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Abstract

Membrane proteins play a valuable role in biotechnology, yet the difficulty of producing high yields of
functional membrane protein limits their use in synthetic biology. The practical application of G protein-
coupled receptors in whole cell biosensors, for example, is restricted to those that are functionally
produced at the cell surface in the chosen host, limiting the range of detectable molecules. Here, we
present a facile approach to significantly improve the yield and homogeneity of functional membrane
proteins in Saccharomyces cerevisiae by altering only the choice of expression vector. Expression of a
model GPCR, the human adenosine A,a receptor, from commonly used centromeric and episomal vectors
leads to low yields and cellular heterogeneity due to plasmid loss in 20 — 90% of the cell population. In
contrast, homogenous production of GPCR is attained using a multi-site integrating vector or a novel,
modified high copy vector that does not require genomic integration or addition of any selection agents.
Finally, we introduce a FACS-based screen, which enables rapid isolation of cells with 4- to 15-fold
increases in gene dosage and up to a 9-fold increase in functional protein yield without loss of
homogeneity compared to a strain isolated through conventional, low-throughput methods. These results
can be extended to improve the cellular homogeneity and yield of other membrane proteins, expanding

the repertoire of useful receptors for synthetic biology applications.

Keywords: Membrane protein; GPCR; vector; yeast; homogeneity; biosensor
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Membrane proteins have great value in biotechnology such as in microbial cell factories! and as
natural biosensors. However, these proteins are notoriously difficult to produce at high yields in
functional form using heterologous hosts such as Saccharomyces cerevisiae, often precluding their
characterization and use in downstream applications2. For example, G protein-coupled receptors
(GPCRs) are promising candidates to drive whole cell biosensors3 to address the need for low-cost,
high-throughput screening of valuable chemicals*. To date, however, GPCR-based yeast biosensors
have been constructeds-? without optimization of the cellular homogeneity or yield of functional
protein. Both of these factors critically impact the sensitivity of GPCR signaling?0, as well as a
cellular biosensor’s dynamic range. Additionally, although GPCRs are currently targeted by ~34%
of FDA-approved drugs!l, low yields of thermostable, functional protein often hampers the
generation of high quality crystal structures to inform structure-based drug design!2. Approaches to
improve membrane protein yield!3 are generally cumbersome and can affect the protein’s

structure, potentially obscuring its true quaternary structure.

Of all parameters that drive membrane protein expression in recombinant systems, the choice of
expression vector is easy to modify, but is almost always chosen empirically. In eukaryotic systems
like yeast, plasmids can directly affect both protein yield and gene product heterogeneity through
copy number and mitotic stabilityl415. While the effects of vector choice on protein yields and
cellular homogeneity have been extensively investigated for soluble and secreted proteins, by
comparison the expression of membrane proteins in S. cerevisiae has been carried out ad hoc for
decades. For example, heterologous membrane protein overexpression in S. cerevisiae is most often
performed using episomal vectors as evidenced by their exclusive use, at present, in producing high
resolution crystal structures (Table S$2)16-30. While high copy, autonomously replicating plasmids
may be useful for soluble proteins, this chassis may not be suitable for many membrane proteins

due to the metabolic burden associated with saturating the yeast secretory pathway3!, which is
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particularly problematic for proteins of human origin. Centromeric vectors are thought to afford a
compromise between stability and copy number, providing stably maintained plasmids at low
copies32, However, plasmid loss has also been reported upon use of this systems33, which limits
protein yields. Despite the variable phenotypes resulting from use of these plasmids, their use is
preferable over more stable integrating vectors for applications where genomic integration is

cumbersome, such as in protein engineering.

In this work, we demonstrate that the vector backbone can be used as a single parameter to
improve the yield and homogeneity of a model GPCR, the human adenosine A;a receptor (hA.aR).
While expression of AzaR from commercial high and low copy vectors results in significant
phenotypic heterogeneity, the use a modified high copy vector leads to a homogeneous cell
population without genomic integration or addition of a selection agent. Gene expression from a
multi-site integrating vector results in the greatest yield of functional A,aR while maintaining high
homogeneity. Further, we developed a rapid screening protocol to isolate yeast strains with high,
tunable yields of functional hA,aR without loss of homogeneity through increasing gene dosage of

the integrating vector.

Results and Discussion

Common yeast vectors produce a range of membrane protein yields and homogeneity

To determine which vector system would result in the greatest yield and homogeneity of hA.aR
production, a galactose-inducible hA;aR-GFP-His1o (A2aGH) gene cassette was subcloned into three
yeast vectors with varying reported copy numbers and mitotic stabilities (Table 1)323435 (C-
terminal GFP tags have been used previously to monitor membrane protein production in S.

cerevisiae36 and provides a proxy measurement to assess total protein yields. Clear differences in

ACS Paragon Plus Environment



oNOYTULT D WN =

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

ACS Synthetic Biology

both cellular mean fluorescence intensity (MFI) and homogeneity were evident upon gene

expression and analysis by flow cytometry (Figure 1).

