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ABSTRACT: Eukaryotic promoters have a complex architecture to control both the strength and timing of gene
transcription spanning up to thousands of bases from the
initiation site. This complexity makes rational ﬁne-tuning of
promoters in fungi diﬃcult to predict; however, this very same
complexity enables multiple possible strategies for engineering
promoter strength. Here, we studied promoter architecture in
the oleaginous yeast, Yarrowia lipolytica. While recent studies
have focused on upstream activating sequences, we systematically examined various components common in fungal promoters.
Here, we examine several promoter components including upstream activating sequences, proximal promoter sequences, core
promoters, and the TATA box in autonomously replicating expression plasmids and integrated into the genome. Our ﬁndings
show that promoter strength can be ﬁne-tuned through the engineering of the TATA box sequence, core promoter, and
upstream activating sequences. Additionally, we identiﬁed a previously unreported oleic acid responsive transcription
enhancement in the XPR2 upstream activating sequences, which illustrates the complexity of fungal promoters. The promoters
engineered here provide new genetic tools for metabolic engineering in Y. lipolytica and provide promoter engineering strategies
that may be useful in engineering other non-model fungal systems.
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strains engineered to produce up to 90% w/w.20,21 As these lipids
are useful precursors for biofuels, fatty acids, and fatty alcohols,
Yarrowia has gained attention as a useful industrial microbe for
the production of omega-3 oils, ricinoleic acid, and triacylglycerides.22,23 Recent eﬀorts have greatly improved de novo
production of TAGs for conversion to biodiesel.20,21 Other
products produced by Y. lipolytica include single cell protein,
citric acid, lipase, lycopene, and α-ketoglutarate.24−28
Overexpression of endogenous or heterologous enzymes to
form new metabolic pathways requires functional Y. lipolytica
promoters. Endogenous promoters are frequently used because
promoter architecture in eukaryotes can be complex and
transcriptional responses can be diﬃcult to predict.29,30
Endogenous Y. lipolytica promoters used for overexpression
include TEF1, FBA1, TDH1, GPM1, LEU2, POX2, and XPR2.
These promoters are typically over 1000 bp long and were
identiﬁed by analysis of genomic and gene expression data.
Unfortunately, this precludes tuning the level of gene expression
since promoter strength is ﬁxed by the endogenous promoter
architecture. Without additional engineering, endogenous
promoters cannot produce transcripts at levels higher than
naturally occurring. Furthermore, the complex regulation of
endogenous promoters is often ignored and can complicate
metabolic engineering eﬀorts.

he complexity of eukaryotic promoter architecture is
fundamental for the diverse pattern of gene expression
that can be obtained from a relatively small number of
transcription factors.1,2 Even in eukaryotes as exhaustively
studied as Saccharomyces cerevisiae, ﬁne-tuned and predictive
promoter design has been elusive.3−5 As a result, metabolic
engineering in eukaryotes has relied on a small number of welldeﬁned endogenous promoters, such as the GAL1−10, TEF, and
LEU2 promoters.6−8 This problem is exacerbated by recent
progress toward utilizing non-model yeasts from biochemical
production.9−12 In order to push titers, yields, and productivities
to their limits, reaction ﬂuxes need to be well-balanced and even
responsive to intermediate metabolite concentration.13−16 Such
advanced metabolic engineering strategies may be enabled if
promoters were designed from the bottom up to have speciﬁc
transcriptional activities. Central to the development of ﬁnely
tuned promoters is a better understanding of how diﬀerent
promoters elements inﬂuence promoter strength.
This work focuses on engineering promoters for the
oleaginous and lipolytic hemiascomycetes yeast Yarrowia
lipolytica. Y. lipolytica has long been studied as a model organism
for dimorphism and as an alkane metabolizing yeast.17,18 It is also
known to metabolize diverse substrates including fatty acids,
triacylglycerides, glucose, and glycerol.19 As an oleaginous yeast,
Y. lipolytica is able to accumulate greater than 20% of its mass as
neutral lipids. Recent eﬀorts to increase the lipid content of these
cells grown on glucose have been successful, with resulting
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Figure 1. Promoter architecture. (A) Eukaryotic promoters contain a core promoter sequence that may have a TATA box, a proximal promoter
sequence, and enhancer sequences located farther upstream. (B) Hybrid promoters were created by placing eight UAS1B sequences (UAS1B8)
upstream of a promoter. The promoter consists of a core promoter and 5′ truncations of the native promoter to identify regulatory sequences upstream
of the proximal and core promoter. Humanized Renilla reinformis GFP was used as a reporter to characterize promoter strength. (C) Diﬀerent UAS,
proximal, TATA box, and core promoter sequences tested throughout the course of this study. The promoter components are ordered from top to
bottom in decreasing strength.

Figure 2. Truncated POX2 promoters and hybrid POX2 promoters. (A) Length of 5′ truncations of the native POX2 promoter (gray; left) and oleic
acid induced ﬂuorescence from the corresponding truncations of the endogenous POX2 promoter (right). (B) Eight UAS1B elements (orange) fused
upstream of the 5′ POX2 promoter truncations (gray) to create a series of POX2 hybrid promoter systems (left) and oleic acid induced ﬂuorescence
(black) from the corresponding hybrid POX2 promoter constructs (right).

