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SUMMARY

Clustering of functionally related genes in operons
allows for coregulated gene expression in prokary-
otes. This is advantageous when equal amounts of
gene products are required. Production of protein
complexes with an uneven stoichiometry, however,
requires tuning mechanisms to generate subunits in
appropriate relative quantities. Using comparative
genomic analysis, we show that differential transla-
tion is a key determinant of modulated expression
of genes clustered in operons and that codon bias
generally is the best in silico indicator of unequal pro-
tein production. Variable ribosome density profiles of
polycistronic transcripts correlate strongly with dif-
ferential translation patterns. In addition, we provide
experimental evidence that de novo initiation of
translation can occur at intercistronic sites, allowing
for differential translation of any gene irrespective of
its position on a polycistronic messenger. Thus,
modulation of translation efficiency appears to be
a universal mode of control in bacteria and archaea
that allows for differential production of operon-
encoded proteins.

INTRODUCTION

The operon concept was developed over 50 years ago by Jacob

and Monod (1961). Their pioneering analyses revealed a funda-

mental and characteristic feature of prokaryotic genome organi-

zation, i.e., clustering of functionally related genes (Koonin,

2009). The operon organization allows for coregulated gene

expression (Brenner et al., 1961; French et al., 2007; Grundy

and Henkin, 2006). This is evidently advantageous when equi-

molar amounts of gene products are required, for instance, to

generate multisubunit complexes with an even stoichiometry.

However, a substantial number of operon-encoded multisubunit

complexes have an uneven stoichiometry and many of these
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complexes play key roles in cellular processes such as protein

translation, secretion, energy conservation, and antiviral defense

(Abrahams et al., 1994; Dunkle et al., 2011; Johnson et al., 2006;

Jore et al., 2011). Although it is anticipated that a specific tuning

mechanism is required to generate subunits of these complexes

in appropriate relative quantities, the elucidation of its molecular

basis is a long-standing issue.

Control of subunit stoichiometry theoretically can be estab-

lished at three levels: transcription, translation, and/or protein

turnover. Only a few proteolysis substrates have been recog-

nized to date, and comparison of the protein degradation rates

awaits the generation of comprehensive proteomic pulse-chase

databases (Gur et al., 2011). Although a contribution of different

protein half-life values cannot be ruled out, it is considered most

likely that prokaryotes avoid substantial energy loss by control-

ling different rates of subunit biosynthesis in order to obtain the

appropriate relative quantities. Hence, uneven subunit stoichi-

ometry of operon-encoded protein complexes is likely to be

controlled by fine-tuning of differential transcription and/or

translation rates. In the classical operon model, multiple genes/

cistrons are transcribed on a single polycistronic messenger,

resulting in the same levels ofmessenger RNA (mRNA) segments

that are part of the operon mRNA (Jacob and Monod, 1961).

Indeed, many full-length polycistronic mRNAs have been identi-

fied experimentally, and in these cases differential transcription

or stability cannot account for uneven protein output. The recent

development of whole-transcriptome sequencing has allowed

for a more detailed analysis of operon transcription, which has

revealed widespread internal transcription initiation and/or

termination sites (Koide et al., 2009; Wurtzel et al., 2010).

Another possible means of achieving differential production of

operon-encoded proteins involves regulation of translation effi-

ciency. Translation efficiency depends on a range of features

hidden in the noncoding and coding fragments of the transcripts’

nucleotide sequences, and tuning may occur at the level of

translation initiation and translation elongation (Cannarozzi

et al., 2010; Drummond and Wilke, 2008; Fredrick and Ibba,

2010; Gingold and Pilpel, 2011; Kudla et al., 2009; Li et al.,

2012; Shao et al., 2012; Sharp and Li, 1987; Stenström et al.,

2001; Timmermans and Van Melderen, 2010; Tuller et al., 2010).
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Aside from analyzing the relative production of the polypeptide

end products, until recently, no high-throughput methods have

been available for the direct monitoring of translation efficiency.