Table 1: Characteristics of yeast vectors used in this study

vector  vector class anticipated copy number (cell')* mitotic stability

pITy Integrating 1-30 +++
pYC2/CT Centromeric 1-2 ++
pYES2 Episomal 10-40 +
#32,34,35

Despite having the greatest maximal anticipated copy number, the high copy backbone (pYES)
yields a 4.9-fold increase in cellular MFI over background autofluorescence (indicative of A,aGH
production), the lowest value among the vectors tested in this study (Figure 1A). This result is due
to the large fraction (91%) of cells displaying fluorescence intensities comparable to
autofluorescence (Figure 1B and S1A). Flow cytometry has been used previously to associate basal
fluorescence intensities with plasmid loss in cells producing a GFP-tagged protein3’; thus, we
hypothesized that the significant fraction of cells exhibiting background MFI emerged due to
plasmid loss and preferential propagation of plasmid-free cells. High copy vectors are known to
exhibit the lowest mitotic stability among the vector classes tested in this work. Indeed, Wittrup et
al. observed similarly extreme observations of mitotic instability upon production of secreted
proteins in S. cerevisiae, wherein yields of multiple secreted proteins were greater using a
centromeric vector compared to an episomal vector3!38. Although the authors did not quantify
plasmid copy numbers, they attributed the unexpected results at least in part to episomal plasmid

loss due to the metabolic burden associated with saturating the yeast secretory pathway3s.
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To rule out artefactual plasmid loss due to mutations in the plasmid backbone, regulatory regions of
the vector were sequenced and found to contain no mutations in the Pyraz, URA3, or 2u ORI
domains. Thus, we sought to increase the high copy vector’s mitotic stability to reduce plasmid loss.
Accordingly, we constructed a novel vector (pYES-KanMX) through introduction of NEO, a strong
selection marker conferring resistance to G418, into the high copy vector backbone. Yeast
expressing AzaGH from this vector display a 5.3-fold increase in MFI over background, which is
comparable to the value obtained using the unmodified vector (Figure 1A). However, strains
harboring the modified vector exhibit a homogenous cell population even in the absence of the
corresponding antibiotic (Figure 1B and S1B). In fact, cellular MFI was slightly reduced in the
presence of G418 (Figure S2). Interestingly, this strain displays greater homogeneity compared to
a strain expressing A;aGH from a low copy centromeric vector. Although centromeric vectors are
often used due to their high mitotic stability and concomitant homogeneity of protein production,
expression of A2aGH from a centromeric vector (pYC) produces a significant subpopulation of cells
(~18%) exhibiting background levels of fluorescence intensity (Figure 1B and S1C). Further, the
distribution of the fluorescent subpopulation in this strain is broader than that of the homogenous

pYES-KanMX-harboring strain.

In contrast to the commercial, non-integrating plasmids, use of a multi-site yeast integrating vector
(pITy) results in homogenous A,aGH production contributing to 62-, 7-, and 13-fold increases in
cellular MFI compared to background and strains expressing AzaGH from centromeric and episomal
vectors, respectively (Figure 1 and S1D). This choice of vector diverges from the current paradigm
for membrane protein overexpression in S. cerevisiae, which largely relies on high copy plasmids.
For example, screens to assess membrane protein production in S. cerevisiae commonly utilize
episomal vectors3639-41, which may lead to low yields due to the choice of vector as opposed to

inherent limitations of the protein or host. Our results suggest that screening membrane proteins
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with these two common yeast vectors may lead to the erroneous conclusion that the host or
protein, itself, must be modified to optimize yields or homogeneity. In contrast, the use of
integrating vectors has been the established route for membrane protein production in the yeast

Pichia pastoris, which has served as a popular host for membrane protein structural biology+2.

Integrating and modified high-copy vectors preclude plasmid loss associated with
commercial, non-integrating plasmids

To test our hypothesis that cellular heterogeneity is a result of plasmid loss, the extent of plasmid
loss was quantified in strains harboring non-integrating vectors prior to and during A.aGH
expression. Approximation of plasmid loss was performed by determining colony forming units
(CFU) using permissive and selective media. In agreement with observations made with flow
cytometry, strains harboring pYC A;aGH and pYES AaGH exhibit a reduction in plasmid retention
from 86% to 62%, and 16% to 1%, respectively, upon induction of gene expression (Figure 2). In
contrast, strains containing pYES-KanMX A,aGH show statistically insignificant plasmid loss before
and during A;aGH expression (Figure 2). Surprisingly, strains harboring pYES A,aGH display high
rates of plasmid loss prior to induction of gene expression. Analysis of strains using flow cytometry

did not reveal leaky expression of A,aGH prior to induction of gene expression.

