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Abstract

Proteins are the one of the key components of cellular life that play a crucial role in most
biological processes. Therefore, quantification of protein copy numbers is essential for revealing
and better understanding of cellular behaviour and functions. Here we describe a single-
molecule fluorescence-based method of protein copy numbers quantification directly in living
cells. This enables quick and reliable estimations and comparison of protein of interest

abundance without implementing large-scale studies.
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1. Introduction

Proteins are one of the main functional components of cells. Protein abundance is the key in
regulation of protein-protein and protein-nucleic acids interactions as well as enzymatic
reactions which comprise most biological processes. This makes quantification of protein copy

numbers essential for revealing and better understanding of cellular behaviour and functions.

Initially, methods for protein numbers estimation relied on gene expression measurements,
such as microarray hybridisation (1). However, protein homeostasis resembles a balance
between protein production, including mRNA processing and translation, and degradation.
Therefore, reliable quantification can be obtained only by counting protein numbers directly.
Multiple large-scale high-throughput studies on eukaryotic proteome, mainly that of the

budding yeast Saccharomyces cerevisiae, have been performed using various methods. This



includes quantitative mass spectrometry, western blotting, fluorescence-based methods, such as

wide field and confocal microscopy approaches as well as flow cytometry (2-8).

We report an easy manual method based on a single-molecule fluorescence data, which allows
for a quick estimation of protein numbers in living eukaryotic cells. We have applied such an
approach to the Cti6 protein of the chromatin remodelling system in the budding yeast S.
cerevisiae. Cti6 is a component of the large histone deacetylase complex Rdp3L and participates
in multiple cellular processes including iron tolerance and metabolism maintenance (9). Cti6
plays an important role in gene expression regulation via its binding to the SAGA activator
complex (10). Moreover, Cti6 has been reported to convert one of the largest repression

machineries, the Ssn6-Tup1 global co-repressor complex, into an activator (9, 11).

Here we report in detail all necessary steps to estimate molecular copy numbers of a protein of
interest in living yeast S. cerevisiae cells based on the fluorescent signal. We describe
endogenous genomically integrated labelling of the Cti6 protein with a monomeric form of
GFP, mGFP, which contains the A206K point mutation (12). We used a super-resolution
Slimfield microscopy set-up to visualise Cti6-mGFP directly in living cells. We then applied
previously reported MATLAB code (13, 14) to track fluorescent complexes and estimate
intensity of a single fluorescent molecule. We then show how these data can be used to estimate

Cti6 copy numbers per cell.

2. Materials



2.1 Yeast strains

1. The BY4741 wild type yeast S. cerevisiae cells, pmGFPS plasmid (14) (HIS3,

GFPmut3 S65G, S72A, A206K).

2. 40% (w/v) glucose solution.

3. Yeast Nitrogen Base (YNB) media (with complete amino acid supplement
and -his): 1.7 g/l yeast nitrogen base without amino acids and (NH4).SOs, 5 g/1
(NH4)2SOs, complete amino acid supplement or -his amino acid supplement
as indicated by manufacturer, pH 5.8-6.0, supplemented with 4% w/v glucose
(added after autoclaving). To prepare YNB plates, add 20 g/l agar before

autoclaving.

4. Yeast Peptone Dextrose (YPD) liquid medium (10 g/l yeast extract, 20 g/l
bacto-peptone) supplemented with 4% w/v glucose (added after

autoclaving). To prepare YPD plates, add 20 g/l agar before autoclaving.

5. Phusion high fidelity DNA polymerase 2U/ul kit, ANTP mix.

6. Primers: [Fig 1 near here] for mGFP::his3 fragment amplification, Forward
(Fw) and Reverse (Rv) primers contain ~16-20 bp of the 5" and 3’ ends,
respectively, of the mGFP::his3 fragment from pmGFPS plasmid plus ~50bp
sequences up- (Fv) and downstream (Rv) of the Cti6 STOP codon (Fig. 1a).

For the conformation PCR, Forward (Fconf) and Reverse (Rconf) primers are
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sequences of ~16-20 bp
located at the 3’ end of the
CTI6 gene and 5' end of the

mGFP::his3 (Fig. 1b).
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Fig. 1 Primer design for (a) amplification of a
mGFEP::his3 fragment for further genomic integration to
label the Cti6 protein and (b) verification of a correct
insertion of the fluorophore sequence.

50% w/v PEG-4000 solution in water.

