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ABSTRACT

Saccharomyces cerevisiae is an important model eu-
karyotic microorganism and widely applied in fun-
damental research and the production of various
chemicals. Its ability to efficiently and precisely con-
trol the expression of multiple genes is valuable
for metabolic engineering. The clustered regularly
interspaced short palindromic repeats (CRISPR)-
mediated regulation enables complex gene expres-
sion programming; however, the regulation effi-
ciency is often limited by the efficiency of pertinent
regulators. Here, we developed CRISPR-mediated
protein-tagging signal amplification system for si-
multaneous multiplexed gene activation and repres-
sionin S. cerevisiae. By introducing protein scaffolds
(SPY and SunTag systems) to recruit multiple copies
of regulators to different nuclease-deficient CRISPR
proteins and design optimization, our system am-
plified gene regulation efficiency significantly. The
gene activation and repression efficiencies reached
as high as 34.9-fold and 95%, respectively, being
3.8- and 8.6-fold higher than those observed on the
direct fusion of regulators with nuclease-deficient
CRISPR proteins, respectively. We then applied the
orthogonal bifunctional CRISPR-mediated transcrip-
tional regulation system to regulate the expression of
genes associated with 3-hydroxypropanoic acid pro-
duction to deduce that CRISPR-associated regulator
recruiting systems represent a robust method for si-
multaneously regulating multiple genes and rewiring
metabolic pathways.

INTRODUCTION

Saccharomyces cerevisiae is a prominent cell factory for in-
dustrial applications (1,2). Gene expression regulation in a
precise, robust manner is essential for diverse cellular pro-
cesses. In metabolic engineering, accurately regulating the

expression of key metabolic pathway-associated genes is
pivotal. For gene regulation, the gene editing system in-
volving clustered regularly interspaced short palindromic
repeats (CRISPRs) has been adapted by targeting nuclease-
deficient CRISPR proteins to the transcription regulation
region (3). CRISPR activation (CRISPRa) or interference
(CRISPRIi) can be achieved by fusing nuclease-deficient
CRISPR proteins, such as nuclease-deficient Cas9 (dCas9),
with activation or repression domains, respectively. The eas-
ily programmable single guide RNA (gRNAs) endows this
CRISPR-mediated system the ability to target almost to any
region of the genome with high efficiency and specificity.
When coupled with gRNAs libraries, CRISPR-mediated
systems can prove to be a valuable tool for genome-wide
studies of gene regulation.

Several CRISPRa/i systems have been developed to
date. Direct fusion of the effector protein with activation
or repression domains is a frequently used approach for
CRISPR regulation. Various transcription repressors, such
as myc-associated factor X-interacting protein 1 (Mxil) and
the Kriippel-associated box domain of Kox1 (4), have been
reported to be fused with dCas9 for CRISPRi. Similarly,
the fusion of activation proteins, such as virion protein 64
(VP64) and p65 can enhance gene expression when target-
ing dCas9 to the regions in close proximity to the promoter
4,5).

The fusion of only one transcription effector often can-
not achieve efficient transcriptional regulation; thus, to in-
crease the effectiveness of transcriptional regulation, hybrid
transcription effectors with several activation or repression
domains have been designed. The hybrid tripartite activa-
tor, VP64-p65-Rta (VPR) was designed to fuse with dCas9
and the RNA expression was shown to be 22- to 320-fold
greater than dCas9-VP64 in mammalian cells (6). A study
tested variants of several repressor domains in yeast, and a
tripartite repression domain engineered with TUP1, MIG1
and UMESG6 also amplified the repression effect by 5-fold
(7-10). However, the number of direct fusion proteins re-
mains limited, which restricts the regulation efficiency. In
general, transcription initiation occurs via a series of se-
quential steps involving the coordinated action of several
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transcription factors (11). To mimic the natural process, re-
cruiting more transcription effectors to the promoter re-
gion can potentially increase transcriptional activation or
repression. For this purpose, the development of tools, such
as RNA (12,13) or protein scaffolds (14,15), has been re-
ported. For example, the protein scaffold SunTag was com-
bined the dCas9 system to recruit multiple VP64 activator
for the activation signal amplification. Such systems have
been mainly developed in mammalian cells and also in a
few other species (16,17). Despite the importance of S. cere-
visiae as a key model organism and a microbial cell factory,
a comprehensive protein scaffold-mediated CRISPR regu-
lation systems have not been reported. In addition, only sin-
gle direction of regulation was reported using protein scaf-
folds, detailed characterization of protein scaffold-mediated
CRISPR system for simultaneous gene repression and ac-
tivation, which is crucial for multiplexed gene regulation,
particularly in S. cerevisiae, is much needed.

