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Translation initiation requires the precise positioning of a ribosome at the start codon. The major signals
of bacterial mRNA that direct the ribosome to a translational start site are the Shine-Dalgarno (SD) sequence
within the untranslated leader and the start codon. Evidence for the presence of many non-SD-led genes in
prokaryotes provides a motive for studying additional interactions between ribosomes and mRNA that con-
tribute to translation initiation. A high incidence of adenines has been reported downstream of the start codon
for many Escherichia coli genes, and addition of downstream adenine-rich sequences increases expression from
several genes in E. coli. Here we describe site-directed mutagenesis of the E. coli aroL, pncB, and cysJ coding
sequences that was used to assess the contribution of naturally occurring adenines to in vivo expression and
in vitro ribosome binding from mRNAs with different SD-containing untranslated leaders. Base substitutions
that decreased the downstream adenines by one or two nucleotides decreased expression significantly from
aroL-, pncB-, and cysJ-lacZ fusions; mutations that increased downstream adenines by one or two nucleotides
increased expression significantly from aroL- and cysJ-lacZ fusions. Using primer extension inhibition (toe-
print) and filter binding assays to measure ribosome binding, the changes in in vivo expression correlated
closely with changes in in vitro ribosome binding strength. Our data are consistent with a model in which
downstream adenines influence expression through their effects on the mRNA-ribosome association rate and
the amount of ternary complex formed. This work provides evidence that adenine-rich sequence motifs might
serve as a general enhancer of E. coli translation.

Initiation of bacterial protein synthesis requires selection of
an mRNA’s translation initiation region (TIR) and initiator
tRNA (fMet-tRNAf

Met) by the 30S ribosomal subunit aided by
the three initiation factors (IF1, IF2, and IF3). Initiation is the
rate-limiting step of translation, and the formation of ribo-
some-initiator tRNA-mRNA ternary complexes is influenced
by sequence and structural motifs in and around the mRNA’s
ribosome binding site (RBS) (33). Features of the mRNA RBS
contributing to the efficiency of ribosome binding and transla-
tion include the start codon (most frequently AUG in Esche-
richia coli) and the purine-rich Shine-Dalgarno (SD) sequence,
located within the untranslated leader region (UTR), which
base pairs with the anti-SD (ASD) sequence near the 3� end of
16S rRNA (11, 20, 29). In addition to the start codon and
SD-ASD interaction, other sequence and structural motifs
within mRNA have been suggested to influence ribosome
binding and translation, and these motifs include mRNA
secondary structure within the TIR (6, 7), specific translation-
enhancing sequences upstream (10, 12, 21, 37) and down-
stream (9, 19, 26, 32) of the start codon, upstream pyrimidine-
rich tracts (1, 38, 42), AU-rich sequences within the UTR (14,
15), and downstream A-rich (3) and CA-rich tracts (16). In
addition, an increasing number of non-SD-led genes (2) and
genes encoding mRNA lacking a 5�-untranslated leader region
(leaderless mRNA) (13, 18) are being identified, raising the
potential that there are novel sequence and structural motifs

within the coding sequence that contribute to the formation of
translation initiation complexes.

Statistical analysis of E. coli translational start sites (24, 27)
has revealed that the regions downstream of the initiation
codon for several genes contain CA- and/or A-rich sequences.
In a recent analysis of nucleotide sequences around the bound-
aries of all open reading frames in E. coli, nucleotide biases
were observed immediately downstream of the initiation
codon, and the two most frequent second codons, AAA and
AAU, were found to enhance translational efficiency (26). In
addition to these studies, adenine-rich sequences have been
proposed to enhance translation in E. coli, as demonstrated by
the increased expression observed for the human gamma in-
terferon and chloramphenicol acetyltransferase (cat) genes af-
ter addition of A-rich motifs downstream of the initiation
codon (3).

Insertion of CA multimers immediately downstream of the
lacZ initiation codon results in an increase in gene expression
(16, 30; G. R. Janssen, unpublished data). CA nucleotides,
inserted downstream of the start codon for leaderless or SD-
leadered mRNAs, provided greater stimulation when they
were close to the initiation codon and resulted in dose-depen-
dent increases in expression when increasing numbers of CA
repeats were present. Increased expression was also observed
after addition of CA repeats to SD-leadered and leaderless
neo, kan, and gusA genes, indicating that CA-rich sequences
might serve as a general enhancer of expression for leadered
and leaderless mRNAs in E. coli (16).

Chen et al. (3) and Martin-Farmer and Janssen (16) dem-
onstrated that addition of adenines and CA repeats, respec-
tively, can dramatically increase gene expression. In the exper-
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iments described here we investigated the influence of
naturally occurring downstream adenines on in vivo expression
and in vitro ribosome binding. The mRNAs encoded by the E.
coli aroL, pncB, and cysJ genes include SD-containing untrans-
lated leaders and adenines downstream of their AUG start
codons; site-directed mutagenesis was used to decrease and
increase the A richness in order to generate putative “down”
and “up” mutations, respectively. The putative “down” muta-
tions in aroL, pncB, and cysJ mRNAs decreased both in vivo
expression and in vitro ribosome binding, whereas the putative
“up” mutations in the aroL and cysJ mRNAs increased both in
vivo expression and in vitro ribosome binding. Our data ob-
tained using toeprint, filter binding, and expression assays
show that downstream adenines contribute significantly to the
rate and amount of ternary complex formed, as well as to the
in vivo expression levels of the aroL, pncB, and cysJ genes even
in the presence of a canonical SD sequence.