Determination of vector copy numbers through quantitative PCR further corroborates our
observations of plasmid loss in strains carrying high copy vectors (Figure 3). The relative copy
number of the centromeric vector is 2.5-fold greater than that of the high copy vector, further
evidencing high rates of pYES A;aGH plasmid loss (Figure 3). It should be noted that the copy
number is an average of the entire cellular population, thus the measured deviations from average
do not reflect the heterogeneities observed in single cell analyses such as flow cytometry.

Surprisingly, the pYES-KanMX copy number is 23-fold greater than that of the episomal vector,
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indicating that the low A;aGH yield associated with pYES-KanMX is not due to a decrease in plasmid
copy number below a stable threshold quantity. Instead, we speculate that the expression of NEO
and concomitant utilization of transcriptional and translational machinery introduces a bottleneck
to AaGH production reducing cellular stress and mitotic instability. Since NEO encodes for a
soluble, cytoplasmic class of proteins43, its production is not expected to contribute to saturation of
the yeast secretory pathway. The narrow fluorescence distribution associated with pYES-KanMX
A,aGH (Figures 1B and S1B) may also be a result of an artificial translational bottleneck as this
phenomenon has previously been shown to reduce phenotypic noise associated with gene

expression44,

Concurrent NEO expression improves homogeneity of Ste2p GPCR production in the pYES-
KanMX backbone compared to an unmodified episomal vector

Next, we sought to investigate the effects of NEO expression on A;aGH production and investigate
the applicability of this strategy to other high copy vector backbones. Therefore, we constructed a
vector (tTA-KanMX A,aGH) containing a galactose-inducible A,aGH gene cassette as well as a tTA-
KanMX cassette, which regulates NEO expression through the tetracycline-responsive tetR-VP16
transactivator (Figure S2A). In the absence of tetracycline, or a structural analog (i.e. doxycycline),
tetR-VP16 binds to tetracycline operator (tetO) domains upstream of a minimal Pcyci promoter and
the NEO coding sequence inducing gene expression (Figure S2B). As doxycycline is added to the
culture exogenously, tetR-VP16 unbinds the tetO domains in a dose-dependent manner#>. If the
transcription or translation of NEO contributes to increased cellular homogeneity of A,aGH
production, then we expect an inverse relationship between cellular homogeneity and exogenous
doxycycline concentration. However, as doxycycline is added to the culture medium both total
protein yield and cellular homogeneity increase in a sigmoidal fashion (Figure S3). Importantly, the

reduced fluorescence intensities and homogeneities exhibited by cells exposed to low doxycycline
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concentrations are not a result of plasmid loss (Figure S4). Instead, the reduced fluorescence
intensities may be a result of transcriptional and/or translational bottlenecks associated with NEO
expression as proposed previously. The discrepancy between the tTA KanMX A,aGH and pYES-
KanMX A;aGH systems may be a result of switching to a different episomal backbone. Further
investigations are required to elucidate the mechanism of action in both the tTA-KanMX and pYES-

KanMX systems.

Although the tTA-KanMX system did not recapitulate the cellular homogeneity observed using
pYES-KanMX A;aGH, we sought to reproduce this behavior for another GPCR with the pYES-KanMX
backbone. We chose the S. cerevisiae Ste2p GPCR since this protein has been the subject of several
protein engineering*6-48 and synthetic biology#® investigations; thus, information regarding SteZp
yield and homogeneity is valuable for optimizing similar studies in the future. Accordingly, SteZp-
GH expression from the pYC, pYES-KanMX, and YEp351 backbones was investigated using flow
cytometry. The YEp351 backbone is another commonly used episomal backbone and provides a
second reference for high copy gene expression. Flow cytometric analysis reveals anticipated
relative yields and homogeneities for SteZp-GH expression from the centromeric and episomal
backbones. Cells harboring pYC Ste2p-GH and YEp351 Ste2p-GH exhibit 14.2- and 103.9-fold MFI
over background, respectively (Table S3). While 88.2% and 79.3% of cells harboring the
centromeric and episomal vectors, respectively, exhibit MFI over background the distributions of
these subpopulations are distinct (Figure S5). The fluorescent subpopulation of cells harboring
pYC SteZp-GH (i.e. those within the gate) comprises a unimodal distribution with a robust
coefficient of variance (RCV) of 94.2. In contrast, the fluorescent subpopulation of cells harboring
YEp351 Ste2p-GH comprise a bimodal distribution with a RCV of 360.3. Cells expressing SteZp-GH
from pYES-KanMX exhibit 50.8-fold MFI over background, a 3.6-fold increase and 2,0-fold decrease

relative to the pYC and YEp351 backbones, respectively (Table S3). Interestingly, these cells
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maintain a unimodal fluorescent subpopulation with a RCV of 149.2, a 1.6-fold increase and 2.4-fold
decrease relative to pYC and YEp351, respectively (Figure S5 and Table S3). These results
corroborate the utility of the pYES-KanMX backbone in improving cellular homogeneity relative to
commonly used high copy vectors such as YEp351. In this case, the cellular homogeneity was
slightly decreased compared to the centromeric system; however, the total membrane protein yield
was improved by a greater margin. If NEO expression is responsible for the phenotypic changes
observed in the pYES-KanMX system, it may be possible to improve the homogeneity of Ste2p

production by altering NEO expression levels (e.g. through changing the promoter).

