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We studied the dissociation rates of peptidyl-tRNA
from the P-site of poly(U)-programmed wild-type
Escherichia coli ribosomes, hyperaccurate variants
altered in S12 (SmD, SmP) and error-prone variants
(Ram) altered in S4 or S5. The experiments were
carried out in the presence and absence of strepto-
mycin, and the effects of neomycin were tested in
the wild-type ribosomes. Binding of peptidyl-tRNA to
the P-site of wild-type ribosomes is much stronger than
to their A-site. Addition of streptomycin dramatically
reduces its affinity for the P-site. The S12 alterations
make the P-site binding of peptidyl-tRNA much tighter,
and the S4, S5 alterations make it weaker than in the
case of the wild-type. We find that when binding of
peptidyl-tRNA to the A-site is weak, then the affinity
for the P-site is stronger, and vice versa. From these
results, we formulate a hypothesis for the actions of
streptomycin and neomycin based on deformations of
the 16S rRNA tertiary structure. The results are
also used to interpret some in vivo experiments on
translational processivity.
Keywords: aminoglycoside/dissociation rate/peptidyl-tRNA/
ribosome/rRNA

Introduction
There is a dichotomy in how ribosomes interact with
aminoacyl-tRNA on the one hand and peptidyl-tRNA
on the other. Aminoacyl-tRNA, both when in ternary
complex with EF-Tu-GTP, and when alone, after dissoci-
ation of EF-Tu-GDP from the ribosome (Kaziro, 1978;
Kurland et al., 1995), requires a 'gentle' interaction with
the programmed A-site (Kaziro, 1978) so that the accuracy

of its selection is not obliterated by a strong non-codon-
specific binding (Kurland and Ehrenberg, 1984, 1987;
Kurland et al., 1996). After peptidyl transfer the selection
is over, and the peptidyl-tRNA must then be firmly bound
in its A/P-state (Moazed and Noller, 1989; Noller, 1991)
so that the growing polypeptide is not lost from the

ribosome (Karimi and Ehrenberg, 1994; Kurland et al.,
1996). Binding of peptidyl-tRNA to the A-site (A/P-
state) of wild-type ribosomes is quite strong (Karimi and

Ehrenberg, 1994), and P-site (P/P-state according to Noller,
1991) binding of peptidyl-tRNA is normally even stronger
(Erbe et al., 1969; Leder et al., 1969; Hamburger et al.,
1973). Antibiotics, like streptomycin (Sm) and neomycin
(Nm), drastically increase missense errors (Davies and

Davies, 1968; Ruusala and Kurland, 1984; Bilgin and

( Oxford University Press

Ehrenberg, 1994), and at the same time increase the
binding strength of peptidyl-tRNA to the A-site (Karimi
and Ehrenberg, 1994). Mutations in the rpsL gene, coding
for protein S 12, may lead to Sm dependence (SmD)
(Gorini, 1971) as well as to pseudo-dependence (SmP)
(Zengel et al., 1977; Ruusala et al., 1984). In the absence
of Sm, SmD and SmP ribosomes are hyperaccurate in vitro
(Bohman et al., 1984; Ruusala et al., 1984; Bilgin et al.,
1992; Bilgin and Ehrenberg, 1994), and the strength of
peptidyl-tRNA binding to the A-site is weaker than for
wild-type ribosomes (Karimi and Ehrenberg, 1994). The
SmD phenotype may be reverted by mutations in the
genes coding for ribosomal proteins S4 (D12 and D14)
(Gorini, 1971; Andersson and Kurland, 1983) and S5
(rpsE1023) (Piepersberg et al., 1975; Andersson et al.,
1986). When these genes are expressed without the rpsL
mutation, the ribosomes become error-prone (Gorini, 1971;
Andersson and Kurland, 1983), and the A-site binding of
peptidyl-tRNA is tighter than in the wild-type (Karimi
and Ehrenberg, 1994).
The present work adds data to the findings on how the

P-site binding of peptidyl-tRNA responds to the presence
of the drugs Sm and Nm as well as to alterations in
ribosomal proteins S12, S4 and S5. A striking, and
unexpected, result is that there is an inverse relationship
between the strength of peptidyl-tRNA binding to the A-
site versus the P-site, such that strengthening the binding
to one site by the action of Sm or Nm or by mutations
weakens the affinity of peptidyl-tRNA for the other site.
We use these data to formulate a hypothesis to explain

the mode of action of Sm and Nm. A key element of this
hypothesis is that their activity induces conformational
changes in 16S rRNA.
We also use the present findings to rationalize in vivo

data on the processivity of ribosomes (Kurland et al.,
1996), under the influence of Sm (Menninger et al., 1983;
Caplan and Menninger, 1984), and with the Ram phenotype
associated with alterations in ribosomal proteins S4 or S5
(Dong and Kurland, 1995).