MATERIALS AND METHODS

Bacterial strains. E. coli DH5� [F� �80d lacZ�M15 �(lacZYA-argF)U169
recA1 endA1 hsdR17(rK

� mK
�) supE44 �� thi-1 gyrA relA1] was used as the host

strain for all plasmid constructs. E. coli RFS859 (F� thr-1 araC859 leuB6 �lac74
tsx-274 �� gyrA111 recA11 relA1 thi-1), a lac deletion strain (28), was used as the
host for expression and for the assay of �-galactosidase activity from lacZ re-
porter genes. E. coli K-12 total genomic DNA was used for isolation of wild-type
aroL, cysJ, and pncB gene fragments. E. coli MRE600 (39) was used for isolation
of 30S ribosomal subunits.

Reagents and recombinant DNA procedures. The radiolabeled nucleotides
[	-32P]ATP (6,000 Ci/mmol; 150 mCi/ml) and [�-32P]CTP (3,000 Ci/mmol; 10
mCi/ml) were purchased from Perkin-Elmer. Oligonucleotides were synthesized
using a Beckman 1000 M DNA synthesizer or were purchased from commercial
suppliers. Restriction endonucleases, T4 DNA ligase, T4 polynucleotide kinase,
T4 DNA polymerase, and T7 RNA polymerase were obtained from New
England Biolabs. Pfu DNA polymerase was obtained from Stratagene. Avian
myeloblastosis virus reverse transcriptase was obtained from Life Sciences, and

RNase-free DNase I was purchased from Ambion. All enzymes were used ac-
cording to the manufacturer’s recommendations. Plasmid isolation, E. coli trans-
formation, and other DNA manipulations were carried out by using standard
procedures (25).

Mutant construction. aroL-, cysJ-, and pncB-lacZ fusions were constructed so
that they contained either the lacZ untranslated leader or the gene’s natural
untranslated leader and the first 16 codons of the coding sequence fused to
a lacZ reporter gene. Transcription of the lac fusions was provided by the E. coli
lac promoter. Plasmids (pBR322 derived) containing the aroL-, cysJ-, and pncB-
lacZ fusions were used as templates for site-directed mutagenesis in which one
oligonucleotide primer contained the desired mutation(s) (Table 1) and the
other primer annealed within the lacZ coding sequence. After amplification, the
PCR product was trimmed with appropriate restriction enzymes to facilitate
cloning, ultimately producing identical plasmids that varied only by single or
double nucleotide mutations within the coding sequence, as shown in Table 1. All
DNA regions generated by PCR amplification were verified by DNA sequencing.

�-Galactosidase assays. Triplicate cultures of plasmid-containing strains were
grown in 2
 YT (16 g of Difco Bacto tryptone per liter, 10 g of Difco Bacto yeast
extract per liter, 10 g of NaCl per liter; pH 7.4) supplemented with 200 �g/ml
ampicillin and 0.2 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at 37°C to
an optical density at 600 nm of 0.4 to 0.6 and quick chilled on ice. Triplicate
�-galactosidase assays (17) were performed with each of the triplicate cultures.

Primer extension inhibition (toeprinting). The mRNAs used in primer extension
inhibition (toeprint) experiments were generated in vitro with T7 RNA polymerase.
DNA templates for T7 transcription were prepared by PCR amplification of mini-
prep plasmid DNA. Oligonucleotide primers T7lac.lead (5�-GGAATTCTAATAC
GACTCACTATAGAATTGTGAGCGGATAACAATTTC-3�) and lac.comp2 (5�-
ATTAAGTTGGGTAACGCCAG-3�) were used to generate DNA fragments
containing the T7 promoter, lac leader, and cysJ sequences (with or without muta-
tions) fused to lacZ from the template plasmids. T7pncB.lead (5�-CTAATACGAC
TCACTATAGTTCCTGAAGATGTTTATTGTAC-3�) and lac.comp2 were used
to generate DNA fragments containing the T7 promoter, pncB leader, and pncB
sequences (with or without mutations) fused to lacZ. T7aroL.lead (5�-GGAATT
CTAATACGACTCACTATAGATTGAGATTTTCACTTTAAGTGG-3�) and
lac.comp2 were used to generate DNA fragments containing the T7 promoter, aroL
leader, and aroL sequences (with or with out mutations) fused to lacZ. After gel
purification of the resulting PCR-generated fragments, transcription reactions (20-�l
mixtures containing 15 mM dithiothreitol, each nucleoside triphosphate at a con-
centration of 4 mM, 40 mM Tris-HCl [pH 7.9], 20 mM MgCl2, 1 �g template DNA,

TABLE 1. DNA sequences of gene fragments, with and without mutations, from the aroL, pncB, and cysJ genes

Plasmida
Sequence

Portion of untranslated leaderb Variable regionc

aroL-lacZ fusions
pAaroL.WT 5�...TGGGGAAAACCCACG ATG ACA CAA CCT CTT TTT CTG...3�
pAaroL.DN1 5�...TGGGGAAAACCCACG ATG ACG CAG CCT CTT TTT CTG...3�
pAaroL.DN1a 5�...TGGGGAAAACCCACG ATG ACG CAA CCT CTT TTT CTG...3�
pAaroL.DN1b 5�...TGGGGAAAACCCACG ATG ACA CAG CCT CTT TTT CTG...3�
pAaroL.UP1 5�...TGGGGAAAACCCACG ATG ACA CAA CCA CTT TTT CTG...3�

pncB-lacZ fusions
pApncB.WT 5�...CAGGATACTGCGCACCT ATG ACA CAA TTC GCT TCT CCT...3�
pApncB.DN1 5�...CAGGATACTGCGCACCT ATG ACG CAG TTC GCT TCT CCT...3�
pApncB.DN1a 5�...CAGGATACTGCGCACCT ATG ACG CAA TTC GCT TCT CCT...3�
pApncB.DN1b 5�...CAGGATACTGCGCACCT ATG ACA CAG TTC GCT TCT CCT...3�
pApncB.UP1 5�...CAGGATACTGCGCACCT ATG ACA CAA TTC GCA TCA CCT...3�

