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Abstract 

The unc (or atp) operon of Escherichia coli comprises eight genes encoding the 
known subunits of the proton-translocating ATP synthase (H + -ATPase) plus 
a ninth gene (uncl) of unknown function. The subunit stoichiometry of the 
H +-ATPase (~3f13y~61elalb2c10_15) requires that the respective unc genes be 
expressed at different rates. This review discusses the experimental methods 
applied to determining how differential synthesis is achieved, and evaluates the 
results obtained. It has been found that the primary level of control is trans- 
lational initiation. The translational efficiencies of the unc genes are deter- 
mined by primary and secondary mRNA structures within their respective 
translational initiation regions. The respective rates of translation are matched 
to the subunit requirements of H + -ATPase assembly. Finally, points of uncer- 
tainty remain and experimental strategies which will be important in future 
work are discussed. 

Key Words: E. coli unc operon; H+-ATPase; subunit stoichiometry; gene 
expression; codon usage; translational initiation; Shine-Dalgarno sequence; 
recombinant DNA. 

Introduction 

The proton-translocating ATP synthase (H +-ATPase) of Escherichia coli 
plays a pivotal role in the interconversion of the free energy of a proton 
electrochemical gradient and the free energy of ATP synthesis/hydrolysis. It 
belongs to a group of enzymes manifesting homologous structures and 
functions that is widely represented in nature (see, e.g., Amzel, 1981; Senior, 
1979; Nelson, 1981; Fillingame, 1981). The E. coli H+-ATPase is chromo- 
somally encoded and is constitutively synthesized to reach between 1 and 2% 
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of the total cellular protein in wild type cells (von Meyenburg et al., 1984b). 
Purification and characterization of the enzyme revealed that it is composed 
of eight different types of subunit (Friedl et al., 1979; Foster and Fillingame, 
1979; Schneider and Altendorf, 1982). The soluble Fl part of the enzyme, 
which alone has ATP hydrolase activity, comprises five types of subunit 
(a, t ,  ~, 6, and ~), whereas the membrane-integrated component F0 comprises 
three types of subunit (a, b, and c). 

Mapping experiments indicating the location of the genes encoding the 
subunits of the enzyme began more than sixteen years ago (Butlin et al., 1971; 
Downie et al., 1979). Most of the so-called unc genes 2 could be shown by 
means ofcomplementation experiments to map at about 83 min on the E. coli 
chromosome (Downie et al., 1979; Gibson, 1983). Indeed, all of the unc genes 
could be isolated as a group on defective derivatives of bacteriophage 2 
bearing E. coli chromosomal DNA from the ori region (Miki et al., 1978; von 
Meyenburg et al., 1979). 

Sequencing of DNA from these phages subsequently revealed the com- 
plete primary structures of the unc genes together with those of the flanking 
regions on the chromosome (see the reviews of von Meyenburg et al., 1982a; 
Futai and Kanazawa, 1983; and Walker et al., 1984). Combining the DNA 
sequencing information with protein sequencing data and also comparing it 
with the sequences of homologous genes in other organisms allowed eluci- 
dation of the structure and organization of the genes encoding the eight 
different subunits of the H ÷-ATPase (see especially Walker et al., 1984). 
These genes lie, together with a ninth gene called gene 1 or uncI, in an operon 
(Fig. 1). A role has yet to be assigned to the unc Igene ,  which, at least under 
the experimental conditions described so far, is not essential to the assembly 
or function of the H ÷-ATPase (von Meyenburg et aL, 1982b; Gay, 1984). A 
striking aspect of the operon structure is that the genes encoding the F0 
membrane sector of the H + -ATPase, and the genes encoding the relatively 
soluble F~ sector, respectively, are arranged in two groups, as shown in 
Fig. 1; which also correlates the nomenclature for the genes with that for the 
polypeptides. This organization of the genes (and even their order) into F0 
and F~ groups is to various extents conserved in other bacteria which have 
F~ F0-type H ÷-ATPases (Cozens and Walker, 1987). 

A particularly remarkable aspect of the structure of the E. coli H ÷- 
ATPase (and also of its counterparts in other bacteria, mitochondria, and 
chloroplasts) is the stoichiometry of the component subunits. The relative 
molar quantities of the E. coli subunits estimated on the basis of radioactivity 

2Mutations in the unc genes do not necessarily lead to an "uncoupled" state and this gene name 
is therefore misleading in strict bioenergetic terms. For historical reasons, however, unc, rather 
than the more appropriate atp (see Hansen et al., 1981; Walker et al., 1984), is used in this 
review. 
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Fig. 1. Expression of the unc genes. The major route seems to involve transcription of a long 
polyeistronie message bearing all nine cistrons, which are then translated at different rates. The 
relative amounts of each subunit synthesized in this way match the H + -ATPase stoiehiometry 
quite closely so that there is little wastage. 