Results
We have measured the rate of dissociaton of NAc['4C]Phe-
[3H]Phe-tRNAPhe (dip-tRNA) from the P-site of wild-
type (017), hyperaccurate (SmD, SmP) and error-prone
ribosomes (D12, D14, rpsE). We have also studied the
effects of Sm on these rates and the effect of Nm on the
dissociation of dip-tRNA from the P-site of 017 ribosomes.

Ribosomes were in most cases initiated with
NAc[I4C]Phe-tRNAPhe and poly(U) (Wagner et al., 1982;
Ehrenberg et al., 1990). We also studied release of peptidyl-
tRNAPhe from the P-site (UUC codon) of wild-type ribo-
somes programmed with the mMFL mRNA ...AUGUUC-
UUG... (Materials and methods). Incubation was started
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Fig. 1. The natural logarithm of the probability, r(t), that dip-tRNA
remains in the P-site is plotted versus the time, t, after translocation.
The experiment was carried out at 37°C and shows ln(r) for wt (0),
D14 (-) and SmD (X).

by adding translation factors, including elongation factor
G (EF-G), [3H]Phe-tRNAPhe and non-acylated tRNAPhe to
the pre-initiated ribosomes. The amount of active ribo-
somes (12.5 pmol) was kept in excess over the available
amount of [3H]Phe-tRNAPhe (3 pmol), by adding a limiting
amount of [3H]Phe (3 pmol) to the factor mix (Materials
and methods). After peptidyl transfer, dip-tRNA rapidly
moves to the P-site by the action of EF-G. HPLC analysis
demonstrated the existence of NAc[14C]Phe-[3H]Phe and
showed that the amounts of tri- or tetrapeptides can be
neglected compared with the amount of dipeptides (not
shown). After different incubation times (t), a large excess
of unlabelled ternary complex, containing Phe-tRNAPhe,
was added to start synthesis of long poly(Phe) chains.
Translation was stopped after 1 min by the addition of
trichloroacetic acid (TCA). Those NAc[14C]Phe-[3H]Phe-
tRNAPhe molecules that remained in the P-site at time 't'
were detected subsequently as hot TCA-precipitable 3H
counts (Materials and methods).

Typical experiments are shown in Figure 1 for wild-
type ribosomes as well as for the error-prone variant D14
(Ram, altered in S4) and the hyperaccurate variant SmD
(altered in S12). The plots show the natural logarithm,
ln(r), of the amount of hot TCA-precipitable [3H]Phe at
incubation time t, divided by the corresponding amount
at time zero. This ratio, r(t), can be interpreted as the
probability that dip-tRNA remains in the P-site at time t
after translocation. The curves reveal that the dissociation
rate of dip-tRNA from Ram ribosomes is faster than from
wild-type, and is faster from wild-type than from SmD
ribosomes. Interestingly, dissociation of dip-tRNA from
the A-site of these variants shows the opposite pattern
(Karimi and Ehrenberg, 1994). Dip-tRNA dissociates more
quickly from the A-site of SmD than from the A-site of
wild-type ribosomes, and more quickly from wild-type
than from D14. In these cases the binding strength of dip-
tRNA to the A-site is negatively correlated with the
affinity to the P-site: when the binding of dip-tRNA to
the A-site is strengthened (by a mutation), the binding to
the P-site is reduced.

2-2
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Fig. 2. The effects of Sm and Nm on the dissociation of dip-tRNA
from the P-site at 37°C. ln(r) is plotted versus the time, t, after
translocation as in Figure 1 for wt ribosomes with no drug (X),
wt + Sm (-) and wt + Nm (0).

