Identification of nucleotides in E. coli 16S rRNA
essential for ribosome subunit association
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ABSTRACT

The ribosome consists of two unequal subunits, which associate via numerous intersubunit contacts. Medium-resolution
structural studies have led to grouping of the intersubunit contacts into 12 directly visualizable intersubunit bridges. Most of the
intersubunit interactions involve RNA. We have used an RNA modification interference approach to determine Escherichia coli
16S rRNA positions that are essential for the association of functionally active 70S ribosomes. Modification of the N1 position of
A702, A1418, and A1483 with DMS, and of the N3 position of U793, U1414, and U1495 with CMCT in 30S subunits strongly
interferes with 70S ribosome formation. Five of these positions localize into previously recognized intersubunit bridges, namely,
B2a (U1495), B2b (U793), B3 (A1483), B5 (A1418), and B7a (A702). The remaining position displaying interference, U1414,
forms a base pair with G1486, which is a part of bridge B3. We contend that these five intersubunit bridges are essential for

reassociation of the 70S ribosome, thus forming the functional core of the intersubunit contacts.
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INTRODUCTION

The ribosome is a two-subunit ribonucleoparticle with the
function of decoding the genetic messages (in the small
subunit), and catalyzing the formation of peptide bonds (in
the large subunit). The reasons behind the two-subunit
nature of the ribosome are not entirely clear but likely
include the need for the accurate initiation of translation
(Risuleo et al. 1976; Hartz et al. 1989) and the facilitation of
translocation of the reaction products from the acceptor to
the donor to the exit site (Pestka 1969; Frank and Agrawal
2000).

The presence of rRNA in intersubunit contacts was first
detected by chemical footprinting (Chapman and Noller
1977; Herr and Noller 1979) and modification interference
methods (Herr et al. 1979). The first unambiguously located
intersubunit contact was placed by chemical cross-linking
between the 23S rRNA helix 69 and the 16S rRNA helices
44 and 45 (Mitchell et al. 1992). More recent chemical
footprinting studies determined the identities of several
rRNA positions, which are protected by the formation
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of 70S ribosome (Merryman et al. 1999a,b). These are
generally in good correspondence with the intersubunit
bridges, derived from the crystallographic model of the
Thermus thermophilus ribosome (Yusupov et al. 2001) and
the Escherichia coli ribosome (Schuwirth et al. 2005) and
with cryo-EM models of the E. coli (Gabashvili et al. 2000;
Gao et al. 2003) and Saccharomyces cerevisiae (Spahn et al.
2001, 2004) ribosomes. Recently, Ghosh and Joseph (2005)
identified 28 nonbridging oxygens in the backbone of 16S
rRNA whose substitution with sulfur led to reduced ability
of 70S ribosome formation by reconstituted phosphoro-
thioate-containing 30S subunits. Surprisingly, only one of
the positions interfering with 70S formation (C770) falls
into an intersubunit bridge as defined by structural studies
(Yusupov et al. 2001; Gao et al. 2003).

The structural studies define, in addition to RNA-RNA
contacts, several protein—-RNA and protein—protein inter-
actions. The model of Yusupov et al. (2001) incorporates
12 intersubunit bridges, which translate into more than
30 individual interactions between the 30S and the 50S
subunits. The bridges seem to be largely conserved between
the three kingdoms of life (Spahn et al. 2001; Gao et al.
2003). The central intersubunit areas (i.e., those closer to
the reaction center in the LSU and to the decoding center
in the SSU) are occupied by RNA-only bridges, while
protein-containing bridges are more peripheral. Centrally
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located bridges contribute >80% of the individual inter-
subunit contacts (Gao et al. 2003). Gao et al. (2003) and,
more recently, Spahn et al. (2004) describe changes in
intersubunit bridges in translocation upon EF-GeGTP
binding, where central RNA-RNA contacts are preserved
while more peripheral RNA—protein and protein—protein con-
tacts are often broken or rearranged. While it is important
to keep the subunits together during translocation, the 70S
ribosome is dissociated during termination of protein
synthesis by the concerted action of RRF and EF-G (Karimi
et al. 1999; Hirokawa et al. 2005). Structural models of RRF
bound to post-termination 70S ribosomes and 50S subunits
suggest that RRF dissociates the 70S ribosome by specifi-
cally disrupting the central intersubunit bridges B2a and B3
(Gao et al. 2005; Wilson et al. 2005). In addition, dynamics
of the intersubunit bridges could play a role in tRNA
decoding by relaying information of a successful decoding
event in the small subunit to the GTPase-associated center
in the large subunit thus helping to orchestrate timely GTP
hydrolysis on EF-Tu (Belanger et al. 2004). Recently
Hennelly et al. (2005) used chemical modification com-
bined with quench-flow technique to provide time-resolved
details of 16S rRNA structural changes that occur as bridges
are formed between the ribosomal subunits as they associ-
ate. Time-resolved data allowed them to construct a model
wherein some regions of the rRNA bind initially and
generate structural changes that allow the remaining con-
tacts to be made for complete association of the two
subunits. The first interactions between subunits are made
by 16S rRNA positions A892, A908, A909 (900 region, helix
27), and A1408 (bridge B2a, helix 44). Then follows
protection of the 16S rRNA bases A1418 (bridge B5, helix
44) and A1413 (helix 44) by association with the 50S
subunit. At a much slower rate, subunit association also
protects A702 (B7a, helix 23) and A1441 (helix 44).

