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1 Introduction

Recombinant protein linker production as a basis
for non-invasive determination of single-cell yeast
age in heterogeneous yeast populationsy

Marco Eigenfeld, ©2 Roland Kerpes® * and Thomas Becker (&

The physiological and metabolic diversity of a yeast culture is the sum of individual cell phenotypes. As well
as environmental conditions, genetics, and numbers of cell divisions, a major factor influencing cell
characteristics is cell age. A postcytokinesis bud scar on the mother cell, a benchmark in the replicative
life span, is a quantifiable indicator of cell age, characterized by significant amounts of chitin. We
developed a binding process for visualizing the bud scars of Saccharomyces pastorianus var.
carlsbergensis using a protein linker containing a polyhistidine tag, a superfolder green fluorescent
protein (sfGFP), and a chitin-binding domain (His6-SUMO-sfGFP-ChBD). The binding did not affect yeast
viability; thus, our method provides the basis for non-invasive cell age determination using flow
cytometry. The His6-SUMO-sfGFP-ChBD protein was synthesized in Escherichia coli, purified using two-
stage chromatography, and checked for monodispersity and purity. Linker-cell binding and the
characteristics of the bound complex were determined using flow cytometry and confocal laser
scanning microscopy (CLSM). Flow cytometry showed that protein binding increased to 60 455 + 2706
fluorescence units per cell. The specific coupling of the linker to yeast cells was additionally verified by
CLSM and adsorption isotherms using yeast cells, E. coli cells, and chitin resin. We found a relationship
between the median bud scar number, the median of the fluorescence units, and the chitin content of
yeast cells. A fast measurement of yeast population dynamics by flow cytometry is possible, using this
protein binding technique. Rapid qualitative determination of yeast cell age distribution can therefore be
performed.

chronological life span is the survival time of nondividing cells
in a population,” while the replicative life span is the number of

Aging is defined as “a persistent decline in the age-specific fitness
components of an organism due to internal physiological deteri-
oration”." It is a complex physiological process that involves the
decreased ability to adapt to environmental changes, leading to
increased morbidity and mortality.> Aged cells are less resistant to
endogenous and exogenous stressors.® For example carbonyl stress
results in a decline in reproductive capacity as stated by Semchy-
shyn et al.* Dietary conditions with reduced glucose concentrations
of 0.5% results in an increase of aging potential.® In yeast, physi-
ological function is related to cell viability and vitality. Viability is
the percentage of living cells in a yeast population, while vitality is
a measure of physiological cell capability, and is an important
indicator for expressing the physiological state of yeast cells.®

In the analysis of cell aging, it is important to distinguish
between chronological and replicative life spans. The
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generative events which occur during the life cycle.*® The
following characteristic morphological and physiological
changes occur during aging: decreased metabolic activity, an
increased number of bud scars, a decrease in the number of
single budding events, and increased cell size.'*"

In the absence of exogenous stressors, the life span of a yeast
cell is governed by replicative events and the accumulation of
extrachromosomal ribosomal DNA circles, mitochondrial
defects, protein oxidation, and decreases in the length of telo-
meres, which protect chromosomes from degradation.'>*?
Mitochondrial defects result in an accumulation of reactive
oxygen and nitrogen species (RONS), which are produced by
endogenous metabolic processes. An imbalance between RONS
production and metabolization leads to DNA damage."* During
the aging of yeast cultures, some proteins, such as alcohol
dehydrogenase 1, are oxidatively modified, reducing their in
vivo activity and therefore reducing the replicative lifespan.” A
detailed summary of the impact of exogenous and endogenous
stress conditions on aging is given by Eigenfeld et al.*®

Yeast cells are usually exposed to multiple exogenous
stressors that reduce cell viability and vitality. These exogenous
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stressors include osmolality, which causes cells to contend with
high concentration gradients of, for example, glucose, a potent
inhibitor of cellular respiration (the Crabtree effect).” Low
pH,*®* the presence of denaturing substances such as ethanol
or acetaldehyde,” and deviations from optimal growth
temperatures have also been reported.*

