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ABSTRACT: The complexities of pathway engineering necessitate screening libraries to discover phenotypes of interest. However,
this approach is challenging when desirable phenotypes cannot be directly linked to growth advantages or fluorescence. In these
cases, the ability to rapidly quantify intracellular proteins in the pathway of interest is critical to expedite the clonal selection process.
While Saccharomyces cerevisiae remains a common host for pathway engineering, current approaches for intracellular protein
detection in yeast either have low throughput, can interfere with protein function, or lack the ability to detect multiple proteins
simultaneously. To fill this need, we developed yeast intracellular staining (yICS) that enables fluorescent antibodies to access
intracellular compartments of yeast cells while maintaining their cellular integrity for analysis by flow cytometry. Using the
housekeeping proteins β actin and glyceraldehyde 3-phophate dehydrogenase (GAPDH) as targets for yICS, we demonstrated for
the first time successful antibody-based flow cytometric detection of yeast intracellular proteins with no modification. Further, yICS
characterization of a recombinant D-xylose assimilation pathway showed 3-plexed, quantitative detection of the xylose reductase
(XR), xylitol dehydrogenase (XDH), and xylulokinase (XK) enzymes each fused with a small (6−10 amino acids) tag, revealing
distinct enzyme expression profiles between plasmid-based and genome-integrated expression approaches. As a result of its high-
throughput and quantitative capability, yICS enabled rapid screening of a library created from CRISPR-mediated XDH integration
into the yeast δ site, identifying rare (1%) clones that led to an 8.4-fold increase in XDH activity. These results demonstrate the
utility of yICS for greatly accelerating pathway engineering efforts, as well as any application where the high-throughput and
quantitative detection of intracellular proteins is desired.

KEYWORDS: intracellular staining, flow cytometry, yeast, pathway engineering, xylose, CRISPR

A primary aim of synthetic biology is to engineer genetic
networks to enhance or enable new cellular functions.

Proteins play a fundamental role in these synthetic pathways
and their manipulation is the focal point for the engineering of
cellular systems. Due to an incomplete understanding of many
protein structure−function relationships, as well as the
complexity of systems-level protein−protein interactions inside
the cell, it is often difficult to take a targeted, rational approach
to pathway engineering. For these reasons, researchers often
resort to generating libraries of gene overexpression, knockins,
knockouts, or mutants followed by screening of these libraries
to discover phenotypes of interest.1−6 To enable the rapid

screening of large libraries, desirable phenotypes are commonly

linked to growth advantages or fluorescence; however,

developing these linkages is rarely straightforward and thus

may not be practical for many experimental systems.7,8 In these
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cases, it is desirable to first reduce the library size by
prescreening clones using indirect, but more obtainable
indicators of cellular performance, such as protein expression.
Because protein expression is the most engineered variable in
synthetic biology, knowledge of protein expression levels can
provide significant insights into a given clone’s behavior.7−11

Therefore, high-throughput and quantitative protein detection
methods that could facilitate the efficient screening of these
libraries are of great interest.
Due to the ease of library generation and model-eukaryote

status, Saccharomyces cerevisiae remains one of the most
popular organisms for pathway engineering.12−18 Further, its
compatibility with flow cytometry allows for a convenient,

quantitative, and high-throughput means of protein detection
as long as the protein expression can be coupled to
fluorescence. While surface-displayed proteins can be con-
veniently labeled with fluorescent antibodies,19−21 the vast
majority of proteins that participate in cellular pathways are
not surface accessible and therefore require alternative labeling
strategies.22 The coupling of fluorescence to an intracellular
protein of interest (POI) is most commonly accomplished by
genetic fusion of the POI with a reporter protein.23 The most
ubiquitous reporter proteins are fluorescent proteins of which
there is a diverse range that allow choice of spectra, pH
stability, brightness, and photostability.24 Other commonly
used reporter proteins are “self-labeling” enzymes, such as the

Figure 1. Design and feasibility of yeast intracellular staining (yICS). (A) Step 1 of the yICS procedure is the enzymatic removal of the cell wall to
form spheroplasts, which are then fixed in Step 2 to provide structural integrity and permeabilized to enable antibody access to intracellular
compartments. Antibody staining of intracellular POIs is performed in Step 3, followed by flow cytometry in Step 4. (B) Microscope images of cells
before lyticase treatment (left), spheroplasts after lyticase treatment (middle), and lysed spheroplasts after osmotic shock in water (right). Scale bar
is 5 μm. (C) Flow cytometry is able to differentiate cells with intact cell walls (left, R1 gate), spheroplasts (middle, R2 gate), and lysed spheroplasts
(right, R3 gate). The frequency of events in each gated population is shown adjacent to the gate.
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Halo tag25,26 or SNAP/CLIP tag,27,28 that covalently bind to
their externally added substrates. These substrates are usually
conjugated with organic dyes, which offer superior photo-
physical properties compared to fluorescent proteins including
greater brightness and broader spectral diversity.29 However,
both the fluorescent proteins and self-labeling enzymes are
relatively large in size (20−33 kDa), and therefore their fusion
with the POI often negatively affects protein function.30−34

