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As a fundamental tool in synthetic biology, promoters are pivotal in regulating gene expression, enabling precise
genetic control and spurring innovation across diverse biotechnological applications. However, most advances in
engineered genetic systems rely on host-specific regulation of the genetic portion. With the burgeoning diversity
of synthetic biology chassis cells, there emerges a pressing necessity to broaden the universal promoter toolkit
spectrum, ensuring adaptability across various microbial chassis cells for enhanced applicability and custom-
ization in the evolving landscape of synthetic biology. In this study, we analyzed and validated the primary
structures of natural endogenous promoters from Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum,
Saccharomyces cerevisiae, and Pichia pastoris, and through strategic integration and rational modification of
promoter motifs, we developed a series of cross-species promoters (Ps,) with transcriptional activity in five
strains (prokaryotic and eukaryotic). This series of cross species promoters can significantly expand the synthetic
biology promoter toolkit while providing a foundation and inspiration for standardized development of universal
components The combinatorial use of key elements from prokaryotic and eukaryotic promoters presented in this
study represents a novel strategy that may offer new insights and methods for future advancements in promoter
engineering.

1. Introduction

Transcriptional regulation plays a crucial role in controlling the
expression and concentration of intracellular proteins [1]. Especially,
promoter as the basic regulatory element has been deeply studied and
many natural promoters for model organisms for instance Escherichia
coli, Bacillus subtilis, Corynebacterium glutamicum, Saccharomyces cer-
evisiae and Pichia pastoris have been identified, characterized and
applied for constructing microbial cell factories. In view of the
comparatively simple structure of prokaryotic promoters, many rational
approaches have been developed for engineering synthetic strong and
stress-responsive promoters for E. coli [2,3], B. subtilis [4]and
C. glutamicum [5,6]. In particular, by training a convolutional neural
network with high throughput DNA sequencing data, Brempt and col-
leagues successfully constructed a library of orthogonal sigma
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factor-specific promoters [7].

With the development of synthetic biology tools and the deep un-
derstanding of the complex structure of eukaryotic promoters, many
strong and minimized artificial yeast promoters, especially for
S. cerevisiae [8-11] and P. pastoris [12-15], have been designed and
constructed. To improve the multi-gene co-expression capability, a li-
brary of 168 synthetic bidirectional promoters were generated, enabling
the rapid optimization of metabolic pathways (taxadiene, f-carotene)
[16]. Moreover, to facilitate the screening of suitable chassis hosts and
construction of efficient microbial cell factories towards enzymes or
metabolites of interest, we have constructed a list of broad-spectrum
promoters for E. coli, B. subtilis, and S. cerevisiae by integrating the
consensus motifs (TTGACA and TATAAT) into the synthetic minimal
yeast promoter [11]. Recently, the promoters for both brewing
S. cerevisiae and E. coli have also been developed [17]. However, no
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robust cross-species promoters that covering P. pastoris have been re-
ported. In recent years, P. pastoris has been considered as one of the ideal
industrial hosts for producing natural products [18,19] or enzymes [20,
21]. Moreover, C. glutamicum has also been engineered as cell factories
for producing various compounds [22,23].

However, although promoter engineering for specific cells has been
extensively investigated, cross-species promoter studies applicable to
multiple hosts are still not well-developed, thereby making it chal-
lenging to screen or characterize the expression construction process of
genes in multiple hosts [24]. To address these issues, in recent years,
Rahmi et al. constructed activation subsystems that are active in seven
types of microbial cells by randomly screening 200-nt DNA sequences
proved the availability of obtaining universal promoter sequences by
random mutation [25]. Additionally, in some shuttle plasmids, different
promoters are fused or connected in parallel to form analogous
cross-species promoters to utilize the same screening tag in different
species, and these shuttle plasmids have been matured for the produc-
tion of compounds or proteins. Examples include the pGAPZ-(alpha)
series of E. coli-P. pastoris shuttle plasmids [26,27], and the pYES2 series
of E. coli-S. cerevisiae shuttle plasmids [28].

