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a b s t r a c t

Micronutrient deficiencies, including zinc deficiency, are responsible for hundreds of thousands of
deaths annually. A key obstacle to allocating scarce treatment resources is the ability to measure
population blood micronutrient status inexpensively and quickly enough to identify those who most
need treatment. This paper develops a metabolically engineered strain of Escherichia coli to produce
different colored pigments (violacein, lycopene, and β-carotene) in response to different extracellular
zinc levels, for eventual use in an inexpensive blood zinc diagnostic test. However, obtaining discrete
color states in the carotenoid pathway required precise engineering of metabolism to prevent reaction at
low zinc concentrations but allow complete reaction at higher concentrations, and all under the
constraints of natural regulator limitations. Hence, the metabolic engineering challenge was not to
improve titer, but to enable precise control of pathway state. A combination of gene dosage, post-
transcriptional, and post-translational regulation was necessary to allow visible color change over
physiologically relevant ranges representing a small fraction of the regulator’s dynamic response range,
with further tuning possible by modulation of precursor availability. As metabolic engineering expands
its applications and develops more complex systems, tight control of system components will likely
become increasingly necessary, and the approach presented here can be generalized to other natural
sensing systems for precise control of pathway state.

& 2015 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.

1. Introduction

Metabolic engineering has played a key role in advancing a
number of critical biotechnological research areas and applica-
tions, but there remain numerous areas where control of meta-
bolism has not been leveraged to solve critical problems, such as
enabling biosensors for applications like blood micronutrient
measurement at a population scale. The biofuels (Atsumi et al.,
2008a, 2008b; Jin et al., 2005), pharmaceutical (Alonso-Gutierrez
et al., 2013; Ro et al., 2006), and specialty and commodity
chemicals (Chemler et al., 2010; Raab et al., 2010) applications of
metabolic engineering are well-known. Moreover, the techniques
of metabolic engineering have been used to engineer plants and
foodstocks to help battle problems such as nutrient and micro-
nutrient deficiency, with one of the most prominent examples
being the development of Golden Rice (Beyer et al., 2002; Ye et al.,
2000). In the battle against micronutrient deficiency, metabolic
engineering could also greatly facilitate the development of
micronutrient biosensors that would allow targeted interventions

with limited treatment resources since engineered crops are not
available for most micronutrient deficiencies.

Micronutrients (vitamins and minerals) are a critical compo-
nent of human health and development, and micronutrient
deficiencies are responsible for hundreds of thousands of deaths
per year worldwide (Black et al., 2008). One of the most significant
challenges in treating micronutrient deficiencies is in the identi-
fication of the populations most at risk for deficiencies or most in
need of nutritional interventions (which are performed on popu-
lations, not individuals, and are prohibitively expensive for con-
tinuous application on a wide scale (Bhutta et al., 2013)). While
our metabolic engineering-based approach to biosensor design
can be broadly applied to many micronutrient deficiencies, we
focus here on the essential mineral zinc, since zinc deficiency is
estimated to be responsible for 116,000 annual deaths of children
younger than five (Black et al., 2013) and contributes to growth
stunting and increased incidence of pneumonia, diarrhea, and
perhaps malaria (Fischer Walker and Black, 2004). More precise
assessment of global zinc deficiency pervasiveness and impacts is
lacking, though, due to the high cost and logistical difficulties of
measuring zinc status on a regional population scale. In develop-
ing countries (which bear the overwhelming burden of nutritional
deficiencies) and in the wake of disasters, on-site testing is
hindered by the lack of availability of the sophisticated equipment
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required to measure serum zinc levels (Kelson and Shamberger,
1978), and often by a lack of available electricity. Off-site analyses
require continuous cold storage (logistically difficult) during inter-
national shipping, can take up to a week for results, and cost tens
of dollars each, which is prohibitive for the required
epidemiological-scale measurements. This suggests that a low-
tech, inexpensive, and easy assay for zinc deficiency could be
valuable to help policymakers and non-governmental organiza-
tions pinpoint the populations most needing the limited treatment
resources.

To address these problems, we engineered a whole-cell biosensor
for future application in a point-of-care assay using bacteria to report
zinc levels in blood samples. A key innovation in this design is the
use of a reporter that requires no equipment for readout. Previous
technologies for sensing zinc produced fluorescence or luminescence
proportional to zinc concentrations (Date et al., 2010; Gireesh-Babu
and Chaudhari, 2012); while such assays give the potential for
quantitative results, they require specialized equipment to detect
and quantify these readouts that limit application in low-resource
areas. Instead, we designed our assay to use pigment production as a
readout, removing the need for quantification. Pigment production is
performed by heterologous genes expressed in E. coli under the
control of zinc-responsive transcription factor/promoter systems. We
further sought to make the color outputs as discrete as possible,
transitioning sharply from one color to another so as to remove
potential ambiguity from the reading.

The pigments used for this biosensor were the red and orange
carotenoids lycopene and β-carotene and the purple pigment
violacein, each of which have previously been the targets of
metabolic engineering efforts whose results and insights have
contributed to the engineering efforts described here. There has
been extensive work on the engineered overproduction of lyco-
pene and other isoprenoids (Alper et al., 2005; Farmer and Liao,
2001; Yoon et al., 2006), as they have significant industrial value as
chemicals, and isoprenoids are a precursor to yet other extremely
valuable chemicals, including taxol (Ajikumar et al., 2010). Viola-
cein has also been the subject of significant metabolic engineering
efforts (Fang et al., 2015; Lee et al., 2013; Rodrigues et al., 2013),
both due to the novelty and complexity of the pathway that
produces it, and for its potential value as an antimicrobial or
antitumor drug. In these cases, the chief goal of the metabolic
engineering efforts to date has been high titer production with the
downstream goal of purification. For our application, though,
tightly controlled expression rather than high titer was the
primary goal of our metabolic engineering efforts.

