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SYNTHETIC BIOLOGY

A programmable high-expression yeast platform
responsive to user-defined signals

Qi Liu', Lili Song', Qiangqiang Peng’, Qiaoyun Zhu', Xiaona Shi', Mingqiang Xu’,

Qiyao Wang', Yuanxing Zhang'?, Menghao Cai'*

Rapidly growing yeasts with appropriate posttranslational modifications are favored hosts for protein production
in the biopharmaceutical industry. However, limited production capacity and intricate transcription regulation
restrict their application and adaptability. Here, we describe a programmable high-expression yeast platform,
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SynPic-X, which responds to defined signals and is broadly applicable. We demonstrated that a synthetic im-
proved transcriptional signal amplification device (iTSAD) with a bacterial-yeast transactivator and bacterial-yeast
promoter markedly increased expression capacity in Pichia pastoris. CRISPR activation and interference devices
were designed to strictly regulate iTSAD in response to defined signals. Engineered switches were then con-
structed to exemplify the response of SynPic-X to exogenous signals. Expression of a-amylase by SynPic-R, a
specific SynPic-X, in a bioreactor proved a methanol-free high-production process of recombinant protein. Our
SynPic-X platform provides opportunities for protein production in customizable yeast hosts with high expres-

sion and regulatory flexibility.

INTRODUCTION

High-level and controllable gene expression to produce proteins is
required for the biopharmaceutical and biomanufacturing indus-
tries. Yeasts are the most favored eukaryotic host for recombinant
protein production because of their rapid growth, ability to be ge-
netically manipulated, and posttranslational modifications (1-3).
However, their limited production capacity (compared to filamen-
tous fungi) and intricate transcription regulation (compared to bac-
terial strains) restrict their range of applications (4-6). Scientists have
continued to explore novel yeast hosts, yet a programmable gene
expression system with high yields and regulatory flexibility re-
mains undiscovered.

Baker’s yeast (Saccharomyces cerevisiae) was the earliest studied
yeast host for recombinant protein production and industrial ap-
plications, but its use was limited because of hyperglycosylation of
proteins, low protein yield, and plasmid instability (3). For nearly
two decades, the methylotrophic and Crabtree-negative yeast Pichia
pastoris (syn. Komagataella phaffii) has been a workhorse for pro-
tein production in both academic and industrial applications (7-13).
High cell density, strong expression, genetic stability, and appropri-
ate posttranslational modifications make it a popular system, and it
has been used to express more than 5000 proteins (10), including
the most recently approved drugs of monoclonal antibody eptine-
zumab Vyepti and nanobody caplacizumab Cablivi by the U.S. Food
and Drug Administration.

Although P. pastoris has served as a standard yeast host for pro-
duction of recombinant proteins (10, 14), it has limitations that prevent
it from being a versatile “protein factory” with high productivity
and adaptability. Few powerful transcription tools are currently avail-
able in P. pastoris (12), apart from promoters that mostly respond to
methanol (toxic, flammable, and explosive) (15, 16). The narrow
regulation mode of methanol-inducible promoters severely restricts
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the scope of application (10, 17). Efforts have been devoted to rewir-
ing this expression host. For instance, promoter variants have been
constructed to enable fine-tuning of expression (18-22). Transcrip-
tion factor overexpression and deficiency have also been used to
vary gene expression levels and regulation (23-25). These engineer-
ing strategies retained the cross-talk between the endogenous trans/
cis-factors and the cell genetic background (18, 21). In recent years,
the gene circuit design involving synthetic transcription factors
with heterologous DNA binding and transactivation domains has
allowed reconstruction of the transcriptional system with minimal
interference from the cell genetic background (26, 27). However,
none of these studies have generated a universal powerful yeast ex-
pression system that is responsive to extensive signals. This pre-
vents yeast from becoming a pervasive protein production platform
that accommodates a variety of production requirements.

Because of the fact that P. pastoris was used as an expression host
but not a model organism, limited research was conducted to un-
derstand its fundamental functions. Recently, the progress made in
transcriptional regulation mechanisms (28-31) and gene editing
methods (32-37) by our and other groups has made it possible to
construct a fully engineered expression platform for this host.
Moreover, as a breakthrough in biotechnology, clustered regularly
interspaced short palindromic repeats (CRISPR)-mediated gene
transcriptional regulation has attracted much attention because of
its flexibility, high efficiency, and programmability (38). CRISPR
interference (CRISPRi) (38) and CRISPR activation (CRISPRa) (39, 40)
systems used in different organisms provide flexible tools and ideas
for the design of genetic circuits in P. pastoris.

Here, we describe a synthetic yeast platform based on P. pastoris
(SynPic-X) that can precisely respond to user-defined signals. The ex-
pression system contains an improved transcriptional signal am-
plification device (iTSAD) composed of a fused bacterial-yeast
transactivator and a hybrid bacterial-yeast promoter, which far ex-
ceeded the expression level of the most widely used methanol-
inducible promoter P4ox; (11, 12) in commercial yeast systems. To
eliminate the high leaky expression induced by iTSAD, activation by
a CRISPRa device (CRISPRaD) and iTSAD repression by a CRISPRi
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device (CRISPRiD), which are strictly responsive to defined signals,
were integrated. SynPic-X represents a new breakthrough in the de-
velopment of yeast expression hosts for both expression yield and
regulatory flexibility. Theoretically, we provide a programmable high-
expression yeast platform, which can respond to an abundance of
defined factors and is broadly applicable simply by the input of
user-defined promoters.

RESULTS

Engineered iTSAD for high-expression performance

in P. pastoris

Previously, we identified a critical transcription activator, Mitl,
which responds to methanol-inducible signaling and highly acti-
vates AOXI transcription by binding to the P4ox; promoter in
P. pastoris (24, 30). A synthetic transcription device (scheme re-
ferred to Fig. 1A) was subsequently engineered, in which lacO (op-
erator sequence from the Escherichia coli lac operon) and cP4ox;
(core promoter of P4ox;) were composed as a hybrid cis-promoter,
and LacI (lacO binding protein) and Mit1AD [activation domain
(AD) of Mitl] were fused as a transactivator (41). This newly con-
structed regulatory part was termed as TSAD, which amplified the
transcription levels of inducible and constitutive promoters (41).

