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Abstract We analyzed the effect of nine ‘rare’ codons
(AGA, AGG, AUA, CCC, CGA, CGG, CUA, GGA,
and UUA) on gene expression in an Escherichia coli
coupled transcription/translation cell-free system, in
comparison with a cell-based expression system. Each
reporter gene contained five consecutive repeats of a
rare codon, or in some experiments, three consecutive
repeats. The cell-free expression of the genes bearing
the codons CGA, CUA, GGA, and UUA was not af-
fected, although these codons, except for GGA, were
inefficiently translated in E. coli cells. Translation of
the remaining five codons (AGA, AGG, AUA, CCC,
and CGG) was severely reduced in both systems, and
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was remarkably facilitated in the cell-free system based
on an S30 extract from the E. coli cells overproducing
‘minor’ tRNAs for these codons.
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Introduction

Cell-free translation systems are useful tools for protein
expression. This technology has been employed to
prepare proteins for biochemical studies, to incorporate
stable isotopes into proteins for structural determina-
tions [1-4], to produce ‘alloproteins’ with nonnatural
amino acids [5, 6], and to express integral membrane
proteins [7, 8]. Moreover, functional and structural
proteomics has increased the importance of this tech-
nology, which is suitable for the high-throughput
expression of a large variety of different proteins [9].

The usefulness of cell-free protein expression has
been enhanced by the optimization of experimental
conditions, including the reaction conditions [1-3, 10]
and the protocol for cell-extract preparation [11, 12],
and also by the development of continuous-flow and
semi-continuous flow systems [13, 14]. In addition to
these improvements specific to cell-free synthesis, the
factors affecting cell-based protein expression should
be examined to expand the applicability of cell-free
expression.
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Biased codon usage is a phenomenon widely ob-
served among unicellular and multicellular organisms
[15, 16]. The codon usage of Escherichia coli as a host
cell reportedly has serious effects on the yields and
quality of recombinant proteins [17]. In this organism,
some of the synonymous codons are preferentially used
in highly expressed genes, while others are rarely used
in such genes [18]. The frequently used codons are
translated by the tRNA species abundant in E. coli
cells, while most of the ‘rare’ codons are translated by
‘minor’ tRNAs, which are expressed at low levels [19].
Thus, the frequent occurrence of rare codons in a re-
combinant gene reduces the expression level of this
gene, because of the limited availability of the corre-
sponding tRNAs.

In the highly expressed genes from E. coli, the
strongest bias in codon usage is found with arginine,
glycine, isoleucine, leucine, and proline codons [20].
None of the arginine codons AGA, AGG, and CGG
accounts for more than 1% of the arginine codons used
in these genes. The isoleucine codon AUA also ac-
counts for less than 1% of the isoleucine codons, while
the codons CCC (proline), CGA (arginine), CUA
(leucine), GGA (glycine), and UUA (leucine) account
for only 1-4% of their synonymous codons in the highly
expressed genes. These codons are used rarely among
not only their respective synonymous codons but also
all of the codons in the E. coli genome; each of these 9
codons occurs less than once in a 100 codons [17].
Translation of some of these codons, the codons AGA,
AGG, CGG, and AUA, has reportedly been facilitated
by the overproduction of corresponding minor tRNA
species from a plasmid in a host cell [21-25].

In the present study, we examined the effect of the
nine rarest codons on the expression of a reporter gene
in an E. coli cell-free system, in comparison with cell-
based expression. Eight of these codons actually re-
duced the expression of the reporter gene in the cell,
whereas only five exhibited this deleterious effect in
the cell-free translation. The cell-free reaction mixture
was then supplemented with the corresponding minor
tRNAs, in two different manners, to facilitate the
translation of these five codons.

Materials and methods

Expression of GST in E. coli cells and assay
of the transferase activity of GST

We added a leader sequence, GGATCCGGGCGC-

TAACTCTXG TAACTAAGAATTCT, to the 5" end
of the wild-type Schistosoma japonicum GST gene
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from a commercially available plasmid, pGEX
(Amersham Biosciences). This sequence contains a
BamHI site (in italics), a site for the incorporation of
consecutive rare codons (denoted as X), and two stop
codons in the —1 and +1 reading frames (underlined).
This GST gene was cloned between the BamHI and
Xhol sites of the expression vector pET21b (Novagen)
to generate the pET21b-GST plasmid, where the
resulting GST gene has an additional sequence of
23 amino acids at the N-terminus and a cluster of rare
codons is to be incorporated after the 18th codon.
pET21b-GST was used to transform the E. coli
BL21(DE3) strain (Novagen) to express GST variants.