FACS screen enables rapid isolation of strains producing A.aGH in high yields and
homogeneity

Our results suggest that the use of an integrating vector enables homogenous overexpression of
A2aGH at levels that are otherwise unstable by episomal means. S. cerevisiae cells were transformed
with the pITy A2aGH vector and incubated in liquid cultures containing increasing concentrations of
the corresponding selection agent. These cells were subsequently screened using fluorescence-
activated cell sorting (FACS), and cells exhibiting the highest GFP fluorescence intensities were
collected. Upon expression of A2aGH, these cells exhibit a homogenous population with MFI values
110 - 140-fold over background and 2.5 - 3-fold greater than that of cells isolated through selection
using standard plate-based protocols (pITy (500)) (Figure 4). Despite the marked increase in
protein yields, the isolated strains consist of highly homogenous populations. Greater than 91% of
all strains screened for high A,aGH production display MFI values above background (Figure 4B
and S3). Previous work demonstrated enhanced yields of soluble and secreted proteins in S.
cerevisiae upon increasing integrated gene copy number, or gene dosage345%. Similarly, previous
studies obtained high yields of A,aGH using the pITy A,aGH vector through manual screening of S.

cerevisiae transformants for those exhibiting high fluorescence intensities51.52. However, these

10
ACS Paragon Plus Environment



oNOYTULT D WN =

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

ACS Synthetic Biology

methods were extremely work- and time-intensive; thus, we developed a rapid protocol for

isolating strains producing high yields of A,aGH.

Although translational or post-translational bottlenecks have been suggested to limit production of
membrane proteins like A;aGH at high titers in S. cerevisiae5?, the effects of gene dosage on AaGH
production have not been rigorously examined. To address this gap in knowledge, we quantified
relative A;aGH genome integration frequencies in yeast strains isolated through conventional
methods (pITy (500), selected on 500 pg/mL G418) and those presented here (pITy (800 - 2400),
selected on 800 - 2400 ug/mL G418). Quantitative PCR reveals a nearly linear relationship between
copy number and cellular MFI for low integration frequencies as a 3.8-fold increase in A2aGH copy
number generates a 2.4-fold increase in MFI (Figure 5). This strong relationship suggests a
transcriptional bottleneck for protein production in this regime. As copy number increases further,
cellular MFI increases at a non-linear rate as 5.2- and 15.3-fold increases in gene copy number
result in only 2.5- and 3-fold increases in MFI, respectively. Here, A;aGH production is likely limited
by translational or post-translational bottlenecks as previously discussed. The positive relationship
between gene dosage and protein yield is promising, and we expect that our method can be applied
to modulate yields of well-expressing membrane proteins over a wide range by tuning gene

integration frequency.

High gene dosage results in significantly improved functional A;aGH yield

While cellular fluorescence intensity can be used to approximate total membrane protein yields,
this metric does not necessarily report the amount of functional protein localized to the plasma
membrane, which is critical for an engineered microbial biosensor. Here, relative yields of ligand-
binding, plasma membrane-localized A;aGH were determined using a fluorescent ligand binding

assay developed in this study. Significantly, strains harboring highly integrated A,aGH cassettes
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(pITy (800 - 2400)) exhibit demonstrably increased specific binding of fluorescent ligand relative
to all other strains (Figure 6). In contrast, pITy (500) exhibits binding slightly above background.
Although pITy (500) exhibits MFI values 2.5 - 3-fold less than those of the highly-integrated strains,
the specific signal upon incubation with 1 pM fluorescent ligand represents a ~9-fold difference.
This disparity may be indicative of functional concentration-dependence; GPCR dimerization is
known to influence ligand binding affinity through allosteric interactionss3 and may be responsible
for the observations made in this study. Among the strains harboring non-integrating vectors, only
those carrying pYES A;aGH demonstrate specific ligand binding due to the small fraction of cells
producing high yields of protein (Figure S1A). As the fluorescent ligand used in this study, ABEA-X-
BODIPY, was synthesized as an adenosine Al and A3 receptor agonist>455, it is unsurprising that
receptor saturation was not reached. Our results underscore the importance of determining cellular
homogeneity to optimize functional membrane protein production. For example, without this
knowledge the poor yields due to the heterogeneity associated with expression from pYES may be
falsely attributed to a protein or host with inherently low yields. This hypothesis could lead to
cumbersome efforts such as protein engineering or screening expression conditions as opposed to

the simple exchange of vector backbones.