An effective bacterial-based, pigment-producing diagnostic for
our application required (1) sufficient pigment to be visible to the
naked eye (2) in a reasonable amount of time (3) with sufficient
control over production of all pigments to enable discrete color
states. The first two of these criteria directly relate to traditional
metabolic engineering efforts, though with a greater emphasis on
productivity to meet a minimum (visible) titer rather than max-
imizing titer. Meeting the third criterion was the most challenging
for the final engineering implementation of the sensor, and is the
focus of this work. We chose to use two pigments (lycopene and β-
carotene) from the linear carotenoid pathway with the expectation
that it would facilitate the creation of discrete color states: each
molecule of red lycopene could be stoichiometrically converted
into orange β-carotene upon induction of the appropriate enzyme
by the presence of sufficient zinc, leaving no residual red color in
the orange state. This advantage is also a potential challenge,
though, if that zinc-inducible promoter has substantial baseline
uninduced transcription of that enzyme, which could prevent
accumulation of lycopene. However, our application constrains
selection of promoters: the promoter must be zinc-inducible, and
there are few well-characterized zinc-inducible promoters.

Here, we present a proof-of-principle, metabolically engineered
bacterial biosensor with pigment outputs that require no equip-
ment for measurement and interpretation, for potential use in
micronutrient (zinc) blood testing. We present the initial results
from a straightforward implementation of the desired biosensor,
which indicated the need for metabolic engineering in order to
achieve the desired discrete color states. We explore multiple
avenues to achieve the desired outcome, and we assess which are
necessary and sufficient for this specific application. The trends
identified in optimizing the construction of the sensor are likely
generalizable to similar pigment-based micronutrient sensors or
whenever promoter selection is constrained. As metabolic engi-
neering finds more diverse applications, it is likely that techniques
to not just optimize production but tightly control it will be
increasingly necessary.

2. Materials and methods

2.1. Materials

T4 DNA ligase, T5 exonuclease, Taq ligase, Phusion polymerase,
Q5 polymerase, and restriction endonucleases were purchased
from New England Biolabs (Ipswich, MA, USA). QIAprep Spin
Miniprep Kits, QIAquick Gel Extraction Kits, and QIAquick PCR
Purification Kits were purchased from QIAGEN (Valencia, CA, USA).
Lycopene (98%) was purchased from Cayman Chemical (Ann Arbor,
MI, USA). β-carotene (97%) was purchased from TCI America
(Portland, OR, USA). SC-Ura amino acid supplement was purchased
from Sunrise Science (San Diego, CA, USA).

2.2. Cloning and construct assembly

Most construct assembly was carried out via restriction endo-
nuclease digestion of components and subsequent ligation and
transformation following the BioBricks idempotent standard
assembly. Constructs in pCC1FOS were first assembled as above
in BioBrick-compliant vectors. These were then digested with NotI
and ligated into pCC1FOS.

The initial attempted multi-state pigment-producing construct
was assembled via Gibson assembly (Gibson et al., 2009). This
method was also used to add ssrA tags to eGFP and CrtY and to
remove illegal restriction sites for BioBrick standard assembly
from coding sequences for eGFP, zur, and tetR. Primers used to
generate products for Gibson assembly are presented in
Supplementary material.

2.3. Cell culture

For eGFP library expression, freshly transformed DH10B colonies
were inoculated in triplicate into 5 mL LB media and were grown at
37 1C for 24 h. 125 mL of each culture was aliquotted into 96-well
plates and measured on a Biotek Synergy H4 plate reader for OD600
and fluorescence at 488 nm excitation and 509 nm emission. Sam-
ples were also analyzed on a BD Accuri C6 flow cytometer.

For zinc carotenoid experiments, each strain was inoculated
from freshly transformed colonies in triplicate into LB and minimal
media at the following concentrations of supplemented ZnSO4: 0,
50, 500, 1000 mM (LB) and 0, 5, 50, 500 mM (Minimal). LB cultures
were incubated at 37 1C for 24 h.

To allow zinc titration, a modified minimal media based on M9
but lacking inorganic phosphate was developed containing the
following: 2.5 g/L beta-glycerophosphate pentahydrate, 1.64 g/L
KCl, 4.5 g/L NaCl, 1 g/L NH4Cl, 3.9 g/L MES, 2 mM MgSO4, 0.1 mM
CaCl2, 0.01% thiamine, 0.6% glycerol, and 1.92 g/L SC-Ura amino
acid supplement. pH was adjusted to 7.4. The following antibiotics
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were used as needed for selection: carbenicillin (100 mg/mL),
chloramphenicol (34 mg/mL), and kanamycin (30 mg/mL). Minimal
media cultures were incubated at 37 1C for 48 h.

Gradient agar plates were made by allowing supplemented
media to gel on inclined petri dishes, forming wedges. The plates
were then laid flat and filled in with unsupplemented media. LB
gradient plates were made with three sections: supplemented
10 μM TPEN, LB alone, and LB with 250 μM ZnSO4. Minimal
gradient plates were made with two sections: plain minimal
medium and 250 μM ZnSO4. TPEN was used to simulate zinc
deprivation in rich media. Plates were incubated at 37 1C for 24
and 48 h for LB and minimal agar plates, respectively. Color for
streaks on LB gradient plates took approximately 24 h to develop,
except for the final fosmid construct and the final pJBEI-
supplemented strain with the pSB6A1 construct, which took
approximately 14–16 h to develop color.