Micromanipulation is often used for determining the repli-
cative yeast age in a research environment. The technique
involves the separation of mother and daughter cells for
budding events, and analysis of the aging characteristics of the
mother cell using single-cell observation under a microscope.***
This approach is time consuming and therefore not suited to
high-throughput analysis, which is why published studies using
micromanipulation were limited to a maximum of 19 budding
cells analysed® or an analysis time of five and a half hours for
120 cells.”® Another approach is the use of a centrifugal elutri-
ator, which separates mother and daughter cells using centrif-
ugal forces.”*** Due to the focus on senescent cells, in the study
of Woldringh,** no information about age distributions is given.
A more recent method is the use of microfluidic devices.>**”
These devices retain mother cells and flush away daughter cells,
allowing a single-cell aging analysis of a maximum of 8000
mother cells over their whole lifespan, whereas no information
about daughter cells can be obtained. Due to these disadvan-
tages, none of these techniques is suitable for a high-
throughput analysis of yeast cell age. Methods such as micro-
manipulation do not provide real-time information, which
makes them unsuitable for industrial applications. Methods of
rapidly processing large numbers of cells, which are less
disruptive than the centrifugal elutriator, are therefore prefer-
able. Flow cytometric methods have recently been developed as
an alternative. These methods do not directly assess yeast age
but offer the possibility of high-throughput screening,
including real-time analysis. To date, there is one flow cyto-
metric approach which has been used for determining the
mean population age, but none for directly determining the age
of single yeast cells. Powell et al. reported a staining method for
chitin based on fluorescein isothiocyanate (FITC)-labeled wheat
germ agglutinin (WGA), evaluated using microscopy.’® Kurec
et al. used fluorescein isothiocyanate labelled wheat germ
agglutinin (WGA-FITC) for the first time to analyze the mean
yeast cell age in populations by flow cytometry.?® The technique
presented by Kurec et al., which takes into account the inter-
connection between mean fluorescence intensities and mean
bud scar number and the transfer toward fermentation
processes is valuable, although there are still some limitations.
For example, this approach does not consider non-Gaussian age
distributions or yeast cell autofluorescence. Moreover, fewer
yeast cells are analyzed for the calibration curve. WGA-FITC
cannot be used for further applications such as yeast separa-
tion or manipulation, due to the lack of necessary binding tags.

Novel targets and methods of determining the age of yeast
cells are required to overcome these difficulties. One such target
is the number of bud scars, which can act as a characteristic
marker of replicative aging. Limited budding events occur
before the onset of replicative senescence. During each cytoki-
nesis event, a bud scar, largely composed of chitin is formed on
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the cell surface. Molecules, especially proteins such as serpen-
tine, vermiform, and resilin, with chitin-binding domains
(ChBDs) interact with chitin molecules.?*** ChBDs are widely
used to study chitin distributions in Drosophila melanogaster.>
Various potential reporter molecules that selectively bind to
chitin can be used in fluorescence labeling for flow cytometry.*
Other applications of ChBDs include their use as tags for
purifying proteins from different species,* or as targets for
primary antibodies in different immunostaining/immobilizing
techniques.** The first chitin staining experiments were per-
formed using Calcofluor white,**® which stains bud scars as
well as cell walls.?” However, none of these established methods
have yet been successfully adapted for high-throughput yeast
age determination of individual cells.

Yeast cultures play a critical role in many industrial
processes, including the production of refined fermented
products such as beer and ale,*® wine,* bioethanol* and the
synthesis of recombinant proteins.**™** The physiological state
of each cell is of vital importance to the performance of these
processes. Especially in cases of continuous fermentation, or
yeast cultures being reused batch-wise, as in industrial beer
fermentations, the percentage of non-vital cells in outflows** or
foam,* increases significantly. The impact of the singular age
on fermentation performance is still unknown.

In this study a non-invasive method as basis for determining
single-cell yeast age, using fluorescence-coupled flow cytometry,
was developed. A limitation of the study is the focus on single
cells such as Saccharomyces pastorianus (S. pastorianus) yeasts or
other bottom-fermenting yeast strains; its effectiveness for
budding cells or cell aggregates remains to be analyzed. The
advantages of our method include high-throughput, its non-
invasiveness, and the ability to perform real-time investigation
of whole-yeast cultures used in industrial processes.

2 Experimental

2.1 Strain and strain maintenance

Escherichia coli Top10 (catalog #C404010; Invitrogen, Carlsbad, CA,
USA) was used for cloning experiments. E. coli BL21 (DE3) (New
England Biolabs [NEB] catalog #C2527I; Ipswich, MA, USA) was
used for protein overexpression; the strain was stored in glycerol at
—80 °C. E. coli DH5 o. (New England Biolabs [NEB] catalog #C29871;
Ipswich, MA, USA) was used for adsorption experiments.

In addition, we used the bottom-fermenting yeast strain
Saccharomyces pastorianus var. carlsbergensis TUM 34/70 in this
study. The strain was grown on yeast extract peptone dextrose
(YPD) agar plates (10 g L' of Bacto yeast extract, 20 g L~ " of Bacto
peptone, and 20 g L ™" of glucose, and 15 g L™ " agar) for 48 h.

For the analysis of different aged yeast cell samples, 10 mL of
YPD liquid medium was inoculated with S. pastorianus to a cell
concentration of 1 Mio cells per mL yeast, measured by optical
density, each day for nine days.