To further improve TSAD, we elaborately evaluated the com-
bined effects of exogenous DNA binding proteins (DBPs)/binding
sequences (BSs) and ADs of endogenous transcription factors (TFADs)
(Fig. 1, A and B). Three chimeric activators were engineered by fu-
sion of the AD of P. pastoris transcription activators Mitl, Mxr1,
and Prm1 (30) to the C terminus of the E. coli Lacl protein by a
GGGGS linker. Exogenous general activators, such as yeast Gal4AD
or viral VP16, were not involved because our previous study proved
that they had a weaker activation effect compared with endogenous
activators in P. pastoris (41). LacI-Mit1AD presented the strongest
activation effect with lacO-cP4ox; (Fig. 1B), consistent with the high
activation capacity of native Mitl on P4ox; (30). The results from
various groups of exogenous DBP/BS indicated that LacI-lacO had
the best activation function (Fig. 1B). Four core regions of strong
yeast promoters were tested, and cP4ox; worked better than cPpyg;,
cPgap, and cPs.gap (Fig. 1B). Moreover, a synthetic upstream acti-
vating sequence composed of five to nine copies of lacO achieved
high expression levels of enhanced green fluorescent protein (eGFP)
(Fig. 1C). On the basis of our results, we constructed and defined
the device equipped with LacI-Mitl1 AD/5lacO-cP40x;, which had
five copies of lacO, as the iTSAD (Fig. 1D). The eGFP output was
amplified tremendously (7.2-fold) by iTSAD from the strong con-
stitutive Pgap (Pgap versus Pgap-iTSAD) with glucose, and it even
amplified output 5.2-fold from the strong methanol-inducible P40x;
(Paox: versus Pgap iTSAD) in P. pastoris.

We further investigated the relationship between input strength
and iTSAD output strength. Endogenous promoters of P. pastoris—
that is, cPaox1> Picri Pepms Penor and Pgap, categorized from weak
to strong with glucose—were selected as input promoters of iTSAD
to build the response model (fig. S1A). The highest levels of input
and output signals of each promoter were used to plot the correla-
tion curves (Fig. 1E). The regression curve fit well with the Michaelis-
Menten equation (fig. S1B). The results revealed that iTSAD can
give a high output when driven by a very weak input promoter,
which allows for versatile high-expression performance that is com-
patible with a broad spectrum of input promoters.

Liu et al., Sci. Adv. 8, eabl5166 (2022) 11 February 2022

CRISPRi-based repressive control of iTSAD

For practical use, inducible gene expression systems that can sepa-
rate growth and production are favored to relieve the metabolic
burden from recombinant proteins (or their catalyzing products)
(42-45). The fact that iTSAD can be triggered by a low input signal
(Fig. 1E) poses the problem that excessive expression leakage cannot
be eluded when adapted with an inducible input promoter. There-
fore, additional regulatory strategies for the “ON/OFF” control of
iTSAD were needed.

We first integrated CRISPRi-mediated transcriptional repression
of iTSAD (Fig. 2A). Since the initial report in 2013 (38, 39), CRISPRi-
mediated gene regulation has been applied successfully in various
species, including P. pastoris (36, 37). We designed a CRISPRiD with
expression of a human codon-optimized dCas9 protein (Streptococcus
pyogenes Cas9 nuclease deficient of D10A and H840A) (38) from a
strong constitutive promoter Pg4p and giRNA (single-guide RNA for
interference) from defined input promoters (Pg) in P. pastoris. The
SV40 nuclear localization sequence (NLS) was fused to the N termi-
nus of dCas9 for nuclear targeting, and two self-cleaving ribozymes,
HH and HDV, were added to both ends of the giRNA to remove
redundant sequences and prevent nuclear export of giRNA (34, 35).
The dCas9/giRNA complex was directed to the cPsox;, which was
used to not only drive the iTSAD but also control the output signal
by iTSAD (Fig. 2A). Therefrom, a dual suppression of iTSAD is ex-
pected from the steric effect of dCas9 against transcriptional pre-
initiation complex. We designed six giRNAs that guide dCas9 to
various sites with a 5'-NGG-3’ protospacer-adjacent motif (PAM)
across cP4ox; (Fig. 2B, fig. S2A, and table S1). The repressive effects
of six giRNAs transcribed by Pgap on intact P4ox; were first tested,
and four of six giRNAs targeting cP40x; knocked down eGFP ex-
pression by 30 to 60% (fig. S2B). Following this, combinations of
three giRNAs (giRNA_F1 and giRNA_RI targeting the TATA box
and giRNA_R?2 targeting the transcriptional starting site) were tested
for dual suppression of iTSAD. We observed that all six combina-
tions tested knocked down eGFP expression by at least 90% (Fig. 2B).
Last, giIRNA_F1 was selected for the construction of CRISPRiD con-
sidering its high repression efficiency (~96%) and operational con-
venience as a single giRNA.

We then evaluated the relationship between the input strength
of giRNA_F1 and the amplified output strength using iTSAD. In-
put promoters of giRNA_F1—that is, Paoxz, Picri> Pepmi> Penor, and
Pgap, categorized from weak to strong with glucose (fig. S2C)—were
used to build the response model. Correlation curves of the input
and output signal strengths of each promoter were plotted. The re-
pression intensity continued to increase with the increase in input
strength (Fig. 2C). Regression analysis suggested that it fit well with the
competitive enzyme inhibition model (fig. S2D). From this model,
a weak expression of giRNA_F1 (P4ox2 as input promoter) can
notably suppress the output of iTSAD (6-fold decrease compared
with the control without giRNA), and a strong input promoter,
Pgap, markedly repressed the output by 50-fold. In general, the
CRISPRiD-iTSAD tandem system can easily avoid leaky expression
by iTSAD; however, it can decrease the upper limit of output.