Promoter strength is determined by several factors, including
the TATA box, core promoter sequence, proximal promoter
sequences, and enhancer regions in the upstream activating
sequences (UAS) (Figure 1A). The most attention has been

given to engineering hybrid promoters, built by combining
repeats of UASs with downstream minimal promoters composed
of truncated promoters.31−33 Madzak et al.34 showed that the
promoter of Y. lipolytica extracellular protease (XPR2) can be
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Figure 3. UAS1B8 enhancers are oleic acid responsive. (A) Core promoter sequences of TEF, POX2, LEU2, and PAT1 shows variability of the TATA
box sequence. (B, C) Substrate-speciﬁc transcriptional responsiveness (ﬂuorescence, B; absolute qPCR, C) from the various hybrid core promoter
constructs.

regions. While TATA box engineering resulted in similar eﬀects
in diﬀerent promoters, the proximal promoter sequences did not
appear to be modular. In sum, these studies have helped to
elucidate the importance of each of the regions comprising the
overall promoter architecture.

described as two regions, UAS1 and UAS2, with UAS2 being
closer to the start codon and UAS1 being farther from the start
codon. The endogenous XPR2 promoter is regulated by the
media’s pH and nitrogen content. When only UAS2 was used to
drive the expression of XPR2, the same pH and nitrogen
regulation was observed. On the contrary, when only UAS1B, a
90 bp region of UAS1, was used to drive expression, transcription
was independent of pH and nitrogen, indicating that regulatory
features of the UAS were localized to UAS2, whereas UAS1 was a
general ampliﬁer of the downstream promoter. Blazeck et al.32
made tandem repeats of UAS1B to drive expression of GFP from
two minimal constitutive promoters, TEF and LEU. Increasing
the number of repeats monotonically and cooperatively
increased the transcription from the downstream core promoter.
UAS repeats have been shown to be genetically stable in Y.
lipolytica.32 This modular architecture suggests that promoter
strength and induction properties should be predictably
engineerable using deﬁned UASs; however, considerably less
attention has been given to the TATA box, core promoter, and
proximal promoter sequences.
In this study, we have taken a systematic look at the Y. lipolytica
promoter architecture in order to engineer a new panel of hybrid
promoters for metabolic engineering applications. We chose to
study promoter structure in the context of autonomously
replicating plasmids for two reasons. First, it allows us to study
promoter architecture in the absence of epigenetic eﬀects that
commonly inﬂuence expression proﬁles in chromosomal DNA;
second, plasmids are useful vehicles for rapid testing of metabolic
engineering strategies. We made several truncations to the acyl
CoA oxidase (POX2) endogenous promoter and built hybrid
promoters. We characterized a new substrate responsiveness
from the XPR2 UAS1B sequences and showed that UAS1B
enhancers are more induced by oleic acid compared to that by
glycerol or glucose. We also tuned promoter strength through
engineering of the TATA box and the proximal promoter

■

RESULTS AND DISCUSSION
Oleic Acid Inducible Enhancers Are Upstream in the
Native POX2 Promoter. The native POX2 promoter is the
most commonly described oleic acid inducible promoter in Y.
lipolytica.35 The inducibility and expression strength of the
endogenous POX2 promoter have been well-characterized, and
it has been used to drive inducible heterologous protein
expression in Y. lipolytica.36,37 While the 2147 bp promoter has
proven to be useful for heterologous expression, there is little
known about the mechanism or localization of elements that
confer oleic acid responsiveness in this relatively large promoter.
To identify such oleic acid response elements (OREs) in the
promoter, a series of 5′ deletions were made to the endogenous
POX2 promoter, based on homology to S. cerevisiae OREs. These
promoter truncations were placed upstream of a humanized R.
reinformis GFP (hrGFP) reporter gene to quantify expression via
cellular ﬂuorescence (Figure 2A). The signiﬁcant drop in
ﬂuorescence from the POX2 (1591 bp) to the POX2 (513 bp)
promoter indicates that most of the OREs reside in this 1 kb
window, signiﬁcantly upstream of the TATA box, where the
preinitiation complex (PIC) is known to form (Figure 2A) in
RNA polymerase II promoters. The lack of concordance between
truncation data and predicted ORE sites is consistent with the
observations of Poopanitpan et al. that showed predicted S.
cerevisiae OREs in Y. lipolytica were nonfunctional. Instead, the
genetics of Y. lipolytica appear to be more closely related to
ﬁlamentous fungi such as Aspergillus nidulans instead of S.
cerevisiae.38
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UAS1B Sequences Act in a Distance-Dependent
Manner. Enhancer sequences are located several hundred to
thousands of kilobases upstream from a transcriptional start site
(TSS). These sequences are hypothesized to recruit transcription
factors to the TSS through a looping mechanism, suggesting that
their position relative to the TSS is important for function.
Tandem repeats of upstream activating sequences (UAS1B)
from the XPR2 promoter have previously been used to create
hybrid promoters (Figure 1B) that amplify downstream minimal
promoter transcriptional activity.34 UAS1B has previously been
shown to be a constitutive transcriptional ampliﬁer that is
independent of the nitrogen content and pH of the media.31
Furthermore, fusion of greater than four UAS1B elements in
tandem leads to a cooperative and signiﬁcant ampliﬁcation.32 We
combined eight tandem UAS1B (UAS1B8) repeats with
truncations of the POX2 inducible promoter system and
observed the strongest expression from the shortest POX2
truncations. Several short POX2 promoter truncations (100, 147,
and 438 bp) resulted in minimal GFP ﬂuorescence; however,
when they were combined with UAS1B8, these promoters were
stronger than longer hybrid POX2 promoters. We observed that
the UAS1B8 sequences conferred weaker transcriptional
ampliﬁcation as they were moved farther away from the gene
(Figure 2B,D). A signiﬁcant increase in ﬂuorescence is observed
from the UAS1B8-POX2 (513 bp) to the UAS1B8-POX2 (1591
bp) hybrid promoter, further supporting the potential for OREs
in this ∼1 kb POX2 promoter fragment and suggesting that
transcriptional factors from enhancer regions of diﬀerent
promoter systems can work cooperatively to amplify transcription.
Core Promoter Sequence Modulates Expression Level.
Regulation at the core promoter level in eukaryotic systems can
be complex as there are several elements within the core
promoter that modulate promoter activity and strength. For
example, in S. cerevisiae promoters, core promoters of both
constitutive and regulated genes confer highest activity when the
sequence has a low G/C content, with T-rich motifs upstream of
the TSS and A-rich motifs downstream of the TSS.29 Such
conditions are better suited for RNA polymerase II scanning
downstream of the TATA box and selecting the most suitable
TSS to initiate transcription. Our selection of TATA containing
core promoters in Y. lipolytica took into account sequences of
varying degrees of G/C content, with the TEF1-α core promoter
containing the lowest G/C content (∼39%) and the PAT1
promoter having the highest percentage (∼49%) (Figure 3A).
Core promoters from POX2 and LEU2 both contain a G/C
content that is approximately 43%. A complete understanding of
the mechanism for TFIID-dependent transcription and TSS
localization in yeast promoters is still unclear; therefore, a range
of TATA promoters containing diﬀerent distributions of
predicted initiator sequences were used in this study. Transcriptional eﬀects from the types of initiator sequences and distances
from TATA box still remain to be fully elucidated in yeast TATA
containing promoters.39
UAS1B elements are well-characterized amplifying sequences
that have been shown to enhance transcription when placed
upstream of a minimal promoter sequence that includes the core
promoter (TATA box and downstream) and proximal promoter
sequences (100−300 bp upstream of the TATA box). Our
hybrid POX2 promoter studies indicate that UAS1B8 sequences
placed upstream of the core promoter truncated down to the
TATA box still result in high levels of transcription. We
hypothesized that UAS1B sequences similarly amplify other core