In our previous research [29], broad-spectrum promoters Pjg across
three hosts were developed. However, there is still room for improve-
ment in the strength and breadth of this promoter. In order to further
expand the spectrum of the cross-species promoter in different hosts, in
this study, we created an upgraded version of the Pys promoter, the Py,
promoter. This series of promoters creatively produced strong activation
activity in five microbial cells, which is conducive to further expanding
the toolbox of cross-species components of synthetic biology and
broadening the breadth of cross-species. In addition, the combined use
of key elements of prokaryotic and eukaryotic promoters proposed in
this study represents a novel strategy that may provide new insights and
approaches for the future development of promoter engineering.

2. Materials and methods
2.1. Strains and plasmids construction

All the strains and plasmids used in this study are listed in Table S1.
The primers used for recombinant plasmid construction and DNA-seq
are listed in Table S2. All plasmids in this study were constructed by
Gibson assembly and verified by DNA sequencing. All primers were
synthesized by GENEWIZ (Suzhou, China). The Py promoter sequence
was synthesized by GENCEFE Biotech (Wuxi, China). Primer UP1-N was
used to construct promoter UP elements and UP mutation libraries.
Primer GAP-F/R, GCW14-F/R, Aox1core-F/core-R, TDH3-F/R/core-R/
core-F was used to construct the yeast promoter full sequence and core
sequence activity detection GFP-expression plasmid. Plasmid pEBCP-gfp
provided the URA sequence of S. cerevisiae from plasmid pY26, the
P. pastoris HIS4 integration site from plasmid pAO815, and the B. subtilis
and E. coli replicon and terminator from pEBS. All fragments were
constructed by Gibson assembly and verified by DNA sequencing.

2.2. Medium and culture conditions

Luria-Bertani (LB) broth (10.0 g/L tryptone, 5.0 g/L yeast extract,
and 10.0 g/L NaCl); yeast extract peptone dextrose (YPD) medium (10.0
g/L yeast extract, 20.0 g/L tryptone, constant volume to 900 mL and
after sterilization, 100 mL 2 % glucose was added); minimal dextrose
(MD) medium (per liter 100 mL 20 % glucose, 100 mL yeast nitrogen
base without Amino Acids (YNB), 2 mL 500 x Biotin, 2 % agar); syn-
thetic drop-out medium (SD) ura™ (50 mg/L leucine, 50 mg/L histidine,
50 mg/L tryptophan was added on the basis of MD medium); brain heart
infusion (BHI) medium (91 g/L sorbitol, 37 g/L brain heart infusion
powder). Solid media were prepared by adding 2.0 g/L agar to the
media. When required, ampicillin (100 mg/L) or kanamycin (50 mg/L)
or chloramphenicol (25 mg/L) were added to the LB media, 600 mg/L
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geneticin (G418) were added to the YNB media. Determining AOX1
promoter (P. pastoris) activity, glucose in YPD medium was replaced
with 1 % (v/v) methanol. Induction medium: Cells were cultured in YPD
(glucose) medium for 24 h, centrifuged and collected, washed twice
with sterile normal saline, and inoculated in YPD (methanol) medium at
2 % by volume (v/v). Fluorescence was determined after induction
culture for 24 h.

E. coli JM109 and B. subtilis 168 was cultured in LB broth, 37 °C and
220 rpm. S. cerevisiae CEN.PK2-1C and P. pastoris GS115, was cultured
in YPD. SD medium was used for selection S. cerevisiae and MD medium
was used for selection P. pastoris, all yeast strains were cultured at 30 °C
in an incubator. BHI medium was used to grow C. glutamicum at 30 °C
and 220 rpm.

