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Combinatorial engineering of intergenic regions in
operons tunes expression of multiple genes

Brian F Pﬂegerl, Douglas J Piteral, Christina D Smolkel#, & Jay D Keaslingl‘3

Many applications of synthetic biology require the balanced
expression of multiple genes. Although operons facilitate
coordinated expression of multiple genes in prokaryotes and
eukaryotes, coordinating the many post-transcriptional
processes that determine the relative levels of gene expression
in operons by a priori design remains a challenge. We describe
a method for tuning the expression of multiple genes within
operons by generating libraries of tunable intergenic regions
(TIGRs), recombining various post-transcriptional control
elements and screening for the desired relative expression
levels. TIGRs can vary the relative expression of two reporter
genes over a 100-fold range and balance expression of three
genes in an operon that encodes a heterologous mevalonate
biosynthetic pathway, resulting in a sevenfold increase in
mevalonate production. This technology should be useful for
optimizing the expression of multiple genes in synthetic
operons, both in prokaryotes and eukaryotes.

The synthesis of natural or unnatural products in microorganisms
usually involves the introduction of several genes encoding the
enzymes of a metabolic pathway!2. Often, in order to produce these
molecules at commercially relevant levels, the genes must be expressed

@at appropriately balanced levels to avoid the accumulation of toxic

=¥ intermediates or bottlenecks that result in growth inhibition or

suboptimal yields. Similarly, manipulation of multisubunit proteins
(for example, FFy-ATPase, proteasomes and ion channels) usually
requires coordinated expression of several genes to produce the
subunits at the appropriate stoichiometries®. Development of tightly
regulated, well-characterized molecular components for the construc-
tion of optimized biological pathways is a central challenge in
synthetic biology®. It is nearly impossible to predict the necessary
strengths of the promoters and ribosome binding sites (RBSs)
required to balance and coordinate the expression of multiple genes.

Grouping multiple, related genes into operons, as is done naturally
in prokaryotes®, is a convenient means for regulating several genes
simultaneously without the need for multiple promoters. Internal
ribosomal entry sequences (IRESs) from eukaryotic viruses and host
stress response pathways perform a similar function and have been
harnessed to create operons for heterologous expression of genes in

eukaryotes®. With a single promoter controlling the transcription of
several genes, relative expression of each open reading frame in the
operon is controlled by altering post-transcriptional processes such as
transcription termination!%!!, mRNA stabilitylz'13 and translation
initiation'* 1, Sequences inserted into the intergenic regions of
bacterial operons can direct the processing and segmental stability
of a transcript containing multiple coding regions'”!8. This type of
directed mRNA processing results in differential production of the
proteins encoded in the operon depending on the nature of the
intergenic region between the coding regions.

One of the major obstacles to designing and implementing this type
of control is the difficulty in decoupling the many interrelated
variables involved in post-transcriptional regulation!®. We previously
demonstrated that it is possible to differentially control the protein
levels encoded by two or more genes in an operon using intergenic-
region sequences' 18, Here, we simultaneously tune the expression of
several genes within operons by generating and screening large
libraries of TIGRs containing control elements that include mRNA
secondary structures, RNase cleavage sites and RBS sequestering
sequences. An operon reporter system (Fig. 1a) containing the genes
encoding the red fluorescent protein DsRed (1fprc)?*?! and the green
fluorescent protein GFP (gfpyy) facilitates high-throughput measure-
ment of relative gene expression resulting from the TIGR libraries.

A large library of TIGR sequences (> 10*) was assembled combi-
natorially from four sets of oligonucleotides (Supplementary Table 1
online) using PCR. Each oligonucleotide contained two 15-nt
sequences that hybridized to a corresponding sequence in the
neighboring oligonucleotide, such that a series of chimeric DNA
molecules containing oligonucleotides from each of the four sets
was created after several rounds of PCR (Fig. 1b). Between the
hybridization sequences at either end of each oligonucleotide was a
variable sequence that provided the diversity of features designed into
the library. PCR amplification of this DNA pool with end-specific
oligonucleotides enriched the population with full-length TIGRs
containing a member from each set of oligonucleotides (Fig. 1b).
Specific restriction sites incorporated into the amplification primers
were used to clone the TIGR library between the two reporter genes.