incorporation studies are ~3 f13 7161 el al b2 C]o-15 (Foster and Fillingame, 1982; 
yon Meyenburg et al., 1982a; see also Lfinsdorf et al., 1984), whereas the 
respective unc genes are present in single copies. This raises a question of 
general relevance to the expression of  genes in E. coli, especially of  those 
genes that are organized in operons. Are these relative amounts of  subunits 
matched by differential rates of  subunit synthesis and if so, how is this 
differential expression achieved? This is the major  theme dealt with in this 
article. Brief reference will also be made to the factors controlling (over)- 
production of H + -ATPase subunits in E. coli, and to the effects observed as 
a result of  it. Further aspects of  the structure and function of the individual 
unc genes and of their products have been dealt with elsewhere (see, e.g., 
Futai and Kanazawa,  1983; Walker et al., 1984). 

Possible Levels o f  Control 

The simplest mode of  synthesis of  the H+-ATPase  subunits would 
involve no control to accommodate  the relative quantities required of  the 
different subunits. Those protein molecules exceeding the required amounts 
would simply linger in the cell until finally being degraded. This very 
wasteful mode of  synthesis would be atypical for E. coil, and we now know 
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that it does not provide an adequate description of expression of the unc 

operon. Indeed the mode of expression of the unc operon is much more 
interesting than that, as has become evident from examination of its 
transcription and translation. 

The initial indication as to the mode of transcription of the unc genes 
took the form of polarity effects induced by the insertion of phage Mu. Thus 
the insertion of Mu phage into uncB, for example, disrupted transcription of 
all of the downstream genes (Gibson et al., 1978; compare also yon Meyen~ 
burg et al., 1982b). Sequencing data subsequently revealed the presence of a 
clearly promoterlike signal upstream of the start of uncI  (Gay and Walker, 
1981). That this is the major promoter for transcription of the unc operon 
could be confirmed by S 1 nuclease mapping, which localized the start point 
of transcription as 73 base pairs upstream of the uncI  reading frame (Nielsen 
et al., 1984; Porter et al., 1983). At least one further, weaker promoter seems 
to be present in the uncB gene (von Meyenburg et al., 1982a; Nielsen et al., 

1984). However, the efficiency of transcriptional initiation within this gene is 
estimated to be about one-tenth of that directed by the major unc promoter 
(Nielsen et al., 1982). 

The electrophoretic separation of gene transcripts extracted from E. coli 

and their subsequent blotting onto nitrocellulose (Northern blotting) allowed 
the identification of the mRNA species generated by transcription of the uric 

operon (Jones et al., 1983). Hybridization experiments were performed with 
radioactively labelled (nick-translated) stretches of DNA derived from dif- 
ferent regions of the unc operon. A major transcript could be detected which 
hybridized with both promoter-proximal and promoter-distal probes and 
which was also long enough (~  7000 bases) to have been initiated at the 
mapped major start point and terminated at the f-independent terminator 
located downstream of uncC. A relatively minor unc mRNA species of 5 to 
6 kb was also detected. The hybridization data indicated that this latter 
species could theoretically have been initiated within the uncI  gene and would 
be long enough to end within, or just after, the uncD cistron, perhaps as the 
result of termination there. It is, however, uncertain how the minor mRNA 
species is formed. These results indicated that the unc operon is transcribed 
primarily to yield one mRNA species bearing all of the unc cistrons, which 
is in turn translated to produce all of the H + -ATPase subunits (Fig. 1). A 
striking aspect of the Northern blots presented by Jones et al. (1983) is that 
there is relatively little sign of degradation of the uric mRNA species, which 
both appear as remarkably sharp hybridization bands. This observation is 
relevant to the mode of degradation of unc mRNA, a point that will be 
returned to later. 

It should be emphasized here that little is known about the (transcrip- 
tional) regulation of the uric operon in response to changes in the physiological 
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state of the cell. Jones et  al. (1983) found that the same two mRNA species 
described above were present in apparently the same relative amounts in both 
aerobically and anaerobically grown cells. They also examined the expression 
of the plasmid-borne g a l K  gene transcribed from the major une promoter 
inserted before it. That there was no apparent variation in galactokinase 
synthesis under aerobic and anaerobic conditions indicated that the unc 

promoter activity also remained invariant under the tested growth 
conditions. 