2.3. Fluorescence assay

Cells recombinants were picked into YPD medium in 24-well Deep
Well Plates and cultivated at 30 °C with shaking at 900 rpm. The GFP
fluorescence intensity was quantified with the plate reader Infinite 200
PRO (Tecan, Austria) at an excitation wavelength of 490 nm and an
emission wavelength of 530 nm. ODggp was also detected. The gain
value was set to 60. The cells were washed in phosphate-buffered saline
for two times for fluorescence detection. Promoter activity was indicated
by the ratio of GFP reporter fluorescence intensity to ODggo.

2.4. Flow cytometry screening

Single-cell fluorescence was analyzed with the BD FACSAria III (BD
Biosciences) flow cytometer. GFP was excited at a wavelength of 488
nm, and the fluorescence signal was recovered with a 529 (28)-nm band
pass filter. The E. coli, were cultured overnight and inoculated into the
corresponding medium at 1 % of the inoculated amount. After culture to
the middle stage of index, the cells were washed twice in phosphate
buffered saline and diluted with 0.01 M phosphate buffered saline for
1:100. The top 0.1 % cells of control fluorescence intensity were
recovered.

3. Results

3.1. Construction of UP element for improving Py,s promoter activity in
E. coli

The UP element is a sequence from —45 to —60 bp upstream of the
transcriptional start site, which can bind to the RNA polymerase alpha
subunit carboxy-terminal domain («CTD), promote the recognition of
RNA polymerase and promoter sequence, and enhance promoter activity
[30,31]. As a consequence, to improve the Py activity, herein, we firstly
introduced six UP sequences at the upstream of Py promoter (Fig. 1a).
Specifically, UP1, UP5 and UP6 were originated from the upstream
sequence of genes rrnD, rybB and rpoE [30]. UP2 was a consensus se-
quences identified through in vitro selection [32], while UP3 and UP4
were synthetic sequences from the sequence consistency rule [33].
These six UP sequences have been reported to enhance promoter ac-
tivity. We found introduction of UP4 and UP6 sequences significantly
increased promoter activities, which were 1.4 and 1.6 times that of the
Pps promoter [29].

Base on the sequences of UP4 and UP6 (Fig. 1b), we created a UP
element library as 5-NNANATGANGATCAAAAANANANNCNNNNN-3’
(Fig. 1b) and created a mutant library for flow cytometry screening
(Fig. 1lc, Fig. S1). After further cultivating on 96-well plate (Fig. 1c) and
selecting with fluorescence intensity, we identified 30 UP mutant se-
quences, which activities covered from 190 % to 300 % intensity
comparing to Py (Fig. 1d). Eventually, UP-G1, UP-G2 and UP-G3 with
the highest activities (Fig. 1e) were used for following experiments. The
results confirmed that in addition to altering the spacer sequences be-
tween the conserved —35 and —10 boxes [34], optimization of the UP
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Fig. 1. Construction of a library for the UP sequence of prokaryotic promoter elements. (a) UP1 originated from rrnD P and UP2 was a comprehensive sequence [32],
UP3 is an artificial synthetic sequence and UP4 is a semi-synthetic sequence [33], UP5 and UP6 were derived from rybB and rpoE, respectively. Activity testing was
performed on the known 6 UP sequences, and it was found that UP1/4/6 showed better enhancement of promoter activity. (b) The sequences of UP1/4/6 were
aligned, and bases that appeared two or more times were considered as consensus bases, resulting in a consensus sequence. (c) The obtained consensus UP sequences
were constructed upstream of the P, promoter for flow cytometry screening. The screened cells were then picked and inoculated into a 96-well plate, followed by
fluorescence retesting after cultivation. (d) The top 30 transformed colonies with the highest fluorescence intensity were selected, and plasmids were extracted for
sequencing, yielding a series of optimal UP sequences. (e) The sequences of the three best UP elements.