The recent development of a ribosome density profiling method

has provided insight into transcriptome-wide translation effi-

ciency and offers the exciting possibility to study operon-

encoded protein translation in greater detail (Ingolia et al.,

2009; Li et al., 2012). In this report, we present results of a

comparative genomic analysis of operon-encoded proteins

showing that differential translation is a key determinant of the

modulated expression of individual genes that are part of

operons.

RESULTS

Selection of Data Sets
Expression of a given gene is influenced by many determinants,

each of which plays a role in producing appropriate levels of the

encoded proteins (Goldberger et al., 1976; Kaberdin and Bläsi,

2006; Marzi et al., 2007; Timmermans and Van Melderen,

2010). To understand how differential production of operon-

encoded proteins is achieved, one should assess the relative

contribution of each of these key controlling features to

the expression of the individual genes within an operon. In

addition to the rapidly growing database of archaeal and bacte-

rial genomes (http://www.ncbi.nlm.nih.gov/genome/), recently

compiled prokaryotic transcriptome data sets (Cho et al.,

2009; Mendoza-Vargas et al., 2009; Toledo-Arana et al., 2009;

Wurtzel et al., 2010, 2012a, 2012b) and bacterial ribosome den-

sity profiles (Ingolia et al., 2009; Li et al., 2012) are providing the

necessary data to address the issue of tuning uneven subunit

stoichiometry.

A set of well-conserved operon-encoded protein complexes

from prokaryotes was selected to allow for the identification of

factors that correlate best with, and thus may be causative for,

differential protein production. Ten operons were chosen on

the basis of their established uneven protein stoichiometry,

and because they are conserved in many bacterial or archaeal

genomes. In addition, two operons were included as controls

because they encode complexes in which all subunits are pre-

sent in equal amounts (Tables S1 and S2). We performed

comparative analyses on a set of 1,055 bacterial and archaeal

genomes, from which we selected a subset of 383 to avoid

biases caused by the close relationships among some of the

available genomes, e.g., at the species or subspecies level

(Tables S1 and S2). All of the selected operons encode protein

complexes that play roles in important cellular processes (e.g.,

translation, secretion, and energy production (Abrahams et al.,

1994; Beyenbach andWieczorek, 2006; Dunkle et al., 2011; Efre-

mov et al., 2010; Errington, 2003; Ghosh and Albers, 2011; Jakob

et al., 2009; Johnson et al., 2006; Jore et al., 2011; Wiedenheft

et al., 2011).

Differential Transcription
We first assessed whether differential transcription or, more

specifically, different levels of mRNA segments encoding the

cistrons in the selected set of operons reflect the differential

production of subunits of complexes with uneven stoichiom-
Cel
etry. To this end, we used high-throughput whole-transcriptome

sequencing data and tiling-array expression data for represen-

tative microbes, including three bacteria and an archaeon (Cho

et al., 2009; Mendoza-Vargas et al., 2009; Toledo-Arana et al.,

2009; Wurtzel et al., 2010, 2012a, 2012b). Differences in

mRNA levels corresponding to genes within an operon could

arise from internal transcription initiation/termination and/or

processing, and differential decay of polycistronic mRNA (Li

and Altman, 2004). In addition, we analyzed experimentally

determined transcription start site (TSS) maps for each organ-

ism to identify potential alternative transcriptional units within

the selected clusters. In the majority of the analyzed operons

(90%), deep transcriptome sequencing data showed that genes

encoding different proteins were transcribed to similar levels

(Figure S1; Table S1). Thus, modulation at the transcrip-

tion level, i.e., generating nonstoichiometric mRNA segment

levels, may contribute to some extent, but does not appear to

be a dominant factor in tuning the differential production of

proteins.

Differential Translation—In Silico Analysis
As the minor effect observed at the transcription level cannot

account for drastically different protein output from operons,

we set out to analyze the contribution of differential translation.