Herein, we constructed two protein scaffold-mediated
signal amplification systems, namely SPY and SunTag, and
combined them with different nuclease-deficient CRISPR
proteins, dCas9 and dCpfl, respectively, to establish a si-
multaneous gene activation and repression system in S.
cerevisiae. The SunTag system (14), consists of multiple
copies of the 19 residues GCN4 peptide and a single-chain
variable fragment (scFv) of the anti-GCN4 antibody as
a tag. It has been combined with CRISPR for base edit-
ing and gene regulation as well as to induce methylation
and demethylation in mammalian and plant cells (18-22).
The peptide chains can recruit multiple copies of tagged
proteins for signal amplification. In addition, we expressed
SpyCatcher/SpyTag in S. cerevisiae and determined its ca-
pability to recruit effectors. SpyTag (13 residues peptide)
and SpyCatcher (the 116 residues complementary domain)
are constructed by splitting the CnaB2 domain from the
fibronectin-binding protein FbaB from Streptococcus pyo-
genes, and they can spontaneously reconstitute to form a
covalent isopeptide bond under mild physiological condi-
tions when simply mixed (23,24). The SpyTag/SpyCatcher
system has been widely used for protein assembly (25), but
it has not been applied as yet for signal amplification in
S. cerevisiae. Our CRISPR-mediated protein-tagging signal
amplification systems system was systematically optimized
by engineering transcription effectors and peptide arrays.
In comparison with the direct fusion of dCas9 with tran-
scription effectors, this refined system showed much better
activation and repression efficiency. Moreover, we used this
system to simultaneously regulate multiple gene targets in
a metabolic pathway to improve 3-hydroxypropanoic acid
(3-HP) production.

MATERIALS AND METHODS
Strains and cultivation conditions

Escherichia coli strains TransSa and Trans2-Blue (Beijing
TransGene Biotech, CO., LTD, China), which was used
for constructing and propagating plasmids, were grown in
Luria—Bertani media (10 g/1 NaCl, 10 g/I tryptone, and 5
g/l yeast extract) supplemented with 100 mg/1 ampicillin
at 37°C. S. cerevisiae CEN.PK2-1C was used as the initial
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strain for CRISPR regulation system construction and 3-
HP production. Yeast strains were cultivated in YPD media
containing 1% yeast extract, 2% peptone, and 2% glucose,
and recombinant strains were grown on synthetic complete
(SC) dropout media comprising 0.5% ammonium sulfate,
0.17% yeast nitrogen base (BBI Life Science Corporation,
China), complete supplement mixture (without uracil, histi-
dine, or leucine) (Sunrise Science Products, United States),
and 2% glucose. For selection, 250 mg/l hygromycin B
(HygB, Beijing DingGuo Changsheng Biotechnology Co.,
Ltd, China) was used.

Plasmids and strain constructions

Features of nuclease-deficient CRISPR proteins were listed
in Supplementary Table S1. All recombinant and gRNA or
crRNA plasmids are listed in Supplementary Tables S2 and
S3, respectively. Primers used for gene amplification and
gRNA/crRNA construction were synthesized by GeneWiz
(Tianjin, China). Recombinant plasmids were constructed
by traditional restriction digestion/ligation or the Gibson
assembly method, and gRNA /crRNA plasmids were con-
structed using the Golden Gate assembly approach (26).
Phanta Max Super-Fidelity DNA Polymerase was pur-
chased from Vazyme Biotech Co. Ltd. (Nanjing, China).
Restriction enzymes, T4 ligase, and Gibson reagent kits
were obtained from Thermo Scientific (Waltham, MA).
Yeast strains were transformed using the LiAc method; re-
combinant strains are listed in Supplementary Table S4.