sequences would be also an effective strategy for engineering strong 3.2. Upgrading Py,s promoter skeleton by integrating ¢ factor binding site

promoters. These new sequences of UP elements we obtained signifi- engineering
cantly enhanced the strength of Py,s promoters, so we used these UP el-
ements as part of a cross-species promoter. Integration of ¢ factor binding sites to engineer cross-species
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Fig. 2. Rationally design the insertion of ¢ factor binding sites to form a new cross-species promoter framework. (a) The ¢>* from E. coli, c® and ¢® from B. subtilis
were inserted into the promoter Py framework to form the Pst promoter. The —24 region, —12 region, and the spacer sequence (underlined) of 6% 5-CTGGCA-
CACCTTTTGCAT-3' were introduced upstream of the UAS1 sequence. The original TATA region of the Pps sequence and the N30 region 5-TATAAAA-
GAGCACTGTTGGGCGTGAGTGGAGGCGCCGG-3' were mutated or altered to introduce the conserved recognition sequences of ¢® and ¢, changed to 5-
TATAAAAAGAGTTTAATGGGCGCCGATATTGGGTATCAG-3". The recognition sequence for sigma 54 is depicted in berry purple, with the spacer of 6>* underlined,
while the recognition sequence for 6® is shown in red, and the recognition sequence for ¢° is shown in orange. (b)The strength of the modified Py promoter was
improved in E. coli, B. subtilis and C. glutamicum. The highest strength increase was 300 % in B. subtilis and the lowest was about 160 % in C. glutamicum. The
background fluorescence value of the wild-type strain was subtracted from the calculation of fluorescence intensity. Data are presented as the mean + standard
deviation (n = 3).
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promoter skeleton to improve the prokaryotic elements of P, promoter.
Different ¢ factors in bacteria are responsible for recognizing different
promoter sequences. Taking E. coli as a reference, [35] ¢”° is involved in
the major growth stages of the cell and is known as the housekeeping
sigma factor, while 6> is involved in the transcription of genes related to
environmental regulation, its classification as another significant family
of sigma factors. Despite variations, the recognition sequences of &
factors in different bacterial strains share some degree of similarity and
compatibility [36]. For instance, the conserved recognition sequence of
E. coli 6"° can be recognized by B. subtilis [37].

By effectively utilizing these sigma factors, it is expected that broad
and effective promoter sequences for bacterial transcription can be ob-
tained. We found that the recognition sequences of ¢® and o® matched
the original sequence of Py, promoter. In addition, the addition of the o>
recognition sequence helps to expand the family of ¢ factors on the
promoter sequence. Therefore, by matching with the promoter skeleton
sequence of Py, the binding sites of 6°*, 6& and P are finally added. The
recognition sequence of ¢ factors used in this study is sorted out in
(Table S3). The ¢°* recognition sequence is derived from E. coli, and the
" and 6P recognition sequences are derived from B. subtilis. The design
sequence and structure are shown in (Fig. 2a). Using the promoter Py, as
the template, primers were used to introduce the conserved sequence of
the o factor at specific sites, which was then integrated into the promoter
Py, through stepwise PCR reactions. Based on the sequence character-
istics, the 6®* recognition site was placed upstream, and the ¢° and ¢
sites were inserted into the TATA-N30 region of the Pps promoter. A new
promoter, Py, was designed. Compared with the promoter Py, the
designed promoter Py has significantly enhanced the activity level in
E. coli, B. subtilis and C. glutamicum. Notably, the relative fluorescence
intensity increase was 200 % in E. coli and B. subtilis. Even if we did not
specifically insert a specific ¢ factor recognition site for C. glutamicum,
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the new promoter can enhance its fluorescence expression 60 % by
utilizing three o factors from other bacteria (Fig. 2b).

This shows that we can identify the promoter activity (prokaryotic)
of Pps based on the addition of ¢ factor sequences. The newly generated
P promoter sequence can serve as the skeleton structure of the new
version of the cross-species promoter.