Mutations in the 16S rRNA 900 tetraloop impair subunit
association and translational fidelity, in agreement with the
location of this tetraloop at the subunit interface and close
to the decoding center (Belanger et al. 2004). Indeed,
the 900 tetraloop bases A900 and A901 contribute to the
intersubunit bridge B2c. Bridge B2¢, which connects the
body of the 30S subunit to the 50S subunit, is not displaced
upon EF-GeGTP binding and could therefore contribute to
the maintenance of the subunit association during the
ratchet-like intersubunit movement (Gao et al. 2003; Valle
et al. 2003; Spahn et al. 2004).

Maivili and Remme (2004) identified by modification
interference three adenosines in the E. coli 23S rRNA, N1-
methylation of which strongly reduced the ability of 50S
subunits to form 70S ribosomes. These adenosines, which
are essential for subunit association in vitro, have been
assigned to intersubunit bridges B2a (A1912 and A1918)
and B4 (A715) (Yusupov et al. 2001; Gao et al. 2003). Here
we extend the modification interference studies of 70S ribo-
some formation to cover the E. coli 16S rRNA. We report

that modification of the N1 positions of A702, A1418, and
A1483 or of the N3 positions of U793, U1414, and U1495
in E. coli 30S subunits strongly interferes with 70S ribosome
formation. All interferences fall either into, or close to,
designated intersubunit bridges.

RESULTS

Experimental system

The crux of the modification interference methodology is
to assemble functional complexes using randomly modified
macromolecules, and subsequently physically separate active
and inactive subpopulations. Modifications at positions
whose presence is tolerated in the inactive subpopulation
and counterselected in the active subpopulations are termed
as interfering with the functionality of the macromolecule
in question.

We chose to modify E. coli 30S ribosomal subunits with
dimethyl sulfate (DMS; methylates N1 positions of adeno-
sines, N7 positions of guanosines, and N3 positions of
cytosines) or with 1-cyclohexyl-3-(2-morpholinoethyl) car-
bodiimide metho-p-toluene sulfonate (CMCT; modifies
N1 and N3 positions of uracils and N1 positions of
guanosines). Modified 30S subunits were reassociated with
unmodified 50S subunits to form 70S ribosomes. Resulting
70S and 30S populations were separated by sucrose gra-
dient centrifugation, 16S rRNA was purified from the 30S
and 70S gradient fractions, and 16S rRNA positions 1-1507
were scanned for DMS- or CMCT-specific reverse tran-
scriptase stops (Fig. 1). Modifications, which were present
in the 30S subunits but strongly reduced in the 70S ribo-
somes, were designated as interfering with 70S ribosome
formation. 16S rRNA nucleotides that are accessible to
DMS and CMCT modification in the 30S subunit are
shown in Supplemental Figure S1. (Supplementary material
can be found at http://www.ut.ee/~jremme/30Sarto.pdf;
page 5, lines 17-19.)