Moreover, the production of reporter protein fusions
consumes additional cellular resources that can inhibit cell
growth or detract from the production of pathway
products.35,36 Therefore, alternative methods for coupling
fluorescence to POI expression that do not rely on large
protein fusions are advantageous.
The tetracysteine-biarsenical system is one of the most

proven methods for fluorescent labeling of POIs and only
requires fusion of a small tag of 6−12 amino acids (aa) (∼1
kDa). The tag contains four cysteines that bind to externally
added, cell-permeable FlAsH and ReAsH biarsenical ligands,
resulting in fluorescence.37,38 In several cases, this system
results in less perturbation of POI localization39,40 or
enzymatic activity41 compared to fusion with large fluorescent
proteins. Additionally, protocols have been developed to allow
for simultaneous detection of two POIs.42 These advantages
have resulted in the extensive use of the tetracysteine-
biarsenical system for live-cell imaging of intracellular proteins
in a wide variety of cellular systems.43 However, there are
surprisingly few examples of its application to high-throughput
library screening,44,45 most likely due to the fact that the
sensitivity of the tetracysteine-biarsenical system is at least an
order of magnitude lower than that of green fluorescent
protein.45 Consequently, the system may have limited signal-
to-noise ratio when used for the detection of low expressing
POIs, which is not uncommon when expressing heterologous
proteins.
Examination of the aforementioned intracellular protein

detection methods reveals a trade-off between sensitivity and
impact on POI expression and/or its function. We recognized
that this trade-off could be overcome by directly staining
intracellular proteins with antibodies followed by flow
cytometry analysis, however such an approach has not been
developed for yeast. Compared to fusion of the POI with a
large reporter protein, the use of antibodies for yeast
intracellular POI detection minimizes the likelihood of
perturbing POI function because antibody-POI binding can
be accomplished by the use of small epitope tags (6−14 aa)
commonly used in Western blot (i.e., c-Myc, flag, V5, HA, His,
etc.). In the event that even small tags unacceptably affect the
POI, as has been reported in some cases,46 detection can be
accomplished with POI-specific antibodies, abolishing the need
for any POI modification. In addition, the diversity of
fluorophore-antibody conjugates offers a wide range of
brightness and spectral properties, allowing for the detection
of low expressing POIs as well as multiple POIs simulta-
neously. Coupled with flow cytometry, such an antibody-based
yeast intracellular staining (yICS) approach represents a
sensitive, multiplexed, and high-throughput means for library
screening.
In this study, we developed the yICS method that allows

antibodies to directly access yeast intracellular compartments
while maintaining cellular integrity for analysis by flow
cytometry. In the first successful attempt of antibody-based
flow cytometric detection of yeast intracellular proteins, we

demonstrate that yICS enables quantitative and reproducible
detection of the yeast house-keeping proteins β actin and
glyceraldehyde 3-phophate dehydrogenase (GAPDH). As a
proof of concept, we then applied yICS to characterize and
engineer a recombinant oxidoreductase pathway cloned from
Schef fersomyces stipitis consisting of the xylose reductase (XR),
xylitol dehydrogenase (XDH), and xylulokinase (XK) enzymes
for direct conversion of xylose to ethanol in the yeast
S. cerevisiae. yICS enabled simultaneous detection of all three
pathway enzymes. Furthermore, the single-cell nature and
sensitivity of yICS revealed clear variation in expression
profiles depending on whether the enzyme expression cassettes
were present on plasmids or integrated into the genome.
Moreover, yICS enabled an 8.4-fold improvement in XDH
activity, a known bottleneck in the pathway, by rapidly
identifying rare (∼1%) high-XDH producers in two consec-
utive rounds of CRISPR-mediated multicopy integration of
XDH into the yeast δ site. These results demonstrate the utility
of yICS to greatly accelerate the development of cellular
pathways.

■ RESULTS AND DISCUSSION
Yeast Intracellular Staining (yICS) Design and

Feasibility. The success of the yICS procedure hinges on
enabling antibody access to intracellular compartments while
maintaining cellular integrity for flow cytometry analysis. As
the large size of antibodies prevents them from penetrating the
cell wall of S. cerevisiae,47 the first and most critical step of the
yICS procedure is the complete removal of the cell wall by
exposing the yeast cells to enzymes possessing mannase and β-
1,3-glucanase activities (Figure 1A, Step 1). Immediately
following cell wall removal, a fixation step is performed to
stabilize the resulting fragile spheroplasts and to immobilize
intracellular antigens for subsequent procedures (Figure 1A,
Step 2). Next, antibody access to intracellular compartments is
afforded by detergent permeabilization of cellular membranes
(Figure 1A, Step 2). Antibody staining of intracellular proteins
of interest (POIs) can then proceed (Figure 1A, Step 3),
followed by detection of POIs using flow cytometry (Figure
1A, Step 4).
To test the feasibility of the yICS procedure, we first

examined if fragile yeast spheroplasts could maintain their
cellular integrity and be detected during flow cytometric
analysis. To this end, yeast cells were grown to mid log phase,
treated with lyticase enzyme (see Methods) to remove the cell
wall, and observed under a microscope. In contrast to
untreated cells (Figure 1B, left), lyticase-treated cells had a
spherical shape and lacked protruding buds (Figure 1B,
middle), both of which are characteristic of spheroplast
formation.48 In addition, the lyticase-treated sample showed
some cellular debris (data not shown), presumably due to
spheroplast lysis. This is not surprising as it is known that yeast
cells lacking their cell wall are fragile and prone to lysis,
especially when subjected to osmotic shock.49,50 Indeed,
lyticase-treated cells that were briefly exposed to hypotonic
conditions (i.e., water) showed clumps of debris and were
virtually absent of intact cells (Figure 1B, right), providing
further evidence that lyticase treatment resulted in spheroplast
formation.
After confirming spheroplast formation, samples were fixed

with 1% formalin under isotonic conditions (i.e., 1 M sorbitol)
and subjected to flow cytometry analysis. Examination of the
forward scatter (FSC) and side scatter (SSC) revealed that,
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compared to untreated cells (Figure 1C, left, R1), lyticase-
treated cells formed a distinct population (Figure 1C, middle,
R2) characterized by lower FSC. This result was somewhat
surprising because FSC intensity is generally thought to be
indicative of cell size, yet the size of spheroplasts did not
appear significantly altered when observed under a microscope
(Figure 1B, left and middle). Instead, this reduced FSC
intensity is likely due to altered optical properties of cells after
cell wall removal, as supported by reports of spheroplasts
appearing darker compared to nonspheroplasts when visualized
by phase contrast microscopy.51 Importantly, about 50% of
lyticase-treated cells (Figure 1C, middle, R2) were distinct
from the lysed spheroplast population (Figure 1C, right, R3),
confirming that a substantial fraction of spheroplasts remain
intact during flow cytometry analysis. Taken together, these
results indicate that formalin-fixed yeast spheroplasts can
maintain their structural integrity and are readily detectable by
flow cytometry, demonstrating the feasibility of the yICS
procedure (Figure 1A).
Development of a High-Throughput yICS Workflow.