Is there any mechanism at the mRNA level that could be responsible for 
differential synthesis of H+-ATPase subunits? Premature transcriptional 
termination and/or differential mRNA degradation could theoretically alter 
the relative concentrations and/or half-lives of specific unc  cistrons. The 
influence of  premature termination would be expected to be limited to the 
possible imposition of  a gradient of expression (polarity) decreasing from the 
promoter  down to the terminator. On the other hand, increased rates of 
degradation of  specific regions, perhaps preceded by selective processing of 
the polycistronic mRNA, could in principle provide a means of controlling 
the relative concentrations of any of the cistrons. The experiments of Jones 
et  al. however, did not reveal the presence of  any processing or degradation 
products, although it should be remembered that these can be difficult to 
detect. A further relevant observation was made by pulse-labelling the H +- 
ATPase subunits synthesized in cells at different time points after the addi- 
tion of rifarnpicin, which blocks initiation of transcription. It could be 
demonstrated that all of  the unc cistrons have similar functional half-lives 
(von Meyenburg et  al., 1984a). This result indicated that differential control 
is unlikely to be exercised upon the degradation of  specific cistrons, and is 
reminiscent of the data reported for the morphogenetic region of  
bacteriophage 2. 3 

It was in fact investigations of  the translational efficiency of  the unc 

operon that first directly identified a capacity for differential expression of the 
individual genes. 

Differential Translational Efficiency Within the u n c  Operon 

Studies of the expression of plasmid-borne unc genes in vi tro and in 
minicells provided the first indications that the H+-ATPase subunits are 

3The morphogenetic genes of bacteriophage 2 are transcribed from the p~ promoter to yield 
a very long (over 20 kbp) polycistronic mRNA. The amounts of the individual proteins 
synthesized per cell differ in some cases by a ratio of greater than 100 : 1. There is no preferential 
chemical or functional decay of the cistrons on the mRNA, which indicates that control is 
exercised at the translational level (Ray and Pearson, 1974, 1975). 
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synthesized at different rates (Downie et al., 1980; Brusilow et al., 1982). 
Brusilow et al. (1982) found that the profile of expression of most of the unc 
genes was roughly in accordance with the specific requirements for each of 
the different subunits in enzyme assembly. A similar pattern of expression 
rates was also observed when transcription was initiated from promoters 
other than the major unc promoter. These data led to the suggesion (Brusilow 
et al., 1982) that there could be control of unc gene expression at the 
translational level. Further experiments using an in vitro system, moreover, 
also showed that uncI  is expressed at about the same rate as uncB and uncG 
(Brusilow et al., 1983). There were however, discrepancies between the mini- 
cell and in vitro systems. Especially the last three genes of the unc operon were 
apparently more poorly expressed in vitro than in minicells (Brusilow et al., 
1982). 

How can the efficiency of translation be controlled? One conceivable 
point of control is the polypeptide elongation process, the rate of which can 
be influenced by the sequence of the mRNA being translated (see, e.g., 
Pedersen, 1984; Varenne et al., 1984). It is generally observed that highly 
expressed genes contain many fewer codons corresponding to minor iso- 
accepting species of tRNA than do poorly expressed genes (Ikemura, 1981 a,b; 
Grosjeans and Fiers, 1982). This general correlation between the expression 
rates of genes and their codon usages (but see, e.g., Holm, 1986) has been 
cited as indirect evidence for a role of codon structure (and codon context) ~ 
in determining the relative rate of translation. It has been argued that highly 
expressed genes contain more of those codons that allow anticodon interac- 
tions of intermediate energies which are in turn postulated to be conducive 
to rapid turnover (Grantham et al., 1981). The same line of argument has also 
been applied to the uric operon, in which the codon usages of the highly 
expressed genes (e.g., uncE, uncA,  and uncD), as opposed to the poorly 
expressed ones, are consistent with the generally established trend (Hansen 
et al., 1981; Kanazawa et al., 1984; Walker et al., 1984). It is of course implicit 
in this explanation of differential synthesis that elongation is rate controlling 
in translation. However, as outlined below, this hypothesis finds no support 
in the results of more detailed investigations of uric gene translation. 

It is useful to define the translational initiation region (TIR) of a gene 
in functional terms as that region of the mRNA primarily responsible for 
determining not only the position, but also the efficiency, of translational 
initiation (Fig. 2; see also Steitz, 1979; Gold et aI., 1981). This region includes 
the translational start codon and the Shine-Dalgarno region, which shows 
complementarity to the 3' end of the 16S ribosomal RNA, as well as other 
elements including the N-terminal region of the structural gene itself. Our 
appreciation of the extent and nature of the TIR, and of the function of the 
sequence elements within it, has developed slowly over the last ten years. The 



Express ion of  the Escherichia coli unc genes 25 

TIR Translational initiation region 

Start 
f 

- 3 0  - 2 0  10 A U G  + 2 0  
51 i m m m  3 I 

B 

regio Translation 

Start 
5 ~ - - - A G G A G G O  . . . . . .  A U G  

II III III II Ill III II 
3 ~ HoAUUCCUCCACUAG 

16S rRNA (3~-end) 

Translational stop codons: U A A  U A G  U G A  

Fig. 2. This diagram defines the translational initiation region of a cistron on the mRNA. It 
indicates the approximate position of the Shine-Dalgarno (SD) region relative to the AUG start 
codon. The Y end of the 16S rRNA shows (a variable degree of) homology to the SD region. 

approximate form presented schematically in Fig. 2 has been shaped primarily 
by the results of sequence comparisons and of numerous investigations of 
structure-function relationships performed with various mRNA species. A 
major limitation is our lack of understanding of the mode of interaction 
of the mRNA with the ribosome and with the other factors involved in 
translation. 

