








spread of clusters demonstrates that RBS modulation
spans &100-fold in each dimension of the expression
space. Notably, the accumulation rate of YFP is dependent
only on the RBS sequence regulating it. All colonies with
the same RBS upstream to YFP (located first in this
operon) exhibit similar accumulation rates as can be

observed from the vertical alignment in expression space.
However, mCherry fluorescence (located downstream to
YFP) depends both on its RBS and on the identity of the
RBS upstream to the YFP gene (Figure 4D). We find such
coupling over more than two orders of magnitude with a
power law exponent of&i, showing an increase by �2-
fold for every 10-fold increase in the accumulation rate of
the upstream gene. The dependency is not because of cross-
fluorescence (Supplementary Results), and we suggest it is
a manifestation of translational coupling (17) between
adjacent genes in the operon. The tri-color reporter
system is further analyzed in the supplementary section
and is an ideal synthetic platform for extending the quan-
titative analysis of translational coupling (Supplementary
Figure S15).

RBS-modulated expression of a metabolic pathway:
carotenoid biosynthesis in E. coli

Our tri-color reporter system demonstrates that a com-
binatorial assembly of RBS sequences can span a large
fraction of a multi-dimensional expression space. Yet,
what is the effect of such expression modulation on the
operation of a metabolic pathway? To address this
question, we cloned seven genes that compose the carot-
enoid biosynthesis pathway into E. coli (18–20). The end
product of this exogenous metabolic pathway is astaxan-
thin, a high-value xanthophyll (21) known for its potent
antioxidant properties. To explore the effect of combina-
torial RBS modulation on the biosynthesis of astaxanthin
in E. coli, each of the genes in the carotenoid pathway was
randomly paired with our RBS set and assembled into a
library of synthetic operons (Figure 5A). As shown in
Figure 5B, the transformed E. coli colonies display a
variety of colors and intensities. The color pattern of
each colony is attributed to differential accumulation of
distinct carotenoid intermediates, each colony having a
unique color correlated with the carotenoid composition.
For each sampled clone, we determined the RBS com-

position in the operon by sequencing, and quantified the
carotenoid profile using HPLC. Figure 5C shows that
clones differing in their RBS composition exhibit diverse
carotenoid profiles: some clones accumulate mainly a
single product, whereas others produced significant levels
of a variety of carotenoids. By screening the combinatorial
RBS library for astaxanthin producing variants, we were
able to isolate clones yielding up to 2.6 mg/g cell dry
weight. Based on previous attempts to optimize asta-
xanthin production (22), we aimed to further enhance
astaxanthin production by overexpressing dxs—a gene
feeding into the carotenoid pathway. The incorporation
of an RBS-modulated dxs gene into the synthetic operon
led to further increase in astaxanthin production from 2.6
to 5.8 mg/g of cell dry weight. This astaxanthin produc-
tion yield is �4-fold higher than the best previously
reported results (22). Although the carotenoid profile
and astaxanthin accumulation levels varied significantly
among sampled clones, we did not observe a consistent
correlation between astaxanthin productivity and the
growth rate of the cells (Supplementary Table S3).
Similarly, the yield of the high astaxanthin clones was
not any lower than the other clones.

A

B

D

C

Figure 4. RBS modulation of three fluorescent proteins spans a color
space. (A) We combinatorially joined CFP, YFP and mCherry with
three representatives of our RBS set (sequences ‘A’, ‘C’ and ‘E’) and
assembled the genes together into a synthetic operon. The resulting
operon library differs only in the RBS sequences regulating gene ex-
pression. (B) Fluorescence microscopy imaging of E. coli colonies,
transformed with the operon library. The observed colors represent
additive combinations of the three primary colors, assigned to each
of the fluorescent proteins. Irregular colony shapes are the result of
touching boundaries of adjacent colonies. Some colonies harboring
weak RBS for all three fluorescent reporters appear black. Inset: a
bright-field microscopy image. (C) Fluorescence imaging of E. coli
colonies containing the tri-color RBS-modulated operon. The images
are arranged on a 3D grid where the position on each axis corresponds
to the RBS strength of the fluorescent protein. (D) YFP and mCherry
accumulation rates of clones sampled from a two-color operon library.
RBS composition, as determined by barcode sequencing, is shown.
Identical genotypes (each labeled by a distinct color) cluster together
in the fluorescence space. The effect of translational coupling is also
evident, where higher protein accumulation rate of YFP modulates the
accumulation rate of mCherry.
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To compare the results obtained by our combinatorial
approach with ‘rational’ conventional manual assembly
methods, we constructed several pre-designed operons.
As expected, an operon modulated uniformly by the
weak ‘E’ RBS sequences produces little astaxanthin and
mostly intermediate carotenoids (Supplementary Figure
S16). At the other extreme, although we were able to
assemble an operon composed solely from the strong ‘A’
RBS on a promoterless assembly vector, we did not
succeed in sub-cloning this operon into our expression
vector containing the strong Ptac promoter. A similar situ-
ation occurred while attempting to construct other
operons composed of strong RBS sequences (several ‘B’s
or ‘C’s followed by ‘A’s). These results are consistent with
the situation depicted in Figure 1 where the construct
viability or genetic stability can be lost at high expression
levels, for example, because of protein burden or meta-
bolic imbalance. Therefore, by constructing a combinator-
ial library containing a range of RBS sequences with
varying strengths, our method allows to sample the

expression space and locate an RBS combination where
the desired phenotype is achieved without hampering
viability.