After verifying that intact spheroplasts can be detected by flow
cytometry, we next sought to develop a high-throughput yICS
procedure that would permit the screening of large libraries.
While antibody staining and flow cytometry can all be
performed in 96-well format, cell wall removal typically
involves a time-consuming preculture step (∼4 h) in tubes
or flasks to grow cells to mid-log phase, limiting the
throughput of yICS-based screening and extending the
duration of the yICS procedure beyond the length of a
conventional workday. A convenient solution is to culture
picked colonies overnight directly in 96-well plates and
perform the yICS procedure the following morning. However,
a significant challenge of this approach is that the resulting cell
growth (hereafter referred to as growth OD600) exceeds the
mid-log phase (∼0.5−1.0 OD600) that is optimal for cell wall
removal.49,50 Indeed, colonies picked directly into wells of a
96-well plate and grown overnight in rich YPAD media
resulted in growth OD600 ranging from 3.4 to 5.6
(Supplemental Figure S1), making complete cell wall removal
more challenging. Therefore, it is essential to establish a robust

cell wall removal protocol that can achieve satisfactory cell wall
removal over a wide range of growth OD600.
To this end, we first set out to define a quantitative metric

for satisfactory cell wall removal. Cells were grown to a growth
OD600 of 2.2 in rich YPAD media in a 96-well plate and then
cell wall removal was performed on 5 million cells using a
range of lyticase concentrations under hypotonic conditions.
Cell wall removal efficiency was assessed using the ratio
between the OD600 during lyticase treatment and the initial
OD600 (OD/ODinit), as previously reported.49,50 With no
lyticase addition, the OD/ODinit ratio remained near 1 for the
entirety of the 60 min (Figure 2A), suggesting that no cell lysis
and hence no spheroplast formation had taken place. In
contrast, the OD/ODinit ratio of lyticase-treated samples
declined with increasing lyticase concentrations and longer
treatment time. For lyticase concentrations ≥ 80 U/mL, the
OD/ODinit ratio stabilized near 0.1, suggesting this value
correlates with complete cell wall removal. Consequently, we
designated that cell wall removal conditions achieving OD/
ODinit ≤ 0.15 (Figure 2A, dotted line) were satisfactory for
future experiments. Furthermore, treatment with lyticase
concentrations ≥ 160 U/mL were able to achieve OD/ODinit
≤ 0.15 in less than 20 min, suggesting these conditions can
accommodate higher growth OD600 within a reasonable time
frame.
We next evaluated the range of growth OD600 that could

achieve satisfactory cell wall removal (OD/ODinit ≤ 0.15) with
60 min of lyticase treatment, which we deemed was a
reasonable duration for step 1 of the yICS procedure (Figure
1A). Cells were grown in YPAD media from a serially diluted
colony in a 96-well plate to yield growth OD600 values from 0.8
(mid-log phase) to 5.6 (the highest growth OD600 observed
after overnight growth, Supplemental Figure S1). The OD/
ODinit ratio after 60 min of lyticase treatment is recorded and
color coded in Figure 2B. As growth OD600 increases, a higher
lyticase concentration is required to achieve OD/ODinit ≤ 0.15
(Figure 2B, bold boundary). However, for the two highest
lyticase concentrations tested (640 and 1280 U/mL), OD/
ODinit ≤ 0.15 was achieved for all growth OD600 values tested
(Figure 2B, top two rows). Thus, satisfactory cell wall removal

Figure 2. Development of high-throughput cell wall removal condition compatible with cells grown overnight in 96-well plate format. (A) 5 million
cells from a culture grown overnight in YPAD to an OD600 of 2.2 were subjected to varying lyticase concentrations under hypotonic conditions, and
spheroplast formation was monitored over time using the ratio of the OD600 at time t and the initial OD600 at t = 0 of the reaction mixture (OD(t)/
ODinit). The dotted line represents OD(t)/ODinit = 0.15, the selected benchmark for adequate cell wall removal. (B,C) OD/ODinit values after 60
min treatment with a range of lyticase concentrations for cells grown to various OD600 in either YPAD media (B) or synthetic complete (SC) media
(C). Color bar indicates OD/ODinit values. Cell wall removal conditions achieving OD/ODinit ≤ 0.15 are outlined in bold.
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can be accomplished for cells grown overnight in 96-well
format using a 60 min treatment with 1280 U/mL lyticase.
This condition was used for subsequent experiments for cells
grown in YPAD.
A parallel analysis was conducted for cells grown overnight

in synthetic complete (SC) media, which is commonly used to
maintain plasmid selection pressure. Compared to cells grown
in YPAD (Figure 2B), cells grown in SC media were overall
more resistant to cell wall removal, requiring either more
lyticase or a lower growth OD600 to achieve OD/ODinit ≤ 0.15
(Figure 2C, bold boundary). Notably, no tested lyticase
concentration was able to adequately remove the cell wall
within 60 min for growth OD600 > 3.7 (Figure 2C, right two
columns). On the basis of this finding, a dilution step was
incorporated in subsequent experiments when seeding colonies
in SC media to ensure growth OD600 is < 3.7 to allow
satisfactory cell wall removal in a 96-well format.
These results indicate that efficient cell wall removal can be

achieved over a wide range of growth conditions, but is highly
affected by media choice and cell growth stage in agreement
with other reports.49,50 In particular, it appears the yICS
procedure is incompatible with stationary phase cells, due to
the difficulty in removing their cell wall. Potentially explaining
these findings, it has been demonstrated that the composition
and mass of the cell wall are highly dynamic, changing with
media, growth phase, temperature, and carbon source.52

Therefore, we recommend that investigators perform similar

experiments to ensure satisfactory cell wall removal under their
desired experimental conditions.

