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Helix 34 of 16 S rRNA is located in the head of the 30 S ribo-
somal subunit close to the decoding center and has been invoked
in a number of ribosome functions. In the present work, we have
studied the effects of mutations in helix 34 both in vivo and in
vitro. Several nucleotides in helix 34 that are either highly con-
served or form important tertiary contacts in 16 S rRNA (U961,
C1109, A1191, and A1201) were mutated, and the mutant ribo-
somes were expressed in the Escherichia coli MC250 A7 strain
that lacks all seven chromosomal rRNA operons. Mutations at
positions A1191 and U961 reduced the efficiency of subunit
association and resulted in structural rearrangements in helix
27 (position 908) and helix 31 (position 974) of 16 S rRNA. All
mutants exhibited increased levels of frameshifting and non-
sense readthrough. The effects on frameshifting were specific in
that —1 frameshifting was enhanced with mutant A1191G and
+1 frameshifting with the other mutants. Mutations of A1191
moderately (~2-fold) inhibited tRNA translocation. No signifi-
cant effects were found on efficiency and rate of initiation, mis-
reading of sense codons, or binding of tRNA to the E site. The
data indicate that helix 34 is involved in controlling the mainte-
nance of the reading frame and in tRNA translocation.

Protein synthesis in bacteria entails four phases, initiation,
elongation, termination, and ribosome recycling. The elonga-
tion cycle comprises three major steps. First, a complex of elon-
gation factor Tu (EF-Tu)* GTP and aminoacyl-tRNA binds to
the A site of the ribosome carrying initiator fMet-tRNA™¢* or
peptidyl-tRNA in the P site. Once aminoacyl-tRNA is accom-
modated in the peptidyl transferase center, the peptide bond is
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formed rapidly, yielding deacylated tRNA in the P site and pep-
tidyl-tRNA in the A site. The cycle is completed by transloca-
tion of the tRNA'mRNA complex catalyzed by elongation fac-
tor G (EF-G). During translocation, peptidyl-tRNA is displaced
from the A site to the P site, whereas deacylated tRNA is moved
from the P site to the E site and released from the ribosome.
Following translocation, the ribosome enters another round of
elongation or, when a stop codon is encountered, proceeds to
termination.

The ribosome is a molecular machine that undergoes strictly
coordinated movements during translation (1, 2). During
decoding, the formation of the codon-anticodon duplex
induces a conformational change at the decoding site and a
global rearrangement of the 30 S domains, as shown by crystal
structures of the 30 S ribosomal subunit (3, 4). Residues located
in three 16 S rRNA helices, helix (h) 44, h18, and h34, change
their position and establish interactions with the codon-antic-
odon complex (3). Conformational rearrangements of the 30 S
subunit are important for the regulation of GTP hydrolysis by
EF-Tuand, thereby, for tRNA selection (3— 6). After aminoacyl-
tRNA binding to the A site and peptide bond formation, the
interaction of EF-G with the ribosome induces structural
changes of the ribosome that are related to translocation, as
suggested by cryoelectron microscopy (7-9) and kinetic meas-
urements (10, 11). Although the resolution of the cryoelectron
microscopy studies is generally not high enough to precisely
identify the residues involved in the conformational changes,
rearrangements seem to include an opening and closing of a
putative mRNA channel (7, 8), opening the cleft between the
head and the body of the subunit (9), movements of the 30 S
relative to the 50 S subunit (7, 8), as well as a number of other
conformational rearrangements (12, 13). Some of these move-
ments involve regions of 16 S rRNA that constitute the A site,
i.e. h34, h44, and h18.

H34 of 16 S rRNA is located in the head of the 30 S subunit
and forms part of the decoding region. Genetic studies sug-
gested that mutations in h34 have multiple effects on ribosome
function (14). Mutations at positions 1054, 1057, 1058, 1199,
and 1200 affected cell growth rate, ribosome synthesis, and
ribosome incorporation into polysomes and led to enhanced
readthrough of stop codons as well as +1 and —1 frameshifting
(14, 15). The conformational flexibility of h34 seems to be
important for translocation because the antibiotic spectinomy-
cin, which binds to h34 and presumably interferes with its
movements relative to h35 and h38, inhibits translocation (11,
16). In ribosome complexes with EF-G, which mimicked an
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early state of translocation, nucleotides 1054 and 1201 in h34
were protected from chemical modification, whereas no pro-
tections of these residues were found in the ground-state com-
plexes before or after translocation (17).

The mechanism by which the mobility of h34 may modulate
functions of the ribosome is not known. In the present work, we
introduced mutations at positions that seemed likely to act as
pivots for h34 movements (Fig. 1) and examined the effects of
the mutations on decoding, maintenance of the reading frame,
and translocation, as well as on the ribosome structure as mon-
itored by chemical footprinting.

