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ABSTRACT

In the yeast Saccharomyces cerevisiae, terminator
sequences hot only terminate transcription but also
affect expression levels of the protein-encoded up-
stream of the terminator. The non-conventional yeast
Pichia pastoris (syn. Komagataella phaffii) has fre-
quently been used as a platform for metabolic engi-
neering but knowledge regarding P. pastoris termi-
nators is limited. To explore terminator sequences
available to tune protein expression levels in P. pas-
toris, we created a ‘terminator catalog’ by testing 72
sequences, including terminators from S. cerevisiae
or P. pastoris and synthetic terminators. Altogether,
we found that the terminators have a tunable range
of 17-fold. We also found that S. cerevisiae termi-
nator sequences maintain function when transferred
to P. pastoris. Successful tuning of protein expres-
sion levels was shown not only for the reporter gene
used to define the catalog but also using betaxan-
thin production as an example application in path-
way flux regulation. Moreover, we found experimental
evidence that protein expression levels result from
mRNA abundance and in silico evidence that lev-
els reflect the stability of mRNA 3'-UTR secondary
structure. In combination with promoter selection,
the novel terminator catalog constitutes a basic tool-
box for tuning protein expression levels in metabolic
engineering and synthetic biology in P. pastoris.

GRAPHICAL ABSTRACT
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INTRODUCTION

Numerous valuable commodities have been produced in
yeasts using metabolic engineering technology. Design of an
optimal yeast strain for production of a target compound
often requires regulation of gene expression, including over-
expression, fine-tuned expression, knock-down and knock-
out, which together can be used to optimize pathway
flux for production of the target and can rewire cellular
metabolism (1,2). To tune gene expression for pathway op-
timization, researchers have mainly explored modifications
to 5-untranslated regions (5-UTRs) (3—7). For example, we
have used promoter catalogs resulting from many studies to
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select promoters with the desired level of activity, e.g. high,
medium, or low (6-10). Although this type of promoter-
exchange strategy can result in a wide tunable range of pro-
tein expression levels, it is complicated by the observation
that changes in culture conditions, such as carbon sources
or stressors, might influence promoter activity (10-12) and
thus, affect production of the target materials.

Another important tool used to regulate protein expres-
sion levels is terminator exchange. Recently, it was reported
that terminator regions not only function in transcriptional
termination but can also influence expression levels of a pro-
tein encoded upstream of the terminator (13,14). In general,
compared with promoter studies, few studies of terminators
useful to tune protein expression of a gene of interest have
been reported (15). For Saccharomyces cerevisiae, however,
in one large-scale study, a catalog of 5302 terminators was
developed and characterized (13). The terminators resulting
in the highest and lowest expression levels were DIT/t and
GICIt, respectively, which differed by more than 70-fold
(13,16). These results demonstrate that by choosing a termi-
nator sequence, protein expression levels can be regulated
within a broad range. Moreover, the S. cerevisiae endoge-
nous terminators were shown to affect protein expression
independently of the upstream promoter and reporter open
reading frame (ORF) (13). Studies have shown that in S.
cerevisiae, terminator choice influences mRNA abundance
(13,16), mRNA stability (14) and post-transcriptional inter-
action with endogenous trans-acting factors (17). The trans-
acting factors Nab6p and Paplp, which were identified in
a genome library screen, appear to be responsible for the
strong activity of the endogenous DIT] terminator in S.
cerevisiae (17). Artificial terminators have been developed
in S. cerevisiae using either of two strategies: connection of
three functional parts of S. cerevisiae terminators (18,19)
or insertion of additional trans-acting factor binding sites
of the DIT] terminator into an endogenous terminator se-
quence (17). Notably, terminator technology based on use
of native or artificial terminators has been successfully ap-
plied in metabolic engineering (15,19).

The methylotrophic yeast Komagataella phaffii, com-
monly known as Pichia pastoris, is widely used as a plat-
form for production of heterologous proteins (20,21). This
yeast has also attracted attention as a potential platform
for bulk chemical production via metabolic engineering and
synthetic biological technologies (22-24). Application of
a terminator-exchange strategy has promise for improving
production of valuable commodities by P. pastoris. How-
ever, only a limited number of terminators have been es-
tablished for use in P. pastoris: fifteen endogenous termi-
nators from methanol assimilation pathway genes and five
S. cerevisiae terminators (10). These 20 terminators showed
comparable activities, with a difference among them of only
about 2-fold—i.e. terminator activities ranging from 57%
(Pp-CATIt) to 100% (Pp-AOXIt)—and thus provide only
a limited ability to regulate pathway flux.

Terminator sequences consist of a 3’-untranslated region
(3’-UTR) followed by a region needed to terminate tran-
scription of the mRNA. Previous studies of eukaryotic 3'-
UTRs have reported many sequence motifs within termi-
nators that might affect mRNA stability (25,26). Some of
these have been experimentally verified. For example, the
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AU-rich element is well known to destabilize mRNA in
mammals (27). Other studies have reported the contribu-
tion of GC content, length and secondary structure of 3'-
UTRs to mRNA stability (28-30). By contrast, few studies
have addressed the relationship between 3’-UTR sequence
and mRNA abundance in P, pastoris.