Full-length, functional A;aGH is produced at the yeast plasma membrane

In S. cerevisiae, improperly folded membrane proteins are retained in the endoplasmic reticulum
(ER) or targeted to cytoplasmic proteasomesSs. Accordingly, confocal microscopy was used to
determine A;aGH localization and provide insight on the quality of A;aGH folding. In all strains,
AzaGH is properly targeted to the plasma membrane in addition to intracellular organelles as
observed in previous reportss’ (Figure 7). Observations of phenotypic heterogeneity made using
flow cytometry are corroborated by the micrographs for each strain. Among the yeast populations

expressing A-aGH from pYC or pYES vectors only a subset display GFP fluorescence intensities

12
ACS Paragon Plus Environment



oNOYTULT D WN =

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

ACS Synthetic Biology

above background. In contrast, all yeast cells harboring pYES-KanMX or plTy vectors exhibit
detectable levels of GFP-tagged protein. Likewise, the relative GFP fluorescence intensities across
strains reflect the high A;aGH yields ascertained for strains harboring integrating vectors compared
to the low yields associated with non-integrating vectors. Confocal microscopy also reveals
fluorescent ligand binding at the periphery of cells with high A-aGH gene dosage supporting our
interpretation of fluorescent signal as specific binding as opposed to non-specific interactions such
as internalization of the ligand. Slight differences in fluorescent ligand binding are apparent in these
strains; however, as these are qualitative measurements for a small subset of cells, these differences

do not necessarily reflect significant changes in functional protein yield.

Despite the use of a vacuolar protease deficient yeast strain>8, A,aGH proteolysis may still occur
through the myriad proteases in S. cerevisiae>®, which could impact receptor function. To assess the
integrity of A,aGH across the strains examined in this study, SDS-PAGE and western blotting were
performed to verify production of full-length protein. In-gel fluorescence of yeast lysate reveals 3
distinct bands for each sample likely corresponding to full-length A,aGH (~50 kDa), a cleaved C-
terminal A;aGH product (~35 kDa)>!, and a species with molecular weight similar to GFP (~27 kDa)
(Figure 8A). The intensities of these bands are much greater for the strains harboring pITy A,aGH
reflecting increased yields of the protein. A fourth band with high molecular weight is present for
the pITy-carrying strains and may correspond to a higher order oligomer species®?. Although the
expected molecular weight of A,aGH is ~72 kDa, membrane proteins are known to deviate from
expectation due to non-uniform interaction with SDS61. Additionally, the disulfide bonds that are
formed in A2aR may contribute to a more compact tertiary structure compounding contributions to

erroneous gel migration ratesé2.
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In agreement with in-gel fluorescence, a subsequent anti-A;aR western blot reveals a band of ~55
kDa for all samples corresponding to the full-length protein (Figure 8B). However, additional
bands are visible for strains harboring integrating vectors. These samples contain a band with a
molecular weight of ~63 kDa, which has been shown to correspond to the dimeric form of hA,aR
lacking a GFP tags?. A third band has an apparent molecular weight of ~35 kDa likely corresponding
to an hA;aR monomer lacking GFP. These data suggest that the production of primarily full-length
hA:aR is consistent across all strains. An increase in protein yields does not adversely affect protein
integrity supporting the use of expression vectors as a means of improving homogeneity and yields

of functional membrane proteins.

Additionally, the detection of putative hA;aR dimers supports the hypothesis that positive allostery
resulting from receptor oligomerization improves functional yields in strains with high A,aGH gene
dosage. The relative intensities of these 63 kDa bands are greater in strains with increased total
AzaGH yields, which matches expected behavior of equilibrium oligomerization wherein greater
overall receptor yield would lead to an increase in receptor dimers. Use of GPCRs exhibiting
positive allostery upon oligomerization may enable the construction of biosensors with highly
improved sensitivity. Further, the large (29-fold) range in protein yield obtained in this study may
be key to assaying concentration-dependent oligomerization and allostery, which are a new frontier

for GPCR drug discovery®¢s.

In this study, we investigated the choice of expression vector as a tool to easily optimize membrane
protein overexpression in S. cerevisiae. The data presented here demonstrate the wide, perhaps
unexpected, variability in membrane protein yield and homogeneity that results from use of
different classes of yeast vectors. As membrane protein overexpression is a highly complex task, we

do not propose the exchange of vectors as a universal design rule to improve membrane protein
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production in S. cerevisiae. However, we do hypothesize that the homogeneity and yield of many
membrane proteins may be improved by using vectors contrary to the norm. The use of
commercial, non-integrating vectors yields heterogeneous cell populations producing GPCR in low
titers due to high rates of plasmid loss. These results underscore the complexity of overexpressing
membrane proteins, which often leads to downstream iterative optimization efforts such as
engineering and screening the protein, host, or expression conditions. However, we restore plasmid
stability and cellular homogeneity by expressing the same GPCR from multi-site integrating or
modified high copy vectors. This method of exchanging vectors requires far less resources

compared to conventional routes of optimizing membrane protein overexpression.