Validation of yICS Using Yeast Housekeeping
Proteins. To validate the ability of yICS to detect intracellular
POIs, we chose to detect the abundant yeast housekeeping
proteins β actin and GAPDH, both of which have commercial
antibodies readily available and thus allowing for their
detection by yICS without any protein modification. Single
yeast colonies were directly seeded into a 96-well plate in
YPAD media and grown overnight. Following the yICS
procedure shown in Figure 1A, the cell wall was removed
using the optimal condition (i.e., 60 min treatment with 1280
U/mL lyticase) to generate spheroplasts which were then fixed
with formalin and permeabilized with saponin. Permeabilized
spheroplasts were stained with primary antibodies specific for β
actin, GAPDH, or with a nonspecific isotype control followed
by a phycoerythrin (PE)-conjugated secondary antibody and
subjected to flow cytometry analysis. During the fixation step, a
range of formalin concentrations (0.5−4% at room temper-
ature for 30 min) was tested in anticipation of the opposing
effects of fixation on antibody binding (i.e., fluorescence signal)
and spheroplast structural integrity.
Notably, under all fixation conditions tested, a positive

staining population was observed for both β actin and GAPDH
compared to the background autofluorescence peak for the
isotype control (Figure 3A). This result validates the ability of
yICS to detect unmodified intracellular proteins and, to our

Figure 3. Detection of unmodified yeast intracellular housekeeping proteins by yICS. (A) Histograms of PE signal intensity of gated spheroplasts
fixed with 0.5−4% formalin and stained for either a nonspecific isotype control (top panel), anti-β actin (middle panel), or anti-GAPDH (bottom
panel) antibodies followed by a PE-conjugated secondary antibody. (B) The mean percentage of spheroplasts lost during the yICS procedure was
calculated as the ratio of the number of gated intact spheroplasts detected by flow cytometry and the number of cells subjected to yICS as measured
by OD600. (C) The median fluorescence intensity (MFI) of four replicates from a single overnight culture fixed with 0.5% formalin and stained as in
A. For B and C, error bars represent standard deviation of n = 3 and n = 4, respectively.
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knowledge, is the first demonstration of antibody-based
detection of yeast intracellular POIs using flow cytometry.
Note that, although actin is the most abundant protein in
eukaryotic cells,53 the fact that β actin showed lower overall
signal compared to GAPDH highlights that signal intensity is a
function of several variables beyond protein abundance such as
antibody affinity, antibody concentration, and antibody
accessibility to its epitope. Therefore, comparing the
abundance of different proteins using yICS requires an
additional fluorescence quantification step.20 As anticipated,
fixation with higher formalin concentrations resulted in both
slightly increased background autofluorescence signal (Figure
3A, top) and reduced fluorescence signal for both β actin and
GAPDH (Figure 3A, middle and bottom), likely due to
decreased antibody binding affinity for cross-linked epitopes as
has been reported elsewhere.54 As a result, the lowest formalin
concentration (i.e., 0.5%) yielded the best signal-to-noise ratio.
However, a more significant loss of spheroplasts was observed
at lower formalin concentrations, with the 0.5% formalin
fixation losing nearly 85% of spheroplasts while the 4%
formalin fixation lost about 10% (Figure 3B). We attributed
this loss to the weaker structural integrity of the spheroplasts
fixed at the lower formalin concentrations, leading to their lysis
during the washing steps in the subsequent antibody staining
process. Despite the significant spheroplast loss using 0.5%
formalin fixation, the large number of stained yeast cells (0.2
OD600, equivalent to 5 million cells) and the high acquisition
rate of flow cytometry (5000−10 000 events per second) still

allow for rapid measurement of a sufficient number of intact
spheroplasts for meaningful statistical analysis. Therefore, to
ensure the best signal-to-noise ratio for quantitative measure-
ment of yeast intracellular POIs, we chose to use the 0.5%
formalin fixation condition and to acquire at least 30 000
events (∼1 min per sample) for future experiments. Note that,
while this fixation condition was optimal for our experimental
system, the trade-off between signal-to-noise ratio and
spheroplast loss should be evaluated on a case-by-case basis.
Furthermore, while not investigated in this work, a fixation step
can be performed before cell wall removal to minimize the
effects of spheroplast formation on the metabolic and POI
state in the cells.
Using the optimized 0.5% formalin fixation condition, the

reproducibility of the yICS procedure was examined. A single
colony was grown overnight in a 96-well plate and then split
into four replicates. Following cell wall removal, formalin
fixation, saponin permeabilization, and antibody staining (anti-
GAPDH, anti-β actin, or an isotype control), the samples were
subjected to flow cytometry analysis. The median fluorescence
intensity (MFI) of the spheroplasts in each replicate showed a
tight distribution with coefficients of variation (CVs) of 10.9%,
15.0%, and 6.0% for isotype control, β actin, and GAPDH,
respectively (Figure 3C). Therefore, the yICS approach
demonstrates the necessary reproducibility critical for charac-
terizing and engineering recombinant pathways in yeast.