promoters. The UAS1B8 elements were fused upstream of core
promoters from the PAT1, POX2 inducible promoters and the
TEF1-α, LEU2 constitutive promoters. The core promoters
constructed in this article are designated as the truncated
promoter sequence to a functional TATA box (Figure 3A),
which acts as the binding site of the PIC in TATA containing
promoters.39 The functional TATA boxes in these promoters
were identiﬁed by scanning the promoter sequence between 40
and 100 bp from the start codon.40 GFP reporter expression and
quantitative PCR results indicate that, indeed, the UAS1B8
sequence enhances transcription from all core promoters tested
and that transcript levels scale with core promoter strength, with
TEF1 being the strongest and PAT1 and LEU2, the weakest. We
also observed that the TEF1 core promoter is the longest
functional core promoter (Figure 3A), whereas the shortest core
promoter (POX2) had similarly high expression. Combined with
our previous observation of distance dependence of the UAS1B8
sequences, this suggests that promoter strength is a complex
function of both core promoter sequence and distance of UAS
sequences from the core promoter. These data suggest that both
distance from the TATA box and the core promoter strength can
be used to ﬁne-tune transcriptional levels, leading not only to
multiple transcription levels but also to redundant transcriptional
levels, as seen for UAS1B8-LEU2, UAS1B8-POX2, and UAS1BTEF (Figure 3B).
UAS1B from XPR2 Confers Substrate-Speciﬁc Responsiveness. The UAS1B sequence was originally described as
lacking regulation by media conditions when compared to the
full XPR2 promoter; however, an investigation of UAS1B hybrid
promoter strength when using diﬀerent carbon sources was not
performed.31 We compared the expression levels of GFP by ﬂow
cytometry and qPCR of cultures grown in either YSC media
containing glucose, glycerol, or oleic acid. Oleic acid substrate
resulted in the highest levels of promoter activation. UAS1B8
hybrid promoters were less activated in glucose and were
minimally activated in glycerol. All four promoter systems
exhibited a similar trend in substrate-speciﬁc responsiveness,
largely following the pattern of core promoter strength (Figure
3B,C). These results show that the UAS1B sequence from the
XPR2 promoter contains elements that are highly responsive to
regulation by oleic acid, in contrast to the notion that they are not
regulated by media conditions. Furthermore, this observation
underscores the need to be cautious about the possibility of
unintended promoter regulation when engineering eukaryotic
promoters.
TATA Box Sequence Has a Large Inﬂuence on
Expression Level. The TATA box is perhaps the most studied
component of the eukaryotic promoter and is well-appreciated
for its role determining the strength of eukaryotic core
promoters, for example, in S. cerevisiae synthetic GAL4 enhanced
promoter systems.41 Two well-studied consensus core TATA
boxes, TATAAA and TATATA, have previously been shown to
have a high aﬃnity to TFIID binding both in vitro and in vivo in S.
cerevisiae, with the former being the strongest.42 Furthermore,
the nucleotide sequence that is immediately downstream of the
core has been shown to strongly aﬀect transcription levels.
Therefore, we chose TATA boxes as 8 bp sequences, with 2
additional bases downstream of the 6 bp core TATA box. The
TEF promoter contains a TATAAA[AG] sequence that is
reported to be one of the strongest TATA box sequences in S.
cerevisiae, while the LEU2 TATA box sequence, TATATA[TA],
is also considered to be a strong sequence for TFIID binding,
albeit to a weaker extent than the TEF TATA box.42 Expression
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Figure 4. TATA box sequence impacts promoter strength. (A) Schematic of 8 bp TATA box mutations in the TEF (purple) and POX2 (lilac) hybrid
core promoters. The consensus TEF TATA box, TATAAAAG, was substituted with lower aﬃnity binding TATA boxes from the LEU2 and POX2
promoters. Furthermore, the POX2* TATA box was replaced with the LEU2 and the consensus TEF TATA box. (B) Qualitative representation of
ﬂuorescence strength from hybrid core promoters containing diﬀerent core TATA boxes. (C) Fluorescence proﬁles for substitutions of the TATA boxes
in the hybrid core promoters of POX2 and TEF. (D) Fluorescence proﬁles for when the TATA box from the endogenous POX2 (2147 bp) promoter
was substituted with the TEF and LEU2 TATA boxes. * Indicates that a weaker, truncated version of the fully functional POX2 TATA box
(TATACTTATATACC) was used in these experiments to create a series of hybrid promoter constructs with varying degrees of strength.