RNA interaction-mediated derepression regulation

against CRISPRiIiD

As mentioned above, the control of the leaky expression of iTSAD
was successfully achieved by CRISPRiD. Therefore, we needed to
implement controllable derepression against CRISPRiD to enhance
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A Scheme of improved transcriptional signal amplification device (iTSAD)
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Fig. 1. Design and characterization of an iTSAD. (A) Genetic circuit scheme of iTSAD. The chimeric transactivator composed of DNA binding proteins (DBPs) and
transcription factor activation domains (TFADs) driven by input promoters targets the binding sequences (BS) upstream of the core promoter (CP) and recruits RNA
polymerase to activate transcription of the target gene. (B) Function analysis of various biological elements used for the construction of iTSAD. Two DBPs, three
TFADs, four BSs, and four CPs were tested in combinations. The combination of Lacl-Mit1AD and lacO-cP4ox; showed the greatest activation effect and was selected
for subsequent construction. (C) Effects of lacO copy numbers on the output signal of iTSAD. One to nine copies of lacO were inserted upstream of cP4ox; driving eGFP
expression, and 5/acO-cP4ox; was selected for subsequent experiments. (D) The eGFP fluorescence intensity of iTSAD with various carbon sources. The output signals
of iTSAD driven by Pgap were measured. The most widely used constitutive promoter Pg4p and methanol-inducible promoter P4ox; in P. pastoris were compared. Cells
were cultured and compared in glucose, glycerol, and methanol. Statistical significance of eGFP intensity of each strain in specific carbon sources is shown (**P < 0.01).
(E) The relationship of input and output signals of iTSAD driven by selective input promoters with different strengths. Input strength, shown on the x axis, rep-
resents the evaluation of eGFP expression driven by specific input promoters. Output strength represents eGFP expression driven by iTSAD under specific input pro-
moters. The regression model is shown in fig. S1. RFU, relative fluorescence unit.
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Fig. 2. Development of CRISPRID to suppress the leaky expression of iTSAD. (A) Schematic diagram illustrating repression of CRISPRID on iTSAD. The giRNA was
designed to target cP4ox;, which drives both iTSAD and eGFP, thereby recruiting dCas9 to achieve dual suppression of iTSAD by CRISPRiD. (B) Repressive effect of
CRISPRID with different giRNAs on iTSAD. Six giRNAs targeting various sites with a 5-NGG-3' PAM sequence across the cP4ox; were designed to suppress cPaox; activity.
Detailed information of the binding sites and repressive effects of the giRNAs is elaborated in fig. S2. The three best giRNAs (giRNA_F1, giRNA_R1, and giRNA_R2) and
their pairwise combinations were selected to suppress the leaky expression of iTSAD. Statistical significance of eGFP expression in strains with various giRNAs relative to
the parent strain without a giRNA at each time point is shown (**P < 0.01 at 36 hours; ##P < 0.01 at 48 hours; ++P < 0.01 at 60 hours). (C) The relationship of input strength
and output strength of the CRISPRiD-iTSAD tandem system. A simplified diagram of CRISPRiD-iTSAD system is shown. Five promoters with various strengths were set as
input promoters to test the repressive function of CRISPRID on iTSAD. The regression model is shown in fig. S2. RFU, relative fluorescence unit.

the upper limit of output intensity. RNA-based genetic controllers
have been widely recognized owing to their small size (<200 nucle-
otides), specific binding to ligands, ease of design, and flexible
programmability (46). For CRISPRiD, giRNA_F1 is essential for
guiding the dCas9 protein for targeted gene regulation. Thus, we
attempted to inactivate giRNA_F1 (or its mutant) by RNA inter-
action to reduce its repressive effect (fig. S3A).

First, two trigger RNAs were designed to interact with the giRNA
(fig. S3B and table S1). A short antisense RNA complementary to
the DNA-targeting region of giRNA_F1 decreased repression by
~15% (fig. S3C). A cis-hairpin was added to the 5" end of giRNA_F1
to generate giIRNA_Flc, and a riboswitch-like RNA was designed to
dimerize with giRNA_Flc (fig. S3B). The newly formed stem-loop
obstructed the DNA-targeting region, thereby achieving ~5% dere-
pression of the output signal (fig. S3C). Thus, these trigger RNAs
only slightly counteract the repressive effect of CRISPRiD.

We further designed six activator RNAs to disable CRISPRiD by
blocking the DNA-targeting region or Cas handle region of the giRNA
(Fig. 3A and table S1). The activator RNAs also had Cas protein—
recruiting regions that could be used for the design of CRISPRa later.

Liu et al., Sci. Adv. 8, eabl5166 (2022) 11 February 2022

To this end, two CRISPR regulatory proteins orthogonal to dCas9
were selected to avoid cross-talk between CRISPRa and CRISPR,
namely VRER (47) and dCpf1 (48). The VRER protein (mutant of
dCas9 with D1135A, G1218R, R1335E, and T1337R) recognizes the
PAM sequences 5'-NGCG-3', which distinguishes it from 5'-NGG-3’
recognized by dCas9. Cpfl, as a class II CRISPR-associated protein,
binds to target DNA in the direction of CRISPR RNA (crRNA)
without requiring an additional transactivating crRNA, which cleaves
target DNA preceded by a short T-rich PAM compared with the
G-rich PAM for Cas9 (49). Therefore, dCpfl (Lachnospiraceae
bacterium Cpfl nuclease deficient with E832A), which recognizes a
PAM of 5-TTTV-3', was used (Fig. 3B).