Characterization of a Recombinant Three-Enzyme
Pathway Using yICS. As a proof of concept, we next applied

Figure 4. yICS characterization of recombinant xylose assimilation pathway. (A) XR, XDH, and XK pathway enzymes were tagged with His, HA,
and c-Myc tags, respectively, and constitutively expressed from genes either integrated into the genome (top, strain FW439), on their own
respective plasmid (middle, 3 plasmid), or on a single plasmid (bottom, 1 plasmid). Promoters and terminators for each gene are indicated by
arrows and lines, respectively. (B) Histogram overlays of yICS signal for constructs in A simultaneously stained with anti-His, anti-HA, and anti-c-
Myc antibodies to detect XR, XDH, and XK, respectively. Parental strain W303−1a was included as negative control. (C) Individual cells from B
are plotted in three dimensions, with each axis representing the fluorescence signal intensity of XR, XDH, or XK. Coloring represents local cell
density. (D) Aerobic growth curves with xylose as sole carbon source for constructs in A. Error bars represent mean ± standard deviation, n = 2.
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yICS to characterize the heterologous oxidoreductase D-xylose
assimilation pathway important for converting xylose, a major
component of renewable biomass (30−40%),55−57 into
ethanol. Specifically, we investigated the relationship between
the expression levels of the three enzymes in the pathway (i.e.,
XR, XDH, and XK) and the ability of the cells to grow when
using xylose as the sole carbon source. Variations in these three
enzyme expression levels were achieved in yeast W303−1a by
expressing them from genes either (1) integrated into the
genome (Figure 4A, FW439), (2) on their own individual
plasmids (Figure 4A, 3 plasmid), or (3) all on the same
plasmid (Figure 4A, 1 plasmid). As is often the case when
expressing proteins from nonmodel organisms, commercial
antibodies specific for XR, XDH, and XK are unavailable.
Thus, small epitope tags His (HHHHHH), HA (YPYDVP-
DYA), and c-Myc (EQKLISEEDL) were appended to XR,
XDH, and XK, respectively, to enable multiplexed yICS
detection while minimizing the probability of affecting enzyme
function (Figure 4A).
Single colonies representing the three expression constructs

as well as the W303−1a parental strain were diluted in
appropriate glucose-containing SC dropout media and grown
overnight in a 96-well plate. Spheroplasts were then prepared
following the yICS procedure as described above, stained
simultaneously for XR (anti-His PE), XDH (anti-HA
Alexafluor 647), and XK (anti-c-Myc-biotin followed by
streptavidin PE-Cy7), and analyzed by flow cytometry. As
shown in Figure 4B, all three expression constructs showed
positive signals for all three enzymes when compared to the
W303−1a parental strain, validating the use of epitope tags for
multiplexed yICS detection of yeast intracellular POIs. The
signal distribution for both plasmid-bearing strains was much
broader with ∼25−50% of the cells expressing enzyme at
higher levels than that of the FW439 integration strain, likely
due to the heterogeneity in the ability of yeast cells to maintain
high copy number (40−60) of these 2μ plasmids. Interestingly,
the 3-plasmid and 1-plasmid strains showed very similar
expression profiles for each enzyme despite evidence in the
literature that the maintenance of plasmids is burdensome.58,59

While FW439 showed only slightly increased XR and XK
signal compared to W303−1a, in vitro activity assay with cell
lysates detected significant activity for both enzymes,
confirming their expression in FW439 (Supplemental Figure
S2).
In addition to the insights gained by analyzing enzyme

expression in isolation (Figure 4B), multiplexed yICS staining
enables simultaneous evaluation of all enzyme levels in single
cells, revealing further distinctions in the expression profile.
When individual cells are visualized on a three-dimensional
density plot with each axis representing the fluorescent signal
intensity of XR, XDH, or XK (Figure 4C), all three constructs
align along the same imaginary axis (Supplemental Video S1),
signifying that, while the magnitude of enzyme expression
varies, the relative ratio of the three enzymes in each cell is
similar across these three constructs. Interestingly, the 3-
plasmid strain clearly shows a looser distribution along the
imaginary axis than the 1-plasmid strain (Figure 4C, middle
and right), likely due to greater variations in maintaining three
types of 2μ plasmids simultaneously across individual cells.
Although an expected result, such an observation highlights the
fidelity of the yICS method and demonstrates the power of
multiplexed analyses to reveal additional findings that would
not be possible studying single proteins individually.
To investigate how these different enzyme expression

profiles affect the ability of the cells to grow on xylose, the
various strains were grown in appropriate SC dropout media
containing 2% glucose overnight and then inoculated into rich
media containing 2% xylose in liquid shaking culture.
Subsequent monitoring of cell growth revealed that, surpris-
ingly, only the FW439 strain was able to grow on xylose
(Figure 4D) despite the fact that the plasmid-bearing strains
have ∼25−50% of cells expressing higher levels of enzymes
(Figure 4B,C). These results suggest that high expression of at
least one of the enzymes is cytotoxic when the cells are grown
on xylose. Supporting this, it has been reported that
overexpression of XK from S. stipitis or its homologue in
S. cerevisiae inhibits cell growth on xylose but does not affect
growth on glucose,60,61 potentially due to the generation of

Figure 5. High-throughput yICS screening identifies high-expressing XDH clones. (A) XDH MFI of clones resulting from CRISPR-mediated
integration of XDH expression cassette into FW439 (CRISPR Rd#1) and FW706 (CRISPR Rd#2) normalized to FW439. FW439 and W303−1a
are indicated by filled black circles and triangles, respectively. (B) XDH gene copy numbers of selected strains quantified by qPCR. (C) Units of
XDH activity per mg of protein in cleared cell lysate for selected strains. One unit of XDH activity is defined as the amount of XDH that reduces 1
μmol of NAD+ to NADH per minute (see methods). Fold change of FW706 and FW707 compared to FW439 is indicated in each figure. For B and
C, data represent mean ± standard deviation, n = 3; statistical comparisons computed by one-way ANOVA followed by post hoc Tukey’s pairwise
comparisons, *p < 0.05, **p < 0.01, ***p < 0.001.
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toxic byproducts and/or the depletion of ATP by XK
activity.62 Regardless of the mechanism, the data suggest that
enzyme expression levels need to be tightly controlled to
maximize xylose utilization, which is a challenging task using
plasmid-based expression due to their highly heterogeneous
expression profile. Therefore, we chose FW439 for further
engineering of the pathway to improve the xylose-to-ethanol
conversion.
Engineering a Xylose Assimilation Pathway Using