10 mg/ml single strand DNA (we use salmon sperm DNA).

0.02% SDS solution in water.

Standard epifluorescence microscope. We used Zeiss Axio Observer.Z1

inverted microscope with Apotome and Axiocam 506 345 camera, and a Plan-

Apochromat 100x/1.40 Oil DIC M27 objective.

2.2 Super-resolution microscopy



1. We utilised the super-resolution fluorescence Slimfield microscope, with ~6
W/em? excitation intensity directed onto a sample, 50mW Obis 488 nm laser,
100x 1.49 TIRF 1.49 NA oil immersion objective, EMCCD camera (Prime 95B

scientific CMOS; Teledyne Photometrics) with 50 nm/pixel magnification (14,

15).
2. 125 pl Gene Frames.
3. Plasma-cleaned BK7 glass microscope coverslip (22 x 50 mm).
4. 2x YNB complete liquid medium supplemented with 8% w/v glucose.

o1

2% agarose solution in Milli Q water.

2.3 For the computational analysis, we used a combination of MATLAB, Image] FiJi and

Excel software.

3. Methods

3.1 Fluorescent labelling of the Cti6 protein

1. Streak the BY4741 wild type cells from a frozen stock, using a sterile pipette

tip on a freshly prepared YPD plate, and incubate at 30 °C for at least 24 h.

2. Set a culture in a 14 ml tube by inoculating 3 ml of YPD with cells grown a

YPD plate. Incubate at 30 °C, 180 rpm, overnight.



Amplify the mGFP::his3 fragment from the pmGFPS plasmid (14) by using
Fw and Rv primers, dNTP mix and Phusion high fidelity DNA polymerase
2U/ul kit as recommended by manufacturer. With following PCR

programme:

Initiation 98.0°C  -30 sec
Denaturation ~ 98.0°C —10 sec
Annealing 60.6°C —20 sec 30 cycles
Elongation 72.0°C -60 sec
Final elongation 72.0°C -5 min

Keep at 4°C

Verify the size of the fragment (here ~1920 bp) on 0.8% agarose gel by mixing
5 ul of a PCR reaction mix with 1 ul of 6x Loading Dye and applying onto a
gel (100V, 25 min in 0.5x TAE buffer). Use 1kb DNA ladder as a reference for

the size of the amplified fragment. Store at -20°C until further use.

Inoculate 50ml of YPD medium with the overnight culture to the final ODsoo

~0.2. Grow until mid-logarithmic phase, ODsow ~0.7-1.0.

Transform the culture with 70 ul of the PCR mix containing mGFP::his3
fragment by standard LiAc protocol (16). In brief, mix 50 pl of washed with
water and then 100 mM LiAc cells with 240 ul of 50% w/v PEG-4000, 36 ul of

1M LiAc, 5 pl of 10 mg/ml salmon sperm DNA and 70 ul of the PCR mix



containing mGFP::his3 fragment. Incubate the entire mix at 30°C for 30 min,
then heat-shock at 42°C for 25 min. Wash (Note 1) and plate the

transformation mix onto YNB-his plates. Incubate at 30°C for 3 days.

6. Confirm the colonies for the green signal under the microscope. We used
Zeiss Axio Observer.Z1 inverted microscope with Apotome and Axiocam 506

345 camera, and a Plan-Apochromat 100x/1.40 Oil DIC M27 objective.

7. Verify correct integration of the mGFP::his3 fragment by confirmation PCR

(in detail below).

8. Streak correct clones on a new YNB-his plate (Note 2), incubate for 24 h at
30°C. Store at 4°C. For longer storing, collect grown cells, mix in a cryo tube

with 1ml of YP+20% glycerol solution, put into -80°C freezer.

3.2 Confirmation PCR

1. Extract genomic DNA: take a bit of a transformant into 20 pl of 0.02% SDS,
heat at 98°C for 3 min. Spin down at 6000 rpm, 10 sec. Mix 10 ul of the

supernatant with 10 ul of MiliQQ water.

2. Perform PCR using Phusion high fidelity DNA polymerase 2U/ul kit as
recommended by manufacturer. With following the PCR programme as

above but using 58.9°C as an annealing temperature. Verify the size of the



fragment (here ~175 bp) on 0.8% agarose gel (100V, 25 min in 0.5x TAE

buffer).

3.3 Preparing cells for microscopy

1. Set overnight cultures of BY4741 wild type and Cti6-mGFP strains in two 14
ml tubes by inoculating 3 ml of YNB complete with cells grown on plates.