2.2 Cloning experiments

The pET28b(+) small ubiquitin-like modifier (SUMO) plasmid,
which codes for a His-tagged SUMO gene, was obtained from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Martin Haslbeck (Technical University of Munich, Germany)
and used as a ligation backbone, in addition to a gene coding
for superfolder green fluorescent protein (sfGFP). The pTXB3
plasmid, which codes for the ChBD gene, was a kind gift from
the Institute of Biological Chemistry (University of Vienna,
Austria).*® Using PTXB3 as a template, ChBD was cloned into
pET28b(+) and transformed into E. coli BL21(DE3). The method
is described in the ESI Section 1.1.}

2.3 His6-SUMO-GFP-ChBD synthesis and purification

The His6-SUMO-GFP-ChBD gene was overexpressed in E. coli
BL21 (DE3) regulated by a T7 promotor in a 15 L Biostat C stirring
tank reactor (Sartorius AG, Gottingen, Germany). Bacteria were
cultivated in batches in Terrific Broth medium with a stirrer speed
of 600 rpm and oxygen enrichment of 40% at 37 °C.
His6-SUMO-GFP-ChBD expression was induced at an optical
density of 0.6 at wavelength 600 nm (ODg,) with 1 mM isopropyl-
B-p-1-thiogalactopyranoside. After induction, the temperature was
decreased to 25 °C to prevent the development of inclusion
bodies” and enhance solubility.*® Next, cells were separated from
the residual fermentation broth by centrifugation at 12 000 rpm
for 5 min. The cell pellet was resuspended in lysis buffer, followed
by ultrasound cell lysis (2 x 4 min; cycles 5 x 10%; power 50%).
Protein with a purity of >95% was obtained via two-step purifi-
cation. First, purification of the soluble intracellular protein was
carried out using immobilized metal affinity chromatography
(IMAC) (ESI Fig. S1t). A single elution peak was collected with
a retention volume of 35.8 mL. Subsequently, a second purifica-
tion step was performed using anion-exchange chromatography
(AEC) according to a modified protocol of Malho et al.*

Affinity chromatography with 6 mL nickel-nitrilo triacetic
acid (Ni**-NTA) loaded onto a HiScale chromatography column
was used in an AKTA purifier system (GE Healthcare, Uppsala,
SE, USA). To bind free nickel ions and inhibit protein aggrega-
tion, 2 mM EDTA was added to the target sample after protein
elution with 50% elution buffer. Subsequently, protein solu-
tions were purified using an anion-exchange column (Q-FF).
Fractions containing His6-SUMO-GFP-ChBD were dialyzed
against 20 mM Tris-HCI buffer (pH 8).

For non-purified samples, we measured protein content
according to Bradford.**

For purified samples, protein content was measured photo-
metrically at 280 nm. We therefore compared the absorption of
a defined protein concentration with the absorption of the
denatured protein.”* The extinction coefficient of the native
protein was then calculated using the Lambert-Beer law. The
theoretical extinction coefficient of 44 475 mol™" cm™" was
calculated according to the amino acid sequence.

2.4 Tricine SDS-PAGE

We analyzed chromatography samples using tricine sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (tricine SDS-
PAGE), as described previously.*> Samples of the fast protein
liquid chromatography (FPLC) fractions load, flow, wash, and
elution were loaded onto tricine SDS-PAGE for visualization of
the purification process and size determination. Briefly,

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

proteins were denatured at 70 °C for 10 min in a two-fold
sample buffer and then loaded on 5% acrylamide stacking
gels. Gel running was performed on 10% separating gels under
reducing conditions, and a pre-stained protein marker (broad
range, 10-250 kDa) was used as a reference, with 10 and 20 pL of
reference and samples, respectively.

Two tricine SDS-PAGE cycles were performed by running gels
at 40 mA and 180 V for 4 h. Protein staining of one gel was
performed using Coomassie Brilliant Blue G-250, while the
other gel was electroblotted using a tank blot system.

2.5 Western blotting

To verify successful protein synthesis, western blotting was
performed. Proteins obtained from the 10% tricine SDS-PAGE
gels were transferred to a nitrocellulose membrane using
a tank blot system for 2 h at 100 mA using Towbin transfer
buffer®® and then blocked with skim milk powder (5% skim milk
in 1x Tris-buffered saline) overnight. The blocked nitrocellulose
membranes were successively incubated with anti-his primary
antibody (1:10 000 dilution (mouse, Roche diagnostics, Man-
nheim)) and anti-mouse immunoglobulin G (IgG) secondary
antibodies (1:7500 dilution (goat, Roche diagnostics, Man-
nheim)), coupled with alkaline phosphatase (ALP) for analysis, and
detected using colorimetric visualization with nitro blue tetrazo-
lium and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) solutions.
The gels were blotted and probed with a His-tag-specific antibody.
Quantitation of the purity of the AEC elution fraction >95% was
determined using high-performance liquid chromatography
analysis.* The correct protein size was checked using electrospray
ionization-tandem mass spectrometry (ESI-MS/MS).