The TIGR pool that resulted from the assembly of the oligonucleo-
tides was designed to contain three regions, two variable hairpin
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sequences flanking a single-stranded region incorporating various
RNase E sites??® (Fig. 1c,d). When transcribed, those TIGR
sequences that contained a strong endonuclease site would be cleaved
to generate two secondary transcripts whose stabilities could be
individually modulated by the secondary structures flanking the
RNase site!” (Fig. le). The TIGR sequences also incorporated
mRNA secondary structures of various lengths, GC contents, asym-
metries and mismatched bulges (Supplementary Table 2 online).
More than 10 possible TIGRs were generated from the 9 to 11
oligonucleotides in each of the four sets. Although inclusion of
degeneracies in some of the oligonucleotides and the use of error-
prone PCR conditions increased the number of possible sequence
combinations, the actual size of the library was likely determined by
the number of clones obtained after electroporation.

Cells harboring the reporter libraries produced a wide range of

o fluorescence phenotypes (Fig. 2a). Highly fluorescent cells were
@lsolated by fluorescence-activated cell sorting (FACS) to further
=" characterize the library. Cultures of the sorted cells were grown in
96-well plates to determine the fluorescence of each construct after
24 h. The relative fluorescence ratio, red to green, varied by two orders
of magnitude (from 45:1 DsRed/GFP to 3:1 GFP/DsRed; Fig. 2b),
depending on the intergenic region. As expected, the distributions of
relative mRNA levels and fluorescence ratios differed, indicating
that TIGRs may also affect translation (Fig. 2c,d). TIGR sequences
generally had a stronger influence on the expression of the gene 3’
to the TIGR than on the gene 5’ to the TIGR (Supplementary Figs. 1
and 2 online).

The operons from fifteen plasmids were sequenced to charac-
terize mechanisms responsible for the resulting expression ratios
(Supplementary Table 3 online). Many of the sequences were
predicted to form secondary structures (as predicted by the
Mfold web server?*) with variably sized hairpins and single-stranded
regions. The secondary structures and the size distribution of
transcripts (assessed from northern blot analysis; Fig. 3) suggest
that at least three mechanisms are responsible for the observed
differences in gene expression in the library. These mechanisms—
differential mRNA processing (Fig. 3a—c), transcription termina-
tion (Fig. 3d-g) and RBS sequestration (Fig. 3h,i)—are discus-
sed below.
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Figure 1 TIGR assembly and reporter operon.

(@) The reporter plasmid p70RG includes the

reporter genes rfpgc and gfpyy downstream of the
Pgap promoter. The black scissors indicate the

!’_é— location of the cloning site used to insert the
library of TIGRs. (b) TIGR assembly reaction.

é i Members of each region (1-4) anneal to members

of neighboring regions and are extended by PCR.
Eventually full-length TIGRs containing members
of each region are assembled and then amplified
using end-specific primers containing the restric-
tion sites for cloning. (c) The oligonucleotides
used for TIGR construction were designed to make
three separate regions. 1 and 2 form 5” hairpins,
2 and 3 form the single-stranded region with
RNase E sites and 3 and 4 form a 3’ hairpin. See
Supplementary Methods for details. (d) When
transcribed these sequences form a variety of
structures incorporating many elements that affect
gene expression. (e) The TIGR sequence is desig-
ned to be processed at a cleavage site between
two secondary structures. Cleavage results in two
independent secondary transcripts whose stability
is determined by the remaining TIGR sequence.

Regarding intergenic cleavage and differential processing of second-
ary mRNAs, the incorporation of RNase sites between the two coding
regions of a transcript (Fig. 3a) has been shown to decouple the stabi-
lity of the two coding regions and thus the production of the corres-
ponding proteins!”. Of the TIGR library samples studied, most had two
distinct transcripts with lengths of approximately 1,800 and 800 bases,
corresponding to the predicted primary (gfpyy and rfpgc coding
regions on one transcript) and secondary (gfpyy or rfpgc coding region
alone) transcripts (Fig. 3a—c). This indicates processing of the primary
transcripts by endonucleases at cleavage sites placed in the TIGR
between the coding regions. Cleavage in the TIGR would result in
two independent secondary transcripts whose stability, and ultima-
tely the amount of protein produced from them, would be dictated by
the remaining TIGR sequences at the 3’- and 5"-ends of the separated
transcripts. Differences in the intensities of the primary and secondary
transcripts support differential transcript stability (Fig. 3b,c).