Incubate at 30 °C, 180 rpm.

2. In the morning, subculture the cells into 2x 3ml of fresh YNB complete

medium to the final ODsw ~0.2. Grow for four hours at 30 °C, 180 rpm.

3. Spin cells down at 3000 rpm, 1 min, remove the supernatant. Resuspend cells

in 0.5 ml of fresh YNB complete medium.

3.4 Preparing microscopy slides using 125 ul Gene Frame

1. Remove the larger plastic cover and apply the frame onto a standard

microscopy glass slide.

2. Prepare 0.5 ml of 2x YNB complete medium supplemented with 8% w/v

glucose in a 1.5 ml Eppendorf tube.



3. Add 0.5 ml of melted 2% agarose water solution, quickly mix by pipetting up
and down, take 0.5 ml of obtained mixture and add onto the slide within the

Gene Frame.

4. Quickly apply a plastic cover slip from the Gene Frame package to remove
the access and evenly distribute the solution within the well. Let sit for a few

min.

5. Carefully remove the plastic cover slip by sliding it off.

6. Remove the smaller plastic cover from the frame.

7. Add ca 5 pl of the prepared cell in droplets across the entire pad. Leave to

dry for 3-5 min.

8. Cover the pad with a plasma-cleaned BK7 glass microscope coverslip (22 x 50

mm), avoid air bubbles.

3.5 Data acquisition

1. Place the sample under the Slimfield microscope and locate a cell, adjust the

focus to the middle of the cell.

2. Acquire 2 brightfield images with 10ms exposure time.

3. Turn off the brightfield and acquire 1000 images at 5 ms exposure time with

the 488nm laser at 20mW power to obtain images of Cti6-mGFP.



Repeat for at least 30 cells.

Repeat the whole procedure for the non-fluorescent parental strain BY4741,
this will be used for autofluorescence correction during the copy number

estimation.

3.6 Copy number analysis

1.

Load the TIF file containing fluorescence data acquisition into MATLAB as n
x m pixels by p frames and perform tracking of individual fluorescent spots

as described previously (17).

We estimate the fluorescence intensity of an individual mGFP molecule
(Isingle) based on the intensity distribution of the Cti6-mGFP spots identified
in the last 2/3 of the acquisition frames (Note 3). [Fig 2 near here] As at this

point, single photobleaching events become more apparent and detectable,
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Fig. 2. Distribution of all Cti6-mGFP spot intensities (a) and spots identified
towards the end of photobleaching (b). Peak values are indicated.



therefore, the most common value (the peak) represents the intensity of a

single fluorophore (Fig. 2).

Load TIF file containing fluorescence data acquisition into Image] Fiji

software and open the brightest frame.

Choose the “oval” selection shape on the Image] tool bar and draw a circle

around the cell. Keep the same size of the selection for all measurements.

To obtain numeric values of total fluorescence intensity of the cell by pressing
‘Ctrl’ + ‘M’ (Analyse — Measure). Record Raw Integrated Density number
(RawIntDen) in Excel. Repeat for all files containing fluorescence data of

BY4741 Cti6o-mGFEP cells.

Repeat steps 1-5 for the BY4741 wild type fluorescence files. Calculate the
x1000
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Fig. 3. Jitter plot of Cti6-mGFP

To estimate the copy numbers of Cti6-mGFP copy numbers per cell across a

. . , population of 32 individual
per cell, divide obtained values by Isingle.

cells. Bar indicates the median.
Figure 3 [Fig 3 near here] shows distribution

of Cti6 numbers per cell across a population of 32 cells. We estimated the

mean number of Cti6 molecules as 2368+1029.



4. Notes

1. To increase the transformation efficiency, prior plating, the cells can be washed and
incubated in YPD medium supplemented with 4% w/v glucose for 1 h at 30°C, 180

rpm.

2. As the fragment is genomically integrated, it is very unlikely that it will be lost
during cellular division. Therefore, once the correct clones were confirmed, it is not

mandatory to have a selective medium.

3. Isingle can also be estimated by imaging purified mGFP immobilised on a cover slip.

Acknowledgements

This work was supported by the Royal Society Newton International Fellowship Alumni
(AL\191025, AL\201039), Knut and Alice Wallenberg Foundation (KAW 2017-0091, KAW
2015.0272), Swedish Research Council (VR 2019-03937) and the Leverhulme Trust (grant RPG-

2019-156).

