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ScienceDirect
Gene expression control is critical to increase production of

recombinant proteins, fine-tune metabolic pathways and

reliably express synthetic pathways. The importance of

transcriptional control seems to be most important in

eukaryotic systems. In this review, we highlight recent

developments in the field of transcriptional engineering with an

emphasis on the opportunities and challenges. We discuss the

engineering of ‘parts’ that influence transcriptional throughput

including promoters, terminators, and transcription factors as

well as the genetic context of the expression cassette. While

great strides have been made in the area, the robustness of

these parts has been largely untested. This review highlights

the importance of considering robustness in biological systems

and the limitations that current synthetic parts possess.
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Introduction
Controlling gene expression is a paramount, and often

foremost, goal of most biological endeavors — from ther-

apeutic antibody production [1] to the production of

industrial enzymes [2] to the expression of heterologous

metabolic pathways [3,4]. While most of these efforts

initially focus on the need for high expression, further

work (especially in optimizing these processes) requires a

more sophisticated, tighter control of gene expression.

The need for control at many levels obviates the necessity

of libraries of synthetic parts capable of controlling tran-

script levels. However, not all parts are created equal and

not all have been tested adequately enough to ensure

function in a new system. Specifically, the current

synthetic biology ‘parts on a shelf’ model seemingly
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necessitates interoperability and robustness of parts,

yet relies on community sourced databases to assemble

experimental tools [5,6]. This reality provides both oppor-

tunities for rapid advancement as well as a limitation in

the field. In this review, we highlight the advances in

synthetic parts for controlling transcript levels and ad-

dress inherent challenges and considerations in more

accurately defining their robustness.

Two major processes contribute to protein expression

level: transcriptional rates and translational rates. Trans-

lation-level control (especially through tools such as ribo-

somal binding site calculators [7–9] and codon

optimization) allow users to forward engineer the ribo-

somal efficiency for their gene of interest. This approach

has been successfully demonstrated in prokaryotic sys-

tems where strong, orthogonal viral promoters and sim-

pler translational mechanisms exist. In this context,

translation-level control can span a 105-fold range [7]

by editing a relatively small sequence space (such as

the 50UTR containing an RBS). Recent work on transla-

tional control in eukaryotes has focused on codon opti-

mization to allow for improved protein expression, but the

level of control of translation is not nearly as high. As an

example, by optimizing the codon usage of the heterolo-

gous catechol 1,2-dioxygenase gene to be better

expressed at stationary phase in Saccharomyces cerevisiae,
a 2.9-fold increase in titer was achieved [10]. In contrast,

for yeast and higher eukaryotes, tuning transcription rates

through promoters imparts a higher level of control and

can achieve between a 102-fold dynamic range [11�] and

104 range for orthogonal transcription factors [12��]. By

comparison, the native range in transcript levels for yeast

spans a roughly 103–104 dynamic range [13]. A similar

range is also achievable in prokaryotic systems. The

mRNA level of a transcript is controlled by many factors

including the promoter, terminator, plasmid/expression

cassette copy number, and the surrounding DNA context

of the plasmid or genomic locus of integration (Figure 1).

Given the success of transcription-level control (esp. in

eukaryotic systems), we focus the rest of this review on

this area by first considering the synthetic parts that lead

to control and then addressing the issues of robustness.

Promoters
Promoters have one of the largest impacts on gene ex-

pression and were among the first synthetic parts to be

studied and diversified via random mutagenesis [14].

These initial efforts were marked by a more robust

definition of promoter strength taking into account
www.sciencedirect.com
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Figure 1
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Factors influencing transcriptional control of genes. The above expression cassette is color coded to represent promoter (green), coding sequence

(gray) and terminator regions (red). Heterochromatic regions are used as an example of potential complications provided by the genetic context in

which the cassette is located. Ribosomes moving along the mRNA and movement are limited by factors such as tRNA availability. In the

expanded region of the figure, a simplified promoter diagram is provided that depicts upstream activation sequence containing a bound

transcription factor (green) along with RNA polymerase complex (blue) bound to the promoter core.
dilutions by growth, the promoter’s ability to impact

multiple proteins, measurement of mRNA levels, and

utility in heterologous pathway expression. More recent

efforts aim at creating more novel promoters (indepen-

dent of a native scaffold) to increase the range of tran-

scriptional capacity (Table 1). Developing synthetic

promoters for eukaryotic systems will increase the num-

ber and diversity of promoter parts available in these

systems. Comparable efforts to increase part diversity in

Escherichia coli have been undertaken using genome min-

ing [15] and screening of promoter and translation initia-

tion libraries [16].

