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The 790 loop is a conserved hairpin located between positions 786 and
796 of Escherichia coli 16 S rRNA that is required for ribosome function.
Using a novel genetic approach, all positions in the loop were simul-
taneously mutated and functional mutant sequences were selected in vivo.
This “instant evolution” experiment revealed that approximately 190 of
the 262,144 possible mutant sequences were functional. Analysis of func-
tional mutant sequences allowed discrimination between nucleotides
directly involved in protein synthesis and those involved primarily in
loop structure. Among the functional mutant sequences, positions 789
and 791 were invariant and extensive covariation was observed among
the nucleotides at the base of the loop at positions 787, 788, 794 and 795.
NMR and thermodynamic analyses of model 790 hairpins in vitro
revealed weak pairing interactions between positions 787 and 795 and
between positions 788 and 794 consistent with the in vivo mutational
analysis. Functional analysis of site-directed mutants containing all poss-
ible nucleotide combinations at positions 787 and 795 in vivo showed that

stable base-pairs at these positions prevent subunit association.
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Introduction

Ribosomal RNA has been functionally impli-
cated in virtually every aspect of protein synthesis
(Barta ef al., 1984; Cundliffe, 1986; Cunningham
et al., 1993; Dahlberg, 1989; de Stasio et al., 1988;
Noller, 1991; Noller et al., 1992) and a number of
biochemical, physical and genetic approaches have
been taken to elucidate the molecular mechanisms
involved (Zimmermann & Dahlberg, 1996). An im-
portant aspect of ribosomal RNA functional analy-
sis by any method is the ability to distinguish
between direct effects on ribosome function and in-
direct effects attributable to perturbations of rRNA
structure (Cunningham et al., 1992, 1993; Fourmy
et al., 1996; Huang et al., 1996; Lodmell et al., 1995;

Abbreviations used: 1D and 2D, one and two-
dimensional;, NOE, nuclear Overhauser effect; NOESY,
NOE spectroscopy; ppm, parts per million; CAT,
chloramphenicol acetyltransferase; MIC, minimal
inhibitory concentration; MBS, message binding
sequence; RBS, rRNA binding sequence.
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Lu & Draper, 1995; Moine & Dahlberg, 1994; Ryan
& Draper, 1991; Szewczak & Moore, 1995).

The 790 loop (positions 786 to 796 in Escheri-
chia coli 16 S rRNA, Figure 1) is found in the
small subunit ribosomal RNAs of all organisms
(Gutell, 1994) and has been implicated in subunit
association (Herr et al,, 1979; Tapprich & Hill,
1986, Tapprich et al., 1989), initiation factor 3
binding (Moazed et al., 1995; Muralikrishna &
Wickstrom, 1989; Tapprich et al., 1989) and tRNA
binding (Moazed & Noller, 1986). This loop is ex-
posed to solvent in the small subunit and is lo-
cated at the interface between the large and small
subunits in 70 S ribosomes (Chapman, 1977; Lata
et al., 1996, Santer & Shane, 1977; Tapprich &
Hill, 1986). Here, we report the development of a
method for “instant evolution” in which random
mutagenesis and in vivo selection are used to
identify both structural and functional features of
the 790 loop. Structure predictions based upon
the instant evolution approach are confirmed by
NMR and thermodynamic analysis of oligonu-
cleotide hairpins.

© 1997 Academic Press Limited
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Figure 1. (a) Sequence of E. coli 790 hairpin. Nucleotides mutated in this study are underlined. The bottom three
base-pairs of the stem (boxed) are not conserved and were substituted as indicated for NMR and thermodynamic stu-
dies to minimize fraying artifacts. (b) Analysis of 790 loop mutants. Nucleotide preferences for each mutated position
are shown and scaled to reflect the frequencies in Table 2. Nucleotide covariations are indicated by arrows. A broken
line denotes the location of a covariation that has not yet been confirmed by physical measurements (see the text).
Positions where nucleotide identity significantly correlated with function (MIC) are boxed.

Results and Discussion

Random mutagenesis and selection of
functional alternative 790 loop sequences

We recently reported the identification and analy-
sis of a number of alternative functional mutants in
the message-binding sequence of rRNA and the ri-
bosome-binding sequence of mRNA (Lee et al.,
1996). These data were used to construct a genetic
system to study the relationship between structure
and function in the 790 loop in vivo. In this system,
the chloramphenicol acetyltransferase (CAT) repor-
ter message (Burns & Crowl, 1987) is translated
exclusively by plasmid-encoded ribosomes that
cannot translate normal cellular messages (Hui &
De Boer, 1987; Lee et al., 1996: see Figure 2). Conse-
quently, cells containing this construct (pRNA122,
Figure 2) are chloramphenicol-resistant and the
level of this resistance is directly dependent upon
the amount of functional CAT protein produced by
the plasmid-derived ribosomes. Thus, deleterious
rRNA mutations in plasmid-encoded ribosomes in-
hibit translation of only the CAT message, resulting
in lower chloramphenicol resistance without affect-
ing translation of other cellular messages.