For reporter gene expression, the integration plas-
mid pRS304-LEU2-GFP, comprising the LEU2 promoter,
eGFP gene, and PGKI terminator, was constructed using
the Gibson assembly method. To assess the repression and
activation efficiency of CRISPR system to other promot-
ers, the LEU2 promoter was replaced to weak or inducible
promoters GAL7p, HED3p, CYClp and RNR2p and the
strong promoters HHF2p, PGKIp, ENO2p and ENOIp
from Kluyveromyces lactis, respectively. The plasmid strains
were then linearized and integrated into the TRPI locus of
CEN.PK2-1C.

dCas9 was obtained in PCR reaction using the plas-
mid pTPGI-dCas9 as a template (27). The transcriptional
regulatory domains Med2 (full length), Med2t (156-258
fused with 380—431aa), MIG1(481-504aa), and TUP1(73—
129aa) were amplified from the genome of CEN.PK2-1C.
Codon-optimized dCpfi, VPR, and Mxil were synthe-
sized by GenScript (Nanjing, China). To construct pI YC04-
dCas9-Med2 and plYC04-dCpf1-MIG1, activator or re-
pressor encoding gene was fused to dCas9 or dCpfl by
GSGSGSGS or GSSKLGGSGGS linker, respectively, and
then assembled to yeast 2 plasmid pI'YC04 under the con-
trol of the PGKI promoter via BamHI/Sall digestion and
ligation. The Med? fragment of pl YC04-dCas9-Med2 and
MIG]I fragment of pIYC04-dCpf1-MIG1 was then replaced
by BamHI/Sall digestion to construct dCas9 and dCpfl,
respectively, with different transcriptional regulatory do-
mains. To construct pI YC04-NLS-dCas9/dCpf1-2 x NLS-
GCNd4tag (linker GSGSG was used) and pI'YC04-NLS-
dCas9/dCpf1-SpyTag (linker GGSGSGLQ was used), pro-
tein scaffolds 10x, 24 x GCN4tag and 2x, 4x, 6x SpyTag
were optimally synthesized by GenScript and inserted into
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pIYC04-dCas9 or pIYC04-dCpfl. The corresponding pro-
tein scFv and SpyCatcher incorporating 2x NLS were also
synthesized by GenScript and constructed on pJFE3 under
the control of the TEFI promoter, a 2p. plasmid. DNA and
protein sequences were listed in Supplementary Table S5.

The plasmid pSH42H, comprising SNR52p, gRNA and
crRNA scaffold sequences, and SUP4t, was used to express
gRNA and crRNA, respectively. The plasmids were con-
structed by inverse PCR using pSH424 (28) as the template
and primers containing a 20-bp sgRNA sequence. To con-
struct multiple gRNA and crRNA arrays plasmids, indi-
vidual gRNA and crRNA arrays were amplified and then
assembled to pSH42H using the Golden Gate assembly
method through Bsal digestion and ligation. dCas9/dCpf1-
and gRNA /crRNA-containing plasmids were transformed
into GFP expression strains with different promoters to de-
termine the efficiency of transcription regulation.

To construct strains with malonyl-CoA sensing cir-
cuits, pJfapO-fapR (29) comprising the GALIp(7)fapO
promoter, eGFP, PGKI terminator, and TEFI promoter-
fapR, was transformed into yeast. Further, to construct
strains with the ability to produce 3-HP, the gene encoding
malonyl-CoA reductase (MCR) from Chloroflexus auran-
tiacus was cloned into the 2p plasmid pY X424 under the
control of the TEFI promoter and CYC/ terminator using
BamH]I/EcoRI digestion and ligation, followed by transfor-
mation into yeast.

gRNA design

gRNAs were designed using the Benchling website (https:
/fbenchling.com). As previously reported (13,30), the high-
est levels of activation were achieved by targeting the ~200-
bp region upstream of the transcription starting site (TSS)
for CRISPRa. Futher, the effect was the most prominent
between the TSS and 200-bp region upstream of the TSS
for CRISPRi, and gRNAs targeting either the template or
non-template DNA strand for the promoter region were
designed. For dCpf1, minimal off-target effect, and higher
score and distribution of targeting sites were considered.
Spacer sequences are listed in Supplementary Table S6. gR-
NAS were expressed using the SNR52 promoter and SUP4
terminator.

Fluorescence intensity measurement

Recombinant yeast strains were precultured at 30°C and
200 rpm, and then inoculated into fresh media (initial
OD = 0.5). After culturing for approximately 12 h, cell den-
sity at ODgp was measured using a spectrophotometer (Ep-
pendorf BioPhotometer, Germany) and fluorescence inten-
sity was assessed with a 1420 Multilabel Counter (Victor™
3V, PerkinElmer, USA). GFP excitation and emission wave-
lengths were 485 and 528 nm, respectively. Fluorescence in-
tensity (a.u.) was normalized to ODg.