The galactose inducible promoter (GAL) is the strongest

yeast inducible promoter; however it suffers from com-

plete repression by glucose. Liang and coworkers devel-

oped a novel gene switch that coupled the inductive

strength of the GAL promoter with the tight binding

affinity of estradiol for the estrogen receptor protein. This

ultimately led to a series of parts capable of inducing a

multistep pathway using 10 nM estradiol in the presence

of glucose and resulting in a 50-fold improvement in

zeaxanthin production over previous efforts using consti-

tutive promoters [17�].

The strongest yeast promoters have been constructed

through a hybrid approach by coupling upstream activating
www.sciencedirect.com 
sequences (UAS) with a core promoter. Adjusting the

composition of the UAS elements enables upwards of

50–300-fold dynamic range in expression strength, reach-

ing the highest reported strength of a promoter in S.
cerevisiae [11�,18]. Among these, the strongest constitutive

hybrid promoter exhibits a 2.5-fold improvement over the

TDH3 promoter with respect to mRNA levels making this

promoter as strong as the GAL promoter [11�]. However, it

should be noted that there is no real statistically significant

improvement in fluorescent protein production, illustrat-

ing the limitations of relying on reporter proteins alone

without more robust, comprehensive measurements like

mRNA levels. Improved core promoters could lead to even

greater transcriptional control in these systems. Core pro-

moters were investigated in the yeast Pichia pastoris and

synthetic core promoters were designed using common

sequence motifs and transcription factor binding sites.

These synthetic core promoters were combined with the

methanol inducible promoter pAOX1 to generate diverse

activity between 10% and 117% of the wild-type promoter,

however only fluorescent protein expression was reported

[19].

The field is also quickly moving to de novo synthetic

promoters that lack homology to anything else in the

genome. In the case of Chinese Hamster Ovary (CHO)

cell lines, Brown and coworkers used an enrichment
Current Opinion in Biotechnology 2015, 34:98–104
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Table 1

Characterization of synthetic parts. Various synthetic parts controlling transcription have been discussed in the text. We highlight these

parts, the dynamic ranges achieves and the conditions tested

Organism Part Expression

cassette

location

Conditions tested Dynamic range Citation

S. cerevisiae Promoter Plasmid b-Gal, yECitrine, qRT-PCR 50-Fold fluorescence [11�]

Yarrowia lipolytica Promoter Plasmid hrGFP, b-Gal and qRT-PCR 400-Fold mRNA [18]

E. coli Promoter Plasmid GFP, lycopene production,

qRT-PCR, and chloramphenicol

resistance

196-Fold fluorescence,

325-Fold mRNA,

26-fold chloramphenicol

[14]

S. cerevisiae Promoter Plasmid yECitrine 20-Fold fluorescence [14]

E. coli Insulated promoter Plasmid GFP 100-Fold fluorescence [45]

S. cerevisiae Promoter and switch Plasmid and

Integration

GFP, zeaxanthin, qRT-PCR 8-Fold range of induction,

50-fold higher zeaxanthin

than constitutive

[17�]

P. pastoris Core promoter Plasmid GFP 10–117% of WT fluorescence [19]

CHO Promoter Transfection SEAP and GFP 2.2-Fold improvement over

CMV, 140 promoters with

102-fold range

[20�]

S. cerevisiae Promoter Plasmid and

Integration

yECitrine, LacZ 3.2-Fold over wt CYC, 16-fold

improvement when integrated,

20-fold dynamic range

[21��]

E. coli Terminator Plasmid Transcriptional read-through

with GFP, RFP

>100-Fold range in termination

efficiency

[22]