Figure 1 also shows that the dissociation of dip-tRNA
from the P-site of the different ribosome variants cannot
be described as a single exponential, in which case the plot
would have been a straight line. In contrast, dissociation of
dip-tRNA from the A-site is truly first order and occurs
as a single exponential (Karimi and Ehrenberg, 1994).
Dissociation of fMet-Phe-tRNAPhe from wild-type ribo-
somes with the UUC codon in the P-site (mMFL RNA)
is somewhat faster than from the P-site of poly(U)-
programmed ribosomes. Also here two dissociation rates
are visible (Table I).
The experiments in Figure 1 are summarized in Table

I, along with results from equivalent experiments per-
formed on another hyperaccurate variant (SmP, altered in
S12) and from the Ram ribosomes D12 (altered in S4)
and rpsE (altered in S5). The dissociation curves could
be fitted by one (for SmP) or by two (for all other cases)
exponential(s). Fast and slow rate constants and their
correponding amplitudes are given in Table I, where we
also show the average times, tdiss, that dip-tRNA remains
in the P-site in the different cases. When the dissociation
is a single exponential, then tdiss is simply the reciprocal
of the dissociation rate constant. In general, tdiss is calcu-
lated by integrating the ratio r(t) from zero to infinite time
(Bilgin et al., 1992). For comparison, tdiss values for A-site
binding (Karimi and Ehrenberg, 1994) are also included in
the table.

For wild-type ribosomes, the table shows that peptidyl-
tRNA is more stably bound to the P- (td-ss = 1.38X 103 S)
than to the A-site (tdiss = 0.11 X 103 S), in accordance with
the literature (Erbe et al., 1969; Leder et al., 1969;
Hamburger et al., 1973). This tendency is enhanced for
the SmP and SniD ribosomes, where the tdiss values for
P-site binding of peptidyl-tRNA are ~200-fold longer than
for their A-site counterparts: for these hyperaccurate
ribosomes, P-site binding is stabilized in relation to the
wild-type, and A-site binding is destabilized.

In contrast, for the three Ram variants, P-site binding
is destabilized in relation to the wild-type so that for D14
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Table I. Average time (tj) and dissociation rates (k,d ) of dip-tRNA for wild-type and mutant ribosomes

Ribosome P-site A-sitea

Avera-e time Fast dissoc. rate Fast amplitude Slow dissoc. rate Slow Average time
(tdaIX 1()-3 s) constant kd X 103/S (%-) constant kdX 103/s amplitude (%7) tdas X 10-3 .s

wt 1.38 1.8 52 0.43 48 0.11
wtb 0.42 3.3 34 2.1 66 -
SmD 15.6 0.7 40 0.04 60 0.079
SmP 19.8 - 0 0.05 100 0.091
rp.sE 0.96 14 48 0.55 52 -

D14 0.66 10 61 0.68 39 0.50
D12 0.42 2 1 37 1.60 63 -

aFrom Karimi and Ehrenberg (1994).
hExperiment using the heteropolymer mRNA (...AUGUUCUUG...).

Table 11. Average time (tdiss) and dissociation rates (kd ) of dip-tRNA for wild-type and mutant ribosomes in the presence of streptomycin

Ribosome P-site A-sitea

Average time Fast dissoc. rate Fast amplitude Slow dissoc. rate Slow Average time
(td,.,.X 10-3 s) constant kd X 103/s (%) constant kdX103/s amplitude (%) tdI,. X 10-3 s

wt 0.17 6.0 100 - 0 0.36
Wtb 0.084 12 100 - 0 0.71
SmD 0.78 11 49 0.70 51 0.38
SmP 0.96 7.4 51 0.56 49 0.42
rpsE 0.84 1.2 100 - 0 -

D14 0.42 2.3 100 - 0 0.83
D12 0.36 2.7 100 - 0 -

aValues from Karimi and Ehrenberg (1994).
bExperiment adding neomycin instead of streptomycin.

ribosomes the dissociation time of dip-tRNA from the P-
site (td,s, = 0.66X 103 s) is similar to the time of dissociation
from the A-site (td5ss = 0.50X 103 s). For these Ram
ribosomes, therefore, the affinities of peptidyl-tRNA for
the A- and P-sites appear to be 'balanced'.