yICS. One of the frequently reported bottlenecks of the
oxidoreductase D-xylose assimilation pathway is the low activity
of XDH relative to XR, resulting in xylitol accumulation and
limiting ethanol yield.63,64 In an attempt to increase the XDH
expression level and relieve this metabolic bottleneck, we
performed CRISPR-mediated genome integration of XDH into
the FW439 strain (see Methods). While high copy integrants
are commonly identified by G418 resistance afforded by
cointegration of the KanMX gene,65 strain FW439 already
contained several copies of KanMX by utilizing this technique,
necessitating an alternative screening approach. To this end,
single colonies resulting from the transformation were grown
overnight in YPAD media in a 96-well plate (94 transformants
plus W303−1a and FW439) and subjected to yICS analysis to
identify high XDH producers. As shown in Figure 5A, CRISPR
Round 1, 68, of the 94 XDH transformants (i.e., ∼72%)
showed statistically increased MFI compared to the parental
FW439 strain (p < 0.05, assuming a CV of 15%). The highest
XDH-expressing clone, FW706, showed nearly a 4-fold
increase in MFI and was chosen for a second round of
CRISPR-mediated genome integration of XDH. yICS screen-
ing was performed on the resulting library, including W303−1a
and FW439 as controls to account for batch variation.

Following normalization to FW439, about half of the
transformants had a considerably lower relative MFI than the
FW706 parent strain (Figure 5A, CRISPR Round 2),
potentially due to the unstable nature of tandem multicopy
integrations.65 Nevertheless, the best clone, FW707, showed
nearly a 9-fold increase in MFI over the FW439 strain. The
rarity of these “jackpot” clones expressing very high levels of
XDH (∼1% in each round) would make their identification
very laborious, if not impossible, using common but lower-
throughput approaches such as Western blot66,67 or in vitro
activity assays.68,69 Therefore, the use of yICS can greatly
accelerate the clonal selection process based on the expression
level of POIs.
Subsequent qPCR analysis of the selected strains revealed

that the increase in MFI following each round of CRISPR
integration was accompanied by a significant increase in the
XDH copy number (p < 0.01), with about 4 additional XDH
copies being introduced in the highest expressing clone per
round (Figure 5B). Note that within the CRISPR Round 2
library, the best clone, FW707, was confirmed to have two
more copies than the second-best clone (p < 0.05) highlighting
the superb resolution of yICS for identifying subtle changes in
POI expression level. The best clones from each CRISPR
round were then evaluated for their XDH activity in vitro (see
Methods), revealing a 2−4 fold increase in activity with each
round of XDH integration (p < 0.05) (Figure 5C). Taken
together, these results demonstrate the ability of yICS to
rapidly and accurately identify clones of interest based on
protein expression level, reducing the library size to more
manageable levels that allow further pathway evaluation using
more direct, but typically lower throughput, functional assays
such as fermentation.

Figure 6. High-expressing XDH clones identified by yICS screening demonstrate enhanced performance during anaerobic xylose fermentation. (A)
Concentrations of xylose (top panel), xylitol (middle panel), and ethanol (bottom panel) at indicated time points during fermentation. (B) Xylitol
and (C) ethanol generated at 96 h of fermentation per xylose consumed (w/w). (D) Relative ethanol yield versus the relative XDH MFI normalized
to FW439 for each strain fit with a two-phase association model. Data in A, B, and C represent mean ± standard deviation, n = 2; statistical
comparisons computed by one-way ANOVA followed by post hoc Tukey’s pairwise comparisons, ***p < 0.001.
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Accordingly, the selected strains FW706 and FW707 were
next subjected to low-throughput anaerobic xylose fermenta-
tion to compare their performance to the FW439 parental
strain. While strains with higher XDH expression had a slightly
increased rate of xylose consumption (Figure 6A, top), xylitol
accumulation was significantly reduced (Figure 6A, middle),
signifying increased in vivo activity of XDH. Specifically, xylitol
accumulation was reduced by 24% in FW707 compared to
FW439 upon xylose depletion (96 h) (0.516 versus 0.390 g/g
xylose consumed, Figure 6B). More importantly, increased
XDH expression led to improved ethanol production (Figure
6A, bottom) with FW707 achieving a 33% increase in ethanol
yield compared to FW439 (0.280 versus 0.210 g/g xylose
consumed, Figure 6C). While these data clearly demonstrate
that the XDH activity is indeed a bottleneck in the pathway,
they raise the question of whether further increases in XDH
activity can continue to drive efficient increases in ethanol
yield. To this end, the relative MFI of XDH was plotted against
the relative ethanol yield for each strain (Figure 6D). While the
number of data points is small, these data indicate that further
XDH integrations will likely lead to diminishing returns and
suggest the use of alternative strategies beyond tuning XDH
expression to achieve further improvement of xylose-to-ethanol
conversion. Taken together, these results demonstrate that the
knowledge of protein expression level, as provided by yICS,
can give significant insights into clone performance and
highlight the use of yICS in the pathway engineering pipeline
as a versatile tool that can fulfill both rapid screening as well as
detailed strain characterization.
In conclusion, there is an unmet need for methods that can

facilitate rapid library screening when desirable cellular
phenotypes cannot be directly linked to fluorescence or
growth advantages. While screening approaches based on
protein expression level or activity can be a reliable indicator of
cellular performance, current methods for measuring these
parameters in yeast, such as Western blot or in vitro activity
assay, do not have the throughput to handle large libraries. To
this end, we developed and demonstrated for the first time a
flow cytometric approach that enables the rapid detection and
quantification of yeast intracellular POIs via antibody staining
with little (Figure 4B,C) to no (Figure 3A) POI modification.
The compatibility of this yICS approach with multiwell plate
format enabled the rapid identification of rare (∼1%), high-
XDH producers from a library of XDH integrants (Figure 5A),
a feat that would have been especially tedious using Western
blot or in vitro activity assay. Furthermore, the single-cell
resolution of flow cytometry coupled with the diversity of
available fluorophores enables multiplexed characterization of
several POIs simultaneously (Figure 4B,C), revealing valuable
information on population heterogeneity and the relative ratio
of multiple enzymes in individual cells. In addition to the
applications presented here, the dual capability of yICS to
perform detailed characterization as well as rapid screening
opens up numerous opportunities. For example, pathway flux
can now be maximized by tuning the ratios of multiple
enzymes simultaneously, greatly expediting the clonal selection
process. For these reasons, we believe that the yICS method
developed here is useful whenever a sensitive, high-throughput,
and quantitative measurement of intracellular proteins is
required.