cysJ-lacZ fusions
pAZcysJ.WT 5�...CAGGAAACAGCC ATG ACG ACA CAG GTC CCA...3�
pAZcysJ.DN1 5�...CAGGAAACAGCC ATG ACG ACG CAG GTC CCA...3�
pAZcysJ.UP1 5�...CAGGAAACAGCC ATG ACA ACA CAA GTC CCA...3�
pAZcysJ.UP1a 5�...CAGGAAACAGCC ATG ACA ACA CAG GTC CCA...3�
pAZcysJ.UP1b 5�...CAGGAAACAGCC ATG ACG ACA CAA GTC CCA...3�

a The pA series of plasmid constructs contained the genes’ natural untranslated leader, while the pAZ series contained the lac untranslated leader.
b The underlined sequence is the presumed SD sequence.
c The ATG codon is the translational start site for the aroL, pncB, and cysJ coding sequences. The amino acid sequence encoded by the variable region for the

aroL-lacZ fusions is MTQPPFP; the amino acid sequence encoded by the variable region for the pncB-lacZ fusions is MTQFASP; and the amino acid sequence encoded
by the variable region for the cysJ-lacZ fusions is MTTQVP. Boldface type indicates base substitutions in the coding region that create putative “down” or “up”
mutations.
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and 1 �l T7 RNA polymerase [500 U/�l; NEB]) were carried out at 37°C for 1 h.
This was followed by incubation with 1 �l of RNase-free DNase I (2 U/�l) for 30 min
at 37°C. In vitro-synthesized mRNA was then gel purified on 6% polyacrylamide–7
M urea denaturing gels. After UV shadowing and elution of the mRNA with 0.2%
sodium dodecyl sulfate, 0.005 M EDTA, and 0.5 M ammonium acetate, mRNA was
extracted with phenol-chloroform-isoamyl alcohol (25:24:1) and precipitated with
0.2 M ammonium acetate and 2.5 volumes of ethanol.

Isolation of E. coli 30S ribosomal subunits and toeprint assays were done as
previously described (16). Briefly, 9-�l reaction mixtures containing mRNA (44
nM) with a 32P-labeled primer annealed to the 3� end, 30S ribosomal subunits,
and tRNAf

Met (at a 1:10:20 ratio), as well as 1
 SB (60 mM NH4Cl, 10 mM
Tris-acetate [pH 7.4], 10 mM magnesium acetate, 6 mM �-mercaptoethanol),
were incubated at 37°C for 30 min or the times indicated below. The reaction
mixtures were placed on ice, and 1 �l of reverse transcriptase (1 U/�l) was added
to each mixture; this was followed by incubation at 37°C for 10 min. The reaction
mixtures were precipitated with 40 �l of 0.3 M sodium acetate and 2.5 volumes
of ethanol for at least 2.5 h at �20°C and electrophoresed on 6% polyacryl-
amide–7 M urea gels. Dideoxy sequencing reactions mapped toeprint signals to
position 16 of mRNA relative to the first base of the start codon (position 1).
Toeprint signals were quantified with a Molecular Dynamics PhosphorImager
(Storm 800) and were expressed as relative toeprint complexes (RTCs), defined
as toeprint pixel value/(toeprint pixel value � full-length pixel value); for aroL,
RTC � toeprint pixel value/(toeprint pixel value � full-length pixel value �
upstream signal pixel value). RTCs for different mRNAs were compared by using
reaction mixtures electrophoresed on the same gel.

Filter binding assays. mRNA used in filter binding assays was synthesized in
a 5-�l reaction mixture containing 5 mM dithiothreitol, each nucleoside triphos-
phate at a concentration of 2 mM, 14 mM MgCl2, 0.5 �l 10
 T7 RNA poly-
merase buffer (NEB), 0.05 �g template DNA, 0.35 �l T7 RNA polymerase (500
U/�l; NEB), and 2.3 �l [�-32P]CTP. Filter binding reaction mixtures (10 �l)
containing radiolabeled mRNA (44 nM), 30S ribosomal subunits, and tRNAfMet

(at a 1:10:20 ratio), as well as 1
 SB, were incubated for various amounts of time
at 37°C. The reaction mixtures were then diluted to 500 �l with chilled 1
 SB
and filtered through nitrocellulose membranes (pore size, 0.45 �m) in a Mini-
Fold slot blot manifold (Schleicher and Schuell), and this was followed by
washing each well with 3 ml of 1
 SB. The membranes were then dried at room
temperature, and samples were cross-linked to the membranes by UV light
(FB-UVXL-1000; Fisher Scientific). The amount of complex bound to the mem-
brane was determined with a Molecular Dynamics PhosphorImager (Storm 800);
standard curves were used to convert pixel values to picomoles, as previously
described (4), and the data were expressed in picomoles of mRNA bound.

RESULTS

All base substitutions in the aroL, pncB, and cysJ genes were
made via site-directed mutagenesis and maintained the natural
amino acid sequence; putative “down” mutations decreased
the downstream adenine content, whereas putative “up” mu-
tations increased the downstream adenine content (Table 1).
The effects of the mutations on gene expression were assessed
by translational fusions of aroL, pncB, and cysJ gene fragments
to an E. coli lacZ reporter gene, followed by �-galactosidase
assays. Toeprint and filter binding assays were used to compare
the rates of ternary complex formation, defined here as the
amount of complex formed (ribosomes, tRNA, mRNA) over
time, for aroL, pncB, and cysJ mRNAs with and without mu-
tations that altered the downstream adenine content (Table 1).
In toeprint assays, variations in a specific RTC might be ob-
served in different assays, but the correlations between the
wild-type and mutant binding strengths were consistent and
reproducible. These assays were performed in an effort to
correlate the in vitro ribosome binding strengths of aroL, pncB,
and cysJ mRNAs with the in vivo expression data.