EXPERIMENTAL PROCEDURES

Buffer and Reagents—Buffer A was composed as follows: 50
mM Tris-HCl, pH 7.5, 70 mm NH,Cl, 30 mm KCl, 7 mm MgCl,.
Experiments were performed at 37 °C if not stated otherwise.
Chemicals were purchased from Roche Applied Science and
Merck. IF1, IF2, IF3, EF-Tu, EF-G, f[?H]Met-tRNA™M®t
[**C]Phe-tRNA™"¢, and tRNA""*(Prf16/17) were prepared as
described (10, 18 -20).

Mutagenesis, Ribosome Expression, and Purification—Muta-
tions in 16 S rRNA were introduced by site-directed mutagen-
esis of an HindIII-Sphl fragment of the Escherichia coli rrnB
operon, coding for the 3’ half of 16 S rRNA, cloned into
M13mp18 phage. The mutated fragment was cloned back into
the pSTL102 plasmid. The XL1 strain of E. coli was used for all
genetic manipulations and phage growth. For the preparation
of uracil-containing single-stranded DNA for mutagenesis,
strain CJ236 was used as a host for M13 phage. Strain MC250
lacking chromosome-encoded rRNA and encoding a strepto-
mycin-resistance mutation in S12 as selection marker (21) was
transformed by derivatives of the pSTL102 plasmid carrying
the mutant 16 S rRNA genes. For the displacement of the
prrnS12 plasmid originally present in the cells, transformants
were grown on LB plates containing streptomycin. The loss of
the prrnS12 plasmid was monitored by the loss of the kanamy-
cin resistance encoded on the plasmid. The absence of wild-
type rRNA in the cell was confirmed by primer extension anal-
ysis (22). Ribosomes were prepared as described (23) except
that the concentration of MgCl, in washing buffers was 20 mm.

In Vivo Assays of Translational Fidelity—To check the effect
of mutations on decoding in vivo, a set of lacZ-encoding plas-
mids (pSG) was used (24). E. coli strain MC127 carrying one of
the pSG plasmids was transformed by one of the plasmids car-
rying a mutation in the 16 S rRNA gene or the control plasmid
pSTL102. The activity of B-galactosidase was determined from
at least three independent experiments as described (24).

Preparation of Ribosome and EF-Tu Complexes—70 S initia-
tion complexes were prepared in buffer A by incubating ribo-
somes (1 um) with fPH]Met-tRNA™® (1.5 um) and mRNA (4
uM) in the presence of initiation factors IF1, IF2, and IF3 (1.5
uM each) for 60 min at 37 °C. mRNAs were derivatives of the
122-nucleotide mRNA m022 (23, 25) that included a Shine-
Dalgarno sequence preceding the AUG start codon and UUU,
UUG, or CUC as the second codon. Initiation complexes were
purified and concentrated by centrifugation through 1.1 m
sucrose cushions at 200,000 X g for 2 h on a Sorvall M120GX
ultracentrifuge. To prepare pretranslocation complexes, ter-
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nary complex (see below) was added to the initiation complex,
the incubation continued for 1 min at 37 °C to form a pretrans-
location complex that was purified by ultracentrifugation as
described above. Ternary complexes of EF-Tu‘GTP and
tRNAP"¢(Prf16/17) or [**C]Phe-tRNA""® were formed by incu-
bating EF-Tu (30 um), EE-T's (0.02 um), GTP (1 mm), phosphoe-
nol pyruvate (3 mMm), pyruvate kinase (0.1 mg/ml),
tRNAP"*(Prf16/17) (10 um), ATP (3 mm), L-phenylalanine (30
uMm), and S100 fraction (2% v/v) as a source of Phe-tRNA syn-
thetase and were purified by gel filtration as described (20, 26).
To prepare pretranslocation complexes, EF-Tu ternary com-
plexes were prepared in the same way except that precharged
purified [**C]Phe-tRNA®™ (10 um) was used and S100, ATP,
and phenylalanine were omitted.

Biochemical Assays—The amount of [**C]Phe-tRNA"" and
fPH]Met-tRNA™<* bound to ribosomes was determined by
nitrocellulose filtration, applying aliquots of the reaction mix-
ture to the filters (Sartorius), and washing with buffer A. Filters
were dissolved, and radioactivity was measured in a QS361
scintillation mixture. Binding of the ternary complex to the
ribosome was measured after a 1-min incubation at 20 °C. To
quantify dipeptide formation, the reaction was quenched with
0.5 M KOH, and then the mixture was incubated for 30 min at
37 °C, neutralized, and analyzed by high pressure liquid chro-
matography on a RP18 column (Merck, Darmstadt) using a
gradient of acetonitrile in 0.1% trifluoroacetic acid (26). Eluted
fractions were analyzed for radioactivity by liquid-liquid scin-
tillation counting. To induce translocation, EF-G was preincu-
bated with 1 mm GTP for 15 min at 37 °C and added to the
pretranslocation complex at the indicated concentrations. The
extent of translocation (>85%) was determined by reaction
with puromycin (1 mm puromycin, 10s, 37 °C) (27).