3.3. Design upstream activation sequence (UAS) to engineer eukaryotic
elements of Pys promoter sequence

The initiation of transcription in eukaryotes is a complex process that
entails the recognition of the RNA polymerase and promoter sequence
by various transcription factors (TFs). Primarily, the core promoter
sequence establishes the fundamental level of transcription [38], and TF
binding to the upstream activation sequence (UAS) can regulate tran-
scriptional activity [39-41]. Techniques related to UAS engineering
include serial combination, library mutation, and artificial design
[42-44]. These studies indicate that UAS can enhance the efficient
recognition of core promoter sequences by RNA polymerase binding
sites, thereby increasing transcription efficiency.

In order to optimize the functionality of cross-species promoters in
eukaryotic microorganisms, we aimed to identify effective active ele-
ments from natural yeast promoter sequences. In the construction of the
eukaryotic element part of the cross-species promoter, we first con-
ducted activity detection on a series of classic constitutive promoters.
These tested promoters include the GAP promoter, GCW14 promoter,
AOX1 promoter of P. pastoris [41,45,46], and the TDH3 promoter from
S. cerevisiae [47]. We performed cross-speices validation of promoter
activity in these two yeasts. We found that the original promoter of
yeasts is more active in its own cells than in other cells. For example, the
activity of the TDH3 promoter in Saccharomyces cerevisiae can reach
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2 30004 |
: I :
Q ES
% 2000 4 T
=
I
|
1000 -
0 |

PGAP P TDH3

Gcer2
gt Miiapad | Hapt.

PAOXI PGCWM

PGar (Tapd] 477nt
_ Ger2
P, ABH) Hap4) M [ Tve? ) (Tye7 [ Tye7 ) [ Tye7) 667nt
Poxi SWi5 936nt
Sip4-cat8 -
-U 2 -Gl 3
Poovs (iR (EED O o2 () o 822nt

GIn3

Fig. 3. Screening for TFBSs on natural promoters. (a) The broad spectrum of natural promoters from different yeast cells was verified. GAP, AOX1 and GCW14
promoters were derived from P. pastoris, and TDH3 promoters were derived from S. cerevisiae. (b) The predicted and selected transcription factor binding site and its
relative position on the promoter sequence. Different colors represent different TFs binding positions.
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about eight times that of P pastoris. The activity of GAP, an endogenous
promoter of P pastoris, was reduced by about 30 % in S. cerevisiae
(Fig. 3a). We hypothesize that transcription factor binding sites (TFBSs)
on the promoter sequence are responsible for this result.

In search of potential universal recognition sites on natural pro-
moters, we utilized the cross-species comparative genomics of tran-
scription regulation in yeasts database YEASTRACT+ (http://www.
yeastract.com/) [48] to identify conserved sequences of TFBSs, based
on the promoter activity results. We selected 11 sequences with the
optimized TFBSs to enhance promoter strength (Fig. 3b-Table 1). These
transcription factors are thought to be transcriptional activators. There
were 4 TFBSs on GAP promoter sequence and 5 TFBSs on TDH3 pro-
moter sequence (3 repeats), 1 TFBS on AOX1 promoter sequence and 7
TFBSs on GCW14 promoter sequence (3 repeats). Relative positions of
these TFBSs on promoter sequences, we used a simple sequence
annexation algorithm (Supplementary file 2) to combine these TFBSs
and find the best annexation sequence to improve the DNA sequence
information density of TFBSs in the UAS region (Fig. 4a) (Table 2). After
merging, 11 transcription factor merging sequences were generated,
ranging in length from 25 to 109 nt. The combination results were fused
with the promoter Py, to verify the fluorescence intensity in yeast cells.
The promoter that 2 TFBSs, 4 TFBSs, 5 TFBSs, 10 TFBSs and 11 TFBSs
showed better performance. The relative fluorescence intensity of UAS2,
UAS4, UASS in P. pastoris exceeds 800, and the relative fluorescence
intensity of UAS10, UAS11 in S. cerevisiae exceeds 1400, ranking in the
top three in each combination for the relative fluorescence intensity
(Fig. 4b).