2.4. Carotenoid extraction

1 mL of bacterial culture was pelleted at 16,000 rcf for 7 min.
Cell pellets were resuspended in 50 mL of ultrapure water. Carote-
noids were extracted with 1 mL of acetone at 55 1C for 20 minwith
continuous shaking in a Grant Thermoshaker at 1400 rpm. Cellular
debris was pelleted at 16,000 rcf and the supernatant was
removed for analysis. All carotenoid extraction was carried out in
low light conditions.

2.5. HPLC analysis

All HPLC analysis was conducted on a Shimadzu LC-20AD
Liquid Chromatograph using a Shimadzu C18 4.6 mm�50 mm
column with a 5 μm particle size and a SPD-20A UV–vis detector.
The instrument was run with a flow rate of 0.6 mL/min and a
solvent ratio of 90:10 acetonitrile:THF. Retention times and inten-
sities were compared to analytical standards spiked into control
extractions from DH10B cells and calibration curves to convert
peak areas to analyte concentrations were constructed.

2.6. Plasmids and regulatory sequences

A list of all vectors used is provided in Table 1, along with their
expected copy number. ZntR, Zur, and PznuC were amplified from
DH10B genomic DNA. pJBEI-6409 (Alonso-Gutierrez et al., 2013)
was obtained from Addgene (Cambridge, MA, USA) and is referred
to here as pJBEI-MEV. PzntA sequence was synthesized by Gene-
wiz (South Plainfield, NJ, USA). eGFP was provided by Julie
Champion, and pCC1FOS was provided by Brian Hammer. All other
parts, including pSB-series plasmids (Shetty et al., 2008), riboso-
mal binding sites, promoters, and pigment biosynthesis genes
were obtained from the Registry of Standard Biological Parts and
were sequence-confirmed before use.

2.7. Strain naming conventions

Fluorescence library members were named by concatenating
the name or Parts Registry part number of the promoter, the last
two digits of the Parts Registry part number for the ribosomal
binding site, and then potentially three letters indicating whether
a strong (LAA) or weak (DAS) ssrA protein degradation tag was
added (AANDENYALAA or AANDENYADAS). Carotenoid test parts
were named by concatenating the Parts Registry part number of
the RBS in front of crtY, an indicator of whether there was a
degradation tag on crtY (LAA, DAS, or nothing), and the last three
characters of the name of the vector the construct was cloned into
(1C3, 3C5, 6A1, or FOS). The presence of þ J indicates the
carotenoid construct was co-transformed with pJBEI-MEV.

Table 1
Vectors and source plasmids used in this work. A more detailed description of
plasmids is included in Supplementary information S2.

Vector or plasmid name Putative copy number Origin of replication

pJBEI-MEV Medium p15A
pSB1C3 High pUC colE1
pSB1AK3 High pUC colE1
pSB3C5 Medium p15A Mutated
pSB6A1 Low pBR322 colE1
pCC1FOS Approximately single F

Fig. 1. An initial synthetic biology-based zinc biosensor for application to equip-
ment-free blood tests. (A) A schematic of the workflow envisioned for the eventual
final implementation of the diagnostic biosensor. Cells from general culture
(bottom) are lyophilized for long-term storage. A blood sample (top) is centrifuged
using an egg beater (Wong et al., 2008) to separate plasma, which is then added to
the stored cells. These cells then produce pigment (right) based on the level of zinc
in the plasma sample. Physiological concentrations of zinc are included for
reference. (B) Schematic of the circuit design intended for implementation of the
initial biosensor. Transcriptional regulators ZntR and Zur are expressed on the same
plasmid as the construct with violacein synthesis driven by the zinc-repressible
PznuC promoter, lycopene synthesis driven by a weak promoter, and the gene
catalyzing the transformation of lycopene to β-carotene driven by the zinc-
inducible PzntA promoter. The bolded zinc annotation for PzntA indicates that
activation by zinc happens at higher concentrations than for PznuC. (C) Streak from
a zinc gradient plate demonstrating direct transition from purple to orange without
an intervening lycopene-dominated, red state. (Image contrast was adjusted to
reduce the background from the agar plate; the original image is included as
Supplementary Fig. 1.) (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Design of a zinc-responsive, pigment-producing, bacterial
biosensor

To move towards the goal of population-scale monitoring of blood
micronutrient status (specifically zinc), a low-cost, portable,
equipment-free approach is necessary. The overall workflow of the
final envisioned biosensor is illustrated in Fig. 1A: sensor cells would
be lyophilized or otherwise preserved for long-term storage. A blood
sample would be separated in the field via a low-cost, equipment-
free approach such as the egg beater centrifuge (Wong et al., 2008).
The resulting plasma would then be added to the preserved cells
(potentially with additional, zinc-free defined medium), and the cells
would produce different pigments in response to the levels of zinc in
the physiologically relevant range of 8–15 mM (Hess et al., 2007)
corresponding to normal, borderline, and low levels of zinc.

To implement the desired functionality, we designed a circuit
using heterologous pigment production pathways driven by zinc-
responsive transcription factor/promoter pairs present in E. coli
(Fig. 1B). The first heterologous pigment production pathway was
the purple violacein biosynthesis pathway, which uses the vioABCDE
operon (originally derived from Chromobacterium violaceum) to
produce violacein from endogenous tryptophan. The second pigment
production pathway was carotenoid biosynthesis, which uses the
crtE, crtB, and crtI genes to produce red lycopene starting from
endogenous FPP, and uses crtY to produce orange β-carotene from
lycopene; these genes were originally derived from Pantoea ananatis.
Expression of these pigment production pathways was driven by two
endogenous E. coli zinc-responsive promoter/transcription factor
pairs, PznuC/Zur and PzntA/ZntR, that control expression of zinc
importer and exporter genes, respectively. (Zur is a zinc-activated
transcriptional repressor and ZntR is a zinc-activated transcriptional
activator.) Previous work (Yamamoto and Ishihama, 2005) suggested
that Zur is able to fully repress expression from PznuC at approxi-
mately 10 mM zinc, while induction of transcription from PzntA
should begin at least by100 mM zinc (preliminary results suggested
induction by 10 mM) with full induction not until approximately
1.1 mM (Brocklehurst et al., 1999).