Three gaRNAs (guide RNAs for activation) were designed to bind
VRER (Fig. 3C). gaRNA_1 and gaRNA_2 interacted with giRNA_FI,
and gaRNA_3 interacted with giRNA_Flc. In addition, three craRNAs
(crRNAs for activation) were designed to bind dCpfl (Fig. 3C).
craRNA_1 and craRNA_3 interacted with giRNA_F1, and craRNA_2
interacted with giRNA_F1m (a 3’-end stem-loop-mutated giRNA_F1
complementary to the stem-loop of craRNA_2). The activa-
tor RNAs driven by Pgap were used for repression interference of
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Fig. 3. Design of activator RNAs and their derepression effects on CRISPRiD. (A) Schematic diagram of activator RNA-mediated interference of CRISPRID repres-
sion. The activator RNA and giRNA were driven by Pgap and Paoxz, respectively. Pgap is much stronger than the P4ox,. (B) dCas regulators orthogonal to dCas9, which
recognizes 5-NGG-3' PAM sequences, were selected, which were adapted to activator RNAs. These dCas regulators were selected keeping the design of CRISPRa, which
is depicted in Fig. 4, in mind. Two dCas regulators were selected to avoid cross-talk between CRISPRa and CRISPRi. The S. pyogenes dCas9 mutant VRER (D1135V/
G1218R/R1335E/T1337R), which recognizes 5-NGCG-3' PAM sequences, and L. bacterium-derived dCpf1 (E832A), which recognizes 5-TTTV-3' PAM sequences, were
used. (C) Design of activator RNAs and secondary structure predictions for the duplex giRNAs and activator RNAs (left, gaRNA; right, craRNA). Three gaRNAs and three
craRNAs were designed to dimerize with the corresponding giRNA, thereby interfering with the repression of CRISPRiD. The arrow points to the 3" end of the RNA. Details
of RNA design and interactions are described in the Supplementary Materials. (D) Derepression effects on CRISPRID by the interaction of activator RNA with
giRNA. The ncRNA refers to a short RNA without an interaction region with giRNA_F1, giRNA_F1c, or giRNA_F1m. Statistical significance of eGFP expression of each
strain with activator RNA relative to the parent strain without activator RNA is shown for each time point (**P <0.01 and *P < 0.05 at 36 hours; #P < 0.05 at 48 hours;
+P < 0.05 at 60 hours; n.s., not significant). RFU, relative fluorescence unit.
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Fig. 4. Design and characterization of CRISPRaD based on VRER or dCpf1. (A) Schematic diagram illustrating the activation effect of CRISPRaD on cPox;-driven
reporters. The binding sequences of gaRNAs or craRNAs were inserted upstream of cP4ox;. The viral activator VP16 was fused to the C terminus of VRER or dCpf1, and
it recruited RNA polymerase. The reporters are eGFP or iTSAD-driven eGFP. (B) Design of various sequences inserted upstream of the cP4ox; for the recognition and
binding of activator RNA (gaRNA and craRNA). T represents activator RNA binding to the transcribed strand, and NT represents activator RNA binding to the non-
transcribed strand. The sequences of gaRNA or craRNA binding sites are highlighted in pink and red, respectively. The PAM sequences of gaRNA and craRNA are
highlighted in cyan and blue, respectively. (C) Activation effects of CRISPRaDs on the cP4ox;-driven reporters with different activator RNAs. Each activator RNA was
designed to bind with the T-strand and NT-strand by targeting the same base-pairing region. The fluorescence intensities of eGFP and iTSAD-driven eGFP as report-
ers are shown. RFU, relative fluorescence unit.

the giRNAs driven by Paoxz. The repressive effect of CRISPRiD For all three giRNAs—that is, giRNA_F1, giRNA_Flc, and giRNA_
was slightly relieved by gaRNA_1 (~14%), gaRNA_2 (~16%), gaBRNA  Flm—knock-in of negative control RNA (ncRNA) that did not in-
3(~15%),craRNA_1 (~13%), and craRNA_3 (~12%), but not craRNA_2  teract with the giRNAs showed little effect on the output signal,
(failed to function) (Fig. 3D). validating the functions of the regulatory RNAs that were designed
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to target the giRNAs (Fig. 3D and fig. S3C). Nevertheless, the dere-
pressive effect was quite limited even with high expression levels of
activator RNA (by Pgap) but low expression levels of giRNA (by P4ox2)
(Fig. 3D). Therefore, high-expression performance of iTSAD by RNA
interaction-based derepression of CRISPRID in this yeast host was
not achieved.

gaRNA/craRNA-based CRISPRaD for activation of iTSAD

We further attempted to antagonize CRISPRiD using CRISPRaD.
The feasibility of CRISPRa on cP40x; was first tested. Chimeric ac-
tivators were first constructed by fusion of dCas9 with Mit1AD,
MxrlAD, and a codon-optimized viral activator VP16. The SV40
NLS was fused to the N terminus of the synthetic transactivators for
nuclear localization. We then targeted these activators to various
binding sites with PAM (5'-NGG-3’) sequences that were 0 to 972
base pairs (bp) upstream of the TATA box of cP,ox; by designing
various guide RNAs (gRNA_A1 to gRNA_AB). Bacterial fapO
motifs were inserted upstream of cP4ox; to adjust the distance be-
tween the TATA box and gRNA binding sites (fig. S4A). For
dCas9-Mit1AD and dCas9-Mxr1AD, we observed no activation ef-
fect when directed to any site by gRNA. For dCas9-VP16, only 2 of
14 binding sites functioned, and the site that was 26 bp upstream of
the TATA box worked best with this chimeric activator (fig. S4B).
This location was then selected as the reference binding region for
CRISPRaD with VRER-VP16 or dCpfl-VP16 (Fig. 4A). A prelimi-
nary test verified the activity of dCpfl in P. pastoris, and dCpfl di-
rected by a crRNA upstream of the TATA box strongly repressed
iTSAD (fig. S5).

With our designed gaRNAs and craRNAs, VRER-VP16 and dCpfl1-
VP16, respectively, will bind to the upstream target of the TATA
box in cPaox;. Then, the synthetic transactivator will recruit RNA
polymerase to cP4ox;, which drives iTSAD. The three craRNAs and
three gaRNAs designed for RNA interaction (Fig. 3C) were further
tested for their guidance of dCpfl-VP16 and VRER-VP16, respec-
tively. For each craRNA or gaRNA, we designed both a forward
(T-strand) and a reverse (NT-strand) sequence of the DNA-targeting
region linked with cP»ox; (Fig. 4B). We first tested the activation
function of CRISPRaD on cP4ox; expressing eGFP. VRER-VP16,
targeted by gaRNA_2, functioned well and promoted the expression
of eGFP. dCpf1-VP16 worked best when targeted by craRNA_3.
Notably, the dCpf1-VP16 targeted by craRNAs at the NT-strand ac-
tivated cP4ox; much more than their reverse complements (Fig. 4C),
showing binding direction-dependent activation at specific sites.
iTSAD was then equipped with a CRISPRaD control. The eGFP
output signal was amplified by CRISPRaD with each of the activator
RNAs, especially gaRNA_2, craRNA_1, and craRNA_3 (Fig. 4C). In
addition, for each craRNA, the cP4ox;-eGFP output with dCpf1-VP16
targeted at the T-strand was stronger than that at the NT-strand,
whereas iTSAD-eGFP output with dCpf1-VP16 targeted at the NT-
strand was similar to that at the T-strand (Fig. 4C). This illustrated
that LacI-Mit1AD expressed with dCpf1-VP16 targeted at the NT-
strand was sufficient to support high-level output of eGFP. We lastly
selected gaRNA_2 at the NT-strand and craRNA_3 at the T-strand
for CRISPRaD in the following constructions.