Previous analyses of (monocistronic) transcripts in prokaryotes

have shown that several factors could contribute to the overall

efficiency of the translation process (Kudla et al., 2009; Cannar-

ozzi et al., 2010; Tuller et al., 2010; Sharp and Li, 1987). We

analyzed the correlation of each of the factors with protein sub-

unit stoichiometry, using the aforementioned data set of well-

characterized complexes.

Translation Initiation
Conventional translation initiation in bacteria involves binding of

the 30S ribosomal subunit to the ribosome-binding site (RBS) of

an mRNA. This is generally dependent on the Shine-Dalgarno

(SD) sequence, which base pairs with the anti-SD sequence in

16S ribosomal RNA (rRNA) to guide selection of the correct start

codon. The rate of translation initiation depends on (1) the

strength of the interaction of SD/anti-SD base pairing (Vellano-

weth and Rabinowitz, 1992) and (2) the accessibility of the

RBS (involving primarily SD and/or the start codon), which is

negatively affected by stable secondary structure (Kudla et al.,

2009). In the absence of a canonical SD motif, the codon

following the initiation codon may affect the translation initiation

efficiency (Stenström et al., 2001).

When we calculated the RNA hybridization energy between

the SD sequences and the anti-SD sequences (G) of the genes

within the selected operons, the majority of the RBSs failed

to reveal statistically significant differences between genes in

operons (Table S2). Similarly, analysis of adenine enrichment

of the second codon showed no association with the stoichiom-

etry of the complex subunits (Table S2). These observations sug-

gest that the affinity of the SD/anti-SD interaction and the nature

of the second codon do not play major roles in differentiating

translation efficiency.

Next, the propensity to form secondary RNA structure (E)

in RBS regions of genes (�20 to +20 bp relative to the start
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Figure 1. Cistron Properties Correlated with Stoichiometry of Operon-Encoded Protein Complexes

Analysis of the ribosomal protein operon L7/L12 (high expression), the F-type ATPase (moderate expression), and the type I-ECascade complex (low expression).

(A) Selected operons (block arrows) and the stoichiometry in the corresponding protein complexes.

(B) Predicted mRNA folding energy (DE) of the RBS region of each cistron (�20 to +20 bp relative to the start codon).

(C) Codon bias; DF (optimal codon usage) is shown by dark gray and DCAI is shown by light gray.

(D) Codon co-occurrence (DCo).

(E) Ribosome density profiles per gene. The green arrows represent genes in each operon that encode themost abundant subunit(s), and green rectangles denote

the corresponding positive deviations in codon bias (DF > 0.02), codon co-occurrence (highest value), low RNA folding potential (highest energy value), and/or

ribosome density (highest value).

Error bars represent one unit of standard deviation. See also Figures S1, S2, S3, S4, S5, and Table S2.
codon) of selected operons was calculated. To compute

the operon-specific values, accounting simultaneously for

genome-specific and operon-specific biases, the mean for the

respective operon was subtracted from individual gene values

(DE value) and the differential was adduced over the complete

set of operons of the given type. This analysis revealed a moder-

ate but significant correlation between subunit stoichiometry and

mRNA folding (DE: rSpearman = 0.57, p = 0.0092; Figures 1A, 1B,

S2, and S3; Table S2). These results indicate that the structural

accessibility of RBS might contribute to the differential gene

expression in several of the selected operons.
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Translation Elongation
The efficiency (accuracy and/or rate) of translation elongation

depends on the coding sequence of a gene (Drummond and

Wilke, 2008; Gingold and Pilpel, 2011). Codon bias reflects

differences between isoacceptor transfer RNAs (tRNAs) with

respect to abundance, amino acid charging, and kinetics

(Forster, 2012; Fredrick and Ibba, 2010; Welch et al., 2009). In

addition, translation is enhanced by the co-occurrence of isoac-

cepting codons (Cannarozzi et al., 2010; Shao et al., 2012), i.e.,

codons that are recognized by the same tRNA (by Watson-Crick

base pairing or by wobbling, which allows non-Watson-Crick
s



Figure 2. Translation Efficiency Influences Protein Expression from

Individual Genes within Operons

(A) Expression constructs under control of the T7 promoter (gray arrow)