2.6 Bud scar staining

Yeast cell suspensions were centrifuged at 1000xg for 1 min. The
supernatant was discarded, and the cells were resuspended in
20 mM Tris-HCI buffer (pH 8). Next, 2 mL of the cell suspension
was washed twice with 20 mM Tris-HCI buffer (pH 8) and diluted
to an ODgg, of 1.0 using 20 mM Tris-HCI buffer. Then, 50 pL of
yeast suspension and 100 pL of 4000 nM protein solution was
mixed to achieve the final concentration of 4.76 x 10”7 nmol per
yeast cell. The cells were gently stirred in the dark for 30 min at
room temperature, harvested by centrifugation at 850xg for
1 min, and washed five times with 20 mM Tris-HCI. Finally, the
stained cell culture was resuspended in 1 mL Tris-HCl. WGA-
FITC was used for comparison.'®*® The yeast cells were washed
in sterile phosphate-buffered saline (PBS) twice, adjusted to an
ODgqo of 0.8, centrifuged, resuspended in 500 pL of 1 mg mL ™"
WGA-FITC solution, incubated for 15 min in darkness, washed in
PBS three times, and centrifuged at 2000 xg. The specific binding
of the protein was examined using flow cytometry and confocal
laser scanning microscopy (CLSM).

The width and length of the cells, of different yeast samples
were analyzed using CLSM image analysis with a Python script.
The number of the visible bud scars in front (%) and on the edge (k)
was counted, and the cell volume (V) of each cell was calculated.
According to the relationship between cell surface area and bud

RSC Adv, 2021, 1, 31923-31932 | 31925
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scar number described by Powell et al.*® the probability of the total
bud scar number (m) can be calculated using Bayes theorem:
P(X =nm, k, V)
_ P(m, k|X =n)xP(V|X =n) xP(X =n)
S P(m, k|l X =i) x PV|X =i) x P(X =)

P(V|X = n) is proportional to the value of the density func-
tion of the normal distribution, hence:

A 1 )

f, = 132.34 + In(n) x 59.41

o: standard deviation of V; u,: mean of continuous V for a given
class n.

At a sample cell number of 9.11 x 10°, the sample corre-
sponds to infinity while a cell number of 300 is considered to be
representative for the cell population. By use of a confidence
interval of 90% (Z-value: 1.65), a margin of error of 0.05 and
a standard deviation of 0.5 (corresponding to the worst-case
scenario) a minimum sample size of 272 cells is necessary.>**®

The non-invasive nature of the process was verified using
methylene blue (MB) staining for viability check over 24 h. One
part yeast suspension was mixed with one part of the buffered
MB solution and incubated for 3 min before counting at least
200 cells. The experimental controls were prepared by replacing
the protein solution with 200 uL of 20 mM Tris-HCl. Each
experiment was performed independently in triplicate.

2.7 Microscopic visualization

We performed a cell viability check by mixing control samples
without an immobilized protein linker, and the same amount of
yeast cells with an immobilized protein linker with 0.1 mg mL ™"
of MB dissolved in a 2% dehydrate sodium citrate solution.
After incubation for 5 min at room temperature, we evaluated
the cell viability using a microscope and a Thoma cell-counting
chamber (0.1 mm depth).

Next, CLSM was performed using an Olympus FV1000 system
(Olympus, Tokyo, Japan) from the Centre for Advanced Light
Microscopy, equipped with 10x, 20x, 40x, and 60X objectives
(numerical apertures = 0.30, 0.50, 0.90, and 1.20). The system
included a blue diode laser with wavelength of 488 nm and an
external transmitted light photomultiplier detector, which enabled
both laser scanning and transmitted light observation. We prepared
yeast samples for flow cytometry measurements. The samples were
loaded on a microscope slide and measured under 4% laser power
(high voltage = 650 V; gain = 1.25; offset = 10%) with simultaneous
transmission light (high voltage = 140 V; gain = 1.00; offset = 0%).

2.8 Statistical analysis

Q-Q plots were used to evaluate whether a normal distribution
was present under the flow cytometric FSC-A and 525-40-A
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parameters. Due to the non-Gaussian particle distribution of
the flow cytometry data, indicated by the Q-Q plots, the median
of fluorescence intensities was used. Because of the non-
Gaussian distribution and the sample number of 20.000 per
flow cytometric measurement, the differences between the
samples were determined using the nonparametric Kruskal-
Wallis test and post hoc Dunn's test using R.>” Kruskal-Wallis is
the alternative test to ANOVA, suited for non-normally distrib-
uted data. Instead, Kruskal-Wallis test is reliable for the
number of observations given by each measurement. Post hoc
Dunn's tests were used, because the Kruskal-Wallis test only
identifies, that a difference between the variables exists, while
the Dunn's test provides information about, which data groups
differ.

Outlier analysis of flow cytometric data was performed using
R and the package mvoutlier® for the removal of values origi-
nating from different sources, such as dust, budding cells or
similar.