These pieces were then combined together such that the circuit
would provide discrete color states of purple, red, and orange
depending on the zinc concentration of the sample. PznuC was
used to drive expression of vioABCDE and PzntA was used to drive
expression of crtY; zntR and zur were expressed from the same
plasmid using their genomic promoters, while crtEBI was
expressed from a mutated pλ-based, extremely weak promoter
(avoiding toxic expression; details in Supplementary information
S1). At low zinc concentrations (below 10 mM), transcription from
PzntA would be low and transcription from PznuC would be
induced, resulting in violacein biosynthesis (which is so dark as
to visibly overwhelm minor lycopene production). At borderline
levels of zinc (approximately 10 mM), Zur would become activated
and repress expression from PznuC. This would repress expression
of the violacein biosynthesis operon, but expression of crtY to
produce β-carotene would not be sufficiently induced, resulting in
the production of only the red pigment lycopene. At normal levels
of zinc (over 10 mM), violacein production would still be repressed,
but ZntR would then be activated and crtY expression would
increase, facilitating the transformation of lycopene to β-
carotene and yielding only orange pigment.

3.2. Upon implementation, the designed circuit only exhibited two
distinct color states

We implemented the circuit design and expressed it on a high
copy number plasmid in E. coli. The entire construct was sequence

confirmed. The behavior of the implemented construct is shown in
Fig. 1C, as a streak on a zinc gradient plate. There is a clear, fairly
sharp transition between two color states, purple (low zinc) and
orange (high zinc), but no observable red (intermediate zinc) state.
This behavior provides a number of key insights. First, the fact that
crtEBI is very weakly and constitutively expressed is not a problem,
as the dark color produced by violacein overwhelms any potential
background signal of carotenoid production. Next, the repression
of violacein production at higher zinc concentrations is sufficient
to allow for the carotenoid production to be visible without any
interference from leakiness of the PznuC promoter. Finally, the
basal uninduced expression of crtY from PzntA at low and inter-
mediate zinc levels is too great to allow precise control over the
pathway, as lycopene is converted to β-carotene even at zinc levels
where crtY should not be strongly induced.

3.3. Absence of a lycopene-only state is due to overlap in expression
regimes

To investigate the cause of the absence of a lycopene-only state,
we implemented a fluorescence-based construct to assess the
induction and repression of PzntA and PznuC, respectively.
Fig. 2A shows the structure of this construct: RFP expression is
driven by the zinc-inducible PzntA promoter, while GFP expres-
sion is driven by the zinc-repressible PznuC promoter, with the
transcription factors for each promoter (ZntR and Zur, respec-
tively) constitutively expressed from the same high-copy plasmid.
Fig. 2B shows the quantitative results of GFP and RFP expression
from the promoters. It is thus clear that while PzntA and PznuC
can be significantly induced and repressed, respectively, there is

Fig. 2. Fluorescence reporter construct shows overlap in PznuC and PzntA expres-
sion. (A) Schematic of the reporter construct used to simultaneously measure
expression from PznuC and PzntA promoters. The transcription factors regulating
expression from each promoter were included on the plasmid. The bolded zinc
annotation for PzntA indicates that activation by zinc happens at higher concen-
trations than for PznuC. (B) Expression from each promoter in arbitrary units
specific to each fluorescent protein (RFP is right axis, GFP is left axis). There is
significant induction of expression from PzntA even at low levels of added zinc and
significant repression of expression from PznuC, suggesting that the baseline
expression of crtY may be the cause of a lycopene-only state being difficult to
capture. Error bars represent standard error of the mean.
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some overlap in their expression regimes, whether due to their
response curves to zinc or due to baseline leaky expression. It is
worth noting that most of the repression from PznuC occurs over
the low concentrations of zinc, yet there is clearly (Fig. 1C) a
regime where violacein is not visible. Since violacein is much
easier to detect visually than the carotenoids, this suggests that
even though there is measurable fluorescence (and thus measur-
able leakiness) for this test construct, the production of violacein
corresponding to that level of fluorescence would not be visually
detectable. Combined with knowledge that the maximum repres-
sion of PznuC has been shown to happen at the bottom end of the
PzntA induction range, this supports the idea that the reason why
no lycopene-only state is detectable is that crtY expression is too
great at low zinc levels, rather than vioABCDE expression being too
great at higher zinc levels. Supplementary Fig. 2, showing the
expression of mRFP from PznuC and PzntA on parallel regulated
constructs, suggests that visibly there is likely to be a significant
region of non-overlap between the repression of PznuC and the
induction of PzntA.

3.4. A library of fluorescence constructs enables characterization of
post-transcriptional control

In order to gain sufficient control over the lycopene to β-
carotene reaction step to generate a three-color-state sensor, we
then sought to adjust post-transcriptional regulatory elements.
Specifically, modification of ribosomal binding sites and tagging of
proteins for degradation were identified as the simplest
approaches to decrease the level of CrtY at low levels of zinc. To
do this most efficiently, we characterized the impact of multiple
regulatory elements within our specific host strain using an eGFP
reporter. We also sought to characterize the strength of multiple
potentially constitutive promoters (which could drive expression
of the zinc-responsive transcription factors) and the strength of
our zinc-responsive promoters (without coexpressed regulators).
This characterization was intended to facilitate more rational and
focused selection of regulatory elements for the final sensor
construct rather than performing combinatorial syntheses that
would be challenging based on product toxicities; the results of
the characterization are presented in Fig. 3.