Regarding transcription termination, large ratios in the expression
of the first gene relative to that of the second gene could be generated
by increasing the frequency of termination before transcription of the
3’ gene. In the TIGR library, the overall distribution of fluorescence
ratios was skewed with nearly 70% of the clones displaying more red
fluorescence (first gene) than green fluorescence (second gene)
(Fig. 2b). Premature transcription termination due to large intergenic
secondary structures between the coding regions, best demonstrated
by sample 1 (Fig. 3d), is the most likely explanation for the skewed
expression in favor of the first gene. The sample 1 TIGR is predicted to
comprise two very large hairpins with over 20 bp in each stem
(Fig. 3e). Northern blot analyses revealed a large quantity of stable
rfpEc transcript corresponding to the size of a single gene (Fig. 3f) and
very little gfpyy transcript, either full-length or containing gfpyy alone
(Fig. 3g and Supplementary Fig. 1 online). The strong hairpins in this
TIGR may promote premature transcription termination and/or
protect against exoribonucleases?. Either mechanism would increase
the ratio of abundance of the first gene product relative to that of the
second gene product (red/green).

Finally, RBS sequestration resulted in a number of samples showing
a substantial difference between the relative mRNA and protein levels
(Fig. 2¢,d and Supplementary Fig. 1). In many of these samples, the
gfpuv RBS was part of a secondary structure, such that cis base-pairing
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of the RBS may have prevented the ribosome from loading onto the
transcript. Secondary structures incorporating the RBS reduce the rate
of translation initiation!4-16:26, Sample 3, which best illustrates this
mechanism (Fig. 3h), consists of four hairpins, the last of which
incorporates the RBS at the base of its stem (Fig. 3i). Despite the
significant levels of gfpyy mRNA present (both full-length and
secondary transcripts containing gfpyy only; Fig. 3c) there was very
little green fluorescence (Fig. 2c and Supplementary Fig. 1 online),
suggesting that the ribosome was not able to load onto the RBS 5" of
the second coding region.

After successful demonstration of the ability to control the expres-
sion of reporter genes in an operon, we applied the TIGR approach to
optimize flux through a heterologous mevalonate pathway, introduced
into Escherichia coli to produce amorpha-4,11-diene, a precursor to
the antimalarial drug artemisinin?. The heterologous mevalonate
pathway, which comprises three Saccharomyces cerevisiae genes, trans-
forms acetyl-CoA into the isoprenoid precursors, isopentenyl pyro-
phosphate and dimethylallyl pyrophosphate (Fig. 4a). Although an
operon consisting of the first three genes in the mevalonate pathway
(atoB, HMGS, tHMGR; referred to collectively as MevT; Fig. 4b)

Figure 3 TIGR effects on expression. (a) Differ- a
ential RNase protection mechanism of TIGR
samples. Cleavage of the TIGR generates two
secondary transcripts. (b) Northern blot of total
RNA from exponentially growing cultures of
numbered clones probed for rfpgc. (c) Northern d

blots of the same RNA in b probed for gfpyy.

(d) Premature transcription termination mecha-

nism of sample 1. The large intergenic-region

structure prevents transcription of the gfpyy

gene. (e) The predicted secondary structure of e
sample 1's TIGR contains two large hairpins. (f) §
rfpec-probed northern blot of total RNA harvested

at various time points (bottom) after transcription

was stopped by adding rifampicin. (g) Northern

blots of the same RNA in f probed for gfpyy The

primary (1°) and secondary (2°) transcripts are
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Figure 2 Expression from TIGR library in the original operon vector p70RG.
(a) Colonies of fluorescent strains imaged using a laser scanner that detects
fluorescence at 526 nm and 580 nm. The image is an overlay of the two
signals. The inset is a selection of the colonies exposed to UV light at