Sequence analysis of functional mutants

Random mutations were introduced simul-
taneously at all nine positions (787 to 795) in the

790 loop. Functional (chloramphenicol-resistant)
mutants were then selected in E. coli DH5 cells
(Hanahan, 1983) and the effects of these mutations
on ribosome function were determined. A total of
182 mutants that retained chloramphenicol resist-
ance were randomly selected and sequenced. Wild-
type 790-loop sequences were obtained from 81 of
the sequenced transformants, while the remaining
101 contained mutant sequences. One of the
transformants was chloramphenicol-resistant in
the absence of inducer, presumably due to a
spontaneous mutation in the CAT gene, and was
excluded from further analysis. Of 100 sequenced
functional mutants, 14 were duplicates and four
sequences occurred three times. Thus, 78 differ-
ent, functional, 790-loop mutants were analyzed
(Table 1). According to resampling theory, this
distribution indicates that of the 4°=262,144
possible sequences, only 190 (standard deviation
30) unique sequences exist in the pool of selected
functional mutants. Of the 78 mutants, 44 con-
tained four to six substitutions out of the nine
bases mutated and 21 of these retained greater
than 50% of the wild-type activity. The minimal
inhibitory concentration (MIC) of chloramphenicol
for cells expressing wild-type rRNA from
PRNA122 is 600 pg/ml. MICs of the mutants ran-
ged from 150 to 550 pg/ml with a mean of
320 pg/ml (standard deviation 89). The median
and mode were both 350 pg/ml.



734

In Vivo RNA Structure and Function

CAT RBS
(a) Placuvs e
Bglll ‘\
i
Dralll— 65 rRNA
16S MB pRNA122
(GGGAUS) - M 11,918 bp

(b)

P CAT mRNA
65 (RNA

PRNA122
1918 bp

S rANA
55 rANA
'

23S rRNA
: 55 rANA T1, T2
» \

bla f

CHROMOSOME

NORMAL CELLULAR PROTEINS

Figure 2. System for genetic analysis of rRNA function. (a) Plasmid map of pRNA122. Transcription of the rRNA
operon (rrnB) is driven by the inducible lacUV5 promoter (PlacUV5). The lac repressor gene (lacl9) allows regulation
of rrnB transcription. CAT gene (cam) transcription is constitutive (Hui ef al., 1987). The message binding sequence
(MBS) of 16 S RNA and rRNA binding sequence (RBS) of the CAT message were changed as indicated (boxed) to
allow targeting of CAT mRNA specifically to plasmid-encoded ribosomes (Lee et al., 1996). bla, ampicillin resistance.
BglIl and Dralll, restriction sites discussed in the text. T1 and T2, rrnB transcriptional terminators. (b) Segregation of
plasmid and chromosomal-mediated protein synthesis. Orange ovals, plasmid-encoded 30 S ribosomal subunits. Blue
ovals, plasmid-encoded 50 S ribosomal subunits. Gray ovals, chromosome-encoded ribosomes. In the absence of indu-
cer (IPTG), cells carrying pRNA122 are resistant to 40 pg/ml chloramphenicol (MIC 50 pg/ml) due to low-level tran-
scription of the rrnB operon (data not shown). Induced cells (1 mM IPTG) are resistant to 550 pg/ml (MIC 600 pg/

ml). SD, Shine-Dalgarno sequence (Shine & Dalgarno, 1974).

Functional 790-loop mutants showed strong
nucleotide preferences at all mutated positions,
except positions 788 and 792, which showed a
random distribution (Table 2) but significant covar-
iation (Figure 1, and see below). No mutations
were observed at U789 or G791. Mutations at these
positions, however, were present in mutants that
were selected for loss of function (not shown).
Thus, these nucleotides appear to be directly in-
volved in ribosome function. U789 is strictly con-
served among bacteria but is frequently C789
among other organisms (Table 2). Chemical protec-
tion studies have shown that G791 is specifically
protected from kethoxal modification in 70 S ribo-
somes and polysomes (Brow & Noller, 1983;
Moazed & Noller, 1986) and by poly(U) (Moazed
& Noller, 1986) and that G791 becomes more acces-

sible to kethoxal modification when 30 S subunits
are converted from the “inactive” to “active’”” con-
formation (Moazed et al., 1986).

Purines were strongly selected at position 787
(97.4%) while A and, to a lesser extent, C were pre-
ferred at position 790 (98.7%) and U was comple-
tely excluded at both positions. At both position
793 and 795, A, C and U were equally distributed
but G was selected against. Adenine and uracil
were preferred at position 794 (81.8%).