Optimization of the chemical modification procedure

DMS is much more reactive toward RNA than CMCT. This
increases the danger of inadvertent overmodification with
DMS causing large-scale structural rearrangements in the
structure of the 30S subunits. Therefore, while using stan-
dard conditions for CMCT modification resulting in no
more than a few modifications per 16S rRNA molecule
(Stern et al. 1988), we titrated DMS to ensure that minimal
modification level still detectable by primer extension is
used (Fig. 2). The chosen conditions (4 mM DMS) do not
affect the sedimentation of the 30S subunits (Fig. 2). There-
fore, modification of 30S subunits results in 30S popula-
tions, which are largely structurally homogeneous and able
to form 70S ribosomes.

If the chemical modification levels used resulted in
nonspecific rupture of the 30S structure, the resulting
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FIGURE 1. Scheme of the modification interference experiment.
Native 30S subunits were modified with DMS or CMCT. Modified
30S subunits were reassociated with unmodified 50S subunits to form
70S ribosomes. Resulting 70S and 30S populations were separated by
sucrose gradient centrifugation. Modified nucleotide positions were
determined by primer extension analysis of 16S rRNA obtained from
the 70S and 30S gradient fractions. Modifications, which were present
in the 30S subunits but strongly reduced in the 70S ribosomes, were
designated as interfering with 70S ribosome formation.

ribosomes would very likely be inactive in toto. We have
used a poly(U)-directed cell-free translation system to test
the activity of 30S subunits previously subjected to various
concentrations of DMS. This assay enables us to measure

708 5pS 208

Unmodified

4.3 mM DMS

CMCT

FIGURE 2. Effect of chemical modification on the 30S subunits
during ribosome subunit association. 30S subunits were modified
with 4.3 mM DMS or 149 mM CMCT, and ribosomal particles were
separated by sucrose gradient centrifugation. The positions of the 70S
ribosomes and 50S and 30S subunits are indicated. All reassociation
and selection experiments were done in 6 mM MgCl,.
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the net yield of translation in conditions in which trans-
lational yields are linearly dependent on ribosome concen-
trations. In no case did chemical modification reduce the
level of poly-Phe synthesis by modified ribosomes (Table
1). This result shows that the vast majority of chemically
modified 30S particles associated into functionally active
70S ribosomes. The fraction of 30S subunits, inactivated by
DMS, cannot exceed the error margin of the poly(U) trans-
lation experiment, which we conservatively estimate to be
<10%. Indeed, considering that treatment with 8 mM DMS
does not noticeably reduce translational activity of the 30S
subunits, it is highly probable that our working concentra-
tion of DMS (4 mM) does not cause large-scale structural
perturbations of the 30S subunits. The expected minor
fraction of functionally decapacitated particles would very
likely be inactivated by specific single-hit mechanisms,
rather than by combined action of several independent
modification events. The presence of this minor inactivated
subpopulation of 30S subunits can be successfully detected
because of the very high sensitivity of the primer extension
technique, since even a low proportion of modification in
a given 16S rRNA position results in the emergence of
a discrete stop in the primer extension reaction. It is usually
possible to detect a reproducible band by autoradiography
if 1%-3% of the reverse transcriptase stops at a given
position (Maivili et al. 2002).

Determination of modified bases in 16S rRNA
interfering with 70S reassociation

Scanning of 16S rRNA obtained from modified 30S sub-
units resulted in identification of 141 DMS-specific and 48
CMCT-specific primer extension stops (see Supplemental
Fig. S1 at http://www.ut.ee/~jremme/30Sarto.pdf; page 5,
lines 17-19). Of the 189 modifications seen in the 30S
population, six were absent or considerably reduced in the
70S population (Fig. 3). 16S rRNA adenosines 702, 1418,
and 1483 exhibited DMS-specific primer extension stops in
the 30S fractions, while lacking stops in the 70S fractions
(Fig. 3A,B,D). Therefore, methylation of each of these bases
interfered with the ability of 30S subunits to reassociate
with 50S subunits to form 70S ribosomes. Similarly, CMCT
modification of 16S rRNA uridines 793, 1414, and 1495
interfered with 70S reassociation (Fig. 3A—C). The afore-
mentioned six positions strongly interfered with 70S
reassociation regardless if 30S or 50S subunits were limiting
in the reassociation reaction (data not shown). All DMS-
specific interferences were reproducibly observed when
4.3 mM, 8.5 mM, or 17 mM DMS was used in 30S modifi-
cation (Fig. 3A,B,D; data not shown). DMS and CMCT
also weakly modify N3 positions of cytosines and N1 posi-
tions of guanosines, respectively. The modification level of
cytosines and guanosines in 16S rRNA was not sufficient to
detect reproducible interferences (data not shown). We
conclude that 16S rRNA bases at positions A702, U793,
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TABLE 1. Effect of DMS modification on the functional activity of 30S subunits during poly(U) translation
Modified 30S + native 50S
Unmodified 30S + native 50S 2 mM DMS 4 mM DMS 8 mM DMS
poly(Phe) cpm 10,600 + 407° 10,800 = 360 11,200 = 610 11,490 = 1000