Reactivation of iTSAD by CRISPRaD from

CRISPRID repression

We further aimed to use CRISPRaD to reactivate iTSAD from the
repression status caused by CRISPRiD. As mentioned above, both
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gaRNA_2 and craRNA_3 carried specific sequences complementary
to giRNA_F1 (Fig. 3C), which attenuated repression mediated by
CRISPRID (Fig. 3D). Meanwhile, CRISPRaD equipped with gaRNA_2
or craRNA_3 effectively recovered the output intensity of iTSAD
(Fig. 4C). Therefore, craRNA_3 and gaRNA_2 serve a dual function
of alleviating repression and activation expression. Thus, CRISPRaD
mediated by gaRNA_2 or craRNA_3 was assembled with CRISPRiD
and iTSAD to construct two sets of synthetic transcription regulatory
systems (Fig. 5A).

For the whole construct, we used a relatively strong promoter,
Pcap, to constitutively express the chimeric activators and the re-
pressor (dCas9). In contrast, we retained the flexible choice for in-
put promoters that drive the expression of gaRNA_2 or craRNA_3
(defined as P4) and giRNA_F1 (defined as Pg). Promoters with in-
creasing strength with glucose—that is, Paox2, Prcri> Popmi Penoss
and Pgap—were adapted for P4 and Py. Therefore, a total of 20 con-
structs with various combinations of P4 and Py were obtained and
tested for each system (Fig. 5B). The change in P showed a more
obvious influence on the output signal than that of P,. When the
P used was weaker than Pj¢y;, the signal output turned “ON,” indi-
cating that CRISPRiD was not effectively repressing expression. In
contrast, when P was stronger than Pgpy, the signal output
changed to “OFF,” indicating that repression by CRISPRiD was
sufficient. This was true for both dCpfl1-VP16/craRNA_3 and
VRER-VP16/gaRNA_2 (Fig. 5B). In general, dCpf1-VP16 worked
orthogonal to dCas9 for both repression and activation processes
(fig. S6), so it was selected preferentially for the following synthetic
expression platform.

Synthetic expression platform intensely and precisely
responsive to defined signals

The behavior of the entire system enabled us to design a universal
expression platform, SynPic-X, which is responsive to defined sig-
nals. The construct with dCpf1-VP16/craRNA_3 was used to create
this expression platform. We set P4 as Pgap to have a high expres-
sion capacity. Then, P was set as a programmable input promoter in
response to a specific factor. Accordingly, a logic “NOT” gate will be
implemented between the input of P and the output of the SynPic-X
(Fig. 6A). Theoretically, with the amplification effect of iTSAD,
SynPic-X can easily achieve high-level expression that far exceeds
the natural P. pastoris expression system. In addition, the combined
action of CRISPRiD and CRISPRaD can ensure the precise regula-
tion of SynPic-X (50).

To further explore the programmability of SynPic-X, we selected
three independent endogenous promoters as input promoters. A
rhamnose-responsive promoter, Prra3 (50), was first assembled into
SynPic-X as the P, thereby obtaining a rhamnose-responsive switch
designated as SynPic-R. SynPic-R was OFF with rhamnose but ON
with other substrates tested, including glucose (23-fold activation),
glycerol (19-fold activation), methanol (17-fold activation), and etha-
nol (14-fold activation) (Fig. 6B). SynPic-R also showed dose-
dependent behavior with a 24-fold expression difference in response
to rhamnose concentrations ranging from 107 to 20 g/liter (fig. S7A).
Similarly, Pp4s;, which was activated by methanol but repressed by
other carbon sources (15), was assembled to produce SynPic-M. It
was OFF with methanol but ON with glucose (54-fold activation),
glycerol (37-fold activation), and ethanol (23-fold activation) (Fig. 6C).
As cells grew slowly (<0.2 g/liter) or were impaired with meth-
anol (>1.0 g/liter), dose-dependent expression was not tested, but it
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Fig. 5. Characterization of a synthetic transcription regulatory system integrating iTSAD, CRISPRiD, and CRISPRaD. (A) Schematic diagram illustrating the
assembly of iTSAD, CRISPRiD, and CRISPRaD. Two kinds of CRISPRaD, mediated by VRER-VP16/gaRNA_2 and dCpf1-VP16/craRNA_3, were tested. For this inte-
grated system, the cP4ox;-driven iTSAD was activated by P4-driven CRISPRaD and repressed by Pg-driven CRISPRID. The P4 and Pg can be selected to respond to
various signals, so they can be user-defined. As shown in Fig. 4B, gaRNA_2 was designed to bind the NT-strand upstream of cP4ox;, and craRNA_3 was designed
to bind the T-strand upstream of cP4ox;. Activator RNA (gaRNA_2 or craRNA_3) of CRISPRaD mildly interfered with giRNA_F1 of CRISPRiD as shown in Fig. 3D.
(B) Heatmaps showing the output strength of the synthetic transcription regulatory system with various input strengths of P4 and P. Left, system with CRISPRaD
based on VRER-VP16/gaRNA_2; right, system with CRISPRaD based on dCpf1-VP16/craRNA_3. Five promoters with increasing native strength—that is, Paox2,
Pici1, Pepmi, Penor, and Pgap—were used as P, and Pg. A total of 20 pairwise combinations of these promoters for P4 and Pz were designed, and 40 strains with
different synthetic transcription regulatory systems were constructed. The eGFP expression of the different strains was measured after being cultured for

48 hours in YPD medium.

presented a carbon source dose-independent expression mode.
This indicated that SynPic-M was rigorously regulated by methanol
repression and nonmethanol derepression (fig. S7B). In addition, a
thiamine (vitamin B1)-repressible promoter, Pryy;; (51), was used to
construct SynPic-T. As expected, SynPic-T showed thiamine-inducible
performance and remained OFF in the absence of thiamine and
turned ON upon the addition of thiamine (Fig. 6D). SynPic-T
showed a good “S” curve induction mode with 13-fold activation in
response to thiamine concentrations ranging from 4 x 10~® to 4 mM.
Notably, the eGFP expression levels of SynPic-R, SynPic-M, and
SynPic-T reached up to 3.8-fold, 4.4-fold, and 3.3-fold of P40x;,
respectively, which is the most widely used methanol-inducible pro-
moter in commercial P. pastoris systems (Figs. 6, B to D, and 1D).
In summary, we built a synthetic P. pastoris expression platform
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SynPic-X, which can achieve an intense and precise response to var-
ious defined signals by adjusting Pr.