In the current study, we created a catalog of 72 termi-
nators for use in P. pastoris that includes endogenous, het-
erogeneous, and synthetic terminators, and can be used to
tune expression levels of a target protein via a terminator-
exchange strategy. Using these terminators, we presented
the first demonstration of the utility of a terminator-
exchange strategy to regulate metabolic pathway flux in P,
pastoris. Furthermore, we found that protein expression lev-
els inversely correlate with the folding free energy of the
associated 3’'UTRs, suggesting that stable secondary struc-
ture contributes to higher protein expression levels. Finally,
we discuss the transferability of S. cerevisiae terminator se-
quences to other yeast and speculate on the existence of
trans-acting factors that interact with the terminator se-
quence to influence activity in P. pastoris.

MATERIALS AND METHODS
Strains and media conditions

The P. pastoris wild-type strain CBS7435 (NRRL-Y11430)
was used in this study. P pastoris strains were grown in
YPD medium [10 g/1 yeast extract (Nacalai Tesque, Ky-
oto, Japan), 20 g/l Bacto peptone (BD Biosciences, San
Jose, CA, USA) and 20 g/1 glucose], BMGY, BMMY or
BMDY [10 g/l yeast extract, 20 g/l hipolypeptone (Ni-
hon Pharmaceutical, Tokyo, Japan), 13.4 g/1 yeast nitrogen
base without amino acids (BD Biosciences), 0.4 mg/1 bi-
otin (Nacalai Tesque), 100 mM potassium phosphate buffer
(final, pH 6.0) and 20 g/1 glycerol (for BMGY), 20 g/I
methanol (for BMMY) or 20 g/1 glucose (for BMDY)]. Es-
cherichia coli strains were grown in LB medium that con-
tained: 5 g/1 yeast extract, 10 g/1 tryptone (Nacalai Tesque)
and 5 g/1 NaCl, supplemented with ampicillin (100 pg/ml).
YPD agar plate contained: YPD medium, 20 g/l agar and
antibiotics (500 wg/ml G418; Wako Pure Chemical Indus-
tries, Osaka, Japan) and 100 pg/ml hygromycin (Wako Pure
Chemical Industries).

The E. coli strain DH5a was used for recombinant DNA
manipulation. Escherichia coli strains were grown in LB
medium that contained (per liter) 5 g yeast extract, 10 g
tryptone (Nacalai Tesque) and 5 g NaCl, and was supple-
mented with ampicillin (100 pg/ml).

Construction of plasmids and P. pastoris strains

Standard recombinant DNA manipulation was performed
as described by Sambrook et al. (31). The primers and
synthetic DNA fragments used in this study are listed in
Supplementary Tables S1 and 2, respectively. Primers were
purchased from Eurofin Genomics K. K. (Tokyo, Japan)
and synthetic DNA fragments were synthesized by Gen-
eart Strings DNA Fragments (Thermo Fisher Scientific,
Waltham, MA, USA) with codon usage optimized for P,
pastoris.
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Figure 1. Genome-integrated gene constructs for Pichia pastoris. P. pas-
toris, Saccharomyces cerevisiae or synthetic terminators were inserted as
modules downstream of a promoter (GAPDH or AOXI promoter) and a
gene of interest (GOI): EGFP, E2Crimson, Rhizopus oryzae glucoamylase
secretion signal-BGL1p and tyrosine hydroxylase (CYP76AD1)-coding
sequences. Following linearization of the plasmid with EcoRV or Nrul,
homologous integration occurred in the terminator region of CCA38473
(T38473). A G418 resistance-encoding marker was used for selection. Gray
arrows indicate primer positions used to identify correct, single integra-
tions by colony PCR.
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All terminator plasmids used in this study were based
on the plasmid pPGP_EGFP (32), which consists of the
GAPDH promoter, an EGFP-encoding ORF and an 40X/
terminator (Figure 1). Detailed methods for construction of
the plasmids used in this study are described in the Supple-
mentary Data.

All of the terminator plasmids were linearized by EcoRV
or Nrul, followed by integration into the CCA38473 termi-
nator locus on the P. pastoris genome by use of a LiOAc
transformation method, as described in our previous pa-
per (32). Single copy integration of each linearized plas-
mid into the correct locus was verified by quantitative poly-
merase chain reaction (QPCR) and colony PCR. The qPCR
analysis was performed as previously reported (33). Colony
PCR was performed using DNA polymerase (KOD FxNeo,
TOYOBO, Osaka, Japan) and primers that recognize se-
quences upstream and downstream of the integrated loci,
according to the manufacturer’s protocol.

To optimize DOD expression levels for production of be-
taxanthin, P. pastoris strains carrying various copy numbers
of DOD expression cassettes were prepared. The plasmid
pPGPH_DOD was linearized by BsrGI and then electro-
porated into the ARG4 locus on the P. pastoris genome as
described in our previous paper (32). Transformants were
obtained on YPD plates supplemented with 100 pg/ml hy-
gromycin. The copy number of the DOD expression cas-
sette in each transformant was measured by qPCR as pre-
viously reported (33).

Cultivation in test tubes

To quantify protein expression levels in the terminator
strains, test tube cultivation was performed as follows. At
least three biologically distinct colonies of each yeast strain
were streaked on YPD plates supplemented with G418,
then were inoculated into 2 ml of BMGY medium in test
tubes, followed by pre-culture at 30°C for 24 h at 170 rpm.
Next, 200 pl of the pre-culture was transferred into 2 ml of
BMMY medium (for 40XI promoter strains) or BMGY
medium (for GAPDH promoter strains) in test tubes, and
further cultured at 30°C for 24 h or 48 h at 170 rpm for pro-
tein production. After cultivation, biomass was measured

by ODggo and protein expression levels of target protein lev-
els were determined as described below.