Non-random distribution of nucleotides among
the selected functional clones indicates that
nucleotide identity affects the level of ribosome
function. To examine this, the mean activities
(MICs) of ribosomes containing all mutations at a
given position were compared by single-factor
analysis of variance between ribosome function
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Table 1. Sequences and MICs of functional mutants
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Number of
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Table 1. continued

MIC? Nucleotide sequence® Number of ~ Number of
(ug/ml) 787 788 789 790 791 792 793 794 795 mutations®  occurrences?
200 A C U A G A G U C 3 1
200 A A U C G C A G C 5 1
200 C A U A G U U u U 5 1
200 G G U A G A U G U 4 1
200 G G U A G U C G U 6 1
200 G G U C G C U A U 5 1
200 G C U A G u A A G 5 1
150 G G U A G G U U G 5 1

# Sequences are ranked by the minimum inhibitory concentration (MIC) of chloramphenicol required to fully inhibit growth of cells
expressing the mutant ribosomes.

> The 790 loop sequences selected from the pool of functional, randomized mutants. Mutations are underlined.

¢ Number of mutations in each mutant sequence.

4 Number of clones with the indicated sequence.

¢ Sequence and activity of the unmutated control, pRNA122. (WT, wild-type).

(MIC) and nucleotide identity at each mutated lected mutants are similar to those observed in the
position. Positions that showed a significant effect ~ phylogenetic data, the mutant sequences selected
of nucleotide identity upon the level of ribosome  in this study show much more variability than
function were 787 (P <0.001), 788 (P <0.05) and  those found in nature. This may be because all of
795 (P<0.001) (Figure 1(b)). The absence of the positions in the loop were mutated simul-
mutations at positions U789 and G791 in the taneously, allowing normally deleterious mutations
functional clones prevents statistical analysis of in one position to be compensated for by mu-
these positions but mutations at these positions  tations at other positions, a process that is unlikely
presumably strongly affect ribosome function as  to occur in nature. In addition, none of the mutants
well. was as functional as the wild-type, suggesting that

Table 2 shows a comparison of the selected func-  wild-type 790-loop sequences have been selected
tional mutants with current phylogenetic data (R.  for optimal activity or that other portions of the
Gutell, unpublished results; Gutell, 1994; Maidak translational machinery have been optimized to
et al., 1996). While nucleotide preferences in the se-  function with the wild-type sequence.

Table 2. 790-loop sequence variation

Nucleotide 787 788 789 790 791 792 793 794 795
A. Nucleotide distribution of functional mutants®

A 54 0 69 0 15 18 35 16
C 2 16 0 8 0 24 26 5 34
G 22 21 0 1 78 16 4 9 7
U 0 17 78 0 0 23 30 29 21
Consensus R N 18] M G N H W H
B. Nucleotide distribution in all known bacteria®

A 573 0 0 578 1 578 0 577 0
C 3 0 0 0 1 0 0 1 578
G 1 0 0 0 576 0 3 0 0
U 1 578 578 0 0 0 575 0 0
Consensus A U 18] A G A U A C
C. Nucleotide distribution in all known organisms*

A 1657 2 1 1648 2 1655 5 lo64 1
C 6 1 566 9 1 1 12 1 1665
G 4 0 0 3 1662 7 46 2 0
U 1 1664 1101 7 3 3 1605 1 0
A 0 1 0 1 0 2 0 0 2
Consensus A U Y A G A U A C

Consensus: R=AorG;N=A,C,GorU M=AorCH=A,CorU W=AorU; Y=Cor U. A =deletion. Underlined numbers
indicate the wild-type E. coli sequence.

2 Nucleotide distribution of the 78 functional 790 loop mutants. Mutants containing nucleotide substitutions different from the con-
sensus (C787, G790, G793, C794 and G795) were confirmed by transferring the Bg/II-Dralll fragment containing the mutations to
PRNA122 (Figure 2) and sequenced between ligation junctions. All transformants showed the same level of chloramphenicol resis-
tance as the original isolates, indicating that none of the mutants contained unprogrammed mutations.

b Phylogenetic variation of 790 loop nucleotides in bacterial ribosomes (Gutell, 1994; R. Gutell, unpublished results).

¢ Phylogenetic variation of 790 loop nucleotides in ribosomes from all known organisms (Gutell, 1994; R. Gutell unpublished
results).
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To identify potential nucleotide covariation
within the loop, the paired distribution of selected
nucleotides was examined for goodness of fit. The
most significant covariations (Figure 1(b)) were ob-
served between positions 787 and 795 (P < 0.001)
and between positions 790 and 793 (P < 0.001). For
positions 790 and 793, only eight double mutants
were available for analysis; therefore, the covaria-
tion observed between these positions should be
regarded with caution. Position 788, which showed
no nucleotide specificity, did show significant cov-
ariation with positions 787 (P < 0.01), 794 (P < 0.01)
and 795 (P < 0.01).