Protein production by SynPic-R in bioreactor fermentation

We lastly selected SynPic-R to express industrial a-amylase (52) to
evaluate the practical performance of SynPic-X in protein synthesis
applications. One copy of the a-amylase-coding gene was expressed
with SynPic-R in comparison to the commercial system (GS115 host/
methanol-inducible P4ox;). In shake flasks, SynPic-R cells grew
weakly with glucose compared to GS115 growth with methanol
(Fig. 7A), whereas a-amylase production by SynPic-R was 1.4-fold
higher than that of the GS115/P40x; system (Fig. 7B). In the bio-
reactor, however, SynPic-R cells grew better with glucose than GS115
with methanol with an identical feeding rate of carbon (methanol of
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Fig. 6. Development of the synthetic P. pastoris system (SynPic) responsive to defined signals. (A) Overview of the SynPic-X platform. CRISPRaD mediated by dCpf1-
VP16/craRNA_3, CRISPRiD mediated by dCas9/giRNA_F1, and iTSAD were used to set up the SynPic-X platform. A relatively strong promoter Pgap was used to
constitutively drive dCpf1-VP16/craRNA_3 in CRISPRaD and dCas9 in CRISPRID. The input promoter Pg was used to drive giRNA_F1in CRISPRiD. The whole genetic
circuit logic of the SynPic-X platform conforms to a logic NOT gate. (B) SynPic-R system derived from SynPic-X with input promoter P g43. P. pastoris endogenous rhamnose-
inducible promoter, Pga3, was selected as Pg to construct a rhamnose-responsive switch. The output of SynPic-R was repressed with rhamnose but activated with glucose
(23-fold), glycerol (19-fold), methanol (17-fold), and ethanol (14-fold). (C) SynPic-M system derived from SynPic-X with input promoter Ppys;. P. pastoris endogenous
methanol-inducible promoter, Ppas;, was selected as P to produce a methanol-responsive switch, which was repressed with methanol but activated with glucose
(54-fold), glycerol (37-fold), and ethanol (23-fold). (D) SynPic-T system derived from SynPic-X with input promoter Pry1;. P. pastoris endogenous promoter, Pry11,
which is repressed by thiamine, was used to construct a thiamine-responsive switch. The SynPic-T remained OFF in the absence of thiamine but turned ON
after thiamine was added (13-fold). Statistical significance of eGFP expression of each strain in specific carbon sources is shown (**P < 0.01). RFU, relative fluorescence unit.

the control of this promoter. Comparatively, SynPic-R also showed
strong rhamnose repression and glucose induction in the bioreactor
(Fig. 7D). After glucose feeding, the production of a-amylase in-
creased quickly until it reached a saturation level, which was similar
to that of GS115/P40x; under methanol feeding.

75 mmol/hour per liter versus glucose of 12.5 mmol/hour per liter;
methanol of 150 mmol/hour per liter versus glucose of 25 mmol/
hour per liter), and cell growth reached similar levels with sufficient
supply of carbon sources (methanol of 300 mmol/hour per liter ver-
sus glucose of 50 mmol/hour per liter) (Fig. 7C). Therefore, the in-
volvement of multiple biological components in SynPic-R did not
affect cell growth at the bioreactor scale, indicating its potential for

industrial application. The production of a-amylase by SynPic-R
with glucose reached a level comparable to that of GS115/P40x; with
methanol (Fig. 7D). As a tightly regulated promoter, P4ox; was strongly
repressed by fermentable carbon sources but was highly induced by
methanol (10-12). This was also true for a-amylase expression under
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DISCUSSION

Yeast expression hosts are well known for their versatility in bio-
pharmaceutical and biomanufacturing applications. Therefore, the
methylotrophic yeast P. pastoris has become a preferred host for pro-
tein production in academia and industry. For a long time, scientists
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Fig. 7. Comparison of a-amylase production driven by P4ox; and SynPic-R. (A) Growth and (B) enzyme activity of yeast strains expressing a-amylase by GS115/P4ox; or
SynPic-R in shake flasks. Methanol and glucose were used as the sole carbon source to induce GS115/P40x; and SynPic-R, respectively. (C) Growth and (D) enzyme activ-
ity of yeast strains expressing a-amylase by GS115/P40x; or SynPic-R in 3-liter bioreactors fermented under different feeding rates. For a-amylase expression by Pox;, the
fermentation strategy included a glycerol-fed batch phase and a methanol (M) induction phase. For a-amylase expression by SynPic-R, the fermentation strategy includ-
ed arhamnose-fed batch phase and a glucose (D) induction phase. The yeast strains were grown in the basal salt medium with glycerol or rhamnose feeding to a dry
cell weight of about 67 g/liter and then were switched to the induction phase. Three different feeding rates of methanol and glucose were used with consistent carbon
content in the induction phase. Broth samples were collected every 24 hours in a shake flask and every 4 to 8 hours in a bioreactor. Error bars at some time points are small

and covered by the time curves. Detailed medium and culture methods are described in Materials and Methods. DCW, dry cell weight.

have been pursuing a universal P. pastoris chassis with a high gene
expression capacity and flexible regulation mode; however, ideal re-
sults have not been achieved. Promoter engineering of the strong
P40x; has produced a series of promoter libraries that achieve 6 to
160% intensity of the wild type, but it is generally difficult to override
the regulation mode present in P. pastoris (18, 20, 21, 53, 54). Mod-
ifications of specific transcription factors altered the regulation
mode, but it was still difficult to markedly increase gene expres-
sion in wild-type P. pastoris (23, 24, 55). The rapid development of
synthetic biology technology has led to new ideas and powerful
tools to fully rebuild this workhorse. Accordingly, a synthetic ex-
pression system, SynPic-X, was constructed, which can achieve im-
pressive levels of transcription in response to various defined signals
(Fig. 5). In particular, a series of derived regulatory switches—that is,
SynPic-R, SynPic-M, and SynPic-T (Fig. 6)—exemplified the pro-
grammable regulation mode of SynPic-X.