Taken together, manipulating promoters and post-transcriptional
regulatory sequences yielded over five orders of magnitude of variation
of fluorescence (Fig. 3A). Each level alone (transcriptional and post-
transcriptional) offered at least three orders of magnitude of dynamic
range, with low-fluorescence measurements being confounded by
limits of detectability even at high plate reader gain settings.

Measurements of promoter strength across multiple sets of
post-transcriptional regulatory sequences provided information
for later selection of promoters (i.e., for zntR and zur) and provided
an estimate of the strength of the PznuC and PzntA promoters.
Unsurprisingly, the pλ-based promoters (R0040 and R0011) were
the strongest. Known weaker promoters (J23117 and J23116)
performed roughly as expected, though the difference between
these two promoters was greater than previously reported. We
used the expression levels of these promoters to characterize some
of the transcriptional behavior of the two inducible promoters.
Since these constructs had no supplementary regulator expression
(i.e., Zur or ZntR) in order to be consistent with the rest of the
library, the expression from PznuC is indicative of essentially
unrepressed transcription, while expression from PzntA is indica-
tive of essentially uninduced transcription. We found that baseline
expression from PzntA was stronger than at least one known weak
constitutive promoter, J23117. This suggests that the underlying
reason for the lycopene state being difficult to stabilize may be
that the baseline transcription from PzntA is sufficiently high to
result in significant production of CrtY.

Changing ribosomal binding sites (RBSs) also enabled many orders
of magnitude of reduction for overall gene expression. Fig. 3B
demonstrates the impact of using four different ribosomal binding
sites taken from the Registry of Standard Biological Parts: B0031–
B0034. The patterns of RBS strength as measured here were qualita-
tively consistent with previously measured values, with a few
exceptions. First, we found B0031 was slightly stronger than B0032
rather than vice versa; this was consistent across all promoter
strengths. Second, we found that expression from B0034 was usually
not much stronger than from B0031, whereas previous reports have
shown an order of magnitude difference between these two RBS
options. Flow cytometry for library members with strong promoters
(Fig. 3C) showed that the reason for the unexpected low levels of
fluorescence from B0034 is a bimodal population of low-expressing
and high-expressing cells. This population split was ultimately due to
mutation of promoters in library members with the B0034 RBS due to
physiological stress from the high levels of protein expression: while
measurements of all library members were done from fresh trans-
formants from sequence-verified DNA, plasmid sequencing for B0034
library transformants exhibiting these bimodal populations returned
multiple competing signals indicating that the dual operator sites in
R0040 and R0011 had combined to heavily mutate the promoter.

Fig. 3D shows that LAA and DAS protein degradation tags can
significantly curtail the net expression of a gene and that the LAA
tag can do so by three orders of magnitude. We tagged the C-
terminus of eGFP with one of two ssrA tags, the strong AANDE-
NYALAA tag or the weaker AANDENYADAS tag. These tags induce
SspB-mediated binding to the ClpX and ClpA proteases, which
increases a protein’s degradation rate (McGinness et al., 2006). The
magnitude of the effect of the LAA tag is as much as or greater
than the impact of using the lowest-efficiency ribosomal binding
site. Of note is the interaction between expression level and the
efficiency of repression via tagging for protein degradation. The
LAA tag effectively reduces protein levels even for highly-
expressed proteins, whereas the DAS tag is most effective for
lowly-expressed proteins (giving a reduction of up to 10-fold; for
example, B0033 RBS or weak promoters) compared to highly-
expressed proteins (with reductions typically closer to 2-fold; for
example, B0031 RBS with a strong promoter). This suggests that
overall gene dosage may play a role in the effectiveness of post-
transcriptional regulation in some cases, though the mechanism
by which this would occur is unclear.

3.5. Carotenoid production can be controlled post-transcriptionally

Using this library of regulatory element combinations and the
insights gleaned from them, we then assembled 13 targeted
carotenoid-expressing constructs to identify those that could
produce two distinct states: one dominated by lycopene and one
dominated by β-carotene, which was not observed in our initial
attempts. The test constructs consisted of (Fig. 4A) crtY being
driven by the PzntA promoter and zntR driven by a weak
constitutive promoter. crtEBI was cloned in without an explicit
promoter (discussed in greater detail in Section 4 and in
Supplementary information S3) so as to yield very low transcrip-
tion, consistent with previous work where crtEBI had an inducible
promoter that was never induced since its expression is detri-
mental to cell growth (Yoon et al., 2006). Regulatory elements of
crtY were varied to control conversion of lycopene to β-carotene.

To manipulate levels of CrtY, we selected variants from the
fluorescence characterization presented in Fig. 3, as well as additional
methods for manipulation of expression levels. We varied the RBS of
crtY and added the strong (LAA) degradation tag to crtY. We did not
explore further the strong B0034 RBS since preliminary pilot experi-
ments indicated we would need such substantial reduction in
expression to allow a lycopene-dominated state that RBS variation
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would likely be necessary. We also added another level of control
over the amount of gene expression via variation of vectors, employ-
ing high, medium, low, and essentially-single copy vectors. This
would titrate not only the total amount of CrtY in the cell from leaky
or mildly-induced expression, but also the expression of crtEBI, which
also may cause toxicity and could prevent greater accumulation of
carotenoids.