“+ Denotes average deviation of results from three translation reactions.

Ul414, A1418, A1483, and U1495 are functionally impor-
tant for the association of 70S ribosomes.

DISCUSSION

We have shown that modification of any of the given six
bases in 16S rRNA (namely, A702, U793, Ul414, A1418,
A1483, or U1495) severely reduce the ability of modified
30S subunits to form 70S ribosomes in vitro. All modified
bases interfering with formation of 70S ribosomes are
located in or near the known intersubunit contact areas
(Fig. 4; Gabashvili et al. 2000; Yusupov et al. 2001; Gao
et al. 2003). It is possible that bases whose modification

A

2.1 mM DMS i

interferes with 70S ribosome formation make direct con-
tacts with components of the 50S subunit. Alternatively,
modification of the bases can disturb the local conforma-
tion of the 16S rRNA. In the 16S rRNA, there are 23
adenosines and 11 uracils, which are implicated in the
intersubunit bridges (Yusupov et al. 2001; Gao et al. 2003)
and/or are protected against chemical modification by the
50S subunit (Merryman et al. 1999b). Most of these bases
are accessible to chemical modification (see Supplemental
Fig. S1 at http://www.ut.ee/~jremme/30Sarto.pdf; page 5,
lines 17-19). Thus, not all chemically modified positions
that have been implicated in intersubunit contacts interfere
with reassociation of 70S ribosomes.

The interference data allow us to
identify intersubunit contacts that are
important for the reassociation of 70S
ribosomes in the absence of tRNA. Of
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FIGURE 3.

lanes are indicated by A, C, G, and T.

Reverse transcriptase analysis of the positions of the DMS and CMCT
modifications in 16S rRNA. (A) Positions Ul414 and A1418, (B) positions Ul1483 and
A1495, (C) position U793, and (D) position A702, whose modification interferes with 30S
reassociation, are indicated by arrows. 16S, 30S, and 70S denote naked 16S rRNA or 16S rRNA
extracted from the free 30S subunits or from the 70S ribosomes, respectively. The sequencing

modified 50S subunits under similar
experimental conditions adds the bridge
B4 and confirms the bridge B2a as nec-
essary for 70S ribosome stability (Mai-
vili and Remme 2004). Moreover, point
mutations A1912G, W1917C, and A1919G
of the helix—loop 69 of 23S rRNA have
a severe effect on the translational ac-
tivity both in vivo and in vitro, further
emphasizing importance of the B2a bridge
in ribosome function (Liiv et al. 2005).

We consider it very likely that each
interference is caused by modification
of a single 16S rRNA position because
(1) a low level of modification is used,
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FIGURE 4. Modeling of interfering positions into the crystal structure of T. thermophilus 30S
subunits (Schluenzen et al. 2000; Wimberly et al. 2000) (PDB accession code 1FKA). (A) The
left view is from the A-site side, and (B) the right view is from the subunit interface side.
Arrows indicate interfering positions (E. coli numbering), and intersubunit bridges (B2a—B7a)
are in the brackets. Interfering positions are highlighted in red and yellow spacefill. The rest of
the rRNA is in blue wireframe, and r-proteins are in cyan spacefill (RasWin molecular
graphics). Interfering position U793 is not resolved in the crystal structure of the T.
thermophilus 30S subunit and therefore is not indicated in the figure. (C) Upper part of the
16S rRNA helix 44. Interfering positions (U1414, A1418, A1483, and U1495) are displayed in
stick format. G1486 forms a base pair with U1414, which, in turn, is a part of bridge B3.
Nucleotides, which form intersubunit bridges (B2a, B3, and B5), are indicated in different
colors (B2a, green; B3, cyan; and B5, blue). The rest of the rRNA is in the black wireframe
mode.