The GST activity was determined by using the GST
detection module (Amersham Biosciences) for purified
GST variants, extracts from E. coli cells, and cell-free
translation  mixtures. GST(Arg3), GST(Arg5),
GST(GlyS5), GST(le3), GST(le5), GST(Leud),
GST(Pro3), and GST(Pro5) were purified by using the
GST purification module (Amersham Biosciences)
from E. coli cells expressing GST(AGA3), GST(A-
GAS), GST(GGAS), GST(AUA3), GST(AUAS),
GST(CUAS), GST(CCC3), and GST(CCGS), respec-
tively, under the condition that minor tRNAs were
overproduced in the cells.

Cell-free expression of GST

E. coli S30 cell extracts were prepared from the
BL21(DE3) strain and that harboring the plasmid
PMINOR (described below), according to the previ-
ously reported methods [12, 26-28]. The synthesis of
GST was performed at 30 °C overnight in a coupled
transcription/translation cell-free system with dialysis
[3]- The internal reaction mixture (30 uL) consisted of
58 mM Hepes-KOH buffer (pH 7.5), containing
1.2 mM ATP, 0.8 mM each of GTP, CTP and UTP,
1.7 mM DTT, 0.64 mM 3’,5-cyclic AMP, 200 mM
potassium glutamate, 27.5 mM ammonium acetate,
10.7 mM magnesium acetate, 80 mM creatine phos-
phate, 250 pg/mL creatine kinase, 500 uM of each of
the 20 amino acids, 4.0% PEGS8000, 25 mM
phosphoenolpyruvate, 35 pg/mL 1(-)-5-formyl-5,6,7,8-
tetrahydrofolic acid, 0.05% sodium azide, a tRNA
mixture (170 pg/mL), the pET21b-GST plasmid (4 pg/
mL) as the template, S30 extract (9 uL), and T7 RNA
polymerase (66.6 pg/mL), which was prepared
according to Zawadzki and Gross [29]. The external
solution (300 uL) contained all of the components of
the internal solution except for creatine kinase, tRNA,
the template plasmid, T7 RNA polymerase, and S30
extract. The dialysis membrane, MWCO 50,000 Spec-
tra/Por, was from Spectrum.
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Preparation of minor tRNA transcripts and amino-
acid sequence analysis

The minor tRNAs, tRNAS™, tRNAL™, tRNAZ™, and
tRNAZ®, were prepared by run-off transcription with
T7 RNA polymerase, as described previously [30].
Amino-acid sequencing was performed on a Perkin-
Elmer/Applied Biosystems Protein Sequencer (Procise
494) according to the manufacturer’s instructions.

Construction of the plasmid pMINOR

The tyrT promoter [31] and rrnC terminator [32] were
placed at the 5" and 3’ ends, respectively, of a tRNA
cluster, which includes tRNAJY®, t(RNA%", tRNAS™,
and tRNA#'® in this order, with appropriate inter-
vening sequences of several bases. This tRNA operon
was cloned between the Hindlll and EcoRYV sites of
the vector pACYC184, to generate the plasmid pMI-
NORprel. The tRNAZ' gene, to be transcribed from
the tyrT promoter to the rrnC terminator, was cloned
between theFEagl and Nrul sites of pMINORprel, to
generate pMINORpre2. Then, three copies of the
tRNAZY® gene, with the Ipp promoter [32] andrrnC
terminator, were cloned between the Sphl and Sall
sites of pMINORpre2 to generate pMINORpre3. The
proL gene [33] was finally cloned within the BamHI
site of pMINORpre3, to generate the plasmid pMI-
NOR.

Results
Translation of five consecutive rare codons

In order to investigate the effect of rare codons on
gene expression, clusters of rare codons have been in-
serted into reporter genes [22, 25, 34-38]. We inserted
three or five consecutive repeats of rare codons into an
additional sequence at the N-terminus of the glutathi-
one S-transferase (GST) gene, and expressed this gene
in E. coli cells and an E. coli coupled transcription/
translation cell-free system. The expression levels of
these GST variants with rare codons were compared
with that of the control GST, which contains five
consecutive copies of the major proline codon, CCG, in
place of the consecutive rare codons.