Changing only the RBS of crtY was insufficient to yield a distinct
lycopene state. Replacing the original B0034 RBS with the B0033 RBS
yielded no visible lycopene in an uninduced state (and essentially no
measurable lycopene), but a substantial amount of β-carotene
(Fig. 4B), despite the B0033 RBS being two to three orders of
magnitude weaker than the B0034 RBS used in the original con-
struct. (Again, this supports the earlier assessment that the reason
why no lycopene-only state could be detected was due to too much
crtY expression at low zinc rather than too much vioABCDE expres-
sion at high zinc.) Even combining a lower-strength (B0032) RBS
with a strong (LAA) degradation tag, which should yield four or more

orders of magnitude less CrtY, was not sufficient to allow lycopene to
persist in an uninduced state (Fig. 4C).

When the vector was varied, substantial amounts of lycopene
were produced (Fig. 4D). Medium and low copy number plasmids
yielded substantial lycopene at low zinc that is repressed at high zinc,
and a fosmid yielded such substantial production of lycopene that
CrtY could not be induced enough to consume it (yielding a single
state in the pathway dominated only by lycopene instead of by β-
carotene). The most promising combinations appear to be the low-
copy plasmid with a degradation tag and a moderate RBS, yielding a
lycopene-dominated state and a β-carotene dominated state, though
with less switch-like behavior than expected. Similar behaviors were
observed in minimal medium cultures (Supplementary Fig. 3).

Worth noting is that in many constructs, the lycopene and/or β-
carotene levels decrease at the 1 mM zinc condition. In previous
literature, the full induction level of PzntA was found to be at
1.1 mM zinc, and E. coli has been shown to be capable of normal
growth in an excess of 1 mM extracellular zinc. We suspect that

Fig. 3. A library of regulatory elements provides five orders of magnitude of control over expression. (A) Fluorescence measurements of the library of regulatory element
combinations. Inset illustrates fluorescence levels at a higher gain setting for library members with insufficient fluorescence to be measured accurately at the same gain
setting as in the main plot. Construct names are the promoter name (R0011 and R0040 known strong promoters, J23116 and J23117 known weak promoters, and the PznuC
and PzntA promoters), followed by an indicator of the ribosomal binding site part number (31–34), and then the degradation signal added to the protein sequence (no signal,
weak DAS signal, or strong LAA signal). Error bars represent the standard error of the mean. (B) Changing ribosomal binding sites for strong or weak promoters provides
orders of magnitude reduction in expression. Error bars represent the standard error of the mean. (C) Flow cytometry plots showing increasingly mixed populations for
higher-strength (B0034) ribosomal binding sites (top) as opposed to weaker ribosomal binding sites (bottom), indicating that the bulk fluorescence measured for B0034 RBS
under the strong promoters used here is an underestimate of the actual per-cell fluorescence for B0034 under unaltered promoters. Sequencing of plasmid DNA from
cultures with bimodal populations yielded mixed traces, indicating mutation of the plasmids to reduce fluorescence production. (D) Degradation tags can also yield orders of
magnitude reduction of protein levels; the strong LAA tag typically provides two or more orders of magnitude of decrease in fluorescence, while the weaker DAS tag is more
variable in its reduction of fluorescence. Error bars represent standard error of the mean; only positive error is indicated due to the logarithmic scale of the plot because the
lowest values are near the detection limits of the instrument and would include zero in the opposite direction.
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the additional metabolic stress of the cells from substantial
transcription, translation, and pigment synthesis, combined with
the toxicity of carotenoid operon genes and potential interference

with zinc homeostasis due to overexpression of native regulators,
increases the sensitivity of the engineered cells to zinc. Fortu-
nately, this level of zinc is nowhere near that which would be

Fig. 4. Varying regulatory sequences and vector enables a lycopene-dominated state and allows manipulation of the concentration at which it disappears. All error bars
represent the standard error of the mean. All measurements were taken at 0, 50, 500, or 1000 mM zinc, though an offset has been applied in panel D for visualization
purposes. (A) A simplified version of the construct used to test only carotenoid production for a selection of constructs with varied regulatory sequences and vectors.
Ribosomal binding sites and degradation tags are omitted for simplicity. (B) Changing only to a very weak ribosomal binding site is insufficient to produce a lycopene-only
state, and generally insufficient to produce any lycopene at all. This suggests that multiple levels of control must be used. (C) Using a moderate ribosomal binding site and a
strong degradation tag (LAA) enables the detectable production of lycopene but still does not enable a lycopene-dominated state. (D) Changing the vector carrying the
construct from panel C enables the presence of a lycopene-only state. For the lowest-copy plasmid (the fosmid), so little CrtY is accumulated even at full zinc induction that
only a lycopene-dominated state can be observed. The low-copy 6A1 vector offers two distinct states. (E) Co-transforming with a plasmid containing the mevalonate
pathway (pJBEI-MEV) to supplement production of lycopene alters the transition point between the lycopene and β-carotene states. At 50 mM Zn2þ , the pJBEI-MEV-
supplemented cells have still produced orders of magnitude more lycopene than β-carotene, while the non-supplemented strain is already transitioning to a β-carotene state.
Of note is that the lycopene production at no supplemented zinc is three times higher in the supplemented strain, as expected. (F) Streak of pJBEI-MEV-supplemented strain
from panel E on zinc gradient plates showing a fairly distinct transition between states. The cells change from red to orange going left to right. Below the plates are two parts
of the same image cropped next to each other to highlight the color differences. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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relevant to the ultimate application of this biosensor in a blood
micronutrient diagnostic (Hess et al., 2007).