Flow-cytometry analysis and data processing

Transformants producing EGFP (32) or the red fluores-
cent protein E2Crimson (RFP, (34)) were cultured in test
tubes as described above. Fluorescent intensities of 10 000
cells of each terminator strain were measured using a flow-
cytometer (FCM, FACS Cantoll, BD Bioscience, Franklin
Lakes, NJ, USA) equipped with 488- and 633-nm lasers and
the appropriate filter set for EGFP (530/30-nm) and RFP
(660/20-nm). Data processing was performed as follows:
each cell fluorescent intensity (FI) value for EGFP or RFP
was divided by the forward scatter intensity to account for
variability in cell size, then a histogram was created from the
calculated values, fitted by a normal distribution. Termina-
tor activity was defined as the median value of the normal
distribution for a given cell sample.

B-glucosidase activity assay

Transformants producing Aspergillus — aculeatus -
glucosidase (BGLI1p) were cultured in test tubes as
described above. After centrifugation of the culture media,
BGLIp activity in the yeast culture supernatant was
assayed with p-nitrophenyl-B-D-glucopyranoside (pNPG)
as the substrate as previously reported (35). In brief, 2
pl the culture supernatant was added to 98 pl of pNPG
solution dissolved in 50 mM sodium citrate buffer, pH
5.0 (final concentration of pNPG: 2 mM). After mixing
and incubation at 25°C for 10 min, 100 wl of 3 M sodium
carbonate solution was added to terminate the reaction,
and the amount of p-nitrophenol generated (yellow color)
was determined based on the absorbance at 405 nm using a
micro-plate reader (Synergy HTX, BioTek, Winooski, VT,
USA).

Evaluation of betaxanthin production

Transformants producing betaxanthin were cultured in test
tubes as described above. Test tube culture supernatants
(150 wl each) were then transferred to a 96-well black plate
and the FI was determined (excitation: 485/20-nm, emis-
sion: 528/20-nm, gain: 50) using a microplate reader (Syn-
ergy HTX, BioTek) to measure betaxanthin levels.

Determination of transcript levels, mRNA half-life and 3'-
UTR length

The mRNA levels of transgenes with different termina-
tors were measured as follows. First, total RNA from each
GAPDH promoter-EGFP-terminator strain was isolated
from a 6 h culture in BMGY medium using an RNeasy
Mini kit (Qiagen, Hilden, Germany). Next, cDNA tem-
plates were synthesized from 0.5 pg of total RNA using a
cDNA synthesis kit (ReverTra Ace qPCR RT Master Mix
with gDNA Remover, TOYOBO). To quantify target cD-
NAs, real-time PCR was performed using a SYBR-based
gqPCR kit (KOD SYBR qPCR Mix, TOYOBO) and a quan-
titative PCR system (Mx3005P, Agilent Technologies, Santa



Clara, CA, USA). A DNA fragment of the ACTI gene was
used as an internal standard.

The length of the 3'-UTR of each terminator was deter-
mined by 3’-RACE analysis using a detection kit (3’-RACE
Core Set, Takara Bio, Shiga, Japan), following the manu-
facturer’s instructions. Briefly, cDNA templates were syn-
thesized from 1 pg total RNA as described above using a
poly-dT primer. The cDNA templates were then amplified
by PCR using primers positioned on the EGFP gene and
the poly-dT primer. The amplified DNA fragments were
cloned using a DNA cloning kit (Zero Blunt TOPO PCR
Cloning Kit, Thermo Fisher Scientific). After transforma-
tion of DHS5a, eight colonies were randomly chosen and
the plasmids were extracted. Then, the 3’-UTRs were de-
termined by Sanger sequencing.

The mRNA half-life was measured by the transcriptional
shut-off method described in a previous report (36) with
some modifications. Briefly, to measure mRNA half-life,
we used the EGFP expressing strains carrying the repre-
sentative terminators under the control of the methanol-
inducible AOXI promotor as constructed above. Strains
were grown in BMMY (methanol) medium to mid-log
phase, then re-suspended in an equal amount of BMDY
(glucose) medium. After the medium exchange, samples
were collected at the following times: 0, 2, 4, 6, 8, 10, 15
and 20 min. Next, cell pellets were collected following a
brief centrifugation, dipped quickly into the liquid nitro-
gen, and stored at —80°C until cell disruption. Cells were
suspended in a phenol extraction solution (Isogen II, Nip-
pon Gene, Tokyo, Japan) and disrupted using a Multi-beads
shocker (Yasui Kikai, Osaka, Japan) with 0.5 mm glass
bead (#G8772, Sigma-Aldrich, St. Louis, MO, USA), and
then total RNA was extracted by following with manufac-
ture’s instruction. The EGFP mRNA level was determined
using the qPCR method described above and mRNA half-
lives were then determined as described previously (36).

in silico analysis of the stability of 3’-UTR secondary struc-
ture

We used the minimum free energy (MFE) as a measure of
the stability of RNA secondary structure in the 3’-UTR.
MFEs were calculated using the RNAfold program in the
ViennaRNA package (37). We extracted the fixed length
sequences downstream of the stop codon and compared
their MFE to normalize the effect of sequence length on
the MFE. Specifically, with the 3-UTR length set to L, we
extract L nt sequences downstream from the stop codon
and calculate their MFE. Then, we calculate the Spearman’s
rank correlation coefficient (Spearman’s rho) between the
mRNA level and MFE. Similarly, the Spearman’s rho be-
tween the mRNA level and GC content was also calculated.
For the terminators whose mRNA half-life and GFP ex-
pression level (terminator activity) were measured, we also
conducted the same calculation of Spearman’s rho using
the mRNA half-life or terminator activity instead of the
mRNA level. Note that for a given L value, the termina-
tors with a 3’-UTR length experimentally identified in this
study to be less than L were excluded.