Analysis of site-directed mutations
constructed at the base of the loop

Functional analysis of mutations at positions 787
and 795

The observed covariations among positions 787,
788 and 795 (Figure 1(b)) are particularly interest-
ing, since nucleotide identity at these positions cor-
related with the level of ribosome function. Further
analysis of nucleotides at positions 787 and 795
revealed that 72 of the 78 functional mutants have
the potential to form mismatched base-pairs (A-C,
G-U, A-A and G-G). Other mismatches, such as
G-A and U-G, however, were not found. In ad-
dition, only four sequences with an A-U Watson-
Crick pair and no sequences with a U-A, G-C or
C-G pair were present, suggesting that strong
base-pairs between these positions inhibit ribosome
function. We therefore constructed and analyzed

all possible nucleotide combinations at positions
787 and 795 without changing other nucleotides in
the 790 loop. Ribosome function of the mutants
(Table 3) varied from 84% (A-A) to 1% (C-G) of
the wild-type. As predicted by analysis of the pool
of functional random mutants, site-directed mu-
tants with G-C, C-G and U-A Watson-Crick pairs
between positions 787 and 795 were strongly in-
hibitory. These data suggest that strong pairing be-
tween nucleotides at positions 787 and 795 inhibits
ribosome function. In addition, some of the site-
directed substitutions at positions 787 and 795 that
produced functional ribosomes were largely ex-
cluded from the pool of mutants in which all of the
loop positions were mutated simultaneously (e.g.
CC, CU, UU and UC). The observed nucleotide
preferences at positions 787 and 795 in the selected
random pool presumably reflect interaction of
nucleotides at these positions with other
nucleotides in the loop. This is consistent with our
findings of extensive covariations among these
sites (Figure 1).

Perturbations of the 790 loop have been shown
to affect ribosomal subunit association (Herr et al.,
1979; Tapprich & Hill, 1986; Tapprich et al., 1989).
We therefore tested several of the 787 to 795 mu-
tants for their ability to form 70 S ribosomes. Ribo-
somes were isolated from selected mutants and the
distribution of mutant ribosomes in both the 70 S
and 30 S peaks was determined by primer exten-
sion; and see Table 3). These data show that CAT
activity correlates with the presence of mutant 30 S
subunits in the 70 S ribosome pool. Thus, loss of

Table 3. Functional and thermodynamic analysis of positions 787 and 795

Nucleotide® Mean CAT % Mutant 30 S in Thermodynamics®

787 795 activity® 30S peak®  70S peak* AG$; (kcal/mol) T, (°O)
A C 100 46.1+0.8 417 +33 -3.25 61.8
A A 83825 n.d. n.d. —2.90 613
C C 80.5 £ 0.5 nd. n.d. —2.84 60.7
C 18] 741 +3.4 n.d. n.d. n.d. n.d.
A 18] 721+45 743 £05 143 £1.0 —5.62 753
U 18] 720+24 n.d. n.d. n.d. n.d.
G U 705 +£1.8 56.1 £14 142 +0.6 —4.96 68.1
U C 655 +£21 n.d. n.d. —2.88 60.6
C A 534+1.0 n.d. nd. n.d. n.d.
G G 529+ 04 n.d. n.d. -3.70 64.9
G A 46.0+14 n.d. nd. n.d. nd.
A G 375+05 n.d. n.d. -3.19 63.5
u A 36.7+ 0.4 708 £74 10.1 £0.4 —5.82 743
U G 13.5+3.3 577 £ 121 55+34 -5.15 69.4
G C 55+18 58.3+8.2 51+13 -7.61 83.4
C G 1.2+0.1 n.d. n.d. n.d. n.d.

Mutations are underlined. n.d., not determined.

2 Site-directed mutations were constructed using PCR as described for the random mutants (Figure 1)
except that the mutagenic primers contained substitutions corresponding only to positions 787 and 795.

* To determine ribosome function, each strain was grown and assayed for CAT activity at least twice.
The data were averaged and are presented as percentages of the unmutated control, pPRNA122+ the stan-

dard error of the mean.

¢ The ratio of plasmid to chromosome-derived rRNA in 30S and 70 S ribosomes was determined by
primer extension (Triman et al., 1989). Cultures were grown and assayed at least twice and the mean
values are presented as a percentage of the total 30 S in each peak =+ the standard error of the mean.

4 Thermodynamic parameters are for the higher-temperature transition of model oligonucleotides
(Figure 1) and are the average of results for four or five different oligomer concentrations. Standard errors
for the AG%; are + 5% (1 kcal = 4184 ]). Errors in T, are estimated as 1 deg.C. All solutions were at pH 7.
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function may be due to the inability of mutant 30 S
and 50 S subunits to associate. Another explanation
for this observation is that the mutations may di-
rectly affect a stage of the protein synthesis process
prior to subunit association, such as initiation,
which prevents subsequent steps from occurring.
We have previously identified other mutations in
the 16 S rRNA for which this appears to be the
case (Cunningham et al., 1993).