expression from the POX2* promoter is comparable to the fulllength endogenous POX2 promoter.
TATA box substitutions were replicated in the endogenous
POX2 promoter. We observed an increase in ﬂuorescence with
TEF1 TATA box, although the extent of ampliﬁcation was less
prominent (Figure 4D). This could be attributed to the fact the
oleic acid inducible enhancers present in the POX2 native
promoter are signiﬁcantly weaker than those present in the
UAS1B elements. The results here show that changing
transcriptional response via TATA box modiﬁcations are not
suﬃcient to elicit strong expression and that strong enhancers are
required to magnify such changes in TFIID binding at the core
promoter level.
Proximal Promoter Sequences Can Enhance Expression Level. The role of proximal promoter sequences in yeast
TATA containing promoters is not well understood. In S.
cerevisiae promoters, the occurrence 5′ proximal promoter
sequences is common in TATA-less promoters and acts in
recruitment of the PIC to drive transcription.39 Furthermore, it
has been shown that the proximal promoter sequences exhibit
sequence similarity to currently known initiator sequences. In
higher eukaryotic systems such as Drosophila melanogaster and
Homo sapiens, the proximal promoter is a well-identiﬁed region in
the promoter that is in the immediate vicinity of the
transcriptional start site (Figure 5A) and acts as recognition
sites for a subgroup of sequence-speciﬁc DNA-binding transcription factors.42 Here, we show that transcription is not

from these hybrid promoters was strong (Figure 3B,C). The
POX2 TATA box sequence, TATACTTATATA, is not
prevalent or highly uncommon in S. cerevisiae promoters;
however in Y. lipolytica, we observed strong expression from
this hybrid promoter as well.
TATA Box Engineering Modulates Expression Level of
RNA Polymerase II Promoters. Due to the highly conserved
nature of the TFIID protein that recruits the PIC, we sought to
explore the ability to modulate the level of expression at the core
promoter level by modiﬁcations to the TATA box. We
hypothesized that gene expression can be tuned by altering the
strength of the TATA box in hybrid promoters (Figure 4A). The
TATA box in the POX2 hybrid core promoter was replaced with
the consensus TEF1 TATA box and the TATA box of the LEU2
promoter, whereas the TATA box in the hybrid TEF1 hybrid
core promoter was switched with the POX2 and LEU2 TATA
boxes (Figure 4B). A greater than 5-fold increase in ﬂuorescence
was observed with hybrid core promoter systems containing the
TEF1 TATA box relative to the POX2 TATA box (Figure 4C).
Furthermore, substitutions with the LEU2 TATA box also
showed increased ﬂuorescence, albeit weaker in comparison to
the TEF1 TATA box. We also studied the region surrounding the
POX2 TATA box because a second TATA box is located 4 bp
downstream. Truncation of the 5′ TATA box resulted in
signiﬁcant loss of GFP expression, indicating its essentiality to
elicit a strong transcriptional response (Figure 4C). However,
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Figure 5. Proximal promoter sequences impact promoter strength but are not modular. (A) Schematic of TEF minimal core promoter with proximal
promoter sequences adjacent to the core promoter. The schematic also shows insertion of the TEF proximal promoter motif directly upstream of the
POX2 core promoter (UAS1B8-POX2 (TEF Proximal)). (B) Comparison of hrGFP ﬂuorescence from TEF promoter including the proximal promoter
sequence, including just the core promoter, and truncated past the TATA box. (C) Comparison of hrGFP ﬂuorescence from POX2 core promoter TEF
and native proximal sequence (TEF proximal and 100 bp) with core promoter (55 bp) and truncation (42 bp) that lacks the TATA box.