Flow cytometry

Cells were incubated for overnight at 30°C and 200 rpm.
Mid-log phase yeast cells were then washed twice and re-
suspended in PBS (pH 7.0). The cultures were then diluted

to ODygq of 1.0 and analyzed using the ImageStream Mark
Il imaging flow cytometer after filtering through a cell sieve
to reduce aggregation. GFP fluorescence was detected with
an excitation laser at 535/55 nm. Data were recorded and
analyzed using IDEAS.

Quantitative RT-PCR analysis

Yeast cells were cultivated overnight and collected by
centrifugation and total RNA was extracted using the
UNIQ-10 Column Trizol Total RNA Isolation kit (San-
gon Biotech, China) following the manufacturer’s instruc-
tions. Then, the removal of gRNA and production of cDNA
were performed using ReverTra Ace qPCR RT Master Mix
with gDNA Remover (TOYOBO, Japan) with oligo dT
primers. Quantitative PCR reactions was performed using
QuantStudio 3 Real-Time PCR Instrument (Thermo Fisher
Scientific) with SYBR Green-based method. Actin and
Tubl were internal reference gene, and primer sequences are
listed in Supplementary Table S7.

Transcriptome analysis

Yeast cells were cultured to the mid-exponential phase
(ODgpo =~ 1), centrifuged, and frozen in liquid nitrogen. To-
tal RNA of the yeast was extracted by UNIQ-10 TRIzol
RNA purification kit (Sangon Biotech, China). mRNA was
enriched and rRNA was removed from total RNA. RNA
was fragmented into fragments, and single-stranded circu-
lar DNA libraries were constructed using PCR. The library
was sequenced by Illumina HiSeq 2500 (performed by Bei-
jing Genomics Institute) with paired ends (2 x 125bp) ac-
cording to the manufacturer’s instructions. The clean reads
obtained by data filtering were mapped to the reference
genome of CEN.PK113-7D (https://www.yeastgenome.org/
strain/S000203459), with an average of 87.7% of the reads
being successfully mapped. Analysis of the differentially ex-
pressed genes (DEGs) was carried out in R using the DEGs
package. Corrected P value <0.05 and absolute llogo FCl > 1
were set as the threshold for significantly changed genes.
All annotations were derived from the SGD (http://www.
yeastgenome.org/). All analyses were performed in biologi-
cal triplicates.

3-HP production and quantification

For 3-HP production, cells were precultured in SC-HIS3-
URA3/HygB media for ~2 days; they were then inoculated
into 40 mL media (initial ODgy = 0.2) and cultured at
30°C and 200 rpm for 72 h. 3-HP levels were determined
by HPLC (Shimadzu Corporation, Japan) with an Aminex
HPX-87H column (Bio-Rad, Hercules, United States) at
65°C. The mobile phase was 2.5 mM H,SO,4 and the flow
rate was 0.6 ml/min (31).

Data analysis

The gene activation and repression were expressed as activa-
tion fold or repression ratio by calculating the ratio between
the fluorescence intensity of the reporter with gRNA ex-
pression and the fluorescence intensity of the reporter with-
out gRNA. The biological triplicates were performed and
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error bars represent the means + standard deviation (SD)
from biological triplicates.

RESULTS
Evaluation of the activation domain for CRISPR activation

Activator strength is the most important factor affecting
the activation. To evaluate transcription activator perfor-
mance, GFP driven by the LEU2 promoter was inserted into
the TRPI locus. VP64-p65-Rta, a tripartite activator VPR
system, is a frequently used for CRISPR transcription hy-
brid activator and the activation efficiency was shown to
be better than VP64 (6). In our previous study, we found
that the subunit of the RNA polymerase II mediator com-
plex Med2 could also activate gene expression and that the
activation efficiency was higher than that of VPR and en-
dogenous activator Gal4 on fusion with a prokaryotic tran-
scription factor in S. cerevisiae (32). We therefore fused
VPR, Med2, and truncated Med2 (aal56-258 + aa380-
431, dMed2), which only contains the activation domain
of Med2 (33), with dCas9 from Streptococcus pyogenes,
followed by comparison of activation efficiencies (Figure
1A). We found that dCas9-VPR activated the expression
by 2.1-fold, and dCas9-dMed2 showed similar activation
efficiency. Further, dCas9-Med2 demonstrated the high-
est activation efficiency; dCas9-Med?2 activated the expres-
sion by 2.8-fold, which was 29.5% higher than that shown
by dCas9-VPR (Figure 1A). These findings indicated that
Med?2 indeed showed better activation efficiency than VPR.