S. cerevisiae Terminator Plasmid yECitrine, qRT-PCR and mRNA

half-life, Xylose Growth Rate

11-Fold increase in fluorescence

between terminators, 35-fold

without terminator

[24�]

S. cerevisiae Terminator Integration and

Plasmid

opGFP or mKO2 Fluorescent

reporters, qRT-PCR and

cellulase expression

2-Fold range in secretory

protein production

[25]

E. coli Polymerase Plasmid GFP and Lycopene Production Orthoganol promoters induce

target 8–75-fold more than

off target

[27]

HEK293T Transcription-activator

like effector (TF)

Transfection Luciferase, qRT-PCR 104 total dynamic range

achieved

[12��]

HEK293T Transcription factor Transfection YFP 56� activation with 3� operator

sites

[28]

S. cerevisiae Transcription factor Integration and

Plasmid

GFP 70-Fold activation with 12� operator

sites

[28]
screen to identify synthetic promoters including one with

activity twice as high as the cytomegalovirus (CMV)

promoter, but in half the size [20�]. In this case, transient

transfection was used for analysis, but two reporters

(SEAP and GFP) were tested. In the case of yeast, Curran

and coworkers used a computational design based on

nucleosome occupancy to re-design native and de novo

design synthetic promoters. Following an iterative design

process, they were able to increase expression up to 6-fold

of the original promoter when maintained on a plasmid

and 16-fold following integration [21��]. This recognized

difference between plasmid and integration provides an

important demonstration of the role of the surrounding

DNA context on the numbers reported in the literature,

which will be addressed in more depth below.

Terminators
Whereas promoters aim to increase the rate of transcript

formation, terminators (and 30UTR design) serve as a way
Current Opinion in Biotechnology 2015, 34:98–104 
to augment half-life and thus mRNA persistence

(Table 1). However, terminators also serve an essential

role—to terminate transcription. Moreover, their se-

quence often looks similar to the features of a promoter.

Thus, the ‘strength’ of a terminator can be evaluated

based on read-through capacity, the impact on mRNA

half-life, the structure of the 30UTR, or even latent

promoter activity. This complexity has given rise to

confusion within the field. A recent survey of 582 termi-

nators in E. coli by Chen and coworkers identified

39 strong terminators which reduce downstream gene

expression by over 50-fold [22]. A set of commonalities

between these ‘strong’ terminators led to design param-

eters which may inform future forward-engineering

attempts at generating synthetic terminators with desir-

able strength in E. coli.

In eukaryotic systems (such as yeast), synthetic termina-

tor projects have attempted to identify improved
www.sciencedirect.com



Transcriptional engineering challenges and limitations Leavitt and Alper 101
terminators based on mRNA stability via protein read-

outs. Work by Munchel and coworkers supports the

idea that mRNA stability natively regulates genes in

S. cerevisiae and higher organisms as significant half-life

shifts occur following growth and stress conditions [23].

Recent studies suggest that gene expression can be tuned

by nearly 11-fold by swapping common terminators [24�]
whereas other studies have indicated that for a strong

promoter, this value may be two-fold for the case of

secreted proteins [25]. However, it is difficult to compare

the synthetic parts in these two studies as distinct termi-

nators and loci (one used plasmid, the other used integra-

tion) were used. Nevertheless, a more global study in

yeast by Yamanishi and coworkers suggests that native

30UTR activity can span 2 orders of magnitude [26] thus

showing the importance of terminators in transcript-level

control.

Trans-acting factors
Each of the DNA constructs described above were char-

acterized independent of trans-acting factors that may be

used to further augment transcription control. Moreover,

trans-factors can be engineered to be orthogonal to the

native transcriptional machinery allowing for a synthetic

separation of pathways and regulation (Table 1). As

examples, T7 RNA polymerase variants were generated

for E. coli that recognize unique promoter sequence

8–75-fold more than off target promoters leading to

the ability to control multiple pathways [27]. CrisprTF’s

developed by Farzadhad and co-workers based on the

CRISPR/Cas system from Streptococcus pyogenes use an

endonuclease deficient Cas9 combined with an activa-

tion domain to enable up to 70-fold activation of desired

promoters in HEK293T cells and S. cerevisiae [28].