■ METHODS

Strains, Plasmids, Reagents, and Cell Culture Con-
ditions. The strains and plasmids used in this study are
summarized in Table S1. All yeast strains were constructed
from S. cerevisiaeW303−1a (ATCC 208352) as described in SI
Methods. PCR primers were synthesized by Integrated DNA
Technologies (Coralville, IA) and are listed in Table S2. All
chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO) unless specified otherwise. Nonplasmid-
bearing yeast strains were grown in either YPAD medium (10
g/L yeast extract, 20 g/L peptone, 100 mg/L adenine sulfate,
20 g/L glucose), YPAX medium (10 g/L yeast extract, 20 g/L
peptone, 100 mg/L adenine sulfate, 20 g/L xylose), or yeast
synthetic complete (SC) medium (1.67 g/L of yeast nitrogen
base (Difco, Detroit, MI), 5 g/L ammonium sulfate, 20 g/L
glucose, 100 mg/L adenine sulfate, and 0.64 g/L of CSM (MP
Biomedicals, Solon, OH)). Plasmid-bearing yeast strains were
grown in appropriate SC dropout medium (same recipe as SC
medium except that CSM dropout powder was used in place of
the CSM powder). Yeast cells were grown at 30 °C in an
orbital shaker at 225 rpm unless specified otherwise. Cell
concentrations were determined as OD600 measurements using
a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale,
CA) and standard curve (1 OD600 is calibrated to equal 25
million cells). All centrifugation steps were performed at 3200g
for 3 min.

General yICS Procedure. To perform cell wall removal in
96-well plate format, yeast strains were seeded directly from a
single colony into individual wells of the plate and grown for
16 h at 30 °C without shaking. For strains grown in SC or SC
dropout medium, colonies were diluted 10-fold before seeding
to ensure growth OD600 < 3.7. Aliquots of 5 million cells (0.2
OD600) were then transferred to wells of another 96-well plate,
pelleted, and resuspended in 200 μL of 30 mM TCEP (Bond-
Breaker Thermo Fisher Scientific, Waltham, MA) to reduce
disulfide bridges and loosen the cell wall. After incubation at 30
°C without shaking for 20 min, cells were washed once in
Milli-Q water (18.2 mΩ cm at room temperature),
resuspended in 200 μL TMS buffer (50 mM Tris-HCl pH
7.4, 5 mM MgCl2, 1 M sorbitol) with 3 mM TCEP and 1280
U/mL of lyticase from Arthrobacter luteus and incubated at 30
°C without shaking to initiate cell wall removal. To observe the
progress of cell wall removal, cells were taken at desired time
points and imaged using a Leica TCS SP8 MP inverted
confocal microscope (Leica Microsystems, Wetzlar, Germany)
in differential interference contrast (DIC) mode. After 60 min
of lyticase treatment, the resulting spheroplasts were washed
twice with 1 M sorbitol and fixed in 200 μL 1 M sorbitol with
0.5% formalin for 30 min at room temperature.
The formalin-fixed spheroplasts were then permeabilized in

200 μL saponin-based permeabilization buffer (eBioscience,
San Diego, CA) for 30 min at room temperature, pelleted, and
stained with primary antibodies at desired concentrations in 50
μL permeabilization buffer for 1 h at room temperature. If a
secondary antibody staining was required, spheroplasts were
then washed twice in 200 μL permeabilization buffer,
resuspended in 50 μL of permeabilization buffer containing
the secondary antibody at the desired concentration, and
incubated for 1 h at room temperature. After washing twice in
200 μL permeabilization buffer, spheroplasts were resuspended
to 0.5 million spheroplasts/mL in flow buffer (PBS pH 7.4,
0.5% bovine serum albumin) for flow cytometry analysis on
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either a MoFlow Astrios cell sorter (Beckman Coulter,
Indianapolis, IN) or an Attune flow cytometer (Applied
Biosystems, Foster City, CA). Flow cytometry data were
analyzed using FlowJo (FlowJo LLC, Ashland, OR).
The 1280 U/mL lyticase concentration used for cell wall

removal and the 0.5% formalin concentration used for
spheroplast fixation were optimized for the specific system
reported in this study as detailed in Figure 2 and Figure 3.
Note that both concentrations should be optimized under new
experimental conditions such as when investigating a different
yeast strain or cell culture condition as detailed below.
Optimization of Lyticase Concentration. Five million

(0.2 OD600) yeast cells grown from each new culture
conditions are transferred to wells of a 96-well plate, and the
cell wall removal protocol is performed as described above
except for the following changes: (1) the lyticase digestion step
is performed in 200 μL TM buffer without sorbitol (50 mM
Tris-HCl pH 7.4, 5 mM MgCl2) to promote spheroplast lysis,
(2) varying concentrations of lyticase is added to the TM
buffer, and (3) during lyticase digestion, the OD600 of the cells
is measured and recorded every 30 s using a SpectraMax M5
plate reader at 30 °C with shaking to prevent cell settling. The
OD/ODinit values are then evaluated to determine the optimal
lyticase concentration as illustrated in Figure 2.
Optimization of Formalin Concentration via Detec-

tion of Yeast Housekeeping Proteins. After cell wall
removal, spheroplasts are fixed with varying concentrations of
formalin. Formalin concentrations of 0.5%, 1%, 2%, or 4% are
commonly used in literature for different types of cells.70,71

Note that other fixation reagents could also be considered.72,73

Formalin-fixed spheroplasts are then permeabilized and stained
for housekeeping proteins such as GAPDH and β actin as
described above. The fluorescence intensity of housekeeping
proteins and the autofluorescence intensity of the isotype
control are next evaluated to determine the optimal formalin
concentration as illustrated in Figure 3A. In this study, 20 μg/
mL of either mouse anti-GAPDH antibody (clone MA5−
15738, Invitrogen, Waltham, MA), mouse anti-β actin
antibody (clone MA1−744, Invitrogen), or mouse IgG1κ
isotype control (clone P3.6.2.8.1, eBioscience) were used as
the primary antibodies; 2 μg/mL of PE-conjugated goat anti-
mouse antibody (clone Poly4053, BioLegend, San Diego, CA)
was used as the secondary antibody.
Detection and Characterization of XR, XDH, and XK.