3.4. Engineering cross-species promoters by combining eukaryotic and
prokaryotic elements

In this section, we integrated the results of the previous steps, which
included the new Pg promoter skeleton, the UP-G1, UP-G2, UP-G3 se-
quences screened from the UP elements library, and the combination
sequences of TFBSs 2 TF, 4 TF, 5 TF, 10 TF, and 11 TF. As shown in part
1,2,3 of (Fig. 5a). This led to a total of 15 combinations, according to the
validation results (Fig. S2), the eight sequences 252, 2S3, 4S2, 552, 5S3,
10S2, 10S3 and 11S3 were selected for the subsequent fusion ribosome
binding site (RBS) combination ligation. We attached the RBS [49] to
the 3’ end of these promoter sequences of screening in 8 combinations
(Fig. 5a). We examined the cross-species promoters (named Pgp;.g) on
controlling GFP expression in E. coli, B. subtilis, C. glutamicum,
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S. cerevisiae and P. pastoris by fluorescence microscopy, and found that
all generated cross-species promoters were active in five cell types
(Fig. 5b). The promoter activity level was quantified by fluorescence
intensity (Fig. 5c). And, contrast Py and Fig. S2 of 252, 283, 4S2, 552,
583, 10S2, 10S3 and 11S3 sequence, we found that the fusion of RBS to
add a certain extent promote the GFP expression of function, although
the effect was not expected. By comparing the composition promoters
that are commonly utilized in hosts, we discovered that cross-species
promoters exhibited a certain degree of activity intensity in various
strains. For instance, in E. coli, the activity range of the Pg, series pro-
moter could reach 10 times that of the J23100 promoter; in B. subtilis, it
could reach approximately 1.8 times that of the P43 promoter; and in C.
glutamicum, it could attain about 80 % of the activity intensity of the Py
promoter (excluding inducible regulatory sequences). In P. pastoris, the
activity intensity of the transspecies promoter Py /3 is similar to that of
the GAP promoter, and the activity intensity of Pgy7 can reach 120 % of
that of the GAP promoter. In S. cerevisiae, the activity intensity of the
cross-species promoter can amount to up to 50 % of that of the TEF1
promoter. Simultaneously, a comparison with the promoter skeleton Py
further validated the efficacy of these artificial UAS sequences. The ac-
tivity of Pgh3,7,8 was relatively potent in both yeasts, suggesting that
certain arrangements of TFBSs might enhance promoter activity.
Therefore, by analyzing the transcription factor binding sites of these
three promoter sequences, we found that they share the same newly
generated transcription factor binding sites (Table 3). We believe that it
is the permutation and combination that led to the generation of some
new TFBSs, which play a promoting role in the activity. The sequence of
Py, in (Table S4). In addition, considering that yeast TFBSs with pro-
moter sequences may affect their stable expression, we refer to the
scheme of Zhou et al. [50]. The stable expression of Py, was demon-
strated in P. pastoris through long-run fermentation experiments
(Fig. S3). We demonstrated the stability of cross-species promoter on
fluorescence expression of GFP through 14 days of continuous fermen-
tation in conventional medium.

4. Discussion

In this study, based on the P, promoter sequence, we generated new
version of the cross-species promoter Py, by adding ¢ factor recognition
sites, UP elements, optimized promoter skeletons and artificial UAS se-
quences. We attempted to integrate conserved sequences associated
with transcription initiation across diverse microorganisms, and

Table 1
TFs sequences used.