2.9 Experimental information

All details about the monodispersity check of the protein solu-
tion and its affinity can be found in the ESI 1.3 and 1.4} as well
as the flow cytometric analysis of the protein binding (1.51) and
the determination of the chitin contents of the yeast cells (1.67).
Briefly, the field flow fractionation method used was based on
the method published by Wyatt Technology Corporation.*
Adsorption isotherms were made by mixing a constant amount
of adsorption material with an increasing amount of protein, as
described by Bathen and Breitbach.®® Chitin determination was
done according to methods published by Dallies et al.** and
Katano et al.®

3 Results and discussion

3.1 Cloning and expression of His6-SUMO-sfGFP-ChBD
genes

A His6-SUMO-sfGFP-ChBD vector was constructed. It included
a polyhistidine tag (His6) for purification using IMAC, a SUMO
for protein solubility and prevention of inclusion bodies,
a superfolder green fluorescent protein (sfGFP) for fluorescence
detection, and a ChBD to recognize the bud scars of the yeast
cells. Amplification products with the expected MW (921 bp),
corresponding to sfGFP and ChBD, were detected in five of the
six clones. Subsequently, DNA sequencing confirmed that the
plasmid sequence and size were correct, and this plasmid was
transformed into chemocompetent E. coli BL21(DE3) cells using
heat shock. One strain was fermented and induced using iso-
propyl B-p-1-thiogalactopyranoside.

The His6-SUMO-sfGFP-ChBD protein was isolated, and
purified using a two-step procedure. The soluble intracellular
protein (340.2 mg) was first purified with IMAC (Fig. S1t) (26.28
mg), then with AEC (Fig. S21), resulting in a flow fraction peak
area of 662.2 mAu mL™ ", corresponding to 86.22% of the entire
peak area, and a protein content of 22.5 mg. The total protein
content of the fermentation was calculated as 75.3 mg L' in
E. coli BL21 (DE3) culture broth, an amount which was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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consistent with previously reported yields.®*** According to the
fluorescence and peak area of the HPLC analysis, the protein
purity was determined >95%.

3.2 Protein characterization

The identity of the protein was verified using SDS-PAGE and
western blot analysis. Fig. S31 shows a visualization of the
protein purification and size determination. PAGE indicated
a predominant band in the IMAC load, with a mass of 54 kDa.
The eluted AEC-fraction solely showed this predominant band,
devoid of any other band. The gel was blotted and probed with
His-tag specific antibodies.

Reaction signals of the western blot were present in all
fractions at a protein size of 54 kDa. The protein size calculated
using tricine SDS-PAGE was slightly above the theoretically
calculated molar mass of 47.23 kDa, corresponding to a devia-
tion of 14%. Superfolder GFP is mainly comprised of B-sheets.
The deviation in protein size may be due to incomplete dena-
turation of the protein, which mainly consists of this struc-
ture.” Remaining buffer salt concentrations also affect the
stability of the native GFP in the tested temperature range of 70—
95 °C resulting in a decrease in the D-value. The D-value
describes the protein stability over the time period to reduce the
initial protein concentration by one decimal logarithm.***” The
protein size calculated by ESI-MS/MS was 47.35 kDa, consistent
with the theoretically calculated molar mass of 47.23 kDa. The
extinction coefficient, used for photometric protein concentra-
tion determination was calculated to be 47 234.79 mol ™" em ™.

To prevent false-positive results due to the binding of dimers
or trimers, polydispersity was evaluated using asymmetric field
flow fractionation. Fig. S41 shows the chromatogram of this
fractionation. In minutes 3-5, the crossflow increased,
increasing the DRI signal and checking the system pressure.
The sample was injected and concentrated in minutes 5-11 in
focus mode. Sample elution occurred at minutes 14-19. Due to
the simultaneous behavior (alignment) of all three detectors,
field flow fractionation can reveal a monodisperse sample. The
polydispersity index, P, which describes the width of the
molecular weight distribution, is calculated by mass average
divided by number average (Myw/M,), producing a value is 1 for
molecularly uniform solutions.®® For the protein solution, the
polydispersity index b was 1.01 £ 0.056, a value consistent with
a homogenous, monodisperse solution. A slight tailing
observed in the signals might have arisen because of salt
deposits from the purification buffer, adsorption effects on the
membrane, the protein concentration, or the large protein size
itself.®*7"*

3.3 Evaluation of specific binding parameters

The specific binding of His6-SUMO-sfGFP-ChBD was deter-
mined using binding experiments. The binding affinities of
His6-SUMO-sfGFP-ChBD to S. pastorianus var. carlsbhergensis
yeast cells, chitin resin (positive control) and E. coli DH5
o (lacking chitin; negative control) were tested (Fig. 1). The
dissociation constants, K; were calculated to be
228.21 + 60.86 nM for chitin resin, and 149.72 + 30.44 nM for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Adsorption isotherms indicating the specific binding of the
protein linker to chitin. 2.1 x 10° yeast cells; positive control: 1200
chitin resin particles; negative control: 8.5 x 107 E. coli DH5 o cells;
calibration curves of the fluorescence intensities plotted against the
protein concentration can be found in ESI S1;¥ N = 3.