Downstream adenines of aroL. Transcription of the aroL
gene, encoding shikimate kinase II, results in an mRNA with a
124-nucleotide leader containing an optimally spaced (7 to 9
nucleotides), canonical SD sequence (5). Mutations in aroL’s

coding sequence altering the downstream adenine content are
shown in Table 1.

(i) Effect of aroL downstream adenines on in vivo expres-
sion. Comparisons of the �-galactosidase activities of cells con-

FIG. 1. Effects of aroL, pncB, and cysJ downstream adenines on ex-
pression in vivo. �-Galactosidase activities from aroL-, pncB-, and cysJ-
lacZ fusions are compared for cells containing plasmids with and without
mutations altering the downstream adenine content (Table 1). (A) Plas-
mid-free cells and cells containing plasmids with the following aroL-lacZ
fusions: pAaroL.WT (100%), pAaroL.DN1 (28%), pAaroL.DN1a (85%),
pAaroL.DN1b (56%), and pAaroL.UP1 (138%). (B) Plasmid-free cells
and cells containing plasmids with the following pncB-lacZ fusions:
pApncB.WT (100%), pApncB.DN1 (0.1%), pApncB.DN1a (11%),
pApncB.DN1b (8%), and pApncB.UP1 (33%). (C) Plasmid-free cells
and cells containing plasmids with the following cysJ-lacZ fusions:
pAZcysJ.WT (100%), pAZcysJ.DN1 (23%), pAZcysJ.Up1 (625%),
pAZcysJ.UP1a (274%), and pAZcysJ.UP1b (325%).
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taining the wild-type (pAaroL.WT) and putative “down” aroL-
lacZ constructs revealed that the A3G substitutions in codons
2 and 3 (pAaroL.DN1) decreased lacZ expression 72%; incor-
poration of the individual substitutions resulted in 15%
(pAaroL.DN1a) and 44% (pAaroL.DN1b) decreases in lacZ
expression (Fig. 1A). Analysis of the putative “up” aroL-lacZ
construct revealed that the U3A substitution at codon 4
(pAaroL.UP1) increased lacZ expression 38% (Fig. 1A).
These results indicate that the downstream adenines influence
aroL expression significantly, despite the presence of a canon-
ical SD-ASD interaction.

(ii) Effect of aroL downstream adenines on in vitro ribosome
binding. Toeprint assays with aroL-lacZ mRNA and 30S sub-
units revealed a tRNA-dependent signal corresponding to po-
sition 16 relative to the A residue (position 1) of the AUG start
codon (Fig. 2A, lanes 7 to 9). Phosphorimage analysis of toe-
print signal intensity revealed a 97% reduction for the puta-
tive “down” mutant mRNA (Fig. 2B, lane 15) compared to the
wild-type mRNA (Fig. 2B, lane 14). Incorporation of the
U3A putative “up” mutation at codon 4 increased the toe-
print signal 278% (Fig. 2B, lane 16) compared to the wild-type
signal (Fig. 2B, lane 14). The toeprint results, together with the
aroL-lacZ expression levels, showed that there was a positive

correlation between the downstream adenine content, in vitro
ribosome binding, and in vivo expression levels.

(iii) Effect of aroL downstream adenines on the rate and
amount of ternary complex formed. Incorporation of the
A3G putative “down” mutations at aroL’s second and third
codons (Fig. 3A, lanes 10 to 19) resulted in a reduced rate and
amount of ternary complex formation compared to the wild-
type values (Fig. 3A, lanes 1 to 9), as shown in Fig. 3B. Incor-
poration of the U3A putative “up” mutation at aroL’s fourth
codon (Fig. 3A, lanes 20 to 29) resulted in an increased rate
and amount of ternary complex formation compared to the
wild-type values (Fig. 3A, lanes 1 to 9), as shown in Fig. 3B.
The significant amount of toeprint signal at zero time (Fig. 3A
and B) reflects the complex formed and cDNA produced dur-
ing the 10-min incubation with reverse transcriptase. An addi-
tional uncharacterized ternary complex signal was observed
within aroL’s untranslated leader, and its position is indicated
in Fig. 3A. Because this signal occurred upstream of the aroL
toeprint signal (Fig. 3A), it was included with the full-length
signal for phosphorimage quantification of RTC values in Fig.
3B. Calculation of RTC values without the additional band
resulted in higher RTC values, but the line slopes, relative to
each other, were basically unchanged (data not shown).