These data show that the relative increase in transcriptional
activity due to the TEF proximal sequence was insigniﬁcant for
POX2 core promoters, higher in LEU2 core promoters, and
highest in TEF core promoters (Figure 6A). A potential reason
for this lack of modularity is that the proximal sequence works
cooperatively with the surrounding DNA sequences to provide a
favorable nucleosome-depleted region near the TSS. In
constitutive promoters, the DNA directly upstream of the TSS
is typically nucleosome-depleted, whereas upstream of regulated
promoters is more occupied.43 A simple analysis of the POX2
and TEF core promoters clearly shows that, in addition to TATA
box variability, there is a signiﬁcant diﬀerence in the distribution
and localization of the predicted yeast initiator sequences44−46
and length of each core promoter (Figure S1). We were unable to
ﬁnd any potential S. cerevisiae homologous transcriptional factors
that could be associated with binding to the 26 bp proximal
sequence. Additionally, we showed that the TEF proximal
sequence continues to exert no signiﬁcant transcriptional
enhancement when paired with the POX2 core promoter
regardless of TATA sequence (Figure 6B), suggesting that
proximal sequences interact with the core promoter sequence
downstream of the TATA sequence. It is important to note that
the eﬀect of TATA sequence on GFP expression was preserved.
Utility of the TATA Box Mutations in Diﬀerent
Episomal and Genomic Contexts. We investigated the utility
of the TATA elements in transcriptional regulation of RNA
polymerase II promoters. Modiﬁcations of the TATA box across

completely diminished when the TEF proximal motif is
truncated (Figure 5B). Upon removing the TATA box, very
low levels of transcription were observed from the UAS1B8-TEF
(103 bp). Together, these data suggest the TEF proximal
sequence can be used for tuning transcription.
TEF Proximal Promoter Sequence Enhances Expression of Engineered Promoters in Y. lipolytica. A
comparison of the oleic acid induced expression between the
hybrid UAS1B8-TEF (136 bp) and UAS1B8-TEF (111 bp)
transformants revealed that the UAS1B8-TEF (136 bp) showed
a signiﬁcant increase in ﬂuorescence (Figure 5B). The diﬀerence
between the two constructs is a 26 bp fragment adjacent to the 5′
end of the TATA box in the TEF core promoter. We wanted to
understand if this proximal sequence could be used in a modular
fashion for transcriptional enhancement in other TATA box
containing promoters. We placed the TEF proximal sequence
upstream of the hybrid POX2 core promoter containing a fully
functional TATA box, UAS1B8-POX2 (TEF proximal) (Figure
5A). An insigniﬁcant increase in ﬂuorescence was observed from
this engineered promoter in comparison to the UAS1B8-POX2
(55 bp) construct without the TEF proximal sequence (Figure
5C), suggesting proximal sequences aﬀect transcription in a nonmodular manner. The exact mechanism for how proximal
sequences can enhance transcription is not well-understood and
is likely context-dependent. To investigate this, we constructed
UAS1B8 hybrid promoters containing the TEF proximal
sequence upstream of TEF, LEU2, or POX2 core promoters.
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Figure 6. Modularity of the TEF proximal sequence in diﬀerent promoter environments. (A) Comparison of hrGFP ﬂuorescence from UAS1B8 hybrid
promoters containing the TEF, LEU2, or POX2 core promoter with and without the TEF proximal sequence shows diﬀerent levels of transcription
enhancement based on core promoter sequence. (B) Comparison of hrGFP ﬂuorescence from UAS1B8 hybrid promoters with POX2 core promoter
sequence with and without the TEF proximal sequence shows that changing the TATA sequence does not alter the interaction between TEF proximal
sequence and core promoter sequence.

Figure 7. Modularity of the TATA box in diﬀerent promoter environments. (A) hrGFP ﬂuorescence from UAS(TEF)3 hybrid promoter containing
TEF core promoter with either TEF, LEU2, or POX2* TATA box shows the same trend in promoter strength compared to identical episomal
expression with UAS1B8 hybrid promoters. (B) hrGFP ﬂuorescence from UAS1B8 hybrid promoter containing TEF core promoter with either TEF,
LEU2, or POX2* TATA box shows the same trend in promoter when integrated into the genome at the leu2 locus.

hybrid promoters containing diﬀerent UAS element types
showed that expression from the diﬀerent TATA boxes is
independent of the UAS elements used to enhance expression. In

hybrid promoters with three tandem repeats of UAS(TEF) and a
TEF core promoter, the eﬀect of TATA box sequences from
TEF, LEU2, and POX2 followed the trend observed in hybrid
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promoters using UAS1B8 from XPR2 (Figure 7A). Regardless of
the type of UAS element used, the strongest expression levels
were observed from the TEF TATA consensus box, followed by
the LEU2 TATA box and the POX2 TATA box. The relative
expression strengths among the TATA box modiﬁcations
translates well across the UAS(TEF)3 and UAS1B8 elements,
with the TEF hybrid core promoter containing the canonical
TATAAAA box showing an approximately greater than 2-fold
increase in comparison to the TEF hybrid core promoter with the
LEU2 TATA motif. These results suggest that promoter strength
and therefore expression can be tuned using TATA box
modiﬁcations independent of the type of enhancer used.
To determine if the TATA box promoter tuning strategy
would translate to engineered promoters integrated into the
genome, hybrid UAS1B8-TEF core promoter cassettes containing the TATA box modiﬁcations were integrated into the
genome at the leu2 locus. We observed that the absolute
promoter strength dropped approximately 2-fold when
integrated into the genome, consistent with previous work
showing lower expression of integrated promoters.47 The relative
diﬀerences in strength among the hybrid promoters with
diﬀerent TATA boxes follow the same trend in expression
observed in UAS1B8 an UASTEF3 containing hybrid promoters.
The TEF core promoter containing the TEF TATA box is still
the strongest expressing system, followed by the LEU2 TATA
box and the POX2 TATA box (Figure 7B). The decrease in
promoter strength upon integration is consistent with additional
repression of promoter strength due to genomic context.
Conclusions. This study has generated several new plasmids
useful for episomal expression of genes in Y. lipolytica. We have
identiﬁed a region of the native POX2 promoter that contains
oleic acid responsive enhancers, we have shown that UAS1B8
repeats from XPR2 are sensitive to carbon source, and we have
examined the eﬀect of diﬀerent core promoter and proximal
promoter sequences on regulating transcript levels. We have also
shown that by engineering diﬀerent components of the promoter
architecture a series of vectors with varying degrees of expression
can be obtained (Table 1). Our study has shown that eukaryotic
promoter engineering approaches can be focused at the enhancer
region, at promoter proximal sequences, the TATA box, and the
core promoter, leading to a diverse and ﬁnely tunable level of
gene expression. Future eﬀorts to incorporate other responsive
enhancers may lead to promoter engineering approaches that can
ﬁnely tune both the transcription level as well as the
environmental signal needed to activate transcription.