The sequences of the unc TIRs are compared in Table I. In most cases 
the sequence upstream of the start codon includes the end of the previous 
cistron. In the cases of uncE, uncF, and uncG there are relatively long 
intercistronic, noncoding regions. It is not known how the bases shown are 
spatially organized with respect to each other in vivo. Predictions can, how- 
ever, be made of possible base pairing interactions using algorithms tested 
on, for example, RNA phage gcnomes, ribosomal RNA, and transfer RNA 
(see, e.g., Tinoco et al., 1973; Zuker and Stiegler, 1981). Attention has been 
drawn to the computer-predicted formation of local secondary structures in 
the TIRs of unc genes (Brusilow et al., 1982; see Fig. 3). In fact local 
secondary structures are predicted to exist throughout the unc operon (the 
nature of longer-range interactions and their significance can only be guessed 
at). The existence of local secondary structure specifically involving the TIR, 
however, could have a special significance. It might render specific recog- 
nition elements, such as the Shine-Dalgarno region and/or the translational 
initiation codon, more inaccessible to components of the initiation complex 
(i.e., make specific interactions energetically more unfavorable). This was 
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Promoter N,~-'~L ~ J  
Antibiotic Start ~ 
resistance ~ ~ Protein 
gene 

~ Termmator 

DNA expression vector 

Fig. 4. Simplified scheme of expression from an expression vector, showing the transcriptional 
promoter and terminator on the plasmid, the TIR and stop codon of the inserted DNA, and the 
N- and C-termini of the synthesized protein. 

indeed proposed as an explanation of  the relatively poor levels of expression 
of  uncF, uncH,  and uncG (Brusilow et al., 1982). 

The above considerations prompt some more specific questions. Do the 
respective TIRs of  the unc genes support different efficiencies of translation? 
Are these efficiencies well matched to the subunit requirements of H ÷- 
ATPase assembly? How does TIR structure determine the efficiency of 
initiation? 

More detailed investigations of the translation of  the unc genes are most 
readily performed using plasmids (expression vectors) bearing suitable tran- 
scriptional promoter and terminator signals (Fig. 4). Restriction sites located 
between these two types of signal can be used for the insertion of parts of  the 
unc operon. The inclusion of  a constant marker gene (e.g., that encoding 
galactokinase) behind the cloning site(s) but in front of the terminator can 
provide a means of  indirectly monitoring transcriptional activity. A range of  
(manipulated) DNA fragments can be inserted into vectors of this form. Thus 
the effects of alterations in TIR sequences upon the relative levels of specific 
protein (and mRNA) molecules can be investigated. 

The Translational Efliciencies of uncE, uneF, and uncH 

The approach described was employed in a study of  that region of  the 
unc operon showing the greatest variation in terms of  physical representation 
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of specific genes in the assembled H +-ATPase complex (McCarthy et al., 
1984, 1985). DNA fragments bearing uncE, uncF, and uncH were inserted 
into expression plasmids behind either the trp + lac fusion promoter tac (in 
the vector pDR540; Russell and Bennett, 1982) or the bacteriophage 2 
promoter PL (in the vector pJLfl01; McCarthy et al., 1985). Transcription 
from the tac promoter in the derivatives of pDR540 ran through the inserted 
unc sequences and continued through the galK gene lying behind the cloning 
site. The respective rates of synthesis of the subunits c, b, and ~ directed by 
the cloned unc sequences could be compared with each other and with 
expression from the galK gene. Experiments performed in vivo and in vitro 
indicated that the translational rates directed by the TIRs of uncE, uncF, 
and uncH, respectively, are in a ratio to each other that compares favorably 
with the stoichiometry of the corresponding subunits in the assembled 
H + -ATPase. 

Particularly remarkable was the highly efficient rate of translational 
initiation directed by the uncE TIR. Deletions of the upstream sequence were 
generated progressively using Bal31 exonuclease, and their effects upon 
the expression of uncE were measured. The results indicated that the full 
efficiency of the uncE TIR was dependent upon the presence of the sequence 
including at least 20 bases 5' of the Shine-Dalgarno sequence, i.e., at least 
- 3 0  with respect to the start codon (see Table I to locate this position). 
Removal of the bases as far as - 11 from the start codon, i.e., still leaving the 
Shine-Dalgarno region intact, resulted in a reduction in synthesis of subunit 
e by more than a factor of 10. Similar results were obtained with both types 
of expression vector, which indicated that the effects of progressively remov- 
ing bases from the 5' end of the uncE TIR could not simply be attributed to 
the influence of any plasmid-borne structures. 