FIG. 2. Effects of aroL, pncB, and cysJ downstream adenines on ribosome binding in vitro: toeprint assays with aroL-, pncB-, and cysJ-lacZ
mRNAs and 30S subunits comparing ribosome binding to mRNAs with and without mutations altering the downstream adenine content (Table
1). The arrows indicate the position of the ternary complex-dependent toeprint signals at position 16 relative to the A residue (position 1) of the
AUG start codons that result from bound 30S subunits, and the asterisk in panel B indicates the position of an uncharacterized ternary
complex-dependent signal in the aroL upstream UTR. Bands observed in the absence of tRNA and ribosomes were artifacts likely due to structures
formed within the mRNA. (A) Lanes G, A, T, and C, dideoxy DNA sequence ladder for the pncB template (the ATG initiation triplet is enclosed
in a box); lanes 1 to 3, pncB-lacZ wild-type mRNA; lanes 4 to 6, cysJ-lacZ wild-type mRNA; lanes 7 to 9, aroL-lacZ wild-type mRNA. (B) Lanes
1 to 6, pncB-lacZ mRNAs made from the templates pApncB.WT (lanes 1 to 3), pApncB.DN1b (lane 4), pApncB.DN1 (lane 5), and pApncB.UP1
(lane 6); lanes 7 to 11, cysJ-lacZ mRNAs made from the templates pAZcysJ.WT (lanes 7 to 9), pAZcysJ.DN1 (lane 10), and pAZcysJ.UP1 (lane
11); lanes 12 to 16, aroL-lacZ mRNAs made from the templates pAaroL.WT (lanes 12 to 14), pAaroL.DN1 (lane 13), and pAaroL.UP1 (lane 14).
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In order to obtain a more accurate assessment of complex
formation at earlier times, filter binding assays were used.
Filter binding assays measure complex formation based on the
amount of mRNA bound by ribosomes when preparations are
filtered through a nitrocellulose membrane. Incorporation of
the A3G putative “down” mutations at aroL’s second and
third codons reduced the rate and amount of ternary complex
formed, whereas the U3A putative “up” mutation at codon 4
increased the amount of ternary complex formed compared to
the wild-type amount (Fig. 3C). Ternary complex formation

with the “up” mutant occurred with a rate similar to the wild-
type rate during the first 60 s of incubation, after which the
amount of product formed continued to increase with the “up”
mutant but not with the wild type (Fig. 3C). The toeprint and
filter binding results provide evidence that downstream ad-
enines enhance the rate and/or amount of ternary complex
formation with aroL mRNA.

Downstream adenines of pncB. Transcription of the pncB
gene, encoding a nicotinic acid phosphoribosyltransferase, re-
sults in an mRNA with a 58-nucleotide untranslated leader

FIG. 3. Effects of aroL downstream adenines on the rate and amount of ternary complex formed: toeprint and filter binding assays comparing
ternary complex formation on aroL-lacZ mRNAs with and without mutations altering the downstream adenine content. (A) In toeprint assays, 30S
subunits were incubated with tRNAf

Met and aroL-lacZ mRNA for different times (in minutes). Lanes 1 to 29 contained aroL-lacZ mRNAs made
from the following templates: pAaroL.WT (lanes 1 to 9), pAaroL.DN1 (lanes 10 to 19), and pAaroL.UP1 (lanes 20 to 29). The arrow indicates
the position of the ternary complex-dependent toeprint signals at position 16, and the asterisk indicates the position of an uncharacterized ternary
complex-dependent signal in the upstream UTR. (B) The RTC formed over time was quantified, and the data (averages from three independent
assays) were plotted. ■ , aroL-lacZ wild-type mRNA (pAaroL.WT); E, aroL-lacZ “down” mutant mRNA (pAaroL.DN1); ‚, aroL-lacZ “up”
mutant mRNA (pAaroL.UP1). (C) In filter binding assays, 30S subunits were incubated with tRNAf

Met and aroL-lacZ mRNA for different times,
and the amounts of bound RNA (averages from three independent assays) were plotted. ■ , aroL-lacZ wild-type mRNA (pAaroL.WT); E,
aroL-lacZ “down” mutant mRNA (pAaroL.DN1); ‚, aroL-lacZ “up” mutant mRNA (pAaroL.UP1). WT, wild type.
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containing a canonical SD sequence with suboptimal spacing
(12 nucleotides) from the start codon (40) and second and
third codons identical to those of aroL. Mutations in pncB’s
coding sequence altering the downstream adenine content are
shown in Table 1.

(i) Effect of pncB downstream adenines on in vivo expres-
sion. Comparisons of the �-galactosidase activities of cells con-
taining the wild-type (pApncB.WT) and putative “down”
pncB-lacZ constructs revealed that the A3G substitutions in
codons 2 and 3 (pApncB.DN1) decreased lacZ expression
99.9%; incorporation of the individual substitutions resulted in
89% (pApncB.DN1a) and 92% (pApncB.DN1b) decreases in
lacZ expression (Fig. 1B). Analysis of the putative “up” pncB-
lacZ construct revealed that the U3A substitutions in codons 5
and 6 (pApncB.UP1) unexpectedly decreased lacZ expression
67% (Fig. 1B).

To determine if altering the pncB downstream adenine con-
tent had a similar effect on expression irrespective of the un-
translated leader sequence, analogous pncB-lacZ coding se-
quence fusions were placed downstream of the E. coli lacZ
untranslated leader containing a canonical SD sequence with
optimal spacing (7 nucleotides) from the start codon. Putative
“down” mutations in codons 2 and 3 of the lac-leadered pncB-
lacZ mRNA reduced gene expression 87% relative to the wild-

type gene expression (data not shown). These results indicate
that the properly spaced canonical SD sequence of the lac
leader could not fully compensate for the loss of downstream
adenines.

(ii) Effect of pncB downstream adenines on in vitro ribosome
binding. Toeprint assays with pncB-lacZ mRNA and 30S sub-
units revealed a tRNA-dependent signal corresponding to po-
sition 16 relative to the A residue (position 1) of the AUG start
codon (Fig. 2A, lanes 1 to 3). pncB-lacZ mRNA containing
putative “down” mutations at codon 3 (Fig. 2B, lane 4) or
codons 2 and 3 (Fig. 2B, lane 5) nearly eliminated ribosome
binding (the toeprint signal was reduced 95%) compared to
the wild-type binding (Fig. 2B, lane 3). Incorporation of the
putative “up” mutations at codons 5 and 6 resulted in a 62%
reduction in toeprint signal intensity (Fig. 2B, lane 6) com-
pared to the wild-type intensity (Fig. 2B, lane 3). The toeprint
results, together with the pncB-lacZ expression levels, showed
that there was a positive correlation between in vitro ribosome
binding and the in vivo expression levels.