the yeast cells. Therefore, gmax values of 1.58 x 10° £ 0.95 x 10°
molecules per um* and 2.45 x 10° 4 0.11 x 10° molecules per
um? could be reached for chitin resin and yeast cells, respec-
tively. The maximal load of yeast cells indicated a maximum
protein mass of 2.01 x 10”7 nmol per yeast cell in the bud scar
staining experiments. The load of chitin resin was 645.5 times
higher than the maximum load of yeast, indicating that the
yeast cells had a surface layer consisting of approximately 0.15%
free chitin, resulting from budding. In comparison E. coli cells
had no significant amount of protein bound. Lastly, WGA had
a Gmayx value of 7.65 x 10° £ 3.47 x 10° molecules per pm> and
a Kp value of 26.66 + 12.079 pM, indicating a 176-fold lower
affinity of WGA toward yeast cells compared to the protein
linker. The Ky, values for ChBD are described in literature as
being in the range 0.6-2.5 uM,”>”* and those for WGA as 57
uM.”” The binding affinity of His6-SUMO-sfGFP-ChBD
measured in this study was higher than previously reported
values. The differences may be due to a lack of knowledge about
the reversibility of the binding procedure.”’” Instead, the used
fit model of Langmuir was used for the calculation of the
parameters of binding because the adsorption follows a Lang-
muir behaviour.”®”®

3.4 Fluorescence-coupled flow cytometry detection of yeast
cells with an immobilized protein linker

The flow cytometric analysis of the labeled and unlabeled yeast
cells was performed by the selective binding of the protein
linker or WGA-FITC followed by three washes and fluorescence
detection. The yeast cells were stained with His6-SUMO-sfGFP-
ChBD at 4.76 x 10”7 nmol per yeast cell to achieve an equilib-
rium mass of 9.48 pg, washed three times with 20 mM Tris
buffer, and detected by flow cytometry. In comparison, the yeast
cells were stained with WGA-FITC according to Powell et al.*®
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Fig.2 Comparison of the front scatter signals (left) and fluorescence signals (right) of three samples of unstained yeast cells (autofluorescence),
yeast cells coupled with sfGFP containing protein linker (His6-SUMO-sfGFP-ChBD) and yeast cells, coupled with WGA-FITC; SUMO, small
ubiquitin-like modifier; sfGFP, superfolder green fluorescent protein; ChBD, chitin-binding domain; yellow line: median of the dataset; box: first
and third quartile; whisker: minimum and maximum excluding outliers detected by the interquartile range.

The Q-Q plots (Fig. S5 and S6t1) indicated the data for the
FSC-A and 525-A data were non-normally distributed, so Krus-
kal-Wallis tests were used to determine the significance of
between-group differences. Q-Q plots are the most widely used
graphic method for the investigation of the normality of data
sets.” The measured values are z-standardized, the theoretical
quantiles are plotted on the x-axis and the actual quantiles on
the y-axis. By including the normality line, which represents the
ideal normal distribution, it can be determined whether the
data is normally distributed. In the case of a normal distribu-
tion, the data would lie on the line or at least within the
confidence interval.® First, the FSC data (Fig. 2, left and
Fig. S8t) of the yeast cells coupled with His6-SUMO-sfGFP-
ChBD (test sample) were analyzed and compared to the refer-
ence (without linker) as well as to the WGA-FITC-labeled yeast
cells. Kruskal-Wallis multiple comparison tests indicated
significant differences between the FSC-A values of the three
samples (p-value =< 0.0001), indicating a significant difference
in the particle size and granularity. A post hoc Dunn Kruskal-
Wallis multiple comparison test with p-values adjusted using
the Holm method showed a more significant difference
between the WGA-labeled yeast cells and the test sample
(p-value = 0.0001) than that between the test and reference
samples (p-value = 0.0001) (Table 1). The significant difference
in particle size and granularity is due to the high number of
particles. A graphical comparison showed that yeast cells with
and without the protein linker exhibited similar morphology
(Fig. S71).

Significant differences were also found in the fluorescence
data at the 525-A channel (Fig. 2, right and Fig. S9t). A compar-
ison of all three samples, the reference sample, a test sample, and
WGA-FITC-labeled yeast showed an increase in median fluores-
cence signal from 21 996 £ 691 fluorescence units per cell to
60 455 £ 2706 in the test sample. WGA-FITC labeled yeast cells
produced a fluorescence signal of 95 482 + 2515. The post hoc
Dunn test indicated a p-value of =<0.0001 between the WGA-
labeled yeast cells and the test sample. The
p-value of the test and reference samples was also calculated to be

31928 | RSC Adv, 2021, 11, 31923-31932

=0.0001. It also can be seen that the autofluorescence signal of
yeast cells overlaps with the signal, measured by both bud scar
staining methods, limiting the possibility to determine yeast cells
with fewer bud scars.