Although the multi-site integrating vector enables production of GPCR in high titers, it is critical to
distinguish between yields of total and functional protein particularly for applications such as
GPCR-based sensors. The importance of this distinction is exemplified by our finding that strains
isolated through conventional plate-based selection have low functional yields. To improve yields of
functional GPCR, we developed a screening methodology to rapidly isolate highly overexpressing
cells using a fluorescent tag and FACS. The FACS-isolated strains display marked improvements in
functional GPCR yield without loss of homogeneity. Therefore, we propose that this method can
supplement or even replace time-intensive screens for cells producing high yields of membrane
proteins for structural characterization. The novel, modified high copy vector addresses the need
for homogenous GPCR production without integration into the genome to facilitate applications in
which plasmid recovery and subsequent analysis or mutagenesis is desired, such as in receptor
engineering. Further, the homogeneity afforded by the integrating and modified vectors is essential

for tight control of metabolic flux and high signal-to-noise ratios in reporter systems.
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Materials and Methods

Plasmid construction

The multi-site integrating pITy-AzaR-GFP-His1o (pITy A2aGH) plasmid was previously constructeds!
and used for integrated gene expression in this study. The A;aR-GFP-Hisio (A2aGH) fusion protein
contains an N-terminal prepro leader sequence to aid in translocation and trafficking to the plasma
membrane®4. In the pITy vector, gene expression is under the control of a bidirectional GAL1,10
promoter. Centromeric and episomal A;aGH vectors were constructed using the pYC2 and pYES2
vector backbones (Invitrogen), respectively. Standard polymerase chain reaction (PCR)
techniques®s were used to append flanking HindIIl and Xhol restriction sites to the prepro-AjaR-
GFP-Hisio coding sequence, which was amplified from pITy A;aGH using primers 1 and 2. The
vectors and genes were digested, ligated, and transformed into Escherichia coli DH5a. The pYES-
KanMX-A,aR-GFP-His1o construct was generated by subcloning the Prgri-KanMX-Trer1 cassette from
pYM39 into pYES-A,aR-GFP-His10%. The gene cassette was amplified using primers 3 and 4
introducing flanking Spel restriction sites to the sequence. In all non-integrating vectors, the A,aGH
cassette is under the control of the galactose-inducible GAL1 promoter. All plasmids were

transformed into Saccharomyces cerevisiae using the high efficiency lithium acetate protocol®.

Yeast strains and culturing conditions

S. cerevisiae strain B]5464 (MATa ura3-52 trpl leu2A1 hisA200 pep4::HIS3 prbA1.6R canl) (ATCC)
was used for all experiments described in this study. Culture maintenance and gene expression
were performed in a shaker incubated at 30°C and 250 r.p.m. Strains harboring pITy A>aGH were
maintained in synthetic dextrose medium supplemented with casamino acids (SD-2XSCAA) 68,
Strains harboring centromeric or episomal plasmids were maintained in SD-2XSCAA medium
lacking uracil (SD-2XSCAA -ura). Prior to A2aGH or SteZp-GH expression, strains were subcultured

into 5 mL SR-2XSCAA or SR-2XSCAA -ura containing 2% (w/v) raffinose at an initial ODeoo of 0.5.
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Upon reaching an ODgoo between 2 - 3, gene expression was induced by subculturing strains into 5
mL SRG-2XSCAA or SRG-2XSCAA -ura containing 2% (w/v) raffinose and 2% (w/v) galactose at an

initial ODsgo of 0.2. Gene expression was carried out for 12 hours.

Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) analyses described in this report were performed using
a BD FACSARIA I flow cytometer. Yeast cultures were diluted to an ODgoo unit of 1.0 in a 1 mL
volume of 1X phosphate buffered saline (PBS) prior to FACS analysis. Scatter and fluorescence
intensity data were collected for approximately 60,000 singlet cells from each sample using a 488

nm laser and 530/30 nm bandpass filter. Data analysis was performed using Flow]o software.

Ligand binding assays

Yeast cells expressing A2aGH were grown to an ODggo value between 2 - 3 and pelleted at 3000g for
30s. Cells were resuspended in binding buffer (50 mM Tris-HCl, 10 mM MgCI2, pH = 6) and
incubated with the fluorescent adenosine A1 and A3 receptor agonist ABEA-X-BY630 (NIMH,
Bethesda, MD) while protected from light for 1 hour at room temperature. Samples were placed on
ice for 30 minutes prior to resuspension in 1X PBS (pH = 6) and analysis with FACS using a 488 nm
laser and 530/30 nm bandpass filter to measure fluorescence from GFP and a 633 nm laser and

660/20 nm bandpass filter to measure fluorescence from the BODIPY fluorophore on the ligand.