(iii) Effect of pncB downstream adenines on the rate and
amount of ternary complex formed. Incorporation of the
A3G putative “down” mutation at pncB’s third codon (Fig.
4A, lanes 9 to 16) resulted in a dramatically reduced rate
and amount of ternary complex formation compared to the

FIG. 4. Effects of pncB downstream adenines on the rate and amount of ternary complex formed: toeprint and filter binding assays comparing
ternary complex formation on pncB-lacZ mRNAs with and without mutations altering the downstream adenine content. (A) In toeprint assays, 30S
subunits were incubated with tRNAf

Met and pncB-lacZ mRNA for different times (in minutes). Lanes 1 to 16 contained pncB-lacZ mRNAs made
from the following templates: pApncB.WT (lanes 1 to 8) and pApncB.DN1b (lanes 9 to 16). The arrow indicates the position of the ternary
complex-dependent toeprint signals. (B) The RTC formed over time was quantified, and the data (averages from three independent assays) were
plotted. ■ , pncB-lacZ wild-type mRNA (pApncB.WT); E, pncB-lacZ “down” mutant mRNA (pApncB.DN1b). (C) In filter binding assays, 30S
subunits were incubated with tRNAf

Met and pncB-lacZ mRNA for different times, and the amounts of bound RNA (averages from three
independent assays) were plotted. ■ , pncB-lacZ wild-type mRNA (pApncB.WT); E, pncB-lacZ “down” mutant mRNA (pApncB.DN1b). WT, wild
type.
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wild-type values (Fig. 4A, lanes 1 to 8), as shown in Fig. 4B.
The bands obtained in the absence of tRNA and ribosomes
are artifacts likely due to structures formed within the
mRNA. When preparations were analyzed by filter binding
assays, incorporation of the A3G putative “down” muta-
tion at pncB’s third codon resulted in a reduced rate and
amount of ternary complex formation compared to the wild-
type values (Fig. 4C). The toeprint and filter binding results
provide evidence that downstream adenines contribute to
the rate and amount of ternary complex formation with
pncB mRNA.

Downstream adenines of cysJ. The E. coli cysJ gene, en-
coding a NADPH-sulfite reductase flavoprotein component
(22), has different second and third codons than aroL and
pncB. Cloning a DNA fragment encoding the cysJ untrans-
lated leader and a fragment of cysJ coding sequence into a
multicopy plasmid resulted in a dramatic reduction in plas-
mid copy number (data not shown); therefore, cysJ-lacZ
coding sequence fusions were placed downstream of the
38-nucleotide lacZ untranslated leader containing a canon-
ical SD sequence with optimal spacing (7 to 9 nucleotides)
from the cysJ start codon. Mutations in cysJ’s coding se-

FIG. 5. Effects of cysJ downstream adenines on the rate and amount of ternary complex formed: toeprint and filter binding assays comparing
ternary complex formation on cysJ-lacZ mRNAs with and without mutations altering the downstream adenine content. (A) In toeprint assays, 30S
subunits were incubated with tRNAf

Met and cysJ-lacZ mRNA for different times (in minutes). Lanes 1 to 27 contained cysJ-lacZ mRNAs made
from the following templates: pAZcysJ.WT (lanes 1 to 9), pAZcysJ.DN1 (lanes 10 to 18), and pAZcysJ.UP1 (lanes 19 to 27). The arrow indicates
the position of the ternary complex-dependent toeprint signals. (B) The RTC formed over time was quantified, and the data (averages from three
independent assays) were plotted. ■ , cysJ-lacZ wild-type mRNA (pAZcysJ.WT); E, cysJ-lacZ “down” mutant mRNA (pAZcysJ.DN1); ‚, cysJ-lacZ
“up” mutant mRNA (pAZcysJ.UP1). (C) In filter binding assays, 30S subunits were incubated with tRNAf

Met and cysJ-lacZ mRNA for different
times, and the amounts of bound RNA (averages from three independent assays) were plotted. ■ , cysJ-lacZ wild-type mRNA (pAZcysJ.WT); E,
cysJ-lacZ “down” mutant mRNA (pAZcysJ.DN1); ‚, cysJ-lacZ “up” mutant mRNA (pAZcysJ.UP1). WT, wild type.
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quence altering the downstream adenine content are shown
in Table 1.

(i) Effect of cysJ downstream adenines on in vivo expression.
Comparisons of the �-galactosidase activities of cells contain-
ing the wild-type (pAZcysJ.WT) and putative “down”
(pAZcysJ.DN1) cysJ-lacZ constructs revealed that the A3G
base substitution at the third codon resulted in a 77% decrease
in lacZ expression (Fig. 1C). Examination of the putative “up”
cysJ-lacZ constructs revealed that the G3A substitutions in
codons 2 and 4 (pAZcysJ.UP1) increased lacZ expression
525%; incorporation of the individual substitutions resulted in
174% (pAZcysJ.UP1a) and 225% (pAZcysJ.UP1b) increases
in expression (Fig. 1C).

(ii) Effect of cysJ downstream adenines on in vitro ribosome
binding. Toeprint assays with cysJ-lacZ mRNA and 30S sub-
units revealed a tRNA-dependent signal corresponding to po-
sition 16 relative to the A residue (position 1) of the AUG start
codon (Fig. 2A, lanes 4 to 6). Phosphorimage analysis of toe-
print signal intensity revealed that there was an 86% reduction
for the putative “down” mutant (Fig. 2B, lane 10) compared to
the wild type (Fig. 2B, lane 9). Incorporation of putative “up”
mutations at codons 2 and 4 resulted in a 202% increase in
toeprint signal intensity (Fig. 2B, lane 11) compared to the
wild-type signal intensity (Fig. 2B, lane 9). The toeprint results,
together with the cysJ-lacZ expression levels, showed that there
was a strong correlation between the downstream adenine
content, in vitro ribosome binding, and in vivo expression
levels.