Table 1. Summary of Promoters Built from Diﬀerent
Component Sequences
UAS type

proximal
sequence

TATA
sequence

core
promoter

expression
strength

TATA Modiﬁcations in TEF Hybrid Promoters (Episomal Expression)
UAS1B8
NONE
TEF
TEF
++++
UAS1B8
NONE
LEU2
TEF
+++
UAS1B8
NONE
POX2*
TEF
++
UAS(TEF)3
NONE
TEF
TEF
++++
UAS(TEF)3
NONE
LEU2
TEF
+++
UAS(TEF)3
NONE
POX2*
TEF
++
TATA Modiﬁcations in TEF Hybrid Promoters (Genomic Expression)
UAS1B8
NONE
TEF
TEF
+++
UAS1B8
NONE
LEU2
TEF
++
UAS1B8
NONE
POX2*
TEF
+
TATA Modiﬁcations in POX2 Hybrid Promoters (Episomal Expression)
UAS1B8
NONE
POX2
POX2
+++
UAS1B8
NONE
TEF
POX2
++++
UAS1B8
NONE
LEU2
POX2
+++
UAS1B8
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+
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+
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POX2
+
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Core Promoter Modiﬁcations in Hybrid Promoters
UAS1B8
NONE
TEF
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Proximal Sequence Modiﬁcations in Hybrid Promoters
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TEF
TEF
+++++
UAS1B8
TEF
LEU2
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POX2
POX2
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Comparison of Hybrid Promoters
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TEF
TEF
++++
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NONE
POX2
POX2
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LEU2
LEU2
+++
UAS1B8
NONE
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++

baﬄed ﬂasks with YSC-LEU selective media consisting of 6.7 g/L
YNB without amino acids (Difco), 0.69 g/L CSM-LEU (MP
Biomedicals). Data in Figure 6 was collected in 2 mL volumes
grown in 14 mL culture tubes under the same rotational speed
and incubation temperature. The carbon source for YSC-LEU
media contained either 2% (w/v) glucose (Sigma), 2% (v/v)
glycerol (Fisher Scientiﬁc), or 2% (v/v) emulsiﬁed oleic acid
(EMD Millipore) in 0.1% (v/v) Tween 80. Agar plates for posttransformation applications in E. coli and Y. lipolytica were
prepared by adding 15 g/L agar to either LB or YSC-LEU media,
respectively. Y. lipolytica transformations were done using the
lithium acetate method as described previously.48
General Plasmid Construction. Procedures for restriction
enzyme digestions and PCR ampliﬁcation were performed as
recommended by supplier protocols. Ligations were incubated at
room temperature for 20 min using T4 DNA ligase prior to
transformation into DH10β E. coli using the heat shock method.
Post-ligation transformants were grown overnight in LB media
supplemented with 100 μg/mL ampicillin. All vectors used in this
study were derived from a skeletal plasmid containing a
centromeric site and autonomous replicative sequence (CEN/
ARS) pSL16-cen1-1(227).49 A gBlock containing a multiple