Another demonstration of orthogonal-TF’s are TALE-

TF’s that contain a 33–35 amino acid repeat leading to a

protein-DNA code capable of targeting almost any DNA

sequence [29]. TALE-TFs were shown to provide a

range of induction from 10 to 104-fold induction in

mRNA concentration in mammalian cells following

transfection [12��].

Genetic context
Regardless of the approach taken, transcriptional control

is ultimately influenced by genetic context. Thus, all

characterization of strength is subject to this caveat.

Small changes to 50UTR sequence can have a significant

impact on expression levels [30]. Thus, a promoter

cloned to a gene via restriction sites versus the same

promoter cloned to the same gene via seamless assembly

may give different expression levels. In short, the genetic

context of the expression cassette matters, even down

to the single basepair level. Previously, it had been

believed regulatory elements only exist within the

500 bp 50 of the gene for S. cerevisiae and other yeast,

with even shorter distances in bacterial systems. How-

ever, Shetty and coworkers recently demonstrated that
www.sciencedirect.com 
the SNA3 gene was subject to regulation by the UASINO

element downstream of its genomic locus [31�]. These

long distance interactions and context dependences

could play a larger role when attempting to create large,

poly-cistronic messages.

Furthermore, gene expression comes at a cost. A recent

study using a PURE cell-free system using a multi-

cistronic message found that while promoters had an

impact on RNA levels, the greatest impact on protein

levels occurred as a result of the operon positioning, with

an average 6-fold drop between the first and second

positions and a 12-fold drop between first and third

[32]. In a final example demonstrating the importance

of context and orientation, a URA and GAL genetic

circuit was integrated into S. cerevisiae in multiple orien-

tations [33]. In doing so, Lee and coworkers found that

relative promoter position had a significant impact on the

activity of the other promoter, as GAL induction led to a

reduction in nucleosome positioning on pURA3 [33].

Integration of the expression cassette into a location of

the genome can also lead to changes in transcriptional

rates. In fast replicating bacterial species, integration

location relative to the origin of replication can have a

significant impact on gene expression, with those closer

to the origin being up to 2-fold more highly expressed

than one closer to the terminus [34]. In eukaryotes, there

have been shown to be ‘hot spot’ loci which are ideal

targets for cassette expression. Genomic loci dependent

effects have been investigated in S. cerevisiae using the

LacZ reporter, demonstrating an 8.7-fold difference in

expression across genomic loci [35]. In CHO and

HEK293 cell lines, work has shown that gene expression

in specific integration sites was sensitive to the promoters

used, with a 10–30-fold difference in antibody produc-

tion between SV40 and MPSV/CMV promoters at the

same locus [36]. These complex and position specific

changes in gene expression suggest a need for clearer,

more comprehensive demonstrations of activity within

the literature.

Robustness
Further complicating issues of expression is the reliance

on a cell’s transcriptional and translational resources. It is

possible that our highest expression systems are already

touching the ceiling of transcriptional capacity and having

an impact on the expression of other native promoters at

the same time by titrating away key transcription factors

and polymerases. Through the use of tandem repeats of

transcription factor binding sites, Lee and coworkers were

able to competitively bind and turn off the tetOff system

through the use of a titrating decoy [37]. This study

remains as a reminder that transcription factors and poly-

merases are a scarce resource within the cell and abun-

dance and competition may influence the performance of

synthetic parts (especially for systems with multiple

copies of the same elements).
Current Opinion in Biotechnology 2015, 34:98–104
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It is tempting to assume that transcription rates per

DNA copy remains constant regardless of whether

considering a plasmid or a genomic copy. However,

much work needs to be done in order to understand

the impact of context on gene expression in order to

provide a robust part. Robustness is a confounding issue

limiting our ability to claim field standardization. Even

for the case of parts tested in a plasmid, there is an

assumption of some burden when a cell has to expend

resources simply to maintain the plasmid. Recent work

to characterize this metabolic burden demonstrates the

vast differences that can exist when changing promo-

ters, selection markers, and origins of replication [38].