Thermodynamic analysis

The genetic data above indicate that ribosome
function is strongly affected by structural inter-
actions among nucleotides at the base of the loop.
Base-pairs and mismatches are known to make
different thermodynamic contributions to helix
stability (SantaLucia et al., 1991; Serra et al., 1993).
To examine the relationship between mismatch
thermodynamics and ribosome function, we
measured the stability of several model 790 loop
hairpins (Figure 1(a)) containing substitutions cor-
responding to positions 787 and 795 (Table 3). The
thermodynamic data show that loss of function
correlated only weakly with stability of the
nucleotide pair (r* = 0.44); however, notable excep-
tions exist. Thus, A-U and U-A form structures
with very similar stabilities in model hairpins (see
below) but are functionally very different (Table 3).
Other pairs with similar stabilities but different
levels of function include G-U and U-G or A-C
and A-G. Thus, in addition to stability, structural
and dynamic properties of the 787-795 pair appear
to play a significant role in 790-loop function, per-
haps through interaction with other molecules.
Chemical protection studies also support a model
in which the 790 loop undergoes conformational
rearrangement during translation (Moazed &
Noller, 1986). These investigators found that A794
and C795 were specifically protected from chemi-
cal modification by P-site bound tRNA in 30 S and
70 S ribosomes but were exposed in the absence of
tRNA.

To investigate the physical basis for the sequence
constraints identified in our selected mutants, we
examined the structure and stability of model 790-
loop RNA oligonucleotide hairpins (Figure 1(a)).
Of our 78 selected mutants, 50 have the potential
to form either A-C or G-U mismatches at positions
787, 795 (Table 1). Since protonated A-C (A*-C)
and G-U are known to be isomorphous (Brown
et al., 1990; Hunter et al., 1986), we measured the
melting profile of the wild-type 790 sequence at
pH 7 and at pH 5.3 (Figure 3). Both curves are bi-
phasic with transitions at 20 to 30°C and 60 to
70°C. The higher melting transition is oligonucleo-
tide concentration independent, indicating unimo-
lecular unfolding of the hairpin. The lower
transition, however, is concentration-dependent,
suggesting that at low temperatures a bimolecular
complex is formed such as an internal loop or that
two hairpins are “kissing”. Control experiments
using an oligonucleotide containing the E. coli stem

1.00
g
g 093
=1
-
2
<
= 0.86
S
s
E
bt
079 |
0.72 t .
0 20 40 60 80
Temperature (°C)
Figure 3. Normalized UV melting curves for

rGGCGAUUAGAUACCGCC (underlined residues are
in the loop) at pH 7 (Cr=15x 107*M) and pH 5.3
(Cr=1.0 x 107*M).

sequence showed a decreased T, for the bimolecu-
lar complex (T,, ~10°C at 10~* M). Since the pos-
ition of the T,, for the bimolecular complex is
dependent on the stem sequence, this indicates
that kissing hairpins are unlikely. The data show
that the upper transition for A*-C at pH 5.3 is
1.6 kcal/mol (AT,,=7°C) more stable than for
A.C at pH 7. Thermodynamic measurements of
mutations at positions 787 and 795 for which pro-
tonation is not necessary (G-U, G-C, A-U, U-A,
U-G), showed no pH-dependence in either the
upper transition or the lower transition (not
shown).

NMR structural analysis

Next, we examined the imino proton region of
the NMR spectrum (Figure 4(a)) to identify other
hydrogen bonding and stacking interactions within
the loop. The NMR spectrum of the wild-type se-
quence shows four imino resonances from the four
base-pairs in the stem and one additional reson-
ance from the loop at 14.15 ppm. Irradiation of the
resonance at 14.15 ppm results in a strong nuclear
Overhauser effect (NOE) to a resonance at 7.8 ppm
(Figure 4(b)). These data and the NOE data pre-
sented below for the 787G and 795U mutant, indi-
cate the presence of a Watson-Crick base-pair
between positions 788U and 794A that is stacked
on the weak pair formed between positions 787
and 795. These results suggest that the nucleotide
covariations observed in our genetic studies
among positions 787, 788, 794 and 795 are due to
hydrogen bonding and stacking within the loop.

In our site-directed mutants, the G787-U795
double mutant produced ribosomes that were
highly functional (Table 3). Guanine and uracil
have imino protons that are convenient NMR
spectroscopic markers. We therefore examined
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Figure 4. (a) The 1D NMR spectra of model 790 loop
sequences dissolved in 90% H,O, 10% 2H,O.
Top, 0.5mM rGGCGAUUAGAUACCGCC in 50 mM
NaCl, 10 mM sodium phosphate, 0.2 mM EDTA, pH 7,
at 10°C. Broad resonances from 10 to 11.5 ppm are
from the loop uridine and guanosine imino protons.
Bottom, 2.3 mM rGGCGGUUAGAUAUCGCC in 50 mM
NaCl, 20 mM sodium phosphate, 0.2 mM EDTA, pH 7,
at 10°C. Nucleotide assignments are indicated above
each resonance (residues are numbered consecutively
from G1 to C17). The integration and linewidth of the
resonances in the wild-type and GU sequences indicate
that resonances at 14.15 and 13.9 ppm are from the
hairpin not the duplex form of the oligonucleotide
(not shown). (b) Top, 1D-NOE difference spectrum
for rGGCGAUUAGAUACCGCC with irradiation
at 14.15 ppm (U6-imino). Note the strong NOE at
7.8 ppm (A12-H2). Bottom, 1D-NOE difference spectrum
for rtGGCGGUUAGAUAUCGCC with irradiation at
13.9 ppm (U6-imino). Note the strong NOE at 7.8 ppm
(A12-H2) and weak NOEs to 11.5 ppm (G5-imino) and
119 ppm (Ul3-imino). The irradiated resonances are
indicated by arrows and NOEs by asterisks (*). The
peak at 13.4 ppm is a spill-over artifact and does not
appear in spectra acquired at lower saturation power.