■

METHODS
Chemicals and Enzymes. All chemicals were purchased
from Sigma unless otherwise stated. All restriction enzymes,
DNA ligases, and DNA polymerases used for cloning and PCR
were purchased from New England Biolabs (NEB) unless
otherwise stated. Plasmid minipreps, PCR puriﬁcations, and gel
extractions were done using the QIAprep spin miniprep kit and
QIAquick PCR puriﬁcation and gel extraction kit (Qiagen).
Genomic DNA from Y. lipolytica was extracted using the
E.Z.N.A. yeast DNA kit (Omega Biotek). All oligonucleotides
and gBlocks were purchase from IDT.
Strains and Cultures. DH10β cells (NEB) were used for
cloning and propagation of plasmids in Luria−Bertani (LB)
media supplemented with 100 μg/mL ampicillin. Y. lipolytica
strain PO1f (MATa leu2−270 ura3−302 xpr2−322 axp1) was
used for GFP expression studies. Transformed Y. lipolytica was
cultivated at 28 °C and 215 rpm in 20 mL volumes using 250 mL
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Construction of Hybrid Proximal Promoter Plasmids.
The eﬀect of the proximal sequence in the TEF minimal core
promoter was tested by placing proximal motif upstream of the
POX2 and LEU2 core promoters, respectively. Two separate
gBlocks containing the respective core promoters and the 26 bp
proximal sequence 5′ of the TEF core promoter, F25 and F36,
were purchased. To test the eﬀect of various TATA box
associations with the TEF proximal sequence, gBlocks of the
POX2 core promoters with modiﬁed TATA boxes containing the
TEF proximal sequence (F32 and F33) were also purchased
(Table S2). SLIC was used to insert the oligonucleotides into a
SphI/AscI double-digested pSL16-UAS1B8-POX2 (2147 bp)hrGFP vector.
Construction of UAS1B8 Hybrid Promoters for
Genome Integration. Hybrid promoter cassettes with TATA
box modiﬁcations were made for integration into the leu2 locus
of Y. lipolytica Δku70. The Δku70 strain has previously been
shown to improve the eﬃciency of homologous recombination
events.51 pSL16-cen1-1(227) was digested with AatII to insert a
500 bp front-end homology to the leu2 locus and new restriction
site, AvrII, in the vector. The 500 bp front-end homology was
PCR ampliﬁed from the Y. lipolytica genome using SLIC primer
pairs F26/R12 (Table S2). The new vector containing the frontend homology was digested with HindIII-HF to insert a 500 bp
back-end homology to the leu2 locus and a new restriction site,
MfeI. The 500 bp back-end homology was PCR ampliﬁed from
the Y. lipolytica genome using SLIC primer pairs F27/R13 (Table
S2). The new vector was termed pSL16-cen1-1(227) [LEU2
homologous ends]. The three hybrid TEF core promoter
cassettes containing the TEF, LEU, and POX2 TATA boxes,
respectively, were digested with BstBI and AatII, and an insert
containing the LEU2 promoter, gene, and terminator was PCR
ampliﬁed from the Y. lipolytica W29 genome using SLIC primer
pairs F28/R14 and inserted into the double-digested vectors
above (Table S2). The purpose of this step was to remove the
centromeric CEN1-1 DNA sequence that makes the plasmid
replicative. These three vectors were then doubled-digested with
AatII and HindIII to add in an insert containing leu2 homologous
ends that was PCR ampliﬁed from pSL16-cen1-1(227) [LEU2
homologous ends] using primer pairs F27/R12 (Table S2).
Integration at the leu2 locus was veriﬁed by PCR and DNA
sequencing.
Construction of Vectors Containing Three Tandem
UAS(TEF) Elements. A pUC vector was used to ﬁrst make three
tandem UAS(TEF)#2 sequences33 prior to transferring these
elements into a pSL16 hybrid vector. The UAS(TEF) from the
ﬁrst UAS(TEF) element was PCR ampliﬁed from the Y. lipolytica
PO1f genome using SLIC primer pair F29/R15 (Table S2) and
inserted into pUC-UAS1B8(TEF136) (Addgene no. 44380)
double-digested with SphI and BamHI to remove the 8UAS1B
elements, creating pUC-UAS(TEF)#1. The second UAS(TEF)
element was PCR ampliﬁed from the Y. lipolytica PO1f genome
using SLIC primer pair F30/R16 (Table S2) and inserted into
the pUC-UAS(TEF)#1 vector double-digested with NdeI and
BamHI to create pUC-UAS(TEF)#2. Finally, the third UAS(TEF) element was PCR ampliﬁed from the Y. lipolytica PO1f
genome using SLIC primer pair F30/R17 (Table S2) and
inserted into the PUC-UAS(TEF)#2 vector double-digested
with NdeI and EcoRI to create pUC-UAS(TEF)#3. The three
tandem UAS(TEF) elements were digested out of the pUCUAS(TEF)#3 vector using SphI/BstBI and inserted into the
double-digested pSL16-UAS1B8-TEF(TATA)-hrGFP, pSL16UAS1B8-TEF(LEU2 TATA)-hrGFP, and pSL16-UAS1B8-