(iii) Effect of cysJ downstream adenines on the rate and
amount of ternary complex formation. Incorporation of the
A3G putative “down” mutation at cysJ’s third codon (Fig. 5A,
lanes 10 to 18) resulted in a reduced rate and amount of
ternary complex formation compared to the wild-type values
(Fig. 5A, lanes 1 to 9), as shown in Fig. 5B. Incorporation of
the G3A putative “up” mutations at cysJ’s second and
fourth codons (Fig. 5A, lanes 19 to 27) resulted in an in-
creased rate and amount of ternary complex formation com-
pared to the wild-type values (Fig. 5A, lanes 1 to 9), as
shown in Fig. 5B. Phosphorimage analysis of the full-length,
runoff signal yielded consistently high pixel values, resulting
in low RTC values; however, the rate comparisons for mu-
tant and wild-type mRNAs still correlated well with the
results visualized by autoradiography. When preparations
were analyzed by filter binding assays, incorporation of the
A3G putative “down” mutation at cysJ’s third codon re-
sulted in a rate and amount of ternary complex formation
similar to the rate and amount obtained with wild-type
mRNA during the first 3 min of incubation; after 3 min, the
rate and amount of ternary complex formed were reduced
compared to the wild-type values (Fig. 5C). Incorporation of
the G3A putative “up” mutations at cysJ’s second and
fourth codons resulted in an increased rate and amount of
ternary complex formation compared to the wild-type val-
ues, with the most significant difference in the rate occurring
in the initial 3 min of binding (Fig. 5C). The toeprint and
filter binding results provided evidence that downstream
adenines enhance the rate and amount of ternary complex
formed with cysJ mRNA.

DISCUSSION

The correlation of adenine-rich regions with efficient trans-
lation in E. coli was first noted by Dreyfus (8), and in later
studies workers reported stimulatory effects on translation due
to the addition of adenines (3, 16, 30). We report here that
adenines occurring naturally downstream of the initiation
codon can contribute significantly to ribosome binding and
expression in E. coli. Our data show that downstream adenines
can have major effects on expression even in the presence of
canonical SD sequences. Demonstration that downstream nu-
cleotides can function as major effectors of expression is espe-
cially interesting in light of a recent report (2) that non-SD-led
genes, including leaderless mRNAs, are as common as SD-led
genes in prokaryotes. The absence of an SD sequence requires
that other sequence or structural features of the mRNA help
direct the ribosome to the correct initiation site. Based on work
described here, the position and number of downstream ad-
enines may contribute to the ribosome binding strength of
mRNAs with, and possibly without, canonical SD sequences.

In our experiments we investigated the influence of naturally
occurring downstream adenines on in vitro ribosome binding
and in vivo expression for the E. coli aroL, pncB, and cysJ
mRNAs. Compared to the data for the wild-type mRNAs, the
putative “down” mutations significantly decreased in vitro ri-
bosome binding and in vivo expression; putative “up” muta-
tions in aroL and cysJ significantly increased in vitro ribosome
binding and in vivo expression. These data are consistent with
previous reports which showed that A-rich sequences added
immediately downstream of the start codon stimulated expres-
sion from several natural and heterologous genes in E. coli (3,
16). While the pncB “down” mutations demonstrated clearly
that adenines in codons 2 and 3 are important for expression,
it is not clear why the putative “up” mutations in codons 5 and
6 did not increase expression; two possible explanations are
that the substitutions were too far from the start codon (i.e.,
compared to codons 2 and 4 for cysJ and aroL “up” mutations)
and that the mutations resulted in a secondary structure that
reduced access of a ribosome to the initiation region.

Downstream adenines affect the rate and amount of ternary
complex formed. Using toeprint and filter binding assays as two
independent approaches to estimate ribosome binding, we ob-
served a strong correlation between the downstream adenine
content, in vivo expression, and the rate and amount of in vitro
ribosome binding, suggesting strongly that the variations in
expression were mediated through the observed effects on ri-
bosome binding. Toeprint assays also revealed that aroL, pncB,
and cysJ ternary complexes, once formed, did not dissociate in
the presence of a competitor mRNA (data not shown), in
agreement with a previous report which showed that ternary
complexes are stable and irreversible in the presence of com-
petitor mRNA (31). Therefore, downstream adenines appear
to influence expression through their effects on mRNA-ribo-
some association and not by preventing ternary complex dis-
sociation.

Possible contributions of downstream adenines to ribosome
binding and expression. Comparison of the codons resulting
from aroL, pncB, and cysJ mutagenesis to an E. coli genomic
codon usage table (GenBank) suggested that the effects on
expression were not due to the introduction of rare codons or
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to low tRNA availability. Also, conservation of the wild-type
amino acid sequence ensured that expression differences from
the mutant constructs were not the result of an altered peptide
sequence. Furthermore, the strong correlation between in vitro
ribosome binding and in vivo expression, for both the wild type
and mutants, suggested that the downstream adenines exerted
their effect at the initiation stage rather than the elongation
stage.