Creation of protein scaffolds to enhance CRISPR-mediated
activation

Gene transcription level is strongly regulated by the copy
number of transcription factors that is recruited to the pro-
moters (11,34). To assess the effect of recruiting multiple
copies of transcriptional regulators, two protein scaffolds
SunTag and SPY systems were introduced in the CRISPRa
system. The SunTag system (14), consists of 10 or 24 copies
of the 19 residue GCN4 peptide and a single-chain variable
fragment (scFv) of the anti-GCN4 antibody as a tag.

The GCN4 peptide were fused with dCas9 via a
GGGSGGGS linker (Figure 1B). For efficient nuclear im-
port, one SV40 nuclear localization signal (NLS) was in-
serted in the N-terminal of dCas9 and two NLSs were in-
serted in the N-terminal of SunTag, similar to a previously
reported design (14). dCas9-SunTag could recruit multiple
scFv-Med?2 fusion proteins via antigen—antibody interac-
tions. On activation efficiency assessment, we found that
dCas9-Med?2 activated the expression of GFP driven by
the LEU2 promoter by 2.8-fold, whereas dCas9-10 x Sun-
Tag and dCas9-24 x SunTag activated the expression by
4.2- and 3.6-fold, respectively, with these values being 46%
and 27% higher than that shown by dCas9-Med2, respec-
tively. These data validated that the SunTag system was able
to successfully amplify activation efficiency (Figure 1B).
However, the activation efficiency of dCas9-24xSunTag ap-
peared to be lower than that of dCas9-10xSunTag. Sim-
ilar to our work, a previous study reported that dCas9-
10xSunTag was shown to have a similar maximal activa-
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tion in gene expression compared with dCas9-24xSunTag
(14). Herein, although dCas9-SunTag-Med?2 system ampli-
fied the activation, comparing with dCas9-Med2, the im-
provement is not very significant.

We then evaluated whether Spycatcher/Spytag can func-
tion in the CRISPR regulation system. Considering that
the application of Spycatcher/Spytag in S. cerevisiae has
not been previously reported, we first determined the ef-
fect of Spycatcher/Spytag. The dCas9 was fused with
SpyTag via a GGSGSGLQ linker (Figure 1C). One and
two SV40 nuclear localization signal (NLS) was inserted
in the N-terminal of dCas9 and SpyTag, respectively, to
ensure efficient nuclear import. 2, 4 or 6 copies of re-
peated SpyTag were fused with dCas9 and Med2 was
fused with SpyCatcher. We found that dCas9-SPY acti-
vated the expression of GFP by 6.9-, 6.4- and 7.9-fold, re-
spectively. In comparison with dCas9-Med?2, the activation
efficiency of dCas9-6 x SPY was 3.3-fold higher (Figure
1C). These results were consistent with the flow cytom-
etry data (Figure 1D). These findings demonstrated that
both SunTag and Spycatcher/Spytag amplified the activa-
tion efficiency of CRISPR-mediated gene expression, and
the Spycatcher/Spytag system was more effective than the
SunTag system.

To demonstrate the applicability of Spycatcher/Spytag
(Figure 2A), we then investigated the activation efficiency
on GAL7, HEDI and CYCI promoters. dCas9-2 x SPY or
dCas9-6 x SPY was found to activate gene expression by
34.9-,20.7-, and 3.6-fold, respectively, and these values were
3.8-, 4.4- and 4.1-fold higher than those shown by dCas9-
Med2, respectively (Figure 2B-D). The transcriptional level
was also correlated with the change of fluorescence (Figure
2E). The dCas9-2 x SPY and dCas9-6 x SPY systems thus
exhibited good activation efficiencies as well as applicability
with different promoters.