Isolation of yeast strains with high A;aGH gene dosage

Yeast strains harboring highly integrated Pcaii-prepro-hA>AR-GFP-Hisi cassettes were generated
by transforming cells with 10 pg pITy A.aGH linearized using BsaBI. Transformed cells were
allowed to recover by shaking at 30°C in 1 mL YPD for 5 hours. 100 pL of recovered cells were used

to inoculate 5 mL YPD (1% yeast extract, 2% peptone, 2% dextrose) containing either 800, 1600, or
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2400 pg/mL G418 and incubated at 30°C with shaking until culture turbidity had markedly
increased corresponding to final ODeoo values between 10 - 25. These cells were used to inoculate 5
mL YPG (1% yeast extract, 2% peptone, 2% galactose) cultures at an initial ODgoo of 0.2 in order to
induce A;aGH expression. Cells were prepared for FACS analysis and sorting as described above,
and 100,000 cells displaying the highest fluorescence intensities were sorted into 5 mL YPD

containing 500 pg/mL G418 and incubated overnight with at 30°C with shaking.

Quantitative PCR

Determination of relative plasmid copy number and A.aGH integration frequencies was carried out
using quantitative PCR (qPCR). Yeast strains expressing A2aGH were grown to an ODgg value
between 2 - 4 prior to total DNA extraction®®. Extracted DNA concentrations were used as
templates for qPCR using BioRad iQ5 and SsoAdvanced Universal SYBR Green Supermix. A region
within the hA.aR gene was amplified using primers 5 AAAGGAGGGCAAGAACCACT 3’ and 5’
TAGACACCCAGCATGAGCAG 3. A,aGH copy numbers were normalized to the copy number of a
single copy genomic target, Ssn6, amplified using primers 5 TGCAGCAAAGGGAGTTTCT 3’ and 5’
GCGGATGTTCCATAGCTTGT 3’. All qPCR experiments were performed with three biological

replicates in technical duplicate.

Plasmid loss assay

The extent of plasmid loss within engineered yeast strains were determined by counting the
number of colony forming units (CFU) that emerged on selective and non-selective media. Yeast
strains were cultured as described above. Prior to subculturing strains into raffinose-containing
media, cultures were serially diluted and plated onto both SD-2XSCAA and SD-2XSCAA -ura plates.
Gene expression was induced in yeast strains, and cells were serially diluted and plated onto SD-

2XSCAA and SD-2XSCAA -ura in the same manner.
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SDS-PAGE, in-gel fluorescence, and western blotting

A,aGH expression was induced as described above. Yeast lysate was prepared for SDS-PAGE as
described previously®® with few modifications. Briefly, cells equivalent to 2.5 ODgoo units were
pelleted at 6000g for 30s and resuspended in 25 puL YPER (Thermo Scientific). Samples were
incubated at room temperature for 30 minutes prior to incubation with an equal volume of 2X
Laemmli buffer (4% (w/v) SDS, 20% (v/v) glycerol, 125 mM Tris-HCl pH 6.8, 100 mM
dithiothreitol, 0.01% Bromophenol blue) at 37°C for 1 hour. Cell debris was pelleted at 6000g for
30s, and 20 pL sample volumes were loaded into each lane of a 10% Tris-Glycine gel. Precision Plus
Protein WesternC (BioRad) and MagicMark XP (Invitrogen) molecular weight ladders were used at
standards. In-gel fluorescence due to GFP was imaged using Blue Epi illumination and a 530/28 nm
bandpass filter. Following imaging of in-gel fluorescence, proteins were transferred to
nitrocellulose membranes and probed with primary anti-A;a antibody (sc32261, Santa Cruz
Biotechnology, Paso Robles, CA) and secondary DyLight 550 antibody (ab96880, Abcam,

Cambridge, MA) as described previouslys°.

Confocal Microscopy

AzaGH expression and fluorescent ligand binding were performed as described above. Following
resuspension of samples to 0.1 ODgoo units in 1X PBS, cells were transferred to Nunc Lab-Tek
chambered slides coated with 0.1% (w/v) poly-L-lysine (Sigma-Aldrich). Microscopy was
performed using an Olympus Fluoview 1000 Spectral confocal microscope with a 60x/NA 1.3