Transcription Sequence of Sequence (5-3) Optimized use sequence (5-3") Description

factor promoter

Sip4-cat8 PGap/TDH3 CNACGGCC/CATTTGCC CATATTCCGTTCGTCCGAAT zinc cluster transcriptional activator, binds carbon source
responsive elements [60]

Ger2 PGap/TDH3 ATGGAAAA ACTTTGCC transcriptional activator of genes involved in glycolysis
[61]

Tye7 Prpus ATCACNCCA/GAGTGATG/CACGCATG/ ATCAGCTGCT transcriptional activator in Ty1l-mediated gene expression

AACCTCAA [61]

Hap4 Pcap TTGGTT TTGGTT a transcriptional activator and global regulator of
respiratory gene expression [61]

Abfl PrpH3/Gew14 TCAAAGAATACG/ GTCATGACCAGA create a region of open chromatin near its binding site and
to contribute to activated transcription [62]

Catl Poewia GATAAG GATAAG transcriptional activator of nitrogen catabolite repression
genes [63]

GIn3 Pocwia GATTAG GATTAG transcriptional activator in nitrogen catabolite repression
system [64]

Stpl Poewia RYRCGGCRC CGGCTC activates transcription of amino acid permease genes [65]

Upc2 Pgcwia TAAACGA TCGTATA redundant activator of filamentation with ECM22, sterol
regulatory element binding protein [66]

Gal4-like Pgap TAAAACGGAGGTCGTGTACCCGACC TAAAACGGAGGTCGTGTACCCGACC  similar to the GAL TF in S. cerevisiae, Gal4-like TF is

SWi5 Paox1 ACCAGC

ACCAGC

responsible for regulation of GAP promoter as an
activator, yet the details of the mechanism are still
unknown [67]

TF that recruits Mediator and Swi/Snf complexes [68]
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Fig. 4. Strength Identification of Yeast Endogenous Promoters and Validation of TFBSs Combination. (a) The designed minimum annexation sequence algorithm was
used to align and combine from eukaryotic TFBSs library, produce artificial UAS components. (b) The artificial UAS components were connected in series upstream of
Py,s promoter, and their activity was verified in S. cerevisiae and P. pastoris, respectively. The combine TFs sequence shown correspond to Table 2.

Table 2
Combination of TF conserved binding sequences.

Name Conserved sequence assemblies of TFs (5-3")

UAS1 TAAAACGGAGGTCGTGTACCCGACC

UAS2 TAAAACGGAGGTCGTGTACCCGACCATATTCCGTTCGTCCGAA

UAS3 TCGTATAAAACGGAGGTCGTGTACCCGACCATATTCCGTTCGTCCGAAT

UAS4 TAAAACGGAGGTCGTGTACCCGACCATATTCCGTTCGTCCGAATCGTATAGATAAG

UAS5 CATATTCCGTTCGTCCGAATCGTATAAAACGGAGGTCGTGTACCCGACCGTCATGACCAGATAAG

UAS6 CATATTCCGTTCGTCCGAATCGTATAAAACGGAGGTCGTGTACCCGACCGTCATGACCAGATAAGATTAG

UAS7 CATATTCCGTTCGTCCGAATCAGCTGCTCGTATAAAACGGAGGTCGTGTACCCGACCGTCATGACCAGATAAGATTAG

UAS8 CATATTCCGTTCGTCCGAATCAGCTGCTGTCATGACCAGATAAGATTAGCGGCTCGTATAAAACGGAGGTCGTGTACCCGACC

UAS9 CATATTCCGTTCGTCCGAATCAGCTGCTGTCATGACCAGATAAGATTAGCGGCTCGTATAAAACGGAGGTCGTGTACCCGACCAGC
UAS10 CATATTCCGTTCGTCCGAATCAGCTGCTTGGTTGTCATGACCAGATAAGATTAGCGGCTCGTATAAAACGGAGGTCGTGTACCCGACCAGC
UAS11 CATATTCCGTTCGTCCGAATCAGCTGCTTGGTTGTCATGACCAGATAAGATTAGACTTTGCCATATGCAAAACGGCTCGTATAAAACGGAGGTCGTGTACCCGACCAGC