Thus much of the intercistronic sequence lying between uncB and uncE 
serves to enhance 4 the efficiency of translation of uncE relative to the other 
unc genes. The whole of the intercistronic sequence (from - 50 to + 1 of 
uncE) was isolated as a fragment from the unc operon or copied in the form 
of a synthetic oligodeoxyribonucleotide (whereby alterations to the sequence 
could also be introduced; see later). It was then placed in front of the start 
codons of a range of other genes derived either from E. coli or other organisms, 
including E. coli unc genes, sucC and sucD and the human eDNA sequences 
encoding interferon/~ and interleukin 2 (McCarthy et al., 1986; Schauder 
et al., 1987). Estimations of the translational efficiencies of these gene-TIR 

4It is, however, inappropriate to refer to this sequence as an "enhancer" of translation, first of  
all because it lies structurally and functionally at one extreme of  a spectrum of TIRs and cannot 
be cleanly set apart from the others, and secondly because of  the already established use of this 
word in the field of  eukaryotic gene expression. 
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combinations carried by various expression plasmids revealed that the uncE 
TIR sequence acts generally to promote efficient translational initiation, i.e., 
in combination with many different N-terminal structural gene sequences. 

TIR sequences of other genes that are highly expressed (efficiently 
translated) in E. coli were found which show homology to that part of the 
uncETIR  upstream of the start codon (see, e.g., McCarthy et al., 1985, 1986). 
The overall pattern common to these TIRs comprises a pyrimidine (U)-rich 
region followed by an interrupted purine (mainly A)-rich region (see the uncE 
TIR in Table I). Moreover, at least the U-rich part of this pattern is evident 
in the TIRs of an even wider range of genes (especially among bacteriophages; 
see, e.g., Jay et al., 1982). 

The uncE TIR is predicted to show little tendency to form secondary 
structure (Fig. 3) and is therefore expected to have a relatively "open" 
conformation. Both this "openness" and the particular sequence of the uncE 
TIR must be responsible for the high frequency of initiation by ribosomes. 
A number of different RNA-RNA and/or RNA-protein interactions could 
be involved in achieving efficient initiation. The mRNA could theoretically 
interact with sequences outside of the anticodon of the initiator tRNA (see, 
e.g., Ganoza et al., 1985) or with parts of the 16S rRNA outside of the 
Shine-Dalgarno region. Relevant mRNA-protein interactions could involve 
a protein factor or ribosomal subunit (for example S1, which has a high 
affinity for polypyrimidine stretches; Goelz and Steitz, 1977). Recent investi- 
gations of the effects of specific substitutions in the uncE TIR provide support 
for the hypothesis that the U-rich region is important to the attainment of the 
highest rates of translation (Schauder and McCarthy, unpublished data). 

The two genes lying immediately after uneE in the operon are much 
more poorly expressed, both within the operon structure and when cloned 
individually (Brusilow et al., 1982; McCarthy et al., 1985). When uneF was 
expressed in its normal position downstream of uncE (on a plasmid), its 
translation was partly dependent upon the translation of uncE (McCarthy 
et al., 1985). The extremely low rate of expression of the individually cloned 
uncH gene relative to expression of uncE, uncF, and the galK gene on the 
expression plasmid also suggested that uneH translation is partly dependent 
upon translation of uncF. The simplest interpretation of these data is that 
uncE, uneF, and also probably uneH, are (albeit weakly) translationally 
coupled. One explanation of this phenomenon is that ribosomes at the end 
of the upstream cistron help to improve the recognition of, and initiation at, 
the downstream TIR for other ribosomes by destabilizing secondary struc- 
ture within it. On the other hand, to what extent ribosomes can "re-initiate," 
at a downstream cistron after completing the previous one, is in general not 
clear. Translational coupling to various degrees has been observed in a 
number of other operons [for example, ribosomal protein operons (Lindaht 
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and Zengel, 1982), the trp operon (Oppenheim and Yanofsky, 1980), and the 
thr operon (Little et al., 1986)]. How the "tightness" of coupling is related to 
the length and nature of the intervening (or overlapping) sequence between 
two cistrons is still not understood (compare, e.g., Dennis, 1984; Little et al., 
1986). 