295 nm to excite GFP fluorescence. (b) DsRed:GFP fluorescence ratios

of the library after 24 h of growth. (c) Fifteen clones were assayed for
fluorescence during exponential growth. Shown are DsRed/GFP fluorescence
ratios normalized to the fluorescence of p70RG. (d) The ratios of rfpgc and
gfpyy MRNA from exponentially growing cells were determined by real-time
PCR and dot blot hybridization. Shown are the rfpgc:gfpyy MRNA ratios
determined by real-time PCR. Note the similarity in the distributions of the
two samples, indicating that the TIGR alters mRNA levels that in turn
change fluorescence ratios.

appears to limit flux, overexpression of this operon reduced both
growth and product formation, potentially owing to the toxicity of
imbalanced gene expression (D.J.P., unpublished data). Directed
approaches to remedy this imbalance would involve the difficult and
time-consuming construction and analysis of many clones, using
various approaches to alter gene copy number and/or rates of
transcriptional or translational initiation.

Instead, application of the combinatorial approach described above
reduced pathway optimization time and increased the number and
variety of mechanisms explored to balance the MevT pathway.
Specifically, the TIGR libraries were used to generate a series of
operons that were subsequently screened for increased mevalonate
production. A megaprimer PCR approach (Supplementary Fig. 3
online)?” was used to simultaneously place TIGR libraries between the
first and second genes and between the second and third genes of the
MevT operon (Fig. 4c). Functional operons from the libraries were
selected by transforming the plasmid library into E. coli DP5, a strain
engineered to be auxotrophic for mevalonate (B.EP., D.J.P, ].D.
Newman, V.J.J. Martin & J.D.K., data not shown). The plasmids
isolated from this enriched pool were recovered, transformed into a
production strain (DH10B) and screened to identify the highest-
producing version by using a mevalonate auxotroph transformed with
a plasmid harboring a constitutively expressed gfp as a biosensor for
mevalonate (B.EP, D.J.P,, ].D. Newman, V.J.J. Martin & J.D.K., data
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Figure 4 Optimization of mevalonate production in E. coli using
the TIGR method. (a) Biosyntheic pathway of heterologous f
artemisinin production. Pink box highlights the heterologous
mevalonate pathway converting acetyl-CoA (AcCoA) to the
isoprenoid precursors isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP) through mevalonate
(MEV). (b,c) Dashed box, blown up in b, represents the first
three genes in the mevalonate pathway, atoB (acetoacetyl-CoA
thiolase), HMGS, (HMG-CoA synthase) and tHMGR (truncated
HMG-CoA reductase). These three genes have been clustered
into one operon to make the vector pBad33MevT (c). (d) Growth
of the top four producers and the sampling points for induction
(green), RNA (red), acyl-CoAs and mevalonate assays (orange).
The data for each of the sampling points is shown in Table 1.
The library samples (A, green triangle; B, blue star; C, orange
diamond; D, blue circle) all grow faster than the original vector
(pBad33MevT, red diamond) but slower than the empty vector
(pBad33, gray diamond). (e) Total mevalonate production (mM)
of the top clones determined by GC-MS: light bars (production
at 11 h) and dark bars (production at 23 h). Specific
mevalonate production (normalized to ODggg) at these time
points is reported in Table 1. (f) Structure of the TIGR of library
ample A. Note the position of the RBS upstream of HMGS in a
hairpin. This type of base pairing can lead to reduced translation
initiation. Abbreviations: HMG-CoA, hydroxymethylglutaryl-CoA;
FPP, farnesyl pyrophosphate; DMAPP, dimethylallyl pyrophos-
phate; CIT, citrate: MAL, Malate; OAA, oxaloacetate.

not shown). This fluorescence-based screen incorporates a GFP-
producing sensor strain whose growth is dependent on the level of
mevalonate secreted into the surrounding medium by the producer
strain. Of the more than 600 colonies screened in this manner, 18%
were significantly (more than three standard deviations greater,
calculated from two sets of triplicate controls on each plate) more
fluorescent than the original operon (control without TIGRs).