Density gradients of 10 —40% (w/v) sucrose were prepared in
buffer A containing MgCl, at the indicated concentrations (7,
14, or 21 mm). 100 pl of 0.4 um ribosome solution in the respec-
tive buffer were preincubated for 10 min at 37 °°C and loaded on
top of the gradient. Centrifugation was carried out for 17 h at
21,000 rpm at 4 *°C (Beckman SW41 or SW28 rotors).

In Vitro Frameshifting and Misreading Assays—To measure
the frequency of —1 frameshifting and misreading on mutant
ribosomes, mRNA constructs of the following coding sequence
were used: AUGUUUUUG and AUGUUGUUU. Initiation
complexes (0.2 um) were incubated with 0.4 uMm ternary com-
plex EF-TwGTP-[**C]Phe-tRNA" and 0.05 um EF-G for 1
min at 20 °C. The efficiency of —1 frameshifting (E,) was cal-
culated from the ratio of the tripeptide fMet-Phe-Phe to initia-
tion complex (IC) formed on the AUGUUUUUG mRNA
corrected for the —1 frameshifting frequency measured with
wild-type ribosomes, E, = ([fMet-Phe-Phe,, o /[1C, ucand))/
([fMet-Phe-Phey,1]/[ICyr]). The misreading level was calcu-
lated from the ratio of the dipeptide fMet-Phe to initiation
complex formed on the AUGUUGUUU mRNA corrected for
the misreading frequency of wild-type ribosomes, E =
([fMet-Phe , and /[1C utane))/ ([(EMet-Phe 1]/ [IC 1 ]).

Kinetic Experiments—Fluorescence stopped-flow measure-
ments were performed in buffer A on an SX-18MV spectrom-
eter (Applied Photophysics) as described previously (6, 10). The
fluorescence of proflavin was excited at 470 nm and measured
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after passing KV 500 filters (Schott). With the apparatus used,
time constants up to 500 s~ ' could be measured. Experiments
were performed by rapidly mixing equal volumes (60 ul of each)
of ternary complex and ribosome complex at the indicated
concentrations.

Chemical Probing—DMS, kethoxal, and CMCT modifica-
tions were carried out for 10 min at 37 °C (28). Ribosomal RNA
was purified by repeated phenol extractions, and modified sites
were determined by primer extension with avian myeloblasto-
sis virus reverse transcriptase (28) using a set of oligodeoxyri-
bonucleotide primers spaced such as to cover the entire length
of 16 S rRNA.

RESULTS

Choice of Mutation Positions and Construction of Mutants—
Bases of 16 S rRNA were exchanged at positions C1109, A1191,
A1201, and U961 of h34 (Fig. 1A) for the following reasons.
C1109 is located in the loop between h34, h35, and h38. C1109
is highly conserved and was predicted to form a tertiary contact
with the G933-C1384 base pair (29) in the neck region of 30 S
subunit. In the high resolution crystal structures of the isolated
30 S subunit from Thermus thermophilus or the 70 S ribosome
from E. coli, this tertiary contact is not present (3, 30). It is
possible that the contact between C1109 and the G933-C1384
base pair is present in 70 S ribosomes or that it forms at an
intermediate stage of translation. The mutation C1109G is
expected to prevent the formation of the tertiary contact.

A1191 is a highly conserved nucleotide that is located at the
junction of several 16 S rRNA helices, h34, and an element
comprising h35/h36/h38, where the antibiotic spectinomycin
binds (31). The structures of the T. thermophilus 30 S subunit
(3) and the E. coli 70 S ribosome (30) suggest that A1191 may
form hydrogen bonds with nucleotides in the vicinity, mainly
G1068 and C1066, thereby stabilizing the structure of the
decoding center. The three base replacements A1191C,
A1191G, and A1191U that were tested are expected to affect
the network of interactions in different ways (Fig. 1B).

In the crystal structure of the 30 S subunit (3), the non-con-
served nucleotide A1201 forms hydrogen bonds with the highly
conserved nucleotide U961, and the Watson-Crick base pair
U961-A974 deduced from the secondary structure predictions
(29) is not present. According to the crystal structure, the for-
mation of a triple interaction A1201-U961-A974 seems possi-
ble, and this may affect the orientation of h34. Accordingly,
three mutants were constructed, including the single mutations
A1201U and U961A and the double mutation A1201U/U961A
in which hydrogen bonds between the bases at positions 1201
and 961 should be restored, whereas the 961-974 base pair
cannot be formed (Fig. 1C). It should be noted that somewhat
different orientations of either A1201 or U961 were found in
the two different 70 S E. coli structures reported recently (30);
however, in these orientations, mutations of A1201 or U961 are
also expected to alter the structure of the region.