3.6. Enhancing lycopene production affects sensor response

Another alternative to manipulate the apparent response of
PzntA-driven expression is to stimulate the overall production of
lycopene in the cells. The root cause of a β-carotene-only state is
that there is sufficient CrtY to enzymatically act on all of the
lycopene that is present. To this point, we had primarily explored
just approaches designed to decrease the levels of CrtY. Instead,
we could increase the production of lycopene such that there is
insufficient CrtY to act on all of the lycopene in the cell. Lycopene
production, or more generally the production of carotenoids and
isoprenoids, has long been a target for metabolic engineering
studies, with significant advances made in terms of overproducing
background strains and identification of multiple independent
ways to increase carotenoid titers. One well-known approach is
the introduction of a mevalonate pathway to supplement the
production of precursors for the carotenoid and isoprenoid path-
ways (Yoon et al., 2006).

By co-transforming engineered carotenoid constructs with a
plasmid containing the mevalonate pathway (pJBEI-MEV), we
substantially affected the response of the carotenoid-producing
sensor (Fig. 4E). A moderate RBS combined with a strong degrada-
tion tag and a low-copy plasmid initially yielded a system offering
a crossover in production from lycopene to β-carotene. At approxi-
mately 50 mM of zinc, the levels of lycopene and β-carotene were
of the same order of magnitude. However, by supplementing with
pJBEI-MEV, production of lycopene was increased threefold, and at
50 mM lycopene levels remained much higher than β-carotene
levels. This effectively changed the “switching point” between
lycopene and β-carotene states in the supplemented cells. This
behavior was observed both in rich medium and in minimal
medium. While in this case it moved the switching point perhaps
to a level beyond physiological relevance, application of this
approach with other constructs allows for another level of manip-
ulation to engineer the precise response desired.

3.7. Engineered distinct red and orange system states

Fig. 4F demonstrates that a transition between red and orange
states is now possible after substantial pathway engineering. In
order for both states to be possible for the same cells, multiple
components needed to be precisely controlled in combination.
With a moderate RBS, a strong degradation tag, and the low-copy
plasmid, levels of CrtY were limited at low zinc levels (preventing
reaction of lycopene) but were adequately inducible to allow a
switch to β-carotene at higher zinc levels. Selection of a different
plasmid in this configuration would have different results: for
example, on the the fosmid, CrtY levels are limited so much that
the β-carotene state can never be reached (though for other
configurations, for example without LAA tags, the fosmid did
allow for accumulation of CrtY and production of β-carotene).
Supplementation of lycopene production via the mevalonate path-
way enabled further tuning of the zinc levels at which that
transition occurred. Taken together, these strategies enabled the
ultimate within-pathway state-switching goal of the biosensor.

4. Discussion

In this work, we present the design and engineering of a
biosensor capable of responding to extracellular levels of a micro-
nutrient, zinc, with potential application to blood test diagnostics.
Specifically, the biosensor was designed to produce pigment, rather

than fluorescence or related readouts, to facilitate equipment-free
usage since the color of the readout can be assessed with the naked
eye. Our initial efforts yielded only a two-state sensor, despite the
design of the construct to have three distinct regimes of pigment
production. (A two-color sensor would still be useful, though having
a third state provides increased zinc status resolution and thus more
information for determining when and where to perform nutritional
interventions.) This prompted the need for metabolic engineering of
the construct, as baseline levels of the last gene in one pigment
production pathway prevented the accumulation of an intermediate
intended to represent a distinct readout state in the device.

Our work presents advances in a number of different directions
within the purview of developing metabolically engineered pigment-
based biosensors. We integrated two different heterologous pigment
production pathways, and were able to shut one off completely so as
to enable the visibility of the other. Our use of natural zinc-
responsive promoters and transcription factors provided one system
(Zur/PznuC) that was appropriate for our application, but another
system (ZntR/PzntA), with a wide dynamic range and excessively
high baseline expression when in an uninduced state, required
significant engineering to be usable in the sensor. Engineering efforts
were limited to components besides the promoter and regulator
themselves, as mutating those would likely have been prone to loss
of zinc specificity (Khan et al., 2002) (particularly true given the
mechanism of action of ZntR). Without promoter engineering as a
viable possibility, we focused on post-transcriptional regulation to
harness a very small portion of the dynamic range of the system and
to sufficiently suppress expression to allow multiple color states
within a single pathway. The system started with no switching
capability whatsoever, but we were able to engineer in switching
capability as well as demonstrate our ability to change the level at
which the switch occurs. This is particularly relevant since our
application limits us to the small fraction of ZntR’s dynamic range
that is physiologically relevant.

We achieved our goals via a directed, rational approach to
synthesizing pigment-producing constructs, driven by knowledge
gained from initial fluorescence characterization of regulatory
elements. We did this due to the difficulty in high-throughput
screening for our desired phenotype: screening a library of
transformants for a single color at a single zinc concentration
does not provide sufficient information, decreasing the potential
throughput substantially. Gradient plates as a secondary screen are
too qualitative and spatially complex, though a replica plating
approach on multiple zinc concentrations could have been a viable
strategy. Ultimately, though, our rational approach also provided
deeper insight into the requirements for getting the correct level
of regulation to allow multiple color states in one pathway, which
may not have emerged from a library screen.

To sufficiently control the production of our most downstream
enzyme in the carotenoid production pathway, CrtY, multiple levels
of regulationwere necessary. Combining the use of weaker ribosomal
binding sites with protein degradation tags and changing the vector
allowed for the establishment of inducible color change and tuning of
the zinc concentration at which the color change occurred. While we
observed that the lower copy vectors were more effective at allowing
a lycopene-dominated state, this phenomenon cannot be solely
attributed to copy number since vector-specific differences in read-
through transcription affect the level of transcription of (promoter-
less) crtEBI and thus the balance of lycopene and crtY. Nonetheless,
our data, along with intuition, suggest that copy number likely plays
a role in this process; even if not, the fact that selection of vector has
such a substantial effect on the metabolic phenotype of the cells is
still an important observation.