The four best producers were examined to determine the mechan-
ism responsible for the increased mevalonate production. The most
obvious difference between the library samples and the pBad33MevT
control was the improved growth of the library strains. Cultures of
uninduced DH10B harboring pBad33 (empty vector) or pBad33MevT
(original pathway, no TIGRs) grew similarly. However, once induced,
cultures harboring pBad33MevT grew much slower than those har-
boring pBad33. Although the final culture densities were similar, the
empty vector reached stationary phase nearly 12 h earlier (Fig. 4d).
Uninduced cultures of DH10B harboring one of each of the library

1030

d 100 -
S 101
(=)
Qo
< 1.
s
S
o
3 0.1 A
[&]
o 1t . . - .
- 5 10 15 20 25
Time (h)
e 10
s
£
)
g g
o
©
>
[0}
=
0.1
>« Y @ O 9
Q}Q,& @S S S
NN N S N
>
&
GA
u G
c—G
U—A
G—U
A—U
c—-G
AU c—G
c GUCUGGG—C
G I 0 G
u CAGGCC u
c c A
A u
c c

INTPNINI A v tHMGR

plasmids grew similarly to the other uninduced strains. However, once
induced, they grew faster than pBad33MevT and slower than pBad33.
Mevalonate production from the library strains was sevenfold greater
than that from pBad33MevT, averaging 6 mM after 24 h (Fig. 4e). The
specific production (Table 1) of the library strains was twice that
of the pBad33MevT control, indicating that both the improved
growth and increased flux through the pathway contributed to the
increased production.

The concentrations of intracellular acyl-CoA species were measured
to determine if the TIGR changed the relative carbon flux through any
of the three steps in the pathway. The biggest difference between the
strains was the concentration of acetyl-CoA, a central metabolic
intermediate (Table 1). The strain containing the original mevalonate
pathway (pBAD33MevT) had much lower acetyl-CoA levels than the
control strain and the strains containing the evolved pathway. The fact
that the strains producing more mevalonate had more acetyl-CoA was
unexpected but correlates with the improved growth seen in the
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Table 1 Expression analysis of select mevalonate producers

pathway (acetoacetyl-CoA, HMG-CoA) were

not substantially changed among the strains pBad33 pBad33Mevl  Sample A Sample B Sample C ~ Sample D
expressing mevalonate pathway genes. The  RNA levels (ng)
data suggest that the improved production
was due primarily to increased growth corre-  atoB 1.5 6.0 5.7 6.8 6.1 8.6
lated with the availability of acetyl-CoA. hmgs 0.2 43 2.3 2.1 2.2 35
Transcripts from each strain were examined ~ thmgr 03 6.3 3.1 3.9 30 4.0
using dot blots to determine whether changes - _ _
in TIGR sequence altered the relative expres- Enzyme activity {umol/min/mg protein)
sion levels of the three genes. The HMGS and  11yqr <0 3,000 1,100 ND ND ND
tHMGR transcripts were noticeably reduced
in the library strains in comparison to the Time (h) Metabolite concentrations (nM normalized to OD)
transcript  expressed from pBad33MevT Cop 92 396 310 310 o84 315
(Table 1). Corroborating the mRNA data,
. . Acetyl CoA 826 <0 126 123 184 129
the tHMQR enzyme activity was substantially AACOA on4 146 19.2 19.8 18.2 176
reduced in library sample A compared to 3 HMG-CoA 7.6 19.9 37.2 23.4 37.8 25.7
pBad33MevT (Table 1). The reduction in Mevalonate <0 214,000 172,000 ND 151,000 177,000
expression was not expected, but suggests CoA 176 104 283 354 208 288
that reduced expression of HMGS and Acetyl CoA 627 47 774 678 587 670
tHMGR was responsible for the improved 1 AA-COA 08 74 2.0 26 2.1 2.1
growth and increased mevalonate production. HMG-CoA 0.4 20.7 21.9 19.3 12.8 9.7
The sequences of the TIGRs (Supplemen- Mevalonate <0 283,000 279,000 243,000 222,000 240,000
tary Table 3) from each of the top four 24 Mevalonate <0 276,000 565,000 524,000 596,000 534,000

producers were predicted to form a small set
of similar structures. The TIGR between
HMGS and tHMGR was predicted to form either a large hairpin or
a short single-stranded structure, whereas the TIGR between atoB and
HMGS contained two small hairpins separated by a few single-
stranded bases (Fig. 4e). The second of these hairpins appears to
sequester the RBS, thereby downregulating production of HMGS.
Reduced translation rates can in turn affect mRNA stability!®, and
therefore message levels, by decreasing transcript coverage by ribo-
somes and leaving the transcript open to RNase degradation. There-
fore, reduced HMGS translation rates could lead to the reduction in
HMGS and tHMGR message, which would correlate with the
improved growth and increased mevalonate production.