DISCUSSION

Tuning the expression of recombinant enzymes is essential
for the optimization of multi-step metabolic pathways
(Figure 1). There are two main strategies to achieve
balanced expression levels. On one hand, rational design
involves the calculation or estimation of the relative and
absolute amount of each of the pathway’s components
(23). However, such attempts are often limited by the
lack of sufficient information regarding the kinetics,
energetics and regulation of pathway components.
Alternatively, strategies based on random mutagenesis of
regulatory elements can sample the expression space (24).
Yet, even a large pool of mutants do not ensure adequate
coverage of the expression space: often, the vast majority
of genotypes are clustered in a small portion of the pheno-
typic space. Moreover, random mutagenesis often yields
large libraries, in which screening for a desired phenotype
can be challenging or even infeasible. In this study, we
introduce a strategy that facilitates the exploration of
the phenotypic space using a compact set of regulatory
elements. By using a small set of well-characterized RBS
sequences to regulate the expression of multiple genes in a
synthetic operon, we were able to efficiently sample the
multi-dimensional expression space across several orders
of magnitude in each axis. The small size of the RBS set
can limit the number of genetic variants in the library and
enable exhaustive screening. In addition, even in cases in
which the screening throughput is limited and the magni-
tude of the combinatorial library prevents an exhaustive
screen, our approach allows to sample the combinatorial
space in a way that covers different options in terms of
expression levels. Our aim was not to check each and
every possible combination but rather to effectively use
the limited number of clones that can be screened to
locate desired phenotypes.

As a metabolic test case, RBS modulation of carotenoid
biosynthesis in E. coli suggests that the accumulation of
metabolic products of a pathway varies significantly ac-
cording to the RBS sequences regulating its constituent
enzymes. The relationship between the genotype (i.e. the
regulating RBS sequences across the operon) and the
phenotype (i.e. the accumulation of specific products) is
not trivial (Figure 5), suggesting that a rational design
would probably fail to achieve optimal metabolic produc-
tion. As exemplified in our construction efforts, an operon
‘rationally’ designed for high levels of expression modula-
tion could not be functionally expressed, presumably
because of either protein or metabolic burden issues. In
contrast, the combinatorial assembly of the astaxanthin
biosynthetic pathway resulted in a 4-fold yield increase
over conventional assembly and selection methods (22)
without any significant decrease in the growth rate or
yield of the cells. In conclusion, our results demonstrate
the need for an efficient method sampling the expression
space to locate an ideally balanced pathway.

A

B

C

Figure 5. Carotenoid accumulation profile varies with the RBS se-
quences of biosynthetic genes. (A) We assembled a library of synthetic
operons differing in the RBS sequences regulating each of the seven
genes of the carotenoid biosynthesis pathway. (B) A binocular micros-
copy imaging of E. coli colonies transformed with the operon library.
The color of the colony corresponds to the composition of the
accumulated carotenoids, each having a characteristic color. Image
was constructed by stitching multiple adjacent fields. (C) The caroten-
oid accumulation profile and RBS composition of clones isolated from
the transformed library. The RBS composition of each clone was
determined by sequencing (RBS encoding in barcode refers to the
order of genes as illustrated in Figure 3A), and the carotenoid profile
of each clone was analyzed using HPLC. Different genotypes result in
distinct phenotypes, i.e. distinct carotenoid accumulation profiles.
Circle area indicates the production yield of major carotenoid inter-
mediates (>10% of total carotenoids), according to the metabolic
pathway described on the right.
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Beyond the optimization of biosynthetic pathways,
combinatorial modulation of gene expression can be
a valuable research tool for analysis of operons the
dominant regulatory unit in prokaryotes. Our combina-
torial approach enables us to give a quantitative charac-
terization of effects, such as translational coupling
between consecutive genes in an operon, showing that
the protein accumulation rate of an upstream gene modu-
lates the accumulation rate of the next gene by up to an
order of magnitude.

The strategy we presented here can be expanded in
various ways. Specifically, other regulatory elements can
be combined in the same approach to further modulate
gene expression. For example, by using a small library of
promoters to control the transcription of an operon, the
span of the overall expression space can in principle be
further increased by several orders of magnitude. Finally,
although we considered mostly metabolic applications,
our approach can be harnessed for numerous biological
fields, such as signal transduction and genetic circuits. It is
our belief that the strategy we presented here can become
a powerful tool for both research efforts and industrial
applications.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–3, Supplementary Figures 1–16,
Supplementary Methods, Supplementary Results and
Supplementary References [25–31].
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