We used fluorescence measurements on a library of regulatory
combinations as the basis for rational exploration of the design
space for production of carotenoids. It is possible that the
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reduction in fluorescence caused by the addition of degradation
tags was not just due to increased degradation, but caused also by
decreased fluorescence per molecule due to the tag changing the
protein conformation. While this was not something controlled for
and tempers the interpretations of tag effectiveness from the
fluorescence data, the carotenoid production results are consistent
with our interpretation of the fluorescence data on the importance
of degradation tags for tuning the behavior of the cells.

We also note that while the use of native, rather than
orthogonal, sensing (zinc-responsive) elements is not common-
place, it did not prevent successful metabolic engineering of the
strain. While this aspect of our approach may have led to more
non-linear impacts of the various regulatory changes we imple-
mented due to impacts on host cell behavior or impacts of host cell
genomic expression, this disadvantage was outweighed by the
many tools available for genetic manipulation in E. coli and the fact
that the regulators we used are well-characterized zinc-responsive
elements, one of which was already known to respond within a
physiologically relevant concentration range.

It is worth noting that these experiments were carried out at a
single temperature that is not necessarily the same as the physiolo-
gical temperature of the organisms used as sources for the hetero-
logous pigment biosynethesis pathways. Since it is known that
enzymatic activities of some of the components we have employed
are temperature-dependent (i.e., enzymes in the violacein pathway
(Rodrigues et al., 2013)), it is possible that some characteristics of our
sensor’s behavior may also change as a function of incubation
temperature. Exploring the temperature dependence of the switch-
ing point of our construct is an important next step, as the results
will have design implications for the ultimate implementation of a
blood testing device incorporating our sensor.

The desire for tightly controlled but inducible transcription is
not unique to our application. For example, there has been recent
work developing dynamically controlled metabolic engineering,
where the genes for target production remain uninduced during
growth phase to avoid toxicity, or where genes crucial for growth
are turned off at a specific time to redirect carbon flux towards the
production of desired products (Solomon et al., 2012; Soma et al.,
2014; Torella et al., 2013; Zalatan et al., 2015). While one way to
achieve this would be through small molecule induction after
sufficient growth, as might be done for protein expression, there
have also been efforts to have automated induction upon sufficient
accumulation of cells, for example via response to phosphate
limitation or quorum-sensing molecules (Anesiadis et al., 2008;
Callura et al., 2012; Kobayashi et al., 2004; Tsao et al., 2010;
Williams et al., 2015). These latter cases are the most likely to
experience issues similar to the challenges in our biosensor: where
the promoter selection is driven by the specific needs of the
application and is relatively inflexible, meaning that control of
expression must be exerted through other means.

5. Conclusions

The sensitivity of metabolic pathways to low levels of enzy-
matic expression – a key aspect of what one could call “precision
metabolic engineering” – is not something that has been widely
explored in the literature. Nonetheless, it is an extremely impor-
tant aspect of harnessing metabolism for biosensor applications
while minimizing the transcriptional and metabolic burden on
cells (and thus using the same pathway to produce multiple
different visible outputs). At the outset, we naïvely implemented
the pigment-based sensor without addressing the underlying
metabolic pathway engineering problem. It soon became clear
that at least some degree of pathway engineering would be critical
to make a functional reporter that could express two different

carotenoids. While we initially used pathway engineering to allow
a lycopene-only intermediate state to persist, we also found that
tuning the carotenoid pathway could strongly affect sensor
response. Adjusting both upstream and downstream pathway
expression controlled the zinc concentration at which pigment
production switched, allowing more control over what concentra-
tions would map to "intermediate zinc" and "high zinc" outputs.

Overall, the most difficult aspect of the engineering task was
compensating for leaky expression of enzymes downstream of the
first pigment indicator. This suggests that (when possible) the
selection of regulatable promoters with the lowest levels of
leakiness may outweigh other important factors (e.g., whether it
is inducible or repressible, or the expected response threshold)
when designing future pigment-based sensors. However, for
natural promoters this will often not be possible, necessitating
the precision engineering efforts that we have described. Ulti-
mately, multiple levels of control were necessary to achieve the
desired metabolite production given the limitations in inducible
regulation and intermediate or product toxicity; we expect that
such extensive control will typically be necessary in regulating the
response of sensors using metabolite reporters. Perhaps the most
interesting lesson for future strain design was that controlling the
levels of precursors for the heterologous biosynthetic pathways
can affect the switch point of the circuit. This provides a powerful,
modular, orthogonal approach to basic pathway engineering of
heterologous pigment production pathways, and could be consid-
ered an earlier option in strain design if (as in the mevalonate
pathway) there are well-established methods to adjust precursor
availability to optimize pigment switching around input levels of
interest from arbitrary sensors.

The approaches identified and lessons learned could also be
generalizable to other “precision” applications where extremely
selective production of specific molecules is critical, including the
design of multifunctional (potentially portable) microbial cell fac-
tories that can produce different products in response to different
environmental conditions. A key result of this work is that significant,
combinatorial regulation was necessary in order to limit the immedi-
ate production of β-carotene in our construct; while it was unsur-
prising that pigments from two different heterologous pathways
could be combined via a switch for a visible output, the level of
control necessary to prevent the reaction of all lycopene to β-
carotene was unexpected. While the level of control necessary would
ultimately be dependent upon enzyme turnover number rate, knowl-
edge that such levels would need to be so precisely regulated for
pathway control will likely play a key role in other precision
metabolic engineering applications in the future.
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