dCas9-mediated repression signal amplification system

Basis the aforementioned results, we subsequently con-
structed a CRISPRi signal amplification system. As Sp-
Cas9 has been well characterized in yeast (7), we compared
the transcription repression efficiency of dCas9-TUP1 (do-
main of TUP1, 73-129 aa) and dCas9/TUPI combined the
Spytag/Spycatcher or SunTag system. The yeast general
repressor protein TUPI1 represses transcription by form-
ing a complex with Ssn6; the Ssn6-Tupl complex is re-
garded as a global repressor considering its ability to repress
multiple families of genes (7,35,36). With the HHF2 pro-
moter, we observed that dCas9-TUPI repressed the expres-
sion by only 38%, and both the CRISPRi signal amplifica-
tion systems showed higher repression abilities than dCas9-
TUPI1. dCas9-24 x SunTag and dCas9-6 x SPY showed
better repression efficiency, repressing GFP expression by
73% and 63%, respectively, being 2.2- and 1.6-fold higher
than that shown by dCas9-TUPI (Figure 3). These results
indicated both the CRISPR-mediated SunTag and SPY sys-
tems achieved better repression than dCas9-TUPI1, with the
24 x SunTag system showing the best repression effect. The
dCas9-SunTag system also worked effectively with other
promoters (e.g. PGK) (Supplementary Figure S1).
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Construction of an efficient orthogonal bifunctional
CRISPR-mediated transcriptional regulation system

To develop an orthogonal bifunctional CRISPR-mediated
transcriptional regulation system, nuclease-deficient
CRISPR proteins that can recognize different PAM
sequences are required. dCpfl from Lachnospiraceae
bacterium ND2006, favoring 5-TTTV-3 PAM sequences
(dCpf1), has been characterized (37) and used for CRISPR
regulation or genome editing in S. cerevisiae (38,39). We
thus chose dCpfl to construct an orthogonal bifunctional
CRISPR-mediated transcriptional regulation system.
Considering the high activation efficiency shown by dCas9-
SPY, we built a gene repression system orthogonal to
dCas9-SPY. dCpfl1-SunTag-TUP1 was constructed and
its inhibitory effect was determined. However, although
the repression efficiency of dCpfl-10 x SunTag-TUPI1
and dCpfl1-24 x SunTag-TUPI1 were higher than that of
dCpf1-TUPIL, only 43% and 44% repression was achieved,
respectively (Supplementary Figure S2), and flow cytom-
etry results also confirmed the differences of repression
efficiency of dCpf1-TUPI1, dCpf1-10 x SunTag-TUP1 and
dCpf1-24 x SunTag-TUPI is not very big (Supplementary
Figure S3). To improve repression efficiency, we evaluated
and compared the inhibitory effects of the repression
domains of TUP1, Mxil and MIGI1 (4,7,40). dCpf1-Mix1
and dCpf1-MIG1 showed better repression efficiency than
dCpf1-TUPI1, which is consistent with previous findings (4)
and both downregulated GFP expression by approximately
50% for HHF2 promoter (Figure 4A). The repression
ratio of dCpfl-MIG1 can reach to 70% when targeting
to ENO2 promoter (Supplementary Figure S4). We then
selected MIG1 as the repression domain to establish a
repressor recruiting system. Relative to dCpfl-MIGI,
dCpf1-10 x SunTag and dCpf1-24 x SunTag showed much
higher inhibition of GFP expression, reaching up to 77%
and 76%, respectively (Figure 4B). Flow cytometry results

showed similar trend (Figure 4C). We also examined the
repression of GFP expression driven by the ENO2 and
ENOI promoters from Kluyveromyces lactis (Figure SA—
C). The repression efficiency can reach to 95% and 86%,
respectively, using dCpfl1-24 x SunTag-MIGI1, being 7.9-
and 2-fold higher than that shown by dCpf1-MIG1, respec-
tively (Figure 5B and C). The transcriptional level was also
down-regulated significantly by dCpf1-24 x SunTag-MIGl1
and it is correlated with the change of fluorescence (Figure
5D). These findings demonstrated that highly efficient
repression could be achieved by dCpf1-24 x SunTag.

To verify the orthogonality of the two CRISPR-mediated
systems, a strain containing two reporter proteins was con-
structed: eGFP driven by the HHF2 promoter and mKate
driven by the LEU2 promoter were inserted into the TRP1
and LEU?2 locus, respectively. The dCas9-SPY- and dCpfl-
SunTag-containing plasmids were then transformed into
the strain to simultaneously regulate mKate and eGFP ex-
pression. mKate expression was upregulated by 3.2-fold and
eGFP expression was downregulated by 69%, comparable
the single CRISPR-mediated system (Supplementary Fig-
ure S5). This indicated that the two CRISPR-mediated sys-
tems were orthogonal, with no crosstalk between them.