Addition of Sm or Nm dramatically enhances the
dissociation rate of dip-tRNA from the P-site (Figure 2,
Table II). For wild-type ribosomes, tdiss decreases from
1.38X103 s in the absence of any drug to 0.17x103 s in
the presence of Sm and to 0.084X103 s in the presence
of Nm (Table II). Remarkably, in these two cases, A-site
is much stronger than P-site binding (Table II). This
finding adds another phenotypic effect to the already
long list of actions that characterize these two important
antibiotics.

Dissociation of dip-tRNA from the P-site in the presence
of Sm appears in most cases to be a simple first order
process, which can be described by a single exponential.
The exceptions are SmD and SmP ribosomes, where two
exponentials are necessary to reproduce experimental data
(Table II).
Sm significantly reduces the affinity of P-site binding

(as measured from the tdiss value) in all cases except for
the three Ram ribosomes (Tables I and II). Here the effect
of the drug is subtle and quite interesting. In the absence
of Sm, P-site dissociation occurs with two rates for these
variants. The fast rate is ~l5X10-3/s and the slow one

X10-3/s (Table I). In the presence of Sm, in contrast,
there is a single rate which is 2X 10-3/s (Table II).

Discussion

Binding of the antibiotic Sm to E.coli ribosomes changes
their interaction with tRNA throughout the various steps
of protein elongation, and these changes have dramatic

repercussions on ribosome function. Sm reduces the

accuracy of aminoacyl-tRNA selection by orders of magni-
tude (Gorini, 1965; Ruusala and Kurland, 1984), first, by
interfering with the ternary complex-ribosome interaction

and thereby reducing the 'initial selection' of these tRNAs

(Ruusala et al., 1982; Bilgin et al., 1992; Bilgin and

Ehrenberg, 1994). Secondly, Sm interferes with the 'proof-
reading' (Hopfield, 1974; Ninio, 1975) of aminoacyl-
tRNA (Ruusala et al., 1982; Thompson and Karim, 1982)
in a step following GTP hydrolysis on EF-Tu but preceding
peptidyl transfer (Ruusala and Kurland, 1984; Bilgin et al.,

1992; Bilgin and Ehrenberg, 1994). Recent experiments
indicate that the error enhancement by Sm is due partially
to a general stabilization of aminoacyl-tRNAs in the A-

site (Karimi and Ehrenberg, 1994), but that the main

effect stems from a severe distortion of codon-anticodon

interactions, making the standard free energy of the

RNA-RNA duplex quite insensitive to base mismatches

(Ehrenberg et al., 1996; R.Karimi and M.Ehrenberg, in

preparation) as previously suggested by Cundliffe (1981).
Further down the line in the elongation cycle, Sm signi-
ficantly reduces the rate at which peptidyl-tRNA is trans-

located from the A- to the P-site (Bilgin et al., 1992). To

these events can now be added that Sm dramatically
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destabilizes the binding of peptidyl-tRNA to the P-site
(Tables I and II and Figure 2).
Why Sm has such a rich action spectrum may be

guessed from chemical protection data and by comparing
the effects of Sm with those of another antibiotic, Nm.
Sm induces chemical protection of bases 913-915 of 16S
rRNA (Moazed and Noller, 1987), indicating an RNA-
mediated binding of the drug in this region. Nm, in
contrast, confers protection of bases 1408-1409, and
binding occurs to a segment of 16S rRNA including
these bases (Moazed and Noller, 1987). Despite having
putatively different binding sites, Sm and Nm have similar
effects on missense errors (R.Karimi, unpublished), trans-
location (Cundliffe, 1981; Bilgin et al., 1992), and on A-
site (Karimi and Ehrenberg, 1994) and P-site binding of
peptidyl-tRNA (Table II and Figure 2). This indicates that
the action of both drugs is indirect and is caused by a
similar type of distortion of 16S rRNA, albeit induced
from two different places in the primary sequence.
Moazed and Noller (1987) identified a set, III, of several

sites in 16S rRNA, that is protected from dimethyl sulfate
modification by tRNA as well as by 50S binding to the
30S ribosomal subunit. Interestingly, Nm binding leads to
the same protection pattern as for tRNA and 50S, while
binding of Sm only protects a subset of class III sites.
This indicates that Sm and Nm may be similar in some
respects, for example in how they influence peptidyl-
tRNA binding to A- and P-site, but different in others. In
line with this, preliminary experiments in vivo with ribo-
some mutants reveal large, functional differences in the
action of the two drugs (R.Karimi, in preparation).

