRNAs do not change their ribo-
somal binding domains during translocation,
in contrast to the classic understanding.

However, it is known that (1) the mRNA
moves three nucleotides (one codon) through
the ribosome in the course of translocation
(e.g., Beyer et al., 1994, and references there-
in), and (2) the mass center of gravity of the
two tRNAs combined moves by about 12 Å
within the ribosome (Wadzack et al., 1997),
in good agreement with the length of one
codon. In addition, thermodynamic studies
have shown that translocation is accompa-
nied by a conformational change of the ribo-
somal complex (Schilling-Bartetzko et al.,
1992b). In order to reconcile the experimen-
tal pieces of evidence mentioned previously,
one has to assume that the conformational
change results in a movement of the tRNAs
in space, while their immediate molecular en-
vironment is kept unchanged. The simplest
explanation is that a movable α-ε domain
exists that is capable of binding two tRNAs
at its α and ε regions, respectively (Dabrowski
et al., 1998). The movable domain would dis-
play the α and ε sites at the A and P posi-
tions before translocation and at the P and E
positions after. At the A site only α could
appear and at the E site only ε, whereas at the
P site α and ε could be alternatively present,
depending on the functional state of the ribo-
some. In the following we retain the opera-
tional definitions of A, P, and E sites, and
speak about α and ε as the ribosomal tRNA
binding domain α-ε.

The concept of a dynamic tRNA binding
domain provides a new understanding of the
tRNA binding mode and results in a modi-
fied scheme for the elongation cycle present-
ed in the α-ε model (Plate 4*). Besides the
dynamic domain concept, another well-doc-
mented experimental fact was taken into ac-
count in the development of the α-ε model:
when a programmed ribosome is saturated
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with deacylated tRNA, the first tRNA occu-
pies the P site and the second occupies the
E site, thus establishing the POST state. With
a large excess of tRNAs over ribosomes, a
third tRNA can be bound to the A site, which
is obviously in a low-affinity state (Rheinberger
et al., 1981). Furthermore, the decoding pro-
cess occurs in the POST state, with P and E
sites occupied. Thus, a tRNA can interact
with the A site when the ribosome is in the
POST state, that is, when the α-ε domain is
in the P-E position. This observation is ratio-
nalized by assuming a decoding center “δ”
firmly installed at the A-site region of the
30S subunit. δ would be separate from the
α-ε domain in the POST state but would
overlap with α in the PRE state.

Following the scheme for the elongation
cycle according to the α-ε model (Plate 4*)
the occupation of the A-site region proceeds
in the two steps, 1a and 1b. During the decod-
ing process (step 1a) the ribosome is in the
POST state, that is, the α-ε domain is in P-E
position, thus fixing the peptidyl-tRNA in the
P-site region by α and the deacylated tRNA
in the E-site region by ε. The selection of the
cognate ternary complex is accomplished via
codon-anticodon interactions at the decoding
center δ. The correct codon-anticodon inter-
actions established by the cognate aminoacyl-
tRNA trigger the shift of the α-ε domain from
the P-E to the A-P position (step 1b). The α-ε
domain releases the tRNAs in the P and E
sites, in order to bind the ones in the A and
P sites, respectively. As a result, the select-
ed aminoacyl-tRNA is now tightly bound to
α at the A-site region, the peptidyl-tRNA re-
sides in the P-site region now fixed by ε, and
the deacylated tRNA leaves the ribosome, pos-
sibly passing a location similar or equiva-
lent to the E2 position (see Section II.C.4).
In the following step the peptide chain is trans-
ferred to the aminoacyl residue of the A-site

bound tRNA (peptidyltransferase reaction,
step 2). During the third step (translocation
reaction, step 3) the α-ε domain shifts back
from the A-P to the P-E position, with the two
tRNAs firmly bound by α and ε, respective-
ly. This results in the relocation of the bound
tRNAs from the A and P sites to the P and
E sites and thus establishes the POST state,
which is competent for the next decoding
reaction (step 1a).

According to the α-ε model, the translo-
cation of the tRNAs (step 3) results from a
controlled movement of the domain α-ε to
which the tRNAs remain firmly bound. Thus,
translocation is described as a precisely con-
trolled structural rearrangement as required
for keeping the reading frame of the transla-
tion process. In the a-e model the critical step
is not the translocation, as in previous mod-
els, but rather the reaction 1b of the A-site
occupation, that is, the fixation of the cog-
nate tRNA. The view that reaction 1b is char-
acterized by a major rearrangement between
the (tRNA)2⋅⋅⋅⋅⋅mRNA complex and the ribo-
some is consistent with the observation that
the occupation of the A site, rather than trans-
location, is the rate-limiting step of the elon-
gation cycle (Schilling-Bartetzko et al., 1992b;
Bilgin et al., 1988).

Furthermore, the concept of the α-ε do-
main can be easily reconciled with structur-
al studies that have shown that the spatial local-
ization of P-site bound tRNAs is not identical
in different functional states of the ribosome
(as outlined above in this section, cf. Hardesty
et al., 1986, and in Section III.B.3., cf. Wadzack
et al., 1997). Another study focused on the
ribosomal neighborhood of a deacylated tRNA
bound to P and E sites using a cross-linking
approach (Bullard et al., 1995). Up to five
4-thiouridines were randomly incorporated
in the tRNA under study and further modi-
fied by attaching a phenanthroline. These res-
idues cleave nucleic acids in the presence of
Cu2+ ions within a radius of about 20 Å. 118
cleavage sites were detected, and 85% of* Plate 4 appears following page 122.
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these were identical at P and E sites, in good
agreement with the concept of a dynamic bind-
ing domain.