experimental results demonstrated the effectiveness of this approach.
Among the array of ¢ factors available, we selected ¢>* due to its
membership in a distinct ¢ factor family [51], thereby broadening the
spectrum of ¢ factor recognition within promoter sequences. The se-
lection of 6® and ¢ was based on their recognition sequences aligning
effectively with those of the original Pps promoter. However, these
combinations are not comprehensive enough due to variations in
conserved sequences such as TFBSs, sigma factor recognition sequences,
and core promoter sequences among different strains and microbial cells
spanning biological kingdoms, particularly in eukaryotes. For instance,
artificial UAS exhibit constrained activity in yeast and demonstrate
varying intensities (e.g., UAS8 and UAS11). We posit that this outcome
may be attributed to unidentified or recently formed transcription factor
binding motifs, or disparities in the efficacy of transcription factor
recognition sequences within the promoters of S. cerevisiae and
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P. pastoris. In particular, a focus on expanding the repertoire of
eukaryotic promoter elements and detection under different culture
conditions is essential for further research programs. Interestingly, this
series of artificial UAS should be used in yeast promoter engineering in
the future. Py, had activity intensity in different strains, and we believe
that this series of cross-species promoters can help solve the problem of
suitability of different microbial host cells for protein activity expres-
sion, and preliminarily screen out the host suitable for protein expres-
sion. In addition, the related research or application of Internal ribosome
entry sites (IRES) [52] sequence or 2A peptide sequence [53] or a short
intergenic sequence (IGG1) [54] has also proved that eukaryotic cells
such as yeast also have the qualification of polycistron expression. This
will further expand the use of cross-species promoters and provide a
powerful tool for the automation, standardization, and high-pass
quantification of the gene route construction process in cell factories
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Fig. 5. Artificially assembled cross-species promoter (a) The construction of the cross-species promoter Py, involved integrating five TFBSs binding sites, three UP
elements, Py core promoter sequences. The promoter combinations generated in steps 1, 2, and 3 were screened for eight excellent candidates to link them to the
fusion RBS (fused SD-KOZAK 5-AAGGAGGTCTGCAATA-3") in the 4 parts. The underline indicates the yeast KOZAK sequence. (b) The GFP expression of Py, series
promoter in E. coli, B. subtilis, C. glutamate, P. pastoris and S. cerevisiae was observed by fluorescence microscope. (c¢) The intensity of Py,1.g series promoters in
different strains was verified by the fluorescence expression of GFP. Promoter J23100, P43, Py, Pgap, Prer1, and Py were used for comparison. Data are presented as

the mean =+ standard deviation (n = 3).

Table 3
Common TFs and TFs generated by novel sequences.

Promoter Common TFs New TFs (direction is not differentiated)

Pz Gal4-like, Sip4- Gsml, Pip2, Rgtl, Oafl, Yrrl

Pay cat8, Upc2 Ino2, Ino4, Hacl, Ecm22, Oafl, Hap4p, Oafl,
Pip2, Rgtl, Rtg3, Yapl, Yrrl

Pghs Hacl, Ecm22, Oafl, Hap4, Oafl, Pip2, Rgtl,

Rtg3, Yapl, Yrrl

in the future.

Machine learning methods to analyze high-throughput data and
establish a cross-species promoter design algorithm that takes into ac-
count parameters such as promoter activity, sequence length, suitable
strain selection, etc., thereby generating a collection of artificial pro-
moters or some more suitable RBS applicable to yeast or other micro-
organisms alike [55-58]. These artificially redesigned promoters hold
promise for improving gene expression stability and controllability in
cell factories. By integrating wet lab experiments with computational
analysis using dry data from biological experiments will render the
entire gene expression system more comprehensive and standardized
without being confined to specific strains or cell types [56,59].
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