There are several types of Sm resistance, and of
particular interest in the present context are those that
lead to Sm dependence (SmD) (Gorini, 1971) or Sm
pseudo-dependence (SmP) (Zengel et al., 1977; Andersson
and Kurland, 1983), through alterations in ribosomal
protein S12. These ribosomes have similar in vitro pheno-
types. They are hyperaccurate (Ruusala et al., 1984; Bilgin
et al., 1992; Bilgin and Ehrenberg, 1994) and they have
weaker A-site (Karimi and Ehrenberg, 1994) and much
stronger P-site binding (Table I and Figure 1) of peptidyl-
tRNA than wild-type. In other words, their phenotype is
a 'complementary image' of the phenotype induced by
Sm. When Sm is added to these ribosomes they become
similar to wild-type with respect to all these properties
(Ruusala et al., 1984; Bilgin et al., 1992; Bilgin and
Ehrenberg, 1994; Karimi and Ehrenberg, 1994; Table II).
From this type of data we suggest that amino acid
substitutions in S12, that lead to the SmP and SmD
phenotypes, distort 16S rRNA in the 'opposite direction'
from the Sm-induced perturbation. When the drug is
present, the two 'opposing pulls' are balanced, with wild-
type-like structure and function as a result.
An amino acid substitution in S12, leading to the SmD

phenotype, can be complemented by alterations in S4
(Gorini, 1971; Andersson and Kurland, 1983) or S5
(Piepersberg et al., 1975; Andersson et al., 1986). Expres-
sion of the latter mutations, without the S12 change,
give error-prone ribosomes (Gorini, 1971; Andersson and
Kurland, 1983), stable A-site (Karimi and Ehrenberg,
1994) and unstable P-site (Table I and Figure 1) binding
of peptidyl-tRNA. In other words, the S4 and S5 changes
that compensate for Sm dependence, make the ribosomes

behave very much like wild-type in complex with Sm.
We suggest, therefore, that these S4 and S5 changes distort
16S rRNA in the 'same direction' as Sm (or Nm). One,
testable, prediction from this hypothesis is that these Ram
ribosomes have impaired EF-G function, like wild-type
ribosomes in complex with Sm (Bilgin et al., 1992) or Nm.
The ultimate test of the present hypotheses, concerning

the action of Sm and Nm as well as of pertinent amino
acid substitiutions in S4, S5 and S12, has to await high
resolution models of the 16S rRNA tertiary structure
(Brimacombe, 1991; Noller, 1991).
The present results have consequences not only for the

drug-enforced evolution of the 16S rRNA tertiary domains,
but also suggest new interpretations of in vivo experiments.

According to Menninger et al. (1983) and Caplan and
Menninger (1984), Sm not only raises missense error
levels (Ruusala and Kurland, 1984), but it also causes
increased drop-off of peptidyl-tRNA from the ribosome.
We suggest that this enhanced drop-off rate may be
explained by the much weaker P-site binding of peptidyl-
tRNA in the presence of Sm (Tables I and II and Figure 2).
Dong and Kurland (1995) found that Ram ribosomes

have lower processivity than wild-type, and when they
ranked the strains according to decreasing processivity
they found the following order: wild-type, rpsE, D14 and
D12. This ranking order does not agree with how the
level of missense errors varies with ribosomal phenotype.
Here D14 has the highest error rate, followed by rpsE, D12
and finally wild-type (Andersson et al., 1986; R.Karimi,
unpublished). In contrast, when these ribosomes are
ordered with respect to the average time, tdiss, that their
peptidyl-tRNAs remain in the P-site, a ranking identical
to that for the decreasing processivity is obtained (Table
I). This is suggestive, and may mean that the observa-
tions by Dong and Kurland (1995) concerning Ram
ribosomes can be rationalized as drop-off events from the
P-site. In contrast, the reduced processivity of hyper-
accurate ribosomes (Jorgensen and Kurland, 1990; Dong
and Kurland, 1995), altered in S12, probably reflects drop-
off from the ribosomal A-site (Karimi and Ehrenberg,
1994; Kurland et al., 1996).