The function of iTSAD is critical for the extraordinary transcrip-
tional activity of SynPic-X, which can be attributed to the perform-
ance of the chimeric activator LacI-Mit1AD. As we previously
reported, Mitl is an essential transcription activator that acts down-
stream of the methanol regulatory network and is crucial for P4ox;
activity (30). Mit1AD has the outstanding ability to recruit RNA
polymerase, thereby allowing high output levels by iTSAD. This
represents a successful case of transcriptional clarification-based
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synthetic biological systems. The compatibility of iTSAD with other
yeasts and eukaryotic cells is worth testing in the future. Our previ-
ous study showed that Lacl fused with the versatile viral transactiva-
tor VP16 led to very weak transcriptional activity in comparison to
LacI-Mit1AD (41). However, in this case, the activation effect of
CRISPRa on cP4ox; was achieved only when VP16 was used. Neither
Mitl1AD nor Mxr1AD fused with dCas9 showed an activation effect
(fig. S4). Therefore, the compatibility between DBP and TFAD is
crucial for the efficacy of synthetic biological components. Updated
versions of DBP and TFAD may bring further breakthroughs in
transcriptional intensity, which is worthy of in-depth exploration.
In addition to iTSAD, our constructed CRISPRiD and CRISPRaD
worked together efficiently to suppress the leaky expression of iTSAD
and have a high level of output simultaneously (Figs. 5 and 6). The
combined use of the three devices ensured precise and efficient ex-
pression control in SynPic-X. For engineered biological systems, it is
usually an inevitable contradiction to improve the expression ability
and reduce the leakage level simultaneously. This study demon-
strates an efficient de novo assembly strategy to solve this problem and
provides valuable reference and ideas for the design and construction
of genetic circuits in P. pastoris and other chassis hosts. In addition,
RNA-mediated interactions between CRISPRiD and CRISPRaD were
used to improve the fineness and strictness of signal regulation. Although
similar strategies have been reported to notably interfere with the
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function of gRNA in E. coli (56-58), RNA interaction had a weak
effect in this study. This could be ascribed to inefficient pairing or
an insufficient difference in quantity of the two types of RNAs.
As RNA regulation provides a quick and flexible response, the RNA
regulatory strategy can be further investigated to explore sister plat-
forms of SynPic-X in the future.

The behavior of SynPic-X is consistent with the logic NOT gate,
in which input signal is inverted and amplified for output. The reg-
ulation mode of SynPic-X can be determined by screening natural
promoters that are responsive to specific factors as input signals. In
the present study, three different endogenous promoters were used
for proof of concept, and the derived SynPic-R, SynPic-M, and
SynPic-T all showed high expression and desired performance. The
expression level of SynPic-R can be fine-tuned by changing rhamnose
input, and the expression level of SynPic-T can be sharply increased
by feeding a small amount of thiamine. Heterologous expression of
industrial a-amylase by SynPic-R at the bioreactor scale allowed
tight induction regulation, better cell growth, and comparable pro-
duction levels to the commercial system of P. pastoris GS115 with
methanol-inducible P4ox;. It represents a green and safe process
with glucose instead of methanol. In addition, multiple-copy gene
expression has been proven as an effective strategy to increase pro-
duction capacity of recombinant proteins in P. pastoris. This strategy
is theoretically compatible with our SynPic-X platform, which can
be achieved via integration of multiple expression cassettes of gene of
interest (5lacO-cP40x;-GOI) into the genome. Protein folding and
modification in endoplasmic reticulum and Golgi apparatus could
also be limiting factors for the production of functional proteins. To
extend the industrial use of SynPic-X, it is necessary to test more
complicated proteins with multiple disulfide bonds or posttransla-
tional modifications. The SynPic-X may be further updated by im-
proving protein folding and processing in the future.

P. pastoris has been used over the years because of its potency as
a synthetic biological chassis for small-molecule production and
one-carbon assimilation (9, 42). The reported genome of P. pastoris
has allowed for the identification of open reading frames and pro-
moters (8, 59, 60). Synthetic promoters also provide more choices
for broader applications (15, 53, 61). It is expected that an increas-
ing number of promoters responding to various signals will be
identified and characterized using bioinformatics and biochemical
technologies. These promoters may be assembled into SynPic-X to
generate updating expression systems for various application sce-
narios. In conclusion, a powerful and flexible yeast gene expression sys-
tem was proposed and constructed in this study, which represents
a previously unidentified “plug and play” platform to produce cus-
tomized high-level expression hosts that respond to defined signals.

MATERIALS AND METHODS

Strains and growth conditions

The strains and plasmids used in this study are listed in table S2.
Yeast recombinant strains were constructed from P. pastoris GS115
(Invitrogen) and Aku70 (KU70 deficient in GS115 for the nonho-
mologous end joining defective purpose) (32). P. pastoris GS_
Paoxi-G (21), GS_Paoxi-Amy (52), and S. cerevisiae BY4741 (41)
were stored in our laboratory. All strains were stored at —80°C in
medium with 20% (v/v) glycerol. E. coli Top10 was used for the con-
struction and propagation of plasmids. Yeast expression vectors
pPIC3.5 K and pGAPZ B were purchased from Invitrogen. The
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plasmid BB3eN_14 was purchased from Addgene (#98549). The
pAG32 (30), pP-PAox:G (pP-GFP) (21), pGZB_cP 0x:-GFP (62),
pP-PApG (pPGG), pZ_Pjcr;-Lacl-VP16 (41), 3.5k-TEF1-gRNA1,
pDTgl-npgA (32), and pPIC9k-Amy (52) were constructed in our
laboratory. The plasmids p414-TEF1p-Cas9-CYC1t and pET28TEV-
LbCpfl were provided by F. Wang and G. Tan in our university,
respectively.

MGY (0.67% YNB and 1% glycerol) or YPD (2% tryptone, 1%
yeast extract, and 2% glucose) medium was used for screening
P. pastoris transformants, and the appropriate antibiotics [zeocin
(100 pg/ml), hygromycin B (750 pg/ml), and nourseothricin
(100 pg/ml)] were added when required. P. pastoris transformants
were cultured and incubated at 30°C (200 rpm). E. coli cells were
cultured at 37°C (200 rpm) in low-salt LB (LLB) medium (1%
tryptone, 0.5% yeast extract, and 0.5% NaCl) supplemented with am-
picillin (100 pg/ml) or zeocin (50 pg/ml). Cells were cultivated in an
incubator shaker (type of MQD B2R, Shanghai Minquan Instrument
Co. Ltd,, China). In addition, YPG (2% tryptone, 1% yeast extract, and
2% glycerol), YPR (2% tryptone, 1% yeast extract, and 2% rhamnose),
YNE (0.67% YNB and 1% ethanol), and YNM (0.67% YNB and 1%
methanol) were used to verify the function of SynPic-R and SynPic-M.
For SynPic-T, the recombinant strain was cultured in a synthetic medium
[2% glycerol, 2% (NHy),SO4, 1.2% KH,POy4, 0.47% MgSO,47H,0,
and 0.036% CaCl,, plus trace elements: 0.2 uM CaSO,-5H,0, 1.25 uM
NaI, 4.5 MM MI’ISO4~4H20, 2 HM NazMOO4~2H20, 0.75 MM H3BO3,
17.5 uM ZnSO47H,0, and 44.5 uM FeCl;-6H,0 (pH 5.5)] and dif-
ferent concentrations of thiamine in the form of thiaminechloride-
hydrochloride. BMMY and BMDY media (pH 6.0) contained 2%
tryptone, 1% yeast extract, 1.34% YNB, biotin (0.4 pg/ml), and 100 mM
potassium phosphate buffer, plus either 1% methanol (BMMY) or
2% glucose (BMDY), which were used for o-amylase expression in
shake flasks.