When layered together with heterologous genes, more

complex interactions can take place and simply increas-

ing copy number does not necessarily increase yields

and even lower yields [39]. Further complicating

the matter is that individual pathway elements can

modulate the total output of the network [40]. Recent

work which integrates computational modeling and

synthetic biology has demonstrated that improved con-

nections between pathway elements and balanced

expression can lead to improvements in net pathway

performance [41,42].

Given the importance of robustness and difficulty in

defining ‘robust’ parts, an alternative solution is to create

new elements such as insulators that may reduce the

impact of genomic context. In eukaryotic systems, insu-

lator proteins function as enhancer blockers or hetero-

chromatin barriers [43]. In higher eukaryotes the

CCCTC-binding factor (CTCF), a zinc finger protein,

mediates interactions between distant genomic

sequences helping to maintain chromosomal organiza-

tion and control gene expression [44]. Recent work has

shown the promise of producing E. coli promoters across

two orders of magnitude range that function consistently

across several genomic context through the use of an

insulation site [45]. In doing so, the insulator and core

promoter must be combined together as a new synthetic

part that will be referred to as the ‘promoter’. In doing so,

the size of the bacterial promoter was increased over

3-fold in sequence space. However, the trade-off is a

higher level of robustness and guarantee that a part will

work in a new context.

Conclusions
Transcriptional control is critical for synthetic biology

applications. However, these parts are much more prone

to failing ‘off-the-shelf’ as a result of a lack of robustness

testing and context specific behavior. As a result, we

would recommend that these parts should be studied

and reported in a variety of context, namely alternating/

flipping the context within a plasmid, integrating

the construct into multiple loci and/or changing copy

number. To provide a final case for robustness, it would

be ideal to observe these parts respond to change while
Current Opinion in Biotechnology 2015, 34:98–104 
increasing oxygenation and cell density, moving up

from culture tube to shake flask, and even into a biore-

actor. Some excellent examples of work validating

promoter expression has been performed using endog-

enous expression in E. coli and S. cerevisiae [46��], but

this needs to be a top priority especially for validating

the improvements  of new synthetic parts over existing

parts. Without these types of tests (and careful consid-

eration of base-pair resolution of genetic context), it is

hard to pull a part ‘off-the-shelf’ and guarantee it will

work as advertised. Nevertheless, transcriptional con-

trol of expression is critical in synthetic biology. Current

work and advances continue to be made which allow

for an ever expanding range of gene expression across

a wide array of organisms. This is indeed the first step

to creating the synthetic parts we need to rewire

organisms.

Acknowledgements
This work was supported by the Air Force Office of Scientific Research
under FA9550-14-1-0089, the Office of Naval Research Young Investigator
Program Award, and DARPA Living Foundries Program.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Frenzel A, Hust M, Schirrmann T: Expression of recombinant
antibodies. Front Immunol 2013, 4:217.

2. Overton TW: Recombinant protein production in bacterial
hosts. Drug Discovery Today 2014, 19:590-601.

3. Curran K, Alper HS: Expanding the chemical palate of cells by
combining systems biology and metabolic engineering. Metab
Eng 2012, 14:289-297.

4. Frasch H-J, Medema MH, Takano E, Breitling R: Design-based
re-engineering of biosynthetic gene clusters: plug-and-play in
practice. Curr Opin Biotechnol 2013, 24:1144-1150.

5. Knight T: Idempotent vector design for standard assembly of
biobricks. MIT Synthetic Biology Working Group Technical
Reports. 2003.

6. Galdzicki M, Clancy KP, Oberortner E, Pocock M, Quinn JY,
Rodriguez Ca, Roehner N, Wilson ML, Adam L, Anderson JC et al.:
The Synthetic Biology Open Language (SBOL) provides a
community standard for communicating designs in synthetic
biology. Nat Biotechnol 2014, 32:545-550.

7. Salis HM, Mirsky E, Voigt C: Automated design of synthetic
ribosome binding sites to control protein expression. Nat
Biotechnol 2009, 27:946-950.

8. Woo S, Yang J-s, Kim I, Yang J, Eun B, Kim S, Yeol G:
Predictive design of mRNA translation initiation region to
control prokaryotic translation efficiency. Metab Eng 2013,
15:67-74.