As reported in the Results section, we observed an in-
verse correlation (negative rho value) between the mRNA
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level and MFE, as well as between the mRNA half-life or
terminator activity and MFE, for various L. To evaluate
the statistical significance of the inverse correlation, we con-
ducted the following statistical test. First, we obtained the
minimum rho value (rho™") among Spearman’s rho values
calculated for various L. Next, we obtained the null distri-
bution of rho™" based on randomized data. Specifically, we
randomly shuffled the relationship between terminators and
their mRNA levels, then calculated the minimum rho value
(rho™™R) "using the same way to calculate rho™". We re-
peated this calculation and obtained 10° rho™"R values. Fi-
nally, the P value of rho™" was defined as ¢/10°, where ¢ is
the number of rho™™R smaller than rho™™". The same sta-
tistical tests were also conducted using the mRNA half-life
or terminator activity instead of the mRNA level.

We also conducted nucleosome occupancy predictions,
because a recent study reported a correlation between ter-
minator activity with predicted nucleosome occupancy in
3’-UTR (38). In accordance with a recent study (38), we
calculated a nucleosome occupancy score for each 3’-UTR.
Briefly, we calculated the probability of nucleosome occu-
pancy at each base using the nucleosome prediction en-
gine NuPoP (39), on a region consisting of 3.0 kb upstream
and 2.0 kb downstream of each 3’-UTR. Then, a nucleo-
some occupancy score for each 3’-UTR was calculated by
summing the occupancy probability of L nucleotides down-
stream of the stop codon. Then, we calculated the Spear-
man’s tho between the mRNA level and nucleosome oc-
cupancy score for various L. For the terminators whose
mRNA half-life and terminator activity were measured,
we also calculated Spearman’s rho between the nucleosome
score and the mRNA half-life or terminator activity.

RESULTS

Activities of endogenous, heterologous and synthetic termi-
nators in Pichia pastoris

To identify terminator sequences with different activities
in P. pastoris, we constructed yeast strains carrying vari-
ous terminator sequences downstream of a GFP-encoding
ORF under the control of a constitutive GAPD H promoter
derived from P. pastoris (Figure 1), then profiled a termi-
nator catalog based on GFP FI to define terminator ac-
tivity. To create a ‘terminator catalog’ for P. pastoris, we
chose 72 terminator sequences representing the following
five categories (see also Table 1): (i) S. cerevisiae termina-
tor sequences with the top 21-ranked and bottom 18-ranked
activities in S. cerevisiae (13); (i1) P. pastoris terminator se-
quences with high amino acid sequence similarity to the
ORFs upstream of the 30 top- and bottom-ranked S. cere-
visiae terminators (Supplementary Table S3) (13); (iii) pre-
viously reported P. pastoris terminator sequences with high
activities (10); (iv) artificial short terminators originally de-
signed for use in S. cerevisiae (18,19); and (v) terminator
sequences that served in our study as standards. In total, 72
terminator sequences were inserted into the GFP expres-
sion plasmid (Figure 1), and each resulting plasmid was lin-
earized and transformed into P. pastoris.

The relative activity of each terminator was assessed by
determining GFP expression levels. To ensure a fair com-
parison, it was essential that each of the transgenes be in-
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Table 1. Terminator sequences used in this study

Category Description Derivation # of choice Ref.
i Endogenous S. cerevisiae terminators with the top 21 and bottom 18-ranked S. cerevisiae 39 12
activities in S. cerevisiae
il Endogenous P. pastoris terminators selected as they are downstream of ORFs P, pastoris 22 12
with sequence similarity to the S. cerevisiae ORF's associated with the top or
bottom 30-ranked terminators in S. cerevisiae
il P, pastoris terminator sequences with high reported activities in P. pastoris P, pastoris 4 9
iv Synthetic short terminators - 3 17,18
v Terminators used as standards Ppastoris S. 4 -

cerevisiae

serted at the same locus in the P. pastoris genome and at a
single copy number. Therefore, only strains in which a single
copy transgene had integrated into the target locus in the P,
pastoris genome were evaluated in this study. After selection
of single GFP-expression transgene strains for each con-
struct, at least three independent transformants were sub-
jected to further evaluation. GFP FI of transformant cells
was measured by FCM. In the single cell measurement of
the GFP expressing cells, we observed that each termina-
tor strain had a large cell-to-cell variability with regards to
both GFP FI and forward-scatter intensity (FS), and the
FI and FS values of each cell were correlated (Supplemen-
tary Figure S1), indicating that the FI value of the cell was
size-dependent because the FS value reflects the cell size.
Although the averaged FI has often been used as a param-
eter for GFP expression levels of the yeast strains in FCM
analysis, this could potentially be misleading if we want to
know the GFP expression level per unit volume of yeast cell.
Since determining the GFP expression level independent of
cell size is important to compare the terminator activities,
we normalized the FI value of the corresponding cell. Thus,
normalized GFP FI/FS was used as a measure of termina-
tor activity in this study, consistent with what was done in
a previous study (13).