ribosomes, suggesting that combined sta-
bility of at least six distinct bridges is
needed to ensure functional ribosomes.
Although the bridges whose modifica-
tion leads to 70S ribosome instability
fall into both central (B2a, B2b, B3, and
B5) and more peripheral (B7a and B4)
regions of the intersubunit space, it is
worth noting the important role of the
16S rRNA helix 44 in ribosomal subunit
association. Of the four bridges associ-
ated with helix 44, namely, B2a, B3, B5,
and B6, three (B2a, B3, and B5) are
needed to keep the ribosome together in
our assay. The functional role of B6
cannot be ascertained by our method-
ology because it lacks bases accessible to
chemical modification in the 30S subunit
(data not shown). Bridges B2a and B3
also seem to be crucial for stability of
ribosomal subunit association in vivo,
since subunit dissociation during termi-
nation of translation likely involves
disruption of those two bridges by
RRF (Gao et al. 2005; Wilson et al.
2005).

Methylation of A702 at the N1 posi-
tion by DMS strongly interfered with
70S ribosome formation (Fig. 3D).
A702 is a part of the loop of 16S rRNA
helix 23, contributing to the intersub-
unit bridge B7a. More specifically, A702
appears to form an A-minor interaction
with the minor groove of 23S rRNA
helix 68 (Yusupov et al. 2001). Subunit
association protects A702 from the
action of DMS in the presence (Moazed
and Noller 1989) and absence (Hennelly
et al. 2005) of tRNA. This base is in-
creasingly protected from DMS modifi-
cation by the 50S subunit as subunit
reassociation time was extended, imply-
ing that formation of bridge B7a is a late
event in 70S ribosome formation (Hennelly
et al. 2005). Our results indicate that
bridge B7a contributes significantly to
70S association also in the absence of
tRNA.

causing no more than a few modifications per molecule
(see above), and (2) modification does not result in
a significant reduction in the protein synthesis ability of
the ribosomes (Table 1). Therefore, we suggest that no
single intersubunit bridge by itself is sufficient to hold the
70S ribosome together. Disruption of any of the six bridges
(B2a, B2b, B3, B4, B5, or B7a) leads to nonfunctional
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Methylation of the N1 positions of A1418 and A1483 of
helix 44 strongly interferes with 70S reassociation (Fig.
3A,B). In the 30S subunit, A1418 and A1483 are not in-
volved in intramolecular contacts. A1418 N-1 and A1483
N-6 lie close together (~3 A) on the same surface of helix
44 (Schluenzen et al. 2000; Wimberly et al. 2000; see also
Fig. 4). According to Yusupov et al. (2001), A1418 participates
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in the intersubunit bridge B5 interacting with the minor
groove of 23S rRNA helix 64. A1483 participates in bridge
B3 interacting with 23S rRNA helix 71 at or around posi-
tion 1947 (Yusupov et al. 2001). We suggest that both
nucleobases are in direct contact with 23S rRNA. In a recent
analysis, A1418 was found to be protected by the 50S
subunit association in a time-dependent manner, being
among the first nucleotides in 16S rRNA to become inac-
cessible to DMS in the 50-msec time scale (Hennelly et al.
2005). However, the conformation of bridges B3 and B5
does not appear to be significantly changed in the ratchet-
like intersubunit movement of the ribosome effected by
EF-G-GTP binding (Gao et al. 2003; Spahn et al. 2004).

We have found that CMCT-dependent modification of
N3 position of the 16S rRNA nucleotide U1414 strongly
interferes with 70S association (Fig. 3A). U1414 is too far
from the 50S subunit to make an intersubunit contact.
However, U1414 forms a base pair with G1486 in 16S rRNA
(Schluenzen et al. 2000; Wimberly et al. 2000), which, in
turn, is a part of bridge B3 (Fig. 4C; Yusupov et al. 2001).
U1414 by itself is probably not interacting with 50S subunit
but is maintaining the functional structure of the inter-
subunit bridge B3.