Finally, we must adress a complication in our dataset
(Figures 1 and 2, Tables I and II). In many cases, the
dissociation of peptidyl-tRNA from the P-site does not
follow first order kinetics, but must be described using
two exponentials (Tables I and II). This may have the
trivial explanation that our ribosomes are intrinsically
heterogeneous, but the data suggest a more interesting
interpretation. It is thus conceivable that the peptidyl-
tRNA, immediately after translocation, enters a first state
of the P-site. From this, peptidyl-tRNA may either dissoci-
ate with a fast rate or move to a more stable P-state, from
which dissociation is slower. It is possible, furthermore,
that the second ternary complex, involved in translation
(Ehrenberg et al., 1990; Weijland and Parmeggiani, 1993;
Weijland et al., 1994; Dincbas et al., 1995) catalyses the
transition between the two different P-states.

Materials and methods
Chemicals
Poly(U), GTP and ATP were purchased from Pharmacia (Uppsala).
Phosphoenolpyruvate, putrescine, spermidine, myokinase, L-phenyl-
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alariine. Sril sultate salt arid Nm sulfate salt .ere fr-on Sigma. Pyruvate
kinlase Was frionil Boehringer (Mannrlheim). 3H]phenvlalanilne. 1 4C]-
phenrlyalaiine land 3H]rnethionine were tronil Aniershami. All other-
chemilcals otlanalavtical lrade were fr-omnMer-ck.

Buffers
Polvrix (Jelent and Kurland. 1979) was composed of 5 mnM miagnesiuml.
aicetate. 0.5 MnM CaCl. 5 mMNl NH4CI. 95 niM KCI. 8 timM putrescine
(pH 7.5). mniM spermidine. 5 mllM potassiumtl phosphaite (pH 731) and

tilM dithioerythritol (DTE). A 10-fold concentrated polImix Was

pr-epared aind stor-ed without potassiuim phosphate and DTE to a oidl
pr-ecipitatiotr. atid the corr-ect workine strenoth was obtained bv addine
trorii stock solItions ot 100ImM potassium phosphate arid 50) mM DTE
in the experiments.

Buffer A for HPLC contained 10%(/ miiethanol. 0.1 i tr-ifluoroacetic
acid aiid Buffre B contaiied 90%(' methatnol. (0. 1I- trifluoroacetic acid.

Strains and biochemicals
Esclhicchii coli str-ains 0 1 7 Aild-type) atnd S 1 2 riutants. derived trorii
)17. UK 18 (SrnlP) and ULK666 (SmD). hav-e heen described by RuLnsala

et ii. (1984). The S4 mutarnts derived frorii D12 and D14 (Raiii) N ere
described hb OIsson and Isaksson ( 1979). The S5 riiutatrt derived frorii
qpsE1023 (ramil) was described by Piepersber et of. (1975). The
ribosoriies were prepared (Jelenc. 198)) and kept in polyriiix buffe- at
-80()C. PuLrificationi of erniymes aiid othe- coniponents used in the
itt lvitt(o poly (U) svsteni have been described hb Ehrenberg et of. ( 199))).
Preparation ot( the 83 nrcleotide long iimMFL riiRNA with codirti
sequeince AUGUULCUIG... (NMet-Phe-LeLr) and with the ribosomele
biridina site tforii the 002 riiRNA sequence (Calogero et olf.. 1988) was
prepared by itt vitro transcription of zin artificial eerie (V.Dincbas,
M.Pavlov. N.Biloin and M.Ehrenberg. miiauscript in preparatioi).
Initiation factors wvere puiitied frorii overproducing strains according to
Softientini et ol. (1994). 1H IfMet-tRNA was prepared following the
protocol of Hershey and Trash ( 1967) with minor modifications.

Measurement of the dissociation rate of dip-tRNA from the
P-site of poly(U)-programmed ribosomes
Three riuixes Asere prepared (in ice. First. a 70S mnix was prepared
containing. in 5(0 p1 of polyriix 2.5 pmol of active ribosoriues.
Aclt4C]Phe-tRNAPh, (sp. act. c.p.rmi./priiol) 20'%i in excess over the
total amounit of ribosoriies ( -60 priiol according to Wagner et (11. ( 1 982).
25 pg, oft poly(IU) and I0((iri(ol of GTP. Where indicated. Sm (1) p4)
or Nri (f).I .tpg) were added. The fractioni of active ribosoriies is defined
as the nuriiber- of elonratirie ribosomiies (riieasured from AcV-'H]Phe
p-ecipitable by hot TCA) divided by the total nuriuber of ribosonies
(riieasured by aibsorbaruce).