The activities of the 72 terminators are shown in Fig-
ure 2 and Supplementary Table S4. As was observed for S.
cerevisiae (13), we found in P. pastoris that the terminator
strains showed a variety of activities and that the activities
were inherent to a given terminator sequence. The highest
performance was obtained with Pp_4A0OX]It and the lowest
with Sc_GICIt, with an overall range in activity among the
terminators of about 17-fold. The strongest Pp_A0OX1t we
observed corresponds to one of the most often and tradi-
tionally used terminators for heterologous protein expres-
sion in P, pastoris. Interestingly, the P. pastoris strain carry-
ing Pp_AOXIt was the only strain among the strains harbor-
ing the most active 21 endogenous terminators in S. cere-
visiae (13) in which terminator activity increased over culti-
vation time in a time-course analysis (Figure 3). The weak-
est terminator among the 72 tested in this study, Sc_GICIt,
was also the weakest in S. cerevisiae (13). In this study, we
also characterized the P, pastoris strains with each of three
different synthetic short terminators, TGyo, Tsynth27 (18) and
Syn™19 (19), which had 2.3-, 3.5- and 5.5-fold higher termi-
nator activity, respectively, than Sc_CYCIt in S. cerevisiae.
In P, pastoris, the activities of these synthetic terminators
were the same or a little higher (1.0- to 1.2-fold) as com-
pared with Sc_CYCIt, such that the synthetic terminators

are in the middle range of activities observed for the full ter-
minator catalog (Figure 2 and Supplementary Table S4).

For terminator sequences in categories I and II (Table
1), we were able to compare terminator activity in P. pas-
toris to what had been observed previously in S. cerevisiae
(13). With category I terminators, we found that the activ-
ities of endogenous S. cerevisiae terminators in P. pastoris
roughly correlated with those observed in S. cerevisiae (Fig-
ure 4A, R?> = 0.87). This showed that the S. cerevisiae termi-
nator sequences have the same relative activity in P, pastoris
as in S. cerevisiae, suggesting that S. cerevisiae terminator
sequences have a high degree of transferability to P pas-
toris. Moreover, this suggests that the terminator activity
depends on the nucleotide sequence itself and not the host.
In contrast, for category Il terminators, i.e. endogenous P,
pastoris terminators downstream of ORFs orthologous to
S. cerevisiae ORFs upstream of characterized terminators
(Supplementary Table S3), we did not observe a correlation
between activity in P. pastoris and activity in S. cerevisiae
(Figure 4B, R?> = 0.067). Taken together, we conclude that
terminator activity is influenced by the nucleotide sequence
itself, not by the functionality of the protein upstream of the
terminator sequence.

Exchange of upstream promoters or reporter genes

To determine whether or not terminator activity in P. pas-
toris is dependent on upstream sequences, a subset of
10 terminators representative of a range of activities were
chosen for further study. The terminators included were
Sc_RPL3t, Sc_.BNA4t, Sc_.PGKIt, Sc_CYCIt, Sc_.FUR4t,
Sc_MIG2t and Sc_ICY2t from S. cerevisiae, and Pp_AOXIt,
Pp_GAPDHt and Pp_GAPIt from P. pastoris (Figure 2).
Using the 10 terminators, we performed promoter-swap
experiments to evaluate if the effects on expression of
terminator and promoter sequences are dependent or in-
dependent of one another. To test this, we swapped the
GAPDH promoter of each EGFP-terminator construct for
the methanol-inducible 40X promoter, linearized the re-
sulting constructs and introduced them into P. pastoris. As
shown in Figure SA and Supplementary Table S5, the termi-
nator activities of the 4 OX1 promoter strains correlate with
those of the GA PDH promoter strains (R> = 0.94), suggest-
ing that terminator activity is independent of the promoter.

Next, a reporter ORF swap experiment was performed
using two reporter proteins, an intra-cellular expressing
RFP and a secretory protein, BGL1p. To do this, the EGFP-
encoding ORF of each terminator construct was swapped
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Figure 2. Relative terminator activities of Pichia pastoris strains expressing EGFP under the control of the GAPDH promoter with various terminators.
Blue, activities of the 41 terminators from Saccharomyces cerevisiae; orange, the 28 terminators from P, pastoris; black, the three synthetic terminators. The
terminator activities (relative GFP FI/FS) of all strains are relative to that of the Pp_GAPDH terminator strain. The 10 terminators indicated here were
used in subsequent experiments. Error bars represent standard deviation from at least three biological replicates.
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Figure 3. Time-course EGFP expression analysis of terminator activity in
Pichia pastoris. Shown, the terminator activities (relative GFP FI/FS) of
P. pastoris strains expressing EGFP under the control of the GAPDH pro-
moter with various terminators. The top 21-ranked Saccharomyces cere-
visiae terminators and Pp_4OX1 terminator are indicated. Each EGFP FI
value relative to that of the Pp_GAPDH terminator strain for each sam-
pling time. The terminator activity of the Pp_AOXIt P. pastoris strain (red
line) increased with increased culture time. The Sc_DIT It strain (blue line)
showed no apparent increase in terminator activity with increased culture
time.

to the RFP coding sequence and BGL1p coding sequence
fused with a secretion signal sequence derived from Rhizo-
pus oryzae glucoamylase (35). RFP- and BGL1p-producing
yeast strains with the 10 terminators were constructed and
expressed constitutively under the control of the GAPDH
promoter. For the RFP constructs, we found that RFP flu-
orescence in each RFP-terminator strain correlated with
GFP fluorescence of the corresponding EGFP-terminator
strain (Figure 5B and Supplementary Table S5, R*> = 0.97).
For the secretion construct, BGL1p secretion also corre-
lated with GFP fluorescence of the corresponding EGFP-
terminator strain (Figure 5C and Supplementary Table S5,
R? =0.96). Together, these data provide further supporting
evidence that terminator activity would be independent of

the upstream gene, consistent with what has been reported
previously for S. cerevisiae (13).