Klionsky et al. (1986) engineered two types of alteration in the u n c F T I R  
by means of in vitro mutagenesis in order to investigate the relationship 
between structure and function. In the first case they substituted the two Gs 
at - 3 and - 5, respectively (see Table I), with two Cs, thereby reducing the 
stability of the secondary structure predicted for the TIR (a structure very 
similar to that shown in Fig. 3). 5 In the second case they changed the GUG 
start codon to an AUG. The mutated uneF genes were inserted as part of a 
fragment also bearing uncE and uncH into pBR322, and expression from 
these constructs was compared with the wild type sequence in a minicell 
system. In both instances the rate of synthesis of uncF was increased relative 
to that of the wild type by a factor of 2-3, and the rate of synthesis of uncH 
was increased by a factor of 1-2 (as would be expected if the two genes are 
translationally coupled, compare McCarthy et al., 1985). Interpretation of 
the first experiment is complicated by the fact that the G/C substitutions 
eliminate the start codon of a three codon reading frame overlapping with the 
uncFcistron. It is not clear to what extent the expression of uncFis influenced 
by the presence of this "pre-cistron" as opposed to the presence of base- 
pairing within the TIR. In previous experiments (Simoni, 1984) the expres- 
sion of uncH and of the genes lying downstream of it could be increased by 
a factor 1.5 in vitro by adding a poly-G oligomer. It was suggested that the 
oligomer disrupted the G-C rich secondary structure in the uncH TIR (see 
Fig. 3), thereby facilitating the access of ribosomes. This mechanism of action 
remains however, to be substantiated. The result of the second mutagenesis 
experiment is consistent with the observation made with other systems that 
the substitution of AUG for a GUG start codon can allow more efficient 
translation (Klionsky et al., 1986; but see later). 

In further experiments synthetic oligodeoxyribonucleotides bearing the 
uncE TIR sequence from - 50 to - 1, or from - 50 to - 10, were inserted 
at various distances in front of uncF and uncH borne separately on expression 
plasmids (Fig. 5). The effects of the introduction of this sequence upon 
expression were investigated both in vitro and in vivo (McCarthy, unpublished 
results). The relative amounts of uneF and uncH mRNA species produced by 
the different constructs were checked by Northern- and dot-blotting so that 

5This figure highlights one of the problems with predicting secondary structure, namely that 
more than one possible structure within a given energy range can often be predicted for a given 
RNA sequence. The structure given here for uncG, for example, differs from that in Brusilow 
et al., 1982. 
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Fig. 5. Examples of expression vector derivatives constructed using unc genes, uncF and u n c H  
were recombined with various TIRs and inserted either behind the bacteriophage 2 promoters 
PR and PL in the expression vector pJLf201 or behind the tet promoter in pBRTS6. In the latter 
case, an operon fusion was effectively formed in which the genes were inserted behind the 
N-terminal part of the tet  gene followed by six translational stop codons (in all three reading 
frames), uncA and uncG were inserted together on one DNA fragment into pJLA504. The latter 
vector bears the u n c E T I R  sequence from - 50 to - 1 just upstream of its SphI cloning site. uncA 
has an SphI site directly at its translational start codon, uncC was inserted into a similar vector 
(pJLA502), either with its own complete TIR, or so that the uncE TIR sequence was fused onto 
its start codon. The partial restriction map of the unc operon shows the positions of restriction 
sites for the following enzymes: Af, AfllI;  Ah, AhalII; Av, AvaI; Bs, BstEII; E, EcoRI; Ha, 
HaelI; Hp, HpaI; M, MluI; Na, NarI; Ne, NaeI; S, SalI; Sa, Sau3A; Sn, SnaBI; Sp, SphI; T, 
TaqI; Tt, Tthl 1 lI. 

the effects specifically related to translation could be assessed. The presence 
of the uncE TIR sequence induced an up to tenfold increase in the efficiency 
of translation of both genes, the exact effect depending on its position relative 
to the translational start codon. The expression of two of  these TIR-gene 
recombinant constructs is compared with expression from uncF and uncH 
together with their respective natural TIRs in Fig. 6. In all of  the uncF 
constructs the G U G  start codon was retained, and in one of the most 
effÉciently translated TIR-uncH combinations, the usual A U G  had been 
changed to a GUG. Apparently, the presence of this start codon does not 
prevent changes elsewhere in the TIR from inducing a substantial net 
increase in translational efficiency. 
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Fig. 6. A "pulse-chase" labelling experiment performed with whole cells of LM1241, an unc 
deletion mutant of E. coli (zxunelBEFHAGD 702). The cells were grown in minimal medium and 
given a 100-sec pulse of 35S-L-methionine, followed by a 100-sec chase of unlabelled L-methionine. 
The fluorograph shows the results obtained with cells containing the following plasmids: lane 1, 
pBRTS6 + uncH with its normal TIR; lane 2, pBRTS6 + uncH with the uncE TIR sequence 
upstream of its start codon; lanes 3 and 4, as 1 and 2, but in pJLf201; lane 5, pBRTS6 + uncF 
with its normal TIR; lane 6, pBRTS6 + uncF with the uneE TIR sequence; lanes 7 and 8, as 5 
and 6, but in pJLf201; lane 9, uncG with its normal TIR in pJLf504; lane 10, uncA and uncG with 
its normal TIR in pJLA504 as shown in Fig. 5; lane 11, the same construct as lane 10, except 
that the TIR of uncA was removed (see text); lanes 12 and 13, two different combinations of uneG 
plus the uncE TIR sequence in pJLA504; lane 14, uneC with its own TIR in pJLA502; lane 15, 
pBJC1888 from K. von Meyenburg, which directs the synthesis of all eight H +-ATPase sub- 
units. The plasmids bearing 2 promoters were expressed after induction at 42°C; derivatives of 
pBRTS6 were expressed at 37°C. 