In a very recent publication Schuwirth et al. (2005) de-
scribed an E. coli 708 ribosome structure at 3.5 A resolu-
tion. N1 atoms of 16S rRNA nucleotides A702, A1418, and
A1483 appear to be involved in hydrogen bonding with
23S rRNA. In contrast, N3 atoms of U793, Ul414, and
U1495 are not in hydrogen-bonding distance to 23S rRNA.
It is possible that relatively bulky CMCT modification of
uridines blocks subunit association through steric hin-
drances with nucleotides interacting with the 50S subunit.
On the other hand, a possibility that the uridines are in-
volved in a transient interaction with the 50S subunit cannot
be excluded.

MATERIALS AND METHODS

Modification interference experiments

30S subunits were dissociated from tight-coupled 70S ribosomes
by sucrose gradient centrifugation in 1 mM MgCl, (Bommer et al.
1996). Modification of 30S subunits was conducted as in Stern
et al. (1988). For this, 380 pmol of 30S and 2.4 pL of DMS stocks
(16 pL of DMS—16 pL of ethanol, 2 pwL of DMS—I18 pL of
ethanol, 2 pL of DMS—38 wL of ethanol, and 2 pL of DMS—
78 wL ethanol) were used per 300 wL DMS reaction (17 mM,
8.5 mM, 4.3 mM, and 2.1 mM DMS, respectively) and 150 pL of
CMCT stock (126 mg/mL) per 300-wL CMCT reaction (149 mM
CMCT). Modification reactions commenced for 5 min at 37°C
and were stopped by addition of 30 wL of 0.1% adenine on an
ice bath. Stern et al. (1988) state that under conditions similar to
our low DMS (17 mM, 8.5 mM, 4.3 mM, and 2.1 mM) or CMCT
modification protocols, no more than a few modifications per
16S rRNA molecule occur. Ribosomes were further purified from
modifying agents by Sephacryl S400 spin columns (Amersham

Pharmacia), equilibrated in buffer M6 (6 mM MgCl,, 60 mM
NH,Cl, 30 mM Tris-HCl at ph 7.5, 60 mM KCl, 5 mM
2-mercaptoethanol). 70S ribosomes were reassociated in buffer
M6 by adding 160 pmol of unmodified 50S subunits to modified
30S subunits in 1 mL final volume. Reassociation was carried out
for 30 min at 37°C. 70S ribosomes and 30S subunits were frac-
tionated by 10%-20% sucrose gradient centrifugation in M6
(Beckmann rotor Sw 28, 20.4K rpm, 17 h), and rRNA was purified
by silica binding as in Maivili et al. (2002). Primer extension was
done as in Stern et al. (1988). All 16S rRNA bases were scanned for
modifications (except helix 45). The identity of interfering
positions was ascertained by at least three independent replica-
tions of the modification-selection experiment. Band densitomet-
ric analysis and quantification of observed interferences at 6 mM
MgCl, revealed a 70%-95% reduction of band intensities in
reassociated 70S ribosomes if compared with the 50S fractions
(data not shown).

Poly(U)-dependent cell-free translation

70S ribosomes (10 pmol) were incubated in 50 pL of mixA [0.06
mg of poly(U), 20 mM HEPES at pH 8, 150 mM NH,OAc at pH
6, 2 mM spermidine, and 6 mM MgOAc] at 37°C for 15 min,
followed by the addition of 50 pL of factor-containing mixB
(20 mM HEPES at pH 8, 150 mM NH,OAc at pH 6, 2 mM
spermidine, 6 mM MgOAc, 0.07 mg of bulk tRNA [Boehring
Mannheim], 6 mM ATP, 4 mM GTP, 16 mM phosphoenolpy-
ruvate [PEP], 16 wM Phe, 0.02 mM [**C]Phe [150 cpm/pmol;
Amersham], 2 wM pyruvate kinase, 0.5 pg of Phe synthetase
[PheRS], 4.2 g of EF-Tu, 6.2 pg of EF-G, 0.2 ng of EF-Ts). After
30 min of incubation at 37°C, reactions were stopped by addition
of 1 mL of 5% tricloroacetic acid (TCA) and heated for 20 min
at 95°C. Precipitates were collected onto GF/A filters (Whatman)
and counted for radioactivity.
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