Terminator exchange can be used to tune metabolic pathway
flux in P. pastoris

As an example application of terminator technology in
metabolic engineering, we chose production of the yel-
low tyrosine-derived pigment betaxanthin. Betaxanthin can
be produced in S. cerevisiae from L-tyrosine in a three
step reaction (40). In step one, L-DOPA is produced
from tyrosine using a L-tyrosine hydroxylase mutant strain
(CYP76AD1WIL F3OL) derived from Beta vulgaris. In step
two, betalamic acid is produced from L-DOPA via DOPA
deoxygenase (DOD) derived from Mirabilis jalapa. In the
third and final step, betalamic acid reacts spontaneously
with amino acids, resulting in production of the yellow fluo-
rescent pigment betaxanthin (Figure 6A). To check whether
synthesis of betaxanthin is possible in P. pastoris, and fur-
thermore, to modulate betaxanthin metabolic pathway flux
in yeast cells, the 10 terminators used in the swap exper-
iments described above were inserted downstream of the
double-mutated CYP76AD]1 coding sequence under the
control of the constitutive GAPDH promoter.

To successfully tune metabolic pathway flux for betax-
anthin production, it is important to express high levels
of DOD, which catalyzes the tyrosine hydroxylase reac-
tion. First, yeast strains carrying various copy numbers of
the DOD transgene were prepared by electroporation. We
then identified the copy number of DOD transgenes in the
genomes of these strains. We finally chose yeast strains car-
rying one, two or nine copies of the DOD transgene (Sup-
plementary Figure S2). In a preliminary test, CYP76ADI1
transgene constructs with Pp_40X1 and Sc_ICY2 termi-
nators were separately transformed into the various DOD
copy number strains. After identification of single copy
number CYP76ADI transgene transformants, betaxanthin
production levels in each Pp_4A0XIt and Sc_ICY2t strain
were evaluated by measuring fluorescence of culture super-
natants. For both the Pp_40X1t and Sc_ICY2t constructs,
betaxanthin levels in the one, two and nine-copy strains
were almost the same (Supplementary Figure S2). These
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data indicate that DOD expression was at levels sufficient
to produce betaxanthin, at even at a low copy number of
DOD transgenes. Hereafter, a strain carrying two copies of
the DOD transgene was used for further study.

To investigate whether metabolic pathway flux can be
tuned using the terminator-exchange strategy, we next con-
structed betaxanthin-producing strains carrying the DOD
transgene by introducing versions of the CYP76ADI trans-
gene with the 10 yeast terminators as in the swap experi-
ments, then evaluated betaxanthin levels. As shown in Fig-
ure 6B and Supplementary Table S5, betaxanthin levels
were different among the terminator strains: the highest
was observed for the Pp_AOXIt strain and the lowest for
the Sc_ICY2t strain, with an overall range of about 10-
fold. Consistent with the swap experiments described above,
we found that betaxanthin production by each terminator
strain also correlates with terminator activity as measured
by cytoplasmic GFP levels in P. pastoris (Figure 2). As we
had predicted, these results demonstrate that we can tune
metabolic pathway flux just by changing the terminator se-
quence in P. pastoris.

Terminators influence mRNA abundance and mRNA half-life
in P. pastoris

As mentioned above, terminator activities in P. pastoris were
not dependent on promoter or reporter ORF sequences, but
were dependent on nucleotide sequence. Where does the dif-
ference in terminator activity come from? To address this,
we next investigated the mechanism(s) underlying differ-
ences in terminator activity using the GFP expression con-
struct under the control of the GAPDH promoter and the
10 yeast terminators used in the swap and metabolic path-
way flux experiments.

We first checked the growth rate of the terminator strains;
however, we found that the growth rates of the 10 termina-
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Figure 7. EGFP mRNA levels of P. pastoris strains expressing EGFP un-
der the control of the GAPDH promoter with various terminators. Ten
terminators described in Figures 5 and 6 were used in this analysis. The
EGFP mRNA levels of all strains are shown relative to levels observed for
the Pp_GAPDH terminator strain. Error bars represent standard deviation
from three biological replicates. Terminator activity (relative GFP FI/FS)
values are the same as in Figure 2. The R-squared value and that in paren-
theses were calculated from all 10 terminators or from the nine terminators
except for Pp_AOX1It, respectively.

tor strains were the same in BMGY (glycerol) culture con-
ditions (Supplementary Figure S3). Subsequently, to evalu-
ate mRNA abundance, the GFP mRNA level in each ter-
minator strain was measured using reverse transcription
quantitative PCR (RT-qPCR) analysis. As shown in Fig-
ure 7 and Supplementary Figure S4A, we found that ex-
cept for Pp_AOXI1t, GFP mRNA levels were different for
different terminator strains and correlated with terminator
activity. This is the same trend shown for S. cerevisiae, in
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which mRNA levels for a fluorescent protein (yECitrine)
expressed by the terminator test strains with different ter-
minator activities correlated with FI (14).