Plasmid construction

Oligonucleotides used for construction of plasmids were synthe-
sized by Suzhou Genewiz Biotech Co. Ltd., China and are listed in
table S3. Plasmids used in this study were constructed using con-
ventional restriction enzyme cloning and/or Gibson Assembly
(ClonExpress II one-step cloning kit, VazymeBiotech Co. Ltd., China).
The sequences of all plasmids were verified using Sanger sequenc-
ing. Other molecular biology operations of E. coli and P. pastoris
were performed as described previously (32, 41, 42).

Genetic device assembly

As shown in Fig. 1, the plasmids harboring the egfp gene were con-
structed from pP-P,ox;G and integrated into the P. pastoris genome
at the HIS4 locus. The plasmids expressing DBP-TFAD fusion pro-
tein were constructed using pGAPZ B and integrated into the
P. pastoris genome at the Pgap locus. In Fig. 1E and fig. S1, the plas-
mids harboring different input promoters were constructed using
PGZB_cP40x;-GFP and integrated into the P. pastoris genome at the
Pgaplocus for the detection of input and output strength. As shown
inFigs. 2 to 4, the LacI-Mit1AD cassette driven by cP4ox; was inserted
into the plasmid pPlacO5cAG, and the resulting plasmid pPcALMO5
was integrated into the P. pastoris genome at the HIS4 locus. The
cassettes of CRISPR regulators (dCas9, VRER-VP16, and Cpfl1-VP16)
were inserted into pGAPZ B, and the resulting plasmids were inte-
grated into the P. pastoris genome at the Pg4p locus. Plasmids harbor-
ing various giRNAs and/or activator RNA cassettes were constructed
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using the pAG32 plasmid and integrated into the P. pastoris genome
at the P4oyx; locus. InFigs. 1 to 4, all strains were constructed on the
basis of the wild-type P. pastoris GS115, and inFigs. 5 to 7, the
Aku70 strain (knockout of KU70 in P. pastoris GS115) was used to
construct the yeast strains. Plasmids containing the o-amylase cas-
sette were integrated into the P. pastoris genome by the Pryo; locus.
The o-factor signal peptide was fused to a-amylase for secretion
expression. Construct details for plasmids and strains are described
in the Supplementary Materials.

Microplate reader experiments

Yeast strains were transferred from —80°C stock cultures and incu-
bated in 2 ml of YPD medium for 2 days. The cells were inoculated
into fresh YPD medium for preculture to an optical density at
600 nm (ODgqp) of 6.0. The cells were harvested by centrifugation
(5000¢g, 5 min), washed twice with sterile water, and then trans-
ferred to the required medium at an ODgqg of 1.0 in a 24-well plate.
Culture samples were collected at the desired time points for fluo-
rescence detection. The samples were washed twice with sterile water
and stored at —80°C. Reporter eGFP (intracellular expression) fluo-
rescence (normalized with ODggg) with various samples was ana-
lyzed using a multimode microplate reader (Synergy 2, BioTek
Instruments, USA) at an excitation wavelength of 485 nm and an
emission wavelength of 525 nm (gain, 60).

Production and activity assays of a-amylase

In shake flask cultures, the strain producing a-amylase (52) driven
by P4ox; was precultured in YPD medium and induced in BMMY
medium, and methanol was added every 24 hours to a final concentra-
tion of 1% (v/v). The strain producing a-amylase driven by SynPic-R
was precultured in YPR medium and induced in BMDY medium,
and glucose was added every 24 hours to a final concentration of
2% (w/v). Fermentation in 3-liter bioreactors was adapted from the
previous study (24, 41). The strain producing a-amylase driven by
P40x; grew in basal salt medium (24) with glycerol (40 g/liter). After
the initial glycerol was exhausted, it continued to feed at a rate of
10 g/hour per liter until the dry cell weight reached about 67 g/liter
and then stopped until glycerol was used up (~0.5 hours). Afterward,
it was switched to the methanol-feeding phase. Methanol was ini-
tially fed at a low level for cellular adaptation and then increased to
the required feeding rates gradually (table S4). The strain producing
o-amylase driven by SynPic-R grew in the basal salt medium with
rhamnose (40 g/liter). After the initial rhamnose was exhausted, it con-
tinued to feed at a rate of 10 g/hour per liter until the dry cell weight
reached about 67 g/liter and then was switched to the glucose-feeding
phase with the required feeding rates. The pH was kept at 5.0, using
ammonia, and the dissolved oxygen level was kept above 30% satu-
ration. For both experiments, in shake flasks and 3-liter bioreactors,
the culture supernatants were collected at specific time points, and
the enzyme activity of 0-amylase was determined by the dinitrosalicylic
acid (DNS) method as previously reported (63).

Prediction of RNA secondary structure

The secondary structures of various RNAs used in this study were
predicted using the RN Astructure software version 6.0.1 (http://rna.urmc.
rochester.edu/RNAstructureWeb/) (64). The secondary structure of
RNA duplex was predicted using the biofold tool. The main param-
eters were set as follows: nucleic acid type = RNA and temperature =
30°C. The full sequences of various RN As are given in table S1.

Liu et al., Sci. Adv. 8, eabl5166 (2022) 11 February 2022

Statistical analyses

Data were obtained from three biological replicates from at least
three experimental batches and presented as means + SD. Data
were analyzed and fitted using GraphPad Prism (version 7.04). The
unpaired, two-tailed Student’s ¢ test was used to assess the differ-
ences among the grouped data. Statistical significance was set at
P <0.05and P <0.01.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5166

View/request a protocol for this paper from Bio-protocol.
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