9. Na D, Lee D: RBSDesigner: software for designing synthetic
ribosome binding sites that yields a desired level of protein
expression. Bioinformatics (Oxford, England) 2010, 26:2633-
2634.

10. Lanza AM, Curran K, Rey LG, Alper HS: A condition-specific
codon optimization approach for improved heterologous gene
expression in Saccharomyces cerevisiae. BMC Syst Biol 2014,
8:33.
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0005
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0005
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0010
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0010
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0015
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0015
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0015
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0020
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0020
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0020
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0025
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0025
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0025
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0030
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0030
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0030
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0030
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0030
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0035
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0035
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0035
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0040
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0040
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0040
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0040
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0045
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0045
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0045
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0045
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0050
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0050
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0050
http://refhub.elsevier.com/S0958-1669(14)00230-4/sbref0050


Transcriptional engineering challenges and limitations Leavitt and Alper 103
11.
�

Blazeck J, Garg R, Reed B, Alper HS: Controlling promoter
strength and regulation in Saccharomyces cerevisiae using
synthetic hybrid promoters. Biotechnol Bioeng 2012, 109:2884-
2895.

Through combining tandem UAS elements upstream of a core promoter,
the authors produced a range of expression. By demonstrating that the
Gal1 promoter was enhancer limited, they open the field for the devel-
opment of synthetic promoters based on other inducible promoters.

12.
��

Perez-Pinera P, Ousterout DG, Brunger JM, Farin AM, Glass K,
Guilak F, Crawford GE, Hartemink AJ, Gersbach C: Synergistic
and tunable human gene activation by combinations of
synthetic transcription factors. Nat Methods 2013, 10:239-242.

The authors demonstrate TALE-TF’s utility as an orthoganol tool to
control eukaryotic gene expression. TALE-TF’s can target endogenous
promoters and increase gene express through cooperative interactions
rather than utilizing small molecules for induction.

13. Holstege FC, Jennings EG, Wyrick JJ, Lee TI, Hengartner CJ,
Green MR, Golub TR, Lander ES, Young R: Dissecting the
regulatory circuitry of a eukaryotic genome. Cell 1998, 95:717-
728.

14. Alper H, Fischer C, Nevoigt E, Stephanopoulos G: Tuning genetic
control through promoter engineering. Proc Natl Acad Sci U S A
2005, 102:12678-12683.

15. Stanton BC, Nielsen AAK, Tamsir A, Clancy K, Peterson T,
Voigt CA: Genomic mining of prokaryotic repressors for
orthogonal logic gates. Nat Chem Biol 2014, 10:99-105.

16. Mutalik VK, Guimaraes JC, Cambray G, Lam C, Christoffersen MJ,
Mai Q-A, Tran AB, Paull M, Keasling JD, Arkin AP et al.: Precise
and reliable gene expression via standard transcription and
translation initiation elements. Nat Methods 2013, 10:354-360.

17.
�

Liang J, Ning JC, Zhao H: Coordinated induction of multi-gene
pathways in Saccharomyces cerevisiae. Nucleic Acids Res
2013, 41:e54.

The authors use the inductive capacity of the yeast GAL promoter, in
conjunction with the sensitivity of the human estrogen receptor to
create a switch capable to inducing gene using nM concentrations
of estradiol. They then use that to express an entire heterologous
pathway and produce more zeaxanthin than is possible with constitu-
tive promoters.

18. Blazeck J, Liu L, Redden H, Alper H: Tuning gene expression in
Yarrowia lipolytica by a hybrid promoter approach. Appl
Environ Microbiol 2011, 77:7905-7914.

19. Vogl T, Ruth C, Pitzer J, Kickenweiz T, Glieder A: Synthetic
core promoters for Pichia pastoris. ACS Synth Biol 2014, 3:
188-191.

20.
�

Brown AJ, Sweeney B, Mainwaring DO, James DC: Synthetic
promoters for CHO cell engineering. Biotechnol Bioeng 2014,
111:1638-1647.