Both bud scar staining methods revealed a significant
increase in fluorescence intensity caused by the protein linker.
However, the 525-40-A detector signals of the yeast cells coupled
with WGA-FITC showed a wide variation in fluorescence signal
compared to the cells coupled with His6-SUMO-sfGFP-ChBD. A
comparison of the histograms also verified that the signals
varied between 1947 and 630 090 fluorescence units per cell in
the WGA-FITC-labeled cells. The His6-SUMO-sfGFP-ChBD
coupled yeast cells varied between 5935 and 367 566 fluores-
cence units. This variation may be addressed with additional
washing steps. Nevertheless, our data demonstrated that both
methods of staining yeast cells resulted in a significant increase
in fluorescence units. Direct comparison of both methods
indicated a fluorescence difference of 35 037 fluorescence units
per cell of the test sample and the WGA-FITC labeled yeast cells,
but also a two-fold higher variation in fluorescence signals.

In contrast to the existing method of Kurec et al, we
compared the fluorescence signal of unstained yeast cells and
stained yeast cells determined using flow cytometry. We showed
a significant increase in the fluorescence signal, caused by the
binding of the protein linker or WGA-FITC. A limitation of both
approaches is that to date, the focus has been on bottom-
fermenting yeast cells. Due to the required single-cell stage,
no analysis of cell aggregates or cell groups, such as top

Table 1 Statistical analysis using the post hoc Dunn test

Adjusted p-value (—)

Comparison FSC-A 525-A

Test sample vs. reference sample 1.73 x 1077 <0.0001
Test sample vs. WGA-labeled yeast 1.06 x 108! <0.0001
Reference sample vs. WGA-labeled yeast ~ 4.26 x 10" <0.0001

© 2021 The Author(s). Published by the Royal Society of Chemistry
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fermenting cells®! is possible because these could lead to clog-
ging of the capillaries. It is therefore unknown, whether there is
the same correlation between the fluorescence signal of chitin
compounds in bud scars and replicative cell age. Further
research into this problem is necessary.

3.5 Microscopic verification of the protein linker binding to
yeast cells

A non-invasive examination using MB staining showed a cell
viability of 97.5% =+ 0.9% in the control sample and 96.8% =+ 1.6%
for yeast cells with an immobilized protein linker. This result
indicates that there was no significant impact of the protein
binding on yeast viability.

Besides the determination of the binding parameters, the
specific coupling of the protein linker to yeast cells was verified
using CLSM. Levels of green fluorescence consistent with
successful protein linker binding was observed (Fig. 3 and
S107). The areas of bud scars were associated with fluorescence
due to protein linker binding, whereas other areas of the cell
surface showed no detectable fluorescence, indicating that the
protein linker bound specifically to chitin in surface scars on
yeast cells. In contrast to Calcofluor white staining,?” which dyes
the cell wall and bud scars, our method stains the bud scars
specifically, as indicated by CLSM. Also, the flow cytometric
applications of Calcofluor white require an excitation wave-
length of 380 nm; thus, special equipment is needed for Cal-
cofluor white staining. In contrast, our method is suitable for
use with standard flow cytometry lasers, which use a wavelength
of 488 nm, most frequently for GFP or fluorescein molecules.
WGA-FITC images (Fig. S11 and S127) also showed specific
labelling of the bud scars, but also higher background level of
signal. The visualized bud scars seemed to be less sharp than
scars stained using the protein linker. Especially for budding
yeast cells, the fluorescence signal was weak due to bud scar

Fig. 3 CLSM images of yeast cells that are successfully coupled with
the His6-SUMO-sfGFP-ChBD protein linker from different cultures.
CLSM, confocal laser scanning microscopy; scale bar indicates 20 um.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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formation. Therefore, budding cells were not included in the
analysis. This signal confirms the higher fluorescence intensity
range, as reported in Section 3.4 and may be avoided by the use
of more washing steps.

The cell surface area can be calculated using the length and
width of the non-budding cells measured from CLSM images.
The cell surface areas were in the range of 131-493 um>. Due to
the lack of stacked imaging on an unmovable object table, the
probability of bud scars occurring on the non-visible cell sides
was calculated using Bayes theorem. Therefore, we estimated
the absolute number of bud scares on the yeast cell from a given
CLSM image via the calculated yeast cell surface according to
the given interconnection of Powell et al.*® Since every cell has
a minimum of one scar, the birth scar, the minimum absolute
bud scar number was set to one. Bayesian statistics have
previously been used in microscopy by Fuchigmi et al.®>*
Outliers were detected using the mvoutlier package of R, using
a multivariate outlier analysis according to Filzmoser and
Gschwandtner.®* The correlation between the mean fluores-
cence intensity and the mean bud scar number was calculated
as y = 5700.20x + 66 841.35, with an R* of 0.45 (Fig. 4), indi-
cating an increase of fluorescence intensity with an increasing
number of bud scars. The correlation between the median
fluorescence intensity and the median bud scar number was
calculated to be y = 4524.46x + 35 976.56 with an R* of 0.82.