Combinatorial regulation of 3-HP production using
CRISPRa/i signal amplification systems

To detect CRISPRa/i orthogonality and application, as
a proof-of-concept study, we used CRISPRa/i signal am-
plification systems to regulate the metabolic pathway re-
sponsible for 3-HP production. 3-HP, a non-chiral, opti-
cally inactive, three-carbon molecule, is one of the top 12
value-added chemicals from biomass selected by the US De-
partment of Energy (41). 3-HP is produced from glucose
with malonyl-CoA as an intermediate via the catalysis of
MCR, a bifunctional enzyme from Chloroflexus aurantiacus
(Figure 6A) (31,42). Malonyl-CoA is synthesized by acetyl-
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CoA carboxylase (Accl) and is essentially used for fatty
acid synthesis. Malonyl-CoA availability directly affects 3-
HP production; therefore, it is important to increase the
synthesis of malonyl-CoA and decrease its consumption
in the cytoplasm. ACCI overexpression can evidently in-
crease 3-HP production (43). Furthermore, the fatty acid
synthetase system (FASI/FAS?2) catalyzes the synthesis of
long-chain saturated fatty acids using malonyl-CoA as a
substrate (44,45). Therefore, we first chose these genes as
targets for CRISPR regulation. In addition to 3-HP produc-
tion, we detected malonyl-CoA availability using our pre-
viously constructed malonyl-CoA biosensor (fapO/fapR
system) to control eGFP expression (Figure 6A) (29).
FASI/FAS?2 repression increased malonyl-CoA availabil-
ity. Individually repressing FASI or FAS2 using dCpfl-

SunTag-TUPI, the fluorescence intensity was observed to
increase by 24.1- and 30.0-fold, respectively. Simultaneously
repressing FASI and FAS2 enhanced the fluorescence in-
tensity by 33.0-fold, whereas only 2.6-fold increase in the
fluorescence intensity was detected on using dCpfl-TUP1
to inhibit FASI and FAS2 (Figure 6B). In comparison to
using dCas9-Med?2 for activating ACCI expression, dCas9-
6 x SPY showed better activation efficiency, as the fluores-
cence intensity of the malonyl-CoA biosensor was 2.2-fold
higher than that in the dCas9-Med2 strain (Figure 6C). Fur-
thermore, when using dCas9-Med2, we did not observe any
obvious increase in 3-HP production levels; while 3-HP pro-
duction levels were improved by 31% when dCas9-6 x SPY
was used to activate ACCI expression (Figure 6D). Sim-
ilarly, 3-HP production level was improved by 55% when
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dCpfl1-24 x SunTag-TUPI was used to repress FASI and
FAS2, which was 35% higher than the improvement ob-
served on using dCpfl-TUP1 (Figure 6D). We found that
the repression of FASI/FAS2 by dCpfl-SunTag-MIGI pro-
duces a higher level of 3-HP than dCpfl1-SunTag-TUPI,
but it decreased the growth significantly (Supplementary
Figure S6). Considering that significant downregulation of
FAS1/FAS2 have negative impact to cell growth, here we
used dCpfl-24 x SunTag-TUPI for FASI/FAS2 regula-
tion.

To determine if a combinatorial effect was achievable by
CRISPRa/i systems, simultaneous upregulation of ACCI
and downregulation of FASI and FAS2 were performed
(SPY + SunTag) (Figure 6C and D). Compared to when
only FASI and FAS?2 expression was repressed, the fluores-
cence intensity of the malonyl-CoA biosensor was 1.1-fold
higher and 3-HP production level was further increased by
19%. In addition to ACCI, FASI and FAS2, we also per-
formed simultaneous regulation 4RG3 gene. Arg3 is asso-
ciated with the biosynthesis of the arginine precursor cit-
rulline, and our recent study has reported that the deletion
of ARG3 increased the accumulation of 3-HP (46). The re-
sults showed that combing FASI, FAS2 and ARG3 down-
regulation and ACCI upregulation, the production of 3-HP
was further increased by 16%, demonstrated the advantage
of our CRISPR-based system (Supplementary Figure S7).