Since the GST variants have a different amino acid
sequence at the N-terminus according to the inserted
rare codons, we first determined the specific activities
(the transferae activities for the same amount of puri-
fied enzyme) of the variants relative to that of the
control GST. The GST variants with three and five

consecutive repeats of arginine, or GST(Arg3) and
GST(ArgS), showed the relative activities of 0.82 and
1.1, respectively, while the relative activities of
GST(GlyS), GST(Ile3), GST(IleS), GST(Leu5), and
GST(Pro3) were determined to be 1.0, 1.1, 0.82, 0.79,
and 0.93, respectively. In the following experiments,
the expression levels of GST variants were compared
with that of the control GST by determining the
transferase activities of E. coli cell extracts or cell-free
translation mixtures, which are corrected by the spe-
cific activities of the variants.

In E. coli cells, the rare codons, except for the codon
GGA, actually reduced the expression levels of these
GST variants (white bars, Fig. 1). In particular, the
codons AGA, AGG, AUA, and CCC reduced the GST
expression severely; the yields of the GST variants with
these codons were less than 5% of that of the control
GST. These findings are consistent with the previous
reports with E. coli cells [22, 25, 34-38], except that the
effects of the clusters of GGA and UUA had not been

reported.
In the cell-free system (grey bars, Fig. 1),
GST(CGAS), GST(CUAS), GST(GGAS), and

GST(UUAS) were synthesized efficiently; their yields
relative to that of the control GST were higher than 1.
In addition, the relative yield of GST(CGGS), deter-
mined as 0.3, was 10 times higher than that in the cell.
Thus, for the codons CGA, CGG, CUA, and UUA, the
cell-free translation had an advantage over the cell-
based expression. The remaining codons, AGA, AGG,
AUA, and CCC, were poorly translated also in the

3.0

2.0 L

1.0 L

Relative yield of GST
H

o;ﬁ;aﬁﬁﬁ ﬁﬁ i

o o O W _oF oF
NN SN R R s Sl N

Fig. 1 Cell-based and cell-free expressions of the GST variants
with five consecutive rare codons. The white bars indicate the
yields of GST variants relative to that of the control GST, both
expressed in E. coli cells. The grey bars indicate the yields of
GST variants relative to that of the control GST, both expressed
in the cell-free system
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cell-free system, although the relative yields of the
GST variants with these codons were appreciably
higher in the cell-free system than in the cells.

Addition of the T7 transcripts of minor tRNA
species to the cell-free system

According to Zubay’s protocol, the E. coli cell-free
translation mixture used in the above experiments was
supplemented with 170 pg/mL of bulk tRNA. To
facilitate the translation of the codons AGA, AGG,
AUA, and CCC, we increased the amount of the
tRNA mixture up to 1.7 mg/mL, but the yields of the
GST variants with these rare codons were barely af-
fected (data not shown). Then, minor tRNAs prepared
in vitro were added to the cell-free translation at con-
centrations of 8.5 and 170 pg/mL; tRNA$™8 tRNAL'E,
tRNAZS™ and tRNAY® for codons CGG, AGA, AGG,
and AUA, respectively, have G at the 5" end, and can
be transcribed in vitro by T7 RNA polymerase. The in
vitro transcript of E. coli tRNA”™® is almost as active
as the native molecule with post-transcriptional modi-
fications [39], while tRNAZX® requires a modification on
the first nucleotide of the anticodon to be aminoacy-
lated with isoleucine as well as to recognize AUA co-
dons [40].

As shown in Fig. 2 (grey and shaded bars), the yields
of GST(AGAS), GST(AGGS), and GST(CGGS) were
remarkably increased by the addition of tRNAZ'E,
tRNAS™ and tRNAS'E, respectively; the 8.5 pg/mL
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Fig. 2 Cell-free expression of the GST variants with three and
five consecutive rare codons, in the absence and presence of
minor tRNA transcripts. White bars indicate the relative yields
of the GST variants with five consecutive rare codons (the same
data in Fig. 1) and those with three consecutive rare codons.
Grey and shaded bars indicate the relative yields of GST variants
synthesized in the presence of a minor tRNA transcript,
corresponding to the rare codon in the variant, at 85 and
170 pg/mL concentrations, respectively
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concentration was sufficient for these tRNAs. On the
other hand, the addition of tRNAY® up to 170 pg/mL
only slightly increased the yield of GST(AUAS). An
amino-acid sequence analysis revealed that the five
consecutive AUA codons in the GST(AUAS) thus
obtained were actually translated into isoleucines,
indicating that the T7 transcript of tRNA}® was prop-
erly modified in the E. coli cell-free system.