objective.
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Figure 1: Flow cytometric analysis of A2aGH expression from various yeast vectors results in a
range of total protein yields and cellular homogeneities. (A) Yeast strains expressing A2aGH from
non-integrating (pYES, pYC, pYES-KanMX) vectors exhibit 5 - 9-fold increases in cellular mean
fluorescence intensity (MFI) values relative to background autofluorescence. In contrast, the use of
a multi-site integrating (pITy) vector results in a 62-fold improvement in MFI over background. (B)
A significant number of cells within populations expressing A:aGH from commercial, non-
integrating vectors display fluorescence intensities comparable to a wildtype control lacking an
Az2aGH vector. Homogeneity is restored upon gene expression in a novel, modified episomal (pYES-
KanMX) vector or multi-site integrating vector. In panel A, data represent the mean of three
biological replicates, and error bars represent their standard deviation. In panel B, each histogram

corresponds to a representative sample.
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Figure 2: Determination of colony forming units (CFU) grown on permissive and selective media
enables quantification of non-integrating plasmid loss. Plasmid retention % represents CFU formed
on media lacking the corresponding auxotrophic marker (selective) relative to those formed on
media containing the marker (permissive). CFU values were measured prior to (uninduced) and
during (induced) AzaGH expression from non-integrating vectors. Data represent the mean of three
biological replicates, and error bars represent their standard deviation. Statistical significance was

determined through calculation of p values using a paired Student’s t-test.
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Figure 3: Determination of relative vector copy numbers using quantitative PCR suggests varying
mitotic stabilities are observed for each vector. After induction of A,aGH expression, the average
copy number of the low copy pYC AzaGH vector is 2.5-fold greater than the high copy pYES A,aGH
vector, suggesting significant pYES plasmid loss. Surprisingly, the relative copy number of the pYES-
KanMX A,aGH vector is 22.8-fold greater than that of the pYES A,aGH vector and 1.4-fold greater
than the copy number of the integrated pITy A.aGH cassette. Data represent the mean of three

biological replicates, and error bars represent their standard deviation.
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Figure 4: Flow cytometric analysis of GPCR expression demonstrates increasing gene dosage and
elevated protein yields without loss of homogeneity. (A) Yeast strains were transformed with a
multi-site integrating vector containing the A,aGH cassette and used to inoculate liquid media
containing increasing concentrations (800, 1600, and 2400 pg/mL) of the corresponding chemical
selection agent (G418). Within these populations, cells exhibiting the greatest MFI values were
sorted and compared to a strain selected from plates using 500 pg/mL G418. Strains sorted in
liquid media display a 2.5 - 3-fold increase in cellular MFI relative to a strain selected from plates.
(B) Despite increased A,aGH yields, all strains display high degrees of homogeneity. In each
population, the majority of cells display high fluorescence intensities while only few cells exhibit
fluorescence intensities comparable to a wildtype negative control. In panel A, data represent the
mean of ~20,000 measurements of single cells. In panel B, each histogram corresponds to a

representative sample.
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Figure 5: Quantitative PCR reveals a non-linear relationship between total protein yield and GPCR
genomic integration frequency. Average integration frequencies were determined for yeast strains
isolated using conventional plate-based selection (pITy (500)) and through our FACS approach
(pITy (800 - 2400)). Flow cytometry was used to measure the cellular MFI for approximately
20,000 single cells for each strain. Data represent the mean of three biological replicates, and error

bars represent their standard deviation.
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Figure 6: Fluorescent ligand binding verifies that elevated total protein yields also bolster yields of
functional, plasma membrane-localized receptor. (A) A red fluorescent adenosine receptor agonist
binds specifically to functional A,aGH at the periphery of the cell enabling quantification of
functional protein localized to the plasma membrane. (B) Yeast strains producing A,aGH from non-
integrating or integrating vectors were incubated with varying concentrations of a red fluorescent
A1/A3 adenosine receptor agonist, ABEA-X-BODIPY, and analyzed using flow cytometry. Strains
sorted for high gene dosage exhibit relatively high yields of functional, membrane-localized A,aGH
compared to strains with low gene dosage or expressing A.aGH from non-integrating vectors. For
each ligand concentration, specific binding was calculated by subtracting background signal from
the signal measured for each sample. Background signal was measured for each ligand
concentration using a wildtype negative control. All data was normalized to the maximum signal
measured across all samples. Data represent the mean of three biological replicates, and error bars

represent their standard deviation.
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Transmission
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Figure 7: Representative confocal micrographs of yeast strains producing A,aGH from various
vectors demonstrate variable protein yield, homogeneity, and binding of fluorescent ligand. The use
of a GFP-tag also enables visualization of A;aGH trafficking, which is directed to the plasma
membrane and endoplasmic reticulum in all strains. Transmission and GFP micrographs were
captured for strains harboring different yeast vectors after overnight induction of A2aGH expression
in raffinose- and galactose-based medium. Micrographs depicting binding of fluorescent ligand
(Ligand) were captured after incubation of cells with 1 pM fluorescent A1/A3 adenosine receptor
agonist, AXB. Microscopy was performed using an Olympus Fluoview 1000 Spectral confocal

microscope equipped with a 60x/NA 1.3 objective. All scale bars represent 5 pm.
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