T h u s  m a n i p u l a t i o n s  in the  T I R  sequences  u p s t r e a m  o f  u n c F  and  uncH,  

respec t ive ly ,  a re  suff icient  to a l low large  increases  in the  express ion  o f  these  

genes.  Th i s  e n h a n c e d  exp re s s ion  is a t t r i b u t a b l e  ( c o m p a r e  K l i o n s k y  et al., 

1986) to an  i nc rea sed  eff iciency ( f r equency)  o f  t r a n s l a t i o n a l  i n i t i a t ion  b r o u g h t  

a b o u t  by the  i n t r o d u c t i o n  o f  D N A  f r o m  the  uncE  T I R .  T h e  re la t ive  eff iciency 

o f  t r a n s l a t i o n  o f  the  r e c o m b i n a n t  cons t ruc t s  was  on ly  ve ry  a p p r o x i m a t e l y  
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(inversely) correlated with the stability of the secondary structures predicted 
for the TIR gene combinations. This type of analysis is, however, very 
difficult to make because of the lack of an independent means of assessment 
of the effects of changes in base sequence. These changes included, for 
example, variations in the position and sequence of the Shine-Dalgarno 
region. 

The Expression of uncA, uncG, uncD and uncC 

Differing translation rates of the genes downstream of uncH are evident 
both in vitro and in vivo (Brusilow et al., 1982; McCarthy, unpublished data; 
see, e.g., Fig. 6). uneG cloned by itself on an expression plasmid is poorly 
translated when initiation is controlled by its natural TIR (Figs. 5 and 6). 
There is potential for relatively stable secondary structure in the uncG TIR 
which could negatively influence initiation (Fig. 3). The efficiency of its 
translation is apparently little affected by translation of the uncA cistron 
when this is located in its normal position upstream of it. The low level of 
translational coupling is particularly striking when uncA and uncG are inserted 
into the expression vector pJLA504 using the SphI site at the beginning of 
uneA (Fig. 5). In this case the natural sequence upstream of uncA is replaced 
by the uncE TIR sequence with the result that uncA is very efficiently 
translated and expressed to levels of up to 50% of total cellular protein. This 
hardly seems to affect expression of uneG, which is still translated at about 
the same level as when it is present alone with its natural TIR (and the last 
120 bp of uncA) on the same vector (Fig. 6). However, when almost all of 
uncA is present upstream of uncG except that the uncA TIR has been removed 
(so that uncA cannot be translated), uncG is more poorly expressed, possibly 
because of enhanced rates of premature transcriptional termination within 
the long, untranslated uncA sequence (Fig. 6). 

Introduction of part of the uncE TIR upstream of the uncG start codon 
also led to increased expression of this gene (Fig. 6). By combining the uncE 
TIR sequence with parts of the uncG TIR in various ways (using synthetic 
oligodeoxyribonucleotides) it was possible to generate a range of TIRs with 
different primary and (predicted) secondary structures, differing by varying 
degrees from the native uncG TIR (see Fig. 3). The translational efficiency of 
uncG could be increased by more than a factor 10. 

uncC cloned individually with its natural TIR is not as poorly expressed 
in vivo as uncF, uncG, or uncH (Fig. 6; and compare Brusilow et al., 1982). 
It could nevertheless still be more efficiently translated in combination with 
the atpE TIR sequence (Fig. 5; expression data not shown). A higher trans- 
lational efficiency directed by the natural TIR could possibly compensate for 
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underrepresentation of a functional uncC cistron at the mRNA level (see, 
e.g., earlier). The efficiency of uneC translation is in fact sufficiently high to 
lead to the synthesis of more than one copy of subunit e per H +-ATPase 
complex. The uncC TIR is predicted not to form highly stable secondary 
structure (Fig. 3). 

Overexpression of the u n c  Genes 

It has already been described how individual unc genes can be over- 
expressed using multicopy plasmids, especially where the efficiency of trans- 
lation has been increased by manipulation of the TIRs. High levels of 
overexpression of the total unc operon, maintaining the normal ratios of 
expression between the component genes, can be achieved simply by allowing 
it to be transcribed from the bacteriophage 2pR promoter on a high copy 
number plasmid (von Meyenburg et al., 1984b; see also Fig. 6). H +-ATPase 
could be produced to reach 18-23% of total cellular protein. This level of 
overproduction strongly inhibited division and growth of E. coli K12 and 
resulted in the formation of membrane cisterns and vesicles within the cells. 
More detailed investigations of the effects of overexpression (von Meyenburg 
et al., 1985) showed that it is primarily overproduction of subunit a that is 
responsible for the observed effects (compare Kanazawa et al., 1984). Over- 
production of subunit a, either alone or in combination with one or more of 
the other subunits, not only inhibits growth but also protein synthesis, as well 
as partially collapsing the protonmotive force. The simplest explanation of 
this is that subunit a can exercise ionophoric activity when overproduced 
(von Meyenburg et al., 1985). The overproduction of the other unc subunits, 
even in some cases (c and e) up to levels of 40-50% of total cellular protein, 
is tolerated much better by E. coli (von Meyenburg et al., 1985; McCarthy, 
unpublished observations). 