To analyze the effect of tRNA addition further, the
number of consecutive rare codons was reduced from
five to three. In the absence of the added minor tRNA,
the GST variant with three consecutive AUA codons,
GST(AUA3), as well as GST(CGG3), was produced
almost as efficiently or as efficiently as the control GST
(Fig. 2). By contrast, lower amounts of GST(AGA3)
and GST(AGG3) were produced. In the presence of
added minor tRNAs, the yields of GST(AGA3),
GST(AGG3), GST(AUAS3) and GST(CGG3) all ex-
ceeded that of the control GST.

Cell-free translation of rare codons using an S30
extract from E. coli cells overproducing minor
tRNA species

To overproduce minor tRNAs in E. coli, we created a
multicopy plasmid, pMINOR (Figure 3), which ex-
presses their genes from heterologous promoters, the
tyrT and Ipp promoters, and thus facilitates abundant
expression in E. coli. The plasmid bears two tyrT
promoters, with one directing the co-transcription of

pl15A ori

Fig. 3 Arrangement of the tRNA genes in plasmid pMINOR.
The genes for tRNA%™, tRNAL™E tRNAL™, tRNALC, and
tRNAP™ are indicated by Arg3, Argd, Arg5, Ile2, and Pro2,
respectively. ProL is the gene for tRNAS™ with the native
promoter. A black triangle represents the tyrS or Ipp promoter,
and a black rectangle represents the rrnC terminator or the
replication origin of the plasmid. The gene coding for chloram-
phenicol actyltransferase is indicated by cam. The arrows
indicate the direction of the genes (from the 5’ to 3’ end)
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tRNAZS, tRNA%™®, tRNAS™ (for codon CCC), and
tRNAZ' in this order, and the second directing the
transcription of tRNA%'. To enhance the expression
of tRNAY® and tRNAS™, this plasmid also carried
three copies of tRNAY® expressed from the Ipp pro-
moter, and the proL gene, the gene encoding tRNA3Y™,
with the native promoter.

We first determined if an S30 extract from the E. coli
cell harboring pMINOR had the same productivity as
the S30 cell extract used in the above experiments,
because the overproduction of a translation compo-
nent, such as tRNA, might affect the translation pro-
cess. The yield of the control GST was compared
between these two extracts and was found to be almost
the same; the GST yield for the E. coli(pMINOR) cell
extract was higher that for the other extract by a factor
of 1.05, with a standard deviation of 0.18.

Then, the GST variants with five consecutive rare
codons, as well as those with three consecutive rare co-
dons, were subjected to cell-free translation with the E.
coli(pMINOR) cell extract. All of these GST variants,
except for GST(AUAS) and GST(CCCS), were syn-
thesized efficiently and produced yields higher than that
of the control GST (grey bars, Fig. 4). As compared to
the cell extract without the overproduced minor tRNA,
the relative yields of GST(AUAS) and GST(CCCS)
were increased significantly, to 0.6 and 0.2, respectively.

Discussion

The effects of rare codons on gene expression in E. coli
cells have been analyzed using various experimental
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Fig. 4 Cell-free expression of GST variants with three and five
consecutive rare codons, using an S30 extract of E. coli cells
harboring pMINOR. The white bars indicate the relative yields
of GST variants with five and three consecutive rare codons (the
same data in Fig. 2). The grey bars indicate the yields of GST
variants relative to that of the control GST, both expressed in the
cell-free system based on E. coli(pMINOR)

systems [22-25, 34-38]. We studied nine rare codons in
a comparative manner with an assay system, and
determined the relative strengths of their effects on
gene expression. In addition, the cell-based and cell-
free systems were compared to each other. This sys-
tematic approach revealed a sharp contrast between
these systems with respect to the effects of the rare
codons CGA, CGG, CUA, and UUA. The demon-
strated advantage of the cell-free system in the trans-
lation of rare codons is probably due to the addition of
bulk tRNA to the cell extract, according to the stan-
dard protocol and/or the enhanced energy source
regeneration system, which may facilitate the turnover
of minor tRNAs during polypeptide elongation. The
bulk tRNA may provide sufficient additional cognate
tRNA to overcome the inhibition, or could even
facilitate near-cognate codon recognition by more
common isoacceptors for the same amino acid.

The arginine codon CGA is unique among the rare
codons, in that it is recognized by a major tRNA spe-
cies. It has been suggested that the inosine in the first
position of the major tRNA”™ anticodon can only
inefficiently base pair with adenosine, as the codon’s
third letter [38]. The reduced rate of CGA translation
in E. coli cells indicates that this inefficient base pairing
is not overcome by an abundance of the recognizing
tRNA. On the other hand, this problem is circum-
vented in the cell-free system, in which this codon is
efficiently translated.