References

1. Spellman PT, Sherlock G, Zhang MQ, et al (1998) Comprehensive identification of cell



cycle-regulated genes of the yeast Saccharomyces cerevisiae by microarray hybridization.

Mol Biol Cell 9:3273-3297. d0i:10.1091/mbc.9.12.3273

Ho B, Baryshnikova A, Brown GW (2018) Unification of Protein Abundance Datasets
Yields a Quantitative Saccharomyces cerevisiae Proteome. Cell Syst 6:192-205.e3.

doi:10.1016/j.cels.2017.12.004

Tkach JM, Yimit A, Lee AY, et al (2012) Dissecting DNA damage response pathways by
analysing protein localization and abundance changes during DNA replication stress.

Nat Cell Biol 14:966-976. d0i:10.1038/ncb2549

Chong YT, Koh JLY, Friesen H, et al (2015) Yeast Proteome Dynamics from Single Cell
Imaging and Automated Analysis. Cell 161:1413-1424.

doi:http://dx.doi.org/10.1016/j.cell.2015.04.051

Davidson GS, Joe RM, Roy S, et al (2011) The proteomics of quiescent and nonquiescent
cell differentiation in yeast stationary-phase cultures. Mol Biol Cell 22:988-998.

doi:10.1091/mbc.E10-06-0499

De Godoy LMF, Olsen J V., Cox J, et al (2008) Comprehensive mass-spectrometry-based
proteome quantification of haploid versus diploid yeast. Nature 455:1251-1254.

doi:10.1038/nature07341

Dénervaud N, Becker J, Delgado-Gonzalo R, et al (2013) A chemostat array enables the
spatio-temporal analysis of the yeast proteome. Proc Natl Acad Sci U S A 110:15842—

15847. doi:10.1073/pnas.1308265110



10.

11.

12.

13.

14.

15.

Ghaemmaghami S, Huh WK, Bower K, et al (2003) Global analysis of protein expression

in yeast. Nature 425:737-741. doi:10.1038/nature02046

Puig S, Lau M, Thiele DJ (2004) Cti6 is an Rpd3-Sin3 histone deacetylase-associated
protein required for growth under iron-limiting conditions in Saccharomyces cerevisiae. |

Biol Chem 279:30298-30306. d0i:10.1074/jbc.M313463200

Papamichos-Chronakis M, Petrakis T, Ktistaki E, et al (2002) Cti6, a PHD Domain Protein,
Bridges the Cyc8-Tupl Corepressor and the SAGA Coactivator to Overcome Repression

at GAL1. Mol Cell 9:1297-1305. d0i:10.1016/S1097-2765(02)00545-2

Hill SM, Hao X, Gronvall ], et al (2016) Asymmetric Inheritance of Aggregated Proteins
and Age Reset in Yeast Are Regulated by Vacl7-Dependent Vacuolar Functions. Cell Rep

16:826-838. d0i:10.1016/j.celrep.2016.06.016

Zacharias DA, Violin JD, Newton AC, Tsien RY (2002) Partitioning of lipid-modified
monomeric GFPs into membrane microdomains of live cells. Science (80- ) 296:913-916.

doi:10.1126/science.1068539

Wollman AJM, Leake MC (2016) Single molecule narrowfield microscopy of protein-
DNA binding dynamics in glucose signal transduction of live yeast cells. Methods Mol

Biol 1431:5-15. d0i:10.1007/978-1-4939-3631-1_2

Wollman AJM, Shashkova S, Hedlund EG, et al (2017) Transcription factor clusters

regulate genes in eukaryotic cells. Elife 6:€27451. doi:10.7554/eLife.27451

Laidlaw KME, Bisinski DD, Shashkova S, et al (2021) A glucose-starvation response



16.

17.

governs endocytic trafficking and eisosomal retention of surface cargoes in budding

yeast. ] Cell Sci 134:. d0i:10.1242/jcs.257733

Gietz RD, Schiestl RH (2007) Frozen competent yeast cells that can be transformed with
high efficiency using the LiAc/SS carrier DNA/PEG method. Nat Protoc 2:14.

doi:10.1038/nprot.2007.17

Wollman AJM, Leake MC (2016) Single-Molecule Narrow-Field Microscopy of Protein--
DNA Binding Dynamics in Glucose Signal Transduction of Live Yeast Cells. Chromosom

Archit Methods Protoc 5-15. d0i:10.1007/978-1-4939-3631-1_2