The ability to access multiple regulatory mechanisms simulta-

eously without specific design is a major strength of the TIGR

=" approach. As the mechanisms that underlie the sevenfold increase in

mevalonate production associated with the improved version of
pBad33MevT are counterintuitive, reduction of HMGS and tHMGR
activities would not have been a priority in construct design. Most
importantly, incorporation of our optimized operon into the prokar-
yotic strain engineered to produce artemisinin or its precursor (amor-
phadiene) may reduce the cost of drug production using this pathway.
Similarly, use of TIGRs containing IRES elements and RNase sites may
also be valuable for designing operons used in pathway engineering,
multisubunit protein production and gene therapy in eukaryotes.

METHODS

General. Media and chemicals were purchased from Sigma and Fisher
Scientific. Enzymes were purchased from Roche, Promega and New England
Biolabs. Oligonucleotides (Supplementary Table 1) were purchased from
Operon Biotechnologies. C-medium!” was supplemented with 3.4% glycerol,
1% Casamino acids (Difco) and micronutrients. Carbenecillin and chloram-
phenicol were used at concentrations of 50 pg/ml and 34 pg/ml, respectively,
and cells were grown at 37 °C, unless otherwise indicated. The strains and
plasmids used in this study are listed in Supplementary Table 4.

Assembly of TIGR libraries. Cloning of the initial reporter vectors and
mevalonate pathway constructs are described in the Supplementary Methods.
TIGRs were synthesized using PCR to assemble oligonucleotides into chimeric
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DNA sequences. Four-hundred (400) picomoles of an equimolar oligonucleo-
tide mixture were added to a mixture containing 2.5 units of AmpliTaq Gold
polymerase (Applied Biosystems). The assembly was conducted over 35 rounds
of 15 s at 95 °C, 30 s at 72 °C and 20 + 5 s/cycle at 72 °C. The resulting
assembly products were purified with a nucleotide removal column (Qiagen)
and amplified using end-specific primers containing Bgl/II and Asp718 restric-
tion sites. The amplified libraries were subcloned into p70RG, the ligation
products were electroporated into E. coli DH10B, and the resulting transfor-
mants were plated on LB agar with carbenecillin.

Reporter library screening. The p70RG library transformants were collected
from agar plates in 5 ml of PBS. The cell suspensions were diluted to 107 cells/
ml before screening through FACS on a Beckman-Coulter EPICS Elite Sorter.
The extreme 30% representing highly red, highly green, and highly green and
red cells were separated from the remaining cell population. Ten million events
were collected and resorted to remove any undesired cells that were carried over
in the initial sort. The sorted populations were plated on LB agar with
carbenecillin and individual colonies were subsequently grown overnight in
C-medium. Cultures were back diluted 1:100 into fresh C-medium with
carbenecillin and 0.2% arabinose. After growing for 24 h, the ODgyy and
GFP and DsRed fluorescence were measured using a Tecan Safire plate reader.
GFP and DsRed were measured at excitation/emission wavelengths of 400
nm/510 nm and 558 nm/583 nm, respectively. Each fluorescence value
was normalized to the number of cells by dividing by the ODgg.

Fifteen selected members of the intergenic-region library were grown over-
night in LB medium with carbenicillin and inoculated into C medium with
carbenicillin to an ODgg, of 0.016. At an ODgg of 0.05, the cultures were
induced with 0.2% arabinose. At an ODggq of 0.4, fluorescence and mRNA
levels were determined. These values were normalized to the values generated
by the p70RG control operon and presented above (Fig. 2¢,d).