Unlike Kurec et al.,”® we used the median because the fluo-
rescence intensity had a non-Gaussian distribution, as deter-
mined using Q-Q plots. Therefore, a better correlation
produced using the median fluorescence was expected. Higher
values of the mean, compared to the median indicated a right
shift of the distribution. We also examined a higher number of
cells per sample, thereby examining a representative part of the
yeast population in our experiments. We could not compare the
calibration curve of Kurec et al. with ours due to the dependency
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Fig. 4 Correlation between the median bud scar number (minimum
300 cells per sample) and median fluorescence intensity (minimum
19.000 cells) of different aged yeast cell populations. Mean bud scar
number and mean fluorescence intensity: R? of 0.45. Median bud scar
number and median fluorescence intensity: R? of 0.82.
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Fig. 5 Correlation between the mean/median bud scar number and
chitin content of yeast cells.

of the fluorescence signals on the instrument settings.
Compared to existing methods, the technique's main advantage
is the possibility of yeast separation or age-dependent flow
manipulation using the polyhistidine tag included in the
protein.

3.6 Chitin determination

To test for an increase of chitin with age, we detected the
amount of chitin in yeast cells of different ages. The chitin
content was determined by the acid hydrolysis of chitin to
glucosamine, which reduces sodium molybdate to form
a molybdosilicate anion. The anion can be detected by
adsorption measurements at 750 nm.*

A calibration curve fit to eight points was determined to be y
= 0.02932x (Fig. S107). According to DIN32645 ** (Deutsches
Institut fiir Normung), the detection limit was calculated to be
1.70 mg chitin (e = 95). By measuring yeast samples of different
ages, a positive correlation between the mean bud scar number
and the chitin content of the yeast cells was shown via linear
regression to be y = 0.83695x + 1.322 with an R of 0.95 (Fig. 5).
A positive correlation between the median number of bud scars
and the chitin content could be shown, with an R* of 0.85. Due
to the presence of chitin components within the cell walls, the
regression curve did not run through the origin. Accordingly,
the assay showed that the yeast cells contained an average of
1.322% chitin. Hence, we could show for the first time that every
bud scar appears to results in a significant increase in the chitin
content of a yeast cell.

4 Conclusions

ChBD binding is reversible.** Immobilization of ChBD to bud
scars of yeast cells is non-invasive, and does not affect cell
viability. Non-invasiveness is important to avoid changes in
stress related autofluorescence. Furthermore, viability is
important for the reuse of analyzed cells after cell sorting. One
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additional advantage is the high affinity of ChBD to chitin, and
the coupling of the protein with sfGFP for subsequent detection
by fluorescence microscopy and flow cytometry. In comparison
to established protocols in the literature, the included
polyhistidine-tag can be used for either purification or further
applications such as immobilization of coupled yeast cells to
solid surfaces for age-sorting. As demonstrated, a combination
of this binding process with fluorescence-coupled flow cytom-
etry has many advantages. We showed that the binding of His6-
SUMO-sfGFP-ChBD to yeast cells resulted in a correlation
between the median fluorescence intensity and median bud
scar number. We also demonstrated a correlation between the
chitin content and the number of bud scars on the yeast cells.
Therefore, every bud scar probably results in a significant
increase in the chitin content of a yeast cell. Our method is the
basis for providing detailed insights into the age distribution in
heterogeneous yeast cell populations, enables the determina-
tion of the impact of stress on yeast age distribution in indus-
trial processes,*” and provides data about the replicative cell
age-vitality interconnection.®® The method on hands will be
used in industrial processes of brewing and wine-fermentations
to analyze the interconnection between the fermentation
performance or fermentation duration and the yeast cell age
distribution. In industrial processes, the determination of yeast
cell age distributions will provide a deeper understanding of
yeast dynamics, and ways in which to refine quality.*® Further
research tests the reliability to other yeast strains, enabling
applications in other processes e.g. bakeries. Furthermore
a deconvolution of the fluorescence signal and the auto-
fluorescence signal of yeast cells is necessary before directly
assess single cell replicative age. Our method provides a basis
for determining the replicative age of yeast cells and offers
a wide range of further possibilities for basic research, such as
the interconnection between cell age and the fermentation
power of aroma formation. Additionally, our approach is the
basis for analyzing the singular cell age and the importance to
process performance.
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