encoding different combinations of two identical GFP polypeptides, with

synonymous mutations, resulting in low (yellow block arrow, gfpL) or high

(green block arrow, gfpH) translation efficiency. The single genes, as well as

the downstream gene of the operons, are translational fusions to a Strep-tag

(white block arrow; in construct name indicated by an asterisk). SD, Shine-

Dalgarno sequence (Figure S6).

(B) Quantification of western blot with GFP antibody on whole-cell lysates of

the variant GFP-expressing constructs after expression in E. coli. Equal total

amounts of cellular proteinswere loaded in order to allow comparison between

different samples (Figure S6).
base pairing between two nucleotides of interacting RNA mole-

cules). A comparative analysis of codon usage and co-occur-

rence was performed in genes of the selected operons (Table

S2). For each analyzed genome, the classical Codon Adaptation

Index (CAI) (Sharp and Li, 1987), the percentage of optimal

codons (F) (Ikemura, 1981), and codon co-occurrence (Co) (Can-

narozzi et al., 2010) were calculated. A significant correlationwas

observed between protein subunit stoichiometry and family-

averaged scores for codon co-occurrence (DCo: rSpearman =

0.63, p = 0.0099) (Figures 1A, 1D, S2, and S3; Table S2). The

results obtained for CAI and F were in excellent agreement and

indicated that in all of the selected operons, the genes encoding

the most abundant proteins (>2 copies per complex) contained

the highest percentage of optimal codons and displayed the

highest CAI values (Figures 1A, 1C, S2, and S3; Table S2). A

threshold value of 0.02 for the family average value DF was
Cel
determined to minimize the error rate for the prediction of high-

stoichiometry subunits, resulting in a prediction accuracy of

96% for the analyzed set of operons (Figure S4). Overall, for all

of the selected operons, there was a strong correlation between

codon usage and protein stoichiometry (for DF: rSpearman = 0.75,

p = 0.0002; for DCAI: rSpearman = 0.71, p = 0.0002; Experimental

Procedures).

Ribosome Profiling
To determine the in vivo translation rates, we analyzed the ribo-

some density profiles of Escherichia coli andBacillus subtilis that

were recently reported by Li et al. (2012). The ribosome profiling

strategy allows for quantitative monitoring of protein production

in vivo because ribosome density values closely correlate with

translation efficiencies if the crosslinked ribosomes are evenly

distributed over the coding sequence (Ingolia et al., 2009). On

the other hand, local peaks in density characterize sequences

with lower translation efficiency due to ribosome stalling (Li

et al., 2012). For the selected operons, we found a strong corre-

lation of ribosome density with protein subunit stoichiometry

(Figures 1A, 1E, S5; Table S2). This finding is in perfect agree-

ment with our conclusion that uneven production of subunits of

operon-encoded protein complexes is tuned by differential

translation.

De Novo Translation Initiation
The fact that genes coding for abundant subunits do not neces-

sarily occupy the first position in the respective operons (Figures

1, S2, S3, and S5) implies that internal translation initiation is

required to allow for elevated translation rates of a downstream

cistron. To investigate the possibility of internal initiation of trans-

lation, we used operons consisting of two synthetic GFP-encod-

ing genes with synonymous mutations (gfpL and gfpH, with low

and high expression, respectively, as reported by Kudla et al.