Finally, to examine whether the mRNA level reflected
the stability (degradability) of the mRNA, the mRNA half-
life of each GFP mRNA in the different terminator strains
was measured using a method described previously (36)
with some modifications. Namely, qPCR was used instead
of northern blot analysis to quantify the remaining GFP
mRNA level in cells (36). To evaluate mRNA half-life, we
used the EGFP-terminator strains in which transcription is
driven by the methanol inducible AOX! promoter; we note
that GFP fluorescence levels in these strains correlate with
levels observed using the GAPDH promoter (Figure 5A).
After the strains were cultured with BMMY (methanol)
medium to achieve steady expression of the EGFP mRNA,
transcription was turned off by switching the media from
methanol to glucose, and we measured the mRNA degra-
dation over time by gPCR.

For six of the ten terminator strains, we successfully de-
termined the mRNA half-life. For the other four termina-
tor strains, which had weaker activities, we could not de-
termine half-life because their half-lives were too short to
be measured accurately (Figure 8). Specifically, even the
highest terminator strain (Pp_AOX1t) exhibited an mRNA
half-life of only 7.3 min, and the weakest terminator strain
(Sc_ICY2t) never displayed detectable mRNA even at the ¢
= 0 sampling point. Surprisingly, the mRNA half-lives in
P. pastoris were much shorter than those in S. cerevisiae;
the Sc_CYCIt in P. pastoris (about 2 min) indicated about
five-times shorter than that in S. cerevisiae (about 10 min)
(14) and the maximum mRNA half-life in S. cerevisiae re-
ported was about 27 min (PRM9t) (14). In this small range
of half-life time, the mRNA half-life of the six termina-
tors measured correlated well with GFP fluorescence (R>
= 0.98, Figure 8A). Although the correlation between the
mRNA half-life and the GFP mRNA level was small (R? =
0.64), the use of five terminators, excluding the Pp_ 40Xt
for analysis, showed a higher correlation (R> = 0.87) than
when all six terminators were used (Figure 8B). Together,
these indicated that, with the exception of Pp_4OX1t, which
may be regulated differently, terminator activity was influ-
enced by mRNA abundance and half-life in S. cerevisiae,
consistent with the results of a previous study (14).

Terminator activity in P. pastoris correlates with stability of
3’-UTR secondary structure

Having observed that the terminator activity correlated
with mRNA abundance and half-life, we explored the possi-
ble causes of differences in the mRNA abundance and half-
life. Specifically, we investigated whether these differences
in P. pastoris resulted from differences in the stability of
RNA secondary structure in the 3’-UTR, as stability in the
3’-UTR could reduce mRNA degradation by blocking ac-
cess by nucleases. Past studies have used MFE as an indica-
tor of RNA secondary structure stability (41,42). A lower
MFE indicates the presence of a more stable RNA sec-
ondary structure. Importantly, when we compare the MFE
of different sequences, the length of the sequences should
be the same, as MFE strongly depends on the length of a

nucleotide sequence; e.g. a longer sequence generally has a
lower MFE (43). In this study, we therefore extracted fixed
length sequences downstream of the stop codons and com-
pared MFE for these sequences.

To confirm the range of 3'-UTR length to be searched
in the 3’-UTR stability analysis, we firstly identified the 3’-
UTR sequences and length for each of the 10 terminators by
3’-RACE (Supplementary Table S6). The averaged lengths
of the 3’-UTRs ranged from 57 to 173 nucleotides including
the Xhol recognition site positioned next to the stop codon
of the upstream GFP-encoding ORF (Figure 1). Based on
this analysis, we found that the length of the 3’-UTR does
not correlate with GFP mRNA level or GFP FI suggesting
that 3’-UTR length is unrelated to the effect of a terminator
on expression (Supplementary Figure S95).

Next, we calculated the MFE of the fixed length 3’-UTR
sequence using the RNAfold program (37), then compared
these values with the mRNA levels of the 10 terminators.
GC content was also calculated for each 3’-UTR sequence.
In this analysis, only the 3'-UTR sequence from 20 to 100
nt was considered, as the 3'-UTR length for the 10 termi-
nators used in this analysis was typically around 100 nt.
We observed a strong inverse correlation between MFE and
mRNA level when the length of the 3'-UTR was above 50
nt (Figure 9A). A maximum inverse correlation was ob-
served when the UTR length was 80-84 nt (Spearman’s rho
= —0.976) (Figure 9B). To evaluate the statistical signifi-
cance of this inverse correlation, we calculated the P-value
of the minimum rho value based on the empirical distribu-
tion obtained from randomly shuffled data (see ‘Materials
and Methods’ section). We observed a P-value of 0.0014,
indicating that the inverse correlation is statistically signifi-
cant. By contrast, we observed that the GC content and nu-
cleosome occupancy score showed weaker correlations with
GFP mRNA levels at every 3-UTR length (Figure 9A),
suggesting that terminator activity is affected by the stabil-
ity of 3’-UTR secondary structure but not GC content and
nucleosome occupancy. We also conducted the same anal-
ysis using mRNA half-life instead of mRNA level, and ob-
served the same trend (Supplementary Figure S6).

In a test of all terminators in the catalog except the syn-
thetic terminators, we next asked if there is a correlation
between terminator activity (GFP expression level) and 3'-
UTR secondary structure stability. As shown in Figure 9C,
the MFE and terminator activities were inversely corre-
lated, consistent with the data shown in Figure 9A. The
strongest inverse correlation was observed when the length
of the 3’-UTR was 70 nt (Spearman’s rho = —0.48, P value
=3.6 x 107%) (Figure 9D). GC content and nucleosome oc-
cupancy showed weaker inverse correlations (Figure 9C).