The overexpression of the unc genes achieved using a strong promoter 
on a high copy number plasmid is to varying degress limited by the efficiency 
of translation (see Fig. 6). The large increases in expression resulting from the 
alterations in the unc TIRs already described are most logically explained by 
improved efficiencies of translational initiation. This argues against control 
being exercised by translational elongation in the chromosomally located unc 

operon. In general terms, elongation acts probably only rarely to control the 
overall rate of translation of chromosomal genes since the rate of ribosomal 
transloeation is usually fast in comparison with the frequency of ribosomal 
initiation (compare, e.g., Talkad et al., 1976; Kennel and Riezman, 1977; 
Maaloe, 1979; Pedersen, 1984). However, the elongation rate could theo- 
retically become limiting when the initiation efficiency is increased (by, 
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e.g., manipulating the TIR). Moreover, restrictions on elongation could 
be imposed as the result of excessive draining of tRNA pools where genes 
are present on multicopy plasmids and the efficiency of transcription (and 
of translational initiation) is high. The above might explain why, despite 
various manipulations performed with their TIRs, the une genes showing 
codon usages more typical of poorly expressed E. coli genes (uneF, un t i l ,  and 
uneG) could not be overexpressed to the same degree as uneE and uncA 

(Fig. 6). 

Conclusions and Future Prospects 

The investigations described in this review have provided an initial 
picture of the control of gene expression in the E. coli unc operon. The 
primary mode of control involves an interplay of different mechanisms at the 
translational level. Thus the different efficiencies of initiation promoted by 
the individual TIRs, and to a limited extent translational coupling, determine 
the overall rates of translation. Closer examination of the TIRs has revealed 
the presence of structures that both enhance (especially in the uncE TIR) and 
reduce (e.g., in the uncF, uncH, and uncG TIRs) the efficiency of initiation (or 
of translational coupling). It still remains to be determined to what extent 
primary, as opposed to secondary (or tertiary), structure in many of these 
TIRs is rate controlling, and indeed how this rate control comes about. 

The codon usage patterns of the unc operon remain unexplained. There 
may be growth conditions (as yet unidentified) under which codon usage 
influences un¢ gene expression. However, given the results described in this 
review, it must be assumed that the rate of translational elongation does not 
control expression of the chromosomal unc genes. A full discussion of the 
possible significance of codon usage (and codon context) is outside the scope 
of this review (see, e.g., Kurland, 1987; Trifonov, 1987). 

No evidence has been obtained that feedback control is exercised by 
H + -ATPase subunits. Investigations of the rates of translation of the plasmid- 
borne une genes were, for example, performed in vitro and in vivo in both une + 

and unc-  backgrounds (McCarthy, unpublished data; see Fig. 6). There were 
no apparent differences in the characteristics of expression, irrespective of the 
stage of accumulation of H + -ATPase subunits (synthesized either under the 
direction of chromosomal or plasmid-borne unc genes). However, further 
experiments involving fusions of une TIRs onto a marker gene (lacZ) need to 
be performed to confirm this result. The influence of other types of effectors 
has also not been ruled out. Numerous examples of RNA binding proteins 
that can inhibit or enhance translation are known (see, e.g., Kozak, 1983; 
Mahajna et al., 1986; Miller et al., 1987). The influence of an mRNA-binding 
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protein on unc gene expression could have been missed, especially if this 
protein was constitutively expressed. 

The modes of  synthesis and degradation of the polycistronic m R N A  are 
not fully settled. There is particular uncertainty about  the promoter-distal 
part  of  the operon; there may, for example, be reduced amounts of  function- 
ally active u n c C  mRNA.  Further investigations of  the physical concen- 
trations and functional activities of  specific parts of  the unc m R N A  are 
therefore required. The influence of premature transcriptional termination 
events and of  m R N A  degradation processes upon unc  expression need to be 
more precisely defined (compare Stanssens et  al., 1986; Brawerman, 1987). 
The mode of degradation of the m R N A  is of  particular interest; how 
do progressive 3'--* 5' exonucleolytic degradation and endonucleolytic 
cleavages, respectively, participate in the overall process (compare 
Cannistraro et  al., 1986; Newbury et  al., 1987)? 

All of  these lines of  investigation are currently underway. The results 
from them should tell us more about  control in the unc  operon as well as 
helping us to understand other systems in E. coli. 
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