Plasmids carrying mutations in h34 of 16 S rRNA in the rrnB
operon were constructed in such a way that the C1192U muta-
tion in 16 S rRNA that is carried by the original pSTL102 plas-
mid (32) was reverted to the wild-type C1192; the same rever-
sion to the wild-type sequence of h34 was performed in the
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control plasmid. Two plasmids, pSTL102(C1192), which car-
ries the A2058G mutation in 23 S rRNA, and pLK35, coding for
wild-type 16 S rRNA, were used as controls. The plasmids were
transformed into the E. coli strain MC250 that lacked all seven
chromosomal rRNA operons and contained the gene for strep-
tomycin-resistant S12 protein on the chromosome (21). The
latter marker was essential for plasmid exchange. The mutation
in S12 (K42R) confers streptomycin resistance due to the loss of
adirect contact to the antibiotic (K45R in T. thermophilus (31));
the strain has essentially wild-type doubling times and no accu-
racy phenotype. The doubling times of strains expressing ribo-
somes with mutations at positions C1109, A1201, and U961
were essentially the same as of the parent strain, whereas muta-
tions at position A1191 reduced the growth rate by about 30%
(not shown).

Intersubunit Interactions—To test whether mutations in h34
altered the interactions between 30 S and 50 S subunits, we
studied subunit association by sucrose gradient centrifugation
at different Mg®" concentrations. At the Mg>™ concentrations
used (7, 14, or 21 mm Mg ™), wild-type ribosomes were present
as 70 S (Fig. 2), and the fraction of 30 S and 50 S subunits was
negligible. Mutations at position C1109 and the double muta-
tion A1201/U961 had no effect on subunit association. The
single mutations A1191C and A1201U had a slight effect. The
replacements A1191G, A1191U, and U961A impaired subunit
association at low Mg?" concentrations, and the formation of
the respective 70 S ribosomes required elevated concentrations
of Mg>™ (Fig. 2). 30 S subunits with the A1191G mutation were
not fully associated to 70 S even at 21 mm Mg>". However, all
mutant ribosomes were able to bind mRNA and fMet-
tRNA™<, and the efficiency of initiation complex formation
was about 80% in all cases (not shown). The rate of initiation
complex formation, as studied by the fluorescence change of
fluorescein attached to the 3’ end of the mRNA at position +12
from the initiator AUG codon, was not changed by any of the
mutations (not shown).

As h34 is not directly involved in intersubunit contacts, the
defects in subunit association caused by h34 mutations pre-
sumably originate from effects on the structure of regions at the
interface that are distant from h34. To identify regions of 16 S
rRNA that were affected by the mutations, the structure of 16 S
rRNA was probed by chemical modification. Isolated 30 S
subunits, 70 S ribosomes formed upon the addition of wild-
type 50 S subunits to 30 S subunits, and the respective 30 S
and 70 S initiation complexes were treated with DMS and
CMCT, and the modification pattern was analyzed by primer
extension (28). As ribosome reactivation is known to
improve the functional activity of ribosome preparations, we
compared ribosomes reactivated by heating for 1 h at 37 °C
in the presence of elevated Mg®" concentrations (20 mm)
(33) with non-treated ribosomes. On the side of the 30 S
subunit, h14, h20, h23, h24, h25, h27, h44, and h45 are
involved in intersubunit bridges with the 50 S subunit. A
number of these contacts can be monitored by chemical foot-
printing. Most of the protected nucleotides are found in five
extended stem-loop structures around positions 700 (h23), 790
(h24), 900 (h27), and 1408 —1495 (h44) (34). Position A908 in
h27, which in wild-type 30 S initiation complexes was accessi-

JOURNAL OF BIOLOGICAL CHEMISTRY 35237

6002 ‘72 UdIBIN U0 UaBUmMe09 8T0LE TF8Z'}d'|dId UYBH ONO'a1WayD aydsifesisAydolg isu] Youeld el Je B10°oglmmm oy papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

H34 of 16 S rRNA in Ribosome Function

A

Tiala™
-y Y
=g
h37 §=S 1o 1109
~e |
u-cc, h35 G{:“Ac h38 h3s " s
A1201/U u ACGAGC ccuua=uccuuua?V®ec caale
} G EL] B Il=- [RENENN] all 11l ©
U+.GUBCUCG  AGBGGGU AGGAAAC GG GCC 4G
hss,n—u T v a | Uga® s
rop - 1150
-A_ @
Gu &
c
u
g=
; 0 EZ8
e o—a 1
- c=G
o -J
G o o
Tl A