An increase in the abundance of a minor tRNA has
been shown to alleviate the deleterious effect of the
corresponding rare codon in E. coli cells [21-25]. This
is also true in the cell-free translation system. The rare
arginine codons, AGA, AGG, and CGG, were effi-
ciently translated by the addition of the corresponding
minor tRNAs, transcribed in vitro, as well as by using
an extract from E. coli overproducing these minor
tRNAs. For the codons AUA and CCC, the use of this
cell extract boosted the yield of GST(AUAS) to a level
almost comparable to that of the control GST, and
increased the yield of GST(CCCS) significantly.

This yield of GST(CCCS), however, was compara-
tively low. Since the synthesis of GST(CCC3) was
remarkably facilitated by using the extract from the
cells overproducing minor tRNAs, the amount of
tRNAS™ was probably increased in this extract.
Therefore, the low yield of GST(CCC5) was probably
not due to a lack of tRNA. The CCC codon is
reportedly ‘shifty’, and causes frameshifting in E. coli
cell-free translation [41] as well as whole cells [42]. This
frameshifting problem has not been suppressed com-
pletely by the addition of the mature tRNAS™ to the
cell-free reaction mixture [41]. In our assay system, a
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frameshift at the site of the consecutive rare codons
will abort the translation at the stop codon in the —1 or
+1 reading frame downstream of this site, and will thus
reduce the yield of GST.

It has been reported that a cluster of rare codons led
to mRNA cleavage on the ribosome, followed by the
ssrA tagging [43]. This cleavage is caused by the scar-
city of the cognate tRNA species in the cell or cell
extract. The low yields of GST variants with rare co-
dons may have been exacerbated by this mechanism in
the absence of supplemented minor tRNAs. Another
mechanism of mRNA cleavage on the ribosome, which
is codon-specific and involves the RelE protein, may
have reduced the expression level of the control GST,
because CCG codon is a potential target of this
cleavage [44]. This could explain why the yields of
some GST variants exceeded that of the control GST.

In conclusion, the E. coli cell-free system is free of
the deleterious effect of some of the rarest codons of
E. coli, and the use of an S30 extract from E. coli cells
overproducing minor tRNAs is a practical solution to
circumvent the translational impairments due to the
other rare codons. Such S30 extracts may also be pre-
pared from the commercially available E. coli strains
overproducing minor tRNAs, such as Rosetta2 (Nov-
agen) and BL21-Codonplus (Stratagene).

Acknowledgements We thank Dr. Takashi Yabuki and Mr.
Takayoshi Matsuda for technical advice and valuable discus-
sions. This work was supported by the RIKEN Structural Ge-
nomics/Proteomics Initiative (RSGI), the National Project on
Protein Structural and Functional Analyses and the Ministry of
Education, Culture, Sports, Science and Technology of Japan.

References

1. Yabuki T, Kigawa T, Dohmae N, Takio K, Terada T, Ito Y,
Laue ED, Cooper JA, Kainosho M, Yokoyama S (1998) J
Biomol NMR 11:295

2. Kigawa T, Muto Y, Yokoyama S (1995) J Biomol NMR
6:129

3. Kigawa T, Yabuki T, Yoshida Y, Tsutsui M, Ito Y, Shibata T,
Yokoyama S (1999) FEBS Lett 442:15

4. Kigawa T, Yamaguchi-Nunokawa E, Kodama K, Matsuda T,
Yabuki T, Matsuda N, Ishitani R, Nureki O, Yokoyama S
(2002) J Struct Funct Genomics 2:29

5. Noren CJ, Anthony-Cahill SJ, Griffith MC, Schultz PG
(1989) Science 244:182

6. Kiga D, Sakamoto K, Kodama K, Kigawa T, Matsuda T,
Yabuki T, Shirouzu M, Harada Y, Naklayama H, Takio K,
Hasegawa Y, Endo Y, Hirao I, Yokoyama S (2002) Proc Natl
Acad Sci USA 99:9715

7. Rosenberg RL, East JE (1992) Nature 360:166

8. Ishihara G, Goto M, Saeki M, Ito K, Hori T, Kigawa T,
Shirouzu M, Yokoyama S (2005) Protein Expr Purif 41:27

9. Sawasaki T, Ogasawara T, Morishita R, Endo Y (2002) Proc
Natl Acad Sci USA 99:14652

@ Springer

10.
11.
12.
13.
14.
16. Zhang S, Zubay G, Goldman E (1991) Gene 105:61

17.
18.