To detect XR, XDH, and XK enzymes all at once, the general
yICS procedure was performed for W303−1a, FW439, 3-
plasmid, and 1-plasmid strains as described above using a
primary antibody cocktail containing 20 μg/mL each of PE-
conjugated anti-His (clone J095G46, BioLegend), biotin-
conjugated anti-c-Myc (clone 9E10, BioLegend), and Alexa-
fluor647-conjugated anti-HA (clone 16B12, BioLegend).
Secondary antibody staining was performed with 2 μg/mL
PE-Cyanine7-conjugated streptavidin (eBioscience). MATLAB
(MathWorks, Natick, MD) was used for three-dimensional
visualization of flow cytometry data.
yICS Screening of CRISPR Integration Library. FW439

was first transformed with p414-TEF1p-Cas9-CYC1t (Table
S1) encoding a Cas9 expression cassette (a gift from George
M. Church, Addgene plasmid #43802) and plated on SC-TRP.
A single colony was picked from the plate and transformed
simultaneously with p426gRNA-Delta (Table S1) encoding
the guide RNA targeting the yeast δ site and linearized donor
DNA containing the XDH expression cassette flanked by δ

sites produced from PCR amplification of p426-d-XDH-d
(Table S2). Transformants were plated on SC-TRP-URA.
FW439 and 95 transformants were subjected to the yICS
procedure using 20 μg/mL of Alexafluor647-conjugated anti-
HA. The clone with the highest XDH expression was
designated FW706. A second round of XDH integration into
FW706 was performed as described above but with gRNA
plasmid p423gRNA-Delta (Table S2). Transformants were
plated on SC-TRP-HIS and screened using yICS to yield the
best clone FW707.

Characterization of High XDH-Expressing Clones
Selected by yICS Screening. The copy number of the
XDH gene in strains FW439, FW706, and FW707 was
determined using quantitative PCR (qPCR) by comparing the
CT values of the XDH gene to the reference gene
phosphoglucose isomerase (PGI1) using previously described
methods.74 qPCR was performed on 7900HT (Applied
Biosystems, Warrington, UK) with SYBR Green qPCR Master
Mix (Applied Biosystems, Warrington, UK) containing 200
nM of qPCR primers (Table S2) and 200 ng genomic DNA
isolated from each strain using the Wizard Genomic DNA kit
(Promega, Madison, WI).
The in vitro XR, XDH, and XK activities were evaluated

using the cell lysates of strains FW439, FW706, and FW707
prepared by Y-PER treatment (Yeast Protein Extraction
Reagent, Pierce, Rockford, IL) following the manufacturer’s
protocol. Protein concentrations in cell lysates were
determined using the BCA Protein Assay Kit (Thermo Fisher
Scientific) following the manufacturer’s protocol. Enzyme
activities were determined by adapting previously described
methods.75−77 Briefly, enzyme reactions were carried out at
room temperature in 96-well plates in a total volume of 200
μL. XR activity was evaluated in 50 mM potassium phosphate
buffer (pH 7), 350 mM D-xylose, 0.02 mM NAD(P)H, and 50
μg cell extract; XDH activity was evaluated in a reaction
mixture containing 50 mM Tris buffer (pH 9), 300 mM xylitol,
2 mM NAD+, and 25 μg cell extract; and XK activity was
evaluated in 50 mM Tris buffer at pH 7.5 containing 2 mM
magnesium chloride, 8 mM sodium fluoride, 2 mM ATP, 1
mM phosphoenolpyruvate, 3 mM red glutathione, 0.3 mM
NADH, 10 units of pyruvate kinase, 10 units of lactate
dehydrogenase, 5 mM D-xylulose, and 10 μg cell extract.
Reduction of NAD+ to NADH was monitored continuously by
absorbance measurements at 340 nm for 5 min using a
SpectraMax M5 plate reader. The absorbance change per
minute (ΔA min−1) was divided by the molar absorptivity of
NAD(P)H (6.22 cm−1 mmol−1) to calculate substrate
consumption per minute. One unit of enzyme activity is
defined as the amount of enzyme that reduces 1 μmol of NAD+

per minute in the reaction conditions described above.
The xylose-to-ethanol conversion capability of FW439,

FW706, and FW707 was evaluated using anaerobic fermenta-
tion at 30 °C and 225 rpm. Ten OD600 of yeast cells were
inoculated into anaerobic YPA medium containing 55 g/L
xylose with 0.01 g/L ergosterol and 0.4 g/L Tween-80 in an
anaerobic chamber and sealed in serum bottles with butyl
rubber stoppers. The glucose, xylose, xylitol, glycerol, acetate,
and ethanol concentrations of fermentation samples were
analyzed at indicated time points by high performance liquid
chromatography (HPLC, Agilent Technologies 1200 Series,
Santa Clara, CA) equipped with a refractive index detector and
a Rezex ROA Organic Acid H+ (8%) column (Phenomenex
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Inc., Torrance, CA). The column was eluted with 0.005 N
H2SO4 flowing at 0.6 mL/min at 60 °C.
Statistical Analysis. Data are expressed as mean ±

standard deviation. Means were compared by one-way
ANOVA followed by post hoc Tukey’s pairwise comparisons
using the software package Prism (GraphPad Software, San
Diego, CA). Significance is indicated by *p < 0.05, **p < 0.01,
***p < 0.001.
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