] [
AUGAGAAU
G
T0lelle L,
GACULUUGAAG] G
1 c Vs

A1191C

U961A

FIGURE 1. Mutations in h34 of 16 S rRNA. A, tertiary structure of 16 SrRNA in the 30 S subunit (left panel) and close-up of the secondary structure elements in
the vicinity of h34 (right panel). Orange, H34; green, h38-40; red, h35-37; dark blue, h27; cyan, h44. Mutated positions are indicated. B, local surrounding of
A1191 and presumed changes due to mutations. Upper left, surrounding of A1191 and interactions with G1068 and C1066. Upper right, replacement A1191C.
Lower left, A1191G. Lower right, A1191U. According to the models, the replacement A1191G causes steric clashes (pink) with neighboring residues. C, interac-
tions of A1201, U961, and A974 as in the crystal structure of the 30 S subunit (3) (upper panel) or modeled for the A961U mutant (lower panel), indicating steric
clashes (pink) and a loss of hydrogen bonds. Models shown in Band C were produced by manually fitting the desired nucleotide into the crystal structure of the
30 S subunit (Protein Data Bank entry 1IBM (3)). The figures were produced using SwissPDB Viewer and PyMOL.
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FIGURE 2. Effect of mutations on subunit reassociation. 30 S and 50 S sub-
units were incubated in buffer A at 7 mm (black bars), 14 mm (gray bars), or 21
mm (white bars) Mg™" and analyzed by sucrose density centrifugation at the
respective Mg?" concentration. The amount of free 30 S subunits relative to
the total amount of 30 S subunits is shown.

ble for DMS modification, was protected upon binding of the 50
S subunit (34), and this protection was abolished by the
A1191G mutation (Fig. 34). That mutant 30 S subunits effi-
ciently formed 70 S ribosomes was further supported by the
observation that residues A1413 and A1418 (Fig. 3B) as well as
residues 700 and 790 (not shown) were equally well protected
upon 70 S formation with wild-type and mutant 30 S subunits.
Reactivities to other chemical reagents, kethoxal and CMCT,
were not altered by the mutations in h34. These data indicate
that mutations in h34 altered the structure or orientation of
h27, thereby affecting intersubunit contacts and the efficiency
of subunit association. Replacements A1201U, U961A, and
A1201/U961 resulted in a strong enhancement of the reactivity
of A974 against DMS (Fig. 3C), suggesting that tertiary interac-
tions of these bases were disrupted by the mutations (possibly
triple interactions between A1201, U961, and A974, as
described above), and A974 was exposed by the resulting con-
formational change. The same modification patterns were
observed upon reassociation of 30 S subunits with wild-type 50
S subunits or 50 S subunits from the pSRL102(C1192) strain
that carried the A2058G mutation in 23 S rRNA (data not
shown).

Fidelity of Translation—The effect of mutations in h34 of 16
S rRNA on the fidelity of translation was first studied in vivo,
using E. coli strains carrying plasmids coding for both mutant
16 SrRNA and -galactosidase. These strains express a mixture
of wild-type and mutant ribosomes; mutant ribosomes are effi-
ciently incorporated into polysomes because the respective
strains lacking the chromosomal rRNA operons are viable, and
the efficiency of initiation complex formation is unchanged
with mutant ribosomes (see above). The [-galactosidase
reporter gene was modified in different ways such that the syn-
thesis of the active enzyme could occur only upon +1 or —1
frameshifting, readthrough of a nonsense codon, or a missense
error (24). B-Galactosidase activities were measured and
related to that of the control strains carrying pSTL102(C1192)
or pLK35; both plasmids gave identical activities designated in
Fig. 4, A and B, as WT. Most of the mutations in h34 increased
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the levels of +1 frameshifting and stop-codon readthrough; the
only exception was the A1191G mutant, which strongly stimu-
lated —1 frameshifting and had no effect on nonsense suppres-
sion. Missense error frequencies were similar for all mutants
except U961A, which was slightly more accurate.

To further substantiate —1 frameshifting with the A1191G
mutant, the efficiency of —1 frameshifting was studied in vitro
(Fig. 5). 70 S initiation complexes carrying f[*H]Met-tRNA™¢t
in the P site were prepared using an mRNA with the coding
sequence AUGUUUUUG. Without —1 frameshifting, only the
dipeptide fMet-Phe could be formed upon the addition of
excess ['*C]Phe-tRNA"¢, whereas in the case of —1 frame-
shifting, the tripeptide fMet-Phe-Phe should be synthesized.
The extent of fMet-Phe-Phe tripeptide formation by misread-
ing of the UUG codon was directly tested by using an mRNA
with the sequence AUGUUG. As a positive control for tripep-
tide formation, an mRNA with the sequence AUGUUUUUU,
coding for fMet-Phe-Phe, was used. In agreement with the in
vivo data (Fig. 44), the A1191G mutation in 16 S rRNA caused
a significant increase in —1 frameshifting, whereas the A1191C
or A1191U mutations had no effect (Fig. 5). The misincorpora-
tion of Phe on Leu codons in vitro was not changed appreciably
(Fig. 5).