RNA methods. Messenger RNA analysis was performed by dot-blot hybridiza-
tion, northern blot hybridization and real-time PCR. Details for these methods
are found in the Supplementary Methods. Briefly, total RNA was isolated using
a RiboPure-Bacteria kit (Ambion) and quantified on a Bioanalyzer Total RNA
Nanochip (Agilent Technologies). Dot and northern blots were generated
according to standard protocols®®. The construction of probe templates is
described in the Supplementary Methods. Probes were synthesized by in vitro
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transcription from these gel extracted templates with SP6 RNA polymerase
(Promega) in the presence of [*2P]-labeled o-CTP (PerkinElmer) and unlabeled
nucleotide triphosphates (Promega) according to the manufacturer’s instruc-
tions. All probes are specific for their own genes and did not generate any cross
reactivity to the other transcripts.

Megaprimer construction of TIGR-HMGS-TIGR libraries. Construction of
intergenic-region libraries between three genes was performed using a mega-
primer reaction?’. Previously amplified libraries were reamplified with one of
two primer sets: MevT-A, MevI-B or MevT-C, MevI-D in a standard PCR.
These primers contain either a restriction site for subsequent cloning or a 5’ tail
complementary to HMGS. The products of these reactions were purified and
used as megaprimers to amplify HMGS in a subsequent PCR (Supplementary
Fig. 3). The resulting fragments had the form Xhol-IGR-HMGS-IGR-Notl.
These fragments were cloned into pBad33MevI-L, a vector containing the
remaining genes of the MevT pathway, AtoB and tHMGR. The ligations were
transformed into competent DH10B (Invitrogen) and plated onto LB agar
plates containing chloramphenicol and 0.1% glucose. Transformants were
pooled as above and their plasmids isolated. Functional operons were selected
by transforming the resulting plasmid pool into E. coli DP5, a mevalonate
auxotroph (Supplementary Table 4, and B.EP,, D.J.P, ].D. Newman, V.J.J.
Martin & J.D.K., unpublished data) and plating on the appropriate media. The
plasmids were then isolated from pooled cultures of the surviving colonies and
transformed into DH10B for further screening.

Biosensor screening of mevalonate producing libraries. Colonies containing
functional operons were transferred into 96-well plates and grown overnight in
C-medium with chloramphenicol and 0.1% glucose. Cultures were back diluted
1:100 into fresh C-medium with chloramphenicol and 0.2% arabinose. After
24 h, the cells were pelleted and the spent medium collected. A culture of the
biosensor cells was grown overnight in C-medium with 50 pg/l kanamycin and
1 mM mevalonate and back diluted to an ODg of 0.02. One-hundred ninety
(190) pl of this culture was combined with either 10 pl of the spent media or
10 pl of a 1:10 dilution of the spent media in separate screening plates. Two
wells per plate were run in triplicate as internal controls. Mevalonate controls
between 100 uM to 2 mM and the highest mevalonate producer were run on
each plate. The biosensor plates were grown for 48 h, during which the GFP
fluorescence was periodically measured using a Typhoon laser scanner. Samples
were clustered into groups based on their relative fluorescence compared to the
best mevalonate producer and average standard deviation from the triplicate
wells. The mevalonate producing cells corresponding to the highest fluorescent
=V, Diosensor wells were subjected to further analysis.
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gMevT expression analysis. High mevalonate—producing library members were
assayed for cell growth, mRNA levels, enzyme activity, intracellular acyl-
coenzyme A levels and mevalonate concentrations. Cultures were inoculated
to an ODgqg of 0.016 from glucose-repressed overnight cultures, grown to an
ODgp of 0.05 and induced with 0.2% arabinose. Dot blots and northern blots
were prepared in duplicate from total RNA isolated at an ODggq of 0.4. Blots
were probed with appropriate radiolabeled probes generated as described in the
Supplementary Methods and Supplementary Table 1. tHMGR protein levels
were assayed enzymatically by monitoring the disappearance of NADPH
(tHMGR cofactor) by measuring the absorbance at 340 nm?°. Mevalonate
levels were determined by gas chromatography—mass spectrometry (GC-MS) as
described in the Supplementary Methods. Acyl-CoA levels were determined by
liquid chromatography—mass spectrometry (LC-MS) analysis of cell extracts
described in the Supplementary Methods.

Note: Supplementary information is available on the Nature Biotechnology website.
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