Note that all three features of the allos-
teric three-site model (Section II.B) are valid
in the α-ε model as well, although they are
extended or reinterpreted.

1. Three tRNA binding sites exist on the
ribosome but are separately exposed
only in the POST state (α and ε with
high tRNA binding affinity, and δ with
low affinity). In the PRE state, α and δ
overlap, resulting in only two distinct high-
affinity tRNA binding sites (α + δ
and ε).

2. The reciprocal relationship of A and E
sites appears as an immediate conse-
quence of the dynamic domain con-
cept for the tRNA-binding sites. When
the α-ε domain is in the A-P position,
the E site has no affinity for tRNAs. In
the other case, when the α-ε domain is
in the P-E position, the A site is of low
affinity due to the decoding center δ.

3. Simultaneous codon-anticodon interac-
tions of both tRNAs are maintained in
the course of translocation, since their
mutual arrangement and their arrange-
ment relative to the mRNA do not
change.

A further study using iodine footprinting
focused on the protection patterns of tRNAs
bound to 30S and 50S ribosomal subunits
(M. A. Schäfer and K. H. Nierhaus, manu-
script in preparation). It turned out that most
of the nucleotides protected in the 70S com-
plexes are also found to be inaccessible in
the 50S complexes. Only the upper part of
the anticodon stem loop appeared to be cov-
ered by the 30S subunit (positions 29 ± 1 to
41 ± 1 of the tRNA). Because the 30S and
the 50S patterns, taken together, closely re-
semble the respective 70S patterns, the anal-

ysis suggests a partition of the latter into a
30S and a 50S moiety. As the 50S pattern
covers most of the nucleotides on the tRNA’s
surface, the tRNA binding apparatus of the
ribosome should reside mainly on the 50S
subunit. A challenging task for future stud-
ies will be to identify the ribosomal compo-
nents, comprising this domain. As the con-
tact patterns of the tRNAs demonstrate contacts
over the whole tRNA molecule, from the an-
ticodon loop down to the acceptor stem, the
ribosomal binding apparatus for the tRNAs
must bridge both subunits. Of the six bridges
that have been identified between the sub-
units, only one, bridge 2 in the authors’ ter-
minology, connects the decoding region of
the 30S subunit with the peptidyltransferase
region of the 50S subunit (Frank et al. 1995a;
Lata et al., 1996; see Figure 7). This bridge
is the most massive connection between the
subunits and thus is the prime candidate for
the α-ε domain. In agreement with the foot-
printing results the bridge region is mainly
attributed to the 50S subunit (Section III.B.1).
One component of this important structure
seems to be the ribosomal protein L2 (G.
Diedrich, M. A. Schäfer, R. Jünemann, and
K. H. Nierhaus, manuscript in preparation).
Other candidates were already suggested from
cross-linking experiments outlined in Sec-
tion III.A.

The protection pattern on the tRNA due
to the 30S subunit comprises only the anti-
codon loop and a part of the corresponding
stem. Consequently, the tRNA-induced pro-
tection patterns on the ribosomal 16S rRNA,
discussed in Section IV.A, monitor the mi-
cro-environment of mainly the anticodon
regions of a tRNA. Taking further into ac-
count that most of the 23S rRNA protec-
tions depend on the structure of the 3′-end
of the tRNAs (Section IV.A), the footprinting
data on the ribosomal RNAs appear to indi-
cate essentially the location of the extremi-
ties of the bound tRNAs, namely, the antic-
odon and the acceptor ends. A rearrangement
of the acceptor ends during the peptidyl
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transfer, that is, before translocation, can be
easily reconciled with the dynamic domain
concept and is incorporated in the refined
version of the α-ε model (Plate 4). The
movement of the anticodon ends during
translocation, indicated by the change of the
protection patterns on the 16S rRNA, is in
accord with the classical view of tRNA
movement.

In the framework of the α-ε model, trans-
location is accompanied by the separation of
α and δ, thus taking into account a change
of the microenvironment around the antico-
don ends, but keeping the molecular neigh-
borhood of the majority of the tRNA mol-
ecules unchanged. Thus, the experimental
results that provide the basis for the hybrid
site model fit the dynamic α-ε-domain con-
cept and are taken into account in the refined
version of the α-ε model (Plate 4). Howev-
er, the hybrid site model extrapolates from
the rearrangement of the flexible 3′-CCA end
toward a rearrangement of the whole tRNA
molecule during peptidyl transfer resulting
in the major discrepancy between this model
and the α-ε model: the tRNAs are described
to move in an alternating fashion in the hy-
brid-site model, whereas they move in toto,
that is, on both subunits simultaneously, in
the α-ε model.

Taken together, the two footprinting stud-
ies lead to the conclusion that the operation-
ally defined tRNA binding sites do not corre-
late in a simple fashion with distinct
structural entities on the ribosome. Translo-
cation and A-site binding result mainly from
structural rearrangements of the ribosomal
complex in the course of the elongation cycle,
which allow the different functional states
to be established in a precisely controlled
way. Therefore, appropriate models for the
ribosomal tRNA binding sites must consider
the dynamic nature of the elongation com-
plex. The α-ε model introduced the concept
of a dynamic tRNA binding domain that
binds both tRNAs tightly at the A and P

sites and carries the tRNAs to the P and E
sites, respectively, during translocation. This
concept makes it possible to reconcile most
of the experimental data of structural and
functional studies available to date and lays
the foundation for a mechanistic scheme for
the elongation cycle.
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