the NMR spectroscopy of a mutant hairpin corre-
sponding to the G787, U795 mutant and looked
for the presence of NOEs involving the G787 and
U795 imino protons. The G-U sequence shows all
of the same features as the wild-type sequence
and shows the expected resonances from the
G-U mismatch. Assignments were obtained with-

out ambiguity by 1D-NOE difference spec-
troscopy and 2D-NOESY in H,0O and *H,O (not
shown). For rtGGCGGUUAGAUAUCGCC, the G5
and Ul3 imino proton resonances at 11.5 and
119 ppm were distinguished by the chemical
shift of their attached >N at 144.2 ppm and 158.0
ppm, respectively, by natural abundance 'H-'"N
gradient-HMQC (Szewczak et al, 1993). The
strong NOE observed from the G5 imino to the
U13 imino proton indicates formation of a wob-
ble pair (He et al., 1991). Irradiation of the reson-
ance at 13.9 ppm shows a strong NOE to the
resonance at 7.8 ppm corresponding to the NOE
from resonances at 14.15 ppm and 7.8 ppm in
the wild-type sequence (Figure 4(b)). The simi-
larity of the NMR data for G-U and A-C se-
quences indicates that in addition to isomorphous
pairing of A787-C795 and G787-U795, the struc-
tures of both loops are isomorphous as well. This
finding is consistent with our in vivo data, which
show that ribosomes containing G787 and U795
are functional in both the randomized and site-
directed mutants. The resonance at 13.9 ppm also
shows weak NOEs to the G787 and U795 imino
protons (Figure 4(b)). Based on these data we
assign the 13.9 ppm resonance to U788. Natural
abundance 'H-C-HMQC and NOESY of the
G-U mutant in ?H,O solution (not shown) indi-
cate that the resonance at 7.8 ppm is the A794-
H2 (the attached C2 chemical shift is 154.9 ppm:
Varani & Tinoco, 1991). In addition, the H,O-
NOESY spectrum shows weak NOEs from both
G787 and U795 imino protons to A794-H2 (not
shown). These data indicate the formation of a
Watson-Crick pair between U788 and A794 that
is stacked on the 787-795 pair.

Conclusions

By simultaneously mutating all of the
nucleotides in the 790 loop and selecting functional
alternative sequences, we have identified four
nucleotides whose role is primarily structural and
two invariant nucleotides that may play a direct
role in ribosome function. Since seven of the nine
loop nucleotides showed considerable variation, it
is unlikely that subunit association involves base-
pairing between the 790 loop and the large subunit
rRNA (Herr et al, 1979). Our initial selection
allowed identification of nucleotide preferences
and covariations within the loop and revealed that
nucleotides at positions 787 and 795 strongly af-
fected ribosome function indirectly by affecting the
structure of the loop. Site-directed mutations at
positions 787 to 795 affected the ability of the mu-
tant 30 S subunits to associate with 50 S subunits
to form 70 S ribosomes. We also employed thermo-
dynamic and NMR methods to determine the
physical basis of our genetic data. The covariations
observed among nucleotides at the base of the
loop (788, 789, 794 and 795) were confirmed both
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by site-directed mutagenesis and by physical
methods.

The system described here allows facile elucida-
tion of the relationship between the structure and
function of ribosomal RNA in vivo. This approach
complements phylogenetic analyses of rRNA
structure by allowing analysis of highly conserved
sequences through “instant evolution”. This sys-
tem may also be applied to the identification of
inter- and intramolecular interactions by direct se-
lection of second-site mutations that complement
non-functional primary mutations. In addition,
modification of the system should allow direct
identification of elements of ribosomal RNA in-
volved in each of the partial reactions of protein
synthesis. These studies will lead to an improved
understanding of the role of ribosomal RNA in
protein synthesis and much needed information re-
garding the relationship of RNA sequence to RNA
structure and function in biological systems

Materials and Methods

Reagents

Restriction enzymes, ligase, AMV reverse transcriptase
and calf intestine alkaline phosphatase were from New
England Biolabs and from Gibco-BRL. Sequenase modi-
fied DNA polymerase, nucleotides and sequencing buf-
fers were from USB/Amersham. Oligonucleotides were
synthesized on-site using a Beckman Oligo 1000 DNA
synthesizer. Amplitaq DNA polymerase and PCR re-
agents were from Perkin-Elmer-Cetus. [PH]Chloramphe-
nicol (30.1 Ci/mmol) was from Amersham and
[0-*°S]dATP (1000 Ci/mmol) was from New England
Nuclear. Other chemicals were from Sigma.