It is possible that the adenine effects seen here were due to
the structure within the TIR. It has been reported that the
secondary structure within the TIR may inhibit expression,
whereas a more open TIR with less structure allows increased
expression (6, 7). In an effort to explore the possible contribu-
tion of structure to our results, various lengths of the cysJ-,
pncB-, and aroL-lacZ mRNAs, with or without mutations, were
subjected to analysis with MFOLD [version 5.a (17:13); M.
Zuker, Rensselaer Polytechnic Institute, Troy, NY (http:
//bioweb.pasteur.fr/cgi-bin/seqanal/mfold.pl.)] for prediction of
mRNA secondary structures by energy minimization. While
slight variations in the predicted structures resulted from the
downstream base substitutions, a general correlation of more
closed or open structures with corresponding decreases or in-
creases in expression and ribosome binding was not observed
(data not shown). In addition, a comparison of the signals
resulting from reverse transcriptase pausing or terminating at
inhibitory secondary structures during toeprint assays did not
suggest significant differences in structure between wild-type
and mutant mRNAs (Fig. 3 to 5). Another possibility involving
structure is the formation of adenine-rich pseudoknots, de-
scribed previously as high-affinity RNA ligands to 30S subunits
and ribosomal protein S1 (23). While a contribution by down-
stream adenines to a stimulatory secondary structure has not
been discounted, we do not have any data to support this
model.

It is also possible that downstream adenines, perhaps in
association with pyrimidines (16), provide a region within the
RBS that is recognized specifically by ribosome-associated pro-
teins that promote initiation complex formation. For example,
the 30S subunit protein S1 is a strong RNA binding protein
reported to concentrate mRNA near the ribosome decoding
site (1, 35, 36). Previous studies revealed the binding of S1 to
various nucleotide motifs within the untranslated leader, in-
cluding an AU-rich omega sequence (1, 10, 14, 15), a CAU-
rich omega-like sequence (38), and a (CAA)n repeat (38).
Based on these data it is conceivable that S1 could bind down-
stream A-rich regions for more efficient delivery of mRNA to
the ribosome decoding site; however, there has been no direct
evidence that S1 binds specific nucleotide motifs downstream
of the start codon. Interaction between downstream A-rich
regions and 16S rRNA might also contribute to mRNA-ribo-
some association. In possible support of this, poly(A) RNA
formed cross-links to 16S rRNA nucleotides 1394 to 1399,
located adjacent to the ribosomal P-site (34).

Crystal structures of ribosome-mRNA complexes provide
evidence that mRNA positions �3 to 10 (with the A residue of
the AUG start codon as position 1) are wrapped closely around
the neck of the 30S subunit, with most ribosome contacts
involving the mRNA backbone rather than its bases (41). How-
ever, these crystal structures represent stable complexes and

provide little information about interactions occurring during
ribosome loading that lead to a stable complex.

Recent experiments in our lab also suggested that there is
contact between a natural adenine-rich sequence of a leader-
less mRNA and proteins associated with E. coli 30S subunits.
In this work, leaderless mRNA encoded by the cI gene of
bacteriophage lambda, with a photoactivatable 4-thiouridine in
the AUG start codon, was cross-linked to 30S subunit proteins
(J. E. Brock and G. R. Janssen, unpublished data). However,
cross-linking was inhibited by a competitor cI mRNA that
lacked a start codon but contained the natural adenine-rich
sequence immediately downstream of the start codon. Also,
the same cI competitor mRNA inhibited ribosome binding to
wild-type cI mRNA in toeprint assays, suggesting that the
adenines contribute to an interaction between mRNA and
components of the ribosome that facilitate ternary complex
formation. Additional support for downstream adenine stimu-
lation of leaderless mRNA translation in E. coli was provided
by a report (16) which showed that addition of CA multimers
increased expression from leaderless lacZ, gusA, and neo
mRNAs.

Implications and application of downstream adenines for
expression. Although the mechanistic details of adenine-en-
hanced ribosome binding and expression remain to be deter-
mined, the ability to stimulate translation from leaderless
mRNA (16) indicates that an untranslated leader or SD-ASD
interaction is not required. Even in the presence of a canonical
SD-ASD interaction, downstream adenines significantly influ-
enced ribosome binding and expression from aroL, pncB, and
cysJ mRNAs. The first five codons of coding sequence are
protected by a ribosome during formation of an initiation com-
plex and thereby represent potential contacts that could con-
tribute to an mRNA’s ribosome binding strength; however,
constraints imposed by the encoded amino acid sequence have
made it difficult to consider sequence-specific translation en-
hancers in this region of the mRNA. Genetic code degeneracy
and “wobble position” variability, however, could allow a bias
toward adenines within the first few codons while imposing
minimal constraints on the encoded amino acids. Downstream
adenines, possibly in conjunction with the start codon or other
features of the mRNA, might present a recognition motif (se-
quence and/or structural) to a component of the translational
machinery and contribute importantly to the ribosome binding
strength, with the number and position of adenines allowing
“fine-tuning” of expression.

If downstream adenines merely provide an open structure
for access of the start codon to ribosomes, then one might
expect adenines to stimulate expression in a variety of trans-
lation systems; however, addition of downstream adenines to a
neo reporter gene did not increase expression in the G�C-rich,
gram-positive organism Streptomyces lividans (J. M. Day and
G. R. Janssen, unpublished data). The possibility that adenine
stimulation might not occur in G�C-rich organisms supports
the hypothesis that the enhanced ribosome binding and expres-
sion are at least partially based on sequence and suggests that
adenine stimulation of translation might be limited to E. coli
and related organisms. Using cross-linking techniques to iden-
tify downstream adenine-ribosome interactions, along with fur-
ther structural studies, may provide evidence that distinguishes
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between sequence and structural components of adenine stim-
ulation.

Characterization of the adenine effect might also allow sim-
ple engineering of expression levels, up or down, by increasing
or decreasing the number of downstream adenines. Identifica-
tion of mRNA features contributing to ribosome binding and
translation, from coding sequences with or without SD se-
quences (2), is essential for understanding these important
stages of gene expression in E. coli and other organisms.
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