[2009]; Figures 2A and S6). After induction of expression in

E. coli, detection by western blot analysis showed that moderate

levels of GFP variants were produced (Figures 2B and S6). When

gfpL and gfpH were combined in one operon, the expression

level of gfpHwas substantially higher than that of gfpL, irrespec-

tive of its position in the operon (Figures 2B and S6), confirming

that the position of a cistron in the operon does not appreciably

affect protein expression levels. We conclude that the differential

protein production of GFP-L and GFP-H resulted from differ-

ences in translation efficiency, in accord with internal de novo

translation initiation.

DISCUSSION

In line with the definition of an operon, our analyses indicate that

the differential expression of individual genes in the selected

operons shows only a limited dependence on differential tran-

scription. Rather, we provide evidence that expression of genes

in operons is predominantly controlled at the translation level.

Although protein degradation may not be the most economical

method for balancing protein ratios, we cannot rule out its

importance.

Elevated overall translation of a cistron, potentially at any

position on a polycistronic mRNA, requires enhanced translation
l Reports 4, 938–944, September 12, 2013 ª2013 The Authors 941



Figure 3. Models Describing Tuning of the

Translation Process

Five scenarios are depicted with different rates of

translation initiation and/or translation elongation.

The corresponding ribosome density profiles and

the expected protein yield are based on the

assumption that differential transcription is insig-

nificant (as has been demonstrated experimentally

for the majority of the operons analyzed in this

study). Scenario 1: relatively little protein is pro-

duced (e.g., single subunit per operon-encoded

complex). Scenario 2: relatively little expression is

required (no significantly different codon bias).

Scenario 3: a hypothetical case in which high

translation initiation results in ribosome jamming

because the elongation rate is not optimized.

Scenario 4: relatively much protein is produced

(e.g., multiple subunits per operon-encoded complex); high translation initiation (low RNA fold), elevated but not maximal elongation rate (codon adaptation),

elevated but not maximal ribosome densities (experimental profiles), and high protein yield (experimental protein complex stoichiometry values). Scenario 5 will

also lead to high protein yields, but the experimentally detected elevated ribosome densities indicate that (at least under the tested conditions) elongation rates

are not maximal. In conclusion, scenario 4 (red box) appears to most closely approach the in vivo situation of translation-controlled overexpression.
initiation rates. Indeed, in several instances, we found significant

correlations between subunit stoichiometry and the mRNA

folding energy in the RBS region of the analyzed genes (Figures

1, S2, and S3; Table S2). However, we obtained a relatively high

number (�20%) of false positives, i.e., genes with the highest

folding energy that did not code for the most abundant subunit.

This might be a consequence of difficulties in predicting the

correct mRNA structure, since the setting of the RNA fold anal-

ysis (i.e., the selected sequence window to be analyzed) has a

strong influence on the outcome of the structure prediction

(Lange et al., 2012). Instead, subunit abundance showed the

strongest correlation with the fraction of optimal codons in a

gene (Figures 1, S2, and S3; Table S2). Thus, codon optimization

is the most reliable in silico indicator of subunit stoichiometry of

operon-encoded complexes.

Complementary to the in silico analyses, a meta-analysis of

experimentally determined ribosome density profiles confirms

the widespread occurrence of differential translation that ex-

plains operon-encoded protein expression. The observation of

increased ribosome densities implies that translation initiation

is significantly increased for genes encoding highly abundant

proteins in the selected operons. The correlation between codon

adaptation and subunit stoichiometry reflects enhanced transla-

tion elongation rates in the cistrons coding for abundant subunits

(Gingold and Pilpel, 2011; Figure 3). The increased rate of trans-

lation elongation could contribute to the avoidance of ribosome

crowding (Tuller et al., 2010).

Our findings suggest that internal translation initiation is

essential for differential translation of cistrons at any position

within polycistronic transcripts (Figure 4; Movies S1 and S2).