Second. a labelled factor riuix was prepred containing,. in 4(0 pi of
polyrinix. 8)) rriuol of ATP ((.8 pmol (it phosphoero/pyruvate. S pg of
pyruvate kinaise. 0.3 pg of riivokinase. 3.3 pmol of l-VH lphenylalanine
(40)0 c.p.ri./pruuol). 2 units ot'Phe-tRNA svrithetase (one unit of svnthetase
arniiinoacylates I pmol of tRNAPSC per s). 15()0 piool of tRNAtTh(. 5 prol
otFEF-Tu. 50) pmiiil of EF-Ts arnd 5 priiol otFEF-G.

Third. an LnIabelled factor riuix was prepared containing, in 10 pi of
polrtiiix. 2) nriuol of ATP ((.2 ptiiol of phosphoenro/pyruvate. 30 iruuol of
phenylaariirie. 200 pmoolIof tRNAP e 30(0( piuiol of EF-Tu. 100 uilits of
Phe-tRNA svrithet ase arnd 50) priiol of EF-Ts.
The Iiiixes were incubated for 10 miri before 40 pl of fatctor mix were

aidded to 5)) p1 of 70)S niix for different inicubationi tirlies (Results). Atter
iicubatiorl. 10) p1 of unlabelled factor Illix were added, arid poly(Phe)
synthesis was stopped after ruin in all cases with 5 nil of 5'4 TCA
coritainine 15'% casariino acids (Difco). The samples were incubated for
1( ruin at 95°C aand filtered through class filters (GF/C). These were washed
s ith 5' TCA. then with pr(opaiol. dried zind the radioactivity riieasLrred
(Ehreriberg cit (if. 1990).

Measurement of the dissociation rate of dip-tRNA from the
P-site of heteropolymer-programmed ribosomes
Thr-ee iinixes w ere prepared on ice. First, a 70S riiix \as prepared containing.

in 50 p1 of polvrnix. 12.5 piiiol of active ribosoriues. 10)) priiol of mnMFL
riiRNA ( ...AUGUUCUUG... )I(1() pmol ot fV-HlMet-tRNAMer (sp act
40)0( c.p.m./priiol ). 50) pmol of initiation factor 1 I 0 piiol of initiation factor
) 50( pniol ot initiaition taictoi 3 arnd 1)0) ririiol of GTP.
Second. a1 factor rIi.Yx w;as prepar-ed conitaining, in 4(1 p1 of polvriiix.

8)) rtiiiol otf ATP. ((.8 pniol of phosphoeniolpyruvate. S pg of pyrlvate
kinase. 0.3 pg of myokinase. 30 pmiiol (if 14Cjphenylalanine (5 c.p.rii./
priuol). 20 units of Phe-tRNA synthetase 1 50)0 pmol of tRNAPh. 60 priuol
of EF-Tu. 5(0 priiol of EF-Ts arid 5 pilol of EF-G.

Third. an unlabelled fa-ctor- riiix was prepar-ed containing, in 10 p1 of
polyriiix. 20 nmiiol of ATP. ((.2 priiol of phosphoetrolpyruvate. 3 nrumol
of leucine, 100 pm(iol of tRNAVrn. I()( priiol of EF-Tu ') units of Leu-
tRNA synthetase and 5(0 pmol of EF-Ts.

The niixes were incubated for 1(0 rmin before 4(0 p1 of factor riiix were
added to 5) p1 of 70S riiix for different incubationi tiiies. After- incuLbatioln.
1(0 p1 of the third factor mix were added. and tripeptide forriiation was

stopped after nin with 20%/tformic acid. The precipitate was pelleted
by Eppendorf centrifugation and 220 p1 of (1.5 M KOH were added to

each pellet. The tMet-Phe-Leu-tRNA was hydrolvsed to tripeptide and
deacvlated tRNA for 45 ruin at 37°C. Subsequently. 10 p1 of concentrated
HCOOH were added and precipitable nuuaterial was separated froni tri-
peptide by Eppendrof centrifugation. Then 160) p1 of supernatant wvere
analysed for tripeptide contenit by HPLC. as described by Ehrenberg
etil. (1990).
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