EF-G-dependent Translocation—The effect of h34 mutations
on translocation was studied under single and multiple turnover
conditions. The rate of single-round translocation was measured
by stopped-flow, monitoring the fluorescence change of a profla-
vin reporter group in peptidyl-tRNA (27). Pretranslocation com-
plexes containing fMet-Phe-tRNA""(Prf16/17) in the A site
and deacylated tRNA™*" in the P site were rapidly mixed with
excess EF-G, and the rate of translocation was measured.
Experiments with mutant pretranslocation complexes were
carried out at a saturating concentration of EF-G (1.5 um) (10)
(Fig. 6A). Mutations in h34 had little effect on translocation,
with the exception of replacements at position A1191, which
resulted in lower translocation rates. The effect was due to a
decrease of the rate constant of translocation, rather than a
decrease in EF-G affinity to the mutant pretranslocation com-
plexes, as verified by measuring the concentration dependence
of the translocation rate (Fig. 6B).

Multiple-turnover translocation experiments were per-
formed in the presence of catalytic amounts of EF-G and
excess of pretranslocation complexes. Mutations in h34 had
no significant effect on the k_,/K,, value of the multiple-
turnover reaction (Fig. 6C). The rate-limiting step of the
multiple-turnover reaction is a ribosome/EF-G rearrange-
ment following mRNA-tRNA movement, referred to as
relocking (10). Thus, mutations in h34 do not affect relock-
ing of the ribosome after tRNA-mRNA translocation.

DISCUSSION

Effects of Mutations on 30 S Subunit Structure and Associ-
ation with the 50 S Subunit—H34 is an important element of
the head of the 30 S subunit, which has been implicated in a
number of ribosome functions, including decoding (14, 15,
35), translocation (11, 17, 36) during the elongation phase of
protein synthesis, and more recently, the initiation of trans-
lation (37). Reported effects of mutations in h34 on cell
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FIGURE 3. Structural changes at the interface side of the 30 S subunits. A, effect of the A1191G mutation on
the DMS reactivity of h27. B, DMS reactivity of h44 in vacant WT or A1191 mutant ribosomes or the respective
IC, as indicated. Asterisks indicate preincubation for 1 h at 37 °C at 20 mm Mg?". C, enhancement of A974
reactivity by mutations of A1201 and U961. A, C, G, and U indicate sequencing lanes. No stops at positions
907-909, 974, 1408, 1413, and 1418 on wild-type or mutant ribosomes were observed in the absence of DMS
(data not shown).

growth ranged from strongly dele-
terious to insignificant (14, 37).
Several mutations analyzed in the
present study (replacements at
positions C1109, A1201, and
U961) had no effect on cell viabil-
ity, and only mutations at position
A1191 mildly retarded growth.
Replacements of C1109 had essen-
tially no phenotypic effects and
will not be discussed in the follow-
ing. The strongest effects were
observed for the replacements of
A1191, including effects on sub-
unit association, decoding, and
translocation. Mutations of U961
had slight effects on frameshifting
and subunit association.

Replacements of A1191 inhibited
subunit association. The effect must
be indirect because h34 does not
form an intersubunit contact. The
inhibition of subunit association
may be due to the structural rear-
rangement of h27 induced by the
mutations in h34. As h34 and h27
are not adjacent in the tertiary
structure of the 30 S subunit, the
change in the orientation of h34
caused by h34 mutations has to be
transmitted through other elements
of the 30 S subunit. It is possible that
the disruption of interactions of
A1191 with G1068 and C1066
and/or steric clashes introduced by
the mutations (Fig. 1) affect the
position of the adjacent helices
35-37, which interact with h44 in
the vicinity of the decoding center.
H44, in turn, is packed against h27,
which may further transmit the
changes due to alterations in h34,
resulting in structural changes man-
ifested in the increased reactivity of
nucleotide 909 in the initiation
complexes formed with mutant 30 S
subunits. Nucleotides G1064 and
C1068 appear to have an important
role in the communication between
the two helices because modifica-
tions of G1064 and C1068 interfere
with subunit association (38).