De novo initiation of translation at intercistronic RBSs was previ-

ously deduced from analyses of some bacterial operons, and

translational coupling was demonstrated only for a subset of

the genes in an operon (McCarthy, 1990; Oppenheim and Yanof-

sky, 1980). In the present study, we provide in silico and in vivo

data that indicate the frequent occurrence of de novo intercis-

tronic initiation of translation (Figure 1; Table S2). Moreover,

we demonstrate that uncoupled translation of polycistronic
942 Cell Reports 4, 938–944, September 12, 2013 ª2013 The Author
messengers allows for differential translation (Figures 2 and

S6). This initial experimental support for the model can serve

as a prelude to wider experimental testing using both natural

operon sequences and synthetic biology approaches.

It should be emphasized that in addition to the ten widespread

operons analyzed in this study, many more (if not all) prokaryotic

protein complexes with uneven stoichiometry are likely to rely on

differential translation for tuning of their protein levels. Similarly,

operons that encode enzymes of metabolic pathways might

employ differential translation in case the enzymes are required

in uneven quantities. Overall, we conclude that modulation of

translation efficiency is a universal mode of control in bacteria

and archaea that allows for differential protein expression of

operon-encoded multisubunit complexes with uneven stoichi-

ometry. This fundamental principle can be applied for prediction

of the ratios between protein subunits of uncharacterized com-

plexes (e.g., CRISPR-Cas complexes) as well as for the design

of synthetic operons.

EXPERIMENTAL PROCEDURES

Transcription Analysis

The expression of genes and their division into transcriptional units were

analyzed by a combination of high-throughput complementary DNA (cDNA)

sequencing data (for E. coli, Sulfolobus solfataricus, and Pseudomonas aeru-

ginosa), TSS maps (for E. coli, S. solfataricus, P. aeruginosa, and Listeria

monocytogenes), and tiling array data (L. monocytogenes) (Cho et al., 2009;

Mendoza-Vargas et al., 2009; Toledo-Arana et al., 2009; Wurtzel et al.,

2010). See the Extended Experimental Procedures for more detail.

Translation Analysis

Genes constituting 12 different operons encoding multisubunit complexes of

known stoichiometry were obtained from the NCBI database. For each gene,

the codon bias was analyzed using the CAI (Sharp and Li, 1987), percentages

of optimal codons (F) and codonco-occurrence (Co). Positions around the start

codon were used to calculate the RNA folding energy (E) or the RNA hybridiza-

tion energy between theSD/anti-SD sequences. All obtained valueswere aver-

aged within each operon. The operon mean values were subtracted from the

individual gene bias values, producing shift values (DG, DF, DCAI, DCo, and

DE) for each gene, which were finally averaged across gene families. See the

Extended Experimental Procedures for more detail.
s



Figure 4. Model for Translation of Polycis-

tronic Messengers in Prokaryotes

(A) Transcript consisting of two cistrons, each

preceded by an SD sequence.

(B) Translational coupling where the 30S ribo-

somal subunit remains associated (red arrow)

after termination, and 50S joins for reinitiation,

resulting in stoichiometric output from both cis-

trons (Movie S1).

(C) De novo internal recruitment (red arrows) of

both 50S and 30S subunits allows for differential

translation initiation rates between cistrons.

Depending on the translation elongation rate

(codon bias) of each cistron, this may result in

different ribosome density profiles (Movie S2);

different types of broken arrows reflect different

elongation rates (yellow cistron, low; green cistron,

high); only in case of concommitant elevated

initiation rate (panel-c, not in panel-b) this will

result in increased protein production. Yellow and

green cistrons have low and high translation effi-

ciency, respectively (Figure 2).
Plasmid Constructs and Protein Detection

We synthesized operons containing two genes with synonymous mutations

encoding identical GFP polypeptides and expressed in E. coli BL21(DE3).

Two hours after isopropyl b-D-1-thiogalactopyranoside (IPTG) induction, cells

were harvested and cell lysates were analyzed by western blot. See the

Extended Experimental Procedures for more detail.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, six

figures, two tables, and two movies and can be found with this article online

at http://dx.doi.org/10.1016/j.celrep.2013.07.049.
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