The authors use the relative abundance of transcription factor binding
sites to inform the construction of synthetic promoters for CHO cell
expression. These 140 synthetic promoters included a 102-fold range
in expression, including a one stronger than 2.2-fold stronger than CMV.

21.
��

Curran Ka, Crook NC, Karim AS, Gupta A, Wagman AM, Alper HS:
Design of synthetic yeast promoters via tuning of nucleosome
architecture. Nat Commun 2014, 5:4002.

The authors used reductions in nucleosome occupancy in endogenous
promoters to iteratively increase gene expression up to 16-fold. They then
demonstrated the effectiveness of this method to increase gene expres-
sion using a random nucleotide sequence as the template.

22. Chen Y-J, Liu P, Nielsen AK, Brophy JN, Clancy K, Peterson T,
Voigt C: Characterization of 582 natural and synthetic
terminators and quantification of their design constraints. Nat
Methods 2013, 10:659-664.

23. Munchel SE, Shultzaberger RK, Takizawa N, Weis K: Dynamic
profiling of mRNA turnover reveals gene-specific and system-
wide regulation of mRNA decay. Mol Biol Cell 2011, 22:2787-
2795.

24.
�

Curran K, Karim AS, Gupta A, Alper HS: Use of expression-
enhancing terminators in Saccharomyces cerevisiae to
increase mRNA half-life and improve gene expression
control for metabolic engineering applications. Metab Eng
2013, 19:88-97.
www.sciencedirect.com 
The authors surveyed terminators, and their respective impact on gene
expression. They then demonstrated that their impact on gene expres-
sion was correlated with their ability to increase mRNA half-life and
provide expression tuning impacts similar to promoters.

25. Ito Y, Yamanishi M, Ikeuchi A, Imamura C, Tokuhiro K, Kitagawa T,
Matsuyama T: Characterization of five terminator regions that
increase the protein yield of a transgene in Saccharomyces
cerevisiae. J Biotechnol 2013, 168:486-492.

26. Yamanishi M, Ito Y, Kintaka R, Imamura C, Katahira S, Ikeuchi A,
Moriya H, Matsuyama T: A genome-wide activity assessment of
terminator regions in Saccharomyces cerevisiae provides a
‘‘terminatome’’ toolbox. ACS Synth Biol 2013, 2:337-347.

27. Temme K, Hill R, Segall-Shapiro TH, Moser F, Voigt C: Modular
control of multiple pathways using engineered orthogonal T7
polymerases. Nucleic Acids Res 2012, 40:8773-8781.

28. Farzadfard F, Perli SD, Lu TK: Tunable and multifunctional
eukaryotic transcription factors based on CRISPR/Cas. ACS
Synth Biol 2013, 2:604-613.

29. Zhang M, Wang F, Li S, Wang Y, Bai Y, Xu X: TALE: a tale of
genome editing. Prog Biophys Mol Biol 2014, 114:25-32.

30. Crook NC, Freeman ES, Alper HS: Re-engineering multicloning
sites for function and convenience. Nucleic Acids Res 2011,
39:e92.

31.
�

Shetty A, Swaminathan A, Lopes JM: Transcription regulation of
a yeast gene from a downstream location. J Mol Biol 2013,
425:457-465.

The authors demonstrate that long-range effects (especially from down-
stream locations) can influence gene expression. This paper demon-
strates that genetic context is important.

32. Chizzolini F, Forlin M, Cecchi D, Mansy SS: Gene position more
strongly influences cell-free protein expression from operons
than t7 transcriptional promoter strength. ACS Synth Biol 2014,
3:363-371.

33. Lee TJ, Parikh RY, Weitz JS, Kim HD: Suppression of expression
between adjacent genes within heterologous modules in
yeast. G3 (Bethesda, MD) 2014, 4:109-116.

34. Rocha EPC: The organization of the bacterial genome. Annu
Rev Genet 2008, 42:211-233.

35. Flagfeldt DB, Siewers V, Huang L, Nielsen J: Characterization
of chromosomal integration sites for heterologous
gene expression in Saccharomyces cerevisiae. Yeast
2009:545-551.

36. Nehlsen K, Schucht R, da Gama-Norton L, Krömer W, Baer A,
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