DISCUSSION

In this study, we successfully characterized 72 terminators,
including terminator sequences derived from S. cerevisiae
or P. pastoris, and synthetic sequences, resulting in a ter-
minator catalog for P. pastoris. The degree of terminator-
based tunability observed in P. pastoris was about 17-fold.
We also demonstrated that the terminators tend to work
independently on upstream sequences, including promoter
and ORF sequences, as has been observed for S. cerevisiae
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(13). Thus, we can tune the expression of target proteins in
P, pastoris within a range of more than 10-fold simply by
choosing an appropriate terminator sequence. As part of
this study, we characterized for the first time the activity in
P, pastoris of synthetic terminators originally developed for
use in S. cerevisiae. Although the synthetic terminators re-
sulted in high expression in S. cerevisiae (18,19), we did not
observe this effect for P. pastoris. This suggests that different
mechanisms of regulation for protein expression are at play
in S. cerevisiae versus P. pastoris. Whereas the promoter-
exchange strategies have been extensively tested, only a few
past studies explored use of a terminator-exchange strategy
to tune protein expression levels (15). In S. cerevisiae, the
activity of a given promoter is often dependent on culture
conditions (11,12). By contrast, it was reported that termi-
nators work independently of culture conditions, in a study
that explored five different carbon sources (16). Thus, termi-
nators should be useful tools for tuning protein expression
levels in a manner that is robust and tractable under any
culture condition. Therefore, the terminator catalog created
here will be useful for applications in P, pastoris that require
a need to control the protein expression levels within a cer-
tain range.

In our analysis of 72 terminators, we showed that S. cere-
visiae terminator sequences had a high degree of transfer-
ability to P. pastoris. This has a merit for correct integra-
tion into a target locus on the P. pastoris genome. It was
previously reported that there is a large clonal variability
between P. pastoris transformants due to ectopic integra-
tion events within the host genome (44). To avoid ectopic
integration, sequence similarity of the transgene to the host
genome should be decreased (45). Most yeast promoters do
not work in heterologous environments (i.e. do not work in
other yeast strains). By contrast, use of a heterologous ter-
minator provides a means for reducing the chance for un-
desired integrations of the transgene into the host genome.
Thus, the high degree of transferability of the S. cerevisiae

terminator sequences is valuable for integration on P. pas-
toris; moreover, this approach might also be applied in other
yeast species and strains.

In this study, we observed that terminator activity (GFP
expression level) correlated with mRNA level and half-life
(Figures 7 and 8). This motivated us to explore the possi-
bility that stable RNA secondary structures in the 3’-UTR
prevent the mRNA from being degraded, and hence in-
crease mMRNA expression levels and mRNA half-lives. We
observed a statistically significant correlation between the
MFEs of 3-UTRs and terminator activity (Figure 9). When
GC content and the nucleosome occupancy score were used
to calculate correlation instead of MFE, the correlation
was reduced, suggesting that differences in RNA secondary
structure rather than in GC content and nucleosome oc-
cupancy are the likely source of differences in terminator
activity. Although further work needs to be done to fully
demonstrate a contribution by RNA secondary structure
to terminator activity, our analysis provides preliminary ev-
idence in the form of a statistically significant correlation
between MFE and terminator activity in P. pastoris.

Our results suggest that Pp_40X1t is regulated via a dif-
ferent mechanism as compared with the other the termi-
nators characterized in this study. We reason that there
is a possibility that Pp_40OX1t might be regulated by en-
dogenous trans-acting factors, additional to Nab6p and
Paplp that act on the DIT] terminator in S. cerevisiae (17).
Firstly, terminator activity of Pp_4OX]It increased over cul-
ture time (Figure 3), which is the same trend observed for
the endogenous DIT terminator in S. cerevisiae (16). Sec-
ondly, Pp_AOXIt was an outlier with regards to a correla-
tion between the GFP mRNA level and terminator activity
or mRNA half-life (Figures 7 and 8; Supplementary Table
S4). Indeed, although GFP mRNA level in the Pp_40X]t
strain was lower than that of the Sc_RPL3t strain (Supple-
mentary Figure S4A), terminator activity of the endoge-
nous Pp_AOXIt appeared to be higher than that of the het-
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erologous Sc_RPL3t in P. pastoris (Figure 2 and  Sup-
plementary Table S4). However, the half-life of mRNA in
the Pp_AOXIt strain was higher than that in the Sc_RPL3t
strain (Supplementary Figure S4B). Thus, trans-acting fac-
tors might be engaged in extension in the Pp_4OXIt strain
of the mRNA half-life, which was longer than expected
from the mRNA abundance (Figure 8B), although further
analysis is needed.

In this study, we demonstrated that using a terminator-
exchange strategy to control protein expression levels is ef-
fective in P. pastoris, consistent with what had previously
been shown for S. cerevisiae. In this first analysis, in which
we tested 72 terminators, we were able to achieve a tunable
range of expression in P. pastoris of 17-fold. To further ex-
pand the range of the terminator activities in P. pastoris,
terminator sequences with much higher and lower activi-
ties could be identified in future work based on endogenous
or heterogeneous yeast genomes, or through synthetic de-
sign. Altogether, combining the terminator-exchange strat-
egy with a promoter-exchange strategy will expand the

range and precision of metabolic engineering and synthetic
biology applications that can be performed using P. pas-
toris.
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