cloning site (MCS), hrGFP, and CYC1 terminator was
synthesized (Table S1) with ﬂanking 5′ BamHI and 3′ HindIII
restriction sites and ligated into the pSL16-cen1-1(227) skeletal
vector to create pSL16-cen1-1(227)-MCS-hrGFP-CYC1t. Eight
tandem repeats of UAS1B elements were PCR ampliﬁed from
pUC-UAS1B8-TEF(136)32,50 using primer pair F1/R1 (Table
S1). The F1 mutagenesis forward primer was used to introduce a
BstBI restriction site and mutate the SphI site adjacent to 5′ of
the UAS1B sequences, while the reverse primer retained the SphI
site. The PCR ampliﬁed UAS1B8 fragment was ligated into the
pSL16-cen1-1(227)-MCS-TEF(136)-hrGFP-CYC1t to create
pSL16-UAS1B8-TEF(136)-hrGFP.
Construction of POX2 Promoter Truncation Plasmids.
The native POX2 promoter, POX2 (2147 bp), and subsequent
truncations, POX2 (1591 bp), POX2 (513 bp), POX2 (438 bp),
POX2 (147 bp), and POX2 (100 bp), were PCR ampliﬁed from
PO1f genomic DNA using primer pairs F2/R2, F3/R2, F4/R2,
F5/R2, F6/R2, and F7/R2, respectively (Table S2). The POX2
promoter truncations were ligated in place of the TEF(136)
promoter using restriction sites SphI/AscI to make a series of
POX2 hybrid promoters, pSL16-UAS1B8-POX2 (x bp)-hrGFP.
Unless otherwise stated, all hybrid promoter constructs utilized
5′ SphI and 3′ AscI sites for ligation into the pSL16-UAS1B8TEF(136)-hrGFP vector by replacing the TEF(136) minimal
core promoter. To create a series of vectors containing
truncations of the native POX2 promoter without the UAS1B
elements, the series of POX2 promoter truncations were PCR
ampliﬁed from PO1f genomic DNA using primer pairs F8/R2,
F9/R2, F10/R2, F11/R2, F12/R2, and F13/R2 (Table S2). The
forward primers had a 5′ ﬂanking XmaI site for ligation into the
pSL16-cen1-1(227)-MCS-hrGFP-CYC1t vector to create the
series of pSL16-POX2 (x bp)-hrGFP vectors.
Construction of Hybrid Core Promoter Plasmids. Four
hybrid core promoter systems were constructed using core
promoters of the TEF, LEU2, POX2, and PAT1 genes. Primer
pairs F14/R3 and F15/R4 were used to amplify the TEF (111
bp) and LEU2 (78 bp) core TATA promoters, while synthesized
oligonucleotide pairs F16/R5 and F17/R6 (Table S2) were
annealed to make the core TATA promoters, POX2 (48 bp) and
PAT1 (61 bp), respectively. These promoters were digested and
ligated into pSL16-UAS1B8-TEF-hrGFP in place of the
TEF(136) promoter to construct the hybrid core promoters,
pSL16-UAS1B8-POX2 (x bp)-hrGFP.
Construction of Hybrid TATA Box Promoter Plasmids.
The TATA box in TEF core hybrid promoter was replaced with
the POX2 and LEU2 TATA box motifs using mutagenesis
forward primers F18 and F19 paired with R3. The template used
for PCR was pSL16-UAS1B8-TEF (111 bp)-hrGFP. Mutations
to the TATA box in the POX2 core promoter to substitute in the
TEF and LEU2 TATA motifs were accomplished by purchasing
synthesized oligonucleotides F20/R7 and F21/R8, respectively.
pSL16-UAS1B8-POX2 (2147 bp)-hrGFP was digested to
remove the POX2 (2147 bp) promoter, and the abovementioned annealed oligos were ligated in its place. Sequence
and ligation-independent cloning (SLIC)50 was used to replace
the TATA box of the native POX2 promoter with the canonical
TEF and the LEU2 TATA motifs. The vector template was
pSL16-POX2 (2147 bp)-hrGFP. Primer pairs F22/R9 and F23/
R10 were used for the TEF TATA substitution, whereas F23/
R11 and F24/R10 were used to make LEU2 TATA motif
substitutions (Table S2). The base vector for mutagenesis and
PCR ampliﬁcation was pSL16-POX2 (2147 bp)-hrGFP.
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TEF(POX2 TATA)-hrGFP core promoter hybrid cassettes to
create counterpart vectors containing 3UAS(TEF) elements.
Flow Cytometry. Humanized Renilla reinformis GFP
(hrGFP), codon optimized for Y. lipolytica, was used as the
ﬂuorescence reporter protein to measure promoter strength.
Transformants from selective media plates were ﬁrst propagated
in 2 mL precultures for 48 h prior to inoculating 10 mL cultures
at an OD600 of 0.3. The cultures were grown under constant
agitation for 48 h, which was reported as the optimal incubation
time for high expression levels.32 Prior to ﬂow cytometry analysis,
cultures grown in glucose and glycerol and were spun at 12 000g
for 2 min and resuspended in 0.1 M phosphate-buﬀered saline
(PBS) at pH 7.4. Cultures grown in emulsiﬁed oleic acid were
spun at 12 000g for 2 min and suspended in YSC-LEU containing
5% (v/v) Tween 80. The resuspended pellet was agitated by
vigorous shaking prior to centrifuging the sample at 12 000g for 1
min and resuspending the pellet in 0.1 M PBS, pH 7.4. All
samples were kept on ice during sample preparation and analysis.
Flow cytometry analysis was performed using the BD Accuri C6
ﬂow cytometer (BD Biosciences) with the standard detector,
FL1 ﬁlter (533/30), used to capture ﬂuorescence from the GFP
ﬂuorophore. The VIRTUALGAIN module in the BD Accuri C6
software was used to adjust peak position and account for
normalizing gains across samples during analysis. Population
gates were applied to account for the mean ﬂuorescence from the
GFP expressing population and negate autoﬂuorescence.
Quantitative Reverse Transcription PCR (qRT-PCR). Y.
lipolytica transformants grown under diﬀerent carbon source
conditions were subject to RNA extraction 48 h postgrowth. The
transformants across each of the selected cultures were
normalized to an OD600 of 5 prior to RNA extraction procedures.
The cells were pelleted, and total RNA was extracted using the
E.Z.N.A yeast RNA kit (Omega Biotek). RNA extracts were
placed in aliquots and stored at −80 °C until further use. For
absolute RT-qPCR, a two-step protocol was employed. 500 ng of
total RNA was used in cDNA synthesis that was performed using
gene-speciﬁc priming with maxima reverse transcriptase
(Thermo Scientiﬁc). 1.5 μL from the cDNA synthesis mix was
subject to qPCR with the Maxima SYBR Green/Fluorescein
qPCR master mix (Thermo Scientiﬁc). qPCR was performed in
biological triplicates from the cDNA mix in a 96-well plate using a
CFX Connect real-time (Bio-Rad). The primer pair, GFPF/
GFPR, used in RT-qPCR is listed in Table S2. A standard curve
was developed using a linearized vector containing the hrGFP
gene to relate Cq values to copy number. This calibration curve
was used to calculate mRNA copy numbers of qPCR analyzed
samples.
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