pRNA122

Construction of pRNA122 will be described elsewhere.
The key features of this construct are: (1) it contains a
copy of the rrnB operon from pKK3535 (Brosius et al.,
1981) under transcriptional regulation of the lacUV5 pro-
moter; (2) it contains a copy of the lactose repressor allele
lacI? (Calos, 1978); (3) the chloramphenicol acetyltransfer-
ase gene (cam) is present and transcribed constitutively
from a mutant tryptophan promoter, frp® (de Boer et al.,
1983; Hui et al., 1987); (4) the RBS of the CAT message
has been changed from the wild-type, 5-GGAGG to 5'-
AUCCC, and the MBS of the 16 S rRNA gene has been
changed to 5-GGGAU; (5) the B-lactamase gene is pre-
sent to allow maintenance of plasmids in the host strain.

Bacterial strains and media

Plasmids were maintained and expressed in E. coli
DH5 (supE44, hsdR17, recAl, endAl, gyrA96, thi-1;
Hanahan, 1983). Cultures were grown in LB medium
(Luria & Burrous, 1957) or LB medium containing
100 pg/ml ampicillin (LB-Ap100). To induce synthesis of
plasmid-derived rRNA from the lacUV5 promoter, IPTG
was added to a final concentration of 1 mM at the times
indicated in each experiment. Strains were transformed
by electroporation (Dower et al., 1988) using a Gibco-
BRL Cell Porator. Unless otherwise indicated, transfor-
mants were grown in SOC medium (Hanahan, 1983) for

one hour prior to plating on selective medium to allow
expression of plasmid-derived genes.

Chloramphenicol acetyltransferase assays

CAT activity was determined essentially as described
(Nielsen et al., 1989). Cultures for CAT assays were
grown in LB-Ap100. Briefly, 0.5 ml aliquots of mid-log
cultures (unless otherwise indicated) were added to an
equal volume of 500 mM Tris-HCI (pH8) and lysed
using 0.01% (w/v) SDS and chloroform (Miller, 1992).
The resulting lysate was either used directly or diluted
in assay buffer prior to use. Assay mixtures contained
cell extract (5pl or 10 ul), 250 mM Tris (pH 8), 214 pM
butyryl-coenzyme A (Bu-CoA), and 40 uM [*H]chloram-
phenicol in a 125 pl volume. Two concentrations of ly-
sate were assayed for one hour at 37°C to ensure that
the signal was proportional to protein concentrations.
The product, butyryl-[?H]chloramphenicol was extracted
into 2,6,10,14-tetramethylpentadecane:xylenes (2:1) and
measured directly in a Beckman LS-3801 liquid scintil-
lation counter. Blanks were prepared exactly as de-
scribed above, except that uninoculated LB medium was
used instead of culture.

Minimum inhibitory concentration determination

MICs were determined by standard methods in micro-
titer plates or on solid medium. Overnight cultures
grown in LB-Apl00 were diluted and induced in the
same medium containing 1 mM IPTG for three hours.
Approximately 10* induced cells were then added to
wells (or spotted onto solid medium) containing LB-
Ap100 + IPTG (1 mM) and chloramphenicol at increas-
ing concentrations. Cultures were grown for 24 hours
and the lowest concentration of chloramphenicol that
completely inhibited growth was designated as the MIC.

Random mutagenesis and selection

Random mutagenesis of the 790 loop was performed
essentially by the method of Higuchi (1989) using PCR
and cloned in pRNAI122 using the unique Bgll and
Dralll restriction sites (Figure 2). For each set of mu-
tations, four primers were used: two “outside” primers
and two “inside” primers. The two outside primers were
designed to anneal to either side of the Bg/II and Dralll
restriction sites in pRNA122 (Figure 2). These primers
were 16 S-Dralll, 5-GACAATCTGTGTGAGCACTA-3’
and 16 S-535, 5-TGCCAGCAGCCGCGGTAATACG-
GAGGGTGCAAGCGT-3'. The inside primers were 16 S-
786R, 5'-CCTGTTTGCTCCCCACGCTTTCGCACCT-
GAGCG-3' and 16 S-ASS-3, 5'-CTCAGGTGCGAAAGCG-
TGGGGAGCAAACAGGNNNNNNNNNCCTGGTA-
GTCCACGCC GTAA-3 (N=A, T, C and G). Thus,
4° = 262,144 possible combinations were created, with
the exception of 320 sequences that were eliminated be-
cause they formed either Bg/II or Dralll recognition sites
(256 BgIII sites and 64 Dralll sites).