The effects of mutations of A1191
observed here may offer an explana-
tion for the earlier observations of
synergistic effects of mutations in
h27 and in the pSTL102 plasmid,
which has two mutations, C1192U
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FIGURE 4. Effect of h34 mutations on translation errors in vivo. A, frameshifting (white bars, +1; gray bars,
—1) and misreading (black bars) errors of mutant ribosomes relative to WT ribosomes set to 1. B, nonsense-
codon readthrough (white bars, UAG; gray bars, UAA; black bars, UGA). For details, see “Experimental Proce-

dures.” Rel. error, relative error.
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FIGURE 5. Effect of A1191 mutations on frameshifting and misreading in
vitro. Upper panel, mRNAs used to measure —1 frameshifting and misread-
ing. Lower panel, relative efficiency of frameshifting (white bars) and misread-
ing (black bars). The respective error level found with WT ribosomes was set to
1.0. Rel. error, relative error.

Rel. error

in 16 S rRNA and A2058G in 23 S rRNA (39). In fact, if replace-
ments of C1192 had similar effects as those of the adjacent
A1191, then an effect on the conformation of h27 would be
expected. In comparison, the second mutation carried by the
pSTL102 plasmid, A2058G in 23 S rRNA, does not have a pro-
nounced effect as identical chemical modification patterns
were obtained with 50 S subunits expressed from the pSTL102
plasmid or in wild-type cells.

Subunit association was diminished by the U961A muta-
tion but was restored in the double mutant A1201U-U961A,
suggesting that the presence of a base pair at that position is
important. In wild-type ribosomes, nucleotide A974, which
may form a single hydrogen bond with U961, is protected
from chemical modification by DMS. The protection is not
easy to reconcile with the available structures of the 30 S sub-
unit (3, 40) because the interactions between A974 and U961 do
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A1191C

modified by DMS. On the other
hand, A974 and U961 were pre-
dicted to form a Watson-Crick pair
on the basis of sequence compari-
sons (29), and it is not clear whether
the two alternative conformations
may coexist in solution. Mutations
of A1201, U961, or the double
mutant restoring the 1201-961
interaction render A974 highly
accessible to chemical modification,
suggesting structural alterations in
the vicinity of A974. Despite these
conformational changes and defects
in subunit association, none of the
mutants tested was affected in the
extent or rate of 70 S initiation complex formation.

Importance of h34 for Decoding—H34 is likely to be
directly involved in the decoding process. Nucleotide U1052
was cross-linked to the 3’ end of the mRNA codon in the A
site (41), whereas A1196 was cross-linked to mRNA residues
+8and +9 (42). According to the crystal structures of func-
tional ribosome complexes, C1054 and A1196 are in contact
with the mRNA-tRNA complex (3, 43), whereas other resi-
dues are not and may serve as a 3’-boundary for the A site
(44, 45). Genetic studies examined the influence of muta-
tions at a number of positions in h34 (1054, 1057, 1058, 1199,
1200, 1202, and 1203) on stop-codon readthrough and
frameshifting (14), whereas mutations in positions studied in
this work (1109, 1191, 1201/961) were not tested. Deletion of
C1054 caused an increase in stop-codon readthrough (35).
The C1200U mutation increased all kinds of translation
errors, without affecting the growth rate. Substitution of
G1057/G1058 with U/C significantly retarded cell growth
and lead to a pronounced exclusion of the mutant ribosomes
from polysomes; the growth inhibition correlated with
increased stop-codon readthrough and both +1 and —1
frameshifting.

The present results are in agreement with the general
notion that h34 is involved in frameshifting and nonsense
readthrough (14). However, the mutations tested in the pres-
ent work were very specific with respect to the direction (+1
or —1) of frameshifting, as would be expected for pro-
grammed ribosomal frameshifting (46), but in contrast to the
effects of mutations tested previously, which showed a uni-
form enhancement of both types of frameshifting (14, 47). A
particularly interesting observation is that the A1191G sub-
stitution causes —1 frameshifting, whereas A1191C and
A1191U substitution result in +1 frameshifting. Impor-
tantly, mutations did not change the missense error fre-
quency, indicating that mutant ribosomes were not deficient
in their general ability to contribute to the accuracy of codon
recognition. It should be noted that ribosomes used in the in
vitro assays had an additional mutation in S12 (K42R) used as
a selection marker for plasmid exchange in the MC250
strain, and it is in principle possible that this mutation atten-
uates the effects of h34 replacements. However, very similar

A1191G
A1191U
A1201U
U961A
A1201U
U961A
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FIGURE 6. Effect of h34 mutations on translocation. A, single-round trans-
location. Fluorescence stopped-flow experiments were performed as
described under “Experimental Procedures,” using EF-G at 1.5 um final con-
centration. Translocation rates are given relative to the rate measured with
wild-type ribosomes (40 s~ ). B, concentration dependence of single-round
translocation rates (k;.) with wild-type (open circles), A1191C (closed trian-
gles), A1191G (closed squares), and A1191U (closed diamonds) ribosomes. C,
kea/K,, of multiple-turnover translocation measured at a catalytic concentra-
tion of EF-G (0.5 nm) and a subsaturating concentration of pretranslocation
complex (0.2 um).

effects on decoding were obtained in vitro and in vivo in

strains that have wild-type S12. This indicates that the K42R
mutation, which alone has no fidelity phenotype, has no syn-
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ergistic effects with mutations in h34, in keeping with the
fact that K42 is not directly involved in contacts with any
other ribosomal protein or rRNA. Furthermore, the replace-
ment of A1191 with G had a very different effect than
replacements with C or U, supporting the notion that the
mutations in h34, rather than synergistic effects, were
responsible for the respective increase in —1 or +1
frameshifting.