DISCUSSION

S. cerevisiae 1s a very important microbial cell factory for
produce numerous chemicals (47,48). Although CRISPR
system has been developed for gene regulation in yeast
and high regulation levels have been achieved for some
specific promoters, the regulation efficiency remains rel-
atively low for many genes when using either single or
few activators or repressors. In the present study, we es-
tablished two CRISPR-mediated transcriptional regulation
systems that recruited multiple copies of regulators for effi-
cient transcription programming. Gene activation and re-
pression abilities were significantly increased irrespective
of the choice of promoters. Gene expression was activated
by as high as 34.9-fold and the repression efficiency as
much as 95%, with these values being 3.8- and 8.6-fold
higher than those observed on the direct fusion of regula-
tors with nuclease-deficient CRISPR proteins, respectively.
These data demonstrated that the CRISPR-mediated regu-
lator recruiting system is a powerful, robust tool to amplify
regulator efficiency.

SunTag in combination with CRISPR has been applied
for gene editing, gene regulation, DNA methylation or
demethylation, and RNA demethylation in mammalian
cells and plants (19-22,49,50), its application in yeast
has not been reported. Moreover, orthogonal CRISPR-
mediated protein-tagging activation and repression sys-
tems have not been developed as yet. Although SPY has
been widely used for protein assembly (15,25), the effects
of different numbers of SpyCatcher/SpyTag for CRISPR-
mediated signal amplification remain to be determined.
Herein the SpyCatcher/SpyTag protein scaffolds were used
and systematically compared for CRISPR-mediated signal
amplification for the first time. We found that tag number

was not positively correlated with regulation efficiency. In
the SPY system, 2 and 6 copies of repeated SpyCatcher were
more effective than 4 copies, with the regulation efficiency
being much better than that of 10x or 24x SunTag. Be-
sides, in the SunTag system, 10 copies of the GCN4 peptide
showed higher activation efficiency, while 24 copies of the
GCN4 peptide showed better gene repression ability. It is
still unclear how regulators that are recruited to the pro-
moter region can achieve the highest regulation level. It ap-
pears that the efficiency is affected by various factors, such
as promoter characteristics and location and binding affin-
ity of gRNA/crRNA. We also performed transcriptome
analysis to determine impact of this system on global gene
expression and found that the expression of a small num-
ber of endogenous genes were altered regardless whether
they contained dCas-TFs or CRISPR-based signal amplifi-
cation systems (Supplemental Figures 8, 9 and Supplemen-
tal RNAseq Data). When using different gRNA, the signifi-
cantly changed genes were also changed. We speculated that
this may be caused by off-targeting of the dCas proteins.

Previously, the activation efficiency based on dCas9-VPR
and the inhibition efficiency based on dCpfl-Mxil can
reach to 4.5~12-fold and 75%~95%, respectively, for dif-
ferent promoter in S. cerevisiae (7,38). Here, we compared
the regulation efficiency of transcription factors and cou-
pled the transcription factors with SPY and Sun Tag sys-
tems. The optimized dCas9-SPY and dCpf1-SunTag regu-
lation systems are able to achieve 3.6~34.9-fold activation
and near-complete repression, respectively, on promoters of
different strengths. This suggests that the signal amplifica-
tion system we have constructed further refines the gene reg-
ulation tools in S. cerevisiae. As anticipated, different re-
pression or activation domains showed different repression
or activation efficiencies, respectively. Ciurkot ez al. recently
demonstrated that Mxil and MIG1 enabled better down-
regulation relative to other repression domains (37,38). Our
result was consistent with their finding, as even we found
that the repression efficiency of MIG1 and Mxil was better
than that of TUP1. In addition, we found that Med2 showed
better activation efficiency than VPR. Med?2 is a component
of the mediator complex, and its presence may result in the
recruitment of mediator and other core components of the
transcription machinery more directly, consequently lead-
ing to better activation efficiency. Based on the opmization
of transcription effectors, protein scaffolds, and CRISPR
proteins, an effective orthogonal CRISPR-mediated system
should comprise dCas9-SPY-Med?2 for transcriptional ac-
tivation and dCpfl-SunTag-MIG1 for transcriptional in-
terference. Finally, as a proof-of-concept study, we demon-
strated that our orthogonal system was stably maintained
and that combinatorial regulation of 3-HP production was
achievable via orthologous regulation of gene expression.

To summarize, we developed and optimized two
CRISPR-mediated signal amplification systems in S. cere-
visiae, which showed good orthogonality and significantly
amplified regulatory signals. Then we assembled these two
CRISPR modules together and applied them to regulate
a metabolic pathway. This system considerably improved
gene regulation efficiency, and thus, we believe it should be
valuable for both metabolic engineering and fundamental
studies.
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