19.
20.

21.
22.

23.
24.
25.

26.
27.

28.
29.
30.
31.
. Normanly J, Masson J-M, Kleina LG, Abelson J, Miller JH
33.
34.
35.

36.
37.

38.
. Tamura K, Himeno H, Asahara H, Hasegawa T, Shimizu M

40.

41.

42.
43.
44.

Kim DM, Kigawa T, Choi CY, Yokoyama S (1996) Eur J
Biochem 239:881

Madin K, Sawasaki T, Ogasawara T, Endo Y (2000) Proc
Natl Acad Sci USA 97:559

Kigawa T, Yabuki T, Matsuda N, Matsuda T, Nakajima R,
Tanaka A, Yokoyama S (2004) J Struct Funct Genomics 5:63
Spirin AS, Baranov VI, Ryabova LA, Ovodov SY, Alakhov
YB (1988) Science 242:1162

Kim DM, Choi CY (1996) Biotechnol Prog 12:645

Duret L, Mouchiroud D (1999) Proc Natl Acad Sci USA
96:4482

Kane JF (1995) Curr Opin Biotechnol 6:494

Nakamura Y, Gojobori T, Ikemura T (2000) Nucleic Acids
Res 28:292

Tkemura T (1981) J Mol Biol 146:1

Hénaut A, Danchin A (1996) In: Neidhardt F, Curtiss R III,
Ingraham JL, Lin ECC, Low KB, Magasanik B, Reznikoff
WS, Riley M, Schaechter M, Umbarger HE (eds) Escheri-
chia coli and Salmonella typhimurium: cellular and molecular
biology. ASM Press, Washington, DC, pp 2047-2066
Brickmann U, Mattes RE, Buckel P (1989) Gene 85:109
Spanjaard RA, Chen K, Walker JR, van Duin J (1990) Nu-
cleic Acids Res 18:5031

Calderone TL, Stevens RD, Oas TG (1996) J Mol Biol
262:407

McNulty DE, Claffee BA, Huddleston MJ, Kane JF (2003)
Protein Expr Purif 27:365

Del Tito BJ Jr, Ward JM, Hodgson J, Gershater CJ, Edwards
H, Wysocki LA, Watson FA, Sathe G, Kane JF (1995) J
Bacteriol 177:7086

Zubay G (1973) Ann Rev Genet 7:267

Pratt JM (1984) In: Hames BD, Higgins SJ (eds) Tran-
scription and translation. IRL Press, Oxford, UK and
Washington, DC, pp 179-209

Nevin DE, Pratt JM (1991) FEBS Lett 291:259

Zawadzki V, Gross HJ (1991) Nucleic Acids Res 19:1948
Milligan JF, Uhlenbeck OC (1989) Methods Enzymol 180:51
Lamond AI, Travers AA (1983) Nature 305:248

(1986) Proc Natl Acad Sci USA 83:6548

Komine Y, Adachi T, Inokuchi K, Ozeki H (1990) J Mol Biol
212:579

Ivanov I, Alexandrova R, Dragulev B, Saraffova A, Abou-
Haidar MG (1992) FEBS Lett 307:173

Rosenberg AH, Goldman E, Dunn JJ, Studier FW, Zubay G
(1993) J Bacteriol 175:716

Chen GT, Inouye M (1994) Genes Dev 8:2641

Goldman E, Rosenberg AH, Zubay G, Studier FW (1995) J
Mol Biol 245:467

Curran JF (1995) Nucleic Acids Res 23:683

(1992) Nucl Acids Res 20:2335

Muramatsu T, Nishikawa K, Nemoto F, Kuchino Y,
Nishimura S, Miyazawa T, Yokoyama S (1988) Nature
336:179

Gallant J, Weiss R, Murphy J, Brown M (1985) In:
Schaechter M, Neidhardt FC, Ingrham JL, Kjeldgaard NO
(eds) The Molecular biology of bacterial growth. Jones and
Bartlett Publishers, Portola Valley, CA, pp 93-107

Shu P, Dai H, Mandecki W, Goldman E (2004) Gene 343:127
Roche E, Sauer RT (1999) EMBO J 18:4579

Pedersen K, Zavialov AV, Pavlov MY, EIf J, Gerses K,
Ehrenberg M (2003) Cell 112:131




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