The effects of the mutations can be explained by changes in
(i) the interactions of h34 with mRNA and the presumed func-
tion of h34 as mRNA boundary (44, 45) and/or (ii) the stability
of the mRNA-tRNA complex at the state at which frameshifting
may occur (46). Because A1191 is located in the center of the
junction formed by h34 and h35/36/38, mutations in h34 may
not only change the local structure in this region but also the
global structure of the 30 S subunit by altering the relative ori-
entation of the head and the body of the subunit. This may
change or abolish the interactions of ribosomal residues with
the mRNA that are necessary to stabilize the mRNA-tRNA
complex or prevent frameshifting. It can be expected that the
changes introduced by A1191 substitutions with U or C are not
as dramatic as those with G. Furthermore, the direction of the
structural change may be different, thus explaining the oppo-
site effects of A1191G and A1191C/U on frameshifting. Alter-
natively, an increase in —1 frameshifting was predicted to be
correlated with the selective destabilization of the E site-bound
tRNA (48). However, when the effect of A1191 replacements on
the binding of tRNA to the E site was studied by monitoring
fluorescence changes of tRNA"" (Prf16/17) (49, 50), the rate of
E site binding was not affected appreciably (data not shown).
Thus, the ability of the mutants to promote frameshifting is not
related to the interaction of the tRNA with the E site.

H34 in Translocation—Spectinomycin, an antibiotic that
interferes with tRNA translocation (11, 36), binds to G1064,
C1066, G1068, and C1192 in h34 at the junction between
h34, h35, and h38 (40), and several mutations in h34 cause
resistance to spectinomycin (16, 51, 52). It was suggested
that spectinomycin inhibits translocation by interfering with
the movement of the head relative to the body of the 30 S
subunit (31). Kinetic analysis indicated a specific inhibition
by the antibiotic of EF-G-induced tRNA movement in addi-
tion to a stabilization of peptidyl-tRNA in the A site, whereas
the antibiotic did not interfere with the unlocking rearrange-
ment of the ribosome that is induced by EF-G and precedes
tRNA movement (11). This indicated that structural rear-
rangements around the binding site of spectinomycin in h34
following unlocking were required to allow tRNA move-
ment. C1054 and A1201 in h34 are protected from base-
specific chemicals in a pretranslocation ribosome complex
with EF-G stabilized by thiostrepton (17), although the
nucleotides are not in direct contact with the factor (53).
This functional complex is believed to be an early interme-
diate of translocation (18), and therefore, a rearrangement in
h34 seems to be required for tRNA movement.

The present data show that mutations of A1191 reduce the
rate of tRNA movement. It is not known when the contacts
between h34 and mRNA are released during translocation
and whether the release is synchronous with the disruption
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of other 30 S- mRNA (and tRNA) contacts. If the A1191G
mutation leads to an enhancement of mRNA-h34 interac-
tions, it may impede ribosome sliding along the mRNA dur-
ing translocation. Such a model would imply a certain prob-
ability of disruption of mRNA-tRNA interactions. Assuming
that tRNA can move independently of mRNA, the changes in
h34-mRNA interactions would account for both increased
frameshifting and slower translocation on mutant ribo-
somes. However, because the effects of A1191 substitutions
on translocation rates do not correlate with frameshifting
efficiencies, the simplistic model involving the enhancement
or reduction of h34-mRNA interactions appears unlikely.
The similarity of the effects of replacements at different
positions suggests that the flexibility rather than the precise
orientation of h34 has an influence on translocation. The
modest magnitude of the effect (<2-fold) is consistent with
the notion that restricting the mobility of h34 does not affect
the rate-limiting unlocking step (11) and suggests that a later
step is affected. The rate constant of tRNA movement on
wild-type ribosomes is much higher than that of unlocking
and cannot be measured (10). This may be different with
ribosomes carrying h34 mutations. Thus, the effect of h34
mutations on translocation is attributed to an inhibition of a
structural rearrangement of the 30 S subunit that is required
for tRNA movement to take place. Apparently, the effect is
large enough to shift the rate-limiting step of translocation
on mutant ribosomes from unlocking to a rearrangement
that is coupled to tRNA movement.
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