Transformants were incubated in SOC medium con-
taining 1 mM IPTG for four hours to induce rRNA syn-
thesis and then plated on LB agar containing 100 pg/ml
chloramphenicol. A total of 2 x 10° transformants were
plated yielding approximately 2000 chloramphenicol-
resistant survivors. Next, 736 of these survivors were
randomly chosen and assayed to determine the MIC of
chloramphenicol necessary to completely inhibit growth
in cells expressing mutant ribosomes. From this pool,
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182 transformants with MICs greater than 100 pg/ml
were randomly selected and sequenced.

Site-directed mutation of positions 787 and 795

Mutations at positions 787 and 795 were constructed
as described above for the random mutants, except that
the inside primers were 16 S-786R (see above) and 16 S-
ASS-4, 5-CTCAGGTGCGAAAGCGTGGGGAGCAAA-
CAGGNTTAGATANCCTGGTAGTCCACGCCGTAA-3
(N=A, T, C and G). Transformants were selected on
LB-Ap100 agar plates and grouped according to their
MICs for chloramphenicol. Representatives from each
group were then sequenced to identify the mutations.

Primer extension

To determine the ratio of plasmid to chromosome-de-
rived rRNA, 30 S and 70 S ribosomes were isolated from
200 ml of induced, plasmid containing cells by the meth-
od of Powers & Noller (1991). The purified RNA was
then used in primer extension experiments (Triman ef al.,
1989). End-labeled primers complementary to sequences
3’ to the 788 and 795 mutation sites were annealed to
rRNA from induced cells and extended through the mu-
tation site using AMYV reverse transcriptase. The primers
used were: 16 S-806R, 5'-GGACTACCAGGGTATCT-3;
16 S-814R, 5-TACGGCGTGGACTACCA-3'. For wild-
type pRNA122 ribosomes, position 1192 in the 16 S RNA
gene was changed from C to U and primers were con-
structed as described above (Triman et al., 1989). This
mutation has previously been shown not to affect sub-
unit association (Sigmund et al., 1988). The extension
mixture contained a mixture of three deoxyribonucleo-
tides and one dideoxyribonucleotide. The cDNAs were
resolved by PAGE and the ratios of mutant to non-mu-
tant ribosomes were determined by comparing the
amount of radioactivity in each of the two bands.

Oligoribonucleotide synthesis

Oligoribonucleotides were synthesized on solid sup-
port with the phosphoramidite method (Capaldi &
Reese, 1994) on a Cruachem PS 250 DNA /RNA synthesi-
zer. Oligomers were removed from solid support and
deprotected by treatment with ammonia and acid fol-
lowing the manufacturer’s recommendations. The RNA
was purified on a silica gel Si500F TLC plate (Baker)
eluted for five hours with n-propanol/ammonia/water
(565:35:10, by vol.). Bands were visualized with an ultra-
violet lamp and the least mobile band was cut out and
eluted three times with 1 ml of purified water. Oligomers
were further purified with a Sep-pak C-18 cartridge
(Waters) and desalted by continuous-flow dialysis (BRL).
Purities were checked by analytical C-8 HPLC (Percep-
tive Biosystems) and were greater than 95%.

UV melting experiments

All solutions contained 50 mM NaCl, 20 mM sodium
cacodylate, 0.2 mM EDTA at pH 7.0 or 5.3. Absorbance
versus temperature curves were measured at 280 nm
with a heating rate of 0.8 deg. C/minute on an
AVIV 14DS UV-vis spectrophotometer as described
(SantaLucia et al., 1996). The curves were fit to a two-
state model with sloping baselines using the non-linear
least-squares program MELTWIN v3.0 (MacDowell &
Turner, 1996).

NMR methods

Oligomers were dissolved in 50 mM NaCl, 10 mM so-
dium phosphate, and 0.5 mM Na,EDTA, at sz 7. The
solvent for imino proton studies was 10% “H,O, 90%
H,O. Spectra were acquired at 10°C on a Varian UNITY
500 MHz. NMR spectrometer using WATERGATE with
“flip-back” solvent suppression (Lippens et al., 1995;
Piotto et al., 1992). Spectra were recorded with the carrier
placed at the solvent frequency and with high-power
and low-power pulse-widths of 8.8 ps and 1700 ps,
sweep-width of 12 kHz and gradient field strength of
10.0 G/cm and duration of 1ms. 512 scans with 8192
points were collected for each spectrum. The data were
multiplied by a 4.0 Hz line-broadening exponential func-
tion and Fourier transformed by a Silicon Graphics Indi-
go’Extreme computer with Varian VNMR software. No
baseline correction or solvent subtraction was applied: 3-
trimethylsilyl propionic-2,2,3,3-d* acid was used as the
internal standard for chemical shift reference. The 1D-
NOE difference spectra were acquired as described
above, but with selective decoupling of individual reson-
ances during the one second recycle delay. Each reson-
ance was decoupled with a power sufficient to saturate
<80% of the signal intensity so that spill-over artifacts
would be minimized. The spectra were acquired in an in-
terleaved fashion in blocks of 16 scans to minimize sub-
traction errors due to long-term instrumental drift. In all,
4000 scans were collected for each FID.
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